Preparation of in-situ surface-modified nanosilica and its application in separating oil
from water
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A report is presented on the preparation of surface-functionalised nanosilica from silicon tetrachloride (SiCly, one of the major by-products in
the polycrystalline silicon industry) by in-situ surface modification in aqueous solution. The approach uses both SiCl, and sodium metasilicate
as the silicon sources to generate nanosilica, whereas the proportion of sodium metasilicate and SiCl, is adjusted to control the pH value of the
reaction system. In this way, desired SiO, nanoparticles were in-situ surface-modified by hexamethyldisilazane as soon as they were generated
in the reaction solution, which makes it feasible to prevent the severe aggregation of nanosilica that often happens during the hydrolytic
process. The obtained nanosilica with uniform particle size distribution (mean diameter 35-40 nm) shows superhydrophobicity (a water
contact angle of 165°) and excellent organic dispersibility. Thanks to the low cost of raw materials as well as the superhydrophobicity and
lipophilicity of as-prepared nanosilica, its application for improving the selective penetration of oil is primarily investigated. The result
shows that quartz sand modified by as-prepared nanosilica can separate diesel oil from water successfully, which could be significant for

improving crude oil recovery efficiency.

1. Introduction: Silicon tetrachloride (SiCly) is one of the major
by-products in the polycrystalline silicon industry, but it causes
serious environmental pollution as an expensive form of hazardous
and irritant wastes [1]. Particularly, SiCly is decomposed into toxic
gaseous hydrogen chloride upon exposure to damp air, causing
serious threats to people’s health. Therefore use of by-product
SiCl, as a silicon source for preparing superhydrophobic
nanosilica is essential in preventing environmental pollution
caused by SiCl, and in creating products with high added value [2].

Two main methods are currently available for dealing with SiCly.
One is hydrogenation of SiCl, under high temperature and high
pressure yielding trichlorosilane [3]. Another is hydrolysis of
SiCly vapour in a flame of hydrogen and oxygen (at high tempera-
ture of 1400-1800°C) yielding fumed silica with high added value
[4, 5]. The above two routes, however, are less cost-effective,
because they rely on high energy consumption reactions to
produce the pyrogenic products. Thus it is essential to seek more
efficient alternative routes for dealing with by-product SiCly.
Heley et al. [6, 7] have tried to prepare silica via hydrolysis of
SiCl, under alkaline conditions, however nanosized silica obtained
by this method aggregates severely and possesses poor dispersibil-
ity, showing no value to industry.

Bearing those perspectives in mind, in the present research we have
established a novel method to synthesise surface-modified nanosilica
by in-situ surface modification in aqueous solution. With the estab-
lished route, SiCl, is added dropwise to sodium metasilicate
solution yielding nanosilica, and hexamethyldisilazane (HMDS) is
also introduced into the reaction system to prevent nascent nanosilica
from agglomeration, since the —(CH3); groups of the hydrolysed pro-
ducts of HMDS can be bonded to the surface of nanosilica resulting in
increased inter-particulate repulsion. The present route is more con-
venient and cost-effective than the above-mentioned hydrogenation
route and hydrolysis route for fabricating nanosilica from SiCly,
and it can be well adopted to prepare surface-functionalised nanosi-
lica with superior hydrophobicity and organic dispersibility. This
Letter reports the preparation of surface-functionalised nanosilica
and its application in the separation of diesel oil from water.

2. Experimental
2.1. Preparation of nanosilica: First, 94 g of sodium metasilicate
was dissolved in 800 ml of deionised water in a reactor equipped
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with two isopiestic dropping funnels and a condensator. Then,
38 g of SiCly was placed into one dropping funnel, and 18 g of
HMDS was dissolved in absolute ethanol and placed into another
dropping funnel. Upon the dropwise addition of SiCl; to the
reactor under vigorous stirring at room temperature, SiCl, was
hydrolysed. The reaction solution appeared turbid when the
concentration of SiCl, reached a certain value, whereas more and
more particles were generated upon continuous addition of SiCly.
When SiCl, was completely dripped into the reactor, HMDS, the
surface modifier, was dropwise added to the reactor still under
vigorous stirring, allowing the formation of foam from the
aqueous solution. The resultant suspension was heated to 70°C
and held there for 4 h, followed by filtering. The filtered cake was
washed repeatedly using deionised water until C1~ could not be
detected with aqueous silver nitrate. The as-washed filtered cake
was re-dispersed in the mixed solution of deionised water and
ethanol (volume ratio 4 : 1) to form an emulsion. The resultant
emulsion was spray-dried at an outlet temperature of 140°C,
yielding white loose SiO, nanoparticles with good flowability.

An unmodified nanosilica sample was prepared in the same
manner but in the absence of surface modifier HMDS.

2.2. Characterisation: A JEOL JEM-2100 transmission electron
microscope (TEM) was used to observe the morphology of silica
particles and estimate their size. Infrared spectra using KBr
crystal in a wavenumber range of 4004000 cm™' were obtained
with an AVATAR360 Fourier transform infrared spectrometer
(FTIR). The water contact angle of nanosilica film was measured
with an optical contact angle meter (DM-500 Drop master
model). As-prepared nanosilica was dispersed in toluene. A glass
slide was immersed into the resultant toluene solution containing
as-prepared nanosilica. The immersed glass slide was lifted out of
the toluene solution and dried at ambient condition giving
ready-for-use nanosilica film after volatilisation of the toluene.

2.3. Preparation of modified quartz sand: As-prepared
surface-modified nanosilica was ultrasonically dispersed in
absolute alcohol for 10 min. Then, quartz sand with an average
particle diameter of 0.15 mm was immersed in the solution for
~12h. Upon completion of immersion, the quartz sand was

15
© The Institution of Engineering and Technology 2013


mailto:
mailto:
mailto:
mailto:
mailto:
mailto:

collected and dried in an oven at 80°C for several hours giving
ready-for-use modified quartz sand after the evaporation of alcohol.

3. Results and discussion

3.1. Formation mechanism of nanosilica: Fig. 1 shows the
formation mechanism of nanosilica, where Me stands for —CHj.
In-situ surface modification of nanosilica by HMDS is a
condensation-like polymerisation process [8, 9], where the
hydrolysed products of SiCly and sodium metasilicate act as the
monomers and HMDS as the chain terminator. The condensation
polymerisation of the hydrolysed products is a process of chain
growth, and the surface-modifying process is similar to the chain
termination procedure.

First, SiCly is rapidly hydrolysed to produce HCI and Si(OH),
[10]. Anhydration among the hydroxyls of Si(OH),; provides
nuclei for the formation of primary nanosilica, whereas HCl is grad-
ually neutralised by sodium metasilicate. When the pH value of the
reaction system reaches about 10, sodium metasilicate is hydrolysed
to form silicic acid. Primary nanosilicas’ nuclei are continuously
coated by silicic acid via condensation at three dimensions, gener-
ating nanosilica clusters through bonding among Si and O atoms.
As soon as the nanoclusters are formed, trimethylsilyl originated
from HMDS reacts rapidly with the hydroxyl of nanosilica, yielding
a modifying layer on the surface of the nanoclusters. The trimethyl-
silyl substitute a mass of active hydroxyl groups of SiO, and give
rise to a steric hindrance. As a result, nanoscale SiO, is prevented
from continuously growing up or agglomerating, and the nanosilica
particles ‘capped’ with organic compound are obtained by control-
ling the reaction conditions [11].

3.2. Structural characterisation of nanosilica

3.2.1 TEM observation of nano-SiO,: Usually, TEM analysis of
particulates can provide the morphological information on a nano-
metre scale. Fig. 2 shows the TEM photographs of the surface-
modified nano-SiO, (M-SiO,) and unmodified nano-SiO,
(UM-Si0O,) dispersed in absolute ethanol. UM-SiO, particles
show signs of severe aggregation, possibly because of relatively
strong interactions among the particles (Fig. 2a). After surface
modification by HMDS (Fig. 2b), resultant nanosilica with a
uniform particle size distribution (mean diameter 35-40 nm)
appear as less severely aggregated spherical particles. This may
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Figure 1 Formation mechanism of surface-modified nanosilica
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Figure 2 TEM photographs
a UM-SiO,
b M-SiO, nanoparticles
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Figure 3  FTIR spectra of UM-SiO, and M-SiO,

be closely related to the substitution of —OH groups on the
surface of nanosilica by -(CHj3); groups of HMDS resulting in
increased organophilic characteristics and inter-particle repulsion.

3.2.2 FTIR analysis: Fig. 3 shows the FTIR spectra of the surface-
modified and unmodified nanosilica. The absorption bands around
3427 and 1634 cm™' are attributed to the silanol group and
adsorbed water. The absorption band near 2966 cm™" corresponds
to the stretching vibration of —CHj3. The absorption peaks at 1254
and 845 cm™" are assigned to the stretching vibration of Si—CHj.
The above-mentioned FTIR analytical results confirm that the func-
tional groups of HMDS have been successfully introduced onto the
surface of nanosilica [12].

3.3. Dispersibility and hydrophobicity of nano-SiO,: As-prepared
surface-capped nanosilica can be well dispersed in various
organic solvents such as diesel oil, liquid paraffin, propanediol
and CCly affording transparent solutions (see Fig. 4a: the optical
micrographs of diesel oil and CCly containing surface-modified
nanosilica). Besides, these organic solvents can rapidly spread
over the film made of surface-capped nanosilica, which implies
that the surface-capped nanosilica shows superior lipophilicity.
In one word, surface-capped nanosilica can be well dispersed
in apolar solvents, which is attributed to polar to weak polar or
apolar conversion of its surface after being capped by HMDS. In
the meantime, surface-capped nanosilica is superhydrophobic and
tends to float atop water (Fig. 4a).]

Fig. 4b shows a water droplet on surface-modified and unmod-
ified nanosilica films. Surface-modified nanosilica film has a water
contact angle of about 165°, which indicates that surface-modified
nanosilica possesses excellent hydrophobicity. This drastically
differs from unmodified nanosilica prepared with the same

b

Figure 4 Dispersibility of surface-modified nanosilica in diesel oil, CCl,
and distilled water (Fig. 4a), and shape of water droplet on nanosilica

film (Fig. 4b)
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method, since unmodified nanosilica has a water contact angle of
about 21° (see the inset at the upper right corner of Fig. 4b).

The hydrophobicity of the surface-modified nanosilica mainly
depends on its surface properties. On the one hand, the bulky —
CH; groups in the surface-modifying layer of surface-capped nano-
silica are repulsive against each other and are hydrophobic as well.
On the other hand, the rough surface of microvoids (see Fig. 5) can
store more air and entrap air therein, leading to hydrophobicity of
surface-modified nanosilica with the assistance of the air bubbles
[13—15]. As a result, the trimethylsilyl groups of the surface modi-
fier and the air bubbles stored in the rough film surface jointly result
in superior hydrophobicity of surface-modified nanosilica.

3.4. Application of surface-modified nanosilica in oil-water
separation: The exploitation of oil reservoirs depends greatly on
water flooding that is limited by lipophilic to hydrophilic
transformation of porous core walls thereon after a long period of
operation, leading to greatly increased water discharge and
reduced oil recovery [16, 17]. The exploitation efficiency of the
crude oil is highly dependent on the selective penetration of oil in
the pores of oil reservoirs. Here, as-prepared nanosilica was used
to modify quartz sand (referring to the micropores within the oil
reservoir rocks), so as to improve the selective penetration of
crude oil through the pores of the oil reservoirs.

The experiment of selective penetration of oil was carried out
with the setup illustrated in Fig. 6. A total of 30 g of quartz sand
modified by superhydrophobic and oleophilic nanosilica was
placed into the right funnel, whereas the left funnel was charged
with unmodified quartz sand with the same weight. When 50 ml
of the total amount of mixture of diesel oil and water with the
volume ratio of 1 : 1 was dropped onto the unmodified quartz
sand, 19.5 ml of water and 0.8 ml of diesel oil penetrated through
the unmodified quartz sand, and about 23.5ml of diesel oil
remained on the surface of the unmodified quartz sand (Fig. 6a).
In contrast to the above, 17.5 ml of diesel oil penetrated through
the modified quartz sand and fell into the measuring cylinder
beneath it, whereas round about 24.0 ml of water (volume fraction
of 96% of the total water) remained on the surface of the modified
quartz sand (Fig. 6b).

When the mixture of diesel oil and water was poured onto the un-
modified quartz sand, both diesel oil and water could penetrate
through the sand. However, the sink rate of water with a larger
density is greater than that of the oil, and hence a hydration film
is easily formed at the surface of the quartz sand. Such a hydration
layer prevents successive sinking of the oil and allows penetration
of only a small amount of oil, leaving a large amount of oil stuck
on the sand surface. This problem is often encountered in crude
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Figure 5 SEM photograph of surface-capped nanosilica
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Figure 6 Separation of a mixture of diesel oil and water by unmodified
quartz sand (Fig. 6a), and modified quartz sand (Fig. 6b)

oil extraction associated with a large volume of water flooding
and significantly reduces oil recovery. Fortunately, after the
quartz sand is modified with as-prepared nanosilica of superhydro-
phobicity and oleophilicity, water cannot pass through the pores but
oil can easily pass through the pores. The modified quartz sand has
excellent oil selective capability, which makes it feasible to greatly
improve crude oil recovery efficiency.

4. Conclusions: Functionalised nanosilica has been prepared from
sodium metasilicate and SiCl, via in-situ surface modification by
HMDS, where sodium metasilicate acts as a pH conditioning
agent and one of the two Si sources. As-prepared surface-capped
nanosilica has been characterised by TEM and FTIR, and its
wetting behaviour in water and dispersion behaviour in various
organic solvents have been examined. It has been found that
as-prepared nanosilica has uniform particle size distribution
(mean diameter 35-40 nm). HMDS is combined to the surface
of nanosilica and changes the polar surface to an apolar one.
As a result, as-prepared surface-capped nanosilica possesses
superhydrophobicity and excellent dispersibility in apolar organic
solvents such as diesel oil and CCl;. The present approach
provides a convenient and cost-effective method for dealing with
SiCly, the major by-product in the polycrystalline silicon industry.
As-prepared  superhydrophobic and oleophilic surface-capped
nanosilica may find promising application in improving oil
recovery efficiency of the petroleum extraction industry.
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