Absorption of Organic Compounds by Mesoporous Silica Discoids
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Abstract: Multiple organic compounds pose a threat to human health. Here we report on the

synthesis of a novel nanostructured absorbent, mesoporous colloidal silica particles (pore size of
~3nm, surface are >1100 m?/g, discoid-shaped microns in size) that can be an effective sorbent for
organic compounds due to their large surface area. The particle surface is hydrophobized through
a trimethylchlorosilane treatment, which was controlled on the level of bulk (TGA analysis) and
single particles (confocal Raman spectroscopy). We present the results of the study of the sorption
of ten organic compounds of various molecular size and polarity. It is found that our particles can
absorb some organic compounds from water up to more than 100% by weight. No substantial
dependence of the sorption efficiency on the molecular size was found. Despite a complex
nanoscale environment, it was found that the sorption efficiency inversely correlates with the
polarity of the organic components, which is similar to the classical sorbents. Further, we
demonstrate a strong correlation between the presence of hydrophobic groups and the absorbed
compound with a submicron resolution by means of confocal Raman microscopy. This knowledge

can be used to design new efficient absorbents.
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1. Introduction

Oil spills and other organic contaminations are quite common and pose a substantial threat to
human health and the environment. Recently synthetic organic materials have been introduced for
the removal of organic contaminants. Use of mesoporous polymer gels [1, 2], polymer fibers [3,
4], polymer/silica composites [5-8], resins [9], polymer and natural fiber foams [10-13] have been
reported. The main advantage of such materials is their inherent hydrophobicity/oleophilicity,
which is required for the effective absorption of organic compounds. Oil-absorbing inorganic
materials include naturally occurring clay minerals [14] and synthetic porous materials [15-18].
Polymer coated iron oxide particles have recently emerged as convenient absorbents since they
can be manipulated with a magnetic field [19, 20]. Metal-organic frameworks are relatively new
materials studied for oil/water separation [21, 22]. Hydrophobic aerogels have conventionally been
explored for oil adsorption/absorption applications [23-25]. In recent years carbon-based materials
have gained prominence for oil absorption in the aerogel form [26], though recent advances have
been fueled by composites of organic and inorganic absorbents [27]. The major advantage of
inorganic absorbents over organic absorbents would be their chemical inertness, resistance to
fouling, eco-friendliness, and extensive reusability. In this scenario, silica-based porous absorbents

are an environmentally benign and economically viable alternative.

Ordered mesoporous materials (OMM) form a unique class of materials due to their
engineered porosity. It finds applications in diverse fields ranging from sensors, catalysts,
adsorbents and absorbents, molecular sieves, energy materials, drug delivery vehicles and so on
[28-33]. Silica is undoubtedly the most versatile and most investigated material for OMM by virtue
of the high degree of chemical control possible for its precursors, ease of modification of surface
functionalities, and high stability of resulting hierarchical structures [34-37]. A high surface to
volume ratio, the surface area comparable to zeolites and aerogels, and easily modifiable surface
make these materials well-suited for sorption applications. Functionalized OMMs have been

demonstrated as absorbents of organic pollutants, heavy metals [38], and carbon dioxide [39-41].



The absorption of gasoline and hexane on hydrophobized SBA-15 materials was studied
in [42]. The observed performance was comparable to the best commercial absorbents. Comparing
the performance of OMM and carbon absorbents, the mesoporosity reduced internal mass transfer
resistance, which facilitated fast adsorption kinetics [43]. Hydrophobicity of the surface improved
adsorption capacity and ease of diffusion aided regeneration of the absorbed molecules [44]. The
effects of silylation of OMMSs on the absorption of volatile organic compounds was investigated
in [45]. It was observed that hydrophobized OMMs always favor the absorption of the organic
compound when in competition with water. Furthermore, such OMMs outperform zeolites in
absorption capacity when sorbing molecules that have the same polarity. In another work,
hydrophobization was achieved through co-condensation of silica precursors, and specific
interaction of the adsorbed molecules with the surface modification was observed [46]. Favorable
effects of hydrophobization of OMMs on the absorption capacity of organic compounds have been
widely observed [47, 48]. The absorption of polyaromatic compounds by MCM 41 have been
studied recently [49-51]. Cation modified MCM materials have also been investigated for the
adsorption and removal of phenyl sulfide and other organic compounds [52, 53]. Amine
modification of MCM, using aminopropyl silane has been used to facilitate removal of dye
contaminants [54]. Composites of MCM and graphene derivatives have been reported for the
removal of organic drugs [55]. Interestingly there are only a few reports on the use of OMMs in
the remediation of water contaminated by oil and organic chemical spillages. The aforementioned
advantages of OMMs should make them good candidates for the extraction of organic

contaminants from water [56, 57].

Previously we have reported on a unique architecture obtained by a templated silica self-
assembly, the discoids formed by surfactant assisted-templating [58-60]. Organic silica precursor
(tetracthoxysilane) was allowed to undergo hydrolysis and condensation in the presence of CTAB
surfactant to obtain the particles. The particles have a high surface area of the order of 1100 m?/g
as compared to 800 m?/g observed for most clays [61]. However, the cost of templated mesoporous
silica materials obtained is typically prohibitively high for its broad commercial use. The
robustness of the synthesis was further demonstrated by using the more ‘industry-friendly’
inorganic silica precursor, sodium silicate [58, 59]. Inorganic silica precursors have attracted

interest as a sustainable and more amiable silica source owing to their lower cost, stability, and



toxicity compared to alkoxide precursors [62]. This also makes them attractive for industrial scale-

up.

Here we present mesoporous discoid silica particles obtained from an inorganic silica
source, sodium silicate, and hydrophobized by using trimethylchlorosilane. We report on the
results on the absorption of organic compounds by these particles by using a diverse set of organic
pollutants: chloroform, ethylene glycol, acetonitrile, acetone, dimethylsulfoxide, ethyl acetate,
toluene, xylene, 2-butoxyethanol, and ASTM D5307 crude oil standard. Besides standard methods
of particle characterization, we present a direct submicron visualization of hydrophobic
modification and absorbed organics in the particles’ pores using confocal Raman spectroscopy.

The obtained results can be used for future design of novel nanostructured absorbents.

2. Experimental

2.1. Materials

Sodium metasilicate nonahydrate (Na;SiO3. 9H20) was obtained from Fischer Scientific.
Trimethylchlorosilane and cetyltrimethylammonium bromide (CTAB) was purchased from
Aldrich. Hydrochloric acid (HCI) was procured from J T Baker. The solvents chloroform, ethylene
glycol, acetonitrile, ethyl acetate, and xylene were obtained from Aldrich. Acetone, toluene, and
dimethylsulfoxide were obtained from Fischer. 2-butoxyethanol was obtained from Dow

chemicals. All chemicals were used without further purification.
2.2. Synthesis

Mesoporous silica discoids were synthesized using sodium metasilicate nonahydrate as a silica
source, cetyltrimethylammonium bromide as a template, and hydrochloric acid (HCI) as a catalyst
in the following molar composition: 1 Na;Si03.9H20: 1.5 CTAB: 28 HCI: 729 H»O. In a typical
synthesis, 1.6 g of Na2SiO3. 9H>O was dissolved in 55.2 g H>O stirring for 15 minutes. Separately,
16 g of concentrated HC1 was slowly added to 11.2 g CTAB and stirred for 2 min. The clear sodium
silicate solution was then slowly added to CTAB/HCI solution and stirred for 5 min. The resulting

solution was maintained at room temperature for 24 h under quiescent conditions. The product was



recovered by centrifugation, washed several times with distilled water, and subsequently dried at
70 °C for 2 h. The as-synthesized discoids were calcined at 450 °C in a flowing air atmosphere.
Calcined discoids were hydrophobized as follows. The calcined discoids were suspended in 80%
trimethylchlorosilane in ethanol (0.25g in 10 ml) for 24 hours. After 24 hours, the solution was
decanted and the particles washed thoroughly with ethanol. The washed discoids were then

vacuum-dried at 120 °C overnight. The dried powder was used for absorption experiments.
2.3. Characterization, Sorption, and Analysis

Calcined discoids were characterized by N> adsorption/desorption isotherms of calcined
mesoporous silica samples measured at 77 K on an ASAP 2020 Porosimetry Analyzer
(Micromoretics). Before the measurement, samples were degassed at 350 °C for 4 h.
Thermogravimetric analysis (TGA) of hydrophobized discoids and discoids with absorbed organic
compounds was performed on a Perkin Elmer Thermogravimetric Pyris 1 analyzer. Electron
microscopy techniques, SEM (Phenom, FEI) and TEM (JEOL ARM STEM) were used. Raman

confocal images were obtained using a confocal Raman microscope Alpha 300 (WITec, Inc.).

The absorption measurements were performed as follows. A 10 ml 20 % solution of the
respective compound in water was prepared. Water immiscible compounds were ultrasonicated
with stirring to prepare an emulsion. 10 mg of discoids were added to the solution and mixed
using a magnetic stirrer for 2h (or less for the kinetic verification experiments). The organic

absorbed powder was recovered by air forced filtration. The powder was used for TGA analysis.

3. Results and discussion

SEM images of calcined discoids before and after hydrophobization are provided in Figure 1. One
can see no significant change in the microstructure after hydrophobization. TEM images (Fig.1C)

show cylindrical nanochannels inside discoids, which are typical for this kind of particles [59, 60].



Fig. 1. Electron microscopy images of discoids SEM (A) before and (B) after
functionalization. Scale bars are 10 pum; (C) TEM images showing cylindrical

nanochannels inside discoids.

The adsorption isotherms of calcined discoids are shown in Figure 2. These isotherms are
type IV with a narrow hysteresis loop, which indicates the presence of smooth uniformly sized
pores. Such isotherms are typical for ordered mesoporous materials. The BET surface area was
found to be 1160 m?/g, and the BJH adsorption total pore volume was 0.84 cm?®/g. The average
pore diameter was 2.9 nm, which is in agreement with the periodicity seen in Fig.1C. These are
typical of CTAB templated ordered mesoporous materials. The nature of porosity in these
materials has been investigated in detail in our previous reports [58, 63]. Briefly, the particles are
created in the templated sol-gel process of self-assembly. The particle porosity is inherited from
the nematic liquid crystal formed by template surfactant molecules. After calcination, the particles
possess the same symmetry of the pore structure as the nematic liquid crystal [63, 64], which is

hexagonal packaging of cylindrical channels running in parallel.



F -

o
o
1

3.0
2.5

81 2.0

1.5

R

dvrdi

1.0
0.5
200 4 0.0

0 1 2 3 4 5
Pore radius (nm)

Volume adsorbed (cm3lg)

00 02 04 06 08 1.0
P/PY

Fig. 2. N> adsorption isotherm of calcined discoids (adsorption (solid) and desorption

(hollow)). The insert shows the distribution of the pore radius of the discoids.

The extent of the particle modification by hydrophobization could be obtained from the
thermal analysis. Figure 3 shows the results of the thermogravimetric analysis. A total weight loss
of 7.3 % was observed in the region of 250-1000°C (Figure 3A). One can see three distinctive
weight losses using the derivative curve (Figure 3B). The decomposition of chlorosilane modified
silica is usually observed about 300-500 °C region. The weight loss of about 300 °C, which is
known to be the decomposition temperature of bound surface methyl groups was 2.95 %.
Assuming all weight loss is from removing methyl groups (the only unstable organics at these
temperatures), one can find that it corresponds to about one methyl group per nm?, see the
supplementary materials for detail (Table S1). The theoretical surface coverage of methyl groups
is reported to be 0.5 nm? per group [61]. It makes the observed coverage equal to half of the

theoretical limit.
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Fig.3. (A) Thermogravimetric analysis of hydrophobized discoids. (B) a zoomed region

used to identify the amount of methyl group; the derivative of the weight loss is also shown.

Confocal Raman microscopy/spectroscopy can show the spatial distribution of methyl
groups inside discoids. The results of Raman spectroscopy of modified discoids are shown in
Figure 4. One can see Raman peaks corresponding to C-H stretching vibrations from methyl
groups in the region 2750-3100 cm™! and CH3 deformations around 1420 cm’!, Fig4A. (C-Si stretch
could also be observed at 620 cm™ [65].) A strong signal coming from C-H bonds was used to
map 3D distribution of C-H stretching vibrations from methyl groups through the volume of the
discoids, Fig.4B. One can see that the alkyl modification is well distributed through the volume of

the particles.
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Fig. 4. A) Raman spectra of hydrophobized discoids. B) 8.6 x 8.5 um? confocal Z-stack

Raman images of hydrophobized discoids at lum intervals. The area under the CH



stretching bands between 2800 and 3100 cm™ was used to create the maps of the

distribution of methyl groups inside the discoid.

The absorption capacity of discoids for various organic compounds was assessed using
thermogravimetry. The compounds were absorbed by discoids from a 20% water solution after
suspending for 2h. This seems to be a sufficient time to reach the saturation absorption. To check
it, we tested the kinetics of absorption. It is rather simple to see with naked eyes for the case of
absorption of petroleum standard. For a better visibility, oil was stained with a small amount of
rhodamine 6G, red dye. One can see that the oil makes the particles homogeneously pink color
within seconds, as shown in a movie (see, the movie in the Supporting information). We further
demonstrate it for chloroform and xylene, the materials which have two distinctive sizes of
molecules. The results are shown in figure S1 (Supporting information). It can be seen that the
absorption of both compounds happens much quicker than the 2 h time used for the absorption
studies. Thus, we conclude that the long-time used for stirring allows measuring the saturation

value of the absorbed compounds.

The values for saturated capacity for different organic compounds are provided in figure
5. The highest values observed are for ASTM crude oil standard and xylene, which were absorbed
up to 120 % of its weight. Based on the measured empty volume per gram of particles, we can
conclude that the oil is retained between the particles in this case, not only inside the pores. This

is consistent with the previous observations [62].
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Fig. 5. Amounts of organic compounds absorbed by hydrophobized discoids from a 20%
water mixture (in grams of absorbed compound per gram of absorbent material). The
compounds are ordered from the smallest molecular size (the most left) to the maximum

one (the most right).

To understand the sorption dependence of the components on the size and polarity of
molecules, figure 5 presents the results of saturated absorbance for the compounds ordered in the
horizontal axis by the size of their molecules. One can see that there is a little dependence of the
absorbed amount on the molecular size of the compound. Since the internal surface of discoids is
hydrophobic, it would be plausible to expect that this absorbance value correlates with the polarity
of the compound if the material were macroscopic. However, in the case of nanoscale cylindrical
channels, this effect might be smeared by strong capillary forces, which could suck organic
compounds into such pores. Nevertheless, our results showed that the amount of compound
absorbed decreases with the increase of the relative polarity. This is shown in figure 6, in which

the amount of absorbed compound is plotted against the relative polarity of the compound.
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Fig. 6. Amounts of organic compounds absorbed by hydrophobized discoids from a 20%

water mixture plotted against the relative polarity of the compound.

It is instrumental to demonstrate that the absorption is driven mainly by the hydrophobic
(methyl) groups in discoids. While it is well-known at the macroscale, to the best of the authors’
knowledge, it has not been demonstrated for the nanoscale. We demonstrate it using the example
of DMSO. Specifically, confocal Raman imaging of DMSO absorbed discoids was used to obtain
simultaneous spatial distributions of both hydrophobic methyl groups and DMSO absorbed in a
discoid (as previously, the discoid were immersed in DMSO solution for two hours before
imaging). The Raman spectrum of such a discoid is shown in Fig.7D. The asymmetric C-H
stretching vibrations of methyl groups in the hydrophobic modification can be seen between 2953-
2985 cm’!, whereas the peaks indicative of dimethylsulfoxide appear between 3000-3050 cm™.
These are the best discriminators of these two substances (see the extended-scale Raman spectra,
Fig.S2 of Supporting information). Because these peaks do not overlap, they were chosen to create
the confocal images showing the spatial distribution of the hydrophobic methyl groups and DMSO
inside a discoid, Fig.7A,B. Fig.7C shows the colocalization of methyl groups and DMSO. 1t is

built as follows. The red/yellow color of methyl groups shown in Fig.7A is superimposed on the



blue color of DMSO shown in Fig.7C. Homogeneity of the resulted green color indicates the
perfect colocalization of hydrophobic methyl groups and DMSO inside the discoid (Fig.7D, right).

It should be noted that the observed strong colocalization of hydrophobic groups and
absorbed material is rather nontrivial because of possible strong capillary fact, which would lead
to a significant suction force pushing the organic compounds inside the particles. Regretfully, the
speed of Raman spectroscopy does not allow us to detect the dynamics of the sorption process.
Presumably, the observed colocalization is a result of thermal equilibration, which is reached
within the particles during the sorption time and subsequent Raman imaging. This would be in

agreement with fast adsorption kinetics reported in [43].
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Fig. 7. Colocalization of hydrophobic groups and absorption of dimethylsulfoxide
(DMSO). (A-C) Raman confocal images of dimethylsulfoxide absorbed discoids. A)
Hydrophobic groups of the modified discoids (asymmetric C-H stretching vibrations of

methyl groups have Raman peak at 2953-2985 cm™'), B) DMSO groups (3000-3050 cm™';

intensity scales are the same for both images). C) Co-localized image of hydrophobic



groups A and DMSO B; green color is a result of proportional mixing between red and
blue of A and B. (D) Raman spectra of DMSO, hydrophobic discoids, and DMSO
absorbed discoids in the region 2850-3100 cm!; this panel demonstrates the zoom at a
particular wavelength range that was used to produce confocal Raman images A and B.
The spectral peaks used to obtain images of hydrophobic groups and absorbed DMSO

(2980 cm™ and 3020 cm™!, respectively) are indicated by arrows.

It is useful to demonstrate that the absorbed compounds can be removed from the particles
relatively easily. We demonstrate it for the example of the ASTM standard of crude oil. TGA
measurements (Fig.S3, Supporting information) show that absorbed oil is removed in a single step
under vacuum at 90°C. The amount of absorbed oil removed at different time intervals is plotted
in the graph. The amount of oil absorbed was calculated using the percentage weight loss observed
in the TGA curve. The results show that about 93% of the oil is removed from the porous silica
material by this simple heat treatment. As expected, the number of hydrophobic groups remains
unchanged (as seen with the help of Raman spectroscopy, not shown). The number of
regenerations of porous silica material should depend on both the particular compound and specific
other contaminations in the medium used to separate organics (those can potentially degrade silica

matrix differently). Therefore, this part of the study will be done in future works.

At the end, it is instructional to compare the sorption capacity of the described material
with the commercially available and other absorbents reported in the literature. It makes sense to
separate the absorbents used for the sorption of low polarity water-immiscible materials like crude
oil and the absorbance for higher polarity like toluene. The former ones may stick well to the
material of relatively large porosity, whereas the latter one requires finer porosity to be captured.
The absorption capacity of commercial absorbents expanded perlite and cellulose fiber along with
polypropylene fibers were compared in [66]. The performance of these absorbents ranges from 1.8
to 3.5 g/g for various perlite and up to 4.5 g/g for polypropylene. The crude oil absorption capacity
of commercial sorbents K-sorb and Spaghetti, along with commercial cotton, is compared in [67].
The reported absorbance capacity was in the range of 0.1 — 0.5 g/g. The most commonly used

rubber absorbents used for oil spill recovery were tested in [68], and a capacity of 1g/g was



observed for petroleum. Thus, the reported here absorbent is comparable to some of the existing

ones when used for the absorption of such organic compound as petroleum.

When comparing the sorption of higher polarity organic compounds, such as toluene,
nanoporous absorbents are typically used. For example, various absorbents based on activated
carbon can effectively absorb 90-200 mg/g of benzene and 100-220 mg/g of toluene [69]. Various
mesoporous silica compounds (obtained with the use of organic precursors) were studied for
sorption of toluene in [70], in which 270-492 mg/g sorption capacity was reported. The reported
here absorbent exceeds this capacity quite substantially (>700 mg/g).

4. Conclusions

Absorptive property of mesoporous silica material is important due to a large number of
contaminations of water with oils and various organics, which is dangerous for human health and
the environment. Here we demonstrated the ability of inexpensive mesoporous silica material to
absorb multiple organic compounds. An unusually high surface area of this material allowed for
effective sorption of multiple organic compounds that are treated as common contaminants,
chloroform, ethylene glycol, acetonitrile, acetone, dimethylsulfoxide, ethyl acetate, toluene,
xylene, 2-butoxyethanol, and ASTM DS5307 crude oil standard. We found that absorbance is
strongly correlated with the location of hydrophobic groups and inversely proportional to the
polarity of organic compounds, whereas there was almost no dependence on the molecular size
observed. This information has never been reported for the sorption of organic compounds by
nanostructured materials. It can be useful for the development of novel effective absorbents. The
ability of silica to be regenerated is also promising because it can decrease the cost of its use and

maintenance.
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Appendix A. Supplementary data

The following is the supplementary data to this article:

e Time dependence of the absorption of chloroform and toluene from water by
hydrophobized discoids (Fig.S1);

¢ An extended-scale Raman spectra of DMSO, hydrophobic discoids, and DMSO absorbed
discoids (Fig.S2);

e The removal rate of adsorbed oil under vacuum at 90 °C (Fig.S3).

e Calculation of density of methyl groups

e Movie: Absorption of ASTM standard crude oil by nanoporous silica material. (The

transparent crude oil standard is stained with rhodamine dye for visibility.)
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