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Abstract

Silanol (SiOH) groups on silica particle surfaces undergo silylation reactions with organosilane
molecules to give functionalized particles, which are used in many applications. The determination
of the extent of this reaction is important for proper design of functionalized materials, depending
upon the application. Two types of porous silica particles (206 and 484 m2 g~1; 9.6 and 2.9 nm
average pore diameter, respectively), and colloidal silica (Ludox) with a nonporous base particle of
22 nm diameter, were functionalized with sulfur-containing silanes, 3-mercaptopropyl trimethoxy
silane (MPTMS), and bis[3-(triethoxysilyl) propyl]-tetrasulfide (S4). Maximum extent of
functionalization was determined with S4 using Fourier transform infrared spectrometry (FTIR),
thermogravimetric analysis (TGA), and total S analysis. For the two types of porous silica
particles, FTIR indicated that 54 and 17% of the silanol groups were functionalized with S4, and
TGA indicated that the functionalized particles were 12 and 11 mass % MPTMS, respectively.
These results were independently confirmed with total sulfur analysis. Extents of functionalization
were determined for varying the silane structure on the same silica particle. MPTMS reacted with
38% of functional groups, while S4 reacted with 17%; the mass % of silane is the same regardless
of silane structure on the same silica particle. Characterization by DSC indicated a glass transition
occurs in the silane layer of the S4-functionalized silica at about 85 °C, but not in the MPTMS
functionalized particles. Finally, mercury sorption breakthrough curves indicate the pore
characteristics of the S4 functionalized samples.

1. Introduction

Surface functionalization of porous silica particles with organosilanes (silylation) is an
important area in many fields of the chemical industry. The heart of silica surface
functionalization involves the formation of covalent bonds between silica surface hydroxyl
groups (silanol groups) and the Si center of a chloro- or alkoxysilane molecule:

SiSOH + X,SiR — SiSOSi(X)ZR + HX {X = chloride or alkoxide leaving group}

3

The resulting surface Si—O—Si—C linkages provide good thermal and chemical stability?
(including stability due to the coatings which increase hydrophobicity2-3). These silylation
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reactions have been used to form functionalized silica particles for chromatograph columns,
45 catalysts,®7 and other products. Two different routes to achieve the functionalized
particles are available. Silylation can be done at the monomer level, and then the functional
monomers are co-condensed with silica precursors to form functional particles,8° or the
silanol groups of already-formed silica particles can be functionalized. The latter strategy
(sometimes called grafting) is used in this study. Two silylation mechanisms have been
proposed.10.11 The first is the widely accepted sol—gel mechanism, in which moisture (either
added or adsorbed to silica particles stored under atmospheric conditions) hydrolyzes the
chloro- or alkoxy-leaving groups of the silane, followed by condensation with surface silanol
groups.12:13 One recent study!4 has shown that it is even possible to exploit this mechanism
in a solventless silylation process. The second mechanism that has been proposed is a direct
one-step nucleophilic substitution mechanism believed to sometimes operate during vapor
phase silylation in a dry atmosphere.1

The use of functionalized silica particles has been proposed for separations with
environmental applications, such as removal of mercury6-19 from contaminated aqueous
streams using thiol-functionalized silica particles, copper removal using amine-
functionalized silica particles,2? and removal of pentachlorophenol (PCP) from water using
surface-imprinted amine-functionalized silica particles.2! Environmental applications of
functionalized silica particles are not limited to aqueous systems. Sulfonic acid groups on
functionalized silica particles were used to remove dibenzothiophene (DBT) from octane
after exchanging H* for Ag™.22 In vapor phase environmental applications, our lab recently
proposed?? using a sulfur/siloxane network (formed from a tetrasulfur-bridged silane) for the
capture of elemental vapor phase mercury at elevated temperature. This was proposed
because MPTMS-functionalized silica (as used for Hg2* sorption) had been previously
shown as ineffective for elemental Hg vapor sorption.2* Another proposed application of
functionalized silica particles is the generation of methyl chloride for calibration of
instruments dealing with environmental monitoring.2>

Recently there has been much interest in effective noncarbon mercury vapor sorbents,26:27 as
well as interest of mercury sorption technology in general.28 Activated carbons are
conventionally used for this application, but they have the disadvantages: the physisorption
mechanism decreases capacity at higher temperatures, and the SO3 present in flue gas
streams interferes with the sorption on activated carbon. These conventional sorbents have
also been shown as ineffective toward Hg sorption in flue gases from low-ClI coals, and
halogenated powdered activated carbon (PAC) has been used to bind elemental mercury by
surface-enhanced oxidation using other adsorbed species followed by chelation with the
halogen.2? Silica—titania nanocomposites have been shown to have increased capacity
(average of 10 mg Hg g~1 sorbent) over activated carbon.2’ Also, a thiol-functionalized
silica coated with an immobilized ionizing liquid is reported to have a capacity of 12 mg Hg
g1 sorbent,30 but this material must be used at lower temperatures (135 °C maximum). A
recent study in our lab3! has demonstrated the use of copper in conjunction with a tetrasulfur
moiety (but on a nonsilica support) to promote the capture of elemental vapor phase Hg, and
it has been hypothesized that the copper acts to arrange or align the sulfur atoms in a
geometry which is more conducive to Hg capture. This alignment may result in a sulfur
network with improved mass transfer of Hg to the network interior compared to oxide
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particles without copper. Further, the effective use of sulfur function-lization on copper-
doped silica particles for adsorption of elemental vapor phase Hg has recently been
demonstrated in our lab, with capacities of over 20 mg Hg g1 sorbent.32

The objective of this paper is to understand the extent of sulfur functionalization of silica
particles based upon silica particle and silane structural parameters. A second objective of
this paper is to characterize sulfur-functionalized silica particles demonstrating thermal
stability. Third, brief mercury vapor sorption results of the sulfur-functionalized particles are
presented and related to the structural parameters of the silica particles. Our previous
publications?3:24:31.32 have dealt primarily with mercury capture studies rather than
understanding the silylation reaction involving tetrasulfur silane.

2. Materials and Methods

2.1.

Materials Used.

Silica particles having various structure parameters given in Table 1 were obtained from J.
M. Huber Corporation (Havre de Grace, MD) for silicas A and B; Ludox colloidal silica
(TM-50) was obtained from Grace Davison (Columbia, MD). Sulfur-containing silane
reagents used were 95% 3-mercaptopropyltrimethoxysilane (MPTMS) or 95% bis[3-
(triethoxysilyl) propyl]tetrasulfide (S4) (Figure 1), which were obtained from Sigma-
Aldrich, Inc. (St. Louis, MO) and Gelest, Inc. (Morristown, PA), respectively.

2.2. Silylation Procedure.

Silica particles were functionalized by adding 2.5 g of particles and 0.9 mL of silane into a
flask containing enough anhydrous ethanol to disperse the particles (ca. 50 mL). The
mixture was heated to 80 °C to evaporate the ethanol, and the remaining moist silica was
heated at 110 °C for at least 4 h in order to accomplish silylation. The particles were then
washed with ethanol under vacuum filtration using a 0.45 xm filter membrane and dried at
80 °C overnight.

2.3. Determination of Extent of Functionalization.

Three methods are used to determine the extent of functionlization of the various silica
particles using sulfur-containing silanes. First, Fourier transform infrared spectrometry
(FTIR) was used: a small amount (ca. 5—10 mg) of the functionalized silica was ground with
KBr and pressed into a pellet. A KBr pellet containing a similar amount of unfunctionalized
silica was also prepared, and the spectra of both were acquired using a Thermo-Nicolet
Nexus 470 spectrometer running Omnic software.

The second method of determining the extent of silylation is to use thermogravimetric
analysis (TGA) to determine the weight percent of the functionalized particles which is
silane. The TGA plots of the unfunctionalized particles are compared to those of the
functionalized particles in order to properly account for the weight loss due to moisture
evaporation in all the silica samples. The TGA experiments were carried out by loading ca.
20 mg sample into the TA Instruments Hi Res TGA 2950 equipped with an EGA furnace
and heating to 1000 °C at a rate of 10 °C min~1 in a Pt pan under an air flow rate of 120 mL
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min~1. The third method for determining the extent of functionalization is total sulfur
analysis, which also operates by heating the sample. Instead of measuring the mass loss as in
TGA, a small sample was heated in an Eltra total sulfur analyzer which determines the mass
percent of sulfur based on infrared analysis of the combustion products (sulfur oxides).

2.4. Characterization of Functionalized Particles.

2.5.

Nitrogen sorption isotherms were collected at 77 K for all functionalized and
unfunctionalized samples using a Micromeritics Tristar 3000, and pore volume distributions
were calculated by Tristar 3000 V 4.02 software using the BJH method.

Differential scanning calorimetry (DSC) analyses were conducted on MPTMS- and S4-
functionalized silica A particles to demonstrate that there is a cross-linked network on the
S4-functionalized particles but not on the thiol-functionalized particles. Approximately 5—
10 mg of particles were heated to 130 °C then cooled to 30 °C in order to remove excess
moisture. The same samples were reheated to 300 °C at a rate of 5 °C min~! in a Pt-Rh alloy
pan under an N, atmosphere, and the heat flow was measured. The baseline DSC plot for an
empty pan was subtracted.

Determination of Mercury Capture Efficiency.

Mercury capture efficacy was determined using a packed bed experiment, which has been
described in detail elsewhere.32 A Vici-metrics mercury emitter cell (1454 ng Hg min~1 at
100 °C) was used as a mercury source, and it was diluted into a stream of nitrogen flowing
60 mL min~L. The dilute mercury gas flowed through the packed bed which was held at

140 °C by immersion in a silicone oil bath. The outlet concentration of mercury was
determined using a model 400 cold vapor mercury analyzer from Buck Scientific. To
confirm the results of the online-mercury analyzer, the packed bed was digested in 25 mL of
a 4:1 mixture of 16 M nitric acid and 8 M hydrochloric acid. After overnight digestion, the
mixture was diluted with deionized ultrafiltered (DIUF) water. The remaining solid particles
were removed by syringe filtering through a 0.45 ym PVDF membrane. The concentration
of mercury in the supernatant was determined by preparing standard solutions and analyzing
using a Varian Vista Pro ICP—OES. The lowest detectable concentration for Hg2* ion for
this method is 0.5 ppm.

3. Results and Discussion

3.1.

The first objective of this study is to determine the effect that silica particle structure and
silane structure have with regard to the maximum extent of silica particle functionalization,
using IR, Ag* sorption, TGA, and thermal swing adsorption (TSA). The second objective is
the thermal characterization of the functionalized silica particles. The third objective is to
demonstrate how pore structures influence breakthrough capacity of these sulfur-
functionalized particles.

Effect of Silica Particle Structure on Extent of Functionalization.

The three types of silica particles used in this study (Table 1) were chosen because of their
different structural characteristics. The surface areas and average pore diameters of the S4-
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functionalized silicas are also given in Table 1. Silica A and silica B are both porous silica
gels with similar particle diameters; Ludox (TM-50) is colloidal silica with monodisperse
primary particles 22 nm in diameter (provided by manufacturer but confirmed by our lab
using dynamic light scattering and SEM). Nitrogen sorption isotherms (Figure 2a,c) for
these samples are IUPAC Type IV, confirming the porous nature of the sample.33 Silica A
has a much larger hysteresis than silica B due to the larger mesopores. Although the Ludox
base particles (22 nm) are nonporous, the small diameter allows for close packed aggregates
of particles, which leads to small “pores” between particles. The nitrogen sorption isotherms
and pore distributions for the functionalized particles (Figure 2b,d) are described below. The
extent of S4 functionalization on these different particles is compared using infrared
spectroscopy and/or thermogravimetric analysis.

A representative FTIR spectrum of S4-functionalized silica is shown in Figure 3. The IR
peak at 980 cm™1, which is attributed to the Si—O—H vibration, can be used to determine the
extent of functionalization.34 The FTIR spectra are normalized using the Si—O—Si peak
(normalized to the bulk amount of silica), then the difference in peak height between the
functionalized and unfunctionalized silica at 980 cm™1 is proportional to the extent of
functionalization. Since the amount of silica (based upon Si—O—Si peak height) has been
normalized for both samples, small differences in the mass of sample used to prepare the
pellets can be neglected, and any difference in Si—O—H peak height between the
functionalized and unfunctionalized samples is attributed to the disappearance of silanol
groups during the silylation reaction. Although the silylation reaction does result in the
formation of new siloxane bonds, the number of bonds formed relative to the total amount in
the bulk sample is expected to be 2 orders of magnitude lower, even with the high surface
area of the silica.

The extent of functionalization results are summarized in Table 2. Silica B has a much larger
specific surface area; it may be expected that the larger surface area should allow for a
greater extent of silylation. However, silica A has 54% of its silanols functionalized with S4,
with a standard deviation of 8.8% of the silanols functionalized (for three different silylation
batches). For silica B, the extent of silylation with S4 is 17% with a standard deviation of
4.2% of the silanols functionalized. These results indicate that the larger pores of silica A
allow for the silane to reach a higher percentage of the reactive silanol sites. For the Ludox
samples, the IR spectral noise was too great to quantify the extent of silylation, but TGA and
total S were used for these materials.

While IR measures extent of functionalization in terms of how many silanol are reacted,
TGA measures extent of functionalization in terms of how much silane can be deposited
onto the surface and into the pores of silicas A and B. A representative TGA plot is shown in
Figure 4. TGA results indicate that silica A has a greater mass of silane deposited on it (12.0
wt % silane with standard deviation of 1.6 wt %) than silica B (11.0 wt % silane with
standard deviation of 0.4%). These values are of the same magnitude as previously reported
values using the same method.3 In the small pores of silica B, both ends are mores likely to
react with the surface, which would lead to a loss of more SiOH per S4 molecule
incorporated. Although silica B has fewer % silanol groups reacted, the high surface area
allows it to react with a large mass of silane, and there is some multilayer deposition as well.
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When the mass % silane for silicas A and B is normalized by the factor of surface area x %
silanol reacted, the ratio of normalized S4-silica A to normalized S4-silica B is 1.24. So at
least 20% more silane is present on the S4-silica B than would be expected based on its
surface area and the amount present on S4-silica A. The S4-functionalized Ludox has an
average of 4.7 wt % silane (standard deviation of 0.2 wt %) because the Ludox surface area
(where the silane can attach) is much smaller. Similar to the TGA method, total sulfur
analysis gives the extent of functionalization in terms of total sulfur mass whether those
sulfur-containing silanes are covalently bound to the surface or deposited into the pores.
Silica A has 4.53 mass % sulfur, and silica B has 3.98 mass % sulfur. Consistent with the
TGA results, Ludox has 1.56 mass % sulfur. The total S analysis gives a systematically
higher value for S than would be expected based on the TGA (by converting mass % silane
to mass % S) for two reasons. First, the S is higher than would be expected because the mass
of silane remaining on the particle is less than the mass of the original silane (due to alkoxy
leaving group). Second, the commercial silica gels silica A and B have a small amount of
sodium sulfate as an artifact of their manufacture.

Pore volume distributions have been calculated with the BJH method (Figure 2b,d). For
silica A, silylation occurs more easily in the larger mesopores with silane, and the average
pore diameter is reduced from 9.6 nm to less than 3.3 nm, as the pore walls are coated with
the silane. However, these narrower pores still have larger surface area, and the addition of
S4 actually increases the surface area to 264 m? g~1, suggesting that the S4 is able to form a
network on the surface with very small pores. This explanation is also consistent with the
order of magnitude decrease in average pore diameter. The silylation of Ludox (4.7 wt %
silane) fills in the gaps between particles and results in an agglomeration of particles and the
silane network, and the apparent “pore” volume is also reduced for Ludox particles with
silylation. However, this agglomeration also produces a porous silane network which
contains the particles, as the surface area is increased to 243 m2 g1, Silylation of silica B
leads to a decrease in mesopores of all sizes, and the large decrease in surface area (484 to
61 m2 g~1) arises from the complete blocking of the silica particles’ pores by the large S4.
The occurrence of pores after S4 functionalization is greatly decreased. However, most of
the remaining porosity arises from the porous S4 network. For all the functionalized
materials, the porosity and surface area occur from two sources, one from the silica itself
and one from the S4 deposited on the surface. In the case of silica A and Ludox, the
functionalization reaction enhanced the surface area. In the case of silica B, the silylation
first covered the smaller pore openings, dramatically reducing the surface area. The silanized
particles were covered in additional silane network (S4), which although having very few
pores, increased the nominal pore diameter.

Impact of Silane Molecule Structure on Extent of Functionalization.

A second objective of this study is to determine the difference in extent of silica particle
functionalization achieved with different silanes. The two silanes which are considered are
S4 (with results discussed in the previous section) and MPTMS (Figure 1). These silanes
react with the particle surface through a single silicon center (“single-point attachment™) in
the case of MPTMS or through one or two silicon centers (“double point attachment”) in the
case of S4. Silica B is the silica that is functionalized in this comparison. Based on the extent
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of silylation determined using IR spectroscopy, MPTMS reacted with an average of 38% of
silanol groups, with a standard deviation of 8.6 for the three different samples which were
prepared. However, using the same method, S4 reacted with an average of 17% of silanol
groups, with a standard deviation of 4.2, also for 3 different samples. This difference based
on the structure of the silanes is expected because the MPTMS functionalizes the silica by
one end only. However, the S4 can react with the particle surface at two different locations
and hinders further reaction with other silanol groups and block pore openings.

TGA results indicate that silane reacted with the silica particle surface is approximately the
same for both MPTMS (10.6 mass %) and S4 (11.0 mass%) silanes, as the silica particle
characteristics are the same in both cases. Total sulfur analysis also confirms this result. The
extent of functionalization is not dependent on the structure of the silane molecule for this
silica particle with small pores. On the basis of these results taken together (and converting
the mass to moles from the TGA results), it is concluded that not all of the S4 react at both
ends. The mole % of S4 on silica A is 1.7. Considering that for double-point attachment, 2
SiOH are consumed for every S4 added, 3.4 mols SiOH should be reacted in the S4 case.
For the MPTMS case, the mole % of MPTMS on silica A is 4.9 (and also 4.9 mols SiOH
consumed). Thus, for MPTMS, 4.9 mols SiOH react, and 3.4 mols of SiOH should react
with S4. However, the IR results would indicate that approximately twice as many silanol
groups are reacted with MPTMS as with S4, indicating a portion of the S4 does not have
double-point attachment.

DSC Characterization.

The functionalized particles were analyzed using differential scanning calorimetry in order
to determine if the sulfur-containing silanes exhibited any thermal transitions. This is of
interest because the mercury sorption scheme is proposed to operate at about 140 °C.
Although both the heating and cooling scans were obtained for completeness, the cooling
scan is more typically used for glass transition identification3® and is shown in Figure 5. For
the S4-functionalized silica particles, a slight glass transition is observed at 85 °C, and the
step in the plot is validated by the derivative DSC plot. This transition is not as strongly
observed for the MPTMS-functionalized silica particles. It is proposed that the S4 chains
can interact with each other on the surface and act as a polymer network, whereas the
reduced thiol groups do not interact on the silica particle surface, although some oxidation of
the —SH to S—S could occur. Also, it is possible that some of the S4 molecules (with two
reactive ends) formed oligomers prior to reaction with the silica particle surface. Further
understanding of this network will be important to elucidating the mechanism for mercury
capture using these materials.

3.4. Application to Mercury Vapor Sorption.

Lab-scale mercury capture experiments were conducted to relate the Hg sorption to the pore
structure before and after functionalization. The use of sulfur (in various forms) as a sorbent
for mercury is well-known, although the structure of the active site of sorption for this
tetrasulfane and mercury is unclear. In this study, the S4-functionalized materials were used
for mercury sorption. The total capacity for S4-functionalized silica A was 160 g Hg g1
silica, but the other S4-functionalized sorbents had very low Hg sorption capacities (less

Ind Eng Chem Res. Author manuscript; available in PMC 2019 July 26.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Meeks et al.

Page 8

than 10 g Hg g1 silica). The highly accessible surface area of the S4-silica A allows for the
higher capacity. S4-Ludox also has a high surface area but that is primarily due to the S4
network around the particles, which indicates that S4 is more dispersed and perhaps the
oligomers are better aligned on the silica with high surface area and large pore diameters. In
this study, the primary objective was not directed toward achieving high mercury capacity
but material synthesis and characterization. High capacities have been shown by our
previous publication using S4-functionalized silica to which small amounts of copper sulfate
have been added. It is expected that the copper sulfate allows for even a much better
dispersion of the S4.32

For sorption, the breakthrough curves give information about the accessibility of active sites
to the sorbate. Figure 6 shows the four breakthrough curves (shown only for &/ G, > 0). The
steeper the breakthrough is, the more accessible and open-structured are the sites. The
steeper breakthrough curves indicate less mass transfer resistance, which is desirable for
applications involving short residence times. S4-Ludox has the steepest breakthrough, but
S4-silica A has the most gradual breakthrough, even though both these materials have almost
identical pore distributions and surface areas. However, the difference in these two materials
is that much more of the surface area in S4-Ludox arises directly from the S4 network, so
the active sites are much more accessible. S4-Silica A also has a very gradual breakthrough
at high C/ G, indicating the high resistance to filling the microporous active sites. Similarly,
S4-silica B has a breakthrough curve which follows closely along the S4-Ludox curve (facile
mass transfer due to the S4 covering the pore mouths), but near maximum capacity (C/ G, >
0.9) the curve becomes much more gradual as the few remaining microporous sites slowly
become occupied. The breakthrough curves shown do not indicate the capacity of the
material, only the openness of the functionalized material’s pore structure. Only S4-silica A
showed significant capacity. Most of the capacity is determined by the time before
breakthrough.

4. Conclusions

This study has focused on determining the extent of silylation that can be achieved on the
surface of porous amorphous silica particles with various characteristics. Unlike many
previous studies which focus on ideal particles, this work has determined extents of reaction
for commercially available silica particles which are currently used in various industries, for
applications besides mercury sorption. Different methods have been used to determine the
extent of functionalization, and it has been shown that up to 50% of the silica surface silanol
groups can be functionalized, even with a bridged silane that can attach to the particle
surface through two silicon centers. The extent of silylation reaction has been shown to be
primarily dependent upon pore distribution, size of the silane, and whether the silane is
monofunctional or difunctional. The extent of functionalization (as deposition) depends on
pore volume and is also not affected by the structure of the silane. These particles have good
thermal stability in the temperature range of interest, and the formation of sulfur-containing
oligomers on the silica particle surface has been indicated. The future prospects for work in
this area are promising, especially the elucidation of the mercury adsorption mechanism on
the surface of the functionalized particles and the structure of the S4 silane on the particle
surface.
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Figure 1.
Silanes used in the synthesis of sulfur-functionalized silica particles: (a) 3-mercaptopropyl

trimethoxy silane (MPTMS); (b) bis[3-(triethoxysilyl) propyl]-tetrasulfide (S4).

Ind Eng Chem Res. Author manuscript; available in PMC 2019 July 26.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Meeks et al.
600
2 e | —Silica A| (206 m%/g) —_
,.,;" — - -Silica B (484 m2/g) ”‘:
< 4004 |- --Ludox | (76 m%g) 8
% 2
-
S 300 - 'g
k: 3
@ 200 A ©
E g
S 100 - S
0 - : - .
0 02 04 0.6 08 1
(a) Relative Pressure (P/Pg) (b)
0.18
0.16 1 3 —
i \ —S8ilica A
"-'E ’ 3 — —SilicaB "-'E
A 0.12 - \\J/\_\ . Y =
2 0.10 M
& &
L 008 - L
;E 0.06 ;E
= 004 o
002 1
0.00 T
0.1 1 10 100
(C) Pore Diameter (nm) (d)

Figure 2.

600

500

400

300

200

100

0.18
0.16
0.14
0.12
0.10
0.08
0.06
0.04
0.02
0.00

Page 12

{ |—s4 silica A| (264 m?/g)
—— 84 silicaB| (61 m¥g)

1 |- --54 Ludox | (243 m?/g)
0 02 04 0.6 0.8 1
Relative Pressure (P/Pg)
] — 54 Silica A
| — —S4 8ilicaB
----54 Ludox
01 1 10 100

Pore Diameter (nhm)

Nitrogen adsorption isotherms at 77 K for (a) unfunctionalized and (b) functionalized silica
particles. Pore volume distributions for (c) unfunctionalized and (d) functionalized silica

particles.
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Figure 3.
Representative FTIR spectra of S4-functionalized silica. The transmission FTIR peak at 980

cm™1 is attributed to the Si—O—H vibration, and its relative height can be used to determine
the extent of silylation reaction. The decrease in peak height after functionalization is seen
here for S4-silica A (54% of silanol groups functionalized).
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Figure 4.
Representative TGA plot which shows mass loss difference for silica and S4 functionalized

silica. This plot shown for Ludox and S4-Ludox sample.
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Differential scanning calorimetry demonstrates thermal transitions of (a) S4-silica A
particles and (b) MPTMS-functionalized particles. These cooling scans were obtained by
heating to 130 °C in order to remove excess moisture then cooled to 30 °C. Parameters:
cooling rate of 5 °C min~1; Pt-Rh alloy pan; N2 atm. The baseline DSC plot for an empty
pan was subtracted. A slight glass transition (7g) is observed at about 85 °C for the S4
functionalized particles, as also confirmed by the DSC derivative plot.
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Breakthrough curves for packed bed of mercury sorbents. Steeper and sharper breakthrough
curves indicate the material is more open structured, with less mass transfer resistance.
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Table 2.

Summary of Silylation Results with Experimental Method

silica type silane % silanol functionalized (IR) mass % silane (TGA) mass % sulfur (TSA)

silica B MPTMS 38 10.6 3.99
silica A S4 54 12.0 4.53
silica B S4 17 11.0 3.98
Ludox S4 NA 4.7 1.56
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