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Structural and Adsorptive Characteristics of Pyrocarbon/Silica Gel Si-60
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Abstract. Pyrocarbon/silica gel adsorbents (carbosils, CS) with mesoporous Si-60 (Merck, granule size 0.2-0.5
mm) modified by pyrolysis of CH,Cl, at 823 K and reaction time from 0.5 to 6 h and then hydrothermally treated
at 473 K for 6 h were studied by means of TEM, adsorption and '"H NMR methods. Changes in the structural
and adsorptive characteristics of hybrid adsorbents before and after hydrothermal treatment, which depend on
pyrocarbon content (C¢ ), were analyzed on the basis of TEM micrographs and p-nitrophenol and nitrogen adsorption
isotherms treated using a constrained regularization method. Interfacial water layers in aqueous suspension of CS
were investigated by means of 'H NMR with freezing-out of bulk water at T < 273 K showing nonlinear changes
in the Gibbs free energy of interfacial water with increasing C¢ because of nonlinear dependence of the structural
characteristics of pyrocarbon deposits and CS as a whole on C¢.

Keywords: mesoporous silica gel, pyrocarbon/silica gel, nitrogen adsorption, pore size distribution, p-nitrophenol
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1. Introduction that of carbon black. If the carbonization time is short

Carbon-mineral materials typically possessing mo-
saic surfaces with carbon and mineral patches can be
applied for different purposes (Leboda, 1992, 1993;
Kamegawa and Yoshida, 1990, 1993, 1995; Dabrowski
and Tertykh, 1996; Fenelonov, 1995). Adsorptive fea-
tures of such hybrid adsorbents depend on the nature
of a support and a carbonized organic precursor and
conditions of pyrolysis, which determine the morphol-
ogy of adsorbents, the accessibility of oxide and car-
bon patches, and the availability of different acidic
and basic surface sites. With elevating temperature
T,y > 1000 K and time of the pyrolysis, enlargement
of graphenes and their overlapping take place, and they
form a pregraphite lattice. If Ty, < 1000 K that large
graphite planes do not grow, as the formation of a tur-
bostratic structure is a final stage of the carbonization,
and pyrocarbon deposits possess a structure akin to

that a disordered carbon layer forms on a support sur-
face and the size of pyrocarbon grains does not exceed
several nanometers (Fenelonov, 1995; Leboda, 1992).
The morphology of pyrocarbon deposits depends also
on the activity and the distribution of surface sites on
the support (e.g., individual and mixed oxides) or het-
erogeneous sites (metal or metal oxide clusters and
crystallites) formed during pyrolysis of such precur-
sors as metal acetylacetonates (Gun’ko et al., 2000a—d,
2002 c,d).

Itisknown (Kiselev and Lygin, 1972; Dabrowski and
Tertykh, 1996; Legrand, 1998) that both thermal and
hydrothermal treatments (HTT) of silica gels change
their texture, namely HTT reduces the specific surface
area and enhances the pore size depending on the treat-
ment temperature and time. Clearly, marked structural
alterations in the silica matrix can occur during py-
rolysis of organics at 700-1000 K depending on the
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nature of reactants, especially if water is one of the
products of carbonization (Gun’ko et al., 2000a—d,
2001b, 2002c¢,d). It should be noted that the influence
of hydrothermal treatment of hybrid carbon/mineral ad-
sorbents on their texture is inadequately investigated,
as well as the impact of the chemical composition of
carbonized organics on the structural parameters of hy-
brid adsorbents. The textural and adsorptive character-
istics of carbon/silica (carbosil, CS) surfaces have been
studied using a variety of physicochemical methods
(Leboda, 1992, 1993; Kamegawa and Yoshida, 1990,
1993, 1995; Villieras et al., 1998; Gun’ko et al., 2000a—
d, 2001b, 2002c,d). Despite these investigations, the
relationships between the structural characteristics of
different phases of hybrid adsorbents and their influ-
ence on adsorption of polar and nonpolar compounds
are unclear in a significant part because of a variety of
pyrocarbon deposits, the complexity of their morphol-
ogy, and the availability of different active surface sites
on both pyrocarbon and support phases. Therefore, the
aim of this paper is to characterize the structural and ad-
sorptive properties of pyrocarbon/silica gel Si-60 initial
and after HTT depending on carbon content by means
of nitrogen, p-nitrophenol (PNP) and water adsorption,
TEM, and 'H NMR methods.

2. Experimental Section
2.1. Materials

Mesoporous silica gel Si-60 (Merck, grain fraction
0.2-0.5 mm) was used as the initial material. Si-60
was heated in the nitrogen stream at 823 K for 6 h
(labeled Si-60-T) to compare with carbosils prepared
by pyrolysis of CH,Cl, (purity 99%, Polish Chemi-
cal Reagent Factory) at Si-60 (10 g) under dynamic
conditions in a flow rotary quartz reactor with the de-
oxidized nitrogen stream (100 cm?/min) at 823 K for
0.5, 1,2, 3, 4, and 6 h (labeled CS-i at i = 1-6). The
rate of liquid CH,Cl, feeding to the reactor (through a
glass evaporator heated at 373 K) was 0.6 cm?® min~!
using a Masterflex (Cole Parmer) pump. The carbon
content (C¢) in CS-i was 1.5, 2.3, 5.9, 10, 13, and
19.5 wt.%, respectively, determined using differential
thermal analysis on heating of samples in air from
293 K to 1273 K using a Derivatograph C (Paulik,
Paulik & Erdey, MOM, Budapest) at the heating rate
of 10 K/min. Carbon content was estimated from the
mass loss of dry samples (pretreated at 473 K). Hy-

drothermal treatment of the samples (additionally la-
beled HTT) was performed in the steam phase at 473 K
for 6 h using 5 g of an adsorbent placed in a quartz ves-
sel in a stainless steel autoclave (0.3 dm®) with 20 ml of
water.

2.2.  Transmission Electron Microscopy

TEM micrographs of silica gel and carbosil samples
(Figs. 1 and 2) were made using a BS 540 (Tesla) ap-
paratus (accelerating voltage 80 kV, resolution 0.8 nm,
and magnification x24000). Microscope samples were
prepared using the platinum-carbon replication method
with evaporation of platinum and a low amount of car-
bon onto the adsorbents then treated in hydrofluoric
acid to dissolve silica gel.

2.3. Adsorption

Nitrogen adsorption-desorption isotherms (Fig. 3)
were recorded at 77.4 K by means of a Micromeritics
ASAP 2405N adsorption analyzer. The specific surface
area (Table 1, Sgpr) was computed using standard BET
equation (Gregg and Sing, 1982; Adamson and Gast,
1997) at p/po (where p and p denote the equilibrium
and saturation pressures of nitrogen, respectively) be-
tween 0.06 and 0.2. The pore volume V), was estimated
at p/po ~ 0.98 converting the volume of adsorbed ni-
trogen to the volume of bulk fluid. The average pore
diameter (D) was calculated for a model of cylindrical
pores D, = 4V, /Sger. Additionally, the average pore
diameter D), pjH(«) Was determined by the BJH method
(Barrett et al., 1951) using the adsorption data. The
SeT> Vp» Dp BiH@), and D, values were determined
using the standard Micromeritics software.

The specific surface area of micropores at the pore
radius R, <1 nm was calculated using the Dubinin-
Stoeckli (DS) equation (Dubinin, 1984; Fenelonov,
1995) applied to the adsorption data at p/ pg < 0.2 with
correction related to the adsorption in mesopores. The
as plots (Fig. 4) (Gregg and Sing, 1982; Adamson and
Gast, 1997) were used to estimate the specific surface
area of mesopores (Spes) (silica gel Si-1000 was used
as a reference material (Jaroniec et al., 1999a, b)). The
Smes and Sger values are close; however, sometimes
Smes 18 slightly larger because of both errors in deter-
mination of these values and contribution of volume
filling of mesopores at p/py < 0.4 (since long hystere-
sis loops are observed in the isotherms (Fig. 3)) leading
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Figure 1. 'TEM micrographs of (a) Si-60, (b) Si-60-T, (c) CS-1, (d) CS-2, (e) CS-5, and (f) CS-6.

to certain overestimation of S,.s. This similarity of the
Smes and Sggr values depicts nearly pure mesoporous
character of all the studied adsorbents.

The specific surface area of pyrocarbon itself (S¢)
was determined on the basis of the PNP adsorption
(assuming preferable adsorption of PNP onto carbon
deposits) from the aqueous solution of hydrochloric
acid studied by means of a Specord M-40 (Karl Zeiss,
Jena) UV/vis spectrophotometer at 400 nm. The cor-
responding calculation technique was described in de-
tails elsewhere (Kamegawa and Yoshida, 1990, 1993,
1995).

The pore size distributions f(R,) (Fig. 5) have been
calculated using the overall isotherm equation based on
the combination of the modified Kelvin equation and
the statistical adsorbed film thickness (Nguyen and Do,

rx(p)
a= / f(Rp)dR,

Tmin

e w
i f(p) mt(p, Ry f(R,)dR, (1)

Tk

where i, and ry, are the minimal and maximal pore
radii, respectively; w = 2 for cylindrical pores; r;(p) is
determined by the modified Kelvin equation

») o, S ip R+ WY Vy, cos 6 @)
T = — , _
=y T R R T in(pe/ )

and the statistical thickness #(p, R,) of an ad-
sorbed layer is computed using the modified BET
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1000 nm

Figure 2. TEM micrographs of (a) Si-60-HTT, (b) Si-60-T-HTT, (c) CS-1-HTT, (d) CS-2-HTT, (e) CS-3-HTT, (f) CS-4-HTT, (g) CS-5-HTT,
and (h) CS-6-HTT.

equation ty = an/SpeT; b = exp(Ag/R,T); Ae is the excess
1P Ry) = i cz of the evaporation heat linked to the interference of the
(1-2) layering on the opposite wall of pores; a,, is the BET

A+ (nb/2— n/2)2"t — (b + D" + (nb/2 + n/2)z7" ] monolayer capacity; ¢ = ¢, exp((Q, — Qy)/RT); ¢
[1+(c—Dz+(ch/2 —c/2)z" — (cb/2 + ¢/2)z" ] is the BET coefficient for the adsorption on a flat sur-

3) face; O, and Q, are the adsorption heat on flat surface
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Table 1. Structural parameters of initial, heated and hydrothermally samples.
Cc SBET Sc Stnes Sps Vi Vines D, Dy B1H(a)

Sample (Wt.%) (m?/g) (m?/g) (m?/g) (m?/g) (cm?/g) (cm®/g) (nm) (nm) Daj

Si-60 - 447 472 25 0.821 0.783 7.3 59 2.421
Si-60-T - 472 509 24 0.867 0.819 7.4 6.1 2.433
Si-60-HTT - 61 61 20 0.264 0.212 17.2 22.5 2.594
Si-60T-HTT - 42 42 21 0.126 0.104 12.0 15.2 2.605
CS-1 L5 431 152 460 19 0.783 0.743 73 6.0 2418
CS-1-HTT 403 406 10 0.829 0.787 8.2 7.2 2.421
CS-2 2.3 458 158 487 27 0.811 0.768 7.1 5.9 2.425
CS-2-HTT 370 373 11 0.808 0.771 8.7 7.7 2.427
CS-3 59 445 109 472 28 0.780 0.741 7.0 5.8 2.428
CS-3-HTT 361 361 17 0.733 0.690 8.1 7.2 2.427
CS-4 10.0 427 86 453 30 0.737 0.700 6.9 5.8 2.431
CS-4-HTT 360 365 24 0.676 0.631 7.5 6.5 2.439
CS-5 13.0 399 99 422 31 0.676 0.640 6.8 5.7 2.439
CS-5-HTT 324 320 18 0.622 0.586 7.7 6.9 2.448
CS-6 19.5 354 70 375 27 0.587 0.554 6.6 5.7 2.447
CS-6-HTT 292 286 18 0.535 0.501 74 6.7 2.458

Note. Cc is the carbon content; Sggr is the specific surface area, Sc¢ denotes the specific surface area of carbon deposits (determined using
the PNP adsorption); Smes is the specific surface area of mesopores (linearization of «; plots at p/po < 0.4); Sps is the specific surface area
of micropores (DS method); V, is the pore volume, Vines is the mesopore volume (calculated from f(R,) at 1.0 nm < R, < 50 nm using
Egs. (1)-(3); Dy =4V, /SBET; D) BiH() is the average pore diameter determined by the BJH method (Barrett et al., 1951) using the adsorption

data; D,y is the fractal dimension.

and in pores, respectively; z = p/po; n is the num-
ber (noninteger) of statistical monolayers of adsorbate
molecules and its maximal value for a given R, is equal
to (R, — 05/2)/ty; and o, is the collision diameter
of surface atoms (Nguyen and Do, 1999). Desorption
data were utilized to compute the f(R)) distributions
with Egs. (1)-(3) and modified regularization proce-
dure (Provencher, 1982) under non-negativity condi-
tion (f(R,) > 0 at any R),) at a fixed regularization
parameter « = 0.01 using a model of cylindrical pores.
Application of this approach to different adsorbents
was also described elsewhere (Gun’ko et al., 2001a,b,
2002a—d, 2003).

Calculation of the fractal dimension (Day) of the
adsorbents was performed on the basis of the adsorp-
tion data using adsorption isotherm equation (Avnir and
Jaroniec, 1989) at p/po < 0.85

In(©) = const + (Day — 3)|:ln In <%>} (4)

i.e., at high coverage when forces of the surface tension
at the gas/liquid boundary control the interface and the

capillary condensation occurs in mesopores (nitrogen
adsorption-desorption isotherms shown in Fig. 3 have
marked hysteresis loops).

2.4. 'H NMR Investigations

The 'H NMR spectra were recorded by means
of a WP-100 SY (Bruker) high-resolution NMR
spectrometer. Relative mean errors were +10% for
signal intensity and +1 K for temperature. The tech-
nique of freezing-out of water was applied to sepa-
rate the bulk and interfacial waters in the aqueous
suspensions (x5 wt.%) of silica gel and CS or to distin-
guish different water layers on the adsorption from the
gas phase. The amounts of unfrozen interfacial water
(Cyw) adsorbed on CS (and silica gel) samples frozen
at 180 < T <273 K were estimated by comparison
of an integral intensity (I,) of the '"H NMR signal
of unfrozen water with that (/.) of water adsorbed
on CS from the gas phase using a calibrated func-
tion I, = f(C°), assuming Cyy = % The function
f(C°) was obtained on the basis of the measurements
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Figure 3. Nitrogen adsorption-desorption isotherms for (a) Si-60,
Si-60-T and CS-i and (b) hydrothermally treated samples of the first
series.

of the integral intensity for given amounts of wa-
ter (C¢) adsorbed on the CS surfaces from the gas
phase. The signals of surface proton-containing groups
and water molecules from ice were not detected due
to features of the measurement technique and the
short time (~107° s) of cross-relaxation of proton
in solids. Changes in the Gibbs free energy (AG) of
unfrozen interfacial water was calculated (with rel-
ative mean error +10%) using the known depen-
dence of changes in the Gibbs free energy of ice on
temperature

—AG = 0.036(273 — T) 5)
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Figure4. The ag plots reduced by dividing by the adsorption value
at p/ po = 0.4 for (a) Si-60, Si-60-T and CS-i and (b) hydrothermally
treated samples of the first series; the g plot for LiChrospher Si-1000
silica (used as standard) is shown.

One can assume that water is frozen (T < 273 K) at the
interfaces when G = G; and the value of AG = G-G|
isequalto AG; = G;(T)— G;|r=273x and corresponds
to lowering of the Gibbs free energy of the interfacial
water because of its interaction with the solid surfaces
(G denotes the Gibbs free energy of undisturbed bulk
water). The used 'H NMR technique with freezing-out
of the bulk and interfacial waters was described in de-
tails elsewhere (Turov et al., 2002; Turov and Leboda,
1999; Gun’ko et al., 1999; Gun’ko and Turov, 1999).
On the basis of this approach, one can calculate the
amounts of strongly (C;,,) and weakly (C.%,) bound un-
frozen waters, a maximal reduction of the Gibbs free
energy of strongly (AG®) and weakly bound (AG™)
waters, and the Gibbs free energy (ys) of adsorption of
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Figure 5. Pore size distributions for (a) Si-60, Si-60-T, and CS-
i; (b) Si-60 and hydrothermally treated CS-i samples; and (c) Si-
60-HTT and Si-60-T-HTT at fixed regularization parameter o =
0.01.
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water unfrozen at 7 <273 K
o
ys = K / AGdC,, ©)
0

where C7* is the total amount of unfrozen water at
T — 273 K (Turov and Leboda, 1999). Typically the
dependence of AG on Cyy, has two portions with signif-
icant changes in AG at relatively small changes in C,
(corresponding to water strongly bound to adsorbent
and placed close to its surfaces as thin water layer) and
small changes in AG in a large range of Cy,, (weakly
bound water forming relatively thick water layer in
mesopores). Linear approximation of these portions of
the AG(Cy,y) graphs towards the intersection with the
AG axis gives the AG® and AG" values.

3. Results and Discussion

Comparison of the TEM micrographs of Si-60 and CS
samples (Fig. 1) reveals that pyrocarbon deposits and
the CS surface as a whole become less uniform with
increasing carbon content C¢, and the formation of
larger pyrocarbon particles occurs mainly at C¢ > 10
wt.%. However, at low C¢ < 10 wt.% the carbosil sur-
faces look relatively uniform (Fig. 1C). Additionally,
the surface topography after heating of pure silica gel
is akin to that of the pristine oxide (Figs. 1(A) and
(B)) (mesopores at R, < 10 nm providing a major con-
tribution to the total porosity of Si-60 are not seen
in TEM micrographs). The similarity of the spongy
surfaces of Si-60-HTT and Si-60-T-HTT is also ob-
served in their TEM micrographs (Figs. 2(A) and (B)),
as well as the similarity in the corresponding nitrogen
adsorption isotherms (Figs. 3(b) and 4(b)), the pore size
distributions (Fig. 5) and the structural characteristics
(Table 1). On the other hand, the differences of CS-i
and CS-i-HTT samples (the latter don’t look spongy as
pure silica after HTT) are significantly smaller than that
for pure silica gel before and after HTT due to shielding
of the oxide surfaces by the pyrocarbon layer against
decomposition of the silica surface on HTT (Figs. 1
and 2), whichreflect in the corresponding differences of
the nitrogen adsorption-desorption isotherms (Fig. 3),
a plots (Fig. 4), the values of the structural parame-
ters (Table 1), and the pore size distributions (Fig. 5).
Thus, substantial changes in the shape of the isotherms
(Fig. 3(b), curves 2 and 3) and « plots (Fig. 4(b)) are
observed only for pure silica gel after HTT (hydrol-
ysis of the siloxane bonds and mass transferring from
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enlarged pores) because of a large difference in the pore
size distributions of this sample in comparison with oth-
ers (Fig. 5). It should be noted that heating of Si-60 at
823 K (Si-60-T) with subsequent HTT (Si-60-T-HTT)
gives larger changes in the porosity in comparison with
Si-60 (Fig. 5 and Table 1) than that of Si-60-HTT due
to the formation of strained siloxane bonds on heating
(Kiselev and Lygin, 1972), which can be more easily
hydrolyzed than the siloxane bonds on the surface of
pristine silica gel.

Pyrocarbon deposits reduce the pore volume and
the specific surface area of hybrid adsorbents nearly
linearly with increasing C¢ (Table 1). However, rel-
ative changes AV, /V, versus C¢ decrease stronger
at Cc > 10 wt.% (due to blocking of Si-60 pores by
carbon plugs) than that on addition of pure ballast
(which does not contribute V, or Sggr) in contrast
to ASger/SeeT (decreasing smaller than AV, /V,(Cc¢)
due to contribution of the outer surfaces of pyrocarbon
particles possessing, however, very small own poros-
ity) (Fig. 6(a), Table 1). On the other hand at C¢ < 10
wt.%, the AV, /V,(Cc) graphis close to the ballast line
(Fig. 6(a)). These effects also reflect in the graphs of
the nitrogen adsorption-desorption isotherms for CS-i
samples (Fig. 3) lowering with C¢ but without marked
changes in the isotherm and hysteresis loop shapes. Ad-
ditionally, the reduced (divided by V{ 4, i.e. amounts of
nitrogen adsorbed at p/po=0.4) «, plots (Fig. 4(a))
are practically independent of the carbon content at
oy < 1.5;1.e., changes in the shape of pores on pyrocar-
bon grafting are relatively small and CS samples remain
mesoporous as Sper N Smes > Sps and V), X Ve
(Table 1). Notice that the V), values are slightly larger
than those of Vi, due to contribution of macropores
at R, > 50 nm. Contribution of micropores to the sur-
face area is very small for all samples (Table 1, Spg).
Macropores give a larger contribution to the pore vol-
ume after HTT, especially in the case of pure silica gel
(Fig. 5(c)). Additionally, HTT leads to appearance of
narrow mesopores at R, <2 nm (Fig. 5(b) and (c)) in
consequence of pore wall ‘pitting’. It should be noted
that the cggr values (from standard BET equation) for
all the studied samples were between 80 (minimal for
Si-60-HTT) and 111 (maximal for CS6-HTT), which
are close to that for the initial Si-60 (cggr = 91) and
CS-i (nearly constant between 87 and 88). These small
cpet values show a low contribution of micropores to
the total porosity for all the samples.

Carbon deposits strongly shield the silica gel sur-
faces against pore wall disruption on HTT (Figs. 1 and
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Figure6. Changesin (a)the pore volume and (b) the specific surface
area due to pyrocarbon deposits for carbosils CS-i and CS2-i; and
(c) relative changes in the specific surface area and pore volume due
to HTT of CS-i samples.

2) that results in significant differences in the shapes
of the isotherms (Fig. (3b)) or as plots (Fig. 4(b)), as
well as in the Sger and V), values (Table 1), for CS-i-
HTT and Si-60-HTT (or Si-60-T-HTT), as the largest
alterations in these characteristics are observed after
HTT of pure silica gel characterized by strongly en-
larged mesopores at R, > 20 nm (Fig. 5(c)). Note that
heating of Si-60 before HTT leads to greater changes
in the isotherm shape after HTT (Fig. 3(b)) as well as
in the V), and Sggr values (Table 1) in comparison with
those for Si-60-HTT, perhaps because of the forma-
tion of strained Si—O—Si bonds after heating of silica
gel, which are more reactive than the siloxane bonds
on the surface of pristine silica gel. Consequently, py-
rocarbon deposits can tightly cover the silica surfaces



(Fig. 1) even at a low content C¢ = 1.5 wt.% in CS-1
characterized by reduction of Sggr by 6.5% butincrease
in V, by 5.9% after HTT, which strongly differ from
the corresponding values of pure silica gel after HTT.
However, the C¢ value in CS-1 is lower than that cor-
responding to the coverage of total silica gel surface by
a carbon monolayer with a continuous graphite sheet.
One can assume that strong inhibition of the hydroly-
sis of the silica gel surfaces during HTT by pyrocarbon
deposits (even at low C¢) can be caused not only by
blocking of pores by carbon plugs but also by block-
ing (or transforming) of the most active surface sites
(e.g., islands of adjacent hydroxyl groups with forma-
tion of Si—O—C or Si—C bonds) in silica gel pores
by small graphene clusters. Notice that the activation
energy of hydrolysis of the Si—O—Si bonds reduces
with increasing number of molecules in the water clus-
ters near these bonds and if Si atoms already have OH
groups (Gun’ko et al., 1997, 1998). Pyrocarbon de-
posits can be non-continuous at low C¢ values but they
cover active surface sites and can inhibit the formation
of adsorption complexes of water that results in the re-
duction of the hydrolysis rate on HTT. Additionally,
the lifetime (Adamson and Gast, 1997)

t = t9exp(E/RT) )

of water adsorption complexes decreases due to re-
duction of the energy of the adsorption (E) on
the pyrocarbon-covered surfaces possessing lowered
hydrophilic properties (Gun’ko and Leboda, 2002;
Gun’ko and Bandosz, 2003; Gun’ko et al., 2001b,
2002d). This effect can lead to lowering probability
of hydrolysis of the siloxane bonds, i.e. to reduction of
the reaction rate.

Pyrocarbon deposits do not practically change a
small contribution of micropores (Table 1, Sps), and
the reduced ag plots reveal (Fig. 4(a)) the absence of
a significant microporosity of CS as they are close to
the reduced og plot of Si-1000 at g < 1. The main
f(Rp) peak at R, ~4 nm becomes lower and slightly
shifts towards smaller R, values depending on C¢, as
the larger the C¢ value, the greater the displacement of
this f(R,) peak (Fig. 5(a)). Consequently, a portion of
pyrocarbon deposits forms in mesopores, as formation
of large pyrocarbon particles (possessing low porosity
and specific surface area, Table 1, S¢) on the outer sur-
faces of silica gel particles (Fig. 1) can case lowering
f(Rp) but without the peak displacement (i.e., pyrocar-
bon deposits which do not possess large own porosity
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can play arole of the ballast, as the AV, / V,(Cc¢) graph
lies close the ballast line at low C¢ values (Fig. 6(a)).
For CS-i-HTT samples, the main f (R ) peak shifts to-
ward larger R, depending on C¢ (the smaller the C¢
value, the larger the displacement with one exception
for CS-2-HTT). The displacement of f(R,) for CS-
i-HTT towards larger R, in comparison with that for
Si-60 and CS-i (Fig. 5) demonstrates that the silica
gel pore walls undergo hydrolysis (depending on C¢
because of the shielding effect) but substantially less
than that for pure silica (Fig. 5(c)). Relative changes
in the pore volume and the specific surface area versus
Cc of CS-i-HTT (Fig. 6(b)) significantly differ from
those of CS-i (Fig. 6(a)). From these dependences, one

Table 2. Characteristics of interfacial water in the aqueous sus-
pension of initial silica gel and carbosils.

Cc —AG* —AG"” Ciy Vs
Sample  (wt.%) (kJ/mol)  (kJ/mol) (mg/g) (mJ/m?)
Si-60 0 34 0.8 500 154
Si-60T 0 4.0 1.1 500 119
CS-1 1.5 2.8 0.8 560 124
CS-2 2.3 2.4 0.8 480 127
CS-3 59 2.5 1.2 400 116
CS-4 10.0 2.5 1.2 550 109
CS-5 13.0 25 0.9 550 137
CS-6 19.5 2.7 1.3 630 164

Note. Superscripts w and s correspond to weakly and strongly
bound waters, respectively, unfrozen at T < 273 K.

2,45 ; ; ; ;
160
2,441 140
F120 ©
2 —_
O 243 3,
2
100 ©
180
2,42
; ; ; —L60
0 5 10 15 20

Carbon Content (wt.%)

Figure 7. Relationships between the content of pyrocarbon de-
posits, fractal dimension Dy and specific surface area of pyrocarbon
itself (S¢).
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can assume that shielding effect of pyrocarbon slightly
decreases with increasing C¢ (Fig. 6(b) and Table 1).
This may be caused by, at least, two reasons. The first
is the segregation of the carbon phase in the form of
large particles formed on the outer surfaces of silica gel
globules with increasing pyrolysis time (a similar ef-
fect was observed on chemical vapor deposition (CVD)
of a phase with a low compatibility with a substrate
with increasing amounts of the CVD phase (Gun’ko
et al., 1999b, 2000b, 2002a)). The second reason is the
enhancement of the disorder and the reactivity of the
silica surfaces with increasing time of carbonization,
since HCl (as a product of CH,Cl, pyrolysis) can react
partially (as the carbonization occurs in the flow reactor
and a portion of HCl is removed by the nitrogen flow)
with silanols and siloxane bonds of the silica surface at

823 K to form =SiCl (because of substitution of OH in
=SiOH for Cl which easily occurs at T > 623 K or reac-
tion with=Si—O—Si=occurring at T > 770 K (Tertykh
and Belyakova, 1991)) and new =SiOH groups. How-
ever, the latter processes don’t affect a thick silica layer
(maybe due to shielding of the silica gel surfaces by py-
rocarbon deposits forming Si—O—C and Si—C bonds
with the silica surfaces) since carbonization of CH,Cl,
causes a small displacement of the main mesopore peak
towards smaller R, values (Fig. 5(a)) and average D),
and D, pyu() values decreases (Table 1); i.e. disruption
of the pore walls of silica gels due to the mentioned re-
actions is not great on the carbonization of CH,Cl,.
An increase in the pyrocarbon content leads to an
enhancement of the CS surface roughness (Fig. 1),
and fractal dimension D4y grows nonlinearly with C¢;



however, the specific surface area of pyrocarbon itself
(Sc) decreases with C¢ (Fig. 7) due to enlargement
of pyrocarbon particles (observed in the TEM micro-
graphs). These structural features of CS samples (as
well as shielding of active surface sites by pyrocarbon
deposits) can impact their adsorptive properties of CS
in respect to such a polar adsorbate as water.

The graph shapes of changes in the Gibbs free energy
of the interfacial water versus the amount of unfrozen
(T <273 K) water (Cywy = Cj,, + Cy,) depend on
the carbon content only slightly (Fig. 8(a), Table 2) as
well as that of adhesion forces F versus the distance
X from the surface (Fig. 8b) calculated on the assump-
tion of only radial dependence of F. However, more
detailed picture related to the corresponding deriva-
tives d(AG)/dC,,, (Figs. 8(c) and 8(d)) and the rela-
tionships between AG and the characteristics of pores
filled by water unfrozen at T < 273 K (Fig. 9, Tables 1
and 2) show their deviations from the graphs for pris-
tine Si-60. These deviations reveal an enhancement of
the nonuniformity of CS-i samples with increasing C¢
also confirmed by the increase in Dy with C¢ (Fig. 7).
Lowering of the Gibbs free energy of water adsorbed
in narrow pores at R, <4 nm is maximal for Si-60-T
and Si-60 (and Fig. 9(b)), as pyrocarbon deposits are
typically less hydrophilic than silica gel surfaces re-
sulting in smaller —AG values for interfacial water at
the CS surfaces. Notice that, the energy of water ad-
sorption on non-porous carbon black (similar to stud-
ied pyrocarbon) is about 20 kJ/mol, which is signifi-
cantly lower than the heat of water condensation (45
kJ/mol) (Brennan et al., 2001). The steepest changes in
AG at R, between 2 and 5 nm (Fig. 9(b)) are related
to unfrozen water filling the corresponding mesopores
(Fig. 5(a)). The graphs of the surface free energy ys
and the fractal dimension D4y as functions of C depict
their cotrained characters for CS-i samples (Fig. 10), as
disturbing of the interfacial water in the confined space
of pores and reduction of its Gibbs free energy depends
not only on the pore size but also on the roughness of
the pore walls (both the pore size and the surface rough-
ness determine the pore + surface fractal dimension)
at the same nature of the surfaces (active surface sites).
Despite the reduction of S¢ with C¢ (Fig. 7), the fractal
dimension increases with C¢ for all the CS-i samples.
Therefore, one can assume that the nonuniformity of
pyrocarbon deposits increases with C¢ (as well as yy)
and this assumption is in agreement with the TEM mi-
crographs (Fig. 1). However, for materials X/SiO; (X
= TiO,, Al,03, GeO,, and C), the maximal yg values
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were frequently observed at low Cy values (Gun’ko
et al., 1999b, 2002d). In the case of strongly nonuni-
form ternary adsorbents CSx (X is the second oxide or
silicate phase grafted onto the silica matrix) (Gun’ko
etal., 2000a), changes in Daj(Cx+c)and ys(Cxic) (as
well as Daj(Cc) and ys(Cc¢)) are complex with large
scatter because of a strong impact of both chemical
composition of CSy (possessing a variety of surface
active sites), the pore topology and the surface rough-
ness on the structure of the interfacial water, which
reflects in the ys and Dy values. Notice that the pyro-
carbon structure in CSx depends strongly on the nature
of the X phase (Gun’ko et al., 2000a, 2002c,d).

4. Conclusion

Pyrocarbon deposits reduce the porosity and the spe-
cific surface area of CS adsorbents with increasing C¢
values, which also affect the pore size distributions. The
specific surface area of pyrocarbon itself decreases with
Cc. The pyrocarbon layer can be non-continuous but
it covers active surface sites and can inhibit adsorption
of water that reduces the reaction rate of hydrolysis
of the CS surfaces on hydrothermal treatment. Shield-
ing of the silica gel surfaces by pyrocarbon deposits
causes significantly smaller structural changes on HTT
in comparison with that of pure silica gel. Pre-heating
of silica gel at 823 K for 6 h leads to enhancement
of the textural changes of pure silica gel on HTT be-
cause of appearance of strained siloxane bonds pos-
sessing greater reactivity in hydrolysis. Increase in the
pyrocarbon content leads to enhancement of the sur-
face roughness, and fractal dimension Day of carbon-
silica gel adsorbents rises. Changes in the fractal di-
mension Dy of CS samples and the Gibbs free energy
of the interfacial water ygs in the aqueous suspensions
are concordant in contrast to more complex hybrid
adsorbents.

Nomenclature

o Regularization parameter

a  Adsorption (cm’/g)

a, BET Monolayer adsorption (cm?/g)

c BET coefficient

Cc Content of pyrocarbon deposits (wt%)

¢s  BET coefficient for the adsorption on a
flat surface

Cuw
CS

uw

Cw

uw

Dy
D,
D, BiH(a)

Aeg
AG

AG*
AG”
F(Rp)

Vs

Po
Q)
Oy
R,
R,
r(p)
O

SBET
ASBgT/SBET

Sc
Sps

Smes

N A

t

~

I Rp)

Concentration of unfrozen water (wt%)
Concentration of unfrozen water
strongly bound to the surfaces (wt%)
Concentration of unfrozen water
weakly bound to the surfaces (wt%)
Fractal dimension

Average pore diameter (nm)

Average pore diameter determined us-
ing BJH method for adsorption data
(nm)

Adsorption energy

Excess of the evaporation heat (kJ/mol)
Changes in Gibbs free energy of the in-
terfacial water (kJ/mol)

Changes in Gibbs free energy of the
strongly bound water (kJ/mol)
Changes in Gibbs free energy of the
weakly bound water (kJ/mol)

Pore size distribution

Surface tension (N/m)

Module of total changes in the Gibbs
free energy of interfacial water (mJ/m?)
Intensity of 'H NMR signal

Intensity of '"H NMR signal of water
adsorbed from the gas phase

Intensity of "H NMR signal of unfrozen
water at 7 < 273 K

Equilibrium pressure (Pa)

Saturation pressure (Pa)

Adsorption heat in pores (kJ/mol)
Adsorption heat on flat surface (kJ/mol)
Gas constant (kJ/K/mol)

Pore radius (nm)

Pore radius in Kelvin equation (nm)
Collision diameter of surface atoms
(nm)

BET specific surface area (m?/g)
Relative changes in the BET specific
surface area

Accessible specific surface area of car-
bon deposits (m?/g)

Specific surface area of micropores de-
termined using DS method (m?/g)
Specific surface area of mesopores esti-
mated using the og plot method (mz/g)
Reduced (a/a,,) adsorption

Lifetime of adsorption complex (s)
Absolute temperature (K)

Statistical thickness of an adsorbed
layer (nm)



tn Statistical thickness of a monolayer
(nm)

Vo, Pore volume (cm?/ g)

AV,/V, Relative changes in the pore volume

Vines Mesopore volume (cm3/g)
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