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Hybrid carbons/metals/metal (metalloid) oxides composites could be effective adsorbents for low— and high—
molecular weight compounds, polar and nonpolar, gaseous and liquid. The presence of metal nanocrystallites and
carbon nanostructures could provide catalytic properties in redox reactions. For more effective use of hybrid
composites, their morphological, structural, textural, and adsorption characteristics should be appropriate for target
applications and, therefore, well controlled. Therefore, the aim of this study was to synthesize carbon/metal/silica
nanostructured composites with varied content of metal (Ni) to control the mentioned characteristics. Precipitated
silica Sipernat 50 was selected as a substrate. Potato starch was used as a carbon precursor. Nickel nitrate
(Ni(NO3),'6H>0) of varied amounts was used as a precursor of Ni nanoparticles reduced upon the starch
carbonization. After the starch carbonization and Ni reduction, a set of C/Ni/silica samples was studied using atomic
force microscopy, X-ray diffraction, X—ray fluorescence spectroscopy, nitrogen and p-nitrophenol adsorption,
thermogravimetry, and Raman spectroscopy. The presence of nickel phase results in the formation of smaller but
denser packed char nanoparticles. Estimation of possible contribution of pores accessible for nitrogen molecules in
silica globules and outer surface of carbon/Ni particles suggests that the carbon phase is porous that provides a
significant part of the specific surface area of the composites. Amorphous silica and char phases are characterized by
the presence of certain nuclei of radius (R) < I nm and 2 nm < R < 10 nm estimated from the XRD patterns using full
peak profile analysis with a self-consistent regularization procedure. Ni crystallites are of several sizes, since particle
size distributions include two—three peaks in the range of 3—13 nm in radius. The Raman spectra show that the main
changes with increasing Ni content are characteristic to sp® carbon structures (D line) in contrast to the sp® structures
(G line). The pore size distributions (both differential and incremental) demonstrate complex changes in a broad size
range due to increasing Ni content in composites. As a whole, changes in the Ni content in nanostructured C/Ni/silica
composites allow one to control the morphological, structural, and textural characteristics of the whole materials.
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INTRODUCTION catalytic reactions on active surface sites due to
their blocking. On the other hand, carbon
structures (nanoparticles, clusters, thin films)
immobilized at a surface of solid supports can be
interesting as catalysts and adsorbents per se or as
important components of hybrid adsorbents,
fillers, and catalysts [1-7], which can be applied
in chromatography [14], trace analysis or as
catalyst supports, efc. [1, 15-30]. There are
various carbons used as components of hybrid
composites, e.g., carbon nanotubes — silicas
[1, 15-17], graphite or graphite oxide — silica,
activated carbon — silica, hybrid aerogels, ordered
mesoporous silicas — carbons including replicas,
graphene or graphene oxide — metal (metalloid)
oxides, carbon — silica membranes, composites
with carbon nanofibers, or more complex

Hybrid adsorbents composed of
inorganics/organics, metal  oxides/carbons,
metal/metal oxides/carbons and other various
components are of interest due to widening of the
characteristics and properties of composites and
certain synergetic effects in comparison to
individual materials that are important for
practical applications [1-14]. For example,
carbon—mineral composites can be more effective
as adsorbents, catalysts, fillers, efc. than the
corresponding individual carbons and mineral
materials. However, transformation of organics
into carbonaceous deposits (coke, char,
pyrocarbon) at a surface of catalysts can be a
negative factor because the deposits inhibit
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composites [1-14, 18—44]. Some of carbon — silica
materials were prepared by polymerization of
components or precursors (such as polymers)
simultaneously and then by carbonization of
organics. Carbon — silica materials can be used not
only in industrial, lab, and scientific applications but
also in biomedical applications [1]. Thus, carbon —
mineral adsorbents are widely known materials due
to their potential applicability to laboratory and
industrial purposes, trace analysis, catalysis,
environmental protection, sewage purification, etc.
Their structural characteristics and chemical
properties can be easily changed due to a variety of
carbon and mineral precursors used for their
preparation. Moreover, to differentiate their surface
structures, there exist many methods of
modifications such as hydrothermal treatment,
grafting of different polymers or functionalities,
introduction of heteroatoms, such as N, S, or P, etc.
For catalytic applications of carbon—mineral
composites, there is an important factor such as the
presence of metal species of appropriate crystallinity
and dispersion. Note that previously, some carbon—
mineral adsorbents were studied in detail [45-59].
On the basis of these studies, one could assume that
the presence of metals and metal oxides in the

carbonization products, e.g., core—shell particles,
could lead to significant changes in the composite
structures, characteristics, and properties. To
elucidate morphological, structural, and textural
features of the complex systems, a set of
experimental methods should be used and the
experimental data should be treated using
appropriately developed software. Therefore, the
aim of this work was to prepare silica — Ni/carbon
composites with developed porous structure at
different amounts of Ni and appropriately studied
and analyzed.

MATERIALS

Precipitated silica Sipernat 50 (Si-50,
Sger = 503 m*/g, average particle size d ~ 50 pm,
tamped density 175 g/dm’, Evonik, Germany),
commercial potato starch (Polish) as a carbon
precursor, and Ni(NO3),'6H,O (Merck) as a
precursor of Ni particles were used to prepare a
set of composite samples. A series of carbon—
silica samples with different content of nickel was
prepared using various quantities (from 0 to
2.5 mmol of the salt giving labels of samples from
CS—Ni-0 to CS-Ni-2.5, Table 1).

Table 1. Characteristics of composites with different content of nickel

Average size of Ni

Sample Cc (wt. %) Cni (wt. %) Csioz2 (wt. %) crystallites (nm)
CS—Ni-0 18.0 - 82.0 -
CS-Ni-0.5 19.0 2.86 78.14 6.80
CS—Ni-1 15.3 5.43 79.27 8.28
CS—Ni-1.5 14.6 791 77.49 7.20
CS—Ni-2 11.8 10.34 77.86 6.75
CS—Ni-2.5 11.5 12.66 75.84 7.06

Note. Cc was determined using TG data; Cni was estimated from XRF data; Ni crystallite sizes were computed from

the XRD data using the Scherrer equation

Appropriate weights of nickel nitrate were
poured into a beaker with a capacity of 250 cm?,
followed by 95 cm® of distilled water. After
dissolving the nickel salt in water, starch (2.7
grams) and silica (3 grams) were poured into the
solution. It was sonicated and heated for starch
gelatinization at 69 °C (with continuous stirring)
and maintained at this temperature for 1 h. Then
it was poured onto aluminium foil with a large
surface allowed to dry the mixture at room
temperature for 24 h. The dried samples were
ground in a mortar and then sieved through
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sieves with a mesh size of 0.2 mm and 0.16 mm.
Then it was subjected to pyrolysis at 500 °C in
the nitrogen atmosphere in a quartz rotary
reactor for 3 h. The composite samples (Table 1)
were studied using nitrogen adsorption, X-ray
diffraction (XRD), spectral (Raman, XRF),
thermal (TG, DTA), and microscopy (AFM)
methods. Note that there is a tendency of
decreasing char content and increasing Ni
content with increasing amounts of nickel nitrate
in the reaction blends (Table 1).
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CHARACTERIZATION METHODS

The nitrogen adsorption/desorption isotherms
were recorded at 77.4 K using a Micromeritics
ASAP 2405N adsorption analyzer. The specific
surface area, Sger was calculated using the
standard BET equation [60] at p/po between 0.06
and 0.2 (where p and po denote the equilibrium
and  saturation  pressures of  nitrogen,
respectively). The pore volume (V) was
estimated under the relative pressure p/po = 0.98
[61]. The nitrogen desorption data were used to
compute the pore size distributions (PSD,
differential fy(R) ~ dVp/dR and fs(R) ~ dS/dR)
using a self—consistent regularization (SCR)
procedure under non-negativity condition
(f~v(R) > 0 at any pore radius R) at a fixed
regularization parameter o = 0.01. A complex
pore model was applied with slit—shaped (S) pores
in carbon and cylindrical (C) pores in silica and
voids (V) between spherical carbon nanoparticles
packed in random aggregates (SCV/SCR method)
[62—64]. The differential PSD with respect to the
pore volume fv(R) ~ dV/dR, [fv(R)dR ~ V, were
re—calculated to incremental PSD (IPSD) at
Ov(R) = (FW(Ri+1) + f(R)(Riv1 — R)/2 at
YOv(R;) = V. The fy(R) and fs(R) functions were
also used to calculate contributions of nanopores
(Voano and  Shano at radius in the range of
0.35 nm < R < 1 nm), mesopores (Vmeso and Smeso
at 1 nm < R <25 nm), and macropores (Vmacro and
Smacro at 25 nm < R < 100 nm) [62]. Additionally,
non—local density functional theory (NLDFT,
Quantachrome software, with a model of
cylindrical pores in silica or slit/cylindrical pores
in carbon) method [65] was used to calculate the
differential PSD and converted to the IPSD. The
average values of the pore radii <Rx> could be
determined with respect to the pore volume
(X = V) and specific surface area (X = S),
respectively, as the ratio of the first and zero
moments of the distribution functions

Riax Ria
<Ry >= [ R (R)dR/ [ f,(R)dR. (1)
Rmin Rmin

Additionally, fs(R) could be used to estimate

the deviation (Aw) of the pore shape from the
model using [62, 66, 67]

Rmax
Aw=S,,/ | fi(R)dR-1,

R

2)

min
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where Rmax and Rmin are the maximal and minimal
pore radii respectively. The S nmo, S meso and
S” macro values could be corrected by multiplication
by (Aw+1) that gives S (Aw+ 1) = Ssum = Shano +
Steso T Smacro = SpeT. The effective w value (wer)
can be estimated with equation

Rinax R
Wy =Sy /V,) [ R (RARI [ f,(RAR- (3)
Riin Riin

However, the reliability of the Aw value
depends on the reliability of both Sger and PSD.

Thermogravimetry (TG) with differential
thermal analysis (DTA) was carried out in air at
20-1000 °C using a Q apparatus (Derivatograph—
C, Paulik, Paulik & Erdey, MOM, Budapest) at a
heating rate of 10 K/min.

Atomic Force Microscopic (AFM) images
were obtained by means of a NanoScope III
(Digital Instruments, USA) apparatus using a
tapping mode AFM measurement technique. The
particle size distribution (PaSD) functions using
AFM images were computed using Imagel
software with a granulometry plugin [68].

X-ray diffraction (XRD) measurements were
performed using a Siemens D 5000 powder
diffractometer with Cuk, radiation in step scan
mode (20 step size 0.04°, counting time 2 s per
step, 20 range of 2—-80° but shown in the range of
10-70°). To identify the structure of synthesized
deposits, obtained patterns were compared to
those of known compounds from the
JPCDS-ISDD files. A method used for
calculations of the size distribution functions of
nanoparticles on the basis of selected XRD peaks
using the SCR procedure with a complex model
of particle shapes (lamellar, cylindrical, and
spherical ones) was described in detail elsewhere
[69].

Ni concentration was determined using a
X-ray fluorescence (XRF, Canberra, Bergenfield,
USA) spectrometer with the radioactive sources
of *Fe and '"Cd (Table 1).

Raman spectra were recorded using a Raman
microscopy (inVia Reflex Renishaw, UK).

RESULTS AND DISCUSSION

Water desorption from the composites gives
the first weight loss around 100 °C (Fig. 1). An
increase in sample weight around 300 °C is due to
oxidation reactions of the composites (carbons)
with oxygen/water from the air atmosphere. This
effect is maximal at the absence of nickel, and it
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is practically absent at the maximal Ni amount
(Fig. 1 a, b). These results could be explained by
different structures of carbon nanoparticles
affected by Ni. For example, carbon structures
become more densely packed in smaller particles
with increasing Ni content (Figs. 2 and 3) that are
strongly bound to nickel nanoparticles. This

results in decreasing their reactivity in oxidation
at temperatures around 300 °C but increasing
reactivity around 400 °C (Fig. 1). At higher
temperatures, there are two stages (around 400
and 500 °C) with decreasing sample mass and
burning char phase (Fig. 1).
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curves for silica — Ni/carbon composites

The first burning stage around 400 °C is
rather linked to oxidation of carbon structures of
smaller sizes and bound to Ni particles (since Ni
can catalyze the redox reactions) because the
DTA peak is practically absent at 400 °C for
CS-Ni—0 and it is maximal for CS—Ni-2.5
(Fig. 1 ¢). Additionally, the second DTA peak
around 500 °C shifts toward lower temperatures
with increasing Ni content.

The Ni particles include crystallites (Fig. 4) of
sizes non—monotonically changing with Cx;
(Table 1, Fig. 5 b). These changes could be
explained by several factors: (i) changes in a ratio
of starch/Ni nitrate; (ii) changes in a ratio of
Si—50/Ni nitrate affecting (iii) reduction of Ni salt
to metal, (iv) carbonization of starch, and (v)
formation of Ni and carbon structures (Figs. 1-12,

400
Temperature (°C)
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a — Thermogravimetric (TG) curves, b — differential TG (DTG), and ¢ — differential thermal analysis (DTA)

Tables 1-4). Computation of the PaSD of nuclei
in amorphous structures (including carbon and
silica) using broad XRD halo line at 26 = 10-30°
(Fig. 4) gives two peaks (Fig. 5 a).

One could assume that initial silica
contribution does not practically change (during
carbonization, since Csioz is in a narrow range
from 76 to 82 wt. %) upon changes in the Ni
content, and all changes (Fig. 5 a) are due to
changes in amorphous carbon structures, since Ni
is crystalline. A maximal contribution of small
nuclei at R < 1 nm (Fig. 5 @) and minimal one for
larger nuclei (graphene clusters) at 2 nm < R <
10 nm is for CS-Ni—-0.5, and this sample is
characterized by maximal sizes of Ni crystallites
(Fig. 5 b). Note that similar nuclei and graphene
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clusters are observed in high-resolution TEM
images of various carbons [64, 70, 71].

The opposite results compared to those for
CS-Ni—0 and CS-Ni—0.5 are observed for
CS—Ni-2.5 (Fig. 5 a) characterized by minimal
sizes of Ni crystallites (Fig. 5 ). Therefore, one
could assume that carbon structures free of Ni
form with the clusters at R < 1 nm, but larger
carbon structures at 2 nm < R < 10 nm form
around Ni crystallites. Note that Ni crystallites are
of several sizes, since the PaSD include two—three
peaks (Fig. 5 b). Additionally, some Ni particles
could include several small crystallites, as well as
carbon shell around Ni nanoparticle could be

composed with several graphene clusters.
Therefore, the Scherrer equation gives results for
Ni crystallite sizes (Table 1) different from those
obtained using the full profile analysis of the main
XRD peaks with the SCR procedure.
Additionally, the shapes of nanoparticles change
with increasing Ni content (Table 2). For
example, contribution of spherical char particles
(as in carbon black) decreases and contribution of
lamellar structures is maximal at maximal Cx;
value, but for Ni particles, contribution of
spherical particles (as an appropriate model of fcc
Ni crystallites) is predominant for all cases.

0 1.00 pm

0

1.00 pm

Fig. 2. AFM images of silica — Ni/carbon composites: (a) CS-Ni—0, (b) CS-Ni-0.5, (¢) CS—-Ni-1.0, and (d) CS—Ni-2.5
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Fig. 3. Particle size distributions computed using AFM images with ImageJ software (Granulometry plugin) for two
boundary samples: CS—Ni—0 and CS-Ni-2.5

1600
1400 4
1200

1000

1 (™

800

600

400

200

26 (degr)
Fig. 4. XRD patterns for silica — Ni/carbon composites
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Fig. 5. Particle size distributions computed using XRD patterns for (¢) amorphous phases with silica and carbon and
(b) Ni crystallites

Table 2. Contribution of particles of lamellar (Ciam), cylindrical (Ceyi), and spherical (Cspn) shapes (XRD/SCR

procedure)
Sample Amorphous carbon/silica Ni crystallites
Clam Ccyl Csph Clam Ccyl Csph
CS—-Ni—0.5 0.177 0.118 0.705 0.119 0.118 0.767
CS—Ni-1 0.250 0.183 0.567 0.053 0.067 0.880
CS—Ni-1.5 0.275 0.234 0.491 0.043 0.087 0.870
CS—Ni—2 0.295 0.266 0.439 0.088 0.090 0.822
CS—Ni-2.5 0.398 0.354 0.248 0.038 0.058 0.904
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The Raman spectra of composites (Fig. 6)
show that the D (sp’ structures at 1400—1300 cm™)
and G (sp” structures at 1600 cm ') bands, as well
as much weaker bands at higher (3500-2000 cm™")
and lower (900-150 cm™") shifts, depend on the
Ni content affecting the carbon organization,
especially of the sp® structures. The Raman
spectra (Figs. 6 and 7) show that a shape and
contribution of the D line (increasing with Cxi)
depend on the Ni content more strongly than that
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of the G band. Note that a significant degree of
burn—off of activated carbon (AC) does not
practically change the D/G ratio in comparison to
the related char (Fig. 7). The Raman spectroscopy
results (Figs. 6 and 7) are in agreement with the
XRD data (Fig. 5) since contribution of larger
amorphous carbon structures, less ordered,

increases with increasing Ni content (Fig. 6,
spectrum 6 for CS—Ni-2.5).

S0 1000 1300

Raman shift (cm')

Fig. 6. Raman spectra of silica— Ni/carbons composites CS-Ni—X at X = (/) 0, (2) 0.5, (3) 1.0, (4) 1.5, (5) 2.0, and (6) 2.5
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resin char
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3— - Starch char/silica
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Fig. 7. Comparison of Raman spectra for silica — Ni/carbon composites (CS-Ni—0 and CS-Ni-2.5) and
phenolformaldehyde resin char and related activated carbon (AC)
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Table 3. Textural characteristics of adsorbents studied (DFT SCV/SCR)

Sample SBET SNLDFT Vp Vhano Vmeso Vmacro Shano Smeso Smacro <Rv> <Rs> Aw it Covl Cooh
(m’g) (m’g) (cmYg) (em¥g) (em’/g) (em¥/g) (m*g) (m*g) (m*g) (nm) (nm) (%) - Y ”
Si-50 503 443 1.292 0.095 0.980 0.217 255 235 13 15.0 5.1 3.1 - 1 -
CS-Ni-0 292 323/271 0.887 0.111 0.658 0.118 184 105 4 13.5 3.1 43 0941 0.014 0.045
CS-Ni-0.5 326 351/301 0.982 0.123 0.727 0.131 201 121 4 133 3.1 32 0943 0.008 0.049
CS—-Ni-1 330 329/303 1.068 0.122 0.792 0.155 193 130 5 14.3 34 1.2 0916 0.079 0.005
CS—Ni—1.5 322 312/299 1.046 0.122 0.797 0.127 183 135 5 12.5 33 —4.7 0.898 0.101  0.001
CS—Ni—2 322 305/296 0.977 0.112 0.718 0.147 177 139 6 14.2 35 —0.6 0.804 0.183 0.013
CS—Ni—2.5 320 305/296 1.000 0.117 0.752 0.131 175 140 5 12.8 33 -5.8 0.829 0.166  0.005

Note. The first and second values in Sxiprr correspond to models with cylindrical and slit/cylindrical pores in silica and carbon, respectively. The Vnano and Shano
values were calculated by integration of the fv(R) and fs(R) function, respectively, at 0.35 nm < R < 1 nm, Vimeso and Smeso at 1 nm < R <25 nm, and Vimacro and

are the average pore radii with respect to the pore volume (X=V) and surface area (X=S).

Smacro at 25 nm < R < 100 nm.

,,,,,

R
<R, >= j Rf,(R)dR/ j f(R)YdR

Aw= (S, / ]'m fs(R)dR—1)x 100 is the DFT SCV/SCR model error. The values of cqi and cspn correspond to contributions of slit-shaped pores and voids
Rll“n

between spherical particles of carbon and c.y determines contributions of cylindrical pores in silica.
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(a) Nitrogen adsorption—desorption isotherms and (b) incremental pore size distributions (DFT SCV/SCR for

pores in silica (cylindrical) and carbon (slit pores and voids between spherical nanoparticles) phases) for
Si-50 (curve /) and CS-Ni—X at X =(2) 0, (3) 0.5, (4) 1.0, (5) 1.5, (6) 2.0, and (7) 2.5
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Fig. 9. Differential NLDFT PSD with an equilibrium model of (a) cylindrical pores in silica and (b) slit/cylindrical

pores in carbon for Si—50 and composites

On the basis of the textural analysis, one
could conclude that the presence of nickel salt
during starch carbonization results in an increase
in the specific surface area (Table 3, Sger) and
pore volume (V) in comparison to the sample CS—
Ni—0 prepared without nickel. There is a weak
tendence in decreasing Ser, SNLDFT, Snano, and
Smeso Values with increasing Ni content (Table 3).
However, the values of V, and its components
(Vnano, Vmeso, and Vmacro) are larger for CS—Ni—X
(X = 0.5-2.5) than for CS-Ni-0 (Table 3).
However, their changes wvs. Cni are non—
monotonic. These results could be explained by
several factors (mentioned above) affecting the
morphology, structure, and texture of the C/Ni
deposits. These factors differently affect the
nitrogen adsorption/desorption isotherms
(Fig. 8 @) and PSD (both differential and
incremental) vs. Cni (Figs. 8 b, 9, and 10).

The textural characteristics of composites are
lower than those of initial Si—50 (Table 3,
Figs. 8-10). This could be caused by, at least, two
effects: (i) blocking of pore entrance by C/Ni
particles, and (ii) formation of deposits in pores.
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Silica Si—50 is characterized by a broad PSD.
Therefore, narrow pores could be blocked by the
C/Ni particles. A portion of smaller C/Ni particles
could be located in broader pores. Therefore, a
maximal loss of the Sger value for CS-Ni—0 is
about 42 %, but the pore volume loss is about
31 %, because contribution of narrow pores into
Seer is predominant in contrast to contribution
into the pore volume (Table 3). Therefore, one
could assume that the blocking effect is
predominant. Note that the value of <Ry>> <Rg>
(Table 3) and both values decrease in comparison
with those for Si—50. However, <Rv> is minimal
at maximal Cy;, but <Rs> is minimal at minimal
Cni. This suggest that a fraction of the deposits is
formed in broad pores of silica. Differential and
incremental PSD (Figs. 8-10) show features,
which are similar to changes in the <Rsg> and
<Rvy> values, respectively.

The differential PSD dV/dR give the rate of
changes in the pore volume vs. pore size, but
incremental PSD AV vs. R show the pore volume
at certain pore radius. An increase in the Cx; value
leads to decrease in contribution of carbon
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structures (slit-shaped pores, cqii in Table 3) and
an increase in contribution of cylindrical pores in
silica (Table 3, c.y) in total porosity. However, for
all composites cgit > ceyi. This result could be
interpreted as distribution of C/Ni in pores and at
a surface of Si—50 globules. Additionally, the

(a) 0.02- .
CS-Ni-0 !

0.014

IPSD (cm®/g)

0.00

CS-Ni-2.0 :

(b) 5,02+

IPSD (cm®g)

100

0.00

Pore radius (nm)

Fig. 10.

0.5, () 1.0, (d) 1.5, (¢) 2.0, and (f) 2.5

It is of interest to analyze the texture of Si—50
in detail since it affects the deposit structure.
Precipitated silica Si—50 and fumed silica A—-500
(Sger = 492 m*g, V, = 0.874 cm’/g) are
characterized by similar Sger values but different
bulk density (p» = 0.175 and 0.050 g/cm’) and
pore volumes. These py, values correspond to
different empty volumes (Vem = 1/pp — 1/po, were
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carbon phase is porous, because, e.g., for CS—Ni-2.5,
contribution of cylindrical pores in silica and
outer surface of C/Ni particles can give only about
100 m?%g, i.e., the porosity in carbons should
provide a contribution into the total specific
surface area about 200 m?/g.

CS-Ni-0.5

10 100

Pore radius (nm)

CS-Ni-2.5 j

1 10 100

Pore radius (nm)

Comparison of incremental PSD computed using DFT SCV/SCR (solid lines /) and NLDFT (curves 2 —
cylindrical pores in silica and 3 — slit/cylindrical pores in carbon) for composites SC—Ni—X at X = (a) 0, (b)

po is the true density of amorphous silica
~ 2.2 g/em’) of the powders Vem = 5.26 and
19.54 cm’/g, respectively. However, stronger
packing of nanoparticles in Si-50 globules

(~50 um in size) than in loose nanoparticle
aggregates of A—500 results in more effective
filling of mesopores and narrow macropores of
Si-50 by nitrogen (Fig. 11). As a whole,
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precipitated silica is similar to hydro—compacted
nanosilicas [72]. These features of the particulate
morphology and texture of Si—50 can affect the

distribution of carbon/Ni deposits at a surface and
in pores of silica globules.

Pore radius (nm)

1

Fig. 11.
SBET values

According to [73], p—nitrophenol (pNP) is
poorly adsorbed onto intact silica surface, but it is
well adsorbed onto carbons or carbonaceous
fragments of carbon/silica (carbosil) composites.
For different kinds of carbons, the quantity of
adsorbed pNP per a surface unit can be similar if
narrow nanopores are absent. The pNP adsorption
onto composites (Fig. 12) could be applied to
determine: the specific surface area of carbon
deposits per se

acsSs _asScs
acb Ss _as

mon

S¢ = ; 4)

where a® is the amount of monolayer adsorption
of pNP onto carbosil (g pNP/g carbosil), @mon is
the amount of monolayer adsorption of pNP onto
graphitized carbon black (5.28x107* g/m?), Sc* is
the surface area of carbon (m%/g), $* is the total
surface area of silica (m?/g), a* is the amount of
pNP adsorbed onto a silica surface at a
concentration corresponding to monolayer
adsorption on carbosil (g pNP/g silica). Then, the
specific surface area of carbon deposits could be
calculated

)

where Cc is the content (wt. %) of carbon
deposits. The degree of silica surface coverage by
carbon deposits is

SCS

S =8(100/C,)

P =35100%- (6)
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Comparison of nitrogen adsorption isotherms and IPSD DFT for Si—50 and fumed silica A—500 with similar

The average diameter of deposit particles
could be estimated using a model of spherical
C/Ni particles

6000
PScini

D= [nm], (7

where p is the true density of deposit particles
with a carbon shell (pc = 1.8 g/cm®) and a nickel
core (pni = 8.902 g/cm’?), and
p= pCXCc/(Cc-FCNi)-l- pNiXCNi/(CC+CNi)- (8)
The structural values (Table 4), estimated
from the pNP adsorption data (Fig. 12), differ
from the characteristics, estimated from the
nitrogen adsorption (Table 3) and AFM images
(Figs. 2 and 3) due to several factors: (i) N
molecule is much smaller than O.NCsH4+OH (e.g.,
the occupied surface area is oo = 0.162 and
0.525 nm® [74], respectively, and the wdW
thickness of N, is lower, at least, by two times
because of easy rotation of both functional groups
of pNP); therefore, surface area and a part of
nanopores accessible for the probes strongly
differ; (ii) the surface area occupied by probe
molecules can differently depend on the surface
structure of composites (e.g., the orientation
effects for N, at a silica surface reduce the oy
value to 0.137 nm?, but for pNP, it could be
0.25 nm?); (iii) adsorption of pNP molecules in
complex pores with different composition of pore
walls (e.g., one wall is with silica but another one
is with carbon) is poorly determined in the
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Kamegawa — Yoshida model; and (iv) the
presence of possible systematic errors in
treatment models of the experimental data. For
example, the PaSD (Fig. 3) and D values (Table 4)
give different results for composites, and this
difference is larger for CS-Ni-0 than for
CS-Ni-2.5 that is unexpected because the
Kamegawa — Yoshida model is developed for
carbon/silica  composites but not for
carbon/metal/silica composites. Note that the

difference in the pNP adsorption calculated per
m” (Fig. 12 b) is larger than that per gram
(Fig. 12 a), e.g., for CS-Ni-0 and CS-Ni-0.5.
However, for samples with greater amounts of Ni,
there is the opposite effect (the difference is larger
for the pNP adsorption per gram of sorbents).
These results confirm that appropriate
characterization of complex systems is possible if
several methods are used in parallel to check and
compare obtained results.

Table 4. Structural parameters of carbon deposits bused on the pNP adsorption data

Sample S¢ (m?/g) Pc (%) Sc (m?g) D (nm)
CS-Ni—0 11.55 3.96 64.20 51.92
CS-Ni-0.5 10.60 3.25 55.88 39.34
CS—Ni-1.0 10.23 3.11 67.35 29.33
CS—Ni-1.5 9.84 3.06 68.57 25.00
CS—Ni-2.0 10.23 3.19 86.77 20.98
CS—Ni-2.5 9.66 3.02 84.29 19.45
(a) (0} 0.020-
5 e 2 €
g 40- '/'/‘j)/—"'r-p{o/\:%—f; S 0015
£ W?’ o 5i-50 E
s ol oSN & 0010
o A i—1
‘8_ 20+ —o—?g %
< —— 0.005
< 105 —r—;:g 2 o
O :::2'5 ; 0.000 .w"l"’.‘f‘"‘“?ﬁ“h —
0.00 0.05 0.10 0.15 0.00 0.05 0.10 0.15

Equilibrium concentration

Fig. 12.

CONCLUSION

Precipitated silica Sipernat 50 globules
(~50 um in size) are characterized by a broad pore
size distribution. Therefore, Ni/char deposits can
be located at a surface of silica microglobules
(blocking a fraction of narrow pores) or in broad
mesopores and macropores. The first type of Ni/C
location causes decreasing specific surface area
without a significant shift of the PSD peaks. The
second type of deposit location leads to
decreasing pore volume with certain shifts of the
PSD peaks. An increase in the amounts of Ni
leads to decreasing of all textural characteristics
calculated per gram of an adsorbent because not
only of pore infilling and blocking but also due to
high true density of nickel pni ~ 8.9 g/em’.
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Equilibrium concentration

Adsorption isotherms of p—nitrophenol on composites measured in (a) mg/g and (b) mg/m? vs. ceqpnp (in g/L)

However, for char, there is the opposite effects of
the true density because of pc < psioz. On the other
hand, a decrease in the textural characteristics is
maximal for char without Ni. This can be
explained by (i) the Ni catalytic effects since
metal nuclei provide the centers of char formation
(this change the char location); and (ii) larger
amounts of carbons in samples CS—Ni—X at
X > 1 that provide an increase in the surface area
of the carbon phase (according to pNP adsorption
data) with changes in the location of the deposit
particles at the surface of silica globules. The
presence of the nickel phase could result in the
formation of smaller (according to AFM image
analysis) but more densely packed (according to
the adsorption and XRD data) char nanoparticles.
Estimation of possible contribution of pores
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accessible for nitrogen molecules in silica
globules and outer surface of carbon/Ni particles
suggests that the carbon phase is porous that
provides a significant part of the specific surface
area of the composites. However, a part of narrow
pores in char is inaccessible for NPN molecules.
Therefore, the estimation of the specific surface
area of char per se using the PNP adsorption could

spectra show that the main changes with
increasing Ni content are characteristic to sp’
carbon structures (D line) in contrast to the sp
structures (G line). The pore size distributions
(both differential and incremental) demonstrate
complex changes in a broad size range due to
increasing Ni content in composites. As a whole,
changes in the Ni content in nanostructured

give underestimated textural characteristics. C/Ni/silica composites allow one to control the

Amorphous silica and char phases are morphological,  structural, and  textural
characterized by the presence of certain nuclei of characteristics of the whole materials.
radius < 1 nm and 2 nm < R < 10 nm estimated ACKNOWLEDGEMENTS

from the XRD patterns using full peak profile
analysis with a self—consistent regularization
procedure and a complex model of particle
shapes. The Ni crystallites are of several sizes,
since particle size distributions include two—three
peaks in the 3—13 nm range in radius. The Raman
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HaHocTpyKTypoBaHi KOMIIO3UTH HA OCHOBI 0Ca/J’KeHOTr0 KpeMHe3eMy Ta KpucTaaiTiB Ni,
BKPHUTHX ByIJIelleM i3 KapOOHi30BaHOT0 KPOXMAJII0

B.M. I'ynbko, b. Xapmac, S. Cky0imeBcbka—3emba

Tuemumym ximii nogepxui in. O.0. Yyiixa Hayionanvhoi akademii Hayx Yxpainu
eyn. I'enepana Haymoea, 17, Kuis, 03164, Ykpaina, viad_gunko@ukr.net
Ximiunui gpaxynemem, Yuieepcumem Mapii Kiopi—Crnoooscvkol
ni. Mapii Kiopi—Cxnoooscokoi, 3, Jliobnin, 20-031, [orvwa

Tibpudni xomnosumu @yeneyv/mMeman/okcuou memany (Memanoioy) modcyms Oymu Oinbul egexmusHuUMU
aocopbermamu 01 HU3bKO— Ma GUCOKOMOJIEKYAAPHUX CNOAYK, NOJIPHUX MA HEeNOJIAPHUX, 2A30N00IOHUX MA PIOKUX.
Hassnicme memanesux Hanokpucmanimie i @yeneyegux HAHOCMPYKMYp Modce 3a0e3nedumu  KamanimuyHi
61aCMUBOCMI 8 OKUCHO—8IOHOGHUX peakyiax. [na Ointvui epekmugHo2o SUKOPUCMAHHSA 2IOPUOHUX KOMNO3UMIE
HeoOXiOHO KOHmMpONosamu ixXHi MOpQONO2iuni, CMPYKMYPHI, MEeKCMYPHI ma a0copOyiliiHi Xapakmepucmuku, uoo
B0HU 8ION0BIOANU YINTLOBUM 3ACOCYBAHHAM. TOMY Memoro 0ano2o 00CaiodiceH s 6y8 cunme3 HAHOCMPYKMYPOBAHUX
KOMNO3Umie — gyaieyb/Meman/Kpemuesem i3  3MiHHUM  emicmom Memany (Ni) Ons KOHmMpONIO  3a3HAYEHUX
xapaxkmepucmuk. Ax mampuyto o06pano ocaoddcenuti Kpemuesem Sipernat 50. Ak  nonepednux 8yeneyro
BUKOPUCMOBY8ANU KAPMONIAHUL KPOXMATb. AK npekypcop Hanoyacmunok Ni 6uKopucmos8yseanu pisHy KilbKicmo coi
Ni(NO3),'6H,0. ITicns kapbonizayii kpoxmanio ma ionoenennss Ni oocnioxcysanu nabip 3pasxie C/Ni/kpemnesem 3a
00NOMO20I0  AMOMHO—CUNOB0L  MIKPOCKONIL, peHmeeHi6cbKoi  ougpakyii, penmeeHi6cbkoi  QayopecyeHmuol
CREeKmpocKonii, adcopoyii azomy, mepmozpagimempii ma pamanoscvkoi cnekmpockonii. Ilpucymuicme ¢asu Hikenro
npu3600UMb 00 YMEOPEHH MEHWUX, die Oitbl WiNbHO YRAKOBAHUX HAHOYACTUHOK 8yeneyto. OYiHKa MONCIUBO20
8HECKY NOP, OOCMYRHUX 0151 MOAEKYI A30MYy 6 2100Y1aX KpemMHe3eMy Md Ha 308HIUHII No6epXHi yacmuHnok gyaieyto/Ni,
c8iduums npo me, Wo gyaneyesa Gasa € NOpUCmor, Wo 3ade3neyye 3HAYHy YacmuHy NUMOMOL NOBEPXHI KOMNO3UNY.
Daszu amoppHo2o Kpemuesemy ma 8yeilia XapaKmepusyomvCs HAAGHICMIO NeBHUX 3apookie 3 padiycom < I Hm i
2 Hm < R < 10 HM, OyiHeHUX Ha OCHOBI PeHmMeeHOSpaAM 3d OONOMO20K AHANI3Y NOBHUX RIKIG I3 Npoyedypor
camoys2o00xcenoi pecynapizayii. Kpucmanimu Ni maroms Kinoka po3mipis, ocKinbKu po3nooil 4aCmuHOK 3d po3mipamu
sKkrouae 0ga—mpu niku 6 oianazori 3—13 um 6 paoiyci. Cnexmpu KPC noka3syromu, ujo 0CHO8HI 3MiHU 3i 30i1bUEeHHAM
emicmy Ni xapaxmepni 01 yeneyeeux cmpykmyp sp°> (ninia D) na eiominy 6io cmpyxmyp sp’ (ninis G). Posnodinu
PO3MIPI6 nop (K Oupepenyianvhi, max i IHKpeMeHmMHL) OeMOHCIMPIOMb CKAAOHT 3MIHU 8 WUPOKOMY Oianasoni po3mipie
uepes 36inbutennst emicmy Ni 6 xomnosumax. 3aeanom 3minu emicmy Ni y HAHOCMPYKMYPOSAHUX KOMNOZUMAX
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C/Ni/kpemnesem 003601410mb Kepysamu MOpQON0iuHUMY, CIMPYKMYPHUMU MA MEKCMYPHUMU XAPAKMePUCMUKAMU
Mmamepianis.

Kntouosi cnosa: ocaodcenuil kpemHesem, KpoXmanw, Himpam uikento, Ni HaHoKpucmanimu, exkpumi gyzieyem

yacmunku Ni, cmpyKkmypHi Xapakmepucmuxu
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