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Abstract The article presents the studies of effects of

hydrothermal treatment (HTT) (in saturated water vapours

or under the liquid water layer) using various sources of

thermal energy (classical autoclave or high pressure

microwave reactor) on structural and surface properties of

initial and modified silica gels and carbon–silica adsor-

bents. The porous structure of the initial and modified

materials was characterised by the low-temperature nitro-

gen adsorption/desorption method as well as by determin-

ing pore volume distribution curves from the calorimetric

data (DSC) using the thermal effects of liquid (water)

phase transitions previously brought inside the pores of the

studied materials. Large compatibility of the characteristics

obtained using the above methods was found. The micro-

scopic investigations (SEM, TEM) were also conducted to

evaluate the morphology and topography of the samples. It

was proved that during HTT, the carbon deposit on the

silica surface screens it against the access of water mole-

cules, in this way affecting decrease in intensity of disso-

lution and condensation of polysilicic acids. At the same

time, owing to oxidizing properties of water molecules

under hydrothermal conditions, development of porous

structure in the carbon deposit is observed. Extent of these

changes depends on both the applied system (water vapour/

liquid water) and kind of the used energy (classical/

microwave).
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Introduction

Carbon–silica adsorbents (carbosils) are composite

materials of numerous applications [1–4]. Their applica-

bility results mainly from their original surface properties

combining the characteristics of both nonpolar carbon and

polar mineral parts (e.g. the nature of adsorption sites

such as the Bröensted and Lewis acid sites, pore structure

and surface heterogeneity) [3, 5–7] desired for different

adsorption processes. Such adsorbents can be used in

water and waste water purification processes, because

they can adsorb organic and inorganic substances simul-

taneously [1–4, 8–13].

Carbosils can be used also as catalyst carriers, often

working under the conditions resembling the hydrothermal

ones. Therefore they should possess suitable physical and

chemical properties (high thermal resistance, mechanical

strength, proper sorption capacity and phase composition,

well defined and stable surface character etc.). It is possible

to obtain these advantageous properties using hydrothermal

treatment (HTT) [11–15]. This way of carbosils surface

modification is one of the most effective methods enabling

formation of new properties of such materials. During HTT

of silica materials, silica mass transfer process occurs due

to its dissolution and re-condensation [16]. The smallest

silica particles characterised by the maximal surface energy

are dissolved as the first, due to the largest chemical

potential. As a result, silica is transferred and deposits on

larger particles, whose surface energy and chemical

potential are smaller. Consequently, intensive changes in
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the structure of silica skeleton and then in porous structure

are found. In the case of composite materials, the presence

of carbon deposit restrains significantly the effect of

hydrothermal modification on the surface and structural

properties of the initial silica. At the same time, HTT

causes changes in the porous structure of carbon deposit

itself and also changes the number and character of func-

tional groups of the materials under modification [11–15].

Hydrothermal modification of adsorbents and catalysts

consists in the reaction of water (in the gaseous or liquid

phase) molecules with the modified material at the tem-

perature over 100 �C under the increased pressure. Under

these conditions water changes its properties due to decay

of the original tetrahedral structure. As a result, its ability

of solid dissolution increases. Silica gels are particularly

susceptible to the action of water vapour under such con-

ditions [16]. Effectiveness of the HTT process depends on

the structure of the initial adsorbent, temperature, time and

process conditions (gaseous or liquid phase, pH) [11–15].

Changes in the porous structure and surface character

taking place under the HTT influence affect the character

of water molecules with pores surface interactions [17–20].

Making use of differential scanning calorimetry (DSC) to

study the behaviour of water molecules inside pores of the

materials provides significant information about their por-

ous structure [21–28]. The assumptions of the method are

based on the analysis of phase transitions of liquid media

inside the pores. This method was introduced for the first

time by Brun et al. [29] laying down the thermodynamic

bases for calorimetric determination of porous materials

structure from the thermal effects connected with freezing/

melting of liquids in pores. These assumptions were based

on the observations of changes of freezing/melting points

of different liquids contained in pores. It was shown that

these changes are closely connected with the size of pores

in the studied materials [30, 31]. The authors [29] exploited

the fact that in the mesoporous material pores, there can

occur water of two kinds i.e. water freezing in the pores

(forming ice crystals, unbound or weakly bound with the

pores surface) and non-freezing water (which cannot

undergo phase transformation during freezing or melting,

strongly bound with pores surface). This is the reason for

the differences in the observed temperature (Tmax, Tonset)

and thermal effects (DH) during liquid–water freezing and

ice crystals melting inside the porous structure.

In this study, the adsorption (N2), calorimetric (DSC)

and thermal (TG) investigations were performed to evalu-

ate the porous structure of carbosils modified hydrother-

mally under different conditions (classical autoclave or

microwave reactor) and media (liquid water and water

vapour). The knowledge of the structural characteristics

makes it possible to use these materials in different prac-

tical fields. The aim was to establish the relationships

between the conditions of the modification process, struc-

tural parameters and properties of the hydrothermally

modified adsorbents.

Experimental

Preparation of adsorbents

Carbosils were prepared by CH2Cl2 pyrolysis on the silica

gel surface (Si-60, Merck) using the rotary reactor. The

pyrolysis process was conducted at 550 �C in the nitrogen

atmosphere for the period from 0.5 to 6 h (the samples

were denoted CS-x respectively, where x = 1–6). Exten-

sion of pyrolysis time made it possible to prepare materials

increasing in carbon deposit content (CC in the range of

1.8–19 %).

Modification of adsorbents

Modification in the classical autoclave

Hydrothermal modification of carbosils was conducted in

the steel autoclave in the saturated water vapour atmo-

sphere (the samples CS-xa-vap, where ‘‘a’’ means modifi-

cation in the autoclave and ‘‘vap’’ in the water vapour

atmosphere) or under the layer of liquid water (the samples

CS-xa-liq, where ‘‘liq’’ means modification under the layer

of liquid water) at 200 �C, 6 h. Under the same conditions,

the initial silica gel was modified and denoted Si-60a-vap

and Si-60a-liq, respectively.

Modification in the microwave reactor

Hydrothermal modification of carbosils was made in the

high-pressure microwave reactor (Plazmatronika, Poland)

in the saturated water vapour atmosphere (the samples

CS-xm-vap, where ‘‘m’’ means modification in the micro-

wave reactor and ‘‘vap’’ in the water vapour atmosphere) or

under the layer of liquid water (the samples CS-xm-liq,

where ‘‘liq’’ means modification in the presence of liquid

water) at 200 �C for 1 h. Under the same conditions, the

initial silica gel was modified and denoted Si-60m-vap and

Si-60m-liq, respectively.

Thermal modification of carbosils

In order to examine the screening effect of carbon deposit

present on the carbosils surface against the action of

overheated water vapour during the HTT, the samples

modified in the autoclave in the saturated water vapour

(CS-xa-vap) atmosphere were additionally subjected to

thermal treatment at 500 �C. In this way the carbon deposit
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was removed, and the obtained silica gels were denoted

CS-xa-vap-T. For comparison, the initial silica gel was also

treated in the same way and denoted Si-60a-vap-T. The

detailed parameters of preparation and modification are

described in the article [21].

Research methods

To characterise structural and thermal properties of the

studied carbosils, there were applied the following meth-

ods: low-temperature nitrogen adsorption/desorption

method; derivatographic analyses TG, DTG and DTA;

DSC in the temperature range from -40 to 30 �C and

microscopic analyses (SEM, TEM). For calculation of

structural parameters, there were used low-temperature

(-196 �C) nitrogen adsorption/desorption isotherms data

(Micromeritics, ASAP 2405N, Norcross, USA). The spe-

cific surface area was calculated according to the standard

BET method [32]. The total pore volume was estimated

under the relative pressure p/po = 0.98–0.99. To compute

the pore size distributions desorption data were used. The

proposed computation is based on the use of regularization

procedure under non-negativity conditions for the pore size

distribution function (f(Rp) [ 0 at any pore radius Rp) at the

fixed regularization parameter a = 0.01. The pore size

distributions for silicas have been calculated assuming the

cylindrical shape of pores. To show a complex shape of

carbosil pores, the SC-model with voids between the

nanoparticles (SCV-model) using the SCR procedure [33]

modified by the Nguyen-Do [34] method was applied. The

SCV/SCR method allows us to estimate the contribution of

different types of pores into the total porosity [35]. The

differential PSD functions with respect to the pore volume

(PSDV, dV/dR = f(Rp)) were applied to estimate the con-

tribution of different types of pores: nanopores (Vnano, Snano

at Rp \ 1 nm), mesopores (Vmeso, Smeso at 1 nm \ Rp

\ 25 nm) and macropores (Vmacro, Smacro at Rp [ 25 nm)

[25, 30, 34, 36–38].

The derivatographic measurements were made using

Derivatograph-C (Paulik, Paulik and Erdey, Budapest,

Hungary). The investigations were carried out with the

linear temperature accretion (10 �C min-1) in the air

atmosphere and the temperature range of 20–1,000 �C.

From the obtained results, the carbon deposit (CC) content

was determined in the carbosil samples [21].

Calorimetric studies were carried out using differential

scanning calorimetry (DSC PYRIS Diamond, Perkin

Elmer, USA). Before the studies the samples were satu-

rated with water vapour in the desiccator at room temper-

ature for 72 h. The extent of saturation with water was

determined from the thermogravimetric (TG) measure-

ments conducted in the range of 20–300 �C. The weighed

samples were closed in the aluminium cells. The DSC

studies of water freezing for all samples were carried out in

the temperature range from ?30 to -40 �C at the linear

rate of temperature change 10 �C min-1. The empty cru-

cible was the standard sample. Helium was used as the

curtain gas. During the studies there were registered the ice

melting curves which were used for determination of

characteristic temperatures Tmax, Tonset as well as enthalpy

DH of the ongoing processes. It is assumed that Tmax cor-

responds to the phase transformations of ice melting in the

pores of the sizes Rav. However, the phase transitions

occurring in the pores of the size Rmin correspond to the

temperature of peak start, Tonset. It should be noted that the

size and width of the peak on the DSC curve also depend

on the liquid mass in the analysed sample and the rate of

temperature changes [39].

The DSC data obtained due to melting of the ice con-

fined in the pores were used for determination of sizes of

water clusters, nano- and microdomains bounded inside the

pores. Water in the narrowest pores melts at lower tem-

peratures compared to that of volumetric water. This pro-

cess can be mathematically described by the Gibbs–

Thomson (GT) equation taking into account the depen-

dence between the decrease of melting point of ice within

the cylindrical pore of radius Rp [24, 29, 37, 38, 40, 41]:

Rp=nm ¼ 0:68� kGT= Tm � Tm0ð Þ½ � ð1Þ

where Tm and Tm0 denote the melting point of the ice in the

pores and outside them, respectively, kGT is a constant

(here kGT = 32.33 K 9 nm). The curve of pore volume

distribution (PSD) dV/dR can be determined from the DSC

melting curves:

dV=dR=cm3 nm�1 g�1 = [dq=dtðTm

� Tm0Þ2�=½kGT q b m DHðTÞ� ð2Þ

where dq/dt, q, b, m and DH(T) denote the DSC heat flow,

the water density, the heating rate, the sample mass and the

melting enthalpy of water, respectively. The DH values as a

function of temperature can be estimated as follows:

DH Tð Þ=J g�1 ¼ 332þ 11:39 Tm � Tm0ð Þ
þ 0:155 Tm � Tm0ð Þ2 ð3Þ

TEM micrographs of carbosil samples were made using

a BS 540 (Tesla) apparatus (accelerating voltage 80 kV,

resolution 0.8 nm and magnification 240009). Microscope

samples were prepared using the platinum–carbon

replication method with evaporation of platinum and a

low amount of carbon onto the adsorbents, then treated

with hydrofluoric acid to dissolve silica gel.

SEM micrographs were made using a scanning electron

microscope Phenom (Fei, USA). The cathode CeB6 as the

electron source, and the BSE detector was used in the
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investigations. The samples were examined at a magnifi-

cation of 50009.

Results and discussion

Figure 1a–c presents the course of the changes of structural

parameters SBET, Vp and Rav determined from the data of

nitrogen adsorption/desorption isotherms for the initial

materials and those hydrothermally modified under differ-

ent conditions (water vapour/liquid water) using various

sources of energy (classical autoclave or microwave reac-

tor). As follows from the analysis of the scheme in Fig. 1,

the structural parameters of silica gel change significantly

regardless of the modifier phase kind (liquid/vapour) and

the kind of heat source (Fig. 1a–c; Table 1). For all mod-

ified silica gel samples, there is found a decrease in the

specific surface area SBET compared to that of initial silica

(Fig. 1a), whereby these changes are more intensive for the

samples modified in the classical autoclave.

There was made a detailed analysis of silica gel pores

structure assuming their cylindrical shape. The external

surface area of the initial silica gel is very small (Smacro,

Table 1). The surface of particles is rather smooth, but after

the HTT treatment the external surface slightly increases,

however, it remains much smaller than the internal surface

specific area (Snano, Smeso, Table 1). At the same time due

to intensive silica transport during HTT, SBET decreases
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Fig. 1 Changes of structural

parameters SBET (a), Vp (b) and

Rav (c) for the materials

modified by various procedures

Table 1 Structural parameters for the initial silica gel after hydrothermal treatment using various procedures and after thermal treatment

Adsorbent SBET/m2 g-1 Snano/m2 g-1 Smeso/m2 g-1 Smacro/m2 g-1 Vp/cm3 g-1 Vnano/cm3 g-1 Vmeso/cm3 g-1 Rav/nm

Si-60ini 465 1.2 463.4 0 0.854 0.001 0.852 3.7

Si-60a-liq 87 22.7 28.9 35.1 0.645 0.008 0.027 8.3

Si-60a-vap 61 4.6 36.7 20 0.427 0.002 0.101 8.6

Si-60 m-liq 145 21.6 102.9 20.9 1.020 0.007 0.702 13.6

Si-60 m-vap 231 35.6 195.2 0.6 1.081 0.011 1.046 9.2

Si-60a-vap-T 75 13.1 42.2 19.7 0.389 0.004 0.055 6.4

CS-1a-vap-T 413 47 366.1 0.2 0.83 0.003 0.825 4.1

CS-2a-vap-T 385 40.4 345.4 0.2 0.82 0.005 0.81 4.2

CS-3a-vap-T 410 46.8 363.9 0.1 0.873 0.002 0.867 4.2

CS-4a-vap-T 415 42.6 372.3 0.1 0.834 0.003 0.829 3.4

CS-5a-vap-T 419 46.3 373.3 0.1 0.838 0.004 0.834 4.0

CS-6a-vap-T 418 44.8 373.4 0.1 0.849 0.004 0.839 4.0
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remarkably. Such modification in the presence of water

molecules (particularly liquid water) creates a small

quantity of nano-sized pores (Vnano, Table 1). The analysis

of contribution of different types of pores to the total

porosity indicates that cylindrical pores are predominant in

all studied systems.

The pore volume of silica gels (Vp, Fig. 1b; Vmeso,

Table 1) decreases after modification in the autoclave, but

increases after treatment in the microwave reactor. Gen-

erally, HTT causes the increase in pore sizes (Rav, Fig. 1c;

Table 1), and the most intensive changes are observed for

all samples modified in the microwave reactor under the

water layer.

In the case of thermally modified carbosils (series

CS-xa-vap-T), no significant changes in the porous structure

were observed (Table 1). This point to the fact that the

layer of carbon deposited on the initial surface extensively

restrains modifying agent (water vapour) access to the

silica surface. The obtained materials have a small number

of pores of the size R \ 1 nm (Snano, Vnano, Table 1), but

the remaining contribution is made by a largely developed

structure of mesopores (Smeso, Vmeso, Table 1).

Similar changes, but of significantly smaller intensity

are observed for the initial and modified carbosils. All

carbosils are mesoporous materials with a small contribu-

tion of nanopores (Snano, Vnano, Smeso, Vmeso, Table 2). The

analysis of the curves in Fig. 1a indicates drop of the

specific surface area SBET for the carbosils modified in

the autoclave and smaller rise for the samples modified in

the microwave reactor. This shows that the carbon deposit

on the surface of carbosils significantly affects intensity

and character of structural parameter changes. The extent

of SBET changes in the analysed series of adsorbents is

inversely proportional to the carbon deposit content

Table 2 Structural parameters for the initial and hydrothermally modified carbosils

Adsorbent CC/% SBET/m2 g-1 Snano/m2 g-1 Smeso/m2 g-1 Smacro/m2 g-1 Vp/cm3 g-1 Vnano/cm3 g-1 Vmeso/cm3 g-1 Rav/nm

CS-1ini 1.8 431 59.3 371.4 0.1 0.784 0.002 0.799 3.46

CS-2ini 2.5 458 90.4 367.5 0.1 0.81 0.052 0.754 3.54

CS-3ini 6.0 445 91.3 353.9 0 0.78 0.052 0.726 3.50

CS-4ini 8.3 427 92.7 334.1 0 0.738 0.051 0.686 3.46

CS-5ini 13.1 399 91.5 307.3 0 0.675 0.050 0.625 3.89

CS-6ini 18.9 354 61 293.2 0 0.615 0.022 0.591 3.31

CS-1a-liq 1.8 162 44.9 116.8 0.6 0.875 0.024 0.815 10.55

CS-2a-liq 2.6 234 56.7 170.3 6.7 0.877 0.021 0.586 7.4

CS-3a-liq 6.3 311 52.8 257.7 0.1 0.790 0.014 0.770 7.4

CS-4a-liq 8.4 355 57.3 298.0 0.2 0.925 0.015 0.904 5.2

CS-5a-liq 13.3 330 66.1 263.5 0.3 0.768 0.019 0.737 4.6

CS-6a-liq 20.0 340 71.6 268.8 0.2 0.721 0.018 0.689 4.17

CS-1a-vap 1.9 403 60.6 324.0 0.1 0.832 0.006 0.821 4.13

CS-2a-vap 2.8 370 51.4 318.3 0 0.809 0.027 0.782 4.37

CS-3a-vap 6.3 361 58.9 302.2 0.1 0.737 0.009 0.723 4.06

CS-4a-vap 8.8 360 60.5 299.6 0.1 0.677 0.019 0.652 3.75

CS-5a-vap 13.3 324 60 264.5 0 0.623 0.020 0.602 3.84

CS-6a-vap 19.4 292 59.7 232.6 0 0.536 0.012 0.522 3.66

CS-1m-liq 1.8 359 43.2 315.7 0.3 0.983 0.007 0.965 5.46

CS-2m-liq 3.0 430 48.3 381.9 0.1 1.019 0.013 1.004 4.73

CS-3m-liq 6.6 454 54.3 399.3 0.2 0.981 0.010 0.959 4.27

CS-4m-liq 9.2 439 55.1 384.3 0.1 0.851 0.004 0.846 3.88

CS-5m-liq 13.9 429 60.3 368.3 0.1 0.826 0.008 0.814 3.84

CS-6m-liq 21.5 401 64.4 336.0 0.4 0.747 0.012 0.719 3.61

CS-1m-vap 2.0 444 52 392.1 0.1 0.859 0.004 0.852 3.86

CS-2m-vap 3.3 497 48.7 447.7 0.2 0.91 0.001 0.905 3.68

CS-3m-vap 6.5 410 46.4 363.3 0.1 0.755 0.004 0.769 3.69

CS-4m-vap 8.9 410 44.4 365.8 0.2 0.714 0 0.709 3.48

CS-5m-vap 13.6 428 49.8 377.6 0.1 0.732 0.002 0.727 3.42

CS-6m-vap 19.3 407 40.7 366.6 0.2 0.729 0.001 0.724 3.57
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(Fig. 1a; Table 2). This means that the carbon deposit

restrains the modifying agent access to the silica matrix

surface of the studied materials. The dependences con-

cerning the changes of pore volume for carbosils (Vp,

Fig. 1b; Table 2) indicate that modification in the micro-

wave reactor seems to be more effective, but treatment in

the classical autoclave is more advantageous for increase of

their sizes (Rav, Fig. 1c; Table 2). For the carbosils of

smaller carbon deposit content (1.8–6 % CC, the series CS-

1 to CS-3), changes of SBET, Vp and Vav are quite large.

However, with the increase in the deposit amount

(8.3–19 % CC, the series CS-4 to CS-6), changes of the

parameters under consideration are smaller. This is a result

of more intensive suppression of silica surface against the

action of water molecules during the HTT (Fig. 1a–c;

Table 2).

In the case of all series of carbosils it was found that

each procedure causes different changes within pores

structure. In most cases the contribution of nanopores

surface increases with the increasing carbon deposit con-

tent (Snano, Vnano, Table 2). This suggests hydrothermal

modification of carbonaceous part of carbosils.

Figure 2a presents the curves of pore volume distribution

in relation to the radii (dV/dR = f(R)) for silica gels

(Fig. 2a), and the exemplary carbosils of minimal and

maximal carbon deposit contents (series CS-1, Fig. 2b and

CS-6, Fig. 2c) of the initial and hydrothermally modified

ones. As follows from the analysis of the curves, all mod-

ified adsorbents are mesoporous materials with small con-

tribution of nanopores. Hydrothermal modification of gels

caused significant changes of porous structure (Fig. 2a)

which clearly shows the impact of different procedures and

conditions of HTT on porosity of the obtained materials.

Modification in the microwave reactor causes two and in the

autoclave even three times increase of pore sizes compared

to the initial silica gel. The maxima on the PSD curve for

silica gels are present in a wide range of Rav. However, the

position of peaks on the curves of pore distribution for

carbosils confirms the screening effect of carbon deposit on

possibility of porous structure changes during the HTT

process. The maxima on the PSD curves of CS-1 series

(Fig. 2b) are more differentiated and shifted towards larger

size pores than it is observed for the carbosils of CS-6

series. In this case (Fig. 2c) the maxima of PSD curves have

similar values. This means that the deposit significantly

restricts access of a modifying agent to the mineral matrix.

The results of curves analysis are consistent with the

structural parameters presented in Tables 1 and 2.
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Figure 3 presents the exemplary DSC curves of ice

melting in the initial carbosils (series CS-xini, Fig. 3a) and

thermally modified (series CS-xa-vap-T, Fig. 3b) samples.

The curves of the similar course were also registered for

the other series of adsorbents. As follows from the com-

parison of the DSC curves for the silica gel (Si-60ini) and

initial carbosils samples (Fig. 3a), carbon deposition in the

silica pores causes slight shift of temperatures of ice

melting peaks towards lower temperatures compared to the

peak registered for the initial silica (Si-60ini). This effect is

connected with the decrease in pore size as a result of

carbonization. This is consistent with the size of structural

parameters obtained from the low-temperature nitrogen

adsorption/desorption isotherms data (Tables 1, 2). As

follows from the data in the tables, hydrothermal modifi-

cation in saturated water vapours causes significant chan-

ges in the porous structure of the initial silica, but the

effects are smaller for the carbosil samples. A significant

dependence is found for the samples modified under the

liquid water layer. In this case there was found distinct

conformity in the shift of Tonset and Tmax towards lower

temperature with the increasing carbon deposit content for

the hydrothermally modified samples using microwaves.

The effect of characteristic temperatures Tonset shift

towards lower temperatures in relation to the signal regis-

tered for silica gel is distinct for the peaks of ice melting in

the carbon deposit free samples due to thermal modifica-

tions (series CS-xa-vap-T, Fig. 3b; Tables 1, 2). Figure 3b

shows distinctly the tendency to shift the characteristic

temperatures Tonset towards the temperature registered for

the modified silica gel (Si-60a-vap-T) depending on the

content of carbon deposit CC in the modified carbosils. The

tendency to decrease melting temperature (Tonset and Tmax)

of the ice in the pores of the studied silica gels and car-

bosils is well seen in Fig. 4. It should be noted that changes

of Tonset (Fig. 4a) refer to the process of melting ice in

pores with a size of Rmin. These changes correlate well with

an increase in the participation of nanopores with

increasing of the carbon deposit in the studied materials

(Tables 1, 2). While the average pore size Rav in the

series of adsorbents does not change so significantly

(Tables 1, 2), which was also confirmed in the course of

the curves in Fig. 4b.

Figure 5 presents the curves of pore volume distribution

towards their effective radii (dV/dR = f(Rav)) obtained

from the DSC curves for the initial or hydrothermally

modified silica gels (Fig. 5a) and carbosils from the series

CS-1 (Fig. 5b) and CS-6 (Fig. 5c). The analysis of the

presented curves indicates that application of each proce-

dure leads to essential changes in the porous structure of

the studied materials. These changes are the most intensive

for the silica gel series (Fig. 5a), and their intensity

decreases for the carbosils with the increasing amount of

carbon deposit. The least intensive effect of hydrothermal

modification is observed for the carbosils of the maximal

carbon deposit content (Fig. 5c). These observations are

consistent with the structural parameters of the materials

under consideration for both initial materials and those

modified by various research procedures. Moreover, there

was found large conformity of peaks positions on the

presented PSD curves (Fig. 5) with those on the

dV/dR = f(Rav) curves obtained from the nitrogen desorp-

tion data (Fig. 2). The observed differences in the course of

these curves are due to the limited access of the media (N2,

H2O) into the pores of the tested materials. These limita-

tions are due to different sizes of the particles and different

nature of interactions with the surface.

The TEM micrographs of some initial carbosils (Fig. 6)

show the difference in the distribution of the carbon deposit

on the surface of the silica matrix, depending on its

quantity. The surface of the samples with a small amount

of carbon deposit (CS-2ini, Fig. 6a) is smooth and uniform
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(a) (b)Fig. 3 DSC curves of ice

melting for the initial adsorbents

(a) and silica gels obtained after

the thermal treatment (series

CS-xa-vap-T) (b)
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and the deposit is evenly distributed. With the increase of

Cc (CS-5ini, Fig. 6b), additional clustering of pyrocarbon

can be seen, but some areas of silica uncovered by carbon

deposit are still visible. The largest clusters of pyrocarbon

are observed on the surface of the sample containing a

maximum carbon deposit content (CS-6ini, Fig. 6c).

Moreover, the SEM analysis of the samples thermally

modified (series CS-xa-vap-T, Fig. 7) shows clearly

differences in the surface structure of thermally modified

samples. They result from the blocking of the silica matrix

by carbon deposit. Blocking was most effective in the case

of the samples with the highest content of carbon deposit

(CS-6a-vap-T, Fig. 7c). Significant unevenness and rough-

ness of the surface of the sample containing a minimum

content of the deposit (CS-1a-vap-T, Fig. 7a) are gradually

smoothed (CS-4a-vap-T, Fig. 7b) to obtain a mineral matrix
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of smoothed surface (CS-6a-vap-T, Fig. 7c). This indicates

that the carbon deposit blocks the access of modifying

agent (H2O) to the mineral matrix and correlates closely

with the carbon deposit content.

Conclusions

As follows from the studies, hydrothermal modification of

silica gel and carbosils of different carbon deposit contents

causes essential changes in porous structure of the studied

materials. Hydrothermal modification of the initial silica

gel Si-60ini under the described conditions caused signifi-

cant lowering in the specific surface area SBET and rise in

the average pore radius (Rav). Changes of the modified

silica gel pore volumes Vp depend on the modification way.

Carbon deposition on the silica gel surface causes at first

increase (with low contents of carbon deposit) and then

decrease of the specific surface area and porosity (both

volume and size of pores) of the studied carbosils. Intensity

Fig. 6 TEM micrographs of

CS-2ini (a), CS-5ini (b) and

CS-6ini (c)

Fig. 7 SEM micrographs of

CS-1a-vap-T (a), CS-4a-vap-T

(b) and CS-6a-vap-T (c)
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of these changes depends on the carbon deposit content.

Decrease of pore size is confirmed by the shift of the

melting peaks of ice inside the carbosil pores towards

lower temperatures compared to the parameters obtained

for the initial silica gel.

The microscopic investigations show that the carbon

deposit layer on the silica surface covers the silica matrix

efficiently. The changes of structural parameters of carbon–

silica absorbents are less intense than those observed for

the initial silica gel. In the case of carbosils of small carbon

deposit contents, the parameters SBET and Rp change sig-

nificantly due to the presence of a thin layer of carbon

deposit distributed in the silica mesopores. For the carbo-

sils of larger deposit contents, these changes are smaller,

which is a result of larger surface suppression against the

action of water molecules during the HTT.

The presented results of the studies are compatible with the

structural parameters obtained using various analytical

methods and confirmed applicability of the DSC method to

study porous structure of the modified silica gels and carbosils.
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21. Skubiszewska-Zięba J. Structural and energetic properties of

carbosils hydrothermally treated in the classical autoclave or the

microwave reactor. Adsorption. 2008;14:695–709.

22. Ishikiriyama K, Todoki M. Pore size distribution measurements

of silica gels by means of differential scanning calorimetry.

I. Optimization for determination of PSD. J Colloid Interface Sci.

1995;170:92–102.

23. Ishikiriyama K, Todoki M. Pore size distribution measurements

of silica gels by means of differential scanning calorimetry. II.

Thermoporosimetry. J Colloid Interface Sci. 1995;171:103–11.
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charuk EV, Charmas B, Mikhalovskiy SV. Comparative analysis

of porous structure and adsorption properties of activated car-

bons. Chem Phys Technol Surf. 2012;2:123–32.

36. Gun’ko VM, Turov VV, Leboda R, Skubiszewska-Zięba J,
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