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Abstract
Introduction. At present, sorption methods of analysis, including the thermal desorption of inert gases, are
widely adopted to characterize the porous structure parameters of nanomaterials having a wide range of appli-
cations. Nitrogen thermal desorption belongs to the group of non-destructive techniques that provide a rapid
analysis of the following parameters exhibited by nanomaterials: specific surface area, average particle size,
mesopore size distribution, as well as the presence or absence of micropores in the system. In this work, mes-
oporous silicon and calcium hydroxyapatite powders are selected as the objects of research. Since modern in-
terference optical filters are cumbersome and expensive to use, meso- and nanoporous silicon nanostructures
are of interest in the implementation of filters for fiber-optic communication systems. Hydroxyapatite can po-
tentially provide high corrosion resistance while posing no risk of toxicity to the environment. In addition, anti-
corrosion hydroxyapatite coatings are of decisive importance for the practical application of magnesium alloys
used to reduce the weight of vehicles, aircraft, and electronics housings.
Aim. To consider the application of the thermal desorption of inert gases, specifically nitrogen thermal desorp-
tion, in the study of the porous structure parameters of nanomaterials having various compositions on the ex-
ample of mesoporous silicon and hydroxyapatite.
Materials and methods. In this work, the thermal desorption of inert gases and capillary condensation were
applied to study the porous structure parameters of hydroxyapatite and porous silicon powders. In particular,
the nitrogen thermal desorption method was implemented using a Sorbi MS instrument equipped with a Sorbi
Prep sample preparation station.
Results. Recommendations are provided on choosing the mass of the adsorbent material required for the
study, the sample preparation conditions, as well as the relative partial pressure range of the gas adsorbate. The
selected sample types were found to lack a micropore system in the structure. Finally, the dependence of the spe-
cific surface area of hydroxyapatite powders and the parameters of its mesoporous structure on heat treatment
conditions was analyzed.
Conclusion. The study of nitrogen adsorption and capillary condensation allows the porous structure parame-
ters of hydroxyapatite and porous silicon to be reproduced, which is of great importance for their use in medi-
cine and radio electronics as anticorrosion coatings, as well as for the implementation of optical filters.
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AHHOTaUuA
BBegeHue. B HacTosiLLee Bpems COPOLIMOHHbIE METOAbI aHan3a, BKAOYas METOZ TeMI0BOMN Aecopbumn NHEPTHBIX
rasos., LUMPOKO MPUMEHSIIOTCH /19 XapakTepr3aLmy napameTpoB MOPUCTON CTPYKTYPbl HAHOMaTep1anoB LUMPOKOro
cnekTpa GpyHKLMOHANBHOIo Ha3HaveHs. Tennosas AecopbLms a30Ta OTHOCUTCA K rpyrne HepaspyLUAHOLLMIX METOANK,
obecrneynBatoLLX IKCMpecc-aHan3 Takux NnapamMeTpoB HaHOMaTepPUaNoB, kak yAeNbHas MOBEPXHOCTb, CPeAHWIA pas-
Mep 4acTuL, pacnpegeneHrie Me30rnop No pasMepam, Haan4me an OTCyTCTBYE MUKPOMOP B cucTeme. B gaHHOW cTa-
Tbe B kayecTBe 06BbEKTOB NCCIe0BaHVIS BblbpaHbl MOPOLLIKM ME30MOPUCTOro KpeMHUS 1 rngpokcmanaTita KanbLys.
HaHoCTpyKTypbl Ha OCHOBE Me30- I HAHOMOPWCTOrO KPEMHWS NMPEeACTaBASIOT MHTEPeC NpY peanusaumm GuabTPOB 4115
CUCTEM BOSIOKOHHO-OMTNYECKON CBA3W, MOCKOJbKY COBPEMEHHbIE NHTEPdEpPEHLIMOHHbIE onTuyecke GUAbTPbI rpo-
MO3ZKM B UCMOAB30BaHUW 1 JOPOrU. TMAPOKCUaNaTUT NOTEHLMANbHO 06eCrneyrBaeT BbICOKYH KOPPO3NOHHYHO CTON-
KOCTb 1 He TOKCUYeH 1S OKpyXXatoLLer cpefbl. AHTMKOPPO3MOHHbIE MOKPbLITUS Ha ero OCHOBe VIMERT peluatolliee
3HayeHue AN NPaKTUYeckoro NpPUMeHeHNs: MarHeBbIX CM/1aBOB, KOTOPbIe UCMOB3YHTCA A8 YMeHbLUIeHWsT Macchl
TPaHCMOPTHBIX CPeACTB, CAMO/IETOB, KOPITYCOB 31EKTPOHUKM.
Lienb pa6oTbl. PaccMoTpeHre 0cobeHHOCTel NPYIMEHeHVst MeTOZa Tern0BoM 4eCopbLy MHEPTHBIX ra3oB, B YaCTHO-
CTV a30Ta, 419 NCCIeA0BaHNA MapaMeTPOB MOPUCTON CTPYKTYPbl HAHOMAaTEPMAaNoB PasINYHOro CoCTaBa Ha npuMepe
Me30MopUCTOro KPeMHUSA 1 r’ApoKcranaTuTa.
MaTepunanbl u meTogapl. [prIMeHeHe MeToAa TeMNI0BO AeCOPOLIMN MHEPTHBIX FAa30B 1 KanVASPHON KOHAeHCaLmn
419 NCCIeA0BaHNA MapaMeTPoB MOPUCTON CTPYKTYPbl MOPOLLKOB MMAPOKCMANaTiTa 1 NopUCTOro KpemHus. MeToa
TennoBol fecopbLn a3oTa peann3oBaH C MOMOLLBLO Npubopa Copbur MC, OCHaLLIEHHOrO CTaHLyen MpobonoAroTos-
kv Copbu Mpen.
PesynbTaTbl. [peanoxeHbl pekoMeHAaLMM No BbIBOPY MacCbl MaTeprana-aacopbeHTa, TpebyemMon Ana nccneposa-
HYISI, BbIGOPY YC/I0BUI NMPOGOMOATrOTOBKM U AMana3oHa U3MeHeHWst OTHOCUTEIbHOro NapLiManbHOro AaBieHns rasa-
ajAcopbata. YCTaHOBMEHO, YTO BblbpaHHbIe TUMbl 06PA3LIOB XapakTepu3ytoTCA OTCYTCTBMEM CUCTEMbl MMUKPOMOP B
cTpyKType. MpoaHanvsmpoBaHa 3aBUCUMOCTb YAEbHOM MOBEPXHOCTX MOPOLLKOB MMApoKcManat1ta 1 napameTpos
€ro Me30MopUCTON CTPYKTYPbI OT YCI0BUIA TePMOOBPaboTK.
3aoyeHne. VicciegoBaHe NPoOLECCOB afCcopoLMN 1 KannAISAPHOA KOHAEHCALMK a30Ta MO3BO/ISeT BOCMPON3BO-
AVTb NapaMeTpbl MOPUCTORN CTPYKTYPbI MMAPOKCMANaTTa 1 MOPUCTOrO KPEMHIS, UTO ABASETCS BaXKHbIM MoKasaTesiem
415 X NPYMEHEHVI B MeAVLMHE 1 N1eKTPOHVIKE B KavecTBe aHTUKOPPO3MOHHbIX MOKPLITUA 1 A8 peanv3aumm on-
TNYeCKNX GUNBTPOB.
KnioueBble cnoBa: yaensHas NoBepXHOCTb, MOPUCTbIE MaTepuasbl, COPOLMOHHbIV aHann3, NOPUCTbIA KPeMHUIA, Ma-
pokcmanaTtuT
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Introduction. Porous silicon nanopowders are
characterized by a high specific surface area contrib-
uting to the increased reactivity of this material. As a
result, ultrafine silicon powders find widespread use
in the chemical industry as catalytic additives and
adsorbents, in the production of ceramics and ce-
ment, as well as in various areas of medicine and in
the implementation of filters for fiber-optic commu-
nication systems [1, 3—7]. For example, the proto-
types of near UV and visible band-stop filters were
developed in [1], including a band-stop filter on the
basis of plasmon resonance in composite nanostruc-
tured layers (porous silicon-silver).

Biocompatible hydroxyapatite powders are em-
ployed in the manufacture of bioceramics. In par-
ticular, calcium hydroxyapatite is widely used in
such areas of medicine as dentistry and bone tissue
engineering as a substitute material for damaged
segments [8—13]. Another significant area involves
the production of anticorrosion hydroxyapatite coat-
ings. For example, a successful formation of crystal-
line hydroxyapatite coatings on pure magnesium and
its alloys is described in [2]. In addition, the study of
nitrogen adsorption and capillary condensation pro-
cesses allows the porous structure parameters of hy-
droxyapatite to be reproduced.

Presently, nitrogen sorption at 77 K is commonly
used to analyze materials having pores within the
size range of 0.5...50 nm. The mechanism underly-
ing this method can be described as follows. At low
relative pressure (0.02...0.1), the adsorbate starts to
fill micropores. Once adsorption in the micropores is
complete, monolayer adsorption takes place. Initial-
ly, capillary condensation can be observed in rela-
tively small mesopores when the relative pressure
and pore width correspond to the Kelvin equation. A
desorption isotherm is obtained by reversing the ad-
sorption process, releasing the liquid adsorbate, and
reducing the equilibrium relative pressure [14, 15].
The evaporation process takes place at the con-
densed liquid meniscus.

The present article aims to consider the application
of the thermal desorption of inert gases, specifically
nitrogen, when studying the porous structure parame-
ters of nanomaterials characterized by various compo-
sitions on the example of mesoporous silicon and cal-
cium hydroxyapatite.

Materials and Methods. Powdered porous sili-
con was produced from p- and n-type wafers at the
Voronezh State University. These powders were ob-
tained under ultrasonic, electrochemical, and me-
chanical impact.

Hydroxyapatite powders were produced via
chemical deposition, with the hydrochemical deposi-
tion unit comprising the following elements: an ES-
61201 magnetic stirrer with heating, a LOIP LT-208
circulating bath, and an inert holder of the reaction
bath (inhouse assembly). Calcium nitrate and diam-
monium phosphate were used as initial precursors. In
some cases, the resulting structures were subjected to
microwave radiation [9, 11].

The sorption properties of nanomaterials were
studied using a Sorbi MS instrument equipped with a
Sorbi Prep sample preparation station (META CJSC,
Novosibirsk, Russia).

When studying the porous structure parameters
of nanomaterials via the sorption method, it is essen-
tial to correctly choose the mass value of adsorbent
material required for the study, select a sample prep-
aration mode, and establish the relative partial pres-
sure range of the gas adsorbate at which the meas-
urements are to be performed.

1. Choice of the mass value for the test material.
Sample collection.

When studying compositions via nitrogen ther-
mal desorption, the choice of the mass value of the
material under study is determined by two factors:
possibility of obtaining a stable desorption signal
used to calculate the desorbed gas volume; total sur-
face area to be measured.

2. Mode selection and sample preparation for the
material under study.

Sample preparation of the material under study
typically involves the controlled heating of the sam-
ple in a flow of inert gas (helium). Preparation vary-
ing in terms of heating temperature and duration is
primarily aimed at removing moisture and surface
contamination.

3. Measurements within the given range of the
relative partial pressures of gas adsorbate P/Ry.

The range of P/R, is selected depending on the

considered porous structure parameter. The meas-
urement of specific surface area using the Brunauer-
Emmett-Teller (BET) method and of the outer sur-
face area, as well as the plotting of mesopore size
distribution, imply the choice of different research
modes.

Thus, the following parameters are selected for
the Sorbi MS instrument used in the present work:

— specific surface area: BET method; relative
partial pressures of the gas adsorbate P/R, within

the range of 6-20 %;
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Fig. 1. Nitrogen thermal desorption lines observed
at the initial stage of studying mesoporous silicon powder
having a specific surface area of 400 m?/g
Puc. 1. Jluaum TeruioBoit necopOuum a30Ta, HAOIIO1AeMbIC
Ha Ha4YaJbHOM 3Tale HCClIeI0BaHUs MOPOIIKA ME30IOPUCTOrO
KPEMHHSI C YIEILHON OBEPXHOCTHI0 400 M?/1

— micropore presence indication (pores smaller
than 2 nm): -method proposed by de Boer; relative
partial pressures of the gas adsorbate P/R, within

the range of 15-40 %;

— mesopore size distribution: capillary condensa-
tion of inert gas; relative partial pressures of the gas
adsorbate P/R, within the range of 6-97 %.

Results. In this work, we studied the porous
structure parameters exhibited by nanomaterials of
various compositions (silicon; hydroxyapatite) that
are characterized by different specific surface areas.

The study consisted in analyzing a series of
adsorption isotherms within the relative partial
pressure range of the gas adsorbate (nitrogen),

relative partial pressure of the gas adsorbate within
the applicability limits of the BET model are shown
as an example.

The study of mesoporous silicon powders re-
vealed that insufficient sample mass can significant-
ly limit the analysis. In order to obtain a stable de-
sorption signal, this method requires a sample mass
of at least 5 mg, while the recommended sample
preparation conditions include 473 K and 40 min,
with the recommended relative partial pressure range
of the sample varying from 5 to 98 %. If the pressure
of the gas adsorbate exceeds 98 %, the gas flow reg-
ulator might not operate properly, resulting in poor
data analysis. Since powders lack a system of pores
smaller than 2 nm, it seems unnecessary to examine
a narrower range (from 5 to 40 %), which is tradi-
tionally used in sorption analysis to study mi-
cropores. The studies indicate that the specific sur-
face area of powdered mesoporous silicon corre-

sponds to the range of 60 mgz/g ...500 mgz/g.

The dependence of the specific surface of pow-
ders (Table) and mesoporous structure parameters
(Fig. 2 a, b) on the heat treatment conditions was ana-
lyzed in the study of hydroxyapatite samples.

The recommended mass of hydroxyapatite
samples when using the nitrogen thermal desorption

Specific surface area values for
hydroxyapatite samples
3Ha4yeHHs yJeNbHO! IO TIOBEPXHOCTH JUIs 00pas3LoB

determining the specific surface area of each sample THAPOKCHANIATATA
via a standard method (BET), as well as establishing T,K ¢, min Sgpts m2 /g
the presence/absence of micropores in the sample. No annealing _ 54
Fig. 1 shows nitrogen desorption lines constructed 423 60 81
using mesoporous silicon samples, with the area of 573 60 90
each formed peak being proportional to the volume 181773’3 28 479
of adsorbed/desorbed gas. The lines obtained at the

dv/v,% dV/V, %
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Fig. 2. Pore distribution histogram for hydroxyapatite: a« — without heat treatment;
b —heat-treated at 1173 K
Puc. 2. Tucrorpamma pacupeaeneHus mop 1 oopasua [All: a — 6e3 TepmooOpadboTKy;
b — ¢ TepmoobOpaboTkoii mpu Temmeparype 1173 K

50 ().&;GCHHOCTPI NMPUMEHECHUHA COpﬁIlI/IOH.]'-;(.)FO aHaJIu3a aJis HCCJIe,i.(;.BaHHﬂ Pa3sIMYHBbIX HaHOMaTepl/laJ{()“l;
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Fig. 3. Complete adsorption isotherm for hydroxyapatite: a — without heat treatment;
0 —heat-treated at 1173 K
Puc. 3. Tlonnas n3orepma agcopbumu 1t I'All: a — 6e3 TepMooOpaboTky;
6 — ¢ TepMooOpaboTkoit mpu Temneparype 1173 K

method ranges from 150 to 1000 mg, depending on
the heat treatment conditions. The sample preparation
conditions are as follows: 423 K and 60 min.

Histograms showing mesopore size distribution
were constructed drawing on the analysis of complete
isotherms of nitrogen adsorption on hydroxyapatite
powders. Fig. 3, a, b presents an example of nitrogen
adsorption isotherms for untreated hydroxyapatite and
hydroxyapatite heat-treated at 1173 K.

It can be concluded from comparing the data
given in the table with those presented in Fig. 2 and
3 that the loss of specific surface area at 1173 K is
attributable to pore expansion, which is consistent
with the histogram of pore size distribution (Fig. 2)
and the disappearance of a pore system with an aver-
age radius of 4.2 and 12 nm during sintering (or par-
ticle enlargement). The relatively small specific sur-
face area of the untreated sample can be attributed to
the presence of moisture, which was removed in all
other samples.

Conclusion. In this work, the application of the
thermal desorption of inert gases is examined when
studying nanomaterials of various compositions on the
example of mesoporous silicon and hydroxyapatite.

The recommendations on choosing the mass val-
ue for the receipt of a stable desorption signal, as well
as sample preparation conditions for the study of
mesoporous silicon and hydroxyapatite, are outlined.
As a rule, when studying materials via the thermal
desorption of inert gases, insufficient sample mass can
significantly limit the analysis. Conversely, in the case
of nanomaterials having a high specific surface area,
an excessive mass of the adsorbent can lead to the
receipt of an invalid signal from the thermal conduc-
tivity sensor, as well as peak truncation.

The study of sorption properties enables a rapid
and inexpensive analysis of the structural characteris-
tics exhibited by hydroxyapatite, porous silicon, and
other powder nanomaterials used in radio electronics.
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