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Introduction

The scale of application of nanoporous carbon
materials limits a low accessibility and rather high
cost of initial raw materials. However the sufficient
resources of natural graphite and anthracite
deposits can be used as a cheap precursors for
nanoporous carbons. But the low reactivity of
graphites and anthracites restricts their use for
microporous materials production.

The steps of natural graphite and anthracite
chemical modification are successfully used for the
development of nanoporous texture of resulted
carbons. Chemically intercalated graphites are able
to increase by tens and hundred time their volume
after thermal treatment. There are some data about
the application of thermally expanded graphite as a
sorption material.

For producing the nanoporous sorbents from
anthracite the two-stage method was suggested
which includes its chemical modification with
following activation treatment by CO, or steam.

This paper describes the influence of chemical
modification of natural graphites and anthracites of
different deposits on the formation of nanoporous
structure during their thermal treatment at selected
conditions.

Experimental

Carbon porous materials (CPM) from Donetsky
anthracite (Progress mine) were prepared by
consecutive steps of demineralization, chemical
modification by HCIO, and final activation by CO,
or water-steam at temperature 1123°C. The other
CPM were prepared by a high rate heating of
intercalated natural graphites. Palladium doped
samples were prepared by impregnation of CPM
with water-alcohol solution of H,PdCl; and
reduction by hydrogen. Palladium concentration in
all samples was near 1% wt.

Data  about  structural and  textural
characteristics of CPM were obtained by SEM
method and from isotherms of N, adsorption at
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77K and CO, adsorption at 273K. Size, structure
and distribution of supported palladium particles
were defined with HREM method.

Results and discussion

The thermal treatment of intercalated graphite
samples at high heating rate conditions increases
significantly the expansion volume of carbon
products obtained (up to 300-400 cm’/g).

Intercalated siberian graphites (Noginsky and
Kureisky deposits) increases their volume in a
lesser degree after thermal treatment in comparison
with Kyshtymsky (Ural region) and Zavalevsky
(Ukraine) graphites. The microscopic analysis has
shown that only some part of Kureisky and
Noginsky graphite particles were thermally
expanded (near 10-12% from the total number of
particles).

According to the data of electron microscopy
study the initial graphite particles consist of thin
laminas with thickness of few tens of nm. These
laminas have a high degree of crystallinity. All
samples of intercalated graphites have the same
morphology as an initial graphite. But the more
intensive  periodical ~ background  probably
connected with the splitting of graphite laminas on
more thin layers was observed in TEM images for
intercalated samples. The more pronounced effects
of laminas splitting were observed in the case of
thermally expanded graphite samples. Obviously
they have more structural defects connected with
erroneous superposition of graphite layers than
samples of intercalated graphite.

In samples of demineralized anthracite the
carbon particles with rough surface were observed.
They have irregular microstructure formed by
distorted fragments of graphite plane (002).
Microstructure of modified by HCIOs and
activated by CO, (at 1123 K, 24 h) samples are the
same as that of an initial anthracite. But they have
the more developed mesoporosity.

The applied method of intercalation makes the



significant influence on nano-textural
characteristics of thermally expanded (exfoliated)
graphites.

The  detailed study of microporosity

development in the range of slit-like micropores
0.3-1.3 nm in samples of exfoliated graphite was
carried out using CO, adsorption at 273K (Fig. 1).
The most developed microporosity was observed
for G-CA sample, which has also the highest value
of total adsorption pore volume.
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Fig. 1. Isotherms of CO, adsorption at 273K on
samples of exfoliated Zavalevsky graphite.

G-CA — obtained by graphite treatment with
CrOs/H,SO,4 mixture;

G-NA — with HNO;;

G-NAA - by consecutive treatment with HNO;
and CH;COOH.

Table 1. Textural characteristics of exfoliated
graphite samples calculated from isotherms of CO,
adsorption at 273K

Samp le Viicro szicro E, Winicro
cc/g m’/g kJ/mol nm
G-CA 0.330 850 254 0.77
G-NA 0.114 300 23.7 0.88
G-NAA 0.199 521 23.2 0.92

Microporosity is present mainly by slit-like
pores 0.77-0.9 nm. The porosity of carbon products
from Donetsky anthracite ranges from microporous
to mesoporous types and their specific BET
surface area from 400 to 1000 m*/g, depending on
the conditions of anthracite modification and
activation.
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According to HREM data the size and
distribution of Pd particles on thermally expanded
graphite surface are varied in wide limits
depending on the method of carbon support
preparation which is responsible for its textural
characteristics.

Reduced at 423K sample 1% Pd/G-NA contains
small palladium particles with a predominant size
2 nm which are homogeneously distributed on
carbon support surface.

The formation of flat metal particles with size
near 5 nm and needle-like particles with a length of
few tens of nm and a width near 5 nm was detected
for reduced sample 1%Pd/G-NAA. These facts
indicate about the strong interaction of palladium
with graphite support of G-NAA type.

Palladium doped anthracite with BET surface
area 425 m’/g contains metallic Pd particles with
sizes near 2 nm. The treatment of sample in
hydrogen flow at 423 K increases the average
particles size of palladium to 3 nm. Some part of
supported metal in reduced sample has needle-like
shape or forms -clusters from 2-4 palladium
particles.

Conclusion

Thermally expanded samples of intercalated
natural graphite have a developed microporous
structure presented mainly slit-like pores with
width 0.77-0.92 nm. Total volume of micropores is
determined by the method of exfoliated graphite

preparation and it varies between 0.114-
0.330 cm’/g.

Nanoporous  materials  produced  from
intercalated natural graphite and modified

anthracite were used as supports for palladium
nano-particles. The size of supported palladium
particles and their distribution on carbon surface
can be varied with the nature of carbon support.
Homogeneous distribution of palladium particles
with sizes near 1 nm can be obtained on carbon
surface at selected conditions of preparation.
Produced carbon  materials  containing
palladium nanoparticles inside micropores have
prospects in the use for hydrogen storage.
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BBenenue

Macmtabpl TpUMEHEHHs] HaHOMOPHUCTHIX
YIJICPOAHBIX MATCpHUAJIOB OrpaHUYCHBI Majioi
JOCTYINHOCTBIO M JOCTaTOYHO BBICOKOW CTOU-
MOCTBIO UCXOJHOTO CHIpbs. B kauecTBe emieBbIX
WCXOAHBIX MaTepUalOB JUIA IONyYeHUS HAHOIO-
PUCTBIX YTJIEH MOTYT HCIIOJIE30BaThCS OTPOMHBIC
pecypchl TPUPOAHBIX TPapUTOB UM AHTPAIUTOB.
OnmHako HU3Kas peakIMOHHAs CIIOCOOHOCTH Tpad-
HUTOB U aHTPALUTOB 3aTPYAHACT UX MMPUMCHCHUC B
MPOU3BOJICTBE  MHUKPOIIOPUCTBIX  YIIICPOIHBIX
MaTepHaoB.

Jnst pa3BUTHS MX HAHOMOPHUCTOW CTPYKTYpbI
YCHENIHO UCTONB3YITCI METOJbl XUMHUYECKON
Moaupukanuu. MHTEpKaTupoBaHHBIE COSAMHEHUS
rpaduTa COCOOHBI B JECATKH W COTHH pa3 yBe-
JUIUBAThL CBOM 00BEM TOCITIE TEPMUUECKOM 00pa-
0otku. MeroTcst cBefieHNsI O TPUMEHEHUH TePMHU-
YECKH PaCHIUPEHHBIX TpauTOB B KadecTBe COpO-
IUOHHOTO Marepuana. [l mpou3BOACTBA HAHOTIO-
PUCTBIX COPOCHTOB W3 aHTPAIUTOB MPEUIOKEH
IBYXCTaIUAHBIA MeTOI WX 00pabOTKH, BKIOYA-
OMUANA WX XUMHYECKYI0 MOAU(HUKAIUIO U TOCTe-
nyromnyro aktuBanuio CO, UK BOJSHBIM MTAPOM.

B nganHOM CcOOOIIEHNH TIPHUBEIEHBI JNaHHBIE O
BIUSHUHM XUMHYECKOW MOIM(UKAIINU TPUPOITHBIX
rpaMTOB U aHTPALIUTOB PA3IUYHBIX MECTOPOXK/E-
HUH Ha (HOPMUPOBAHUE HAHOIIOPUCTOU CTPYKTYPHI
P WX TEPMHUYECKOH 00paboOTKe B CIIEIHAILHO
BBIOpPAHHBIX yCIIOBUSAX.

IKCNepUMEHTATbHbIE METOTUKHU

[Mopucteie yrneponusie marepuansl (IIYM) u3
Honenkoro anTpanura (maxTa [Iporpecc) momxyqa-
JIU TIOCTICAOBATENBLHBIMU CTAIUAMHU JIEMUHEpaIA3a-
uu, xummudeckoir momudukanun HC1O, u 3akimio-
yurenbHoM aktuBanuu CO, mpu 1123°C. [Ipyrue
o0pasipl [IYM ObUTH MPUTOTOBJICHBI BBICOKOCKO-
POCTHBIM HarpeBOM HHTEPKAIUPOBAHHBIX COEIHU-
HEHUU TTPUPOIAHBIX TPadUTOB.

JomupoBanHbie mautaareM 00pasibl TOTOBIIIN
nponutko ITYM BOAHO-CIIUPTOBBIMU PACTBOpa-
mu H,PdCly; ¢ mociemyrommM BOCCTaHOBIEHHEM
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BogopoaoM. KoHueHTpauus mnamnaaus BO Bcex
oOpasmax cocrasisuia okoo 1% Bec.

JlaHHBIE O CTPYKTYpPHBIX U TEKCTYPHBIX Xapak-
tepuctukax [1YM 6putn nmomyuensl metogom COM
1 U3 aHanmu3a u3otepM ancopobuuu N, mpu 77K u
CO, mpu 273K. [nsg momydeHHS CBEACHHHA O
pa3Mepe, CTpyKType M paclpeiesieHUM HaHEeCEH-
HBIX YaCTHULl NaUIafus MHCHOJIB30BAICI METOX
OMBP.

Pe3ysabTaThl u 00Cyx1eHHe

Tepmuueckas 06paboTka 00pa3OB WHTEPKAIH-
poBaHHOTO TpaduTa MPU BBHICOKOH CKOPOCTH HAar-
peBa MPHBOAWUT K 3HAYUTEILHOMY YBEIUYCHHIO
o0beMa MOTyYaeMbIX YTIACPOJHBIX MPOAYKTOB (10
300-400 cm’/r).

HHTepkamupoBaHHbIE  CHOUpPCKUE  TpaduThl
(Horuuckoro u Kypelckoro MecTOpOXICHHIA)
YBEJIMYMBAIOT CBOW OOBEM B MEHBIIEH CTEleHU
IIpU TEPMUIECKON 00paboTke , yeM KBIThIMCKHiA
(Ypan) wu 3aBanbeBckuii (YkpanHa) rpaduThL.
MUKpOCKONUYECKUN aHa W3 MOKa3al, 4TO TePMO-
PaACIIMPEHUI0 TOJBEPTaeTcsl TONBKO HEKOTOpas
yacTh yactul Kypetickoro n Horunckoro rpadu-
ToB (mpumMepHO 10-12% OT 001Iero yncia 4acTui).

CornacHO JaHHBIM AIIEKTPOHHO-MHUKPOCKOITH-
YEeCKOTO HWCCIIENOBAHMSA, HWCXOAHBIE HYaCTHIIBI
rpaduTa COCTOAT U3 TOHKUX IIACTHH TOJIIMHOW B
HECKOJIBKO JIECATKOB HM. OJTHU IUIACTHHBI UMEIOT
BBICOKYIO  CTENEeHb  KPHCTAIMYHOCTH. Bce
00pasibl MHTEPKAIHPOBAHHBIX TI'Pa)UTOB HMEIOT
Ty K€ MOpP(OJIOTHI0, YTO M HMCXOIHBIA Trpadur.
Onnako Ha DM CHHUMKaxX HHTEPKaIUpPOBAaHHBIX
00pa3noB HAOMIOAACTCS YCUIICHUE TIEPHOINICCKO-
ro QoHa, BEpOSTHO CBSI3aHHOE C pacUICIJICHUEM
rpadUTOBBIX IJIACTUH Ha OoOJiee TOHKHE CIIOW.
HawnbGonee 3HaunTenbable 23GGEKTH pacHIeIUICHHS
IUTACTUH HAOJMIOAATUCh B CiIydae TEPMHUYECKU
paciMpeHHbIX 00pa3ioB rpaduta. OueBUIHO, OHU

comepkar  OoybIlle  CTPYKTYPHBIX — JIe(EKTOB,
CBSI3aHHBIX C OINIMOKAMH KPHUCTAIOrpa(uuecKoro
HAJIOXKCHHUS rpaduToOBBIX CJIOeB, 4em

HWHTEPKaTUPOBaHble 00pasLbl rpadura.



B o0pasmax nemMuHepaqn30BaHHOTO aHTpalWTa
HAOJIONAIOTCS ~ YacTHIBI € IIEPOXOBATOM
MOBEPXHOCTHIO. MIX MUKpPOCTPYKTypa pazynopsiao-
yeHa W oOpa3oBaHa WCKPHUBIICHHBIMH (parmeH-
tamu (002) tutockocteld rpagura. MHUKpPOCTpYK-
Typa cHavaga wmoaunpunupoBaHHeix HCIO4, a
3areM aktuBupoBaHHBIX CO, (mpu 1123K, 24
gaca) 00pa3IoB aHAJOTUIHA WCXOJTHOMY 00pa3Iry
agTparra. OnHaKoO TepBBIE OTIMYAIOTCS OoJjee
Pa3BHUTOH ME30TIOPUCTOCTHIO.

Hcnonb3yembrit METO/]I HWHTEpKaISAIUU
OKa3bplBa€T 3HAUMTENbHOE BIHMSIHME Ha HaHO-
TEKCTYPHBIE XapaKTEPUCTHKA TEPMOPACIINPEHHBIX
(BcnenenHsix) rpaduroB. [lerampHoe ucclemnoBa-
HUE pa3BUTUS MHKPOIOPUCTOCTH B oOpasmax
BCIICHEHHOTO rpaguTa B oOjactd  pasmepa
mieneBuAHBIX MuKporiop 0,3-1,3 HM ObIJIO H3y4YeHO
o amcop6ruu CO, (puc. 1). Hambomnee paszputas
MUKPOTIOPUCTOCTh Habmiomanack anst obpasma G-
CA, KOTOpBIN TakXe OTINYAECTCI MAKCUMAalIbHBIM
CyMMapHbIM 00BeMOM TmoOp. Mukpormopucras
CTpYKTypa MpeJIcTaBJIeHa, B OCHOBHOM,
meneBuaHbIMU TTopamu 0,77-0,92 M.
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Puc. 1. U3orepmsl agcopbunn CO, mpu 273K Ha
oOpasmax BCIICHEHHOTO 3aBabeBCKOTO Tpadura.
G-CA — nonydyen o0paboTKON TpaduTa CMECHIO

CrOs/H,SOs G-NA  — HNO;; G-NAA -
MOCIIEI0BATEILHOM 00paboTKo HNO; u
CH;COOH.

Tabmmpa 1. TekcTypHble XapaKTEPUCTHKHU

00pasioB BCIIEHEHHOTO TpaduTa, pacCINTaHHBIC
u3 m3otepm ancopoimu CO, mpu 273K

O6p33e]_[ Vm3icr0 Sniicro E, Wnicro
cMm’/T M/T kJ/Momb HM
G-CA 0.330 850 254 0.77
G-NA 0.114 300 23.7 0.88
G-NAA 0.199 521 23.2 0.92
IlopucToCcTh  yIICPOOHBIX  MPOAYKTOB M3

JOHEUKOIo0 aHTpanmuTa MOXKET BapbUPOBATHCA OT
MNPpCUMYIICCTBCHHO MHKpOHOpI/ICTOﬁ 0 MCEC30-
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MIOPUCTON M WX yaenbHas MoBepXHOCTh bOT ot
400 mo 1000 Mz/l", B 3aBUCHUMOCTH OT YCJOBHU
MOIU(UKAIINH U AKTUBAIIMH aHTPAIUTA.

CormacHo manaeiM OMBP pa3mep wactun Pd u
WX paclpenelicHUe Ha MOBEPXHOCTH 0OpasIoB
TEPMOPACIIMPEHHOTO TpaduTa U3MEHSIOTCS B IIH-
POKHX Tpenenax B 3aBHCHMOCTH OT HCIOJb3ye-
MOTO METOJ[a TIOJIYUYEHHUS yTIACPOTHOTO HOCHUTEIS,
OTIPEICISIIOIETO CTPYKTYPHBIE XapaKTEPUCTUKU
nocnenHero. BoccranoBnennei mpu 423K 00-
pasenr 1% Pd/G-NA comepXUT MeNKue YacTHITBI
Pd ¢ mpeobnamaronum pasMepoM 2 HM, KOTOPBIC
PaBHOMEPHO pacmlpefielieHbl 10 TOBEPXHOCTH
YIJIEPOJHON TOMNIOKKH. JIJIE BOCCTAaHOBJIEHHOTO
obpasma 1% Pd/G-NAA 3apeructpupoBaHo oOpa-
30BaHME IUIOCKMX METAJUIMYECKHX YacTHUIl C pas-
MEpOM OKOJIO 5 HM W UTJI000pa3HbIX YACTHII JTH-
HOW HECKOJIbKO JECATKOB HM WU HIMPUHON OKOJIO
5 M. HauGonee menkue uvactunpl Pd mokanmzo-
BaHBl BHYTPU MHUKpPOMOp. DTH (DaKTHl YKa3bIBAIOT
Ha HAIMYHE CHIJILHOTO B3aMMOJIEHCTBUSA Mexmy Pd
u rpaduTOoBOil moaoxkkoit Tuna G-NAA.

[Tannanuii-comepxainii aHTPaAUT C OBEPXHO-
ctpio BOT 425 MY/r CONEpKUT YaCTHIIBI METailH-
yeckoro Pd pasmepom okomno 2 HM. OOpaboTka
3TOro obpasna Bogoponom mpu 423K yBenuunBaet
cpenHuii pasmep ygactunl Pd mo 3 HM. Hekortopas
4acTh HAHECEHHOTO METalla B BOCCTAHOBIEHHOM
obpasue wuMeeT uraooOpasHylo QopMy HIH
oOpasyer KiacTepsl u3 2-4 4acTHUI] majuIaIusl.

3akiouenne

OO6pasibl TEpMUYECKH PACHIMPEHHOTO MPHUPO/I-
HOTO rpaduTa UMEIOT Pa3BUTYI0 MHKPOIIOPUCTYIO
CTPYKTYpY, HPEICTABICHHYIO IPEUMYLIECTBEHHO
HIEIEBUAHBIMU TTOpamMu mupunoit 0,77-0,92 HM.
OO6umii 06beM MHUKPOIIOp OIpEAeNsieTcss METOIOM
MIPUTOTOBJICHUS! BCIIEHEHHOTO rpaduTa U Bapbu-
pyercst mexay 0,114-0,330 cm’/r. HanomoprcTsie
MaTepuanbl, MOITy4YeHHbIE U3 MHTEPKATHPOBAHHBIX
OPUPOAHBIX TpaguToB M MOIUGHUIHPOBAHHOTO
aHTpauuTa, OBUIM HCIOJIB30BaHbI B KauecTBE
MOJJIOKEK ISl HaHO4YacTH4eK mayutagus. Pasmep
yacTul HaHeceHHoro Pd m mx pacmpenenenue 1o
MTOBEPXHOCTH MOTYT BapbUpPOBAThCS NMyTEM H3Me-
HEHUS TPUPOAB! yTIEPOTHONW MOATIOXKKU. B BbIO-
PaHHBIX YCIOBUSAX Ha YITIEPOAHON MOBEPXHOCTHU
yAaeTcsl MOIY4YUTh OJHOPOJHOE pAaCHpEeIeHNe
gactull Pd ¢ pasmepom 1 HM u MeHee.

[losrydeHHBIe yTIEPOAHBIE MaTepHalbl, COIEP-
xampe HaHowacTuuel Pd  BHyTpum Mmkpomop,
AMEIOT TEPCIEKTUBY HCIOIB30BaHMs IPH pellle-
HUU Ipo0JIeM XpaHeHHUs BOJOPOa.
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