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The paper presents the results of a study of the physical and chemical properties of
narrow fractions of diamond nanopowders with a low content of non-diamond carbon grade
ASUD-99. Six fractions with different average diameters of diamond particle aggregates from
28.785 to 3.891 um were obtained by separating a 0.2 % aqueous suspension of the initial
powders by the sedimentation method. It has been found that the smallest aggregates consist of
larger particles with a smaller specific surface area and a lower interaction energy between
them. This conclusion is confirmed by a decrease in the porosity of the obtained aggregates. So,
if the pore volume in the largest aggregates of diamond particles is 0.859 ml/g, then in the
smallest 0.550 ml/g, while the pore radius of diamond aggregates in different fractions changes
insignificantly.

Separation in a magnetic field at different currents of diamond nanopowders with a
specific magnetic susceptibility of 0.52x10° m’ kg, treated with a solution of 5 % iron chloride,
made it possible to obtain five fractions that differ from each other in specific magnetic
susceptibility (y) — from magnetic fractions with y = 4.30x10° m’/kg to diamagnetic — with y =
—0.11x10° m’/kg. It is shown that the modification of diamond nanopowders with iron ions
increases the separation selectivity and makes it possible to isolate diamagnetic powders.

Keywords: diamond nanopowders, separation by sedimentation method and in a magnetic field,
aggregates, specific surface area, specific magnetic susceptibility.

Introduction

Scientific progress stimulates the intensive development of all new nanomaterials with
the aim of their implementation in technical fields directly related to biology, medicine, and
environmental ecology. Among nanomaterials, carbon nanotubes and diamond powders of static
and detonation synthesis are of particular interest. A significant surge in research in the field of
nanomaterials science is due to the fact that this problematic revealed a number of gaps not only
in understanding the nature of the features of materials in the nanostate, but also in its
technological implementation.

As is known, diamond is a monovalent form of a polycarbonic substance formed by
carbon atoms in the state of sp’-hybridization, with a molecular structure in the form of a three-
dimensional network [1]. On going from diamond single crystals to detonation synthesis
nanopowders, the sizes of carbon macromolecules can take values from several centimeters or
millimeters to several angstroms [2]. The small size of the particles of diamond nanopowders
determines their large specific surface area, which leads to an increase in the free surface energy
of the system, as a result of which spontaneous aggregation of particles occurs.

Currently manufactured nanodispersed diamond powders have a wide range of cluster
sizes: from 4 to 100 nm. Such powders are widely used for the manufacture of polishing
suspensions, pastes, adsorbents, catalysts for the oxidation of carbon monoxide, electrodes for
chemical current generators, carriers of drugs [3—6]. When creating such nanomaterials and
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products from them, the same grain size and the same composition of the functional coating of
their surface are of great importance. Thus, the use of carbon nanomaterials as carriers of drugs
requires the development of methods for modifying their surface. A significant obstacle in the
creation of suspensions and pastes based on nanodispersed diamond powders is their high
tendency to aggregation.

In the last ten years, the Institute of Superhard Materials of the National Academy of
Sciences of Ukraine has been carrying out research to study the physicochemical and surface
properties of submicron and nanodispersed diamond powders of static and detonation synthesis.
It has been established that their physicochemical properties are related to the chemical
composition of the surface and the nature of their functional groups [7-10]. In this regard, the
development of methods for increasing the selectivity of the separation of nanodispersed
diamond powders of static and detonation synthesis and the isolation of diamagnetic fractions are
of scientific interest.

Research materials and methods

The studies were carried out on nanodispersed powders of detonation synthesis diamond
(SND powder) of the ASUD-99 grade with a low content of non-diamond carbon produced by
the company "ALIT", obtained by gas-phase catalytic deposition of hydrocarbons on a nickel-
magnesium catalyst [11]. In the initial powders, the total content of impurities and inclusions in
the form of an non-combustible residue was determined from the difference in the masses of the
studied powder before and after combustion at a temperature of (900 £ 10) °C.

To obtain diamond nanopowders of the same size, the process of separating SND powder
into fractions according to the size of diamond particle aggregates was carried out. The
separation process was carried out by the methods of dynamic sedimentation in centrifuges with
additives of surfactants. Centrifugation was carried out at a rotation speed of 900 to 3000 rpm.
Separation of 0.2 % aqueous suspension of diamond powders by sedimentation method made it
possible to obtain six fractions of different particle size distribution.

To obtain magnetic and nonmagnetic fractions, further separation of the isolated fractions
of diamond nanopowders in the form of a 0.2 % aqueous suspension was carried out in a
magnetic field at a current of 1 A. To increase the selectivity of the process, iron ions were
applied by adsorption from the solution to the surface of the powders. For application, a 5 %
solution of ferric chloride was used, the optimal concentration of which was established
experimentally. The separation was carried out on an electromagnetic installation using metal
balls with a diameter of 5 and 10 mm at a current from 0.1 A to 1.5 A and a corresponding
magnetic field strength from 1 to 20 kA/m. After separation, diamond nanopowders of magnetic
and non-magnetic fractions were subjected to chemical treatment in hydrochloric acid to remove
iron ions. After chemical treatment, all fractions were thoroughly washed to neutral waters and
dried. According to the method developed at the Institute of Superhard Materials of the National
Academy of Sciences of Ukraine [12], before and after chemical cleaning, the specific magnetic
susceptibility () was measured in them.

The estimation of the average size of aggregates of diamond particles and their size
distribution was carried out on the basis of data obtained using a laser microanalyzer of grain
size LMS-30 («Seishiny», Japan). Physicochemical studies of the powder surface were carried out
by nitrogen adsorption at low temperatures by the BET method. The degree of hydrophilicity
was estimated from the change in the value of the free energy of saturation of the surface of the
powders with water vapor [13].

Results of studies

Separation of an aqueous suspension of initial SND powder containing aggregates with
an average size of 12.525 um by the sedimentation method made it possible to obtain six
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fractions of different particle size distribution, which differed in the average aggregate size from
28.785 to 3.891 um. The separation results are shown in Table 1.

Figure 1 shows the results of the size distribution of the initial powder and two extreme
fractions, isolated by centrifugation, with an average aggregate size of 28.785 pm and 3.891 um.
As follows from Figure 1, two maxima are observed on the histogram of the initial powder,
which indicates its inhomogeneity. The first maximum corresponds to the aggregate size of 4
um, and the second — 30—40 um. On the histogram of powders with an average aggregate size d
= 28.785 um, a maximum is observed in the range from 10 to 100 um. Moreover, the content of
such particles is at the level of 70 %. For powders with an average aggregate size d = 3.891 um,
a maximum is observed in the range from 1 to 10 um, and the content of such particles is 75 %.
Thus, separation by the sedimentation method allows one to obtain more uniform powders in
terms of the size of diamond particle aggregates.

Table 1. Results of separation of SND powder

Fraction Fraction mass Characteristics of fractions
carat % average aggregate size, pm aggregate content,%
1 10.23 29.8 28.785 70
2 18.82 54.84 22.533 78
3 2.92 8.51 11.280 81
4 1.37 3.99 7.932 59
5 0.22 0.64 7.278 64
6 0.76 2.22 3.891 75
the initial 34.32 100.00 12.525
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Fig. 1. Size distribution of SND powder aggregates of different fractions:
a — the initial with d =12.525 pum, b — fraction with d = 28.785 pm,
¢ — fraction with d=3.891 um

Physicochemical characteristics of the initial diamond powder and the isolated fractions
No. 1, 3 and 6 (see Table 1) are presented in Table 2. It follows from Table 2 that the specific
surface area of the studied diamond powders is different. If for the initial diamond powder the
specific surface area was 177.5 m%/g, for the fraction with the largest aggregate size it increased
to 187.3 m%/g, and for the fraction with the smallest agglomerate size it was 120 m%/g. In
accordance with Figure 1, the smallest aggregates consist of larger diamond particles with a
lower interaction energy between them (Table 2). This conclusion is confirmed by a decrease in
the porosity of the aggregates. If the pore volume in the largest aggregates of diamond particles
is 0.859 ml/g, then in the smallest ones it is 0.550 ml/g, while the pore radius of aggregates of
diamond particles in different fractions changes insignificantly. In Figure 3, the specific surface
area and pore volume are compared for diamond particles of uniform size in fractions 1, 3, and 6.
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Thus, the sedimentation method presents the possibility of separating the initial SND
powder into fractions with narrow ranges of particle sizes with different physicochemical
characteristics.

Table 2. Physicochemical characteristics of diamond powder different fractions

Fraction Specific surface Pore Pore Adsorption Average
area, m’/g volume, radius, energy, kJ/mol | aggregate size,
ml/g A um
1 187.3 0.858 91.6 12.275 22.533
3 142.5 0.682 95.7 11.780 7.932
6 120.0 0.550 94.7 7.864 3.891
the initial 177.5 0.813 933 11.633 12.525

The results of separation of the initial diamond powders in a magnetic field are presented
in Table 3. As follows from Table 3, the diamond powders, separated into magnetic and non-
magnetic fractions, differ in the magnitude of the specific magnetic susceptibility and particle
sizes. The non-magnetic fraction contains powders with x = 0.31x10®, m*/kg, the powders of the
magnetic fraction have an an average diamond particle aggregate size 5.378, and in the non-
magnetic fraction — 13.209 pum.
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Fig. 2. Specific surface area (a) and pore volume (b) different fractions (No. 1, 3 and 6)
of homogeneous diamond particles

Table 3. Results of separation of initial diamond powder in a magnetic field

Fraction Average aggregate size, pm Specific magnetic susceptibility,
1x10%, m’/kg
magnetic 5.378 1.0
non-magnetic 13.209 0.31
the initial 12.000 0.52

The results of separation in a magnetic field of the initial diamond powders treated with
iron chloride before and after chemical cleaning are presented in Table 4. As can be seen from
Table 4, both before and after chemical cleaning, the powders of both fractions differ in value .
So, before chemical cleaning for the magnetic fraction, it was 7.31x10" m’/kg, and for the non-
magnetic fraction — 3.27x10™ m’/kg. After chemical purification, x was 4.24x10™* m®/kg for the
magnetic fraction, and —0.31x10™® m’/kg for the non-magnetic fraction. Thus, the treatment of
diamond particles with a solution of ferric chloride makes it possible to obtain diamagnetic
powders from powders of the nonmagnetic fraction.
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Table 4. Results of separation of diamond powder treated with iron chloride

Fraction Average aggregate size, pm Specific magnetic susceptibility,
1x10% m’/kg
before chemical after chemical before chemical after chemical
treatment treatment treatment treatment
magnetic 2.833 10.625 7.31 4.24
non- 5.808 9.414 3.27 —0.31
magnetic

Further separation of magnetic diamond powders treated with a 5% solution of ferric
chloride was carried out at a current from 0.1 A to 1.5 A, and a corresponding magnetic field
from 1 to 20 kA/m. The results of the separation of diamond powders in magnetic fields of
different strengths are presented in Table 5. As can be seen from Table 5, the initial diamond
powders with a specific magnetic susceptibility of 0.52x10™® m’/kg were divided into five
fractions, differing in value y from 30x10™ to —0.11x10™® m*/kg. In this case, the average size of
the agglomerates of diamond particles after chemical cleaning ranged from 18.931 to 13.868 um.

Table 5. Results of separation of diamond powders in magnetic fields of different strengths

Tension, Fraction Fraction mass Average Specific magnetic .
kA/m carat o aggrei?;e size, susceptlzgg; xx107,
1 magnetic 1 3.5 7 4.30
5 magnetic 2 7.5 15 18.931 3.81
10 magnetic 3 6.0 12 15.939 1.62
15 magnetic 4 10.5 21 14.547 0
20 non-magnetic 22.5 45 13.868 —0.11
the initial 50.0 100 15.185 0.52

Figure 3 shows the dependence of the specific magnetic susceptibility of diamond
powders of the obtained fractions and the average size of aggregates of diamond particles on the
magnetic field strength. As follows from Fig. 3, with an increase in the magnetic field strength,
aggregates of diamond particles of smaller size with a lower value of y are precipitated. At a
magnetic field strength 20 kA/m, diamagnetic powders with x =—0.11x10"* m’/kg are released.
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Fig. 3. Dependence of the specific magnetic susceptibility (1) and the average size of aggregates
of diamond particles (2) on the magnetic field strength

After the separation of diamond powders in a magnetic field of different strengths,
physicochemical characteristics were obtained for diamonds of the following fractions: magnetic
1, magnetic 3, non-magnetic, and initial. The results of the determinations are presented in Table

165



6. As follows from Tables 5 and 6, with an increase in the specific magnetic susceptibility of
diamond nanopowders, the average size of aggregates of diamond particles increases and their
physicochemical characteristics increase.

Table 6. Physicochemical characteristics of diamond powders after separation in a magnetic

field
Fraction
Characteristics of fractions . . non- the
magnetic 1 | magnetic 3 . _

magnetic original
Average aggregate size, um 18.931 15.939 13.868 14.956
Non-combustible residue, % 0.615 0.532 0.491 0.575
Specific surface area, m”/g 224.7 189.2 164.6 171.6
Pore volume, ml/g 0.870 0.751 0.694 0.807
Pore radius, A 97.4 95.1 93.7 94.5
Free energy of surface saturation with 114.6 112.9 98 7 107.5
water vapor, J/g-mol

Conclusions

Thus, as a result of the separation of detonation synthesis diamond powders of the
ASUD-99 grade with a low content of non-diamond carbon into a number of fractions by the
methods of dynamic precipitation in centrifuges, powders with a narrow range of aggregate sizes
were obtained. It was found that small aggregates consist of larger diamond particles with a
lower interaction energy between them, and larger ones — of small particles with a higher
interaction energy.

Separation of powders in a magnetic field using metal balls in aqueous suspensions with
an initial value of the specific magnetic susceptibility of 0.52x10™®* m’/kg made it possible to
obtain nanodispersed powders with different specific magnetic susceptibility from 0.52x10™ to
—0.11x10"® m*/kg and the average diameter of the aggregates of the particles of the extreme
fractions, differing from each other by about 30 %. The modification of diamond nanopowders
with iron ions made it possible to increase the separation selectivity and to isolate diamagnetic
fractions.
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OCOBJINBOCTI ®I3UKO-XIMIMTHUX BJIACTUBOCTEM
BY3bKUX ®PAKIINU ATPEI'ATIB HAHOITIOPOLIKIB
AJIMA3Y MOAU®IKOBAHUX IOHAMMU 3AJIIBA
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Mema pobomu — po3pobka cnocoby niOBUWEHH CEeNeKMUBHOCMI PO30LIeHH s
HAHOOUCNEPCHUX NOPOWIKI6 aIMA3y CMAMU4YHO20 1 O0eMOHAYiliHo20 cunmesy [ BUOLIeHHS
odiamazHimHux paxyii.

Buxioni nopowxu anmasy oemonayivinoeo cunme3sy mapku ACY/]-99 3 nusokum emicmom
HeaIMazHo20 8yeneyio NoOLsIU Ha psaod Gpakyiti mMemooamu OUHAMIYHO2ZO OCAONCEHHS 8
yenmpughy2ax ona OmpumManusa Gpaxkyiti 3 8y3bKuM 0ianasonom po3mipis acpezamis. Oyinroeanu
cepeoHitl po3mip azpe2amié AiMA3HUX YACMUHOK, IX pO3n0Oil 3a posmipamu ma npo8oounu
@i3uKo-XiMiuHi O00CNIONCEHH NOBePXHI NOPOWIKIE ompumanux @paxyiiu. Bcmanoeneno, wo
OpibHI azpecamu CK1A0AOMbCA 3 OLILUWUX AIMAZHUX YACMUHOK 3 MEHUWOW eHeplielo 83aEMO0ii
MidiC HUMU, a OLnbwi — 3 OPIOHUX YACMUHOK 3 OLIbUL BUCOKOIO eHepP2ieto 83AEMOOII.

I ompumanns MAacHIMHUX 1 HeMAaeHIMHUX Ppakyit nooanvuie po30iLleHHs NOPOUIK)
armasy y euenadi 0,2 % eoonoi cycneusii npogoounu 6 macHimuomy noii. Ilioeuwumu
ceekmuenicmos  po30iieHHss [ euodiiumu OiamacHimui @pakyii 003601UN0 MOOUPDIKYEaAHHS
HAHONOPOWIKI8 anmazy ioHamu 3aniza (suxopucmogyeanu 5 % posuuny xaopudy saniza). Ilicisa
PO30iNIeHHsT HAHONOPOWIKU AIMA3Y MACHIMHOI | HemaeHIimHOI (pakyii niodasanucs XimMiuHitl
00podYyi 6 consamill Kuciomi 01 BUOANeHHs IO0HI8 3aniza, nomim 6ci ¢paxyii pemenbHO
APOMUBANIUCS 00 HEUMPANIbHUX 800 i sucyuryganucs. [lo i nicis XiMiuHo2o ouuerHs 8 Hux 0yna
BUMIDAHA NUMOMA MACHIMHA CRPULHAMIAUBICIND.

Posoinenns nopowie 6 macnimuomy noui 3 3acmocy8aHHAM Memaneeux Kylib ¥ 600HUX
CYCNEH3IAX 3 BGUXIOHUM 3HAYEHHAM Numomoi maeuimuoi cnputinamaueocmi 0,52 <10 /e
0036070 OMPUMAMU ~ HAHOOUCNEPCHI  NOPOWKU 3  DI3HOIO  NUMOMON  MACHIMHOIO
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o« . . -8 -8 3 . . . .
cnputinamaugicmio 6i0 0,52x10° oo —0,11x10° m’/ke i cepeonim Odiamempom acpe2amie
YACMUHOK KPAUHIX (Opaxyitl, wo 8i0pizHaombCst Mise codoro npubauszno wa 30 %.

KarouoBi caoBa: wuanonopowku aimasy, po30ileHHs CeOUMEeHMAayiuHumM Memooom i &
MACHIMHOMY NOJL, azpe2amul, NUMOMA NOBEPXHSL, NUMOMA MACHIMHA CAPUTTHAMAUBICMb

OCOBEHHOCTH ®U3UKO-XUMHUYECKHX CBOJCTB
Y3KUX OPAKIIUU ATPEI'ATOB HAHOITIOPOILIIKOB
AJIMA3A MOJINPUIIUPOBAHHBIX NOHAMM KEJIE3A
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Llenv pabomwvl — paspabomka cnocoba noOGbIUEHUS CELeKMUBHOCU pa30eeHUs
HAHOOUCNEPCHBIX NOPOUKO8 AIMA3A CIAMUYECKO20 U OeMOHAYUOHHO20 CUHME3A U blOeleHUe
OUaMacHUMHbBIX PpaxKyutl.

Ucxoonvie nopowrxu aimasa oemonayuonnozo cuwmesa mapku ACY-99 ¢ nuskum
COOePIHCAHUEM HEAIMA3H020 Yelepooa pasoeisiiu Ha psao Gpakyutl Memooamu OUHAMUYECKO20
ocaxcoeHuss 8 yeHmpughyeax O0ns NoayYeHus Gpakyuil ¢ Y3KUM OUANA30HOM DPA3MePOos
acpecamos. QyeHuganu CpeoHull pasmep azpe2amos AiMA3HbIX 4acmuy, ux pacnpeoeienue no
pasmepam U npoGoOUNU  PUBUKO-XUMUYECKUE UCCIe008aHUA  NOBEPXHOCMU — NOPOUIKO8
NONYYEHHbIX (pakyull. Ycmanosneno, umo MeiaKkue azpezamsl COCMOSAM U3 601ee KPYNHbIX
AIMA3HBIX 4aCmuY ¢ MeHbulell dHepauell 83aumMo0eliCmaus Mexcoy HUMU, a Ooniee KpynHvie — U3
MeNKUux yacmuy ¢ boiee 8biCOKOU dHepeUell 83auUMo0etiCmeus.

Jna nonyuenus MazHUMHbIX U HeMASHUMHBIX hpakyull OanrbHetiuee pazoeienue NOpouKd
ammaza 6 eude 0,2 % 600HOU cycneH3uu nposoounu 6 mazHumHom none. Ilosvicums
CeNeKMUBHOCMsb  paszoenienus U 8blOeIumb  OUaMAacHUmuvle  Ppakyuu  No360UN0
MoOouuyuposanue HAHONOPOUIKO8 aAIMA3A UOHAMU dicene3a (ucnonvsosanu 5 % pacmeopa
xnopuoa cenesza). Ilocie pazoenenuss HAHONOPOWIKU AAMA3A MASHUMHOU U HEMASHUMHOU
¢paxyuti noosepeanucy Xumuueckou obpabomke 8 CONAHOU Kuciome OJisi VOAleHUs UOHO8
Jcenesa, 3amem 6ce pakyuu MmujamenbHoO NPOMBIBAIUCL 00 HEUMPAIbHBIX 800 U
BbICYUUBATUCH. J[O U NOCTIe XUMUYECKOU OYUCTKU 6 HUX Obl1a UsMepeHda YOeibHAs MACHUMHAs
B0CHPUUMYUBOCTND.

Pazoenenue nopowxos 6 MacHUMHOM noie ¢ NPUMEHEHUeM MeMALTUYeCKUX wapos 6
B0OHBIX CYCNEH3UAX C UCXOOHbIM 3HAYEHUEeM YOelbHOU MASHUMHOU B0CHPUUMYUBOCTNBIO
0,52x10° m’/ke noseonuno NOIYUUMb  HAHOOUCNEPCHblE NOPOWKU C  PA3HOU  YOelbHOU
Maznumnoti eocnpuumuugocmoio om 0,52x10° 9o —0,11x10° s’/ke u cpednum duamempon
azpeeamos yacmuy KpauHux @pakyuid, OMIUYAIOWUXCS MedNcOy CcOOOU NpubIUUMENbHO HA
30 %.

KaoueBble cioBa: HAHONOPOWKU aAimMa3a, pasaeﬂeﬂue CeauMeHmaI/!MOHHblM Memooom u 8
MACHUMHKOM noJie, azcpezcanivl, yaeﬂbHClﬂ noeepxHocmo, yaeﬂbH(J}l MACHUMHKRAS 60CNPUUMUUBOCINb
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