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DAbstract

A remarkable observation that detonation of oxygen-deficient explosives in an inert medium produces ultra-fine diamond par-

ticles having diameters of 4–5 nm was made four decades ago, but this novel form of diamond has never been isolated in pure form

thereafter. The reason for the difficulty was that the core aggregates having a diameter range of 100–200 nm are extremely tight and

could not be broken up by any known method of de-aggregation. After a number of futile attempts, we were able to obtain primary

particles by using the recently emerging technique of stirred-media milling with micron-sized ceramic beads. The milled aqueous

slurry of nanodiamond gave a stable, thick and dark-coloured colloidal solution. After light sonication, dynamic light scattering

measurements gave a sharp distribution in the single-digit nano-range, and HRTEM indicated separate particles having diameters

of 4–5 nm, which agreed with the X-ray value of 4.4 nm for the primary particles. A model is presented for the core aggregates,

which resembles the well-known grape-shaped �aggregate structure� of the hardest type of carbon black.

� 2005 Published by Elsevier Ltd.

Keywords: Diamond; Modelling, Electron microscopy, X-ray diffraction; Particle size
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In 1963 a group of Soviet scientists discovered single

crystals of cubic diamond particles in soot produced by

detonating an oxygen-deficient TNT/hexogen composi-

tion in inert media without using any extra carbon

source (Fig. 1) [1,2]. The average size of crystals has

been determined to be 4–5 nm from the half-widths of

X-ray diffraction peaks [2,3]. The discovery offered a

remarkably advantageous method of producing novel
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�dispersed ultrananocrystalline diamond� (DUNCD

according to Gruen�s nomenclature [4]).
Although the historic discovery was kept secret for

unduly long time for security reasons [5], research activ-

ities in this novel diamond increased sharply within the

ex-Soviet countries after the first report was published in

1988 [6] and even industrial production was soon started

in Siberia [2, see also Section 2.1 below]. However, the

primary particles remained un-identified, this class of

man-made diamond never attracted much attention in
the western countries [7–9] and the industrial production

was shortly suspended. All these problems were caused

by the continued failure in disintegrating nanodiamond

mailto:osawaeiji@aol.com
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Table 1

Elementary analysis of diamond-containing raw soot and crude

nanodiamond aggregates (NDA)

Sample Note na C H N O Ashb

Before oxidative purificatioin

N1 Sootc, CO2
d 5 89.67 0.78 2.77 3.14 3.64

N2 Sootc, H2O
d 3 89.29 2.78 3.20 3.18 1.55

B00 Sootc, 2003 2 89.40 1.50 3.35 3.72 2.03

After oxidative purification

N3 CO2
d/HNO3

50%, 200 �Ce

4 86.83 0.91 2.45 9.73 0.08

N4 CO2
d/HNO3

70%, 250 �Ce

5 85.26 0.98 2.45 10.42 0.89

Commercial products

A 1999f 3 83.94 0.94 2.18 10.50 2.39

B 2001f 3 85.63 1.77 2.12 9.01 1.47

B 0 2003f 4 89.84 1.01 2.20 5.76 1.19

a Number of analysis.
b Non-volatile components.
c Crude reaction mixture subjected to magnet treatment and sieving,

no oxidative purification.
d Detonation medium, either CO2 or water.
e Oxidative purification by means of hot nitric acid.
f The year of import.

Fig. 1. TEM photographs (200 keV) of nanodiamond aggregate

(NDA): (a) pristine N2 (soot, see Table 1), (b) pristine N4 (after

washing with hot nitric acid), (c) a recent commercial product B 0.
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aggregates (NDA) into primary particles. Researchers

have often remarked on the peculiar modes of aggrega-

tion in the NDA, and even briefly discussed about the

presence of extremely tight core [10–14], which seemed

to be of different nature from the conventional aggre-

gates that occur due to the active surface of small parti-

cles [15–17]. Nevertheless, no systematic study on the
persistent aggregation in the NDA has been reported

in the past. Stimulated by the recent discovery of higher

diamondoid molecules from petroleum gas [18], we be-

gan seeking ways of isolating the smallest nanodiamond

crystals from the detonation soot.

In this paper we briefly describe the nature of differ-

ential aggregation modes in NDA as studied by the
combination of dynamic light scattering (DLS),

HRTEM and SEM, present a model for the core aggre-

gate and disclose the only practicable method that we

find to break up the latter to release the long-wanted pri-

mary particles.
T
E
D
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R
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F

2. Experimental

2.1. Materials

NDA samples N1–N4 (Table 1) were prepared in our

laboratory in St. Petersburg following an industrial pro-

cedure [19] by detonating Composition B, a 65:35 mix-
ture of 2,4,6-trinitrotoluene (TNT) and hexahydro-

1,3,5-trinitro-1,3,5-triazine (hexogen) in an atmosphere

of carbon dioxide (dry synthesis) or in water (wet syn-

thesis). In dry synthesis, fresh soot was collected from

the wall of the detonation chamber and ploughed with

magnets to remove magnetic constituents that had been

cleaved off from the chamber wall by the shock of deto-

nation. Other visible foreign materials were removed by
passing an aqueous suspension of the magnet-processed

soot through a columnar sieve with a mesh size of 0.25

mm, and the sieved suspension allowed to stand for 24

h. Settled soot was collected by decantation, and dried

at 120 �C in air for 12 h to obtain raw soot (N1). In

the case of wet synthesis, the aqueous suspension of

raw soot was filtered through sieve and processed as

mentioned above, ground in a mortar, sieved once
again, and dried to give raw soot (N2). The raw soot
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thus collected was heated in an autoclave for 30 min in

air for 12 h.

Commercial NDA samples were purchased from two

sources, Federal Science-Production Centre ‘‘ALTAI’’,

Biisk, Siberia, Russia (designated below as A), and Gan-

su Lingyun Nano-Material Co., Ltd., Lanzhou, China
(designated B, B 0) in order to supplement the laboratory

samples. A is dark brown whereas B, B 0 appear light

grey. Raw soot from the latter manufacturer was also

examined (B00). Commercial NDAs were used mainly

for milling experiments [20].

2.2. Apparatuses and analyses

Transmission electron micrographs were taken on

JEOL JEM2010 and JEM2010F microscopes operating

at 200 keV acceleration voltages and a Hitachi H7100

operating at 125 keV. SEM images were recorded using

a JSM6300 scanning electron microscope at 20 kV accel-

eration voltages on a support of graphitic carbon tape.

Infrared spectra were recorded on a JASCO FT/IR-

610 Fourier Transform Infrared Spectrometer. In order
to avoid inclusion of humidity the samples were pre-

pared using the modified KBr pellet technique: the sam-

ple powder was ground in an agate mortar under inert

atmosphere and quickly pressed between two thin plates

of KBr (available from JASCO) in a special mini-press

to obtain an air-tight specimen ready for mounting

Quantitative X-ray analyses were performed on a

Rigaku Geigerflex D-Max/RC diffractometer using
CuKa radiation with k = 1.542 Å. Diamond carbon

was determined by evaluating diffraction intensity from

(111) plane using sodium fluoride as internal standard

[21]. Commercial micron-sized powder of natural dia-

mond (Aldrich Catalogue No. 48359-1, C 99.42%) was

used as the reference for calibration (correlation coeffi-

cient = 0.9999). A mixture of precisely weighed NDA

sample and NaF was thoroughly ground in an agate
mortar with silicon grease, pasted over a non-reflectance

sample holder, and diffraction intensities of two non-

overlapping diffraction peaks at 2h = 38.3–39.4 (NaF)

and 40.0–48.0 [diamond (111)] were integrated five

times. The mixing/integration step was repeated 4–5

times. Diamond contents (standard deviation of errors)

thus obtained for commercial NDAs A, B and B 0 were

61.3% (5.1), 70.8% (4.7) and 76.8% (1.2), respectively.
Particle Analyzer FPAR1000 from Otsuka Electron-

ics Co., based on DLS method [22,23] and equipped

with a 658 nm semiconductor laser, was used to obtain

optical particle-size distribution between 3 nm and 5

lm. Sonication was carried out in a supersonic washing

bath (Elma GmbH, Transsonic Digital S, type T490DH,

240 W, 40 kHz), or with direct-immersion sonicators

equipped with a conical titanium sonotrode with 3 mm
in diameter at the tip (Ultrasonic Processors, Dr. Hiel-

scher GmbH, UP400S, 400 W, 24 kHz and UIP1000,
E
D
P
R
O
O
F

1 kW, 20 kHz), or high-power sonicators equipped with

titanium sonotrods, 46 / · 384 mm (Ultrasonic System,

Telesonic Co., SRR and GRR, 2 kW, 20 kHz).

Elemental analyses were carried out at the Centre for

Organic Elemental Microanalysis, Faculty of Pharma-

ceutical Sciences, Kyoto University, Japan (Table 1).

2.3. Stirred-media milling

Disintegration of DNA to primary particles was per-

formed by milling with micron-sized ceramic beads

using a self-made vertical stirred mill consisting of a

25 ml Teflon vessel, and a multi-bladed Teflon agitator

connected to a high-speed motor at the Netsuren Co.,
Hiratsuka. Prior to milling, NDA was subjected to pre-

liminary comminution with a small atomizer, Robomix

F manufactured by Tokushu-Kika Co. Plasma-pro-

cessed spherical silica-beads with 0.1 mm in diameter

(manufactured by Netsuren Co.) were charged to the ex-

tent of 70% of the vessel volume, and a 2 wt.% suspen-

sion of NDA in pure water added to fill the rest of the

vessel volume. The mill was tightly closed with cover,
and the content agitated at a peripheral speed of 10 m/

s between 10 min up to 3 h under cooling with running

water. At the end of milling, beads were separated by fil-

tration and/or centrifugation and the slurry diluted with

water to 0.2% concentration and subjected to sonication

to obtain a clear colloidal solution of de-aggregated

nanodiamond. Milling conditions are not optimized.
3. Results

3.1. Assessment of purity

Quantitative analysis of diamond contents of NDAs

was performed only on commercial products because

of the large sample-size required (ca 0.5 g). Diamond
contents of A, B and B 0 obtained in this way increased

from 62% to 77% with the year of production (see Sec-

tion 2). Elemental analyses of the samples used (Table 1)

reveal significant amounts of hetero-atoms (H, N, O)

and ashes in addition to carbon. Newer products give

higher carbon, and lower oxygen and ash contents.

These results attest to the advancing production tech-

nology during the past few years.
Infrared spectra(Table 2)provide some insight into

the state of heteroatoms. Broad absorption of associated

hydroxyl groups at �3430 cm�1 (mOH) is the most in-

tense in all the samples studied (2nd column). The corre-

sponding bending mode (dOH) at �1635 cm�1 showed

up as well in all cases (5th column). We cannot estimate

the oxygen attached to diamond due to the possible con-

tamination with amorphous carbon, which may carry
oxygen atoms, too. In spite of this uncertainty, the most

likely source of oxygen in NDA seems to be nitric acid
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Table 2

IR signals in the samples of detonation nanodiamonda

No. mOH (assoc.) mCH (Csp3–H) mC=O (saturated ketone) dOH (assoc.) dCH (Csp3–H) dCOH (alcohol) mC-O(alcohol)

N1 3435vsbr Trace – 1637s – –

N2 3435vsbr 2919m – 1633m 1460w – –

2851m

N3 3433vsbr Trace 1729ms 1628s – 1416w,1384s –

N4 3427vsbr Trace 1768md 1632m – 1361mw –

1707m

A 3427vsbr Trace 1759m 1628s – 1384m 1128mbr

B 3432vsbr 2954sh 2923s 2854m 1781md 1626m 1459w – 1114mbr

Standardb 3600–3100 c 1745–1715 1630–1615 e 1410–1310 1200–1100

a vs = very strong, s = strong, m = medium, w = weak, vw = very weak, sh = shoulder, br = broad.
b Socrates G. Infrared characteristic group frequencies. Chichester: Wiley; 1980. p. 45–6 unless otherwise noted.
c Ref. b:28 (as,CH3) 2975–2950, (s,CH3) 2885–2865; (as, CH2) 2940–2915, (s,CH2) 2870–2840.
d Abnormally high for ketones. Probably assignable to c-lactone (ref. b:73) or a · b unsaturated ester (ref. b: 68–71).
e Ref. b:28 (as,CH3) 1465–1440; (scissor,CH2) 1480–1440.
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used for the removal of soot at the end of the explosion

experiment (see Section 2.1). The reaction intermediates

containing alcohol and ketone groups on the surface of

diamond particles are always left on the surface of par-

ticles when the oxidation reaction is terminated:

C !HNO3
C–O–NO2 !H2O

–HNO3

C–OH !oxidation
C@O ð1Þ

Emergence of carbonyl (4th column of Table 2, 1707–

1781 cm�1) and alcoholic C-OH bending (7th column,

1416–1361 cm�1) absorptions in the acid-washed prod-
ucts (N3, N4, A and B) supports this interpretation.

Strong hydroxyl IR absorptions also appear in the raw

soot (N1 and N2), and this fact indicates an alternative

but ready route to incorporating hydroxyl groups, prob-

ably by nucleophilic attack of water molecule in the slur-

ry or in the washing media to free spins generated during

milling.

Sharp Csp3-H stretching absorptions appear just
below 3000 cm�1 together with a weak bending band

at 1460 cm�1 in N2. As N2 is the only sample prepared

by wet synthesis among the laboratory-made samples

studied (Table 1), we assume that Csp 3-H bonds enter

into N2 by proton abstraction from water by surface

carbon radicals. Infrared spectra do not show any sign

of nitrogen-containing functional groups like nitrate

ester (Eq. (1)), cyano or amide groups. It is likely that
nitrogen is not located at the particle surface, but buried

within the crystal lattice of diamond as in other natural

and artificial diamonds [7]. The abnormally high content

of nitrogen in detonation nanodiamonds (2.5%) com-

pared to natural diamonds (ppm orders) most likely

arises from the high content of nitro groups in the explo-

sives used.

3.2. Identification of aggregates

According to DLS analysis, NDA samples commonly

consist of three discrete size-groups of aggregates, cen-
T
E
D
P
R
Otred around 100–200 nm, 2–3 lm and 20–30 lm, in

the increasing abundance, but no NDA sample that

we studied here exhibits any sign of distribution in the

3–10 nm region expected for primary particles. For

example, pristine samples, N4 and A (Fig. 2), are domi-

nated by the largest size-group, or agglomerates, so are

all other NDAs manufactured in the same way. The

measured diameters of the largest agglomerates are out
of the guaranteed range for the particle analyzer used,

but SEM photographs do show particles corresponding

to this size range (Fig. 3a). Treatment of the agglomer-

ates in a weak supersonic generator of washing-bath

type readily destroys them into the intermediate aggre-

gates (Figs. 2 and 3b), which in turn seems to simulta-

neously equilibrate with the smallest, or core

aggregates. With more powerful sonication the equili-
bration is completely shifted to the core aggregates in

short time. For example, immersion of a 2 kW Ultra-

sonic Generator into a circulating bath of 0.1 wt.% A

produced slightly cloudy but mono-disperse suspensions

with an average size of 120 nm in a few minutes.

It is likely that the agglomerates and intermediate

aggregates are both formed during the final drying stage

of production. However, the core aggregates are clearly
shown to be extremely tight, and seems to have been

generated before the drying process. After a number of

failed attempts using various kinds of supersonic gener-

ators (see Section 2) and other mechanical devices

including mixers, emulsifiers and ball mills, we con-

cluded that it is impossible to break them up by any con-

ventional means of disintegration.

3.3. Stirred-media milling with micron-sized beads

The unusual resistance of core aggregates against

even the strongest sonication available prompted us to

seek a mechanical means to destroy the aggregates,

and we chose the stirred-media milling for this purpose

using micron-sized ceramic beads as the source of attri-
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Fig. 2. Particle-size distribution determined by DLS method of

nanodiamond samples N4 and A before (upper) and after sonication

in 240 W sonication washing bath for 4 h (lower).

Fig. 3. SEM photographs of nanodiamond sample N4. (A) Pristine,

the circles show exemplary agglomerates (10.0 kV, ·1000, scale

bar = 24 lm), (B) After sonication (240 W, 4 h), the particle size

decreased well below 1 lm, but the support is almost completely

covered with the diamond powder, hence it is not visible here (10.0 kV,

·2000, scale bar = 12 lm).
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water were subjected to the stirred-media milling in a

self-made mill under high-speed rotation, using a large

excess of 0.1 mm silica beads (see Section 2.3). The

resulting suspensions exhibited dark colour and turbid

appearance but became more viscous than before mill-
ing. When the milled slurries were subjected to sonica-

tion after diluting to 0.2% with water, the suspension

quickly turned transparent! As shown in Fig. 4, DLS

particle-size distribution of a milled suspension of B ini-

tially showed a broad peak centred at around 105 nm,

but the average size decreased significantly upon sonica-

tion: 10 nm in 5 min, 6.9 nm in 15 min, and eventually
5.3 nm in 1 h. In a separate sonication of more dilute

suspension (0.1%) still smaller particle size of 4.5 nm
was obtained. Commercial sample A reached to 41 nm

after milling/sonication but no further reduction of par-

ticle size occurred upon continued sonication. Hence

only B is mentioned below.

To our surprise, the transparent aqueous colloids of

primary particles of nanodiamond thus prepared are

stable at room temperature when left standing in a

closed vessel under stray light, without the addition of
any dispersant: turbidity or precipitation was hardly ob-

served for at least a year. In order to see the effect of

temperature upon the stability, the colloidal solution

was heated at 95 �C by immersing into a boiling bath

for 4 h. DLS measurement gave almost a single peak

with a maximum distribution at 17 nm (Fig. 5). Hence
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Fig. 4. DLS particle size distribution of nanodiamond sample B after

stirred-media milling with 0.1 mm SiO2 beads followed by sonication

of the diluted suspension for up to 1 h (0.3 wt.%, 400 W Sonorod, 0.5 s

pulse). Ordinate denotes accumulated wt.%.

Fig. 5. Stability of DUNCD solutions upon heating: (a) original aq.

solution, (b) aq. solution after heating for 4 h at 95 �C.

Fig. 6. TEM (200 keV) photograph of beads-milled DUNCD B: (a)

low magnification, (b) diamond nanoparticles on carbon film and (c)

electron diffraction pattern. Note: Due to the fact that immediate

reaggregation occurs upon solvent removal it is difficult to image

isolated particles. The aggregate in (b) probably formed upon drying.
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odiamond particles is considerably resistant against

heating. In contrast, however, removal of wet medium

led to disastrous outcome: upon evaporation of water

under vacuum, and re-suspending the resulting powder

in water, we obtained only the aggregates of 2.3 lm in

diameter.

Nevertheless, we were able to take HRTEM pictures

of well-dispersed primary particles by quickly evaporat-
O
O
F

ing water from a drop of slurry spread over the carbon-

coated copper net of a sample holder in high vacuum

(Fig. 6). But still it is difficult to prove the complete

de-aggregation of the core aggregates by HRTEM alone

as the primary particles re-aggregate rapidly upon sol-

vent removal. Fig. 6c shows the diffraction pattern of
a milled sample evidently indicating the diamond char-

acter of the particles.

In view of the well-recognized danger of contamina-

tion with bead material in the stirred-media milling,

we subjected a milled sample of B to fluorescence X-

ray analysis. The results demonstrated that Si content

in B increased from 0.05% before milling to 2.5% after

milling, which corresponds to 4.9% contamination in
terms of SiO2. FT-IR of the dried residue from the

milled suspension displayed a new and intense peak at

1098 cm�1, the Si–O–Si asymmetric stretch absorption.

In this regard, SiO2 may not necessarily be the best

material for the present purpose.
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4. Discussion

4.1. What is special about core aggregates?

Why are core aggregates so hard to disintegrate

whereas larger ones are not? Before presenting our inter-
pretation to this question, let us define the three major

events that occur during the deposition of carbon atoms

from detonation mixture:

(1) Growth of diamond crystals (section B in Fig. 7).

After the explosion, the excess or unburned carbon

atoms from explosive molecules are engulfed into the

rapidly advancing shock wave and exposed to high-tem-

perature/high-pressure conditions corresponding to the
diamond region in the carbon phase diagram to begin

the diamond growth process. The uniform size-distribu-

tion of diamond nanoparticles, as we have seen in TEM

pictures and particle-size analysis of primary particles

(Figs. 5a and 6), suggest simultaneous formation of a

large number of diamond nuclei all at once during a very

short period of time.

(2) Diamond-to-graphite conversion on the surface of

diamond particle (section C in Fig. 7). When T, p param-

eters in the diamond growth space reach the region of

stable graphite, all of the diamond crystals suddenly

stop to grow. We mention here two events that are be-

lieved to occur after this point. One is the formation

of graphitic structures over the surfaces of nanodia-

mond particles. Two types of structures have been ob-

served. One is the graphitic ribbons with turbostratic
structure [24], suggested to arise from carbon redistribu-

tion process [25]. Under our own eyes (Fig. 1a), we see

highly defective and curved graphitic layers. The other

form is more or less spherical graphitic shell as the result

of diamond-to-graphite phase transition (bucky dia-

mond [26]), and this phenomenon has been confirmed
U
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Fig. 7. Events taking place after oxygen-deficient detonation (at t = 0)

at a position x in the sample. Initial rapid drop in pressure will be

followed by slow decrease in temperature resulting in diamond cores

with graphitic ribbons and surrounding soot.
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by separate heating experiments of NDA [27]. However,

it must be noted that all these previous experiments were

carried out, not on the primary particles, but on the

agglomerates. The other event is the formation of spiral

subnano-particles containing up to several hundred sp2-

carbon atoms, or soot embryos [28].
(3) Formation of soot-like aggregates (section D in

Fig. 7). As T and p keep decreasing the soot embryos

grow into spherical but defective carbon nanoparticles.

When the particle diameters reach 10–20 nm, they begin

to combine each other into larger clusters, or �aggregate
structure � as these are called in the area of soot technol-

ogy [29]. It is likely that the structure includes here

bucky diamond particles to form a composite assembly
as illustrated in Fig. 8 containing diamond particles with

a more or less pronounced graphitic shell, soot struc-

tures and also graphitic ribbon-like structures.

We propose that, when a core aggregate is freshly

formed, it should have composite structures as illus-

trated in Fig. 8. This proposal is well supported by the

HRTEM image of N2 (Fig. 1a), wherein both graphitic

ribbon-like structure and diamond core are well visible.
It should be emphasized that we see only the suface of

sample by TEM but not the inside of aggregates. The

non-diamond carbons including the invisible amor-

phous carbons on the surface are largely removed dur-

ing the nitric acid oxidation step, but the acid-washed

products are still aggregated as partly seen in Fig. 1b

and c, and also shown in the particle-size distribution

(Fig. 2b). A likely interpretation for the failure of com-
plete disintegration during the oxidation reaction will be

to invoke a diffusion-limiting slow surface reaction. We

are at the moment compelled to assume that the inher-

ently slow oxidation reaction proceeds through the sur-

face only but never work to disintegrate the aggregates
Fig. 8. A simplified model of core aggregate in NDA. Primary

particles of cubic diamond crystals are represented by spheres,

embedded in the �aggregate-structure� of soot.
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Table 3

Classification of particle assemblies in detonation nanodiamond

Equilibria Average

diameter,

nm

Volume ratioa Mode of

assembly

Primary particle 4.4 (1) Nano-

agglutination

Core aggregate 100 8000 (1) Nano-

aggregationIntermediate

aggregate

2000 9 · 107 10,000 (1)

Agglomerate 20,000 9 · 1010 107 1000 Micron-

aggregation

a Approximate relative sizes of aggregates compared under three

different standards, primary particle (3rd column), core aggregate (4th

column), and intermediate aggregate (5th column). Also corresponds

to approximate ratios of particle numbers. For example, the 3rd col-

umn gives the numbers of primary particles in a core aggregate (ca

8000), etc.
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by breaking up the bridging interparticle C–C bonds in

the inside of aggregates. The assumption rationalizes the

use of brute-force method of the stirred-media milling in

order to break up these bonds inside the aggregates. In

view of the unprecedented tight bonding of core aggre-

gates, we should reserve the terminology of �aggregation�
to the van der Waals type of physical assemblies and use

the new terminology like �agglutination� to the core

aggregates that we encountered here.

4.2. Disintegration mechanism

It is interesting to note that the size-range of the

grape-like aggregates in commercial carbon black of
the super anti-abrasion type or of ASTM N110, pre-

pared at the highest temperature (1800–2000 �C) for

the shortest combustion time, falls within the range of

100–200 nm and agrees with the size of our core aggre-

gates [28]. However, it is not yet clear how the beads of

0.1 mm in diameter destroyed such small core aggregates

of 100 nm in size: the beads are 1000 times larger than

the aggregates. The milling mechanism may not neces-
sarily involve head-on crushes, but mainly works

through shearing action in the fast turbulent flow [20].

One notable aspect in the destruction of the core

aggregates is that the stirred-media milling did not

immediately reach the primary particles (Fig. 4). It

seems that the direct effect of milling was to loosen the

core structure (Fig. 8), for example by producing cracks

at the weak portions of the core aggregate, especially the
interparticle bridges. It is likely that the large size of

beads compared to the interparticle structure prevented

further approach of beads, and the final push by means

of cavitation generated by modest sonication was

needed to isolate the primary particles. On the other

hand, it is unreasonable to assume that the once formed

primary particles during milling assemble again to the

105 nm aggregates, which were then disintegrated read-
ily into primary particles.

4.3. Other points of interest

One other novel observation we made in this work is

the discrete distribution of particle-size in NDA and

DUNCD, which is confined to four constant size-do-

mains, 4–5, 100–200, 2000, and 20,000 nm (Table 3).
A number of factors involving relative stabilities, shape,

mechanism and rate of formation and disintegration,

and interaction with dispersion medium (solvation) ex-

ert influence upon the consecutive transformation of

aggregates and agglutinates. The most interesting for

nano-science would be the back aggregation of pure

DUNCD particles, as this is the key to control the dis-

persion of nanoparticles in general. Once the purifica-
tion is completed, experimental analysis as well as
D
P
Rsimulation of aggregation in DUNCD particles will be-

come possible.

We are aware of the fact that other popular nanocar-

bon particles obtained by bottom-up synthesis are all

tight assemblies formed by the agglutination mecha-

nism. Notable examples include carbon blacks, carbon

nanohorns. It is expected that stirred-media milling

should be useful to disintegrate these aggregates into
isolated primary nanoparticles as well.
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