PHYSICAL REVIEW E 70, 062603(2004)

Nanoparticle generation: The concept of a stagnation size region for condensation growth
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We demonstrate that the critical size cluster concept, commonly used in a nucleation theory, should be given
some further attention. It has been implied that the supercritical cl(s#er larger than criticalcan grow via
condensation. However, as we show, there is a size range, where the arrival of a vapor molecule onto a cluster
surface leads to such a heating of the supercritical cluster that, due to possible evaporation, makes it unstable
and, therefore, disables its condensation growth. The described phenomenon leads to substantial accumulation
of certain size clusters in the system, which is clearly evident from our experimental investigation. The found
suppression of the nucleus growth within the certain size r@gexeeeding criticglhas fundamental implica-
tions for many systems where the generation of nanoparticles occur at high temperatures.

DOI: 10.1103/PhysRevE.70.062603 PACS nuni$er81.10.Bk, 82.60.Nh

The mechanism of particle formation from a vapor is aa consideration is valid for an isothermal system. Due to the
key research issue in many areas, including physics, aerossirong dependence d¥, on the temperaturéwhich obeys
and atmospheric sciences, chemical engineering, and othethe Clausius-Clapeyron equatigd]), the function on the
The main concept used in order to describe nucleation igight-hand side of Eq(2) is an increasing function of the
related to the critical radius, i.e., a size when a moleculatemperature. Then, the latent heat of condensation released
cluster becomes stable. The critical diameter of the Clll[gter during the arrival of a Sing|e molecule onto the partic]e sur-

can be routinely derived from the expression for the changeyce may lead to such a heating of the particle that the con-
iq Gibbs _free energyl] required to form a cluster of a given ition required for condensation growt®=P,) could be
size. It gives2] breached. The latter leads to the impossibility of the conden-
_ 4oM sation growth of the cluster with the diameter exactly equal
de= pR;TInS’ @) to the critical one, even though such a cluster can exist. The
_ _ _ size of particles that can grow via condensation exceeds the
whereM is the molecular weight of the condensing vaper, cyitical diameter given by Eql). This excess depends on
is the surface tensiom, is the mass density of the condensedihe particle heating, i.e., it is determined by the value of the
cluster,T is the temperatureg, is the gas constant, ailis ., qensation heat and the efficiency of the heat transfer from
the saturation ratio of the vapo_‘.B: P/P, whereI_D IS thg the particle to the surrounding. If a high efficiency of the
ﬁt?rrltllfrl# pressure ofbthe cor}?ensmfg vapor E;st. Its equl- heat exchange between the particle and surrounding is as-
pressure above a flat surface at the given tempera'umed, then the cluster heating is not significant. At the same
ture. Expressiolil) states that clusters are stable with respec;me’ there are systems where both the low efficiency of heat

to evaporation if the partial vapor pressure around the pa . .
ticle is greater than the equilibrium pressure above th ransfer between the particle and the surrounding and the

curved surface. This equilibrium vapor pressure above thBigh condensation heat release occur. This is the case, for
curved surface with diametelr(Kelvin effecy can be written ~ €X@Mple, during metal combustion when the cluster heating

as would be significant. Note that the nanooxides generated
during metal combustiorfunlike those obtained by other
P,=P, exp( 4oM > ) method$ possess unique propertig3 4], which determines
pRyTd the interest in studying their formatids—7]. Here we dem-

The nucleation theory implies that, after reaching theonstrgte Fhe suppression .Of thg .nucleu.s growth Within the
critical size, clusters can grow further b,y condensation With-Certam. s1z€ range{exceedlng critical during nanoparticle
out any Iim’itations Indeed, with the condensation growth formation by _meta_1| CmeUStIOH. The found phenomenon has

o - fundamental implications for many systems where the gen-
the value of the equilibrium pressure above the growing par-

ticle (and. correspondinaly. the rate of evaporatiaie- eration of nanoparticles occur at high temperatures.
(and, pondingly, : P ¥ : The small value of the energy accommodation coefficient
creases due to the increase of the particle size, while thgt

actual vapor pressuigvhich determines the rate of the mol- high temperature$,9] makes the conduction heat transfer

ecule arrival onto the particle surfacdoes not chanae. Such between the nanoparticles and the surrounding inefficient.
P 3 ge. Then, the particle overheatin§T due to the arrival of a

* Corresponding author. Email address: mchoi@plaza.snu.ac.kr single molecule onto the particle with a diamederan reach
a maximum possible value of

1539-3755/2004/16)/0626033)/$22.50 062603-1 ©2004 The American Physical Society



BRIEF REPORTS PHYSICAL REVIEW E0, 062603(2004)

10 in the 6.85 nm cluster it is about 9.6910*. Then, the dif-
ference between these clusters, which consists of about 1000
molecules, looks significant.
The decrease of the saturation rafrepresented by the

/ logarithm in Eq.(1)] necessarily leads to the increasedgf
i —— The Iatt_er reduces the overheating effect from conplensation
Condensation heat (Jimole) of the single molecule, and, consequently, the shrinkage of

the difference betweed,. andd, with decrease oS is be-
coming easily understood.

In order to demonstrate the role of the heat of condensa-
tion in the discussed phenomenon, the inset in Fig. 1 shows
5 ) \ ) the difference betweed,. andd. versus the heat of conden-
1.25 1.30 1.35 1.40 1.45 1.50 sationE. As one can understand, at the sniathe difference

Saturation ratio betweend.. andd. is negligible.
The considered case corresponds to the maximum pos-

FIG. 1. (Color onling The minimal diameter of the molecular gjple value of the particle overheating caused by the heat
clusterd,, which can grow via condensation and the critical diam- generated as the result of condensation of each single mol-
eterdc_ [Eg. (1)] vs the saturation ratio calculated for Mgz;o at the ecule arrived on the particle surface. In the case, when the
following  parameters: M=0.04kgmol’, ¢=1Jn" p  gnergy accommodation coefficient describing the efficiency
f3600 kg mh’ .E_GO?] kJ mo; ’ C|P'|60 Jd”;c.’:f K™, End T ofthe heat transfer to the surrounding is not vanishing, some
;ESSOVE'ET; tr:résse;tzr:t\i/\cl; tra?igflc :Sate ffierence betwdggn portion_ of the condensation_ h_eat is conducted away reducing

¢ o the estimated effect. The dissipated condensation heat can be
estimated by considering the flux of the condensing mol-
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T= 6E 3) ecules together with the flux of surrounding gases arriving on
B mCop(d+ Ad)°N,’ the particle surface. Some rough evaluation shows that the
value
where the increase of the particle radius ATP
p=r s ©)
1/3 E P
= + -1 d, 4 . .

Ad {(1 7Tpd3NA> } @ controls the fraction of condensation heat conducted away.

HereAT is the value calculated by E¢B) andPy is the total
with E representing the condensation hegf,is the heat gas pressure. If,>1, then this fraction tends to unity hin-
capacity of the condensed particle, aNg is the Avogadro  dering the considered effect. f<1, then this fraction is
constant. negligible and the considered effect may take place even at

If the pressurePy calculated by Eq(2) at a final particle the energy accommodation coefficient close to unity. Note
temperaturd + AT and a final diametedl+Ad is greater than that the detail consideration of the role of the conductive heat
the actual vapor pressuf® then the overheated particle of transfer in dissipation of the condensation heat is beyond the
an initial radiusd is unstable with respect to evaporation. scope of the present Brief Report.

This means that the condensation on the corresponding par- The impossibility of the cluster to grow if its size is
ticle cannot occur. smaller thard. (i.e., stagnation of the condensation growth

Using Egs.(2)—(4) we can obtain the diameter of the par- would lead to accumulation of clusters with size betwdgn
ticle d.., which, after condensation of the single molecule,andd, in the system-generating nanoparticles. This peculiar-
becomes of the critical sizéat the temperatur@+AT and ity of the particle size distribution may be distinguished in
the diameteid+Ad) with respect to the actual partial vapor the experiment.
pressure. Following the above, the diametgris a minimal We studied the nanoparticle generation during a Mg par-
size of the molecular cluster, which can grow via condensaticle combustion in order to observe the described phenom-
tion. It is obvious that..>d,. Figure 1 shows the calculated enon. As known, MgO nanoparticles are formed from the
dependence al.. andd. on the saturation ratio. Calculations gaseous MgQO in a narrow spherical layer twice the initial Mg
were performed for MgQ@M=0.04 kg mot?, o=1 I m? p particle sizg11]. Because of natural convection, the growing
=3600 kg n13, E=600 kJ mot*, andc,=60 Jmof*K™) at  nanoparticles travel upward.
the typical temperaturd=2600 K realized in the particle In the experiment, a 3 mm Mg particle supported by a
generation zone during Mg combustif10]. The choice of 250 um tungsten wire was ignited by a small propane-air
MgO for calculations is related to the experiment discussediiffusion flame, which was removed immediately after the
later. commencement of the particle combustion. The typical burn-

As one can see, in order to grow via condensation, théng time under these conditions was on the order of 10 s. A
particle should have the diamett®d..=7.1 nm at the satu- tweezers-type support holding the transmission electron mi-
ration ratioS=1.35, while at this saturation ratio the particle croscopeTEM) grids was attached to the vertical rod. The
can exist if it has the diametel=d.=6.85 nm. The number quick rod rotation around the vertical axis allowed the very
of molecules in the 7.1 nm cluster is about 1:010%, while  short grid residence within the MgO generation zone. Taking
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FIG. 2. The typical TEM images of the probe collected from the 10 100
nanoparticle generation zone during a Mg particle combustion taken Particle size (nm)

at different magnifications.

. . . . FIG. 3. Size distributions of particles collected from the genera-
the radius of the TEM grid trajectory about 200 mm and itStjony zone during a Mg particle combustion. The shapeless particle
path within the generation zone about 5 mm, we estimatedize distribution is normalized with respect to the number of par-
the grid residence time within the generation zone to b8icles smaller than 15 nm, while the cube size distribution is nor-
about 1 ms at the rotation rate about three periods per secomghlized with respect to the number of particles exceeding 15 nm.
we used. It is this small grid residence time within the gen-Dashed lines are guides for eye.
eration zone that allows one to consider the probe as a snap- ] ) . .
shot. The typical TEM image of the collected probe is shownween the nuclei and the cubic nanoparticisse Fig. 3
in Fig. 2. Small shapeless particles are clearly seen togeth&P'responds to a nucleus accumulation in the system. The
with the mature MgO nanoparticles of cubic shape. Figure fpeak on the size distribution of the shapeless clusters seen at

shows size distribution of the shapeless and cubic particle&POUt 7 nm confirms that the nucleus accumulation occurs
around this size. The above-described phenomenon of the

Note that the shapel rticle size distribution is normal= . R :
ote that the shapeless particle size distribution is no Acluster impossibility to grow if its size is smaller thag, is

ized with respect to the number of particles smaller thar}he origin of this accumulation

15 nm, while the cube size di;tribution Is nprmalized With The found stagnation of the nucleus growth within the
respect to the number of p?f"c'es (_axg:eedmg 15 nm. I.t 'Tertain size range followed by the accumulation of particles
worth noting that the analysis of variation of the cube Siz€yt yhig size can have implications for many systems where
distributions with the height derived from the probes col-the generation of nanoparticles occur at high temperatures.
lected at different heights allowed us to confirm some pecu-
liarities of the surface growth of MgO nanoparticlgs. The work was funded by the Creative Research Initiatives
The shapeless clusters can be undoubtedly considered Bsogram supported by the Ministry of Science and Technol-
nuclei to form the mature MgO cubes. These cubes havegy, Korea. The support by GUPRS and IPRS, Australia is
grown below the collecting height. The clear size gap be-also acknowledged.
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