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Triboelectric charging occurs in granular systems composed of chemically identical particles even
though there is no apparent driving force for charge transfer. We show that such charging can result from
nonequilibrium dynamics in which collision-induced electron transfer generates electron accumulation on
a particle-size-dependent subset of the system. This idea rationalizes experimental results that suggest that
smaller particles charge negatively while the large ones charge positively. This effect occurs generally
when there are high energy electrons on a surface that cannot equilibrate to lower energy states on the
same surface, but can transfer to lower energy states on other particles during collisions.
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A perplexing phenomenon is the triboelectric charging
of granular systems of chemically identical particles. In
mixtures with different types of particles, e.g., carrier-toner
mixtures used in electrophotography, net charge transfer is
driven by differences in material properties [1]. While this
driving force for charge transfer does not exist with chemi-
cally identical particles, it is well known that they none-
theless undergo substantial triboelectric charging [2-6].
The charging in such systems is bipolar, with a specific
particle-size dependence of the polarity: Electric fields in
dust storms [7-11] and volcanic plumes [12] (and results
from controlled lab experiments [13—18]) uniformly sug-
gest that the smaller particles charge negatively and larger
particles charge positively, with gravity separating the
particles by size. Further, experiments show that the mag-
nitude of charging is greater when there is a broad particle-
size distribution [19,20]. The driving force cannot be due
to a particle-size dependence of the electronic states, since
this effect is negligible for the macroscopic particles under
consideration [21]. We propose that these results follow
from the nonequilibrium dynamics of surface electrons
trapped in defect states, following ideas put forth by
Lowell and Truscott for asymmetrically rubbed bulk ma-
terials [22].

To quantitatively describe this phenomenon we consider
a particulate system with a size distribution (PSD) de-
scribed by particles of radius R; and corresponding number
densities x;. The population of surface species in state & on
particles of radius R; at time ¢ is n; ,(¢). Following Lowell
and Truscott [22], we assume that the species cannot
equilibrate between the various states on a single surface,
but can be transferred by surface contact to states on other
surfaces. The rate of transfer from state o on a particle of
type i to state B on a particle of type j is proportional to
(1) the rate of collision for particles of type i with particles
of type j, which is proportional to the collision cross
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section (R; + R j)z, (2) the surface density of the species

in the donor state of the donor particle, %, and (3) the

probability, c,g, that the species will be transferred from
state « to state 8 in a collision (this probability of transfer
is independent of particle size because the particles are
macroscopic). We then derive a population balance,

dn, (1) 2 njg Nig
dt O;x’( R %(cﬁ‘* 4nR2 P amp?
(D

where k takes into account all constants of proportionality.
The total number of the surface species on particles of type
i at time ¢, N,(f), is obtained by summing the number of
species in each state, N;(1) = > ,n;,(r). We address sys-
tems in which each particle initially has the same surface
densities of species in each state a, p, g, so that n,;,(0) =
47R?p o for all types of particles.

We first demonstrate that the general behavior that fol-
lows from this model is independent of the model parame-
ters, by examining it with randomly chosen parameters: the
particle sizes R; number fractions x;, transition probabil-
ities c¢,p, and initial state surface densities p, are all
assigned random values between 0 and 1 (the number
fractions are subsequently normalized). For this model,
as shown in Fig. 1, the surface densities depart from their
equilibrium values and ‘“‘charging” occurs such that the
species accumulate on the smaller particles, but at longer
times the surface densities ultimately return to equilibrium
as ‘“‘charge’ neutrality prevails. The behavior that occurs
generally for all randomly chosen values of the model
parameters is that the species accumulates on a particle-
size dependent subset of the system; the accumulation can
either be on the smaller or larger particles, depending on
the initial species distribution among states, as described
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FIG. 1. Time dependence of the total surface concentrations

for the model with randomly chosen parameters. Each set of data
corresponds to particles of a different size, with the particle
radius shown in the legend. Note that the order of the data, from
top left to bottom right, follows the order in the legend. The units
of time are k, !

below. This accumulation of species on a particle-size
dependent subset occurs regardless of the particular tran-
sition probabilities and particle sizes, so long as there are
distributions of these properties, and the initial occupation
of surface states is not at equilibrium.

This particle-size dependent accumulation is elucidated
by the analytic solution to Eq (1) in the short-time limit,
Ni(1) = Nj(0) = (&%), —ot + 1 (dl2 )imot® + . The first
order term is equal to zero because D , > 5CpaPpo =
> o 2.5 CapPayo- Importantly, the second order term, how-
ever, 1S NoNzero:

i =F (R; + R;)? J
T RPE S e
1 dn;
_ - @ . 2
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Thus, the net particle charging simplifies in the short time
limit to
1 ko

N;(t) — N;(0) = 2 4—C8if2’ 3)

> xR +R )Qkak( ‘
and C=3,335>, CpaCypPyoll — ;i; 2—5’2). Note that C
is identical for all particle types, while g; depends on
particle size: g; > 0 for larger particles, and g; <O for
smaller particles. Thus there is a systematic net transfer
of species, either (a) from small particle to large particles if
C > 0, or (b) from large particles to small particles if C <
0. This systematic transfer occurs regardless of the values
of the rate constants.

The direction of species transfer—from small to large
particles or vice versa—depends on the sign of C, which in
turn depends on the nonequilibrium distribution of species

2(R2—R2)+2R;R;R(R;~R,)
RZRZ )

where g; =

in the surface states as described by the terms zi; % . From
Y v,

transition state arguments, the ratio of forward and back-

B)] where Eg and

E, are the energies of the states. The contrlbutlons to C are

ward rates is given by 22 = exp[— (E

P,ao

negative when > exp[—&—2 (E E )] this condition corre-

sponds to an excess populat10n in the higher energy states
(compared to the equilibrium distribution). Thus, species
are systematically transferred from large particles to small
particles when there is excess population in the higher
energy states. For the results shown in Fig. 1, the randomly
chosen model parameters correspond to the case of excess
population in the higher energy states; thus, as shown in
Fig. 1, the species accumulate on the smaller particles.
The particle-size dependent accumulation has a simple
physical explanation. When two particles collide, each

colliding particle i transfers species from state « in an
Nig (1)
47TR?
Eq. (1)]. Initially these surface densities are the same for

all particles, ;"“;02) = Pa,0, SO that in the first collision each

amount proportional to the surface density [see

particle transfers the same number of species (denoted
04p) from state a to state B on the other particle. The
species transfer in this first collision is symmetric: there is
no net species transfer between particles, and the net
number of species transferred into a state «, 0, =
23(8 Ba ~ 5(13), is the same for each particle. However,
after this first collision, the surface densities depend on

w0 84 . .
n477(-R’2) = (pao + m), thus in subsequent

collisions the species transfer between particles (of differ-
ent sizes) is not symmetric. If §, > 0, then the surface
density is greater for smaller particles than for larger
particles, and so more species will be transferred out of
the « state of smaller particles. Conversely, if 6, < 0, then
the surface density is less for smaller particles than for
larger particles, and so more species will be transferred out
of the « state of larger particles. In the case that there is
initially an excess population in the higher energy states,
6, <0 for the high energy states and §, > O for the low
energy states. If furthermore, the rate of transfer out of the
high energy states is faster than the rate of transfer out of
the low energy states (as would be expected), then the
behavior for the high energy states dominates, and there
is thus a net transfer of species from the large particles to
small particles.

We validate this population balance model by comparing
to results from computer simulations [23,24]. The com-
parison addresses systems with two species states (H and
L) such that cyr > cLH, CHH> cLL, for the time scale
reglme LI <KL = CLH, koclﬁH’ Tocrs (th1s situation corre-
sponds physwally to the case that “downhlll” transitions
from high to low energy states are much faster than other
transitions, and the time scales investigated are such that
the faster transitions go to completion but the slower

particle size,

188305-2



week ending
PRL 100, 188305 (2008) PHYSICAL REVIEW LETTERS 9 MAY 2008
. 0.4 3 0.2 7
T o3 z
Q- B
\5—‘: 0.2 4 X 015 A (]
= o1 g ° ®
S o SRR ®
—— — .
. < °
£ 029 = 0.05 ® L
Z s 0N ™
v 0.3 2 .
0.4 . . . . o 0@ . r
0 0.2 0.4 0.6 0.8 1 0 0.5 1
R AR

FIG. 2 (color online). Comparison of model results (line) to
simulation results (points), for a particle-size distribution char-
acterized by constant probability density between 0.1 < R < 0.9.
The simulations are carried out at a packing fraction of 0.045.

transitions are not significant). For the population balance
model, an analytic solution is obtained in this time scale
regime,

B (R; + R;)?
N0 =N = ool (S0 )~

4

For the simulations, the dynamics of 864 hard spheres are
simulated through event driven molecular dynamics [25];
each particle initially has int(47R?p ) species in state H
at distinct positions randomly distributed over the particle
surface, and when particles collide, species in state H (on
either particle) that are within a cutoff distance of the point
of collision are transferred to state L on the other particle
(transitions out of state L, and transitions from to state H
on one particle to state H on the other particle, are omitted

in the simulations so that the time scale regime —— <«

kocnr
IBSY Cl ' T Cl ' T i is addressed). The model and simu-
0CLH 0CHH 0CLL

lation results are compared in Fig. 2: the quantitative
agreement, with no adjustable parameters, validates the
population balance model.

The magnitude of the nonequilibrium accumulation of
species increases with the breadth of the particle-size
distribution. This result is evident from the short time
solution [Eq. (3)], which shows the explicit dependence
on the particle-size differences. To further demonstrate the
dependence on the breadth of the particle-size distribution,
results were obtained with Eq. (4) for the two state system
with cy; > cry, Cyny, Crp, in the time scale regime
- <t <<, -, . Figure 3 shows results for
0CHL 0CLH 0CHH 0CLL
the root-mean-square change in the number of species per
particle, as a function of the breadth of the particle-size
distribution.

FIG. 3. Results for the magnitude of the change in the average
number of species on the particles, as quantified by the root-
mean-square change, for particle-size distributions with constant
probability density for (0.5 — AR/2) <R < (0.5 + AR/2).

We argue that the triboelectric charging of flowing
granular systems composed of chemically identical parti-
cles is a consequence of the nonequilibrium dynamics of
electrons trapped in defect states. To support our argument,
we show that these dynamics rationalize three puzzling
experimental observations that occur in systems as varied
as polymers, silicate dusts and volcanic ash, and thus
appear to be universal: (1) Triboelectric charging occurs
in granular systems composed of a single material, even
though there is no apparent driving force for charge trans-
fer between particles of the same composition. Our results
show that this charging follows the nonequilibrium accu-
mulation and depletion of electrons on the particles, when
equilibrium is not reached on the experimental time scales.
(2) Bipolar triboelectric charging occurs in granular sys-
tems with smaller particles usually charging negatively and
larger particles positively [7-18], as discussed above. Our
results show that the nonequilibrium dynamics lead to
smaller particles charging negatively by accumulating
electrons, when there is an excess of electrons in the
more easily transferred states. (3) The extent of triboelec-
tric charging in granular materials is greater when there is a
broad PSD [19,20]. Our results show that the nonequilib-
rium dynamics lead to this behavior as well.

Our conjecture requires that there be a nonequilibrium
distribution characterized by an excess of electrons trapped
in the more easily transferred (presumably higher energy)
states, and that the equilibrium distribution of these elec-
trons is not reached on the time scales of the experiments.
Evidence of this, as pointed out by Lowell and Truscott
[22], is phosphorescence and thermoluminescence phe-
nomena in insulators, which demonstrate that electrons
are trapped in high energy states for periods of days to
centuries [26—28]. Further evidence comes from the di-
electrical breakdown of insulators, which is attributed to
the accumulation of electrons in these trapped states [29].
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In addition, recent experiments have demonstrated that
triboelectric charging is in fact due to the transfer of
electrons [31].

While the nonequilibrium dynamics described here pro-
vides a driving force and determines the polarity for the
charging of particles of identical chemical composition,
additional factors will limit the magnitude. As the charging
proceeds as described here, the electric field between
oppositely charged particles makes it less favorable for
continued electron transfer from the negative (smaller)
particles to the positive (larger) particles, which limits
the magnitude of the charging [30].
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National Science Foundation (No. DMR-0402867) and
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Peter Castle for very helpful discussions, and Artem
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this work.

*daniel.lacks @case.edu
[1] L.B. Schein, Science 316, 1572 (2007).
[2] H.F. Eden and B. Vonnegut, Science 180, 962 (1973).
[3] A.A. Mills, Nature (London) 268, 614 (1977).
[4] J.S. Gilbert et al., Nature (London) 349, 598 (1991).
[5] D.Boland, Q. A. W. Al-Salim, and D. Geldart, Chem. Eng.
Sci. 24, 1389 (1969).
[6] S.-C. Liang, J.-P. Zhang, and L.-S. Fan, Ind. Eng. Chem.
Res. 35, 2748 (1996).
[71 G.D. Freier, J. Geophys. Res. 65, 3504 (1960).
[8] W.D. Crozier, J. Geophys. Res. 69, 5427 (1964).
[9] C.D. Stow, Rep. Prog. Phys. 32, 1 (1969).
[10] A.LT Ette, J. Atmos. Terr. Phys. 33, 295 (1971).
[11] W.M. Farrell et al., J. Geophys. Res. 109, E03004 (2004).

[12]
[13]
[14]
[15]
[16]

[17]
[18]

[19]
[20]
(21]
[22]
(23]

[24]
[25]

[26]
(27]
(28]
[29]
(30]

(31]

188305-4

T. Miura, T. Koyaguchi, and Y. Tanaka, Bull. Volcanol. 64,
75 (2002).

P. Cartwright et al., IEEE Trans. Ind. Appl. 21, 541
(1985).

F.S. Ali, M. A. Ali, R. A. Ali, and L. I. Inculet, J. Electrost.
45, 139 (1998).

H. Zhao, G.S.P. Castle, and I.1. Inculet, J. Electrost. 55,
261 (2002).

H. Zhao, G.S.P. Castle, I.1. Inculet, and A.G. Bailey,
IEEE Trans. Ind. Appl. 39, 612 (2003).

S. Trigwell et al., IEEE Trans. Ind. Appl. 39, 79 (2003).
I.I. Inculet, G.S.P. Castle, and G. Aartsen, Chem. Eng.
Sci. 61, 2249 (2006).

C.E. Krauss, M. Horanyi, and S. Robertson, New J. Phys.
5, 70 (2003).

X.J. Zheng, N. Huang, and Y.-H. Zhou, J. Geophys. Res.
108, 4322 (2003).

D. M. Wood, Phys. Rev. Lett. 46, 749 (1981).

J. Lowell and W.S. Truscott, J. Phys. D 19, 1281 (1986).
D.J. Lacks and A. Levandovsky, J. Electrost. 65, 107
(2007).

N. Duff and D.J. Lacks, J. Electrost. 66, 51 (2008).
M.P. Allen and D.J. Tildesley, Computer Simulation of
Liguids (Clarendon, Oxford, 1989).

J.T. Randall and M. H.F. Wilkins, Proc. R. Soc. A 184,
390 (1945).

A. Kron, T. Reitberger, and B. Stenberg, Polym. Int. 42,
131 (1997).

M. J. Aitken, in Chrometric Dating in Archaeology, edited
by Taylor and Aitken (Plenum Press, New York, 1997).
J.A. Anta, G. Marcelli, M. Meunier, and N. Quirke, J.
Appl. Phys. 92, 1002 (2002).

G.S.P. Castle and L.B. Schein, J. Electrost. 36, 165
(1995).

C. Liu and A.J. Bard, Nat. Mater., doi:10.1038/nmat2160
(2008).



