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bstract

In this work, particle electrification in the Turbula and horizontally oscillating mixers were investigated for adipic acid, microcrystalline cellulose
MCC), and glycine particles. MCC and glycine particles acquired positive electrostatic charges, while adipic acid particles attained negative charges
n both mixers. Adipic acid (of sieved size larger than 500 �m), MCC, and glycine particles were monotonically charged to saturated values, and
ad negligible wall adhesion. On the contrary, the adipic acid particles, both unsieved and sieved but of smaller sieved size fraction, exhibited very
ifferent charging kinetics in the horizontally oscillating mixer. These adipic acid particles firstly acquired charges up to a maximum value, and
hen the charges slowly reduced to a lower saturated value with increasing mixing time. Furthermore, these particles were found to adhere to the
nner wall of the mixer, and the adhesion increased with mixing time. Surface specific charge densities for adipic acid particles were estimated

ased on particle size distribution, and were found to increase with particle mean diameters under the conditions investigated. The results obtained
rom the current work suggested that electrostatic force enhanced particle–wall adhesion, and the adhered particles can have a significant impact
n particle electrification.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Electrostatic charges can be generated when two differ-
nt materials are brought together and then separated (Harper,
967). Particles can be charged when they are processed in
aseous environments. Particle electrification is commonly a
uisance and may cause dust explosions (Joseph and Klinzing,
983; Jones, 1995). On the other hand, particle electrostatic
harges can also be exploited for example in powder flow
easurement (Masuda et al., 1998; Rosales et al., 2002), pow-

er separation (Yanar and Kwetkus, 1995), electrophotogra-
hy in photocopiers and laser printers, and dry powder coat-
ng (Kleber and Makin, 1998). For the safe operation of par-
icle handling systems and optimization of the performance

f particulate systems, it is of great importance to under-
tand the particle electrification behavior in particle processing
ystems.

∗ Corresponding author. Tel.: +65 6796 3861; fax: +65 6316 6183.
E-mail address: Zhu Kewu@ices.a-star.edu.sg (K. Zhu).
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The mechanism for contact electrification is not well under-
tood especially for electrification involving insulators. Diaz
nd Fenzel-Alexander (1993) presented an ion transfer model
o described contact charging between polymer containing ions
nd another polymer or metal, and they suggested that the sign
nd magnitude of the charge depended on ion content in the
urface region of the polymer, the relative mobilities of the two
ons in the salt, and the relative stabilities of the two ions on each
f the two surfaces in contact. Diaz and Felix-Navarro (2004)
onstructed a semi-quantitative tribo-electric series for polymer
aterials by combining data from literature with their quanti-

ative charging results with metal contacts. In addition to ion
ransfer model, electron transfer mechanism has also been pro-
osed to explain insulator metal charging systems. Castle and
chein (1995) suggested a surface state model (one of the elec-

ron transfer models) for the toner-carrier charging experiments
nd showed that majority of the data agreed with this model. Yu

nd Watson (2001) proposed a two-step electron transfer model
o explain charging accumulation processes, namely contact of
wo surfaces and their separation. According to this model, inter-
ace states were formed and electrons from both surfaces were

mailto:Zhu_Kewu@ices.a-star.edu.sg
dx.doi.org/10.1016/j.ijpharm.2006.07.041
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Nomenclature

A particle surface area (m2)
d particle diameter (m)
f frequency
k elasticity parameter (Pa−1)
kc, k0, kr constants
M total mass (kg)
n number of contacts
N number of particles
p number-based particle size distribution function

(−)
q single particle charge (C)
Q total charge (C)
S contact area (m2)
t time (s)
T charge mass ratio (C/g)
vi particle impact velocity (m/s)
Z0 gap between contact body (m)

Greek letters
ε relative permittivity of air
ε0 permittivity of vacuum (C2 N−1 m−2)
θ particle wall coverage
ρ particle density (kg/m3)
σ surface specific density (C/m2)
τ time constant (s)
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tremendously increase the quality of product. In the formula-
φ contact potential difference (V)

istributed in this interface states when the contact was estab-
ished. These electrons would redistribute during separation
efore the interface states were eliminated. This electron redis-
ribution led the insulator to be negatively or positively charged
epending on more or fewer electrons being transferred to the
nsulator. The charging continued via the two-step process until
he equilibrium was reached. Clint and Dunstan (2001) showed
hat there was a good correlation between the electron-donor
urface tension parameter and the position of the solid in the
ribo-electric series, and they believed that contacting charging
as due to the transfer of electrons rather than ions. Lee (1994)
roposed a dual mechanism of contact electrification for metal-
nsulator system, which included both ion and electron charge
ransfer. How and why charge transfers are not known exactly
Matsusyama and Yamamoto, 2006). A simple condenser model
as been commonly used in the discussion of powder electrifica-
ion (Matsusyama and Yamamoto, 2006; Matsusaka et al., 2000;

asuda et al., 1976).
Many naturally observed phenomena such as radio noise,

ight emission, and singing/booming sands may be attributed to
he electrical charges generated on naturally occurring particles
n sand, silt and dust during transport (Kanagy and Mann, 1994).
hese generated electric charges may in turn greatly influence on
he transport and deposition behavior of sand and slits (Zheng
t al., 2003; Kanagy and Mann, 1994; Zheng et al., 2006). In
he chemical and pharmaceutical industry, particle electrifica-
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k
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ion has been associated with solid handling processes such as
n the powder pneumatic conveying (Kanazawa et al., 1995;
hu et al., 2004), gas–solid fluidized bed (Chen et al., 2003;
asanen et al., 2004), melt agglomeration process (Eliasen et
l., 1999), and inhalation device (Dubus et al., 2003; Kwok et
l., 2005). Electrostatic charges can greatly alter the particle
ow dynamics and, hence, the system performance. Electro-
tatic charges generated in a pneumatic conveying line were
ound to result in solid granules sticking to the wall of the
onveying pipe and forming stationary capsule annular films
Zhu et al., 2004). The presence of electrostatic charges in a gas
hase fluidized bed polymerization reactor influenced the reac-
or hydrodynamics such as bubble characteristics and particle

ixing behavior, and the resultant electrostatic force eventu-
lly led to the formation of the wall sheet, which resulted
n plugging of the reactor product discharge system or loss
f fluidization (Hendrickson, 2006). Guardiola et al. (1996)
nvestigated the influence of particle size, fluidization veloc-
ty, and relative humidity on the electrostatic charge generation
nd accumulation in a fluidized bed by means of potential dif-
erence using an electrical probe. They found that the degree
f particle electrification increased with particle size and air
elocity. They also pointed out that the effect of relative humid-
ty on electrostatic charge was complex and depended on the
uality of fluidization. The aforementioned studies suggested
hat, as a result of particle–particle and particle–wall colli-
ions, particles were always charged in the handling system, and
hese electrostatic charges greatly influenced the performance
f the handling system and subsequent processes involving
hese charged particles. However, most of the previous work
as focused on particle electrification in gas–solid two-phase
ows.

Byron et al. (1997) measured the fine powder dose charge
FPD charge) of aerosolized drug and lactose particles from
urbohalerTM and DryhalerTM. Their results suggested that the
harge level of fine particle dose was too large to be neglected,
nd the electrostatic charge would not only affect the total and
egional deposition in the human lung but also influence the
erosol dispersion behavior in the air stream. Kulvanich and
tewart (1987) explored the influence of storage time on the

otal adhesion force of drug-carrier interactive systems at the
elative humidity of 33%. Their results showed that total adhe-
ion force decreased with storage time up to 23 days, and they
ttributed the decrease of adhesion force to the decay of electro-
tatic charges. Influence of electrostatic charges on the amount
f particle respiratory fraction was also demonstrated by Philip
t al. (1997). These studies highlighted the importance of elec-
rostatic charges in the inhalation drug delivery systems. The
lectrostatic charge not only affected the aerosol dispersion effi-
iency, but can also influenced the drug deposition behavior in
he lung as well.

Mixing of particles is important in many pharmaceutical
perations. In many situations, a better mixing process could
ion of dry powder inhalation product, mixing is regarded as a
ey process for preparing fine drug particles with coarse carrier
articles to form a homogeneous mixture. Even the sequence of
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dding mixing components was reported to have a significant
mpact on the performance of their final formulation product for
nhalation drug delivery (Zeng et al., 1999). Electrostatic charges
re generated and accumulated as a result of continuous colli-
ions between particles and mixer container as well as between
articles. The generated electrostatic charges affect binding
etween particles and the container wall as well as between parti-
les, and hence influence the quality of final products. However,
harge generation and accumulation during particle mixing is
till not clear.

Understanding charge generation and accumulation pro-
esses in particle mixers is therefore very important in optimiz-
ng the mixing process and to improve the quality of formulation
or dry powder inhalation drug delivery. Particle electrification is
nfluenced by particle characteristics such as particle size, shape
Carter et al., 1998), purity and roughness, and the electrical and
echanical properties of particles and contact surfaces (Elsdon

nd Mitchell, 1976; Bailey and Smedley, 1991). Environmental
onditions such as temperature and relative humidity are also
nown to affect charge generation and dissipation.

In the current work, particle electrification of adipic acid,
icrocrystalline cellulose (MCC), and glycine particles in a
2F Turbula mixer (Switzerland) was investigated. Electro-
tatic charges generated in the mixer operated at various rota-
ion speeds and relative humidity were measured. Electrostatic
harges were also measured in a horizontally oscillating mixer
or these particles to investigate the influence of mixer operation
ode on the electrostatic charge generation. Further experiments
ere carried out to investigate the influence of particle size on

he particle electrification in the mixers. The purpose of the cur-
ent work is to understand the charging kinetics of particles in
he mixer, and to investigate the impact of operating condition,
article characteristics, mixer type, as well as relative humidity
nfluence on the particle electrification.

. Materials and methods

Adipic acid (Lot No: S11343-124) and MCC (Batch
07021PA) purchased from Sigma–Aldrich were used as sup-
lied. Glycine was re-crystallized from aqueous solution by a
ooling method. Adipic acid sample was mechanically sieved
nto six different size fractions as follows: a, >500 �m; b,
50–500 �m; c, 180–250 �m; d, 150–180 �m; e, 125–150 �m;
, 90–125 �m. MCC particles of particle size larger than 125 �m
ere also obtained from the purchased samples by mechanically

ieving out the fines.

.1. Particle characterization

Particle size distribution was measured with a laser diffraction
echnique (Malvern Mastersizer 2000, Malvern Instruments,
K) with a dry dispersion method. The dispersion pressure for
ispersing particles was set to a value such that the measured

article size distribution did not vary further with increased dis-
ersion pressure. Each of the measurements was repeated at
east thrice with fresh samples to ensure reproducibility. Par-
icle morphology was examined using the scanning electron
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v
m
i
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icroscope (SEM: model JSM-6700F, JEOL, USA). Particle
mages were also taken using an optical microscope, and the
umber-based particle size distribution was analyzed subse-
uently. Number-based particle geometric diameter distribution
as also measured with time of flight technique using PSD 3603

TSI, USA) to confirm the accuracy of the number-based dis-
ribution obtained from optical image analysis. True and bulk
article densities of the three samples were determined using
ltrapcynometer 1000 (Quantachrome, USA) and autotap den-

ity meter (Auantachrome, USA), respectively.

.2. Charge measurement

The mixer container was made of a cylindrical stainless
teel tube. During an experiment, the bottom cap of the con-
ainer was fixed, while the top cap was removable for powder
oading/unloading. A knob made of electric insulating mate-
ial was attached to the container to minimize the electrostatic
isturbance during the transport of the container. Precautions
ere taken to clean the mixer container well before conducting

ny experiment. Prior to each measurement the inner wall of
he stainless steel container was washed with deionized water,
crubbed with a metal brush, rinsed with pure ethanol, and then
low dried using compressed air. The container was then placed
n the humidity chamber to equilibrate at the environment con-
itions desired for the next experiment.

All the experiments were carried out in the controlled envi-
onmental chamber with the temperature set at 25 ◦C. A Faraday
age was used to measure electrostatic charges carried by pow-
ers through a charge induction method. The Faraday cage was
laced within the environmental chamber, and connected to an
lectrometer (Keithley 6517, Keithley Instruments, USA) which
as then connected to a computer through a GPIB interface.
ig. 1 presents the schematic diagram of experimental setup.
he electrometer was switched on for at least 2 h before con-
ucting experiments to minimize any electrical drifting. Powder
amples were laid out as thin layers on earthed metal plates
o equilibrate inside the environmental chamber (Model 518,
TS, USA) at the temperature of 25 ◦C and chosen relative
umidity for at least 48 h before experimentation. A measured
uantity of powder was loaded into the container with a spat-
la made using insulating material. The container was sealed
ith the top cap and mounted on the T2F Turbula mixer. After
ixing for the required duration, the mixer was stopped, the

ontainer was removed, and powder was poured into the Fara-
ay cage to measure the particle charges. The weight of par-
icles inside the Faraday cage was measured and the specific
harge (nC/g) was then calculated. Particles adhering to the con-
ainer wall were also estimated from the difference in weights
f powder originally loaded and that received in the Faraday
age.

The experimental procedure for measuring electrostatic
harges of adipic acid, MCC, and glycine particles in the T2F

urbula mixer was carried out as previously described and for
arious mixing durations. The runs were continued until the
easured specific charge did not change with further increasing

n mixing time. Experiments were repeated to explore the influ-
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ig. 1. Schematic diagram of experimental setup for measuring electrostatic
harges.

nce of mixer rotation speed and relative humidity on particle
lectrification.

In addition to the Turbula mixer, particle electrification tests
n a horizontally oscillating mixer for adipic acid, MCC, and
lycine particles were also conducted. In contrast to the 3D
otion in the Turbula mixer, the horizontally oscillating mixer

as a lever of 30 cm with a sample holder at the top end for
ttaching the mixer container, and the bottom end is fixed to an
xis which rotates at the frequency of 2.5 Hz and the rotation
ngle of 45◦. Fig. A.1 (appendix) shows the schematic diagram
f the mixer. The experimental procedure for the electrostatic
harge measurement was the same as that for the Turbula mixer.

Particle charging characteristics of different size fractions
as studied for adipic acid particles in the stainless steel mixer

ontainer operated with both the Turbula and the horizontally
scillating mixers.

. Theoretical

A particle acquires a certain amount electrostatic charges if it
ollides with a metal plate and separates subsequently, leaving
he plate with the same amount charges but of the opposite polar-
ty. Charge transfer is a result of the potential difference between
he two contact bodies. The potential difference is due to: (1) dif-
erence in surface work function of the contact bodies, and (2)
otential difference arising from image charges (Masuda et al.,
976). Particle charges are also lost by dissipation toward the
urrounding atmosphere with time. First order particle contact

harging kinetics has been used to describe the impact charging
etween polymer and metal (Matsuyama and Yamamoto, 1995;
atsusaka et al., 2000). The total charges retained at the parti-

le surface are the result of the two combined effects—charge
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t
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ransfer and charge relaxation, and it can be described using the
ollowing equation:

dq

dn
= kc

εε0S

Z0
(φ − k0q) − kr

f
q (1)

here q is the particle charge; kc, kr, and k0 the constants; ε the
elative permittivity of air and ε0 the permittivity of the vacuum;

the contact area; Z0 the gap between contact bodies; f the
ontact frequency; n the contact number; and φ is the contact
otential difference. The first term in the right-hand side of Eq.
1) represents charge generation after one particle–wall contact,
hich is function of the difference between contact potential
ifference (φ) and image charge potential difference (k0q). The
econd term in the right hand side of Eq. (1) is charge dissipation
n the time interval between successive contacts.

If the particle is assumed to be spherical with a diameter d
nd uniformly charged with surface charge density σ, particle
harges become:

= πd2σ (2)

or a period of time dt, the contact number is

n = f dt (3)

ubstituting Eqs. (2) and (3) into Eq. (1):

dσ

dt
= fkc

εε0S

Z0

(
φ

πd2 − k0σ

)
− krσ (4)

ntegration Eq. (4) with initial condition (t = 0, σ = σ0), the fol-
owing equation is obtained:

= σ0 e−t/τ + σ∞(1 − e−t/τ) (5)

=
(

fk0kcε0εS

Z0
+ kr

)−1

(5.1)

∞ = (1/πd2)φ

k0 + krZ0/fkcε0εS
(5.2)

= 1.36k2/5ρ2/5d2v
4/5
i (5.3)

onsidering a powder sample having mass m, number proba-
ility p(d) for particles having diameter d, and particle density
obtaining electrostatic charges due to continuously colliding
ith the stainless steel container wall of the mixer. If the volume
f the powder is very small compared to that of the container,
ollisions between particles may be negligible. Particle–wall
ollisions are assumed to be random, and unhindered by the
resence of other particles. In this case, the single particle–wall
ontact electrification equation (5) can be applied independently
o each particle for the particle–wall contact electrification.
f collisions between particles cannot be neglected, charges
an be transferred not only during particle–wall collisions but
lso during particle–particle contacts. However, charge transfer
etween particles only results in charge redistribution among

articles, and statistically will not affect overall particle wall
harge behavior provided that no particle adheres to the wall. For
xample, saturated charges obtained will only be determined by
he charging characteristics of particle–wall system and charge
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elaxation process which is affected by the environmental condi-
ions. Hence in the latter case the previous single particle–metal
ontact electrification results can still be applied to analyze par-
icle electrification in the mixer. The first order charging kinetics
escribed in Eq. (5) was shown to successfully analyze particle
harging in the pneumatic conveying of solids (Matsusaka et al.,
003).

In real experiments, instead of charges carried by single par-
icle, specific charge density (charge mass ratio) T is normally

easured as follows:

= Q

M
(6)

ssuming particles are uniformly charged with equal surface
harge density σ, then total powder charges and the correspond-
ng particle mass can be calculated as

=
∫ ∞

0
Nπx2σp(x) dx (7)

=
∫ ∞

0
N

1

6
πx3ρp(x) dx (8)

ubstitute Eq. (7) and (8) into Eq. (6), and rearranging it:

= Tρ

6

(∫∞
0 x3p(x) dx∫∞
0 x2p(x) dx

)
(9)

urface charge density can be estimated from charge mass ratio
nd number-based particle size distribution using Eq. (9) pro-
ided that particles are uniformly charged.

Substituting Eq. (9) into Eq. (5), the following equation is
btained:

= T0 e−t/τ + T∞(1 − e−t/τ) (10)

nd the saturated surface specific charge density can be estimated
s

∞ = ρ

6

∫∞
0 x3p(x) dx∫∞
0 x2p(x) dx

T∞

he above discussion is valid for particle–wall systems that par-
icle adhesion to the wall is negligible during the mixing process.
owever, particles are often found to adhere to the inner wall of
ixer container with increasing mixing time, which is probably

ue to the enhancement of particle–wall adhesion resulting from

ncreased electrostatic force due to charge generation and accu-

ulation. The adhered particles form a particle layer, partially or
ompletely coating the inner wall of the container, which modi-
es the surface electrical properties of the mixer wall. The coated

w
r
z
a

able 1
hysical characterization of particle materials

aterial True density (kg/m3) Tapping density (kg/m3)

dipic acid 1330 810
lycine 1570 880
CC 1560 350

a Note: d(0.1), d(0.5) and d(0.9) stands for cumulative particle size distribution l
haracterized by Malvern Mastersizer 2000 (UK) using dry mode.
b AR is defined as the ratio of the length of the minor and the major axis. This was
harmaceutics 328 (2007) 22–34

article layer alters particle wall charging characteristics, which
s due to the change of collision between particle and particle-
ree wall to particle and particle-coated wall. Assuming surface
overage of the particle layer over the inner wall of the con-
ainer is θ, then it is reasonable to assume that the probability
f particle contact to the clean region of the wall is 1 − θ and
he probability of particle contact to the particle-coated wall is
. For collisions between particle and particle-coated wall, the
ontact potential difference is zero if the particles are of the same
aterial. However electrostatic charge transfer may still occur

ecause there will likely be a charge density difference between
ree moving and immobilized coated particles. The electrostatic
harges carried by particles set up an electric field which shifts
article contact surface potential, known as image charge poten-
ial. The difference in particle surface potential shifting between
ree moving and coated particles resulting from their different
harging densities leads to charge transfer upon collision. The
harging rate of a free moving particle in this case becomes:

dσ

dt
= fkc

εε0S

Z0

(
φ

πd2 − k0σ

)
(1 − θ)

+ fk′
c
εε0S

′

Z0
(−k0	σ)θ − krσ (11)

he first term on the right-hand side of Eq. (11) is the charge
ransfer due to the collision between the particle and the clean
all; the second term on the right-hand side of Eq. (11) is the

harge transfer between free moving and coated particles, driven
y the difference in the surface charge density; while the last term
n Eq. (11) is the charge relaxation.

. Results and discussion

Table 1 summarizes the physical properties of powder
amples, which include true density, tapping density, particle
ize distribution, and particle aspect ratio. Morphologies of
hese particles were determined using SEM and are shown in
ig. A.2 (appendix). Among adipic acid, MCC, and glycine
articles, the adipic acid particles had the widest particle size
istribution, and MCC particles had the largest voidage which
an partially be attributed to their internal pore structure. Aspect
atios (defined as the ratio of the length of the minor and the
ajor axis) estimated based on 50 particles from SEM images

ere found to be 0.71 and 0.56 for adipic acid and MCC,

espectively. Table 2 presents the results of particle characteri-
ation using a laser diffraction technique and image analysis for
dipic acid particles composed of various size fractions obtained

d(0.1)a (�m) d(0.5)a (�m) d(0.9)a (�m) ARb

35.9 289.9 535.8 0.71
267.1 567.0 929.2 –

83.2 142.7 236.4 0.56

ess than 10%, 50% and 90%, respectively; the particle size distribution was

characterized based on 50 images captured by SEM.
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Table 2
Particle size distribution analysis by Malvern particle sizer 2000, sieve, and image analysis

Size fraction (�m)a Volume size distribution by Malvern particle sizerb Image analysisc

d(0.1) (�m) d(0.5) (�m) d(0.9) (�m) d(ave) (�m) AR

a (>500) 305.6 604.5 1130.8 588.7 ± 170.0 0.65 ± 0.14
b (250–500) 218.1 399.9 672.5 392 ± 74.6 0.62 ± 0.14
c (180–250) 97.3 223.0 395.5 279.8 ± 57.3 0.64 ± 0.17
d (150–180) 49.2 139.0 266.3 216.7 ± 38.7 0.70 ± 0.15
e (125–150) 20.7 81.0 168.7 160.7 ± 29.9 0.71 ± 0.13
f (90–125) 13.8 57.1 129.4 90.3 ± 28.1 0.71 ± 0.15

a These size fractions were obtained from adipic acid particles purchased from Sigma–Aldrich (refer to Table 1) through mechanical sieving.
b han 1

b
s was

b
s
M
t
u
1

w
s

F
t

d(0.1), d(0.5) and d(0.9) stands for cumulative particle size distribution less t
y Malvern Mastersizer 2000 (UK) using dry mode.
c AR is defined as the ratio of the length of the minor and the major axis. Thi

y a mechanical sieving. Noticeable difference in the particle
ize measurement by SEM image analysis and that obtained by
alvern particle sizer can be observed from Table 2. Several fac-
ors contribute to this difference. Firstly, particle size analyzed
sing SEM image was a projected area diameter (Fan and Zhu,
998), while particle size obtained from Malvern particle sizer

n
t
a
v

ig. 2. Electrostatic charges acquired at various mixing time in a stainless steel cont
emperature of 25 ◦C, and the relative humidity of 25% for: (a) adipic acid; (b) glycin
0%, 50% and 90%, respectively; the particle size distribution was characterized

characterized based on 50 images captured by SEM.

as an equivalent diameter using Mie scattering theory with a
pherical model. Secondly, particle size by image analysis was

umber averaged from 50 SEM images. On the other hand, par-
icle size measurement using Malvern particle sizer was volume
veraged. Number-based particle size is normally smaller than
olume-based particle size.

ainer in the T2F Turbula mixer operated at the rotation speed of 49 rpm, at the
e; and (c) MCC. (�) Experimental measurement; (—) fitted with Eq. (10).
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.1. Turbula mixer

.1.1. Charge accumulation
Fig. 2 shows the particle specific charge (q) as a function of

ixing time (t) as a result of continuous impact/contact with
he inner wall of the stainless steel container in the T2F Tur-
ula mixer for adipic acid, glycine, and MCC particles at the
ixer rotation speed of 49 rpm, at the temperature of 25 ◦C, and

he relative humidity of 25%. The data and error bar was cal-
ulated using at least three independent measurements. It was
ound that particles acquired electrostatic charges in the mixer
nd the acquired charges increased with mixing time until reach-
ng a saturated value. The saturated electrostatic charges under
his investigated condition were found to be −2.2, 0.27, and
.75 nC/g for adipic acid, glycine, and MCC particles, respec-
ively. The saturated electrostatic charge of glycine was one
rder smaller than that of adipic acid and MCC particles. Exper-
mental data for adipic acid particles were fitted quite well with
q. (10) (solid lines in Fig. 2a) suggesting particle electrification

s of first order. Compared to MCC and glycine particles, adipic
cid particles were found to take longer time to be charged to
he saturated value.

.1.2. Rotation speed
Fig. 3 presents charging characteristics of adipic acid parti-

les mixed in the stainless steel container in the T2F Turbula
ixer at the temperature of 25 ◦C and the relative humidity

f 25% with the rotation speeds of 34, 49, and 72 rpm. The
orresponding saturated charge values were −2.76, −2.20, and
2.37 nC/g for 34, 49, and 72 rpm, respectively. Taking the mea-

urement uncertainty into consideration, it appeared that the sat-
rated electrostatic charges were not influenced by the rotation
peed under the conditions investigated. Fitting the data with Eq.

10), time constants were found to decrease with increasing rota-
ion speed—from 5.00 min for 34 rpm, 4.75 min for 49 rpm to
.92 min for 72 rpm. This is expected since with increasing rota-
ion speed, the frequency of impact/contact of particles with con-

ig. 3. Electrostatic charges acquired at various mixing time in the stainless
teel container in the T2F Turbula mixer at the temperature of 25 ◦C and the
elative humidity of 25% for adipic acid particles. The mixer rotation speeds
ere (�) 49 rpm; (�) 34 rpm; and (�) 72 rpm.

4

a
s

F
r
c
r

harmaceutics 328 (2007) 22–34

ainer wall increases while the interval between successive parti-
le wall collisions for particle charge relaxation is reduced. Both
ffects resulted in acceleration of particle charging with increas-
ng rotation speed. This effect was also reflected in Eq. (10).

Upon examination, fine particles were found to adhere to the
ontainer inner wall during mixing process. The mass of these
dhered particles were estimated by the difference of particles
oaded to and discharged from the mixer container. The percent-
ges of particle mass loss relative to initially loaded particle mass
re presented in Fig. 4 as a function of mixing time. It can be
bserved that around 10% of total loaded particles were found
o have adhered to the inner wall of the container. These adhered
articles, either forming a film layer or sparsely coating the inner
all, caused altered or partially altered particle–inner wall con-

acts and thereby changing the charging process. This variation
ould cause electrostatic charges previously acquired through
article–clean wall contacts to dissipate through “charge back-
ow” by free moving particles contact with adhered particles.
eanwhile, charges in the stationary particles adhered to the

nner container wall may also be dissipated through charge relax-
tion. Both the charge relaxation and charge backflow resulted
n a longer time for adipic acid particles to be charged to the
aturated value than MCC and glycine particles. The particle
harging kinetics in this case would not only depend on the par-
icle wall collisions but also depend on the kinetics of the particle
all adhesion and the distribution of adhered particles inside the
ixer container inner wall. This might provide the explanation

or the lack of dependence of saturated particle charges on rota-
ion speed, but this needs further investigation. The influence of
dhered particles on electrostatic charging was found to be more
ronounced in the horizontally oscillating mixer, and this will
e discussed in a subsequent section.
.1.3. Particle size
Fig. A.3 (appendix) shows the specific charge density

cquired by adipic acid particles after mixing for 40 min in the
tainless steel container attached to the Turbula mixer operated

ig. 4. Percentage of adipic acid material loss due to particle wall adhesion
elated to the mass of particles loaded with operating time in the stainless steel
ontainer of the T2F Turbula mixer at 25 ◦C and relative humidity of 25%. The
otation speeds were (�) 49 rpm; (�) 34 rpm; and (�) 72 rpm.
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t the rotation speed of 49 rpm at the temperature of 25 ◦C and
he relative humidity of 25% for various particle size fractions.
s can be seen in Fig. 2, particles were charged to saturated
alues after 30 min mixing. Hence particle charges’ charge lev-
ls reported in Fig. A.3 after 40 min mixing can be considered
s saturated electrostatic charges. The particle fractions corre-
pond to those in Table 2. As discussed earlier, particle charge
ass ratio would be inversely proportional to the particle diam-

ter if the surface charge density was the same for all particle
amples. However, no apparent dependence of specific particle
harge on average particle size was found for adipic acid par-
icles in the present investigation. This suggested that specific
harge densities may not be the same for particles of different
ize fractions.

For particle samples not having very narrow particle size
istribution as those used in the present work, surface specific
harge density, as opposed to mass specific charge density, may
e a better indicator to describe particle tribo-electrification pro-
ess (Chen, 1974). Fig. 5 shows the surface specific charge
ensity after mixing 40 min for various particle size fractions
t the rotation speeds of 49, 72, 101 rpm, at the temperature of
5 ◦C, and the relative humidity of 25%. It was found that sur-
ace specific charge densities increased with increasing particle
ize for particle size fraction d to a. However there were little
ifferences in surface specific charge densities for particles of
ize fractions d, e and f.

Fig. 6 shows the percentage particle mass loss related to the
nitial particle mass loaded for adipic acid particles due to parti-
le adhesion to the inner wall after mixing 40 min in the container
or various particle size fractions rotated at 49, 72, and 101 rpm,
ith the temperature of 25 ◦C and the relative humidity of 25%.

t can be seen that for all particle size fractions there were some
dipic acid particles adhering to the inner wall. Taking the mea-
urement uncertainty into account, the particle mass losses were

lmost the same for particles of size fraction a to d and increased
ith decreasing particle size from size fraction d to f. The per-

entages of mass loss were found to be few percent for particles

ig. 5. Surface specific charge density of adipic acid particles in the stainless
teel container of the T2F Turbula mixer after mixing at the rotation speed of
9, 72, and 101 rpm for 30 min at the temperature of 25 ◦C and the relative
umidity of 25% for various particle size fractions. The detail information for
he characteristics of adipic acid particles for various size fractions can be found
n Table 2.
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peed of 49, 72, and 101 rpm for adipic acid particles of various particle size
ractions. The detail information for the characteristics of adipic acid particles
or various size fractions can be found in Table 2.

f large size fractions to a few tens percent for the particles
f small size fractions. For a specific container with an inner
all area Aw, and particle mass loss ma as a result of adhesion,

nd the number probability p(d) for particles having size d, if
onolayer particle adhesion is assumed, total projection area of

dhered particle AT is

T =
∑

niAi = N

∫ a2

a1

p(a)πa2 da (12)

here N is the total number of adhered particles, which can be
alculated as follows:

= ma∫ a2
a1

(1/6)πa3p(a)ρ da
(13)

hen particle coverage θ can be estimated as follows:

= AT

Aw
= ma

Aw

∫ a2
a1

πa2p(a) da∫ a2
a1

(1/6)ρp(a)πa3 da
(14)

t follows from Eq. (14) that the coverage of particles over the
nner container wall due to the adhered particles increased with
he mass of particle loss for specific particle size; and for a cer-
ain amount mass of particle loss, the coverage of particle over
he inner wall was increased with decreasing particle size. It thus
an be concluded from Fig. 6 that particle coverage on the inner
ontainer wall arising from the adhesion of adipic acid particles
ncreased with decreasing particle size. The layer of adhered par-
icle altered the particle wall contact from particle–wall contacts
o particle-adhered particle contacts. This further influenced the
article electrification process. This effect appeared to be more
ronounced for particles of smaller size fractions.

For adipic acid particles of larger size fractions (a, b, c, d),
urface specific charge density increased with increasing particle

ize. Two factors may contribute to this observation. Firstly, big-
er particles experienced larger deformation as a result of higher
mpact velocity associated with larger inertia in the mixer, which
esulted in larger charge transfer (Matsusaka et al., 2000; Ema
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t al., 2003). Secondly, coverage of particles over the inner wall
f container was lower for bigger particles as discussed earlier.
article coverage over inner container wall resulted in charge
backflow” through particle colliding with particle-coated wall
s discussed earlier. The lower particle surface coverage of the
nner container wall had led to smaller charge “backflow” as dis-
ussed and also demonstrated in Eq. (11). Both effects resulted
n bigger particles having larger specific surface charge den-
ities. For particles of smaller size fractions (d, e, f), specific
harge densities were found to be more or less the same. This
ould be due to the ease of contact between free moving particles
nd adhered particles. Effects of surface modification of particle
rocessing devices on particle charging were also reported by
ilbeck et al. (2000) and Murtomaa et al. (2004). Dependence
f specific surface charge density was found to be directly pro-
ortional to particle size (averaged particle size). This indicated
hat particle charge was proportional to particle size raised to the
owder of 3. Surface specific charge densities were found to be
lmost the same for particles mixed at different rotation speeds
n the stainless steel container. This is consistent with the charge
ccumulation process shown in Fig. 3.

.1.4. Relative humidity
Particles will adsorb/desorb moisture from the surroundings

f exposed to a higher/lower relative humidity environment. The
resence of moisture residues at the surface of particles can alter
he conductivity of powder mass, and thereby varying particle
harging characteristics. Adipic acid material and MCC parti-
les were employed to investigate the equilibrium charge values
t 25 ◦C and the relative humidity from 25% to 85%. Dynamic
apor Sorption analysis (DVS: SMS, UK) revealed that unsieved

dipic acid material was not hygroscopic at 25 ◦C. The moisture
orption curve for MCC by DVS is presented in Fig. 7. Water
ontent for monolayer coverage was found to be around 4%
w/w) at the corresponding relative humidity of about 25%. The

ig. 7. Adsorption isotherm of moisture by MCC powders at 25 ◦C. (�) Experi-
ental; (—) GAB model. Point “B” characterizing monolayer moisture content.
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ig. 8. Specific charge density of MCC particles acquired in the stainless steel
ontainer of the T2F Turbula mixer operated at the rotation speed of 49 rpm and
he temperature of 25 ◦C for various relative humidity from 25% to 85%.

ixing times used were 15 and 40 min for MCC and adipic acid
articles, respectively, to ensure that the particles were fully
harged. It was found that under the conditions investigated the
nfluence of relative humidity on the adipic acid particle charg-
ng was negligible. Fig. 8 presents the saturated electrostatic
harges of MCC particles over various relative humidity at the
emperature of 25 ◦C. Unlike adipic acid particles, MCC par-
icles were found to be having a higher saturated static charge
alues at lower relative humidity.

.2. Horizontally oscillating mixer

.2.1. Particle charging
In addition to the Turbula mixer, particle charging in another

ype of mixer, a horizontally oscillating mixer, was also inves-
igated for various particles in the controlled environment. The

ixer was operated at the frequency of 2.5 Hz under the same
nvironment as the Turbula mixer, that is, the temperature of
5 ◦C and the relative humidity of 25%. Fig. 9 presents the
inetics of electrostatic charging processes in the mixer for
dipic acid, MCC and glycine particles, respectively, and the cor-
esponding saturated electrostatic charges were −3.67 ± 0.48,
.71 ± 0.33, and 3.85 ± 0.12 nC/g. Like particle electrification
n the Turbula mixer, adipic acid particles acquired negative
harges, and MCC as well as glycine particles obtained posi-
ive charges in the horizontal oscillating mixer. However, the

agnitudes of equilibrium particle charges were much larger in
he horizontally oscillating mixer compared to those in the Tur-
ula mixer, especially for glycine particles. The increase in the
quilibrium particle electrostatic charges could be caused by dif-
erence in particle–mixer relative motion in mixer. In the Turbula
ixer particles experienced rotation, translation, and inversion
otions whilst in the horizontally oscillating mixer particles
ainly slide against the wall. This sliding frictional motion
aused an increase in the apparent contact area and resulted in
n increase in the particle charging compared to impact domi-
ant charging process. The observations that particles were more
harged by the sliding motion than in direct impact are in agree-
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ig. 9. Electrostatic charges acquired at various operating time in a stainless ste
elative humidity of 25% for various particles: (a) adipic acid; (b) MCC; (c) gly
a) and Eq. (10) for (b) and (c).

ent with previously reported research work (Yoshida et al.,
003; Ema et al., 2003).

Charge accumulation processes for MCC and glycine parti-
les in the horizontally oscillating mixer were found to follow
imilar trends as those in the Turbula mixer where particle elec-
rostatic charges increased with time until they reached saturated
alues. Time constants for the horizontally oscillating mixer
ere found to be 2.3 and 2.5 cycles for MCC and glycine, respec-

ively. However, very different charging process was observed
or adipic acid in the horizontally oscillating mixer. It was found
hat adipic acid particles firstly acquired negative electrostatic
harges rapidly upon onset of the mixing operation, reached a
axima of about −6.5 nC/g around 7 cycles, after which particle

cquired charges started to dissipate, and finally equilibrated at
round −3.7 nC/g after 40 cycles. The data obtained were well
tted with a double-exponential function (Ohara, 1988) with the

ime constants of τ1 = 3.2 and τ2 = 5.7 cycles, respectively. Time

onstant τ1 = 3.2 for adipic acid was comparable with 2.3 for
CC and 2.5 for glycine. The time constant τ2 = 5.7 suggested

hat another slower process could be simultaneously affecting
he particle charging process for adipic acid.

t
b
m
t

tainer of the horizontally oscillating mixer at the temperature of 25 C and the
(�) Experimental measurement; (—) fitted with two-exponential equation for

Fig. 10 shows the mass loss with time due to particle–wall
dhesion for adipic acid, glycine and MCC particles in the hor-
zontally oscillating mixer at the temperature of 25 ◦C and the
elative humidity of 25%. It can be observed that mass losses
or MCC and glycine particles were negligible, similar to the
ase of Turbula mixer. However, mass loss for adipic acid parti-
les as a result of particles adhering to the inner container wall
ncreased with mixing time and the percentage of mass loss rel-
tive to particle mass initially loaded was as high as 50% after
0 cycles.

The different charging characteristics may be attributed to
his difference in particle–wall adhesion behavior. As discussed
arlier with respect to particle charging in the Turbula mixer,
CC and glycine particles collided directly with stainless steel
all causing charges to be generated and accumulated to an equi-

ibrium value as described by Eq. (10). However, for the case
f adipic acid, particle wall adhesion was found to be present in

he mixing process, affected by the particle size and enhanced
y the electrostatic charges. Meanwhile, particle wall adhesion
odified the particle wall contact behavior, and thereby par-

icle electrification process. The mutual interaction of particle
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Fig. 11. Electrification of adipic acid particles with two different size fractions
in the horizontally oscillating mixer operated at the temperature of 25 ◦C and the
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perating time due to particles adhering to the inner wall of stainless steel con-
ainer of the horizontally oscillating mixer at the temperature of 25 ◦C and the
elative humidity of 25% for (�) glycine; (�) adipic acid; and (�) MCC.

harging and wall adhesion resulted in rapid particle electrostatic
harge generation and accumulation at the onset of mixing oper-
tion, followed by slow charge dissipation, and finally arrived
t the equilibrium value (Fig. 9a). This kind charging behavior
an be described using Eq. (11). Mutual interaction of particle
harging and wall adhesion led to the first order increase in the
article losses due to the wall adhesion as shown in Fig. 10.

.2.2. Particle size
Compared to adipic acid particles, the mass losses of MCC

nd glycine particles were negligible. The relative magnitudes
f removal and adhesion forces determined whether particles
ould adhere to the wall or not. The removal force was asso-

iated with particle inertia, which was directly proportional to
3. The particle wall adhesion force composed mainly of van
er Waals and electrostatic forces if water capillary force was
egligible. The van der Waals attraction force was proportional
o particle diameter according to the JKR model (Johnson et
l., 1971), and in the absence of external electrical field the
lectrostatic force on a charged particle contact with electri-
ally conducting substrate was directly proportional to q2 and
nversely proportional to d2 (Feng and Hays, 2003). If assuming
hat surface specific charge density did not depend on particle
ize and the particle was spherical, the electrostatic force was
n effect proportional to the diameter square (d2). This analysis
uggested that if surface specific charge density was constant
particle size independent), particles having smaller size would
end to adhere to the wall more readily. Therefore adipic acid
dhesion to the wall could be eliminated if the particle size was
arger enough, and the corresponding charging behavior would
e different.

To verify the above analysis of particle size effect on particle
all adhesion and hence particle electrification, adipic acid par-
icle samples of different size fractions were obtained for inves-
igations in the horizontally oscillating mixer under the same
perational condition and experimental environment. Fig. 11(a)
resents the particle mass loss arising from particle adhesion to

(
r
fi
p

articles loaded; (b) particle electrification kinetics. (�) Adipic acid particles of
ize fraction 150–180 �m; (�) adipic acid particles of size fraction larger than
00 �m; (—) fitted with two-exponential equation; (—) fitted with Eq. (10).

he wall for the two different size fractions, namely size fractions
and e as shown in Table 2. As expected, it can be clearly seen

hat in the case of larger particles, size fraction a in Table 2, there
as indeed no noticeable particle loss in the first 10 cycles and
egligible particle loss over the next 50 cycles (less than 4%). In
he case of smaller particles (size fraction e in Table 2), adipic
cid particles were found to adhere appreciably to the inner wall
f mixer container and the adhesion particle mass loss was found
o increase with mixing cycles up to a saturated value of about
0% at 60 cycles. Fig. 11(b) shows the corresponding specific
article charge measurements at different mixing cycles for the
wo different size fractions. Adipic acid particle of size fraction
in Table 2 acquired electrostatic charges with increased mixing
ycles until reaching a saturated value of around −10 nC/g and
xhibited the same trend as those for MCC and glycine particles
lbeit of negative polarity. However, smaller adipic acid particles

size fraction e shown in Table 2) firstly acquired static charges
apidly, then reached a maximum value around −9 nC/g, and
nally equilibrated at a smaller saturated value of −6 nC/g. This
article electrification behavior was similar to that of unsieved



K. Zhu et al. / International Journal of P

Fig. 12. Surface specific charge density after mixing for 60 cycles in the hori-
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ontally oscillating stainless steel mixer for adipic acid particles of various size
ractions. The detail information for the characteristics of adipic acid particles
or various size fractions can be found in Table 2.

dipic acid materials. This observation confirmed that differ-
nt charging characteristics of unsieved adipic acid material and
ne adipic acid fraction, compared to coarse adipic acid frac-

ion, MCC and glycine, were indeed due to adhesion of particles
nto the mixer container wall.

Fig. 12 shows the surface specific charge density measured
t the temperature of 25 ◦C and the relative humidity of 25% for
arious particle size fractions of adipic acid particles. It showed
hat the surface specific charge density was larger for larger
articles. This observation was also consistent with the findings
n the Turbula mixer.

. Conclusions

The electrification behaviors of adipic acid, MCC, and
lycine particles in the Turbula and horizontally oscillating
ixers were measured using a Faraday cage. The influence of

otation speed, particle size distribution, mixer type and relative
umidity on particle charging characteristics were investigated.
onclusions obtained from the current work are summarized in

he following point form:

1) Unsieved and fine adipic acid particles were found to stick
to the inner wall of the mixer container and the amount in
particles adhering on the wall increased with mixing time.
The increase in the amount of particles adhering on the wall
was due to enhanced particle wall adhesion arising from the
increase in electrostatic force.

2) The level of adhered particles covering the inner wall of
mixer container can proportionally alter the particle–wall
contacts to particle-adhered particle contacts, which caused
particle charge to increase initially with mixing time then
decrease to a smaller saturated value with additional mixing
time.

3) The charging profiles for unsieved and fine adipic acid par-

ticles were different from those of coarse adipic acid, MCC
and glycine particles where particle charge increased mono-
tonically with mixing time until reaching to saturated charge
levels. This difference in charging kinetics was due to the

B

B

harmaceutics 328 (2007) 22–34 33

presence of particles adhering to the inner wall of mixer
containers.

4) Specific surface charge densities were found to increase
with increasing particle size for larger particle size fractions
and more or less constant for smaller particle size fractions.
These size dependent specific surface charge densities were
believed to be due to the combined effects of both particle
inertia and particle wall coverage.

5) Mass loss of particles due to particle wall adhesion was
found to be negligible for MCC and glycine particles. MCC
and glycine particles were found to be charged to the satu-
rated charge values much faster than adipic acid particles,
and the difference in charging kinetics was believed to be
due to the presence of adhered particles at the mixer inner
container wall.

6) Fine particles may be lost through particle wall adhesion
in the mixer when mixing fine and coarse particle together,
for example, during mixing of fine drug particles and larger
carrier particles in dry powder inhalation formulation devel-
opments. The results obtained from current work can be
useful as a guide for possible consequences during particle
mixing operations.

Particle electrification in the mixer reported in this study can
e used to quantify the electrostatic charge interactions between
harmaceutical powders and equipment surfaces. The interac-
ions provide information regarding the behavior of pharma-
eutical powders. The inter-play between particle electrostatic
harge and particle wall adhesion as discussed in this work
re relevant to many pharmaceutical operations. Data of charge
ropensity of pharmaceutical powders to appropriate contact
urfaces is very useful for formulation and processing engineer-
ng in the design and manufacture of pharmaceutical operation
ystems.
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