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Introduction

Powder density is one of the basic properties dictating 
the effi ciency of many processes [1]. Powder densities are 
typically quantifi ed as apparent (bulk), tapped, relative, and 
true (absolute) densities [2]. The apparent density of a powder 
is the ratio of the mass of an untapped powder sample and 
its volume including the contribution of inter-particulate 
void volume [3,4]. International standard test methods for 
powder apparent density have been defi ned in various fi elds. 
Powder apparent density measurement methods standardized 
by International Organization for Standardization (ISO) 
include ISO 697 (Surface active agents – Washing powder - 
Determination of apparent density – Method by measuring 
the mass of a given volume), ISO 3923-1 (Metallic powders-
Determination of apparent density-Part 1: Funnel method), 
ISO 9161 (Uranium dioxide powder-Determination of apparent 
density and tap density), ISO 23145-2 (Fine ceramics (advanced 
ceramics, advanced technical ceramics) - Determination of 

bulk density of ceramic powders – Part 2: Untapped density), 
and so on. These methods can measure the apparent density 
by calculating the mass of powder placed in a known volume 
container after passing through a funnel with a certain size 
orifi ce in a hoper of a certain height. To apply these methods, 
the powder must have fl owability to pass through the orifi ce of 
the funnel. For powders that could not pass through the orifi ce 
due to low fl owability, various studies have published methods 
to measure the apparent density using modifi ed devices such 
as orifi ce size adjustment, vibrating funnel, modifi ed feeding 
system, and so on [5-8].

Flowability is defi ned as the ability of a powder to fl ow 
freely regularly and constantly [9]. Flowability is affected by 
various properties of the powder. Ansari et al. have reported 
that powder fl owability is not an inherent material property, 
but the result of a combination of many factors such as 
particle size, shape, particle interaction, packing fraction, 
fl ow rate, temperature, humidity, and electrostatic charge 
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[10]. Stavrou et al. have also reported that powder fl ow is not 
an inherent material property but is dependent on material 
physical properties [11]. In the present study, a density 
measurement device using piezoelectric energy was developed 
to measure the apparent density of low-fl owability powder. 
Piezoelectric transducers can be used to convert kinetic 
energy (i.e., mechanical vibration) into electrical energy 
(direct piezoelectric effect) or vice versa (inverse piezoelectric 
effect) [12-15]. These piezoelectric transducers are widely used 
because of their merits of simple structure, fast response, and 
low power consumption [16]. Fo r example, a quartz crystal 
microbalance (QCM) is based on the piezoelectric effect that 
occurs in crystalline materials of certain crystallography [17]. 
QCM has been used to measure a mass variation per unit area 
by measuring the change in frequency of a quartz crystal 
resonator. QCM has been reported of exceptional importance in 
the fi elds of (bio)sensors, material science, and environmental 
monitoring [18]. Also, piezoelectric microbalance has been 
applied as a transducer for the mass of vacuum-deposited 
fi lms and the mass of vapors and gases adsorbed by coatings 
on the crystal surface [19].

Ultrasonic vibration systems using piezoelectric transducers 
have been applied to various fi elds [20-22]. In this study, we 
developed a density measurement system using a piezoelectric 
transducer for measuring low-fl owability powder. This system 
is similar to a conventional density measurement device except 
that it generates mechanical vibration to pass through a hole 
such as an orifi ce. 

In this study, three types of commercial zeolites were 
selected as low-fl owability powders. Zeolites are crystalline 
inorganic microporous solids formed by TO4 tetrahedra (with 
T=Si, Al, P, Ge, B, among others), whose structures enclose 
channels and/or cavities of varying size and shape [23,24]. 
Due to their specifi c pore sizes and large surface areas, zeolites 
have the potential for a wide range of applications such as 
molecular sieves, adsorbents, and catalysts [25,26]. It has been 
reported that the particle size of zeolite can affect reactivity 
[27,28]. To improve the performance of zeolite, it is necessary 
to apply smaller-size zeolite. However, particle size reduction 
can negatively impact powder fl owability [29,30]. Therefore, in 
this study, we fi rst studied the effects of the characteristics of 
three types of commercial zeolites on fl owability and attempted 
to verify the density measurement protocol of the apparent 
density measurement system using piezoelectric energy. 

Materials and methods

Zeolite samples

Zeolite-beta (ACS Material LLC, USA), zeolite-Y (Zeolyst, 
USA), and ZSM-5 (ACS Material LLC, USA) referred to as Z-B, 
Z-Y, and Z-5, respectively, were selected in this study. They 
are widely used as adsorbents and catalyst supports. Zeolite 
samples were heated in a convection oven for over 6 h at 110℃ 
and cooled in a vacuum desiccator to room temperature. 

Characterization

Flowability and cohesion of zeolite were measured using 
a Powder Rheometer (FT4, Micromeritics). This powder 

rheometer can measure fl ow resistance while the blade moves 
through the zeolite powder. By measuring the rotation and 
vertical resistance while the blade moved through the powder, 
torque, and force values were obtained and then used as 
powder fl ow resistance. In this way, Flow Function (FF) and 
cohesion were measured. Chemical compositions of zeolites 
were analyzed by XRF (X-ray Fluorescence, ZSX Primus 
Ⅳ, Rigaku), Specifi c surface area and pore characteristics 
(pore size and volume) were analyzed using N2 adsorption & 
desorption equipment after pretreatment at 150℃ for over 
6 h. The shape of zeolite particles was analyzed by FE-SEM. 
Average particle size and size distribution were analyzed by 
particle size analyzer. Ethanol was used as a zeolite dispersion 
solvent. Before analysis, agglomerated particles were dispersed 
for 3 min using an ultrasonic dispersion device. 

Apparent density measurement system using piezoelec-
tric energy

Figure 1 shows a conceptual diagram of the apparent 
density measurement system using piezoelectric energy. It 
was designed to allow zeolite powder to easily pass through 
the sample holder by applying a piezoelectric transducer that 
could generate an ultrasonic vibration on a mesh plate. Figure 
2(a) shows a mesh plate and Figure 2(b) shows a mesh hole 
designed in the form of a sieve net consisting of several mesh 
holes in the center. Zeolite powder on the funnel could pass 
through the mesh hole moved by the piezoelectric energy. 

The mesh plate was designed to have an O.D. of 38 mm and 
an I.D. of 14 mm. The mesh hole was designed to have a square 
shape with an area of 0.5 mm × 0.5 mm. The mesh hole size 
was determined based on results obtained from a conventional 
apparent density measurement device. The piezoelectric 
transducer was manufactured by attaching piezoelectric 
ceramic to a mesh plate. In this study, piezoelectric ceramic 
with a thickness of less than 0.5 mm and an I.D. of 10 mm 
was used. The piezoelectric transducer was connected to an 
oscilloscope and set a frequency where the phase difference 
between the input voltage and the consumed current is 00 (or a 
frequency where the phase difference is close to 00).

Figure 1: Schematic of an apparent density measurement device using piezoelectric 
energy.
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requires measurement of consolidated stress required to shear 
a powder bed under a series of normal consolidation stresses 
[33]. Major principal stress (σ1) and unconfi ned yield strength 
(σc) were identifi ed through Mohr stress circles fi tting to each 
yield trajectory. The ratio of the two can be expressed as a fl ow 
function (FF) as shown in equation (2) 

  ó1Flow Function FF
óc

                (2)

Where σ1 is the principal stress and σc is the unconfi ned yield 
strength.

Table 1 shows results at a vertical stress of 3 kPa. The higher 
the FF, the better the fl owability. In this study, Z-B had the 
best fl owability, followed by Z-5 and Z-Y. According to Jenike’s 
FF classifi cation, Z-Y and Z-5 with 2 < FF < 4 had a ‘cohesive’ 
fl ow behavior and Z-B with 4 < FF < 10 had an ‘easy-fl owing’ 
behavior [34].

In addition, as shown in Table 1, the cohesion of Z-Y was 
the highest, followed by Z-5 and Z-B. This means that powders 
with higher cohesion have lower fl owability. This result has 
also been reported by other researchers. Leung et al. have 
reported that fl ow function (FF) is predominantly governed by 
cohesion [35]. Wilkinson et al. have also reported that more 
cohesive powder shows poorer fl owability (higher fl ow energy) 
[36]. 

To determine the effects of the characteristics of zeolite 
powder on fl owability, the chemical compositions of zeolite 
powders were analyzed by XRF. Results are summarized in 
Table 2. All zeolites contained more than 90% SiO2. Z-B and 
Z-Y had slightly higher SO3 than Z-5. Z-B had higher CaO 
content than other zeolites but had lower contents of SO3 and 
CaO (below 0.5wt. %). However, the chemical compositions of 
zeolites were found to be similar to each other. 

Table 3 shows the results of the specifi c surface area, pore 
size, and volume of zeolites. Z-Y had the highest specifi c 
surface area, followed by Z-B and Z-5. However, Z-B had the 
largest pore volume, followed by Z-Y and Z-5, unlike results 
for the specifi c surface area. This was because the pore size of 

Measurement of apparent density

To measure the apparent density of zeolite powder, the 
mass (m0) of a measuring container with a known empty 
volume was measured. The container was placed at the bottom 
of the funnel. According to the ISO 23145-2 standard, zeolite 
powder was put into a funnel with orifi ce sizes of 2.5, 5.0, and 
10.0mm, respectively. Whether it passed through the orifi ce 
was then determined. If the zeolite powder passed through 
the orifi ce, the powder was allowed to fl ow into the measuring 
container until the container was fi lled with the powder and 
the powder overfl owed its periphery. After removing the cone 
of surplus powder by cutting it fl at with a sample knife, the 
mass of the measuring container containing the sample was 
measured (m1). The apparent density of zeolite powder was 
obtained according to the following equation (1):

 3 1 0Apparent density /   
m m

g cm
V


                (1)

Where m0 was the mass of the empty measuring container 
(g), m1 was the mass of the measuring container full of the 
powder (g), and V was the volume of the measuring container 
(cm3).

When utilizing the apparent density measurement system 
using piezoelectric energy, each type of zeolite was added into 
the funnel shown in Figure 1. Vibration was then generated 
on the mesh plate to which the piezoelectric transducer was 
applied. Zeolite powder then passed through the mesh hole. The 
apparent density was determined with the same procedures as 
described in ISO 23145-2.

Results and discussion

Characteristics of zeolite 

Table 1   shows fl ow function and cohesion results with a 
Powder Rheometer. Rheology is the study of the deformation 
and fl ow of matter [31]. Flow function measured with a 
Powder Rheometer represents the relationship between 
shear stress and normal stress of zeolite powder. The shear 
stress was plotted in terms of the normal stress, which is also 
known as τ-σ diagram [32]. The higher the shear stress for 
a given normal stress, the lower the fl ow of the powder. The 
shear testing protocol developed by Jenike in 1964 has been 
commonly used to characterize powder fl ow. This protocol 

Figure 2: Diagram of mesh plate and mesh hole.

Table 1: Flow function and cohesion of Z-B, Z-Y, and Z-5.

Z-B Z-Y Z-5

Flow function(FF) 4.28 2.43 3.89

Cohesion(kPa) 0.338 0.684 0.397

Table 2: Chemical compositions of Z-B, Z-Y, and Z-5.

(unit: wt.%)

Z-B Z-Y Z-5

SiO2 93.7 93.9 93.6

Al2O3 5.75 5.71 6.13

SO3 0.241 0.242 0.061

CaO 0.110 0.006 0.017

Minor
(< 0.1%)

Na2O, MgO, P2O5, Cl, 
Fe2O3, CuO, Rb2O, Y2O3, 

SnO2, BaO

Na2O, P2O5, Cl, TiO2, Fe2O3, 
NiO, CuO, As2O3, SrO, ZrO2, 

SnO2, BaO

Na2O, K2O, TiO2, 
Fe2O3, Br, ZrO2, 

SnO2, BaO
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Z-B was relatively large, resulting in a large total pore volume, 
whereas Z-5 had micropores of less than 2 nm. Thus, the 
total pore volume of Z-5 was relatively low. Fitzpatrick et al. 
have reported that the particle surface area per unit mass is 
increased when particle size is decreased. When the specifi c 
surface area is increased, the surface area to interact is also 
increased, resulting in a more cohesive fl ow behavior [37]. 
In this study, Z-Y, which had the highest specifi c surface 
area, had the lowest fl owability. However, the fl owability and 
specifi c surface area didn’t match for Z-B and Z-5. Abdullah et 
al. have also reported that the higher the specifi c surface area, 
the lower the fl owability [38]. Their result was because the 
specifi c surface area increased as the particle size decreased 
in the same type of particulate material. However, such a 
result was not shown in the present study because zeolites had 
different pore characteristics.

Figure 3 shows the particle size distribution of zeolites. 
Z-B and Z-Y showed a normal distribution with mean sizes of 
about 450 nm and 750 nm, respectively, while Z-5 showed a 
double particle size distribution at 3.5 um and 80 um. Thus, the 
particle size of Z-5 was not uniform. Rosland Abel et al. have 
reported that when the particle size is reduced, the fl owability 
is also reduced generally [34,39]. However, in the present 
study, Z-B having the smallest average particle size had the 
highest fl owability. Other researchers have also reported that 
fl owability is increased when powder has a narrower size 
distribution [40,41]. However, in the present study, Z-Y having 
the narrowest particle size distribution showed the lowest 
fl owability, different from the results of previous studies.

FE-SEM was used to examine the particle size and shape 
of zeolite particles. Results are shown in Figure 4. Z-B showed 
a shape in which small particles less than 100 nm were 
agglomerated. Z-Y had an irregular shape with a larger size. 
Although Z-B and Z-Y had uniform particle sizes, Z-5 had 
particles of various sizes, similar to the results of particle size 
analysis. Although particle size analysis results revealed that 
Z-B had a wide size distribution with particle sizes of 100 nm 
or more, FE-SEM showed that smaller particles of Z-B were 
agglomerated. This indicates that Z-B cannot be dispersed 
into primary particles even through ultrasonic dispersion. 
The above results, including fl ow function and particle size 
distribution, are for agglomerated secondary particles. 

Many researchers have r eported that powder fl owability is 
affected by shape factors [31,42]. We calculated the round ness 
and circularity of each zeolite particle based on an FE-SEM 
image using Image J software (version 1.54) [43]. Open the SEM 
image in the Image J program, and separate the color of the 
target particle and the background using the internal software. 
And then, select the range of particles to be measured using the 

threshold, and then calculate the size, roundness, etc. Results 
are shown in Figure 4 and Table 4. 

When measuring the apparent density of zeolite, the size 
of the orifi ce (or mesh hole) that the zeolite particle must pass 
through was 2.5 to 10.0 mm. When passing through the orifi ce 
(or mesh hole) of this size, zeolite particles are expected to 
pass in a state of agglomerated secondary particles rather than 
in a state of primary particles. Thus, we analyzed the Roundness 
and Circularity of secondary particles using ImageJ software. 
Results shown in Table 4 are average values of Roundness and 
Circularity results from three FE-SEM images. The Roundness 
of zeolite secondary particles was calculated with equation (3) 
[44,45]: 

4
Roundness  2ð R

A



              (3)

Where A was the area of the zeolite particle and R was the 
large axis of the zeolite particle.

Table 3: Specifi c surface areas and pore characteristics of Z-B, Z-Y, and Z-5.

Characteristics Z-B Z-Y Z-5

BET Surface Area (m²/g) 562.81 872.66 394.27

t-Plot Micropore Area (m²/g) 240.40 766.61 384.98

Total pore volume (cm³/g) 0.756 0.522 0.187

Ave. pore size (nm) 5.37 2.39 1.90
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Figure 3: Particle size distribution of Z-B, Z-Y, and Z-5.
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Z-B had the highest Roundness of about 0.67, followed by 
Z-5 and Z-Y. Kim et al. have reported that cohesiveness is 
stronger for powders with low roundness and explained that 
this is due to friction between oval-shaped particles or particles 
with satellite powders [34]. 

Particle Circularity is the degree to which particles resemble 
a circle. It was calculated with equation (4) [46]:

4
Circularity  2

A

P


                (4)

Where A was the area of the zeolite particle and P was the 
perimeter length of the zeolite particle.

Z-B also had the highest Circularity of 0.76, followed by Z-5 
and Z-Y, similar to the results of Roundness. Liu et al. have 
performed theoretical analysis and reported that irregularly 
shaped particles have poor fl owability [41]. This study also 
found that the lower the Roundness and Circularity, the lower 
the fl owability. 

Additionally, the irregularity of each zeolite was analyzed 
using ImageJ software. Irregularity evaluates the irregularity of 
particle shape based on the relationship between the diameter 
of the maximum inscribed circle (dimax) and that of the minimum 
circumscribed circle (dcmin). It was calculated with the following 
equation: 

Irregularity  
dimax
dcmin

                   (5)

Where dimax was the diameter of the maximum inscribed 
circle and dcmin was the diameter of the minimum circumscribed 
circle.

When irregularity is close to 1, the particle is closer to having 
a sphere shape. As shown in Table 4, the Irregularity of Z-B was 
1.50, which was the closest to 1, followed by Z-5 and Z-Y. These 
results were similar to the results of Roundness and Circularity. 
Various researchers have reported that spherical agglomeration 
or crystallization can improve the fl owability [47-49]. It was 
believed that agglomerated secondary particles of Z-B showed 
higher fl owability than other zeolites due to their relatively 
high sphericity.

Apparent density measurement of zeolite

In this study, the apparent density of zeolite was fi rst 
measured according to the ISO 23145 Fine ceramics (advanced 
ceramics, advanced technical ceramics) - Determination of 
bulk density of ceramic powders – Part 2: Untapped density. 
According to the standard, if the sample cannot fl ow through 
the orifi ce funnel with a diameter of 2.5mm, an orifi ce funnel 
with a diameter of 5.0 mm could be used. As a result of 
apparent density according to the standard, Z-Y and Z-5 failed 
to pass the orifi ce funnel with diameters of 2.5 and 5.0 mm. 
Only Z-B passed the 5.0 mm orifi ce funnel as shown in Table 5. 
As described previously, according to Jenike’s FF classifi cation, 
Z-B was ‘Easy-fl owing’ while Z-Y and Z-5 were ‘Cohesive’. 
This characteristic was revealed when the apparent density 
was measured.

When apparent density was measured with a density 
measuring device that applied piezoelectric energy, simulation 
was fi rst performed for acceleration changes according to mesh 
plate voltage. Figure 5 shows acceleration results for each 
piezoelectric transducer position at the resonant frequency. 
Change in acceleration according to voltage was expressed 
numerically, targeting the center with the highest acceleration. 

In this simulation, equations ( 6 ) ~ (8) were applied to 
calculate acceleration [50]. Displacement of the piezoelectric 
transducer can be expressed with equation (6). When 
differentiated with time, it can be expressed as equation (7) for 
velocity and equation (8) for acceleration:

   x t Acos t                  (6)

   

(a) SEM image of Z -b(× 100k)  (b) image J of Z -B(×3k)  (c) image J of Z -B(×5k)  

   

(d) SEM image of Z - Y(× 10k)  (e) image J of Z-Y(×5k)  (f) image J of Z -Y(×10k)  

  

(g) SEM image of Z -5(× 10k)  (h) image J Z -5(×5k)  (i) image J Z -5(×10k)  

Figure 4: SEM images and ImageJ analysis of Z-B, Z-Y, and Z-5.

Table 4: The shape factor of Z-B, Z-Y, and Z-5.

Shape of zeolite Z-B Z-Y Z-5

Roundness 2nd particle 0.67 0.60 0.66

Circularity 2nd particle 0.76 0.66 0.71

Irregularity 2nd particle 1.50 1.76 1.58

Table 5: Apparent densities of Z-B, Z-Y, and Z-5 by test method.
(g/cm3)

Test method Z-B Z-Y Z-5

Traditional method

2.5 mm not fl owing not fl owing not fl owing
5.0 mm 0.319 not fl owing not fl owing

10.0 mm
Ave. 0.333 0.183 0.194
S.D. 0.016 0.018 0.013

Piezoelectric energy
Ave. 0.307 0.132 0.154
S.D. 0.006 0.010 0.003
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   v t A sin t                   (7)

   2a t A cos t                   (8)

Where 

x is a displacement (mm);

v is a velocity (m/s);l

a is an acceleration (m/s2); ㄱ

is an angular frequency;

t is a time(sec);

φ is an initial phase constant or phase angle;

A is an amplitude.

In equation (6), the maximum displacem ent is referred 
to as amplitude (A). When applying voltage V = 20V, the 
amplitude result by the simulation and the measurement using 
the laser displacement sensor (LK-H050, KEYENCE) are shown 
in Figure 6. a(t) max value was calculated to be 6.67×104 m/
s2 by simulation, and 5.56×104 m/s2 by measurement, it was 
shown a deviation of approximately 17%.

As the voltage increased, the acceleration increased, which 
meant that the speed of zeolite passing through the metal 
plate hole was increased. As the voltage of the mesh plate 
increased, the measurement time was shortened, which could 
reduce errors such as moisture adsorption of zeolite during the 
measurement process. However, Vpp = 30 was applied and the 
mesh plate was heated. So the optimal voltage was selected at 
about 20 Vpp. 

Table 5 summarizes the apparent density values of 
zeolites measured with a density-measuring device applying 
piezoelectric energy. To confi rm the validity of these results, 
an orifi ce size of the ISO 23145 density measuring device was 
enlarged to 10.0 mm and results were compared. The apparent 
density measured by the density device using piezoelectric 
energy was found to be relatively lower than the density 
measured by ISO 23145 (orifi ce size = 10.0 mm). This was 
due to the sieving effect caused by the vibration of 0.5 mm 
mesh holes, where agglomerated zeolite powder was partially 
dispersed and fi lled into the measuring container. However, 

all agglomerated zeolite powder passed through the 10.0 mm 
orifi ce of the ISO 23145 device and fi lled into the measuring 
container. The standard deviation (SD) for three measurements 
was also calculated to be low with the density device using 
piezoelectric energy, showing more uniform results. 

Conclusion

In this study, we examined factors infl uencing the 
fl owability of zeolite for three types of commercial zeolite with 
low fl owability, designed an apparent density measurement 
device using piezoelectric energy, and verifi ed the apparent 
density measurement protocol of this device. The fl owability of 
zeolite was found to be more affected by the shape of secondary 
particles, such as roundness, circularity, and irregularity, 
rather than by characteristics such as specifi c surface area, 
particle size, or distribution. In addition, on the apparent 
density measurement system using piezoelectric energy, the 
agglomerated zeolite powder was relatively dispersed due to a 
sieving effect of the mesh plate. As a result, the apparent density 
measurement system using piezoelectric energy showed lower 
density values than existing density measurement equipment. 
It also showed more uniform results with a smaller standard 
deviation (S.D).
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