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ABSTRACT: Regenerated cellulose microspheres (RCM) with controllable sizes and architectures are prepared via electrospraying from
environmental-friendly NaOH/Urea aqueous system. The particle size and shape of RCM is mainly dependent on the interplay among
the electrical force, surface tension, and viscous force. Particle size can be reduced to a certain extent by increasing voltage and
decreasing surface tension, electrode spacing, solution concentration, degree of polymerization, and flow rate. The deformation of
droplets, which is peculiarly prone to occur for low viscosity and long electrode spacing, results in elongated spheres, tear-shaped par-
ticles, wedge-shaped particles, and banding shaped particles besides micorspheres. The sophericity and uniformity of particles gener-
ally become worse as a result of the deformation of droplets. RCM possess good porosity and large specific surface area after

regeneration. © 2014 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2014, 131, 40656.
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INTRODUCTION

The demand for the products made from renewable and sus-
tainable resources are rapidly increasing recently. Cellulose, the
most abundant and inexpensive nature polymers, is undoubt-
edly the most prospective renewable polymer resource available
today."? Now, natural cellulose-based materials have been
exploited from traditional cellulosic materials (forest products,
paper, textiles, etc.) to new generation of cellulose-based prod-
ucts such as cellulose film, fiber, microspheres, nanoparticles,
and so forth. Cellulose microspheres, which possess the advan-
tages of dispersity, stability, porosity, and size controllability
over natural cellulose particles, are widely used in chromatogra-
phy,” separation engineering,® biomaterials,™® targeting drug
deliver and release,” and food.®

Several methods have been reported to prepare polymer micro-
spheres, such as polymerization,”'® emulsification and cur-
ing,>"' coagulation and precipitation,'* and spray drying.'>'*
However, above methods more or less have the limitations in
the easiness of operation, controllability of particle size and
shape, and environmental protection. Electrospraying, which
can realize the liquid atomization by means of electrical forces,
has opened new routes to micro- or nano-particle production,
and micro- or nano-capsule formation.'™” Compared to
mechanical atomizers and emulsification, electrospraying lowers
the cost, cuts down the amount of organic solvents required,
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and reduces the environmental impact. In addition, the size of
electrospray droplets can range from hundreds micrometers
down to several tens of nanometer and the size distribution can
usually be narrow.'*?° Fabrication of polymer microspheres via
electrospraying has drawn great attention in recent years. A vari-
ety of synthetic and natural polymers have been successfully for-
mulated into microsphere form via electrosprayed molecular
solutions.”'** However, electrospraying nature cellulose to gen-
erate cellulose microspheres is still a formidable challenge
because the solvents to dissolve cellulose are relatively rare.
From the point of view of economic and environment-friendly,
the widely used no-devrivatization solvents such as N-
methylmorpholine Noxide(NMNO),* lithium chloride/dime-
thylacetamide (DMAc),*® ionic liquids,”” ethylene diamine/salt*®
are still not the suitable solvents for dissolving and electrospray-
ing cellulose. As an aqueous solvent, NaOH/Urea/H,0 is an
ideal “green” solvent system for nature cellulose.”** To our
knowledge, no fabrication of nature cellulose microspheres via
electrospraying from NaOH/urea aqueous system has been
reported. In this article, we first prepared nature cellulose
microspheres with different size and shape via electrospraying
from NaOH/urea aqueous system. This work focuses on the
modes of the liquid jet formation, jet breakup, droplet fission,
droplet deformation, and droplet impact into coagulation bath
and their influence on the physical form of microspheres. The
observed formation of different sizes and shapes is interpreted
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Figure 1. SEM images of typical RCM prepared from cellulose solution of NaOH/urea/H,O.

on the basis of the interplay between electrical force, surface
tension and viscous force. As structurally different particles are
created and the use of organic reagents is avoided, the fabrica-
tion of natural cellulose microspheres via elecrospraying is a
controllable and “green” technology.

EXPERIMENTAL

Materials

Cotton linter pulp board (Hubei Chemical Fiber Group Ltd.,
Hubei Xiangfan) was used as the raw material. Cellulose pow-
ders with different polymerization degree (DP) were obtained
by milling the cotton linter. NaOH, urea, LiCl, dimethylaceta-
mide (DMAc), sodium dodecyl benzene sulfonate (SDBS),
H,S0,4, Na,SO,, ethanol (Nanjing Chemical Reagent Co.), poly-
vinyl alcohol, ethyl cellulose (Sinopharm Chemical Reagent Co.)
are all of analytical grade.

Preparation of Cellulose Solutions

Cellulose in NaOH/urea/H,O: NaOH, urea and distilled water
(NaOH: urea: H,O = 8 wt %:12 wt %: 80 wt %) were mixed to
obtain NaOH/urea aqueous solvent system. An appropriate
amount of cellulose powders was added to the solvent. Then
the mixture was stored in a refrigerator. After being precooled
to —12.5°C, the mixture was vigorously stirred for 10 min. Sub-
sequently, the cellulose solution was degassed through centrifu-
gation at 3000 rpm for 5 min at room temperature. Cellulose
solution containing surfactant was obtained through directly
mixing SDBS with the original cellulose solution. Cellulose/PVA
solution was prepared by mixing cellulose in NaOH/urea/H,0O
and PVA in NaOH/urea/H,0 to form a homogeneous phase.
All the cellulose solutions are preserved at 0-5°C.

Cellulose in DMAC/LICl: Solvent of LiCl in DMAc was heated
up to 110°C with oil bath, then cellulose powders were added
and the mixture was stirred until transparent solution was
obtained during the process of cooling.

Preparation of Regenerated Cellulose Microspheres (RCM)

The used electrospraying setup consists of a syringe positioned
horizontally with its needle at high electric potential and a
grounded metal collector. Cellulose solutions were fed mechani-
cally using a micropump (LSP01-1A; Baoding Longer Precision
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Pump Co.) and the voltage was provided by a high voltage
power supply (Dalian Ting Tong Technology Development Co.).

Cellulose solutions were loaded in the syringe and placed in the
micropump. A flat copper mesh (approximately 10 X 10 cm)
was placed 10-20 cm away from the tip of the needle (1.2 mm
diameter) to collect the microspheres under various operating
conditions. Electrospraying cellulose solutions was conducted
over a wide range of electric field strengths by varying the volt-
age drop (0-15 kV) for a preset distance and using a number of
different flow rates, <50 uL/min. Cellulose solutions of NaOH/
urea/H,0 were solidified in the coagulation bath (Na,SOg:
H,SO4: H,O =5 wt %: 5 wt %: 90 wt %) at room temperature.
The coagulation bath for cellulose solution of DMACc/LiCl was
deionized water. Microspheres from ethyl cellulose in ethanol
were directly collected with slides and aluminum foil. The
obtained RCM were washed five times with deionized water to
remove the residual coagulation mixture.

Characterization

Solution viscosity was measured by rotary viscometer (NDJ-79).
Measurement of surface tension was conducted on contact angle
measuring system (KRUSS, America). The size and shape of
RCM were analyzed using digital camera (IXUS220HS, Canon)
and optical microscope (BX41, OLYMPUS). The surface mor-
phology and porous structure were observed by scanning elec-
tron microscope (SEM; Hitachi, S-4800, Japan). Dimension
analysis of microspheres was made using Image]J software.

RESULTS AND DISCUSSION

Physical and Chemical Properties of Cellulose Microspheres
Morphology. Figure 1 shows the SEM images of typical RCM
prepared from cellulose solution of NaOH/urea/H,O. They are
uniform in particle size and possess good sophericity. The
pores with the average size in the range of 100-200 nm are
distributed throughout the dried microspheres. The formation
of porous structure can be attributed to the high moisture
content (>80 wt %) and freeze drying method. Owing to the
good porosity, the specific surface area of RCM is largely
higher than that of traditional cellulose materials such as fiber
and powder.
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Figure 2. FTIR spectra of natural cellulose (A) and RCM (B).

Chemical Properties. FTIR spectra of nature cellulose (A) and
RCM (B) are illustrated in Figure 2. There is nearly no difference
in the FTIR spectra between natural and regenerated cellulose. The
peaks of both curves are consistent with the standard spectrum of
cellulose, indicating that no chemical change of cellulose molecular
structure occurs during the process of electrospraying. Compared
to natural cellulose, the peak at 3343 cm™ ' of RCM broadens and
moves to higher wavelength. It means that the intermolecular
hydrogen bond is enhanced after regeneration.®® Figure 3 presents
the XRD patterns of natural cellulose and RCM. Natural cellulose
(B) gives diffraction peaks (20) at 15.1°, 16.6°, and 22.7°, which is
consistent with the typical crystal structure of cellulose I. However,
diffraction peaks of cellulose II at 12.3°, 20.1°, and 21.6° appear
for RCM (A). Obviously, the crystal structure changes from cellu-
lose I to cellulose 1T after regeneration.*

Influencing Factors on the Size and Shape of RCM
In the process of electrospraying, a sufficiently strong electric
filed is build-up at the capillary outlet. Charged liquid by

20 (°)

Figure 3. XRD analysis of RCM (A) and natural cellulose (B).
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Figure 4. Schematic presentation of force analysis on the liquid jet in the
cone-jet mode.

induction flows out from the nozzle and forms conically shaped
meniscus called a Taylor cone.'” A balance between the electrical
force of repulsion between like charges at the surface, the sur-
face tension force that oppose an increase in the gas-liquid
interfacial area, electrical repulsion from droplet, viscous force,
and gravity may be assumed to stabilize the Talyor cone at all
points except near the apex, where the tangential forces because
of electric field lines acting on the surface charges accelerate a
jet of charged fluid toward the collector (Figure 4).**** In this
case, the liquid is elongated into a long, fine jet, which can be
smooth and stable (cone-jet mode). During the dropping pro-
cess, the formed liquid jet will undulate and break up into
microspheres as a result of hydrodynamic instabilities caused by
external vibrations and background noise that initiate the prop-
agation of disturbance waves on the surface of the liquid jet.”
The classical theory predicts the cylinder breaks up into homo-
geneously sized elongated or spherical droplets, which further
retract back to form spheres of equal size. The characteristic
size of the droplets formed from a given jet subjected to a par-
ticular electrification is directly related to the wavelength of the
disturbance.®® In our electrospraying experiments, almost
monodisperse RCM were obtained under the right conditions
[Figure 5(A)]. However, in other cases, as the liquid jet flows
from the necks to the bulges, the deformation of the surface
usually induces different fission points.”® The bulge area breaks
up into large droplets, accompanied by smaller satellite droplets
originating from the neck areas, consistent with the presence of
the small microspheres observed, as illustrated schematically in
Figure 5(B). By selecting the surface tension, electrostatic volt-
age, viscosity, flow rate, concentration, electrode spacing, and
electrical conductivity, one can control the fission mode of lig-
uid jet to a certain extent, subsequently, govern the size and
shape of the resulting particles.”” This is indeed observed in
Table L.

Electrical Force. Electrical force, the main driving force for the
breakup of liquid jet, is related to voltage and electrode spacing.
Average diameter (D,,) of RCM reduces significantly from
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Figure 5. Possible mechanisms for the undulate and fission of droplets and the morphology of microspheres. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]

2.5 mm to 885 um with an increase in the voltage in the range
of 0-10 kV. It is consistent with the conclusion that increasing
charge density on the droplets at high voltage promotes the
breakup of liquid jet into smaller droplets.>* The particle size
decreases by rather modest amounts but coefficient variation
(CV) increases obviously when the voltage further increases. For
example, D,, of RCMy;s is merely reduced to 734 um but CV
reaches to 19.1%. In our experiments, stable cone-jet mode is
formed around 10 kV, further increase in the voltage (>15 kV)
gradually destroy the stability of jetting and finally causes irreg-
ular multijet mode. In fact, multijet mode results in the coexis-
tence of small and large microspheres, which directly leads to

Table I. Details of RCM

the limited decrease in D,, and rapid increase in CV.>> As elec-
trode spacing increases from 10 to 25 cm, D,, and CV increase
from 222 to 308 um and 29.0 to 48.7%, respectively. When the
electrode spacing is <10 c¢m, there are lots of nonuniform ellip-
soids observed. The appearance of ellipsoids may be ascribed to
the incomplete retraction of deformed droplets before dropping
into coagulation bath. On the contrary, insufficient breakup
which causes large particle size occurs when the electrode spac-
ing exceeds 20 cm. The bad sophericity may be attributed to
the intense impact into coagulation bath after the acceleration
of droplets in a long distance. Optimized sophericity and the
lowest CV are obtained for the electrode spacing of 15 cm, at

Sample? DP C (wt %) n (mPa ) V (kv) Q (uL/min) D (cm) Shape Day (um) CV (%)
RCMyq 500 8 321 0 10 15 S 2503 6.6
RCMys 500 3 321 5 10 15 S 1156 11.0
RCMv1o 500 3 321 10 10 15 S 885 11.4
RCMy15 500 3 321 15 10 15 S 734 19.1
RCMa1o 361 2 65 10 10 15 S 237 21.7
RCMazo 361 2 65 10 20 15 S, So 322 17.1
RCMazo 361 2 65 10 30 15 S, IS 371 16.1
RCMauo 361 2 65 10 40 15 IS, WS 400 16.2
RCMp10 361 2 65 10 10 10 S, So 222 29.0
RCMp1s 361 2 65 10 10 15 S 237 21.7
RCMp2g 361 2 65 10 10 20 WS, TS 304 31.5
RCMpzs 361 2 65 10 10 25 WS, TS, IS 308 48.7
RCMco 5 500 0.5 6.2 10 10 15 BS - -
RCMc1 500 1 12 10 10 15 TS, So, WS 152 17.8
RCMc» 500 2 115 10 10 15 S 821 12.3
RCMcs3 500 3 195 10 10 15 S 885 11.4
RCMppaoa 404 2 84 10 10 15 S 561 18.7
RCMppse1 361 2 65 10 10 15 S 237 21.7
RCMpp2as 238 2 32 10 10 15 S, WS 170 34.8
RCMpp151 151 2 12 10 10 15 BS - -

@y, solution viscosity; Da,, the average diameter of RCM; CV, coefficient of variation; RCMy, RCMg, RCMp, RCM¢, and RCMpp are RCM under different
voltages (V), flow rates (Q), electrode spacing (D), concentrations (C), and degree of polymerization (DP), respectively.
b3, sphericity; So, spheroidicity; IS, irregular sphericity; TS, tear shape; WS, wedge shape; BS, banding shape.
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Figure 6. Optical images of RCM from different cellulose solutions [A: Ethyl cellulose in ethanol; B: Cellulose in LiCl/DMAc; C: Cellulose in NaOH/
urea/H,0; D: Cellulose in NaOH/urea/H,O mixed with SDBS (1 wt % base on cellulose); E: Cellulose/PVA (cellulose: PVA =50 wt %: 50 wt %) in
NaOH/urea/H,0]. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

which the retraction of droplets is complete while the impact of
acceleration is limited.

Surface Tension. Surface tension is an important factor that
influences the jetting and breakup during the process of electro-
spraying.”® In order to study its influence on the size and shape
of RCM, three different cellulose solutions including ethyl cellu-
lose in ethanol, cellulose in LiCl/DMAc and cellulose in NaOH/
urea/H,O were selected to prepare RCM via electrospraying.
Figure 6 presents the optical images of RCM from different cel-
lulose solutions. It is noted that D,, rapidly decreases when the
solvent system is changed from NaOH/urea/H,O to LiClI/DMAc
and further to ethanol (RCMC, RCMcy, and RCMgc). As other
parameters including voltage, flow rate, and electrode spacing
are set to the same value and the influence of electrical repul-
sion from droplet and gravity is negligible,'” the difference in
D,, can be mainly ascribed to the surface tension and conduc-
tivity of solutions. As seen from Table II, D,, increases with an
increase in both surface tension and conductivity. It is known
that increasing solution conductivity can increase the surface
charge accumulation of droplets. Hence, the fission of sprayed
droplets will be enhanced as a result of the increasing electro-
static repulsive force. It will lead to the reduction of D,,. Surface
tension is a kind of force that tends to maintain the smallest
superficial area and the lowest surface energy, and the increase
in surface tension will hinder the fission of droplets and result
in large particle size. When the solution is changed from
organic solvent to aqueous solvent, the surface tension gradually
increases and RCM with increasing D,, are resulted. Actually,
Smith noticed that a liquid can hardly be atomised by electro-
static forces when its surface tension is higher than 50 mN/m.*
Comparing the final trend of D,, under the competition of sur-
face tension and solution conductivity, it can be concluded that
the former is more crucial than the latter in deciding D,, of
RCM during the electrospraying process. Related report”>* that

the effect of solution conductivity on D, is limited further sup-
ports our viewpoint. So the production of large RCM with D,,
more than 100 um is reasonable.

Based on the conclusion that D,, can be generally tuned by
changing the surface tension, we tried two ways to investigate
the feasibility of controlling D,, for NaOH/urea aqueous system.
Two kinds of cellulose solutions with reduced surface tension
are designed as follows: one is cellulose/PVA in NaOH/urea/
H,O; the other is cellulose in NaOH/urea/H,O mixed with sur-
factant, as seen in Table II. For the cellulose solution containing
PVA, the surface tension decreases from 72.7 to 45.8 mN/m and
D,, of RCMcp is reduced by 43% compared to that of RCMc.
It is noted that the degree of the decrease in D,, is not as much
as that of RCM¢; and RCMgc. For organic solvents such as
DMAc and ethanol, the existing solvent evaporation not only
causes the retraction of droplets but also promotes the Cou-
lomb fission of large droplets into smaller droplets owing to the
increasing surface charge density. However, the process of
breakup cannot continue for NaOH/urea aqueous system since
there is no solvent evaporation and no increase in the surface
charge density. It may be the main reason for the limited
decrease in the particle size of RCM¢p compared to the notable
decrease in the surface tension for the aqueous solvent system.
For the cellulose solution mixed with surfactant (0.5 wt %
SDBS base on cellulose), surface tension is reduced from 72.7 to
41.3 mN/m, which is lower than the 45.8 mN/m of cellulose
solution containing PVA. However, D,, of RCMcgys only
decreases to 203 um, which is much higher than the 130 ym of
RCMcp No essential change of D,, is observed when the addi-
tion of surfactant is increased to 1 wt % (RCMcs;, 185 um)
and 2 wt % (RCMcs,, 182 um). Considering that cellulose solu-
tion mixed with surfactant is not a homogeneous phase system,
we believe that there are not enough surfactant molecules cover-
ing the droplet surface as the fission of droplets continue. As a

Table II. Surface Tension of Cellulose Solutions and Corresponding Particle Sizes of RCM

Samplea RCMEC RCMCL RCMC RCMCP RCMCSQE, RCMCSl RCMC52
a (mN/m) 20.5 36.6 72.7 45.8 41.3 29.2 28.4
K (msfcm) 0.045 3.41 372 368 361 356 355
Day (um) 2.5 21 237 130 203 185 182

, surface tension; K, solution conductivity.

@RCMec, RCMcr, RCMc, RCMcp, RCMcso.s, and RCMcs1 represent RCM from ethyl cellulose in ethanol, cellulose in LiCI/DMAc, cellulose in NaOH/
urea/H0, cellulose/PVA (cellulose: PVA =50 wt %: 50 wt %) in NaOH/urea/H>0, cellulose in NaOH/urea/H-0 mixed with 0.5 wt % SDBS (base on
cellulose), cellulose in NaOH/urea/H>0 mixed with 1 wt % SDBS, and cellulose in NaOH/urea/H>0 mixed with 2 wt %, SDBS respectively.

Mnh\"‘lfu-'§ WWW.MATERIALSVIEWS.COM
1

40656 (5 of 8)

J. APPL. POLYM. SCI. 2014, DOI: 10.1002/APP.40656

Applied Polymer L


http://wileyonlinelibrary.com
http://onlinelibrary.wiley.com/
http://www.materialsviews.com/

ARTICLE

300um

WILEYONLINELIBRARY.COM/APP

Applied Polymer

'."“
‘-'hh
¥
-

'ﬁ.* _';‘.#

-

S 14
30
¥
'\'-,_{:l.
"'o‘.i .

Figure 7. Optical images of RCM from different cellulose solutions [A: Ethyl cellulose in ethanol; B: Cellulose in LiCl/DMAc; C: Cellulose in NaOH/
urea/H,0; D: Cellulose in NaOH/urea/H,O mixed with SDBS (1 wt % base on cellulose); E: Cellulose/PVA (cellulose: PVA =50 wt %: 50 wt %) in
NaOH/urea/H,0]. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

result, the real surface tension of droplets after breakup could
be higher than that measured by drop weight method. The het-
erogeneous distribution of surfactant may also cause the varia-
tion of surface tension and asymmetrical retraction of droplets,
which further result in tear-shaped particles and irregular par-
ticles with tails besides microspheres [as seen in Figure 6(C)].

Viscous Force. Viscous force, the expression of intermolecular
friction and entanglement, is related to the solution viscosity.
Typically, the viscosity of polymer solution depends upon the
solution concentration and molecular weight.*"** As seen in
Table I, there is an increase in the viscosity with an increase in
both concentration and DP. Figures 7 and 8 present the optical
images of RCM from cellulose solutions with different concen-
trations and DP. At the concentration of 0.5 wt %, there are no
microspheres but banding-shaped particles observed. Ellipsoid,
tear-shaped, and wedge-shaped particles are obtained with the
concentration of 1 wt %. Uniform microspheres with no
obvious defects appear when the concentration reaches to 2 and
3 wt %. The effect of DP on the particle size and shape is simi-
lar to that of concentration.

The phenomenon of the deformation of spherical droplets into
other shapes has been observed and reported.*>* It can be
explained qualitatively as follows. Generally, droplets will retract
back to form spherical microspheres under the action of surface
tension. However, a charged droplet is typically elongated into
an ellipsoid, banding shape or g-tips in the electrical field. As
the fluid flow proceeds, the g-tips eventually break in half to
form tear-shaped and wedge-shaped droplets. There are three
possible outcomes for these intermediate droplets: First, retract
back to a spherical shape; Second, remain unchanged and be

solidified in the coagulation bath; the last, repeat the process of
breakup. Figure 9 outlines the different stages in the fission of
an elongated droplet. Viscous force is a force that hinders the
deformation and fission of the droplets, so it is a key factor
that decides the particle shape and architecture. At high viscos-
ity, the deformation and fission of spherical droplets is largely
limited because of increasing viscous force. As a result, the
droplets stay unaffected and are frozen into their final structure
of relatively large particle size and good sophericity, as seen for
RCM¢ and RCMpp series in Table I. When the viscosity further
increases up to 80 mPa s in our experiment, electrical force is
not strong enough to overcome viscous force to realize jet
mode. Under this circumstance, dripping mode with insufficient
fission of droplets forms and large RCM are produced. The for-
mation of banding-shaped particles can be attributed to the
elasticity of cellulose solution at low viscosity. Instead of retract-
ing back to a spherical shape, the elongated droplet will be
elongated further as a result of weak viscous force.

Flow Rate. Flow rate, which influences the surface charge den-
sity and distribution, is a crucial factor that decides the particle
size and shape. When flow rate increases from 10 to 40 uL/min,
D,, gradually increases from 237 to 400 um and the sophericity
grows bad (Table I, RCMq series). Increasing flow rate means
the reduction of charge density on the surface of droplets. As a
result, the breakup of liquid jet and droplets is limited and D,,
increases. At high flow rate, the charge may not be able to dis-
perse well on the whole droplet. Thus, the local limit of charge
distribution on the surface causes irregular jet and hence creates
particles with bad sophericity. Another reason of the bad

e e )
N L TN
: ) o~
=% /:
| = 300um

Figure 8. Optical images of RCM from cellulos solutions with different DP (A: RCMpp4o4; B: RCMpp361; C: RCMppa3g; D: RCMppis;). [Color figure can

be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 9. Diagrammatic sketch of deformation and breakup of droplet as
a result of the interplay between the electrical force, surface tension and
viscous force.

sophericity may be that large droplets are easier to deform
under the impact into the coagulation bath.

Loscertales® has proposed an equation to describe the relation-
ship between D,, and flow rate, which go as Eq. (1),

Dy =k(Q - ¢/0)} (1)

where ¢ is surface tension, Q is flow rate, ¢ is dielectric con-
stant, k is constant. In this work, D,, and Q was linearly fitted
using Eq. (1), as shown in Figure 10. The calculated linear cor-
relation coefficient (R?) reaches to 0.9905. The good linear cor-
relation between D,, and Q'° gives the evidence that the
particle size of RCM can be tuned by flow rate.

CONCLUSIONS

This article has shown that electrospraying can be used as a
tool for the fabrication of RCM with desired sizes and architec-
tures. The particle size and shape of RCM, which is mainly
dependent on the interplay among the electrical force, surface
tension, and viscous force, can be controlled by the manipula-
tion of voltage, electrode spacing, solution system, concentra-
tion, DP, and flow rate. Generally, increasing electrical force and
reducing surface tension and viscosity force lead to the decrease
in particle size. Besides micorspheres, elongated spheres, tear-
shaped, wedge-shaped, and banding-shaped particles are also
created, especially by changing the viscosity. Owing to the con-
trollability, uniformity, porosity, and “green” characteristic,
RCM via electrospraying have potential applications in some
fields such as chromatogram, water treatment, biomedicine and
so forth.
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Figure 10. Particle size of RCM as a function of flow rate.
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