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A number of factors influence the efficiency and the economics of the separation of
dispersed liquid drops in an immiscible liquid-liquid mixture. One important factor that
controls the performance of a filter medium in the separation is the fiber size. Electrospun
polymer nanofibers have diameters in the nanometer range and are arbitrarily long. The
experimental results in this work show that adding nanofibers to conventional micron-
sized fibrous filter media improves the separation efficiency of the filter media but also
increases the pressure drop. An optimum in the performance occurs (significant increase
in efficiency with minimal increase in pressure drop) with the addition of about 1.6% by
mass of 250 nm diameter nylon 6 nanofibers to 5 micron diameter glass fibers in the filters.
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Introduction

Glass-fiber filter media augmented with small amounts of
nanofibers show improvement of separation efficiency. Filter
media with equal amounts of nanofibers made of MPD-I [meta-
aramid, poly(meta-phenyleneisophthalamide)], nylon 6, or
polyacrylonitrile (PAN) were tested for liquid-liquid coales-
cence filtration in a previous article.! The aim of the study
reported in this article is to present the effects of varying the
amount of nylon 6 nanofiber added to the glass-fiber media on
the pressure drop and the separation efficiency in liquid-liquid
coalescence filter performance. The nanofibers are produced by
electrospinning and have diameters typically in the range of
10-500 nm.>>

The electrospinning process is driven by the electrical forces
on free charges on the surface or inside of a polymeric liquid.
When the free charges, generally ions, in the polymer solution
move in response to the electric field, they quickly transfer a
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force to the polymer solution. When the electric field reaches a
critical value at which the repulsive electric force between
charges on the surface overcomes the surface tension force, a
charged jet of the solution is ejected from the tip of a cone
protruding from a liquid drop of the polymer. As the jet
stretches and elongates in the air, the solvent evaporates, leav-
ing behind a charged solid polymer fiber that lays itself ran-
domly on a collecting metal screen. Thus, continuous fibers are
produced to form a nonwoven fabric.2¢ Nonwoven mats of
electrospun fibers have a large surface area per unit mass and
small pore sizes compared to those of commercial textiles,
making them excellent materials for use in filtration applica-
tions.”

Water-in-oil emulsion separation is important to the petro-
leum and chemical industries to remove the dispersed liquid for
safety, ecologic, and economic reasons. The coalescence filter
is effective for separation of secondary dispersions, although
dispersions of drops with diameters < 100 wm can be difficult
to separate. Fibrous filter media can provide high filtration
efficiency with low pressure drop, depending on the flow rate,
bed depth, fiber surface properties, fiber size, drop size, and
fiber orientation.3-2!
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Figure 1. Experimental apparatus for filter testing.

Oil from the oil tank is pumped through a mixing pipe,
through a filter sample holder, into a settling tank, and into a
reservoir. Water droplets are dispersed into the oil by injection
from a syringe into the mixing pipe. Emulsion samples are
removed from the flow stream for drop size measurements at
the sample points upstream (U) and downstream (D) of the
filter. The latter is located between the settling tank and the
reservoir.

Experimental Setup and Procedures

The experimental apparatus is shown in Figure 1. A mixture
of water-in-oil was used in the experiments, in which deionized
water droplets were dispersed in an oil phase having properties
similar to those of diesel fuel (Viscor 1487™, specific grav-
ity = 0.83; Rock Valley Oil and Chemical Company). The
Viscor 1487 ™ is pumped from the oil tank by a peristaltic
pump, at a constant flow rate, through a mixing pipe (where the
water drops are mixed with the oil), through the filter sample
and into a settling tank and a reservoir. The flow rate is
controlled by selection of the tube diameter for the peristaltic
pump. A flow rate of 100 mL/min was used in all experiments
in this work.

The water-in-oil emulsion is produced in the mixing pipe.
The mixing pipe is a Plexiglas® tube with a 1 mm inside
diameter. The mixing pipe is inserted into the flexible tube
between the pump and the filter sample. Water is pumped by a
syringe pump (Model Sp101i, with flow ranges from 0.001 to
1.175 mL/min; World Precision Instruments, Sarasota, FL)
through a hypodermic needle into the middle of the mixing
pipe through which the oil flows. A very fine water-in-oil
emulsion is produced at the outlet of the hypodermic needle,
arising from the shear force created by the flowing oil phase, in
which 99.8% of water droplets are <30 microns,. The concen-
tration of water and size of the droplets are controlled by
adjusting the water flow rate using the syringe pump and the
velocity of the oil past the tip of the needle.

The water droplets produced in the mixing pipe do not settle
out of the oil for a reasonable length of time. The water
droplets in the oil come into contact with each other in the filter
medium and form larger coalesced droplets of water that are
carried downstream to the settling tank. The larger drops are
easily separated from the oil in the settling tank. Smaller drops
that do not settle out by gravity are carried into the reservoir
tank.

Samples of the water-in-oil emulsion are taken at intervals of
10 to 25 min from the flow system at sample points upstream
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of the filter (the inlet stream) and downstream of the settling
tank as shown in Figure 1 (the outlet stream). The size distri-
butions of water droplets in the emulsion samples are measured
with a particle size analyzer (Hyac Royco BRS8 particle
counter, eight channels with sizes from 1 to 150 microns).
Some of the coalesced drops exiting the filter media are too
large for the BR8 to measure. Because of this the measurement
point for the outlet stream was positioned downstream of the
settling tank. The measured performance is a combination of
the filter and the settling tank.

Separation performance can be characterized on a total mass
basis, but the mass basis is biased to larger drop sizes. To
determine how the separation efficiency varies with droplet
size, the separation efficiency of droplets of size x is defined as

Number of drops of size x removed

e= : : : (1)

Number of drops of size x in the inlet

This equation is rewritten in terms of the number of drops of
size x measured in the outlet stream as

_ no(x)
ny(x)

e(x) = )

where n,(x) is the number count of drops of average size x for
a size range Ax in the outlet stream and n,(x) is the number
count of drops of the same average size and size range in the
inlet stream.

The filter media samples used in the experiments are formed
from glass fibers, nanofibers, and a binder (Carboset 560™, BF
Goodrich) by vacuum molding an aqueous slurry of fibers and
binder. Sulfuric acid is added to the slurry to adjust the pH in
the range of 2.0 to 2.5 to disperse the glass fibers. The nano-
fibers are electrospun directly into the surface of the aqueous
slurry of glass fibers and binder solution and the mixture is
agitated using injected air.?’

Figure 2 shows the apparatus used for electrospinning the
nanofibers. A nylon-6 solution is prepared by dissolving 16 wt
% nylon-6 by mass in 84 wt % formic acid.! The polymer
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Figure 2. Experimental apparatus of electrospinning.

The polymer is pumped through the hypodermic needle. The
needle is charged to 20,000 volts. The polymer jets from the
needle, elongates into nanofibers, and collects on the surface
of the slurry of glass fibers.
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Table 1. Masses of Fibers in the Filter Media and Measured
Separation Efficiencies

Binder* Total Filter

Glass-Fiber Mass Nanofiber Sample

Filter Mass (g) (2) Mass (g) Mass (g)
A 0.500 0.325 0 0.825
B 0.500 0.334 0.007 0.841
C 0.500 0.361 0.014 0.875
D 0.500 0.359 0.020 0.879
E 0.500 0.374 0.039 0.913

*Calculated by subtracting the fiber amounts from the total filter mass.

solution is loaded into the syringe and pumped through a
needle suspended about 20 cm above the aqueous slurry sur-
face. The syringe pump is set at a rate of 4.1 microliters per
minute and the needle is charged to 20,000 to 25,000 volts to
spin the polymer nanofibers.

Results and Discussion

The aim of this research is to investigate the effects of
adding varying amounts of polymer nanofibers to glass-fiber
media on filter media performance. Five filters labeled A
through E, as listed in Table 1, were made by electrospinning
varying amounts of nylon-6 nanofibers in each filter sample.
Table 1 lists the masses of each fiber type, the mass of binder
added to the filter to glue the fibers together, and the total mass
of each filter sample. Each sample was made in triplicate and
the average values of the three samples are listed in the table.
The nanofibers spun from the apparatus described in Figure 2
had diameters varying from 200 to 300 nm, with an average
diameter of about 250 nm (Figure 3). SEM images such as
Figure 3 show that nanofibers appear as a single fiber inter-
mingled with the larger glass fibers. The nanofibers crisscross
over the void space between the larger glass fibers and are
supported by the glass fibers. The glass fibers have diameters
varying from about 2 to about 7 microns, with an average
diameter of about 5 microns and lengths varying from about
100 microns to 1 mm.

The steady-state number counts of particles for different bin
sizes from the filtration experiments are shown in Figure 4. The

Figure 3. SEM image of a 5 micron diameter commercial
glass fiber and 250 nanometer diameter elec-
trospun nylon 6 polymer nanofibers.
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Figure 4. Steady-state drop size distributions measured
in the inlet stream before the filter holder and
in the outlet stream between the settling tank
and the reservoir.

The curve marked as No Filter is the measured outlet distri-
bution for when no filter is present in the filter holder. The
curves marked Filter A through Filter E are the distributions
for when the filters are tested in the holder.

drop size on the horizontal axis is the average drop size of the
particular bin (the bin sizes in the BR8 are specified by the
largest particle size in that particular bin). The size distribution
marked as “Inlet” is the size distribution measured from the
sample point upstream of the filter. The distribution marked as
“No-Filter” was measured at the outlet stream sample point
between the settling tank and the reservoir when no filter was
in the holder. The difference between the “Inlet” and “No-
Filter” curves shows some of the particles are separated out by
the settling tank even when there is no filter in the line. The
distribution curves marked as “Filter A” through “Filter E”
were similarly measured at the outlet stream sample point and
are the steady-state downstream distributions when the filters
are placed in the line. With filters in the line the downstream
numbers of particle concentrations are significantly reduced.
The design of the settling tank may influence these results;
thus, the same settling tank was used for all experiments and
these results are comparable between the experiments for rel-
ative performance.

Figure 5 shows the separation efficiency distributions. The
system with no filter approaches 100% efficiency for drop
sizes > 125 microns. All of the filters approach 100% effi-
ciency for sizes > 100 microns. Filter A shows a separation
efficiency of 67% for drop size of 125 microns, but this low
efficiency is attributed to one drop detected in the outlet stream
from Filter A, whereas the inlet stream contained three such
drops.

In the O to 100 micron drop size range significant differ-
ences in performance are noted. Filter A performs better
than No Filter; Filter B performs better than Filter A; and
Filters C, D, and E all perform about the same, all better than
Filter B.

The steady-state pressure drops across the filters are shown
in Figure 6. The filters supplemented with nanofibers have a
higher pressure drop than that of filters without nanofibers. The
change in pressure drop with the addition of nanofibers is
almost linear. Because Filters C, D, and E have similar high
capture efficiencies then an optimum design is one that has the

3111



least pressure drop among the filters with the highest capture
efficiencies. This means that, of the filters tested here, Filter C
with 0.014 g of nanofiber (about 1.6% of the filter mass) is the
optimum design.

The pore sizes in the microfiber filters (no nanofibers) are
typically the same order of magnitude as that of the fiber
diameter (about 5 microns). Large droplets are easily captured
by interception with multiple fibers and the efficiency for
microfiber filters is high for the larger drops. A greater fraction
of smaller drops near the pore size may pass through the pores
without coalescing into larger drops. Thus the filter efficiency
decreases for smaller droplet sizes.

Results of this study confirm that the addition of nanofibers
improves the filter performance. The nanofibers crisscross over
pore spaces, making the pore openings much smaller. Thus it is
more difficult for smaller drops to pass through the pores
without coalescing with other drops.

For the drop sizes considered herein the dominant mecha-
nism of capture is by direct interception and inertial impaction
with multiple fibers. Most of the droplets are larger than the
pore openings, and thus the mechanism of single-fiber capture
does not apply. The small diameter of the nanofiber allows us
to reduce the pore sizes with the addition of only small amounts
of nanofibers and yet maintain a high porosity.

Other mechanisms, such as surface wetting properties, may
influence the coalescence performance. We consider the inter-
ception of the drops by the nanofibers to be more important in
this work.

Conclusions

In this work, the effect of different amounts of polymer
nanofibers added to the filter media is experimentally evalu-
ated. The addition of nanofibers to glass-fiber filter media
improves the capture efficiency, but also causes an increase in
pressure drop. The experimental results show that an optimal
amount of nanofiber enhances the capture efficiency but does
not cause excessive pressure drop. For the materials tested
herein 1.6% nanofiber by mass is optimal.
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Figure 5. Separation efficiency by drop size.

Separation efficiencies (especially for the smaller drop sizes)
increase with the nanofiber amount up to about 0.014 g of
nanofiber. Filters of equal or greater than 0.014 grams of
nanofiber performed at about the same efficiency.
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Figure 6. Pressure drop vs. the amount of nanofiber
added to the glass-fiber filters.
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