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Abstract: Due to the lipophilicity of carbon nanotubes
(CNTs), the carbon nanotubes composite filter for removing
oil particles in cooking fumes is synthesized. The composite
filter was fabricated by the chemical vapor deposition (CVD)
method. The filtration characteristics of the resultant filter and
the influence of the parameters were investigated. The results
show that the filtration efficiency of the CNT filter during the
saturation period is 99. 92%,
efficiency particulate air ( HEPA) standard. Pressure drop
increases linearly before saturation and the pressure drop at the
saturation stage is only two times that of the initial stage,
which is far less than that of conventional glass fiber filters.
The efficiency increases by enhancing filtration velocity.
Pressure drops in the composite filter at the equilibrium stage
are equal under different aerosol concentrations. The increase
in concentration can improve the efficiency of composite
filters. Therefore, the CNT filter is suitable for decreasing oil
particle pollution due to its lower increase ratio of pressure
drop and higher efficiency.
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which satisfies the high

il liquid aerosols commonly exist in the fog from

Chinese cooking activity, which pose a risk to hu-
man health and atmospheric environments''™
sion concentration of aerosol particles in cooking fumes
can reach 186.4 to 1 406 wg/m’ during the dinner peri-
od"™ . The cooking fumes emissions in urban areas is
uncontrolled and disperse, which is adverse to air quality
and public health. Great attention should be paid to the

! The emis-

cooking fumes emissions.
caused by cooking fumes, an effective and commonly
used method is filtration technology.

The oil liquid particles are the main component of

To decrease air pollution
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cooking fumes. In the past decades, the filtration of lig-
uid aerosols on the fibrous filters has been investigated in-
I and Contal et al. ' studied the
clogging phenomena of HEPA filters and divided the fil-

tensively. Frising et al.

tration process of liquid aerosols into four stages accord-
ing to the change in pressure drop. They found that the
oil liquid aerosols filtration was notably different from the
solid aerosols filtration and the pressure drop increased
exponentially during the filtration process due to the for-
mation of a large liquid film. The filtration efficiency and
pressure drop are the important criteria of liquid aerosols
filtration, as well as solid particles filtration. Many au-
thors studied the filtration characteristics of liquid aerosols
based on filter structure, filter media, fiber diameter,
packing density, and filter thickness'®'”. The results
show that the exponential increases of pressure drop dur-
ing the filtration process is a common phenomenon of tra-
dition fibrous material filters, which dramatically increase
the energy consumption of filtration and decrease the filter
quality factor.

To obtain a high-quality factor filter, nanofiber filters
have attracted great attention because they can achieve
high filtration efficiency and a low pressure drop. Theo-
retically, as the fiber diameter decreases to nanometer-
scale, the effect of slip flow becomes significant which is
beneficial for low airflow resistance and high filtration effi-

[

ciency . There are two main types of nanofibers, carbon

nanotubes (CNTs)™™ and electrospun nanofibers pser,
However, there are some limitations, such as poor me-
chanical properties and chemical stability, when emplo-
ying electrospun nanofibers as filter media'™> '"".

In addition, the surface properties of fibers affect the
distribution and flow of oil droplets on the filter'"* ™"
The distribution shape of collected oil droplets is impor-
tant for the airflow and aerosols capture efficiency. The
oleophilic surface allows oil liquid to spread rapidly on
the surface and keeps large clamshell droplets from bloc-
king the gas flow channels.

CNTs have good oil-wetting property and lipophilici-
ty””, a large surface area'"”
diameter, and thus they are a promising material for cap-

turing oil liquid aerosols. In this work, we designed and

and nanometer-scale fiber

fabricated a CNT filter based on the frame of porous met-
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al material for capturing the oil liquid aerosol, and its fil-
tration performance was studied for oil particles. In addi-
tion, we investigated the influence of operating conditions
(aerosols concentration and gas velocity) on the filtration
efficiency and pressure drop.

1 Experimental
1.1 Synthesis and characterization of CNT filter

Nickel foams ( thickness of ca. 3 mm, PPI of 110,
w(Ni) =99.9% ) were cut to a desired shape after ultra-
sonic pre-treatment in acetone and distilled water. Then,
Al, O,-modified nickel foams( Al,O,/NF) were prepared
according to the procedure described in Ref. [22]. Xy-
lene was employed as carbon source. Ferrocene was used
as the catalyst. Xylene and ferrocene were purchased
from the Aladdin Industrial Corporation Shanghai, Chi-
na. CNTs were grown on the substrate via a CVD meth-
od. Ferrocene was dissolved in xylene (0. 03 g/mL).
Before the CVD process, the furnace was heated to 800
C over 30 min and a gas flow of N,(0.9 L/min) passed
through the tube furnace. Then, the temperature of the
furnace was maintained at 800 C for 180 min and the
flow rate of N, was changed to 0. 6 L/min. Simultane-
ously, the mixed solution of xylene and ferrocene was
continuously injected into the tube by a syringe pump at a
feeding rate of 5 mL/h for 3 h. After a reaction time of
3 h, the furnace was cooled down to room temperature
under N, environments and the CNT filter was obtained.
The morphology of the CNT filter had been described in
detail in our previous work'*'. The properties of the CNT
filter are shown in Tab. 1.

Tab.1 Characteristics of the test filter

Single carbon nanotube  Packing Thickness/mm  Pore size/ym

diameter/nm density
55 0.045 4 0.314 to 1.02
The packing density « is calculated by
= (1)
o=
Vo,

where m; is the fiber mass; V is the filter volume; and p,
is the fiber density.

1.2 Experimental set-up

The filtration experiment was conducted on a specially
built apparatus as shown in Fig. 1. The test filter was first
placed into a filter holder with an inner diameter of
40 mm. The dried compressed air was used as the carrier
gas. Liquid aerosols were generated by atomizing an oleic
acid solution using a simple atomizer manufactured in-
house. Oleic acid was selected as a mock pollutant be-
cause it was the main organic contaminant in cooking
fume particles and is commonly found in animal and veg-
etable oils. A thermostat water bath was used to keep the

oil temperature at a constant value and thus oil physical
properties were constant throughout the experiments. The
aerosol concentration and size distribution before and after
the CNT filtering were measured using an Electrical Low
Pressure Impactor ( ELPI, DEKATI). A pressure trans-
mitter and recorder ( Asmik, MIK-9600D) were used to
measure online the pressure drop of the filters. A high ef-
ficiency particulate air (HEPA) filter was placed in front
of the flow meter to prevent the oil mist from entering the
flow meter and pump. The vacuum pump was allowed to
change speed for achieving different filter face velocities.
The weight of the filter at the saturation state was meas-
ured by an electronic balance ( Sartorius, 100 pg preci-
sion) .

Vacuum pump HEPA filters
m Flow meter
= AL
A T Differential
pressure
transmitterd

Mixing
chamber

N\
( E Liquid aerosol Filter holder

generator Dilution|
system

ELPI
Thermostat
water bath

Fig.1 Experimental set-up

A polydisperse fog of oleic acid was used as mock
cooking fumes for the filtration performance tests. The
particle size distributions are shown in Fig. 2. The parti-
cle diameters are in the range of 40 nm to 8 pum (inclu-
ding ultrafine, accumulation and coarse oil particles),
and peak at 210 nm. The number concentration C, of
mock fumes is 1.97 x 10" cm

C, is 1383 mg/m’.
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Fig.2 Particle size distributions of oleic acid liquid aerosol

1.3 Description of the experiments

The experiments included the pressure drop and effi-
ciency evolution of the CNT filter throughout the whole
filtration experiment, up to the saturation stage. The drop-
let mass concentration generated by the atomizer was main-
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tained at constant for all the experiments at 1.383 g/m’.
To obtain different aerosol concentrations, the fog from
atomizer was diluted with cleaned compressed air to 690
and 460 mg/m’. Three filtration velocities U were em-
ployed: 0.42, 0. 64 and 0. 92 m/s. To determine the
amount of liquid aerosols collected into the filter, the fil-
ter was weighed at the end of each experiment. At least
two independent experiments were performed to verify the
reproducibility of the measurements.

2 Results and Discussion

2.1 Pressure drop
2.1.1
The filtration performance can be evaluated from the

Pressure drop profile

pressure drop and efficiency. Fig. 3 represents the evolu-
tion of pressure drop and filtration efficiency of the CNT
filter for the entire filtration process. It can be seen that
the increase in pressure drop can be divided into two sta-
ges:

1) At the beginning of the filtration process ( initial
stage), the pressure drop increases approximately linearly
at the entire initial stage, and the filtration efficiency ex-
perienced a significant fluctuation at the beginning of the
initial stage and then increased gradually.

2) At the second stage of the dynamic filtration (equi-
librium stage), a pseudo-steady state is established be-
tween the collection and drainage of liquid particles. The
pressure drop and efficiency are constant in this stage and
the filter reached saturation.
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Fig.3 Changes in the pressure drop and filtration efficiency of

the CNT filter during filtering ( C,, = 1 383 mg/m’, U =

0.91 m/s)

According to Refs. [5 — 6, 24 —25], the dynamic
process of liquid aerosol filtration was broken down into
three or four stages for tradition glass fiber filters. No
matter three or four stages, there was an evident exponen-
tial increase in pressure drop owing to the formation of
“liquid bridge” and “liquid film” before the equilibrium
stage. In the present work, it is noted that the exponential
growth of the pressure drop does not appear and the in-
crease ratio of the pressure drop is only about 2 times in
the entire filtration process. The change in pressure drop
indicates that the captured liquid particles attach and

spread rapidly on the fiber surface to form only “liquid
tubes” or “barrel droplets” due to the excellent oil wetting
property of the CNT fiber > *'.

For investigating the distinction between the CNT filter
and glass fiber filter clearly, a traditional glass fiber filter
with HEPA standard was employed as control filter. Fig.
4 shows the pressure drop evolution of the CNT filter and
control filter. The change in the pressure drop of control
filter shows an exponential raise before the saturation
stage, which is consistent with Refs. [5 —6, 24 —25].
The result indicates that the carbon nanotubes material can
restrain the formation of “liquid bridge” and “liquid film”
and even avoid it. The slow and linear increase in pres-
sure drop can reduce the energy consumption.
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Fig.4 Pressure drop evolution versus filtration time for the
CNT filter and HEPA glass fiber filter (C,, = 1 383 mg/m’,

U=0.91 m/s)

The fluctuation in efficiency occurred at the beginning
of the initial stage in Fig. 3. The reason for the decrease
in total efficiency is that the captured particles deposited
on the filter lead to the decrease in the fiber collection ar-

ea at the initial stage'®

. With the accumulation of parti-
cles, the droplets spread on the fiber and wetted it to form
“liquid tubes” or “barrel droplets” due to the surface ten-
sion and capillary action, which enhances the collection
area. The redistribution of droplets contributes to the en-
hancement of the collection area and the efficiency im-
proves gradually. In addition, the increase in the diameter
of wetted fiber leads to the increase in gas interstitial ve-
locity and the reduction of free sections, which also im-
proves the efficiency due to impaction and interception'™” .
2.1.2 Effects of filtration velocity

Fig. 5 shows that the variations of pressure drop in the
dynamic filtration process at different face velocities for
the CNT filter. All the cases have the same liquid aero-
sols concentration. For understanding clearly, the in-
crease ratio is used as ordinate to demonstrate the changes
in pressure drop, as shown in Fig.5(a). The change pro-
files of the pressure drop are a similar shape under differ-
ent face velocities, as shown in Fig. 5(b). The higher the
filtration velocity, the more quickly the equilibrium state

was reached, and the lower the increase ratio. The in-
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crease in face velocity represents the increase in the num-
ber of collected liquid particles during the same filtration
time. Therefore, the time required to reach the saturation
stage reduces. The higher increase ratio represents a lar-
ger liquid holding capacity. The holding capacity of lig-
uid of the filter at the saturation state can be reflected by
the liquid saturation. The liquid saturation of the equilib-
rium state is an important parameter which affects the re-
sistance flow and filtration efficiency of the filter. The
saturation S is defined as

§ = Vi (2)

V

void

where V;, is the volume of collected liquid on filter at the
equilibrium stage; V., is the void space in the clean filter.
The values of saturation are calculated under different face
velocities and listed in Tab. 2. It reveals that the liquid sat-

uration increases with the decrease in filtration velocity.

Tab.2 The saturation at the equilibrium stage at different face
velocities

Filtration velocity/(m -s~") Saturation
0.91 0.394
0.64 0.514
0.42 0.549
3.0r
2.5k W
- 2.0F
aJ
d
% 1.5 Filtration velocity/(m - s7).
—=—091
—e—0.64
1.0 ——0.42
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(b)
Fig.5 The evolution versus filtration time for different filtra-
tion velocities. (a) The increase ratio of the pressure drop; (b) Pres-
sure drop (C,, =1 383 mg/m®)

The air resistance coefficient of the wet filter is also an
important parameter, and it can be defined as"™"

_ AP

R=07

(3)

where R is the air resistance coefficient of the filter, m ~;
AP is the pressure drop of the filter, Pa; U is the filtra-
tion velocity, m/s; u is the dynamic viscosity of air,
Pa-s; Z is the thickness of the filter, m.

Based on Eq. (3), the air resistance coefficient is cal-
culated, as shown in Fig. 6. The resistances of the filter
are close under different filtration velocities at the begin-
ning of the experiment. However, the increase rate and
the final value at the equilibrium state depend on the face
velocity. The value of resistance at the equilibrium stage
is higher for lower face velocities. A high velocity leads
to less saturation and lower resistance of the filter. How-
ever, the high velocity also represents a high pressure
drop and high energy consumption.
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Fig. 6 Resistance coefficient for different filtration velocities
(C, =1383 mg/m’)

In addition, from the final value of the wet filter at the
saturation stage, we conclude that a correlation connecting
the face velocity and the resistance of the wet filter, R:

R£:1 +0.977 5U "¢ (4)

0

where R, is the resistance of the clean filter, m .

2.1.3 Effect of particle concentration

The effect of aerosol concentration was investigated, as
shown in Fig. 7. In these cases, the face velocity was
constant and equal to 0. 91 m/s. It can be seen that the
final value of the increase rate is almost the same for dif-
ferent liquid aerosol concentrations. The time required to

25

2.0

APIAP,
5

Concentration/(mg * m™):

1.0 —=— 1383
—— 690
—a— 460
05 1 1 1 1 1 ]
0 100 200 300 400 500 600

Filtration time/min

Fig.7 Pressure drop evolution for different oil acid aerosol
concentrations (U =0.91 m/s)
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reach the equilibrium stage increases with the decrease of
A possible reason is that a
higher concentration represents a larger trapped amount of
liquid aerosol particles during the same time period. The

the aerosol concentration.

aerosol concentration has no influence on the resistance of
the wet filter at the saturation state because there is the
same final pressure drop at the equilibrium state.

2.2 Droplet collection
2.2.1
Fig. 8 shows the change of the filtration efficiency of

Collection efficiency profile

different sizes of liquid aerosol particles. During this test,
the mass concentration and face velocity were maintained
at constant at 1 383 mg/m’ and 0.91 m/s, respectively.
It can be seen that the most penetrating particle size
(MPPS) is approximately 80 nm. The MMPS of the
CNT filter is smaller than that of traditional materials.
The reason is that the MPPS was moved towards a smaller
diameter by reducing the fiber diameter!'". The filtration
efficiency of the CNT filter reaches 99. 92% . The effi-
ciency of the CNT filter at MPPS (less than 300 nm) is
99.99% , which is higher than that of the HEPA standard
filter (99.97%).

Filtration efficiency/%

e Total efficiency
92

0100 200 300 400 500 600
Filtration time/min

Fig.8 Filtration efficiency evolution for different particle di-
ameters (C,, =1 383 mg/m’, U =0.91 m/s)

For the particles with a diameter of about 40 nm, the
filtration efficiency is close to 100% during the test. The
prevailing capture phenomenon for 40 nm particles is the
diffusion mechanism. The efficiency of diffusion is relat-
ed to the dimensionless number Pe(Peclet number). The
Peclet number has a negative impact on the efficiency of
diffusion, which is an increasing function of the fiber di-

28
ameter™”

. As the fiber size decreases to nanometer-scale,
the captured efficiency was calculated and was close to
100% based on the classical diffusion formula''. In addi-
tion, owing to the excellent lipophilicity, the surface force
perhaps improves the capture efficiency for small particles.

For the particles with the diameter of 80 to 210 nm,
there is a significant fluctuation at the beginning of filtra-
tion. For the particles in this range, the main capture
mechanisms are diffusion and interception”™'. With the
filtration processing, the packing density of the filter in-
creases due to the accumulation of oil droplets. It induces

a reduction in the empty space of the filter and conse-
quently an increase in the gas velocity. When the packing
density of the filter increases, the efficiency by intercep-

. . 2
tion also increases"” .

However, the increase in gas ve-
locity has a negative impact on the efficiency by diffu-
sion. From the change tendency of efficiency, it can be
concluded that the diffusion mechanism dominates the ef-
ficiency at the beginning of the test, and with the further
increase in velocity, the diffusion and interception dy-
namically alternate, and the interception makes a greater
contribution to the efficiency finally. It is noted that the
fluctuating range declines with the increase in particle
size. This demonstrates that the effect of diffusion increa-
ses with the decrease of particle size, which is consistent
with the classical theory™'.

For particles with the diameter greater than 210 nm,
the mechanism of interception and impaction dominates
the efficiency. The increase in gas velocity improves the
efficiency caused by the two mechanisms. In addition,
the change of the collection area also influences the effi-
ciency and leads to the fluctuation of the curve, which is
mentioned above. For the particles whose diameter is lar-
ger than 1 um, the particle size is larger than the pore size
of the filter. Its efficiency reaches 100% during the entire
process.

2.2.2 Effect of filtration velocity

Fig. 9 shows that the effect of face velocity on the effi-

ciency at the saturation stage. Although the gas velocity

100.01
99.5F

99.0f

Filtration velocity/(m « s7).
—— 091
——0.64
——0.42
1 1 J
8.0 0.1 1 10
Particle size/um

(a)

Filtration efficiency/%

98.5

100.0 -

99.8 -

99.6 -

Total filtration efficiency/%

1 I

1
0.4 0.6 0.8 1.0
Filtration velocity/(m * s™')
(b)
Fig.9 Filtration efficiency for different filtration velocities at

the saturation stage. (a) Efficiency with different particle sizes;

(b) Total efficiency(C,, =1 383 mg/m3)
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has a negative effect on the efficiency caused by diffu-
sion, the total collection efficiency increases with the en-
hancement of face velocity for the particles with the diam-
eter of 0. 08 to 0.52 um, as shown in Fig. 9(a). This re-
sult indicates that the improvement of interception effi-
ciency is larger than the declination of diffusion efficiency
by enhancing the face velocity. In addition, the total
number efficiency is proportional to the face velocity, as
shown in Fig. 9(b). The results indicate that the increase
in face velocity makes a remarkable improvement for cap-
turing small particles. Moreover,
0.82 wm has a significant slope, which can be attributed

to re-entrainment.

the efficiency at

2.2.3 Effect of aerosol concentration

The effect of liquid aerosol concentration on the filtra-
tion efficiency is illustrated in Fig. 10. The face velocities
are the same in those cases. It can be seen that the effi-
ciency increases especially at small particle diameters for
mists with higher concentration. A possible reason is that
the increase in concentration improves the change of colli-
sion. The increase in the collision probability leads to the
coalescence of particles and the declination of the concen-
tration of small particles, which is confirmed by Fig.
10(b). The efficiencies at two low concentrations are
about 99. 3% . When the aerosol concentration increases
significantly, the total efficiency is enhanced from 99.3%
to 99. 9% . This result clearly shows that the collision
probability is greater at higher particle concentration. In

100

Mass concentration/(mg * m~):
—— 1383

—— 690
96 —a 460

Filtration efficiency/%
O
[e=]
T

0.1 1 10
Particle diameter/um

(a)

100.0

99.6F  E=99.14+0.064e""! ¥1C

99.4

Total filtration efficiency/%

99.2 : . .
300 600 900 1200

Mass concentration/(mg * m~)

(b)
Fig. 10 Filtration efficiency for different aerosol concentrations

J
1500

at the saturation stage. (a) Efficiency with different particle sizes;
(b) Total efficiency (U =0.91 m/s)

addition, an exponential relationship between the total ef-
ficiency and aerosol concentration is fitted and shown in
Fig. 10(Db).

3 Conclusions

1) For the carbon nanotubes composite filter, the evo-
lution of pressure drop can be divided into two stages.
The pressure drop increases linearly before the saturation
stage, which is different from the exponential increase of
typical filters, and the raise ratio is only 2 times. At the
beginning of filtration, the redistribution of liquid on the
filter induces the change of the contact area and leads to
the fluctuation of the efficiency curve.

2) The higher the face velocity, the more quickly the
equilibrium state is reached, and the higher the filtration
efficiency. However, higher face velocity represents the
greater initial pressure drop of clean filters. Therefore,
the choice of filtration velocity needs to consider the inte-
grated effect between pressure drop and efficiency.

3) The change of aerosol concentration has no effect on
the final pressure drop at the equilibrium stage. The time
required to reach the equilibrium stage increases with the
declination of aerosol concentration.
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