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ABSTRACT: The fatal diseases and disorders caused by smoking
have raised a serious concern for worldwide public health. So for
its prevention, it has become very necessary to develop various
types of filter material for the removal of carcinogenic and other
toxic elements present in cigarette smoke. Herein, we demonstrate
a novel filter for cigarettes, fabricated by the insertion of
multiwalled carbon nanotubes (MWCNTs) based thin flexible
membrane into the conventional cellulose acetate filter. The
developed filter has attractive attributes of high filtering efficiency,
lightweight, flexible, cost-effective, and scalable production. This
flexible MWCNTs membrane has been fabricated using a simple
vacuum-assisted filtration technique followed by the synthesis of
MWCNTs using a cost-effective spray pyrolysis technique. The filter shows excellent performance for the removal of PM2.5, having a
removal efficiency of ∼99%. It also shows a significant ability to remove nicotine, tar, and toxic heavy metals such as lead present in
cigarette smoke.
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1. INTRODUCTION

Cigarette smoking is one of the biggest threats that has ever
been faced by worldwide public health.1 It causes more than 7
million deaths every year, which is more than the total deaths
caused by human immunodeficiency virus/acquired immuno-
deficiency syndrome (HIV/AIDS), tuberculosis, and malaria.2

More than 6 million deaths are the result of direct smoking,
while about 890,000 deaths are the result of passive smoking.
Further, recent studies show that, if effective measures are not
taken immediately, this epidemic can cause more than 1 billion
deaths in the 21st century.2,3 Several attempts have been made
to reduce the epidemic caused by smoking, but the desired
success has not been achieved so far. Therefore, to reduce the
effect of this epidemic, the elimination of carcinogenic and
other harmful chemicals/compounds present in the cigarette
smoke is highly desired.
Cigarette smoke is an aerosol containing more than

thousands of chemical compounds including nicotine, tar,
particulate matters (PM), heavy metals (arsenic, chromium,
cadmium, lead, etc.), polycyclic aromatic hydrocarbons, etc.
with its many carcinogens and other harmful constituents,
which are present in both the particulate and vapor phases.4

Breathing in this toxic smoke of cigarette is a major factor for
many types of carcinogenic and deadly diseases such as cancer,
asthma, hypertension, etc.5−14

The particulate matters (PM) present in smoke is a complex
mixture of tiny particles and liquid droplets composed of
various organic and inorganic chemical compounds such as
elemental carbon, silicates, sulfates, nitrates etc.,15−17 which is
a serious health hazard for smokers as well as for the passive
smokers. On the basis of particle size, PM has been classified
into three categories: (i) coarse particles having a diameter
between 10 to 2.5 μm known as PM10, (ii) fine particles having
a diameter between 2.5 to 0.1 μm known as PM2.5, and (iii)
ultra-fine particles having diameter less than 0.1 μm known as
PM0.1.

18 Among these, PM2.5 is a serious threat to human
health since it carries many toxic chemicals/compounds that
can penetrate the human bronchi and lungs due to its small
size.19 Therefore, long-term intake of PM2.5 increases morbid-
ity and mortality.20−22 In the same way, the heavy metals
present in cigarette smoke such as nickel, cobalt, copper, zinc,
lead, cadmium, etc. are also widely known for their toxic
nature, which adversely affects human health.23−26 These
heavy metals also accumulate in tissues and fluids through
smoking and lead to a cancer risk.27−29 Therefore, they have
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also been paid much more attention due to their direct relation
with the smoker’s health.
Nicotine, which is one of the main constituents of cigarette

smoke, has serious side effects in addition to being highly
addictive. An average cigarette contains about 2 mg of
absorbed nicotine, which is too much for an unrestricted
smoker.30 Its excessive intake adversely affects the heart, lung,
kidney, reproductive systems, etc. of the smoker.31 Therefore,
for its balanced and safe intake, it is of utmost important to
reduce its concentration from cigarette smoke.
In view of the above-discussed adverse effects of these toxic

constituents, it has become a great desire to remove them from
cigarette smoke. In this respect, a series of nanostructured
adsorbing materials have been considered for the removal of
toxic chemicals/compounds from cigarette smoke.29,32−39 For
example, Guangda et al.34 have reported the removal of 75.95%
of phenolic compounds, 55.00% of ammonia, and 56.80% of
particulate matter from cigarette smoke using carbon
nanocages. In another work, Zhou et al.33 have reported the
removal of toxic heavy metals such as 16% nickel, 50%
chromium, 45% lead, and 55% cadmium from cigarette smoke
using chitosan. In another work, Hubetska et al.40 have
reported a comparative estimation of the extraction efficiency
of nicotine by a commercial activated charcoal and a
synthesized ordered spherical mesoporous charcoal adsorbent.
In these reports, authors have used nanostructured adsorbents
to filter the toxins from cigarette smoke, which generally
removes the toxic constituents from cigarette smoke through a
physisorption process. In this process, surface area, porosity,
geometrical structure, moisture resisting capability, etc. play an
important role. Along with these properties, the forms of
nanostructured adsorbents are also very important. In the
above reports, authors have used the powder form of these
nanostructured adsorbents, which possesses many disadvan-
tages such as the granular size of such a type of materials are

not fixed, therefore rendering the filter rod is more difficult. As
a result, sometimes polymers or binders have been used to
hold them together, but the use of these additive materials
reduces the adsorption efficiency as well as affects the taste of
the smoke. These additive materials also react with smoke
constituents and form poisonous compounds.41−43 The above
materials and methods are very tedious and expensive too.
Therefore, we need to explore other effective materials with a
superior adsorption property to enhance the removal efficiency
of toxic compounds from cigarette smoke. Moreover, some
theoretical investigations have also been reported for the
removal of toxins from cigarette smoke. For example,
Yoosefian et al.44 have reported the removal of the acrolein
carcinogen from cigarette smoke using carboxylated single
walled carbon nanotubes as a general nanofilter platform. In
another report Yoosefian45 has reported the removal of
tobacco-specific nitrosamines, NNK using metal (Ni and
Pb)-doped single walled carbon nanotubes as an adsorbent.
These investigations have been carried using first-principle
calculations, molecular orbital theory, natural bond orbital
analysis, DFT framework, etc. Herein, we report an
experimental work on removing the particulate matter, heavy
metals, nicotine, and tar carcinogens from cigarette smoke
using multiwalled carbon nanotube membrane.
Membrane technology has emerged as a dignified separation

technology in the last few decades and is presently in the state
of rapid growth and innovation.46−48 At present, many
different membrane separation technologies have been
developed and are being used in an impressive variety of
applications such as wastewater treatment,49 air cleaning,22 gas
separation, etc.50 Among these separation processes, the
wastewater treatment and air cleaning technology has
advanced with remarkable frequency. However, the membrane
based gas separation technology is still in its infancy and
significant improvements are needed in many aspects such as

Figure 1. Schematic of fabrication process for the preparation of flexible MWCNTs membrane using vacuum-assisted filtration technique.
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the development of new membrane materials with higher
selectivity, permeability, and fabrication methods.
Carbon nanotubes (CNTs), which are well-known for their

high aspect ratio, large surface area, high thermal stability, and
entangled open tubular networks, have been well studied as a
pollutant absorber in the past few decades.29,51,52 In addition
to this, the several attempts have also been made to reduce the
toxicity of cigarette smoke using the powder form of
nanotubes.29,36 Thus, we believe that a MWCNTs membrane
could be the promising candidate for removing toxic
compounds from cigarette smoke. Interestingly, to the best
of our knowledge, the removal of toxic compounds from the
cigarette smoke by such a type of lightweight, flexible, binder-
free membrane has not been reported yet. Therefore, keeping
the above aspects in mind, we attempted to remove toxic
compounds from cigarette smoke using a MWCNTs
membrane and found better results than the earlier reported
works.29,32−36

In this work, we report the fabrication of a novel cigarette
filter, developed by the insertion of a monolithic, self-
supporting, lightweight (∼0.0013 g), binder-free, flexible, and
hydrophobic MWCNTs membrane into the conventional
cellulose acetate filter. This cigarette filter shows a high filtering
efficiency of ∼99% for PM2.5. The developed filter is also
capable of removing other toxic chemicals/compounds like tar,
nicotine, and heavy metals (here Pb has been chosen as model
element in view of its acute toxic risk) from mainstream smoke.
The approximate cost of materials for the preparation of 1000
filters (diameter ∼0.830 cm) is INR ∼75 (∼1.05 USD).

2. EXPERIMENTAL SECTION
2.1. Materials. Moments cigarette (VST Industries Limited,

India) has been used as a model cigarette for all investigations.
Ferrocene (C10H10Fe) has been procured from Alfa Aesar, India.
Toluene (C7H8), acetone (C3H6O), and methanol (CH3OH) have
been purchased from Molychem, India. All chemicals were of
analytical grade and used as received.

2.2. Synthesis of MWCNTs. MWCNTs were synthesized inside
the quartz tubing furnace maintained at 850 °C by spraying the
homogeneous solution of ferrocene and toluene under the constant
flow of argon gas as shown in Figure S1.51,53 After the exposure of
spray pyrolysis, quartz tubing was cooled under the flow of argon gas
at ambient temperature. Thereafter, a thick black film made of
MWCNTs formed inside the quartz tube and was collected.

2.3. Preparation of MWCNTs Membrane. 0.4 g of as-
synthesized MWCNTs was dispersed in 100 mL of acetone using a
high speed homogenizer. Thereafter, the well dispersed suspension of
MWCNTs was filtered using a specially designed vacuum-assisted
filtration unit. A uniform black film deposited over the Whatman filter
paper dried at 55 °C for 30 min. After that the self-supporting flexible
film was peeled off and cut into the desired shapes for further testing
as a cigarette filter. The schematic of the overall procedure has been
shown in Figure 1.

2.4. Instrumentation and Methods. The cigarettes were first
conditioned for 48 h in air at (25 ± 2) °C before performing the
experiment. The experiment was performed by a self-assembled
smoking system (as shown in Figure S2), which was set with 40 mL
per second of puffing volume.

To quantify the size of particles distributed in the cigarette smoke,
we used two particle sizer spectrometers: (i) optical particle sizer
(TSI, model-3330, USA) and (ii) Nanoscan SMPS nanoparticle sizer
(TSI, model-3910, USA) along with two particle concentration

Figure 2. (a) Typical XRD patterns of the as-synthesized MWCNTs; (b) Raman spectra of MWCNTs; (c) SEM image showing uniform and dense
formation of MWCNTs; (d) TEM image of MWCNTs with average diameter of 50 nm.
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diluters (TSI, model-3332, USA). Thus, the number, surface area, and
mass concentration of particles in the cigarette smoke were recorded
in all diameters.
Further, to determine the concentration of nicotine and heavy

metal species in the cigarette smoke, the mainstream of cigarette
smoke was directed to flow into a gas impinger filled with 30 mL of
methanol as shown in Figure S2. Thereafter, dissolved nicotine and
heavy metal species were collected and analyzed using a UV−vis
absorption spectrometer (PerkinElmer, USA) and Optima 7000 DV
inductively coupled plasma optical emission spectrometer (ICP-OES)
system (PerkinElmer, USA) respectively.
2.5. Determination of Removal Efficiency. The removal

efficiency of PM, nicotine and heavy metals has been calculated by
following expression:

n n
n

(%) 100i
k
jjj

y
{
zzzη = Σ −

Σ
×

where η is the removal efficiency. The term Σn represents the total
concentration of PM, nicotine, and heavy metal species present in
smoke before filtration, i.e., with conventional cellulose acetate filter,
and the term n represents the concentration of PM, nicotine, and
heavy metals species present in smoke after filtration, i.e., with the
filter developed in this work.

3. RESULTS AND DISCUSSION
The structural and morphological characterizations were
carried out using an X-ray diffractometer (PANalytical, UK),
scanning electron microscope (SEM) (ZEISS, Germany),
transmission electron microscope (TEM) (TECNAI 20 G2)
operated at accelerating voltage of 200 kV, and an atomic force
microscope (AFM) Park XE7 (Park, South Korea). The
spectroscopic characterizations were carried out using a Raman
microscope (Renishaw inVia, Germany), Fourier transform
infrared (FTIR) spectrometer (Frontier, PerkinElmer, USA),
and UV−vis absorption spectrometer (PerkinElmer, USA).
The thermogravimetric analysis (TGA) and specific surface
area measurments were carried out using an 851e thermal
analysis instrument (Mettler Toledo) and Gemini VII 2390
surface area analyzer (Micrometritics, US), respectively.
3.1. Characterization of as-Synthesized MWCNTs. To

confirm the structure of as synthesized sample, X-ray powder
diffraction was carried out using an X-ray diffractometer with
Cu-Kα radiation. Figure 2a shows the typical XRD pattern of
as synthesized sample. The pattern displayed an intense dif-
fraction peak around 2θ = 26° and low intense diffraction
peaks around 44°, 53°, and 78°, which correspond to the
planes (002), (101), (004), and (100), respectively, have been

successfully indexed with JCPDS Card No. 751621. Also, the
low intense diffraction peak around 2θ = 43° corresponds to
the Fe (JCPDS Card No. 654150) present within the
MWCNTs used as the catalyst during synthesis. This result
indicates that the as synthesized samples are pure and well
graphitized hexagonal structures.
It is well-known that Raman spectra provide the information

about the purity, defects, and tube alignment and help in the
distinction of the presence of MWCNTs relative to other
carbon allotropes. Therefore, for further structural conforma-
tion, Raman spectra of a synthesized sample have been
recorded using 532 nm laser excitation (Figure 2b). The
Raman spectra consist of a peak around 1343 cm−1 called the
“D” band, which is due to the scattering from local defects or
the disorders present in the synthesized MWCNTs. Another
two peaks around 1582 cm−1, called “G” band, and around
2695 cm−1 called the overtone or the second order harmonic
of the D band are mainly due to the tangential vibration of C-
atoms and two-phonon second-order scattering process,
respectively. The intensity ratio of G band to D band (IG/
ID) is found to be about 3.09, which confirms the high quality
of the sample, i.e., no amorphous carbon present in the sample.
Figure 2c shows the SEM image of the synthesized

MWCNTs, which clearly show the bulk formation of good
quality, entangled tube-like structure with a high aspect ratio.
The TEM image (Figure 2d) reveals that the synthesized tubes
are multiwalled in nature having an average diameter of 50 nm.
The TEM image also shows the presence of the Fe catalyst at
the tip, used during the synthesis of MWCNTs. This shows
good agreement with previous results.

3.2. Characterization of MWCNTs Membrane. To
understand the thermal behavior of the fabricated MWCNTs
membrane, TGA studies were carried out. Figure 3a shows the
typical TGA curve of the fabricated MWCNTs membrane,
which clearly indicates that the initiation of weight loss takes
place around 230 °C followed by a sharp weight loss around
500 °C. The weight loss around 230 °C takes place due to the
moisture present in the sample.54−57 However, the sharp
weight loss starting around 500 °C is possibly due to the
decomposition of nanotubes and little amorphous carbon.58−60

Thus, the fabricated MWCNTs membrane maintains favorable
thermal stability which is necessary for use in cigarettes.
Earlier reports show that the surface area, pore size, and pore

volume are the important parameters that influence the
removal efficiency of such nanostructured materials.61 Because

Figure 3. (a) Typical TGA curve of the fabricated MWCNTs membrane; (b) N2 adsorption/desorption isotherms obtained for fabricated
MWCNTs membrane (the inset shows the corresponding pore size distribution).
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the toxic compounds present in cigarette smoke are mainly
adsorbed or condensed on the surface or in the hollow cores of
such nanostructured materials.34,36 Hence, to analyze the
surface area and porous texture of the fabricated MWCNTs
membrane, N2 adsorption/desorption isotherms were carried
out at 77 K as shown in Figure 3b. The figure clearly reveals
that the specific surface area of the fabricated MWCNTs
membrane is about ∼19.26 m2 g−1. The inset of Figure 3b
shows Barrett−Joyner−Halenda (BJH) pore size distribution
curve of the MWCNTs membrane, which clearly shows that
the average pore diameter of the MWCNTs membrane is
about ∼16.37 nm.
3.3. Analysis of Total Particulate Matter in the

Cigarette Smoke, before and after Filtration by the
Fabricated Filter. In recent years the optical particle sizer
spectrometer and nanoscan SMPS nanoparticle sizer spec-
trometer are well established and accepted characterization
techniques for the determination of particulate matter
concentration in air and smoke.62−64 Thus, to investigate the
concentration of total particulate matter (TPM) in the
cigarette smoke before and after employing the fabricated
filter, a series of experiments were carried using an optical
particle sizer spectrometer and nanoscan SMPS nanoparticle
sizer spectrometer simultaneously, and the results were found
to be similar.
Figure 4 panels a, b, and c represents the number, surface

area, and mass concentration of PM having geometric mean

diameter (GMD) in micrometer (μm), before and after
employing the fabricated filter, respectively. As shown in
Figure 4a, the smoke from a cigarette with conventional
cellulose acetate filter comprises a high average of number
concentration, ∼8.945 × 106 N/cm3 of the PM, the GMD of
which is in the range 0.419 to 2.421 μm, also PM having a
GMD greater than 2.421 μm has also been detected
significantly ∼0.008 × 103 N/cm3 in the smoke of cigarettes
with the conventional cellulose acetate filter. However, after
employing the fabricated filter, it has been found that the
average number concentration of PM having GMD in between
0.419 to 2.421 μm reduces drastically to ∼0.217 × 103 N/cm3,
whereas the PM having GMD greater than 2.421 μm could not
be detected in the cigarette smoke due to the addition of the
particle concentration diluter and low concentration itself.
Similarly, Figure 4 panels b and c shows the surface area and

mass concentration of PM having a GMD value in micrometer,
before and after employing the fabricated filter. This clearly
reveals that the PM with GMD in between 0.419 to 2.421 μm
also possesses an extremely high average surface area and mass
concentration of about ∼1.069 × 107 μm2/cm3 and ∼1.280 ×
106 μg/cm3, respectively. After employing the fabricated filter
the average concentration of the PMs reduces drastically to the
value ∼0.269 × 103 μm2/cm3 and ∼0.047 × 103 μg/cm3,
respectively.
Similarly, Figure 5 panels a−c represent the number, surface

area, and mass concentration of PM having GMD in

Figure 4. Characterizations of number, surface area, and mass concentration of cigarette smoke particles by TSI-3330 optical particle sizer
spectrometer. The x-axis is the geometric mean diameter of PM in micrometer. The y-axis represents the number/surface area/mass concentration
of PM in cigarette smoke: (a) number concentration; (b) surface area concentration; (c) mass concentration, of PM in cigarette smoke, before and
after employing the fabricated filter, respectively.
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nanometer (nm), before and after employing the fabricated
filter, respectively. As shown in Figure 5a, the smoke from a
cigarette with the conventional cellulose acetate filter,
possesses a high average number concentration of ∼4.163 ×
107 N/cm3 of PM with all possible GMD ranges from 11.5 to
365 nm. However, after the fabricated filter was employed, the
concentration of these particles were found to be very low at
∼1.655 × 104 N/cm3. Similarly, Figure 5 panels b and c show
the surface area and mass concentration of PM having a GMD
in nanometers, before and after employing the fabricated filter,
respectively, which shows similar results as obtained for the
number concentration.

The results obtained from optical particle sizer spectrometer
and nanoscan SMPS nanoparticle sizer spectrometer in
different concentrations have been summarized in tabular
form as shown in Table 1.
As shown in above in Table 1, it has been clearly seen that

the cigarette smoke is mainly composed of PM2.5, which is the
main cause of smoke related carcinogenic and deadly diseases.
The effect of using a fabricated filter is an enormous reduction
in the concentration of this PM2.5 by ∼99%. Also, the
mainstream of smoke contains a significant amount of PM0.1

and PM10, but after using the fabricated filter the concentration
of PM0.1 is hardly detected, while PM10 is not detected due to

Figure 5. Characterizations of number, surface area, and mass concentration of cigarette smoke particles by TSI-3910 nanoscan SMPS nanoparticle
sizer. The x-axis is the geometric mean diameter of PM in nanometers. The y-axis represents the number/surface area/mass concentration of PM in
cigarette smoke: (a) number concentration; (b) surface area concentration; (c) mass concentration, of PM in cigarette smoke, before and after
employing the fabricated filter, respectively.

Table 1. Characterizations of Number, Surface Area, and Mass Concentration of Cigarette Smoke Particles with the Diameter
< 10 μm, before (i.e. with Conventional Cellulose Acetate Filter) and after (i.e. with Fabricated Filter in This Work)
Employing the Fabricated Filtera

mean ± SD

cigarette smoke PM no. concn (×103 N/cm3) surface concn (×109 μm2/cm3) mass concn (×103 μg/cm3)

before PM10 0.007 ± 0.005 0.239 ± 0.188 0.129 ± 0.109
PM2.5 4.22 × 104 ± 5081.28 5550 ± 585 1165.315 ± 72.252
PM0.1 6981.09 ± 1002.33 140.8 ± 23.0 2.402 ± 0.390

after PM10 ND ND ND
PM2.5 6.23 ± 1.24 0.751 ± 0.141 0.075 ± 0.016
PM0.1 18.56 ± 3.37 0.219 ± 0.026 0.0030 ± 0.0003

aNote: values are given as mean ± standard deviation (n = 3) and ND represents not detectable due to the extremely low concentration.
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the use of a particle concentration diluter as well as itself
having a very low concentration in smoke.
3.4. Detection of Heavy Metal Concentration in

Cigarette Smoke. When a smoker smokes, the heavy metals
present in the cigarette’s tobacco are either left in the cigarette
filter or enter into the smoker’s body or spread into the air
through smoke. Since the heavy metals which remain in the
cigarette filter or entered into the smoker’s body are directly
related to the health of the smoker, it becomes very necessary
to study also these metals. Therefore, to investigate the heavy
metals concentration in the cigarette smoke, ICP-OES
measurement has been carried out. In this measurement Pb
has been chosen as the model element in view of its acute toxic
risk.
Figure 6 shows the result obtained from the ICP-OES

measurement. From Figure 6a, the intensity of the ICP curve

at 220.353 nm has been found around 8362.9, which
corresponds to the 0.347 mg/L of Pb heavy metal in cigarette
smoke when the conventional cellulose acetate filter is used.
Whereas, after using the fabricated filter, the concentration of
Pb heavy metal decreases significantly to 0.240 mg/L (as
shown in Figure 6b), which is around 30% less than its initial
concentration. This clearly indicates that the fabricated
cigarette filter possesses significantly enhanced capability to
remove the heavy metals from cigarette smoke as compared to
the conventional cellulose acetate filter.

3.5. Analysis of Nicotine Concentration in Cigarette
Smoke. Further, to investigate the removal efficiency of the
fabricated filter for nicotine, UV−vis absorption spectra of
cigarette smoke has been recorded before and after employ-
ing the fabricated filter as shown in Figure S3. The absorption
spectra of cigarette smoke with conventional cellulose acetate

Figure 6. ICP-OES spectra of the heavy metal lead presented in the cigarette smoke (a) before (b) after employing the fabricated filter.

Figure 7. (a) SEM image of fabricated MWCNTs membrane before smoking; (b) SEM image of MWCNTs membrane after smoking; (c) TEM
image of MWCNTs membrane after smoking; (d) FITR spectra of MWCNTs membrane before and after the filtration of cigarette smoke.
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filter possess a broad absorption band around ∼263 nm, which
corresponds to the absorption peak of nicotine present in
smoke.65 However, in the absorption spectra of smoke filtered
with the fabricated filter, this absorption band has nearly
disappeared, which indicates that nicotine present in cigarette
smoke has been significantly adsorbed by the MWCNTs
membrane inserted in the conventional cellulose acetate filter.
This adsorption phenomenon was strongly favored via the
molecule−nanotube interaction, which has been carried by the
tri-coordinated nitrogen atom from the nicotine.66

This excellent removal efficiency of the fabricated filter is
presumably related to its intrinsic physical and chemical
adsorption properties. Earlier, Branton et al.61 and Yu et al.29

have reported that the adsorption efficiency of additive filter
materials increases almost linearly with the specific surface area
and its geometrical length. Herein, the specific surface area of
the MWCNTs membrane is comparable to or higher than the
other additive materials used to develop the filter. In addition,
this MWCNTs membrane also possesses a randomly oriented
concentric open tubular network with high aspect ratio
nanotubes entangled to each other. This provides geometrical
confinement for toxic chemicals/compounds present in the
mainstream of cigarette smoke. Along with these, one of the

most important property of the nanotubes is its internal
diameters, which are comparable in size to that of many small
toxic molecules, which raises the prospects of size-based
exclusion and separation of these toxic molecules. Further-
more, the inserted flexible membrane is also very thin (∼0.16
mm) and porous, which allows the cigarette smoke to pass
easily through it. Also, the smoking regimes used during the
measurements and the typical measured pressure drop
(∼143.5 Pa) across the filter suggest that the draw filter
resistance is quite fine and favorable for smoking. Thus, we
believe that it may also be practically acceptable.
Therefore, for further confirmation, the microstructural

characterizations of the inserted MWCNTs membrane, before
and after the passage of smoke, have been carried out. Figure 7
panels a and b show the SEM image of the inserted MWCNTs
membrane before and after smoking, respectively. As shown in
Figure 7a, before smoking, the surface of the inserted
MWCNTs membrane is apparently clear and has randomly
oriented tubular nanostructures which are entangled to each
other. However, after smoking, the surface of the inserted
membrane is fully covered with PM and tar forming jelly-like
structures as shown in Figure 7b, which indicates that its use in
traditional filters is promising. Figure 7c shows the TEM image

Figure 8. (a) 2D and (b) 3D topography of smoke particles with conventional cellulose acetate filter; (c) 2D and (d) 3D topography of smoke
particle with fabricated filter. The height profiles recorded along the red arrow are shown in the insets of panels a and c.
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of MWCNTs membrane after smoking. From this, it has been
clearly observed that the few particles are adsorbed or
condensed on it after smoking. Thus, we believe that the
geometrical structure of nanotubes and the adsorption
behavior of the membrane surface both are useful in the
filtration process. However, the voids between the nanotubes
dominate the hollow cores. Nevertheless, we cannot
completely disregard the fact that there might be some toxins
adsorbed or condensed in the hollow cores of the nanotubes,
but the exact distribution is very difficult to depict. Thus, most
of the filtration occurs from voids between the nanotubes.
These conclusions are well supported by the earlier reported
works.36,51

Figure 7d shows the FTIR spectra of the inserted membrane
before and after smoking. By comparing these two FTIR
spectra, it can be clearly seen that the inserted MWCNTs
membrane has no absorption peak before smoking, whereas
after smoking, some absorption peaks have been introduced in
the spectra of the inserted membrane. The absorption peaks
appear approximately at 3002 cm−1, 2886 cm−1, 2828 cm−1,
and 1731 cm−1 and correspond to the Ar−H stretch, −OH
dimer, C−H stretch, and CO stretching vibrations,
respectively. This indicates the presence of many new groups
such as methylene, methine, aldehyde, etc. introduced over the

surface of the membrane, that came from nicotine,
benzaldehyde, and other hydrocarbons present in the cigarette
smoke. Also, the absorption peaks appearing approximately at
1209 cm−1 and 1357 cm−1 correspond to the C−O stretch and
N−O symmetric stretch, respectively, which may come from
carboxyl groups and nitro compounds. The other absorption
peaks appear with significant absorption intensity approx-
imately at 2661 cm−1 and 665 cm−1 indicating that a large
number of toxic compounds have been adsorbed by the
inserted MWCNTs membrane.
In recent years, AFM has become a very powerful tool

because of its potential applications in imaging and measuring
matter at the nanoscale level with high resolution. Therefore,
to endorse the removal of PM by other methods, AFM
measurement was carried out in noncontact mode to visualize
the surface topography of PM before and after employing the
fabricated filter, as shown in Figure 8. Figure 8 panels a and b
represent the 2D and 3D topography of PM before employing
the fabricated filter, i.e., with the conventional cellulose acetate
filter, which shows the existence of an extremely high
concentration of PM with variable shapes and sizes. The
height profile (shown in the inset of Figure 8a) recorded along
the red arrow shows the major changes in the height of PM,
which suggest that the smoke from a cigarette with a

Figure 9. (a,b) TEM images of PM filtered with conventional cellulose acetate filter; (c,d) TEM images of PM filtered with fabricated filter.
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conventional filter possesses an enormously high concentration
of PM in variable shapes, sizes, and heights. Figure 8 panels c
and d represent the 2D and 3D topography of cigarette smoke
particle filtered with the fabricated filter, respectively. From
here, we can clearly observed that after using the fabricated
filter the concentration of PM is reduced drastically and the
height profile (as shown in the inset of Figure 8c) recorded
along the red arrow shows nearly uniform distribution in the
heights of PM.
Further, the microstructures of the PM in the cigarette

smoke before and after employing the fabricated filter has also
been investigated using TEM as shown in Figure 9. Figure 9
panels a and b show the TEM images of cigarette smoke
particles filtered with the conventional cellulose acetate filter at
different magnifications. This clearly reveals that the smoke
from cigarettes with a conventional cellulose acetate filter
possesses variable sizes of PM, the lateral dimensions of which
vary from ∼15 nm to ∼2 μm and more. Whereas, after
employing the fabricated filter, PM with smaller lateral
dimensions ranging from ∼15 nm to ∼80 nm have mostly
been observed as shown in Figure 9 panels c and d. This result
has also been well supported by the other reported works.67,68

The results obtained from AFM and TEM measurements
also reveal that the cigarette smoke does not contain nanotubes
in its mainstream after the incorporation of fabricated filter.
Thus, we believe that the use of a carbon nanotube membrane
in a conventional cellulose acetate filter has not put any
adverse effect on human health.
The comparison of the present work with other reported

works (shown in Table 2) suggests that the fabricated filter is

highly efficient for the purpose of filtering more toxic
chemicals/compounds such as PM, nicotine, tar, and heavy
metals from cigarette smoke.

4. CONCLUSION
In summary, a novel cigarette filter has been developed by the
insertion of a monolithic, self-supporting, lightweight (∼0.0013

g), binder-free, flexible, and hydrophobic MWCNTs mem-
brane into the conventional cellulose acetate filter. This flexible
MWCNTs membrane has been fabricated using a simple
vacuum-assisted filtration technique followed by the synthesis
of MWCNTs using a cost-effective spray pyrolysis technique.
The various characterization techniques such as XRD, Raman,
SEM, TEM, TGA, and BET demonstrated that the fabricated
membrane possesses randomly oriented tube-like structures
entangled to each other with a high specific surface area and
thermal stability. These unique properties of the fabricated
membrane have been successfully applied for the development
of a cigarette filter. The developed filter offers excellent
performance for the elimination of PM2.5 with a removal
efficiency of ∼99%. It also shows significant ability for the
removal of nicotine, tar, and toxic heavy metals such as lead
present in cigarette smoke, which is comparable to or better
than the earlier reported works for smoke filtration. Thus, we
believe that the present study will provide a new avenue for the
development of an efficient and economical filter for the
cigarette.
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Table 2. A Comparison of the Proposed Work with Other
Reported Works for the Removal of Various Hazards
Compounds from the Cigarette Smoke

serial
no. adsorbent materials target

removal
efficiency

(%) ref

1 lyophilized carbon
nanotubes/
graphene oxide

heavy metals 63−79 29

2 zeolite-like
calcosilicate

nitrosamines 30−60 32

3 chitosan heavy metals 16−55 33

4 carbon nanocages phenolic compounds
and PM

55−75 34

5 carbon nanotubes
mixture

tar, nicotine, benzo[a]
pyrene, phenolic
compounds

20−35 35

6 oxidized carbon
nanotubes

tar 38−72 36

7 titanate nanosheets
and nanotubes

necotine, tar and
volatile organic
compounds

1.1−97.3 37

8 electrospun
nanofibers

tar 47.7−71.6 69

9 MWCNTs
membrane

heavy metals, tar and
nicotine

∼30 present
work

PM2.5 ∼99
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