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Insight into the effects of different
oxygen heteroatoms on nicotine
adsorption from cigarette
mainstream smoke
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Cigarette smoke contains many chemicals, including nicotine, which is harmful and can cause health
problems such as carcinogenesis disease, cardiovascular, respiratory, renal, and reproductive systems.
Removal of nicotine from mainstream smoke can be done through adsorption with filters or solid
adsorbents. In this study, we explored the use of activated carbons for the removal of nicotine from
cigarette mainstream smoke. Activated carbons were prepared from dried hemp (Cannabis sativa)
stem at an activation temperature of 350-550 °C using phosphoric acid as an activating agent. The
results showed that the activated carbons with variable surface functional groups and porosity
exhibited high efficiency for nicotine adsorption, removing 68-88% of nicotine from cigarette
mainstream smoke. Through X-ray photoelectron spectroscopy and temperature-programmed
desorption analyses, we identified that oxygen-containing functional groups, particularly carboxylic
groups, exhibited a superior ability to adsorb nicotine. The computational analysis with DFT
simulations further supported the importance of oxygen-containing surface functional groups in
facilitating nicotine adsorption, with the carboxylic group providing the lowest adsorption energy
among other functional groups.

Cigarettes are one of the most addictive and relaxing means of people. However, cigarettes also produce smoke,
particulate matter, and some chemical toxicants that affect organisms and the environment!~3. Smokers can
directly inhale the smoke from a cigarette butt, which is called first-hand smoke, and they exhale the smoke that
combines with the sidestream smoke from the burning cigarette butt, which is called second-hand smoke*. Both
types of smoke are produced when tobacco leaves are burned and causes health problems such as respiratory,
circulatory, immune system of the body, and long-term effects such as cancer and some lung diseases.

The composition of mainstream smoke is mainly nicotine, carbon dioxide, and polycyclic aromatic hydro-
carbons (PAHs)®. Nicotine can lead to an increase in blood pressure, heart rate, and blood flow to the heart, as
well as an increased risk of stroke®. In general, can exist in unprotonated, monoprotonated and diprotonated
forms. The non-volatile, protonated forms of nicotine reside only in the particle phase, whereas the volatile
unprotonated form is present in both the particle (liquid) and gas phase, and essentially this latter form of
nicotine determines the rate and extent of uptake of nicotine during smoking’=®. A cigarette butt can block out
some of the mainstream smoke. In addition, the addition of additives to the cigarette butt can lead to further
adsorption of toxicants. Removal of tar and nicotine from mainstream smoke using zeolite, activated carbon, and
oxidized carbon nanotubes as additives was reported'. It was found that the oxidized carbon nanotubes exhibited
exceptional removal efficiency despite their low specific surface area. Although their adsorption mechanism was
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unclear, capillary condensation of some ingredients from the mainstream smoke was observed in the inner hole
of the oxidized carbon nanotubes and was suggested to be the main reason for their excellent removal efficiency.

Although there are several studies on the adsorption of nicotine on various solid adsorbents'!~*, most of the
works focus on the removal of nicotine in liquid media. There are only a few studies on the adsorption of nico-
tine in the gas phase'*!*"'721-23 which is suitable for the removal of nicotine from cigarette mainstream smoke.
Zhou et al. reported the removal of toxicants in mainstream cigarettes using a mixture of carbon nanotubes with
mesoporous and microporous nanostructures obtained from catalytic pyrolysis of polypropylene and modified
montmorillonite nanocomposites'®. However, the yield of nicotine removal is still lower than the removal of
other harmful compounds in mainstream smoke. Although there have been research works reporting the high
nicotine removal capacity by using molecularly imprinted polymer'®, oxidized mesoporous spherical carbon'®,
multiwalled carbon nanotubes (MWCNTs) based thin flexible membrane', sepiolite granules®, polydopamine-
decorated filter tip*?, and nanocellulose-SiO, hybrid aerogels®, the key factors affecting effective nicotine adsorp-
tion are still unclear. The adsorption capacity depends not only on physical adsorption but also on chemical
adsorption. In general, physical adsorption ability is mainly due to the surface area and pore volume of the
adsorbent, while the surface chemistry of the adsorbent plays an important role in chemical adsorption. Yang
et al. reported that the adsorption of nicotine in a solution to carbons mainly depends on the surface chemistry
of the carbons'2. They found that phenolic groups could increase nicotine adsorption capacity, while carboxylic
groups could hinder the adsorption because they could combine with water molecules though hydrogen bonds
and block the pores. Adsorption in the gas phase could overcome this problem, and the carboxylic groups could
dominate the adsorption of nicotine. These strategies were also supported by Pi et al.'Y, who reported that the
increased adsorption capacity of nicotine was due to the higher concentration of acidic surface functional groups
of activated carbon. However, to our knowledge, the effect of the type of functional groups on the surface of
activated carbon on nicotine adsorption has never been extensively studied.

This study focuses on improving the technique to demonstrate surface-dependent removal of nicotine with
activated carbon. In this case, the activated carbons were prepared using hemp (Cannabis sativa) stem activated
with phosphoric acid (H;PO,), which enriched the oxygen-containing surface functionalities of the activated
carbons. The elemental composition, porous texture, and surface functional groups of the prepared activated
carbons were experimentally investigated by elemental analysis, N,-sorption measurements, and temperature-
programmed desorption (TPD). In addition, the adsorption energy of nicotine molecules with surface-func-
tional groups was calculated based computational analysis using DFT simulations. Here we report the surface-
dependent adsorption of nicotine, where carboxylic groups showed the greatest influence on nicotine removal
among the other oxygen-containing functional groups. The key contribution of this study is the identification of
surface-dependent adsorption of nicotine, with a particular focus on the influence of different oxygen-containing
functional groups. The results indicate that carboxylic groups exhibit the highest impact on nicotine removal
among the various functional groups investigated. This finding has implications for the design and optimiza-
tion of activated carbon materials for the efficient removal of nicotine and potentially other similar compounds.

Experimental

Preparation of activated carbons. The hemp stem was ground into powder and dried before use. It
was impregnated with phosphoric acid (H;PO,, 85%w/w) at a weight ratio of 1:1 and heated at 120 °C. The
impregnated hemp stem was carbonized in a horizontal tubular furnace under a nitrogen flow (200 cm® min™).
The activation temperature was between 350 and 550 “C. The heating rate and holding time were 10 ‘C min™!
and 2 h, respectively. Finally, it was washed with RO water and dried overnight at 105 ‘C. The as-prepared ACs
were labeled as AC(T), where T is the activation temperature. The use of plant parts in the study complies with
international, national, and/or institutional guidelines.

Characterizations of activated carbons. The amounts of carbon, hydrogen, and nitrogen of the hemp
stem and the obtained activated carbons (ACs) were characterized by CHN analysis (CHNS/O analyzer 628
series, Leco Corporation, USA). The porous textures of the samples were determined by N, sorption measure-
ments at — 196 °C (BELsorp MiniX). The specific surface area was calculated using the Brunauer-Emmett-Teller
method (Sger). Total pore volume was estimated from the N, adsorption amount at a relative pressure of 0.99
(Vi) The micropore volume was calculated using the Dubinin-Radushkevich (DR) equation (V,,.,)**. The
obtained ACs were also characterized by Fourier transform infrared spectroscopy (FTIR, Nicole iS50, Thermo
Fisher Scientific) in transmission mode (2.5 wt% in KBr). The number of scans and resolution were 16 and
4, respectively. X-ray photoelectron spectroscopy (XPS) measurements were performed using a Kratos AXIS
NOVA instrument (Shimadzu Co.). The charge-up shift correction was conducted by setting the C 1s binding
energy level of the samples to 284.5 eV. The ACs were also subjected to transmission electron microscopy (TEM,
JEOL: JEM 3100F) to investigate pore structure and morphology of the samples.

Nicotine removal ability test. The ability to remove nicotine was investigated using a laboratory-scale
fixed-bed adsorption apparatus (Figure S1). The obtained ACs (20 mg) were filled into the cavity (approxi-
mately 1 mm) between two cigarette filters (a 10-mm cellulose acetate filter). Five cigarettes (Red SMS?, Tobacco
Authority of Thailand) were lit and then smoked with a pump. The mainstream smoke would pass through the
cigarette filter and a Cambridge filter pad (CFP), in which 99% of particles larger than 100 nm were captured®.
Small particles would pass through the CFP pad and were eventually captured in a methanol solution®. Ciga-
rettes were smoked until the ignition reached a length of 50 mm. After that, the CFP was soaked in methanol
solution for 30 min and the solution was finally analyzed with a gas chromatography - flame ionization detector
(GC-FID) (see Figure S2 and Table S1).
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Nicotine reduction (%Rnicotine) Was calculated using the following equation:

Cnicotine blank — Chicotine,ACs
%Rnicotine = x 100 (1)

Cnicotine,blank

where Chjcotine blank i the nicotine concentration of a blank cigarette without ACs and Chicotine,ACs is that filled
with ACs. Normalized nicotine reduction was also estimated by dividing %R i.otine DY Sger- Note that nicotine
reduction (%Rpicotine) was measured in three different batches, with each batch measured three times by GC-FID
to ensure reliability of the results.

Quantitative analysis of surface functional groups of ACs. Temperature-programmed desorption
mass spectrometry (TPD-MS) was used to quantitatively investigate the oxygen-containing functional groups
of the samples. A detailed description of the experimental setup and procedure can be found elsewhere?”?.
Briefly, the sample was placed in a graphite holder in a quartz chamber and evacuated to a high vacuum. Once
the pressure was below 2 x 107 Pa, the sample was heated from room temperature to 1600 °C at a heating rate
of 10 °C min™! in high vacuum using a high-frequency induction coil. The desorbed gases (CO and CO,) were
quantitatively measured using a quadrupole mass spectrometer.

Computational study of oxygen-containing surface functional groups on nicotine adsorp-
tion. The study of surface functional groups on nicotine adsorption was also performed using a computa-
tional approach. The hydrogen terminated C64 graphene and the modified C64 graphene with oxygen-con-
taining functional groups (Fig. 1a) were prepared in GaussView 6.0%°. The structure of the nicotine molecule
(Fig. 1b) was downloaded from PubChem with CID 89594, The structures of the graphene-nicotine complex
were constructed in the Discovery Studio Visualizer 4.0 program®! by placing the nicotine molecule near the
edge of the graphene sheet, approximately 3-4 A away from the terminated hydrogen atoms.

Geometry optimization of all structures was performed in the Gaussian 16 program?®? using M06-2X func-
tional with 6-31G(d,p) as the basis set to obtain the lowest energy structures. We hereby collect the global energy
minimum for the calculation of the adsorption energy (AE), as shown in Eq. (2).

AE = Ecomplex - (Egmphene + Enicotine) (2)

The efficiency of nicotine adsorption between different surface functional groups of graphene was determined
based on adsorption energy values and intermolecular interactions.
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Figure 1. (a) Schematic representation of hydrogen-terminated C64 graphene and positions (R1-R2, Ring 1,
and position 2) for substitution of oxygen functional groups (al-a5). (b) Chemical structure of nicotine.
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Results and discussion

Elemental analysis and pore characteristic of ACs. The elemental composition of the precursor, and
the obtained ACs, are listed in Table 1 along with their porous properties. The hemp stem has a relatively high
carbon content, being mainly composed of a woody core containing cellulose, hemicellulose, and lignin®**.
Upon carbonization and activation, the carbon content, as well as Sgy and the pore volumes increase signifi-
cantly, which is generally observed during chemical activation.

N,-sorption measurement was employed to investigate the porous textures of each activated carbon. The
Sger can be estimated using the BET equation, while the total pore volume is determined at a relative pressure
0f 0.99, as listed in Table 1. The results show that with increasing activation temperature, both surface area and
total pore volume increase up to a certain point (up to 1960 m? g™! at 500 °C) and then decrease slightly. The
obtained ACs have a high specific surface area (945-1960 m* g™) and their N,-sorption isotherms (Figure S3a)
can be classified as a combination between types I and IV, which can attribute to the presence of micro and
mesoporosity. This is also consistent with the pore size distribution of the obtained activated carbon shown
in Figure S3b, which is dominated by micropores of pore diameter about 1 nm. However, it can be seen that
increasing the activation temperature increases the mesoporosity, which is in good agreement with the increase
in mesopore volume shown in Table 1.

Nicotine adsorption ability of ACs. The ability to adsorb nicotine from cigarette mainstream smoke by
using the as-prepared ACs was investigated using a laboratory-scale smoking apparatus. The percentage of nico-
tine reduction (%Rpicotine) Was calculated as listed in Table 2, where 68 — 88% of nicotine can be adsorbed and
the adsorption capacity increases with activation temperature. Since the adsorption capacities of nicotine on the
obtained ACs are not only related to the surface area and pore size, but also the surface chemistry, such as surface
functional groups, played an important role in chemisorption. As we observed no significant differences in pore
structure and morphology of the ACs upon TEM observations (see Supporting Information, Figure S5), we thus
normalized nicotine reduction by dividing %Rnicotine by its Spgr to eliminate the influence of specific surface area
on nicotine adsorption. As can be seen in Table 2, the normalized %Rpicotine Shows contradict results, suggesting
that the adsorption capacity is highly dependent on the surface functional groups.

Quantitative analysis of surface functional groups on ACs. Preliminarily, the functional group of
ACs was investigated by FTIR (Figure S4). The broad peak at 3360 cm™ can be assigned to O-H stretching
of hydroxyl group. The small peak at 1700 cm™ can be ascribed to C=0 stretching in ketones, aldehydes, and
carboxylic acids. The vibration at 1600 cm™ can be assigned to aromatic C=C stretching. The peaks at 1160 and
970 cm™ can be attributed to C-O stretching of a tertiary alcohol, and C=C bending in an alkene, respectively.
However, the carbon materials have a strong absorption in the IR region®, the spectra of the functional groups
of the obtained activated carbons have a low signal-to-noise ratio, which makes their determination difficult.
The chemical composition of the ACs was then investigated by X-ray photoelectron spectroscopy (XPS).
The wide-scan spectra (Fig. 2a) show the presence of carbon (C 1s), oxygen (O 1 s), and phosphorus (P 2p). For

Elemental composition s s V. b Voo« d
BET ‘total ‘micro ‘meso

Sample C(%ww") |H(%ww") |N@%ww!) |(m?’g") |(m’g?) |(cm’g?) |(cm’g™)
Dried hemp stem | 46.2 6.0 11.2 - - - -
AC(350) 58.0 29 5.0 945 0.47 0.37 0.11
AC(400) 62.3 3.1 6.4 1,660 1.00 0.59 0.41
AC(450) 62.1 2.7 7.6 1,720 1.19 0.57 0.62
AC(500) 63.8 2.0 11.7 1,960 1.48 0.65 0.83
AC(550) 58.3 2.0 11.7 1,880 1.39 0.61 0.78

Table 1. Carbon, hydrogen, nitrogen content (excluding ash) and porous properties of the precursor and the
as-prepared ACs. * Sypr—specific surface area, determined at 0.01 < P/P,<0.05 by the BET method. ® Vg, —
total pore volume, determined at a P/P; of 0.99. € V,,.,—micropore volume, determined by the DR method. ¢
Vneso—mesopore volume, determined by subtracting the micropore from the total pore volume.

Sample Nicotine reduction (%Rnicotine) | Normalized nicotine reduction (%Rnicotine,norm)*
AC(350) 68+7 0.072+0.007
AC(400) 74+4 0.044+0.002
AC(450) 83+3 0.048£0.002
AC(500) 80+6 0.041+0.003
AC(550) | 88+4 0.047 +0.002

Table 2. Nicotine roeduction using the obtained ACs®. *%Rpicotine ad %Rnicotine,norm are expressed as
mean +SD (n=9). *Ruicotine divided by Sger
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Figure 2. (a) XPS survey spectra, (b) C 1s, (c) O 1, and (d) P 2p of the obtained ACs.

the narrow scan, C 1 s peaks (Fig. 2b) at 284.8, 285.8, and 288.8 eV can be assigned to C-C, C-0O, and O-C=0
(COOH species), respectively. O 1s spectra (Fig. 2c) show the peaks at 530.3, 532.4 and 533.8 eV, assigned to
C=0 bonds (carbonyl C=0 and carboxylic O=C-OH groups), C-O bonds (mainly hydroxyl C-OH and epoxy
C-0-C), and O-C=0 bonds (carboxylic and anhydride), respectively. P 2p spectra (Fig. 2d) can be deconvoluted
to C-O-PO; (133.0 eV) and C-PO, (134.2 eV)3*7.

The atomic concentrations of each element (C, N, O, and P) are shown in Table S2, where the produced ACs
are rich in carbon (>80%). Oxygen is the second largest fraction at 13 - 17%. Nitrogen and phosphorus are of
lesser importance compared to carbon and oxygen. Since the atomic concentration of nitrogen was relatively
low (0.2 - 0.6%), the effects of nitrogen-containing functional groups were neglected in this study. As mentioned
earlier, the adsorption capacity of nicotine depends on the surface functional groups, so oxygen and phosphorus
would have an impact on nicotine reduction. To illustrate the relationship between nicotine removal and the
surface functionality of each heteroatom, the normalized %Rpicotine Was plotted against the oxygen-carbon (O/C)
and the phosphorus-carbon (P/C) contents (Fig. 3). It can be observed that the presence of oxygen has a strong
influence on the adsorption of nicotine (R*=0.94). Phosphorus, on the other hand, shows an unclear effect on
nicotine adsorption (R?=0.10) so that it was also neglected in this study. The oxygen-containing functional
groups of ACs can be present in many forms, such as anhydride, phenol, quinone, carboxylic and lactone?®.
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Figure 3. The plot of normalized nicotine reduction (% Rpicotine,norm) versus ratio of O/C and P/C.

Unfortunately, XPS cannot fully assign a variety of complex oxygen functional groups because XPS is only a
surface analysis. Therefore, TPD was employed to fully understand the surface chemistry of the obtained ACs.

Figure 4 shows the TPD spectra of the obtained ACs with different activation temperatures. For the evolu-
tion of CO (Fig. 4a), the main contributions are the anhydride decomposition peak at 400 — 600 °C, the phenol/
ether decomposition peak at 600 — 800 °C, and the quinone/carbonyl and phosphate groups decomposition peak
above 800 °C*?%38-40_The evolution of CO, (Fig. 4b) results mainly from the decomposition of carboxylic acid at
100-400 °C, anhydride at 400-600 °C, and lactone at 600-800 °C*2, The CO, observed in the high temperature
region above 800 °C is considered to originate from the desorption of phosphate groups*.

Both the CO and CO, evolution spectra were deconvoluted to obtain qualitative and quantitative data on
the oxygen-containing functional groups of the ACs. Table 3 shows the amounts of each functional group on
the surface of the activated carbon obtained from the deconvolution spectra. The results show that the phenol,
anhydride, and carboxyl content decreased with activation temperature, while the quinone/carbonyl (including
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Figure 4. TPD spectra ((a) CO and (b) CO,) of the obtained ACs with different activation temperatures.
Quinone/carbonyl and phosphate
Sample Phenol/ether (mmol/g) (mmol/g) Carboxylic (mmol/g) Lactone (mmol/g) Anhydride (mmol/g)
AC(350) 1.57 2.58 0.41 0.05 1.01
AC(400) 0.46 237 0.18 0.02 0.65
AC(450) 0.20 2.17 0.08 0.04 0.34
AC(500) 0.21 2.02 0.04 0.05 0.16
AC(550) 0.19 331 0.04 0.12 0.14

Table 3. The amounts of each functional group obtained from the deconvolutions of the TPD spectra.
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phosphate groups) and lactone content was varied in each sample. The results indicate that phenol, anhydride,
and carboxylic groups are decomposed at high activation temperatures due to their structural instability.

To further investigate the effects of oxygen-containing functional groups on the ability to remove nicotine,
the amount of each functional group was plotted against the normalized nicotine reduction, as shown in Fig. 5.
It can be seen that the normalized nicotine reduction increases with the amount of carboxylic (Fig. 5a), phenol/
ether (Fig. 5b), and anhydride (Fig. 5¢) groups. On the other hand, the effects of lactone (Fig. 5d) and carbonyl/
quinone and phosphate groups (Fig. 5e) on nicotine removal are unclear, implying that neither functional group
has a significant effect on nicotine adsorption. Therefore, only the effects of the carboxylic, phenol/ether, and
anhydride groups were compared, as shown in Fig. 5f, with the carboxylic groups contributing the most to
nicotine adsorption with the least amount required.

Computational study on the influence of oxygen-containing functional groups on nicotine
adsorption mechanisms. The hydrogen-terminated graphene sheet was used to represent the nanoscale
surface structure of ACs, modified by substituting the selected oxygen-containing functional groups. It was
found that the adsorption energy of the graphene and nicotine complexes was consistently negative, indicating
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Figure 5. Plots of oxygen-containing surface functional groups. (a) Carboxylic acid, (b) anhydride, (c) phenol/
ether, (d) lactone, (e) quinone/carbonyl and phosphate groups against the normalized nicotine reduction along
with their linear regression fit, and (f) comparison on major functional groups that contribute to nicotine
adsorption. Note that (%Rpicotine,norm) is expressed as the mean+SD (n=9).
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the ability to adsorb nicotine on hydrogen-terminated graphene and oxygen-functionalized graphene, as listed
in Table 4. The more negative the adsorption energy, the higher the adsorption efficiency. Consequently, the
adsorption energy of carboxylic graphene is much lower than the others. This could be due to the high reactivity
of the carboxylic group, which could enhance the interaction between nicotine and surface of ACs. Benzoqui-
none graphene, glutaric anhydride graphene, and §-valerolactone graphene also exhibited considerably high
nicotine adsorption efficiency with adsorption an energy of about — 10 kcal mol™, which could be due to the
reactivity of the carbonyl groups. On the other hand, hydroxylic graphene and hydrogen terminated graphene
have similar nicotine adsorption efficiency with adsorption energy of about —8.3 kcal mol™.

To further investigate the adsorption ability of nicotine on the oxygen-containing functional groups of the
graphene structure, the intermolecular interactions between the nicotine molecule and each graphene surface
were observed (Fig. 6). As expected, hydrogen bonds exist between the hydrogen atom of the carboxylic group
of graphene and the pyridinic nitrogen atom of the nicotine molecule. The strong hydrogen bonding with an
N-H distance of 1.64 A facilitated the adsorption of nicotine on carboxylic graphene (Fig. 6b). Interestingly, the
reactivity of the carbonyl groups of benzoquinone and §-valerolactone did not play a significant role in nicotine
adsorption, as only strong mt-ni-stacking interactions (3.4-4.9 A) were formed between the pyridine ring of nico-
tine and the benzene, benzoquinone, and §-valerolactone rings on graphene (Fig. 6¢,e). Similar behavior can
be observed for the glutaric acid-graphene/nicotine complex (Fig. 6d). For the hydrogen-terminated graphene/
nicotine complex (Fig. 6a), the weak mt-alkyl interactions (4.3-5.0 A) between the pyrrole ring of nicotine and
the benzene rings on graphene were found instead. Conversely, hydroxylic graphene had no prominent interac-
tion with the nicotine molecule. Although, the pyrrolic and pyridinic nitrogen atoms of the nicotine molecule
are rich in positive charges and normally act as electron acceptors, the nicotine molecule could be attracted to
the hydroxyl graphene via a weak van der Waals interaction, the van der Waals surface with a probe radius of
1.4 A, as shown in Fig, 6f.

Although the oxygen-containing functional groups could facilitate the adsorption of nicotine, the 1:1 adsorp-
tion energy previously reported cannot represent the effect of the amount of oxygen functional groups on
nicotine adsorption. Therefore, the additional semi-empirical calculation was performed using the PM7 model
in the Gaussian 16 program for the selected oxygen-containing functional groups with the highest and lowest
adsorption capacities, the carboxylic group, and the hydroxyl groups, respectively. Simulations were performed
by varying the amount of each oxygen-containing functional group from 1 to 4 and keeping the number of
nicotine molecules constant at 5. Geometry optimization for each complex system was then investigated. As
a result, the adsorption energies between 5 nicotine molecules were plotted with the variation of the selected
oxygen-containing functional groups in Fig. 7. The linear regression trend lines were also displayed to facilitate
observation of the trend in nicotine adsorption. It can be seen that as the number of surface functional groups
increases, the carboxylic group has a higher tendency to adsorb nicotine than the hydroxyl group. The calculation
suggests that other oxygen complexes have higher adsorption capacity with an increasing number of functional
groups. However, their adsorption efficiencies are still lower than that of the carboxylic group. This is in good
agreement with the results of the TPD analyses, where the carboxylic group shows a superior effect on nicotine
adsorption. It has been reported that phenolic groups could increase the adsorption capacity of nicotine in the
liquid phase, while carboxylic groups could hinder adsorption as they could combine with water molecules
through hydrogen bonds and block the pores'?. However, the adsorption of nicotine in cigarette smoke with low
water content in this study could eliminate this drawback, and further highlight the effects of carboxylic groups
on the enhancement of nicotine adsorption.

Conclusions

In this study, activated carbons (ACs) with variable surface functional groups and porosity were successfully
prepared from dried hemp stem by chemical activation with phosphoric acid. The removal of nicotine from
cigarette mainstream smoke was 88% with the AC at an activation temperature of 550 °C, although its specific
surface area was lower than that activated at 500 °C. This indicates that the adsorption mechanism of nicotine
was not only physical adsorption but also chemical adsorption, which was influenced by the surface chemistry
of the ACs. According to XPS and TPD-MS analyses, the oxygen-containing functional groups showed a high
contribution to nicotine adsorption. We have found that carboxylic groups possess the superior ability to adsorb
nicotine among the others. In addition, computational analysis of the effects of oxygen-containing surface func-
tional groups further supports that the carboxylic groups provide the lowest adsorption energy, implying the
highest ability to adsorb nicotine over other functional groups. Therefore, we suggest that not only a high specific

Complex structures AE (kcal mol™)
Graphene/nicotine -832
Carboxylic graphene/nicotine -15.58
1,2-Benzoquinone graphene/nicotine | - 10.69
Glutaric Anhydride/nicotine -10.30
§-Valerolactone graphene/nicotine -10.17
Hydroxylic graphene/nicotine -8.36

Table 4. Adsorption energies (AE) of nicotine on graphene with various oxygen surface functional groups.
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Oxygen Surface Functional Groups Intermolecular Bonds

(a) Graphene/Nicotine = = Hydrogenbond + — = Pi-Pi stacking
(b) Carboxylic graphene/Nicotine k]

(c) 1,2-Benzoquinone graphene/Nicotine

(d) Glutaric Anhydride/Nicotine

(e) d-Valerolactone graphene/Nicotine

(f) Hydroxylic graphene/Nicotine

Figure 6. Intermolecular interaction between nicotine molecule and graphene with several types of surface
functional groups: (a) pristine graphene, (b) carboxylic graphene, (c) 1,2-benzoquinone graphene, (d) glutaric
anhydride, (e) §-valerolactone, and (f) hydroxylic graphene. Hydrogen-terminated graphene and oxygen-
functionalized graphene were presented as ball and stick models, while the nicotine molecule is presented

as a stick model. The black, orange, and blue dash lines were used to represent hydrogen bond, n—m stacking

interaction, and n-alkyl interaction, respectively. Transparent surfaces were used to show the van der Waals
surfaces between nicotine molecule and graphene.
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Figure 7. Effect of nicotine adsorption based on the amount of selected oxygen surface functional groups.
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surface area of ACs, but also an oxygen-containing surface functional group, especially the carboxyl group, could
facilitate the adsorption ability of nicotine.

Data availability
The datasets generated during and/or analysed during the current study are available from the corresponding
author on reasonable request.

Received: 13 March 2023; Accepted: 6 September 2023
Published online: 15 September 2023

References

1.

Braun, M., Koger, E, Klingelhofer, D., Muller, R., & Groneberg, D. A. Particulate matter emissions of four different cigarette types
of one popular brand: Influence of tobacco strength and additives. Int. J. Environ. Res. Public Health 16(2) (2019).

2. Anastopoulos, I. et al. Removal of caffeine, nicotine and amoxicillin from (waste)waters by various adsorbents. A review. J. Environ.
Manag. 261, 110236 (2020).
3. Liu, S. H,, Tang, W. T. & Yang, Y. H. Adsorption of nicotine in aqueous solution by a defective graphene oxide. Sci. Total Environ.
643, 507-515 (2018).
4. Rubenstein, D., Jesty, J. & Bluestein, D. Differences between mainstream and sidestream cigarette smoke extracts and nicotine in
the activation of platelets under static and flow conditions. Circulation 109(1), 78-83 (2004).
5. Harris, J. E. Cigarette smoke somponents and disease: Cigarette smoke is More than a triad of tar, nicotine and carbon monoxide,
Smoking and Tobacco Control Monograph No. 7 (1991) 59-75.
6. Mishra, A. et al. Harmful effects of nicotine. Indian J. Med. Paediatr. Oncol. 36(1), 24-31 (2015).
7. Pankow, J. E et al. Conversion of nicotine in tobacco smoke to its volatile and available free-base form through the action of gase-
ous ammonia. Environ. Sci. Technol. 31(8), 2428-2433 (1997).
8. Ingebrethsen, B. J., Lyman, C. S., Risner, C. H., Martin, P. & Gordon, B. M. Particle-gas equilibria of ammonia and nicotine in
mainstream cigarette smoke. Aerosol. Sci. Technol. 35(5), 874-886 (2001).
9. John, E. et al. Effect of temperature and humidity on the gas—particle partitioning of nicotine in mainstream cigarette smoke: A
diffusion denuder study. J. Aerosol. Sci. 117, 100-117 (2018).
10. Chen, Z., Zhang, L., Tang, Y. & Jia, Z. Adsorption of nicotine and tar from the mainstream smoke of cigarettes by oxidized carbon
nanotubes. Appl. Surf. Sci. 252(8), 2933-2937 (2006).
11. Rakic, V. et al. The adsorption of nicotine from aqueous solutions on different zeolite structures. Water Res. 44(6), 2047-2057
(2010).
12. Yang, J., Fang, F. & Zhou, J. Effect of microstructure and surface chemistry in liquid-phase adsorptive nicotine by almond-shell-
based activated carbon. Chin. Sci. Bull. 58(30), 3715-3720 (2013).
13. Zhou, S. et al. Significant removal of harmful compounds in mainstream cigarette smoke using carbon nanotubes mixture prepared
by catalytic pyrolysis. Adsorpt. Sci. Technol. 32(6), 453-464 (2014).
14. Pi, K. et al. Effect of oxidative modification of activated carbon for the adsorption behavior of nicotine. J. Ind. Eng. Chem. 31,
112-117 (2015).
15. Huang, X. H,, Song, J. J., Li, H., Gong, M. T. & Zhang, Y. Selective removal of nicotine from the main stream smoke by using a
surface-imprinted polymer monolith as adsorbent. J. Hazard Mater. 365, 53-63 (2019).
16. Hubetska, T., Khainakova, O., Kobylinska, N. G. & Garcia, J. R. Spherical mesoporous carbon adsorbents for sorption concentra-
tion, and extraction of nicotine and other components of cigarette smoke. Protect. Metals Phys. Chem. Surf. 55(3), 423-432 (2019).
17. Pandey, S. K., Vishwakarma, P. K., Yadav, S. K., Shukla, P. & Srivastava, A. Multiwalled carbon nanotube filters for toxin removal
from cigarette smoke. ACS Appl. Nano Mater. 3(1), 760-771 (2019).
18. Lee, H.-J., Kim, G. & Kwon, Y.-K. Molecular adsorption study of nicotine and caffeine on single-walled carbon nanotubes from
first principles. Chem. Phys. Lett. 580, 57-61 (2013).
19. Girao, E. C,, Fagan, S. B., Zanella, I. & Filho, A. G. S. Nicotine adsorption on single wall carbon nanotubes. J. Hazard Mater.
184(1-3), 678-683 (2010).
20. Baei, M. T., Torabi, P., Mohammadian, H. & Saeedeh, H. Sensitivity of C 24 fullerene to nicotine molecule. Fullerenes Nanotubes
Carbon Nanostruct. 23(10), 874-877 (2015).
21. Sarikaya, Y., Kahya, N. D., Pekdemir, A. D. & Onal, M. Removing tar and nicotine from mainstream cigarette smoke using sepiolite-
modified filter tips. Clay Miner. 55(4), 375-382 (2021).
22. Lin, B. et al. Facile Fabrication of a functional filter tip for highly efficient reduction of nicotine content in mainstream smoke.
ACS Appl. Mater. Interfaces 13(31), 37638-37644 (2021).
23. Zeng, ]., Wang, T., Cheng, Z., Liu, L. & Hu, E Ultrahigh adsorption of toxic substances from cigarette smoke using nanocellulose-
SiO2 hybrid aerogels. ACS Appl. Polymer Mater. 4(2), 1173-1182 (2022).
24. Dubinin, M. M. Physical adsorption of gases and vapors in micropores. In Progress in surface and membrane science (eds Caden-
head, D. A. et al.) 1-70 (Academic Press Inc, New York, 1975).
25. Wright, C. Standardized methods for the regulation of cigarette-smoke constituents. TrAC Trends Anal. Chem. 66, 118-127 (2015).
26. Thaggard, N. A. & Wagner, J. R. Gas-liquid chromatographic determination of nicotine contained on Cambridge filter pads: col-
laborative study. J. AOAC Int. 62(2), 229-236 (1979).
27. Ishii, T. et al. Analyses of trace amounts of edge sites in natural graphite, synthetic graphite and high-temperature treated coke for
the understanding of their carbon molecular structures. Carbon 125, 146-155 (2017).
28. Ishii, T. & Kyotani, T. Temperature programmed desorption. In Materials science and engineering of carbon: characterization (eds
Inagaki, M. & Kang, F.) 287-305 (Butterworth-Heinemann, 2016).
29. Dennington, R., Keith, T. & Millam, J. GaussView 6 (Semichem Inc., 2016).
30. National Center for Biotechnology Information. PubChem Compound Summary for CID 89594, Nicotine, 2021. https://pubch
em.ncbi.nlm.nih.gov/compound/Nicotine. Accessed 25 March 2021.
31. Discovery Studio Modeling Environment, Dassault Systémes BIOVIA, San Diego, 2016.
32. Frisch, M. . et al. Gaussian 16 (Gaussian Inc, 2016).
33. Dang, V. & Nguyen, K. L. Characterisation of the heterogeneous alkaline pulping kinetics of hemp woody core. Bioresour Technol
97(12), 1353-1359 (2006).
34. Yang, R, Liu, G., Li, M., Zhang, J. & Hao, X. Preparation and N2, CO2 and H2 adsorption of super activated carbon derived from
biomass source hemp (Cannabis sativa L) stem. Microporous Mesoporous Mater. 158, 108-116 (2012).
35. Bansal, R. C. & Goyal, M. Activated carbon and its surface structure 1-66 (CRC Press, 2005).
36. Rosas, . M., Ruiz-Rosas, R., Rodriguez-Mirasol, J. & Cordero, T. Kinetic study of the oxidation resistance of phosphorus-containing
activated carbons. Carbon 50(4), 1523-1537 (2012).
Scientific Reports|  (2023)13:15311 | https://doi.org/10.1038/s41598-023-42188-w nature portfolio


https://pubchem.ncbi.nlm.nih.gov/compound/Nicotine
https://pubchem.ncbi.nlm.nih.gov/compound/Nicotine

www.nature.com/scientificreports/

37. Hulicova-Jurcakova, D., Seredych, M., Lu, G. Q. & Bandosz, T. J. Combined effect of nitrogen- and oxygen-containing functional
groups of microporous activated carbon on its electrochemical performance in supercapacitors. Adv. Funct. Mater. 19(3), 438-447
(2009).

38. Diingen, P, Schlogl, R. & Heumann, S. Non-linear thermogravimetric mass spectrometry of carbon materials providing direct
speciation separation of oxygen functional groups. Carbon 130, 614-622 (2018).

39. Ishii, T. & Ozaki, J.-I. Understanding the chemical structure of carbon edge sites by using deuterium-labeled temperature-pro-
grammed desorption technique. Carbon 161, 343-349 (2020).

40. Bedia, ., Ruiz-Rosas, R., Rodriguez-Mirasol, . & Cordero, T. A kinetic study of 2-propanol dehydration on carbon acid catalysts.
J. Catal. 271(1), 33-42 (2010).

41. Gockeler, M. et al. Surface reactions during temperature-programmed desorption and reduction experiments with oxygen-func-
tionalized carbon blacks. Appl. Surf. Sci. 561, 150044 (2021).

42. Li, N. et al. Maximizing the number of oxygen-containing functional groups on activated carbon by using ammonium persulfate
and improving the temperature-programmed desorption characterization of carbon surface chemistry. Carbon 49(15), 5002-5013
(2011).

Acknowledgements

This work was supported by Thammasat University Research Fund (Contract No. TUSDG 3/2565) and National
Research Council of Thailand (Contract No. N42A640324). This study was also supported by Thammasat Post-
doctoral Fellowship (Contract No. TUPD 4/2565, awarded to P.S.). K.N. would like to acknowledge financial
support from the Tobacco Authority of Thailand. PI. acknowledge the graduate scholarship under TAIST-Tokyo
Tech Program.

Author contributions

P.S. and K.J. wrote the main manuscript text. P.I. conducted the experiments. K.J. and K.N. conducted the simu-
lations. H.T. and T.I conducted the TPD analysis. K.F,, M.C., and K.N. conducted the conceptual design of the
work. P.S. and K.N. revised the manuscript. All authors reviewed the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-023-42188-w.

Correspondence and requests for materials should be addressed to K.N.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International
BY

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

Scientific Reports |

(2023) 13:15311 | https://doi.org/10.1038/541598-023-42188-w nature portfolio


https://doi.org/10.1038/s41598-023-42188-w
https://doi.org/10.1038/s41598-023-42188-w
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Insight into the effects of different oxygen heteroatoms on nicotine adsorption from cigarette mainstream smoke
	Experimental
	Preparation of activated carbons. 
	Characterizations of activated carbons. 
	Nicotine removal ability test. 
	Quantitative analysis of surface functional groups of ACs. 
	Computational study of oxygen-containing surface functional groups on nicotine adsorption. 

	Results and discussion
	Elemental analysis and pore characteristic of ACs. 
	Nicotine adsorption ability of ACs. 
	Quantitative analysis of surface functional groups on ACs. 
	Computational study on the influence of oxygen-containing functional groups on nicotine adsorption mechanisms. 

	Conclusions
	References
	Acknowledgements


