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ABSTRACT

The fabrication of highly porous functionalized carbon materials is the demand of current scenario for the
removal of toxic pollutants form aqueous solution. Therefore, waste cigarette butts that consist of cellu-
lose acetate and other nitrogen rich compounds, such as nicotine and harmine have been used for the fab-
rication of N-doped carbon aerogel (NDC) via hydrothermal and carbonization process. As-fabricated NDC
was characterized via, elemental analysis, FTIR, Raman, TGA, XRD, BET, SEM and XPS and used for the
adsorption of bisphenol —-A (BPA). The outcomes of adsorption essay and its kinetics support that the
adsorption of BPA over NDC was carried out via pseudo-second-order kinetic model and via Langmuir
model isotherm. The values for AG and AH were found negative and positive respectively, and support
that the adsorption process is spontaneous and endothermic. The nature of adsorbent as well as in-situ
and post characterization of the adsorbent support the adsorption mechanism, and the conclusions sup-
port that the hydrogen bonding, electrostatic as well as the m-w interactions were employed between the
BPA and NDC during adsorption. In addition, the regeneration of the NDC was efficiently achieved and
BPA removal efficiency remained high (92.47%) after seven cycles.
© 2020 The Authors. Published by Elsevier B.V. on behalf of King Saud University. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

and developmental behavior (Sophia and Lima, 2018; Wang
et al., 2019a, 2019b). Due to these health issues, it is essential to

Water pollution has always been a serious worldwide problem
and it has concerned the attention of researchers all over the
world. Several industries including fabric, printing and tissue,
paints, plastics and leather, etc. use different type of organic dyes,
heavy metals and organic phenols and expose to the environment.
Among these pollutants, bisphenol-A (BPA), which is used for the
manufacture of several polymers and plastics and noticed as an
endocrine disruptor compounds (EDCs) has several health issue
including cancer, hormonal imbalance, abnormal reproductive
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eliminate BPA from wastewaters, prior to discharge into the envi-
ronment. Several methods such as biodegradation, filtration, fen-
ton chemical oxidation, photocatalytic degradation and
adsorption have been employed for the management of BPA in
contaminated water and other pollutants with variable success
(Shokry et al., 2019; Soliman et al., 2019; Zhang et al., 2019).
Among these methods, adsorption stands as one of the best avail-
able techniques due to its easy operation, cost-effective, feasibility,
time and energy saving (Xiaoying et al., 2009). Hence, many adsor-
bents, such as metal oxides, graphite carbon/CNTs, bio-adsorbents,
clay and polymers have been used for the adsorption of BPA from
waste water. Among these adsorbent, carbon based adsorbents
such as carbon nanotubes, activated carbon, and graphene have
been extensively used for the removal pollutants form aqueous
solution due to their high surface area and due to their excellent
mechanical properties. Although, these pure carbonaceous materi-
als are very stable but have two drawbacks, firstly the high costs
and regeneration and secondly, poor adsorption capacity due to
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the lack of active sites or heteroatoms (Liu et al., 2016). Therefore,
the fabrication of highly porous functionalized carbon materials is
the demand of current scenario for the removal of toxic pollutants
form aqueous solution. Previously several highly porous carbon
nanocomposites have been prepared using municipal waste mate-
rials or agriculture waste (Choi and Kan, 2019; Liu et al., 2020;
Rong et al.,, 2019). Between these municipal waste materials is
our main interest, specially cigarette butts (Kurmus and
Mohajerani, 2020). It was recorded that about to 5.8 trillion cigar-
ette butts are thrown to the environment annually, resulting
8 x 10° metric ton municipality waste. The cigarette butts are pre-
pared using natural polymer (cellulose acetate). Cellulose acetate is
potential source to fabricate highly porous carbon than coal-based
carbonaceous precursors. The utilization of the municipal waste
cigarette butts for the fabrication of highly porous carbon, that
not only solve the municipality and environmental issue but also
provide the new source of the carbon materials (Yu et al., 2018).
Keeping these evidences, In the present study we have select waste
cigarette butts that consist of cellulose acetate and other nitrogen
rich compounds (nicotine and harmine) as a single source precur-
sor for the fabrication of nitrogen self-doped activated carbons via
a hydrothermal and carbonization process.

2. Experimental

The waste cigarette butts were collect locally in the smoking
zone, and crushed in a mechanical grinder. 4.0 g of used cigarette
butts powder was sonicated with 30 ml of distilled water for
30 min and then transferred into an autoclave (200 ml) with a
teflon liner followed by hydrothermal treating at 180 °C for 24 h
to get hydrated biochar. After cooling the autoclave, the obtained
biochar was washed with dil 0.1 M HCl and then with distilled
water and dried off in vacuum oven overnight then pyrolysed at
800 °C with a heating rate 5 °C/min under the flow of Ar.
(Ahamad et al., 2019c; Al-Kahtani et al.,, 2019; Naushad et al,,
2017). The details of analytical techniques and batch adsorption
assay are given in supporting information.

3. Results and discussion
3.1. Characterization of NDC

The synthesis of the NDC is schematically illustrated in Fig. 1,
the elemental analysis of the NDC show the presence of C
(82.41%) and N (14.89%) support the presence of N- heteroatom
in NDC while in the case of biochar the elemental results were
found to be C (64.42%), N (4.34%) and O (30.54%). The FTIR spectra
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Fig. 1. The synthesis routes for the synthesis of NDC.
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of the waste cigarette butts (WCB) powder, biochar and NDC are
illustrated in Fig. 2(a), the results exposed that the WCB and the
biochar have several organic functional groups and show the FTIR
peaks at 3400-3202, 3050, 2941-2843, 1613, 1506, 1447, 1345,
1124 cm™! and assigned to OH-NH, C=CH, —CH, —COOH, C=0,
C=C, C—N/C—0, C—H functional groups respectively (Ahamad
and Nishat, 2008; Nishat et al.,, 2011). While in the case of NDC
some peaks are disappear or become fewer instances due to the
rearrangement of the functional groups during hydrothermal and
thermal treatment of the compounds. The FTIR spectra of the
NDC show peaks at 3420 and 3345 cm~' and assigned to O—H/
N—H stretching vibrations. The sharp absorption peaks at 1659
and 1566 cm™! are due to the presence of C=0 and C=C functional
groups, respectively (Ahamad and Alshehri, 2014). Other peaks at
1172, 1360 and 1483 cm™! are assigned to C—0, C—N and C=C
respectively (Alshehri et al., 2016).

The TGA of the biochar and the NDC shown in Fig. 2(b), the TGA
plot of the biochar shows four stage of thermal degradation. The
first stage between room temperature and 170 °C, in this region
21.21% weight loss was found (Al-Farraj et al., 2018). The second
and third degradation is the main degradation step and in these
step 28.21 and 24.15% loss were notices. The last stage is the crack-
ing of the materials and it is slow degradation between 450 and
1000 and 20.21% weight of the total weight was degraded. How-
ever, with NDC, only two slow degradations were found and ini-
tially 5.70% weight loose was notices up to 170 °C. In the second
degradation stage 8.42% weight loss was observed between 150
and 350 °C. The residue weight at 1000 °C, were found to be
28.99% and 74.21% for biochar and NDC respectively (Ahamad
and Alshehri, 2013; Alshehri and Ahamad, 2013; Alshehri et al.,
2013). The NDC show superior thermal stability than that of the
biochar because the NDC is pre -heat treated under the flow of
Ar. The XRD spectra of the NDC is shown in Fig. 2(c), the XRD spec-
tra of the biochar show amorphous nature and no sharp peaks was
observed while the XRD spectra of the NDC showed two peaks at
20 of 23.72° and 43.18°, assigned to (0 0 2) and (0 O 4) planes of
graphite carbon (Wen et al., 2019; Xiao et al., 2019). Raman spectra
of NDC is shown Fig. 2(d), the Raman spectra show two bands at
1322.7 cm~! and 1587.6 cm™'assigned to the disordered sp>car-
bons (D-band) and the latter by graphitic sp?carbons (G-band).
(Alhokbany et al., 2019; Guo et al., 2011). The Ip/Ig value was found
to be 1.22, that support the presence of disordered carbon. The
doping of the nitrogen in the activated carbon aerogel opens new
channels for the adsorption of BPA. N, adsorption/desorption iso-
therms exhibited that the fabricated NDC possessed Type IV iso-
therms with hysteresis loops and support the presence of
mesoporous structure. The BET specific surface area of NDC is
found to be 841 m?/g and the N2 adsorption desorption plots are
shown in supporting figure SF1 (a). The pore width distribution
as shown in supporting figure SF1 (b), show the presence of hierar-
chical pore structures with pore volumes (from 0.19 to 1.28 cm® /g)
for NDC. It is envisaged that the mesoporous structure of NDC will
allow the BPA to the active sites with minor diffusion limitations.
The morphology of the fabricated carbon was determine using
SEM image as shown in Fig. 3(a-b), The SEM image of the NDC
show porous structures composed of small particles. Further the
morphology was determined with TEM as shown in Fig. 3(c). The
images support the presence of porous structure of the NDC with
ultrafine structure. On the whole, all the results (FTIR, XRD, Raman,
SEM, and TEM) above demonstrate that the used cellulose acetate
powder have been used as a self-doping agent for the fabrication of
nitrogen doped carbon by efficient hydrothermal synthesis
method.

The XPS survey of samples is shown in Fig. 4(a), the spectra dis-
play the presence of C, N and O elements and the peaks occurs at
284.8 eV, 399.7 and 531.2 eV respectively. Fig. 4(b), the C1s spectra
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Fig. 2. (a) FTIR spectra of WCB, biochar, and NDC (b) TGA/DTA curves of biochar, and NDC (c¢) XRD of biochar, and NDC (d) Raman spectrum for biochar, and NDC.
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Fig. 3. (a) SEM image of biochar (b) SEM image of NDC (c) TEM image of NDC.
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Fig. 4. (a) A wide XPS spectra for biochar and NDC (b) C 1s, (c) N 1sand (d) O 1s,

can be split into four different peaks, the main peak at 284.47 eV
(C = C) related to graphitic sp? C atoms, involving successful car-
bonization of biochar composite and occupied about the highest
peak area. In addition, two more peaks appeared at 285.36 and
286.85 eV could be attributed to C-N and C-OH and support suc-
cessful incorporation of N and O atoms and formation of new sites
in to the NDC based adsorbent(Al-Kahtani et al., 2018; Alshehri
et al., 2018). High-resolution N1s spectra split into four types of
nitrogen species at 397.90 eV, 398.81 eV, 400.51 eV and 402.04
assigned to pyridinic-N, pyrrolic-N, quaternary-N and N-Ox,
respectively as illustrated in Fig. 4(c) (Al-Enizi et al., 2018). The
O1s show peaks related to C—0, and C=0 which appeared at
532.43 eV and 533.0 eV respectively as shown in Fig. 4(d). To verify
the hydrophobic and hydrophilic behavior of the biochar and the
NDC, the contact angles were measured. It was noticed, when a
water drop was placed on the biochar, the water was completely
speared onto the surface, resulting no contact angle was observed.
However, after the pyrolysis of bio-char, the hydrophilic nature of
the NDC was changed. When, a drop of water was deposited on the
surface of NDC, the value of contact angle of the water droplet was
132°.

3.2. Batch adsorption studies

Batch adsorption experiments were performed between pH 3-
13, initial concentration (5-200 mgL~'), dose of the adsorbent
(0.05-1.0 g) and wide range of contact time (0-180 min). During
the adsorption experiments only one factor was changed and other
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factors remains constant to estimate the optimal values of the
adsorption factors. At room temperature the optimal pH, initial
concentration, does of adsorbent and contraction time for the
adsorption of BPA over NDC were found to be pH 7, 60 mgL™},
0.2 g, and 60 min respectively.

3.2.1. Effect of pH and dose

The effect of initial pH plays an important role during the
adsorption of BPA over NDC, when the pH was increased form 3-
12 the adsorption capacity of the NDC was varied. As shown in
Fig. 5(a). It was notices when the pH was raised from 2 to 9 the
adsorption capacity of the adsorbent was increased rapidly up to
pH 7 and then become slow up to 9. However, when the initial
pH was raised from 9 to 12 the adsorption of BPA was decreased.
This is because in higher pH the BPA changed into electron rich
ions bisphenolate because of pH > pKa, (pKa for BPA 9.6-10.2).
As we know that the NDC have free electrons and negatively
charged surface and behave as a Lewis base. Therefore, at higher
pH an electrostatic repulsion was occurs and resulting the signifi-
cant change was noticed. When the pH was less than pKa no elec-
trostatic repulsion was notices, the maximum adsorption is
observed at pH 9 (318.4 mg/g), this adsorption capacity is little
much higher form the pH 7 (310.5). Therefore, the optimal pH 7
was used in this study.

3.2.2. Effect of initial concentration
At optimal condition, the initial concentration of BPA was
change from 5 mg/L to 200 mg/L, resulting the significant change
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Fig. 5. Effect of (a) pH (b) concentration (c) time and (d) temperature on the adsorption of BPA onto NDC.

was noticed. As shown in Fig. 5(b), As the concentration of BPA was
raised from 5 to 60 mg/L, the adsorption capacity of the NDC was
increased rapidly and found to be 310.5 mg/g. moreover, when
the concentration was further increased up to 100 mg/L, the
adsorption capacity increased slowly and found to be 344.62 mg/
g, then become saturated at 200 mg/L and found to be
402.67 mg/g. this is because when the initial concentration of
the adsorbate was increased the active sites on the adsorption
was decreased and the adsorption process was decreased
(Ahamad et al., 2019a, 2019b).

3.2.3. Effect of contact time

The effect of contact time during the adsorption of BPA over
NDC was studied. As shown in Fig. 5(c), at the optimal adsorption
condition, the adsorption capacity of the NDC was increased grad-
ually in early stage and found to be 310.5 mg/g after 60 min. When
the adsorption time was increased from 60 to150 min the adsorp-
tion capacity is observed 324.44 mg/g. while the rate of adsorption
become slow and then saturate at 180 min and found to be
328.18 mg/g. This is because in initial the adsorption occurs fast
due to the availability of adsorption sites and later become slow
due to insufficient adsorption site on the surface of the NDC, result-
ing adsorption increased gradually. On the other hand at higher
concentration and late adsorption stage, the insufficient contact
between BPA and the NDC in the late stage and eventually full
occupation of active adsorption sites on the NDC (Ahamad et al.,
2019d, 2019e).

3.2.4. Adsorption kinetics and adsorption isotherm

To determine the adsorption kinetics for the adsorption of BPA
onto NDC, pseudo-first-order, pseudo-second-order and intra-
particle diffusion kinetic models have been used and the details
of the models and their relative parameters are explained in Sup-
porting Information. The experimental data were fitted and illus-
trated in Fig. 6(a) and the results are summarized in Table 1.
According to the parameter values and R? values of these models,
the pseudo-second-order kinetic model could effectively describe
the adsorption process of BPA and found to be 0.9934. Meanwhile,
calculated adsorption capacity of NDC for BPA was found to be
314.21 mg/g by the pseudo-second order model fits the actual
experimental results and supports the physio-chemical adsorption
of BPA onto NDC via m-1t and m-cation interactions and hydrogen
bonding.

Adsorption isotherms were used to further explain the adsorp-
tion mechanism and the interaction between BPA and NDC. The
adsorption isotherm gives details the amount of BPA adsorbed by
unit mass of adsorbent at a constant temperature as a function of
BPA concentration at equilibration. The isotherm parameters
obtained from non-linear fitting of the three different models are
illustrated in Fig. 6(b). As can be seen from table-1, although both
the Langmuir model provide more satisfactory mathematical fits to
the experimental data points (R> = 0.9964) than the Freundlich
model and Temkin model. The results indicate that the adsorption
of BPA on NDC was of a monolayer type. The maximum capacity of
NDC for BPA adsorption was 364.21 mg/g.

3355



N.S. Alhokbany, M. Naushad, V. Kumar et al.

400
350
300 -
\a 250 -
g 200-
& 1501 &
1004 ! & Expremental data
—o— Pseudo First order model b
501 —o- Pseudo Second order model
0 -o— Intraparticle diffusion model
0 25 50 75 100 125 150 175
Time (min)
1.984 (
1.96 - |
1.94 - ]
4
e 1.92
1.90 -
1.88 & Expremental data |
Linear Fit
1 .86 T T T T T
0.003150.003200.003250.003300.00335
1T (1/K)

Journal of King Saud University - Science 32 (2020) 3351-3358

450
400-
350-

300

£ 250-

& 200-
1501
1001

501

mg

Q.% & Expremental data
—o— Langmure Isotherm model -

f —o— Freundlich Isotherm model
—o— Temkin Isotherm model

25 50 75 100 125 150 175 200
Ce(g/L)

o
o
1

(2]
o
1

D
o
1

Adsorption Efficiency (%)
N (@]
2 2

o
I

1 2 3 4 5 6 7
Cycles

Fig. 6. (a) Adsorption isotherm of BPA on NDC (b) Kinetics of BPA adsorption on NDC (c) adsorption thermodynamic of BPA over NDC (d) regeneration behavior of NDC.

Table 1
Adsorption kinetics and adsorption isotherm parameters for BPA adsorption over NDC
Models Parameters
First Order Qe (Mg g™") ky(min~") R?
302.02 0.1165 0.9321
Second Order Qe (mg g™1) k, (g mg~! min~1) R?
314.21 5.40x10 0.9934
Intra-particle diffusion  C Kgir (mg g~ ' min~?) R?
120.21 19.45 0.79321
Langmuir isotherm Qp (mg/g) K R?
364.21 0.0468 0.9964
Freundlich isotherm Kr (mg/g.(L/g)") n R?
68.34 2.80 0.9014
Temkin isotherm K (L/gm) Bt R?
0.490 93.28 0.9683

3.2.5. Adsorption thermodynamics

When the temperature of the solution was increased, it affects
the adsorption capacity of the NDC and the results are illustrated
in Fig. 5(d). It was observed that when the temperature was
increased from 298 K to 318 K the adsorption capacity was
increased from 310.5 to 336.5 mg/g and supports the endothermic
adsorption process. The value of AH and A4S were calculated using
the slope and intercept of the Fig. 6(c) and the values were summa-
rized in Table ST 1 (ESI), the AG® values are negative with all the
temperature, which suggests the adsorption process is sponta-
neous. A positive AH° value is evidence of the fact that BPA adsorp-
tion on activated carbon aerogel is endothermic and
chemisorption. This physio-chemical reaction might be assigned
to hydrogen bonding, or Van der waals forces. The positive values
of ASy indicated that the randomness of the system increased dur-
ing pollutants adsorption.
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3.2.6. Regeneration of the adsorbent

The regeneration of the adsorbent is an important factor for
their use on industrial scale. In order to explore the reusability of
NDC, the BPA was desorbed via aqueous methanol in ultrasonic
technique, which can dislodge contaminants attached to the pores
in NDC and the adsorption capacity found after each cycles are
illustrated in Fig. 6(d). After seven cycles, the NDC show the
adsorption capacity about to 94.21%.

3.3. Mechanism of adsorption

The adsorption of the organic pollutants was affected not only
via functional groups of the adsorbent but also other factors such
as surface properties, porous networks and mass transfer process
of NDC in bulk solution. Here, the adsorption of BPA over NDC
was proceed via m-m interaction, hydrogen bond, electrostatic
interactions and the details of the interaction between the BPA
and NDC was determine via FTIR and XPS spectra of the composite
after the adsorption and desorption of the BPA as shown in figure
SF 2(a) (ESI). When the FTIR spectra of the NDC after BPA adsorp-
tion was compared with the pure and regenerated NDC, one peak
was shift from 1659 to 1625 cm™!, this is because of the hydrogen
bonding (II) between C=0 and OH of BPA as shown in figure SF 2(b)
(ESI). Another FTIR peak were shifted from 3452 to 3415 (O—H and
become broad, additionally the pack belongs to C=O0 in the case of
NDC was shifted from 1754 to 1684 cm™!, this support the pres-
ence of hydrogen bonding between the phenolic groups of the
BPA and the carbonyl and amino groups of the NDC. The peak at
1460 belongs to NH groups also shifted to the lower frequency
and observed at 1452 cm!, and support the involvement of the
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NH or nitrogen doping atoms for the adsorption of BPA over NDC.
m-T interaction that was occurs between the aromatic ring of the
BPA and the 1 e of the NDC. The XRD spectra of the NDC after
the adsorption show in figure SF 2(c) (ESI), the results revealed that
there is not significant change in the crystalline nature of the NDC
only little change was observed due to the amorphous nature of
BPA. The adsorption of the BPA was also further supported via
XPS spectra and after the adsorption of the BPA the intensity of
C1 s increased due to the adsorption of the BPA as shown in figure
SF 2(d) (ESI). On the other hands, some peaks of the C1s spectra is
shifted to the other position and support the presence of ©t-7 inter-
action. While the change in the O1s and N1s also support the pres-
ence of hydrogen bonding during the adsorption of BPA (Park et al.,
2019).

4. Conclusion

This study introduced the fabrication of self-nitrogen doped
carbon aerogel form the waste cigarette butts powder and used
for the adsorption BPA from aqueous solution. The fabricated
NDC was characterized via several analytical techniques. The batch
adsorption of BPA was carried out and the effects of pH value, con-
tact time, temperature and initial concentration were also exam-
ined. The results support the presence of pseudo second order
kinetics and the Langmuir model provide more satisfactory math-
ematical fits to the experimental data points (R? = 0.9964) than the
Freundlich model and Temkin model. The thermodynamic results
support that the adsorption process is spontaneous and endother-
mic. The adsorption mechanism of BPA over NDC was proceed via
m-7 interaction, hydrogen bond, electrostatic interactions and the
details of the interaction between the BPA and NDC was determine
via FTIR, XRD and XPS spectra after the adsorption and desorption
of the BPA. Finally, regenerated NDC was still effective after 7
regeneration steps, additional prominence the benefits of this use-
ful potential material.
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