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es/Al2O3 composite derived from
catalytic reforming of the pyrolysis volatiles of the
mixture of polyethylene and lignin for highly-
efficient removal of Pb(II)†

Zhanghong Wang, *ab Kun Qin,a Zhikang Wang,*a Dekui Shen*b

and Chunfei Wu *c

In the present study, the coked catalysts derived from catalytic reforming of the pyrolysis volatiles of

polyethylene (PE), lignin (LG) and their mixture were developed as low-cost and environmentally-friendly

carbon materials-containing composites to remove heavy metal ions from aqueous solution. The

composites were thoroughly characterized by SEM, TEM, XRD, TGA and FT-IR and then their adsorption

capability towards Pb(II) was investigated. It is found that curved cone-shape carbon nanotubes (CNTs)

with abundant structural defects and O-containing surface functional groups, such as C–O, C]O and

–OH, can be obtained from the catalytic reforming of the mixture of PE and LG. The CNT-containing

catalyst composite presents a superior adsorption capability towards Pb(II) when it is employed in Pb(II)

removal. Adsorption isotherm and adsorption kinetics studies show that the adsorption process can be

well simulated by the Langmuir isotherm and pseudo-second-order model, demonstrating that the

adsorption is subjected to a homogeneous and chemical process. The calculated maximum adsorption

capacity is as high as 146.08 mg g�1, which is much higher than most of the adsorbents reported.

Moreover, thermodynamic analysis reveals that the adsorption is spontaneous and endothermic.

Accordingly, the used catalyst from the catalytic reforming can be developed as a low-cost and highly-

efficient adsorbent.
1 Introduction

Heavy metal-related contaminants mainly originate from
anthropogenic activities such as industrial manufacture, energy
production and transportation and are widely pervasive in our
surroundings in the forms of dust, precipitation and ions in the
air and drinking water.1,2 It is conrmed that the prolonged
exposure to and excessive uptake of heavy metals would cause
severe damage to body organs (kidneys, liver and brain), bone,
blood and nervous systems due to their acute toxicity, and non-
biodegradable and bioaccumulative nature.3 Accordingly,
contamination and corresponding risks arising from heavy
metals have attracted a large number of concerns. In the past
few decades, strict standards about the limitations of individ-
ually toxic heavy metals have successively been set in most
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countries and important health institutions.4 For example, the
maximum contaminant level for lead (Pb), chromium,
cadmium, arsenic, mercury, copper, zinc and nickel in drinking
water, several of the most representatives of heavy metals, is
0.01, 0.05, 0.003, 0.01, 0.06, 2, 3 and 0.07 mg g�1, respectively,
according to the World Health Organization provisional
guidelines.5 In order to achieve the goals, several methods
involving ion exchange, chemical precipitation, reverse
osmosis, membrane and ultraltration have been successfully
developed to address heavy metals-related contaminations.
However, most of these techniques show disadvantages such as
low efficiency and extra energy or chemical requirements, which
greatly limit their exibility and applicability. By contrast,
adsorption has generally been accepted as one of the most
promising methods because of its high efficiency, cost-
effectiveness, sludge-free and simplicity.6 Up to now, a large
amount of adsorbents has been applied in adsorption tech-
niques, such as virgin biomass, biomass-based carbon mate-
rials, clay minerals, ceramics and oxides.2,7–10

Carbon nanomaterials, such as CNTs and graphene, pos-
sessing high specic surface area and abundant adsorption
sites, have been considered as a class of newly emerging and
highly efficient adsorbents.11 However, low dispersity and
RSC Adv., 2021, 11, 37851–37865 | 37851
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strong hydrophobicity arising from their strong Van de Waals
force and unique molecular structure have become crucial to
restrict the practical applications of carbon nanomaterials to
a certain degree. An alternative method to improve the dis-
persity and hydrophilicity of carbon nanomaterials is to
combine with other materials to achieve carbon nanomaterial-
contained composites.12 As a result, the removal efficiency of
the carbon nanomaterials serving as adsorbents was found to
be greatly improved.13,14 For example, Ca/Al layered double
hydroxide decorated CNTs composites fabricated from CNTs
and Ca/Al-containing precursor solution via co-precipitation
and hydrothermal aged treatment possessed a favorable
adsorption capability towards U(VI), which was 4-fold that of
pristine CNTs.15 Similarly, the adsorption ability of graphene
oxide towards Cd(II) and Ni(II) was found to be greatly improved
as it was incorporated with almond shell (graphene oxide/
almond shell composite) by a freeze-drying method.16

However, it is worth noting that a complex assembly or
synthesis process is generally needed for the preparation of
desirable carbon nanomaterials-contained composites, which
hence brought a large amount of wastage and cost as well as
extra wastes. Interestingly, various carbon nanomaterials-
contained composites being considered as by-products or
industrial wastes are inevitably and largely being produced in
daily industrial production, such as catalytic pyrolysis or
reforming-involved industries.17,18 The used catalysts in these
industries are generally deactivated and poisoned by the
damage of structure or the production of coke, which are
difficult to recover and conduct to further reuse. Further anal-
ysis revealed that the coke that existed on the used catalysts is
mainly composed of amorphous carbons and ordered structure
carbons (carbon nanomaterials).19 The carbons are uniformly
covered or nested on the catalyst surface or its inner pore
structure. Also, abundant oxygen-containing functional groups
can be found in the carbons in the catalytic conversion of
oxygen-contained feedstock, which endowed their favorable
hydrophilicity and excellent adsorption sites.13,20 Therefore, the
used catalysts can be sustainably disposed of as a low cost
source of carbon nanomaterials-contained composites,
employing as an efficient adsorbent for the removal of pollut-
ants from environment.

Herein, the purpose of the present work is to investigate the
feasibility and performance for the employment of the carbon
nanomaterials-contained composites originated from used
catalysts as adsorbents on pollutants removal. Three types of
used catalysts derived from catalytic reforming of the vapor of
LG, PE and their mixture were comparably investigated to
determine the inuence of the type of carbon nanomaterials
and corresponding surface chemistry, which were characterized
by SEM, XRD, TEM, TG and FTIR. The adsorption capability of
these three types of used catalysts towards Pb(II) from aqueous
solution varied from adsorption conditions, such as initial Pb(II)
concentration, contact time, solution pH and ambient temper-
ature were further investigated. Adsorption isotherm, kinetic,
thermodynamics and potential adsorption mechanism were
analyzed and discussed as well.
37852 | RSC Adv., 2021, 11, 37851–37865
2 Materials and methods
2.1 Raw materials and chemicals

LG was extracted from a black liquor collected from an alkali
pulping mill in Hunan Province, China, according to an acid
precipitate method which has been exhaustively described in
our previous study.21 Commercially available PE powder with an
average Mw of �4000 and Mn of �1700 GPC was provided by
Sigma–Aldrich Corporation (St. Louis, MO, USA). Chemicals
including nickel nitrate hexahydrate, aluminium oxide (Al2O3),
nitric acid, sodium hydroxide, lead nitrate and EDTA in
analytical reagent grade were obtained from Sigma-Aldrich
Corporation (St. Louis, MO, USA). Deionized water with a resis-
tivity of 18.2 MU cm�1 was employed as a solvent to prepare the
desired solution.

2.2 Preparation of carbon materials/Al2O3 composites

2.2.1 Preparation of Al2O3 catalyst. Al2O3 with 10% Ni
content (NiO/Al2O3) was employed as the catalytic reforming
catalyst. In brief, 4.95 g of nitrate hexahydrate was dissolved
into 40 mL ethanol to obtain a Ni-containing solution. Then
Al2O3 in a mass of 10 g was added and kept stirring for 4 h. Aer
that, the suspension was carried out evaporating under 80 �C.
The as-obtained solid was then dried under oven at 105 �C,
followed by calcination at 500 �C with a heating rate of
2 �C min�1 at air atmosphere. At last, the solid residue was
collected and ground to powder, which is right the desired
catalyst (NiO/Al2O3).

2.2.2 Catalytic reforming the pyrolysis volatiles of LG, PE
and their mixture. Catalytic reforming PE, lignin and their
mixture (in a mass ratio of 1 : 1) was carried out at a vertical two-
stage xed bed where nitrogen was introduced to maintain an
inert atmosphere (Fig. S1†). The feedstock was pyrolyzed at the
rst stage with a heating rate of 10 �C min�1 at 800 �C for 2 h.
The produced vapour was passed through the catalyst bed
placed in the second stage where the temperature was
controlled as 600 �C. Particularly, the rst stage was
commenced to heat aer the catalyst bed reached the set
temperature. Once the pyrolysis at the rst stage nished, the
two stages were simultaneously ceased. Then the instrument
was allowed to cool down naturally to room temperature. The
reacted catalyst carpeting with carbon materials (carbon mate-
rials Ni/Al2O3) was collected. Particularly, the carbon materials
Ni/Al2O3 composites originated from PE, LG and their mixture
were labelled as PE-CNTs-Ni/Al2O3, LG-Chars-Ni/Al2O3 and PE/
LG-CNTs-Ni/Al2O3, respectively.

2.3 Characterization of as-synthesized carbon materials/
Al2O3 composites

The crystalline information of carbon products and corre-
sponding catalyst components in samples (the as-synthesized
fresh Ni/Al2O3 catalysts with different Ni content and carbon
materials-Ni/Al2O3 composites) was determined by a powder X-
ray diffractometer with Cu Ka radiation in the 2q range 5–80�

(Empyrean series 2, PANalytical, Netherlands). The reduction
behaviors of the fresh catalysts were detected by a Temperature
© 2021 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra06762a


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

4 
N

ov
em

be
r 

20
21

. D
ow

nl
oa

de
d 

on
 6

/2
6/

20
26

 8
:5

2:
57

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
Programmed Reduction instrument (TPR) (FineSorb3010,
FINETEC instrument, China). Morphologic features of the
samples were characterized using scanning electron micros-
copy (SU1510, Hitachi, Japan). Transmission electron micro-
scope (JEM-2010F, JOEL, Janpan) equipped with a high-
resolution transmission electron microscopy (talos F200, FEI,
USA) was employed to investigate the detailed morphology of
the samples. Thermogravimetric analysis was conducted to
determine the thermal stability of samples in the air using
a thermo-gravimetric analyzer (SDT Q600, TA instrument, USA)
in the temperature range of 30–850 �C with a heating rate of
10 �C min�1. Surface functional groups of the samples were
analyzed by a Fourier Transform Infrared Spectrometer (Nicolet
iS5, Thermo Fisher Scientic, USA). The vibration of the trans-
missions and corresponding wavenumbers ranging from 600 to
4000 cm�1 were collected with a resolution of 4 cm�1. Ash,
volatile matter and xed carbon of the samples were measured
according to the standard method (ASTM D 1762-84). The
analysis on the composition of carbon (C), hydrogen (H) and
sulphur (S) in samples was carried out on an Elemental Analyzer
(EA112, Thermo Finnigan, USA). While the oxygen content (O)
was calculated by difference. The specic surface area of
samples was determined by N2 adsorption/desorption at 77 K
on a surface area analyzer (NOVA-2000E, Quantachrome
Instruments, USA) according to the Brunauer–Emmett–Teller
(BET) method. The point of zero charge (pHpzc) of samples was
measured based on the method in our previous study.7
2.4 Adsorption of Pb(II) onto carbon materials/Al2O3

composites

Stock solution of Pb(II) in a concentration of 1000 mg L�1 was
prepared by dissolving lead nitrate in deionized water. Pb(II)-
containing solutions in required initial concentrations were
subsequently prepared by diluting the calculated amount of the
stock solution to 50 mL using deionized water in 100mL conical
asks. About 0.05 mg sample (PE-CNTs-Ni/Al2O3, LG-Chars-Ni/
Al2O3 or PE/LG-CNTs-Ni/Al2O3) was added to the asks and
shook at a horizontal air bath shaker under 25 �C for 8 h with
a constant rate of 120 r/min. Aerwards, the suspensions were
ltered with 0.22 mm lters and the separated ltrates were
analysed by an atomic adsorption spectrometer (AAS) (FAAS-M6,
Thermo, USA) to determine the remnant Pb(II) concentration.
The effect of initial concentrations (ranging from 20 to
400 mg L�1), contact time (ranging from 0–8 h), ambient
temperature (ranging from 15–45 �C) and solution pH (ranging
from 2 to 6) on the adsorption of Pb(II) on samples were
extensively investigated. Particularly, the pH of Pb(II) solution
was accurately controlled with diluted HNO3 or NaOH.

For the investigation of reusability, 0.05 g of Pb(II)-loaded PE/
LG-CNTs-Ni/Al2O3 composites were mixed with 10 mL of
0.1 mol L�1 EDTA solution and then ultrasonicated at 25 �C for
10 min to desorb. The suspension was ltered. The Pb(II)
concentration in ltrate was determined and the lter residue
was dried and employed for the renewed adsorption. Five
repeated adsorption–regeneration cycles were performed.
© 2021 The Author(s). Published by the Royal Society of Chemistry
3 Results and discussion
3.1 Characteristics of carbon materials-Ni/Al2O3 composites

The SEM images of carbon materials-Ni/Al2O3 composites are
shown in Fig. 1. Preliminary observations under low magni-
cation reveal that Ni/Al2O3 derived from catalytic reforming PE
and LG/PE mixture is covered with dense carbon materials
(Fig. 1a and c). Further study demonstrates that PE-derived
carbon materials show long and entangled bre-like struc-
tures (15–30 mm in length and 5–50 nm in diameter) while
stubby and interconnected ones can be found from PE/LG
mixture-derived carbon materials (0.1–1 mm in length and 10–
100 nm in diameter) in term the result of Fig. 1b and d. It is
reported that lamentous carbonmaterials were found to be the
most important and ubiquitous carbon materials during cata-
lytic reforming plastics and their mixture together with
biomass.22,23 For catalytic reforming LG, bulk spine-like struc-
tured carbon is obtained, which is evidently different from
those from PE and LG/PE mixture. This result is also different
from that of Wu, et al., where pyrolysis/gasication of lignin
over Ni–Ca–Al catalyst was investigated and lamentous carbon
was produced.24 Meanwhile, no evident carbon products can be
found during the catalytic steam gasication of lignin over
CaO.25 This may be highly associated with the catalyst employed
and operating conditions conducted.

Fig. 2 shows TEM images of the carbon materials-Ni/Al2O3

composites. It can be found that lamentous carbon derived
from PE possessed a clearly tubular structure and relatively
smooth surface, which is assigned to well-ordered CNTs (PE-
CNTs-Ni/Al2O3). The diameter of the CNTs is in the range of 10–
100 nm and the length is over 10 mm. This is well coincided with
the SEM result (Fig. 1a and b). However, in addition to a small
amount of well-ordered CNTs in a tubular structure, the la-
mentous carbon from PE/LG mixture appears to be mainly
made up of highly curved cone-shape CNTs (PE/LG-CNTs-Ni/
Al2O3) (Fig. 2c and d). The diameter and length of the curved
cone-shape CNTs are in the range of about 10–100 nm and
about 0.1–1 mm, respectively, which is consistent with the SEM
result in Fig. 1c and d. Compared to the well-ordered CNTs from
catalytic reforming of PE, the highly curved cone-shape CNTs
from PE/LG mixture may reveal that the involvement of LG
results in the occurrence of abundant structure defects. More-
over, the CNTs in PE-CNTs-Ni/Al2O3 with hollow tip can be
easily seen in Fig. 2a and b further shows that the top end of the
CNTs encapsulates a metallic particle in a diameter of 12 nm,
indicating that the growth of the CNTs from catalytic reforming
PE follows the tip-growth model.26 Similar growth model may be
responsible for the growth of curved cone-shape CNTs from
catalytic reforming the mixture of PE and LG according to the
TEM results in Fig. 2c and d due to hollow tip and encapsulated
metal particle can be found as well. Fig. 2e and f reveals that the
carbon materials derived from catalytic reforming LG (LG-
Chars-Ni/Al2O3) are mainly composed of amorphous carbon.

XRD patterns of carbon materials-Ni/Al2O3 composites are
presented in Fig. 3a. In addition to several pronounced char-
acteristic peaks of Al2O3 and Ni, a small diffraction peak at 2q¼
RSC Adv., 2021, 11, 37851–37865 | 37853
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Fig. 1 SEM images of carbon materials-Ni/Al2O3 composites derived from different carbon sources using Ni/Al2O3 as catalyst, (a and b) PE; (c
and d) PE/LG mixture; (e and f) LG.
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26.5� in PE-CNTs-Ni/Al2O3 and PE/LG-CNTs-Ni/Al2O3 corre-
sponding to the plane (002) of graphite like structure also can be
observed, whereas the peak can not be found in LG-Chars-Ni/
Al2O3.27 This result reveals that the carbon materials from PE
and PE/LG mixture contain a large amount of relatively well-
ordered carbon in graphitic nature, while amorphous carbon
is mainly responsible for the carbon material from LG, which is
well in agreement with the SEM and TEM results. Fig. 3b shows
TG curves of carbon materials-Ni/Al2O3 composites under air
atmosphere from ambient temperature to 850 �C. It can be seen
that PE-CNTs-Ni/Al2O3 exhibits good thermal stability before
355 �C with negligible weight loss. Aer that, PE-CNTs-Ni/Al2O3

undergoes a weight increase stage taking place at 355–516 �C,
followed by a weight loss stage in the range of 516–682 �C. The
weight increase stage can be attributed to the oxidation of Ni
37854 | RSC Adv., 2021, 11, 37851–37865
particle (from Ni to NiO) in PE-CNTs-Ni/Al2O3, which is origi-
nated from the reduction of catalyst precursor (NiO) by the
pyrolysis intermediates of PE, such as ethylene. While the
weight loss stage is related to the oxidation of CNTs. Similarly,
the weight change of LG/PE-CNTs-Ni/Al2O3 exhibits a similar
trend with that of PE-CNTs-Ni/Al2O3. The main difference lies in
the initial temperatures of the weight increase and weight
decrease of PE/LG-CNTs-Ni/Al2O3, which is 291 and 482 �C,
respectively, both lowering than those of PE-CNTs-Ni/Al2O3.
According to the TEM analysis, this result may result from the
presence of abundant structure defects in PE/LG-CNTs-Ni/
Al2O3. For LG-Chars-Ni/Al2O3, a successive weight loss stage can
be seen at the whole temperature range, which indicates that
the content of chars (amorphous carbon) in LG-Chars-Ni/Al2O3

is relatively high and the chars possess a relatively low thermal
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 TEM images of carbon materials-Ni/Al2O3 derived from different carbon sources, (a and b) PE; (c and d) PE/LG; (e and f) LG.
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stability. Furthermore, the high solid residue ranging from
85.2% to 97.4% for the three composites is mainly assigned to
the presence of the mixture of Al2O3 and NiO (see Table 1).

The surface functional groups of carbon materials-Ni/Al2O3

composites were analyzed by FT-IR, and the results are pre-
sented in Fig. 4. The strong adsorption bands between 630 and
700 cm�1 correspond to the stretching vibration of Al–O bond
originating from catalyst substrate (Al2O3), which can be
evidently found in all carbon materials-Ni/Al2O3 composites.28

O-containing surface functional groups, such as C]O occurring
at the adsorption bands at the range of 1044–1110 cm�1, C–O
observing at the adsorption band at 1430 cm�1, and –OH
© 2021 The Author(s). Published by the Royal Society of Chemistry
presenting at the adsorption bands between 3200–3300 cm�1,
can be only found in PE/LG-CNTs-Ni/Al2O3 and LG-Chars-Ni/
Al2O3 thanks to the presence of a large amount of O content in
LG.29 On the other hand, the band at 1500 cm�1 attributing to
aromatic C]C are only seen in PE-CNTs-Ni/Al2O3 and PE/LG-
CNTs-Ni/Al2O3, which may be related to the graphitic structure
in CNTs.

Physicochemical characteristics of carbon materials-Ni/
Al2O3 composites are shown in Table 1. The carbon yield of the
three types of composites follows an order of PE-CNTs-Ni/Al2O3

< PE/LG-CNTs-Ni/Al2O3 < LG-Chars-Ni/Al2O3, which is well
coincided with the TG result in Fig. 3b. The proximate analysis
RSC Adv., 2021, 11, 37851–37865 | 37855
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Fig. 3 XRD patterns (a) and TPO (b) of carbon materials-Ni/Al2O3 composites.
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reveals that xed carbon is the main content in PE-CNTs-Ni/
Al2O3 and PE/LG-CNTs-Ni/Al2O3 while the volatile matter (7.3%)
in LG-Chars-Ni/Al2O3 is nearly equivalent to that of the xed
carbon (7.8%) except for ash content. The higher content of
volatile matter in LG-Chars-Ni/Al2O3 highly relates to its inner
amorphous carbon structure, leading to lower thermal
stability.30 PE-CNTs-Ni/Al2O3 is mainly composed of C and H
according to ultimate analysis. For PE/LG-CNTs-Ni/Al2O3 and
LG-Chars-Ni/Al2O3, a certain amount of O and S can be detected
besides C and H. The presence of O content may be highly
related to the O-containing surface functional groups in PE/LG-
CNTs-Ni/Al2O3 and LG-Chars-Ni/Al2O3 as shown in Fig. 4. PE-
CNTs-Ni/Al2O3 and PE/LG-CNTs-Ni/Al2O3 is similar in pore
characteristics involving surface area (48.87–52.12 m2 g�1), total
pore volume (0.15–0.16 cm3 g�1) and average pore diameter
(10.8–13.5 nm). By comparison, LG-Chars-Ni/Al2O3 possesses
relatively inferior surface area (2.61 m2 g�1) and total pore
volume (0.02 cm3 g�1). It is reported that the relatively higher O
content in biomass (25–45%) causes the extensive
Table 1 Proximate analysis, ultimate analysis and other properties of ca

PE-CNTs-Ni/Al2O3

Yield 4.71

Proximate analysis
Fixed carbon (%) 4.1
Volatile matter (%) 0.1
Ash (%) 95.8

Ultimate analysis
C (%) 4.34
H (%) 0.01
O (%) —
S (%) —

Other properties
SSA (m2 g�1) 48.87
TPV (cm3 g�1) 0.15
APD (nm) 10.8
Solid residea 97.3%
pHpzc 8.16

a The mass remaining aer TPO analysis.

37856 | RSC Adv., 2021, 11, 37851–37865
polycondensation of the intermediates during pyrolysis, which
is not benecial to produce porous material.29 The pHpzc of PE-
CNTs-Ni/Al2O3 is 8.16 while that of PE/LG-CNTs-Ni/Al2O3

decreases to 5.42 due to the introduction of LG, which brings
into a large amount of O-containing surface functional groups.31

In order to understand the growth mechanism of the carbon
materials prepared from different carbonaceous precursors
(i.e., PE, LG and their mixture), the volatile components of the
carbonaceous precursors are determined using Py-GC/MS and
the corresponding analysis is shown in Fig. 5. It can be found
that the volatiles of PE mainly consists of a large amount of
alkanes (i.g., heptane, octane, nonane, tetradecane, pentade-
cane, hexadecane, heptadecane, octadecane) and alkenes (i.g.,
propylene, butene, cyclopentene, heptene, nonadecene, decene,
pentadecane, cetene), as well as a small amount of aromatic
hydrocarbons, which is well in agreement with previous study.32

By comparison, oxygenated compounds including phenols (i.g.,
phenol, cresol, catechol), aromatic aldehydes (i.g., benzalde-
hyde), aromatic alcohols (i.g., benzenediol) and aromatic
rbon materials-Ni/Al2O3 composites

PE/LG-CNTs-Ni/Al2O3 LG-Chars-Ni/Al2O3

6.98 18.42

4.8 7.6
0.8 7.3
94.4 85.1

4.84 6.53
0.18 0.45
0.68 1.85
0.06 0.28

52.13 2.61
0.16 0.02
13.5 1.6
97.4% 85.2%
5.42 5.28

© 2021 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra06762a


Fig. 4 FTIR spectra of carbon materials-Ni/Al2O3 composites.
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ketones (i.g., methoxyacetophenone) are the main components
of the volatiles of LG. Jin et al. obtained similar results as black
liquor-derived LG were carried out to pyrolyze.33 Interestingly,
the types of hydrocarbons and oxygenated compounds in the
volatiles obtained from the pyrolysis of PE together with LG are
evidently reduced in comparison with the pyrolysis products
from PE alone and LG alone. Moreover, a certain amount of
Fig. 5 Volatile products of PE, LG and their mixture (PE/LG) as determin

© 2021 The Author(s). Published by the Royal Society of Chemistry
newly produced substances, such as toluene, can be found,
which can be attributed to the interaction between the pyrolysis
intermediates of PE and LG, such as hydrodeoxygenation and
anti polycondensation.33

Alkanes, alkenes and aromatic hydrocarbons are considered
the superior carbonaceous feedstocks for the preparation of
carbon nanomaterials such as CNTs, carbon nanobres, and
graphene via catalytic reforming.34 While the catalytic reform-
ing of phenols, aromatic aldehydes, aromatic alcohols and
aromatic ketones only can produce amorphous carbon due to
their complex structure and high oxygen content.35 Accordingly,
well-ordered CNTs can be obtained from the catalytic reforming
of the pyrolysis products from PE while amorphous carbon is
the main component of the solid carbon product from LG. This
has been well conrmed by TEM, XRD and TG results. The
volatiles from the co-pyrolysis of PE and LG are mixtures mainly
consisting of hydrocarbons and oxygenated compounds. It is
reported that oxygenated compounds, such as phenol like
compounds, can be employed to produce CNTs with abundant
defects and O-containing surface functional groups in the
presence of reductant (H2 or hydrocarbons).36 This may be the
main reason for the curved cone-shape CNTs produced from the
catalytic reforming of PE/LG, which is well coincided with the
TEM and FT-IR results. According to the results of SEM, TEM,
XRD, TG and FTIR, possible mechanisms of the growth of
carbon materials over the Ni/Al2O3 catalysts varying from the
raw materials are proposed (see Scheme 1).
ed by Py-GC/MS.

RSC Adv., 2021, 11, 37851–37865 | 37857
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Scheme 1 Possible growth mechanism of different types of carbon materials.
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3.2 Adsorption capability towards Pb(II)

3.2.1 Effect of initial concentration and isotherm analysis.
Fig. 6 depicts the adsorption capability of Pb(II) onto the three
types of carbon materials-Ni/Al2O3 composites (i.e., PE-CNTs-
Ni/Al2O3, PE/LG-CNTs-Ni/Al2O3 and LG-Chars-Ni/Al2O3) inu-
enced by various initial concentrations of Pb(II) (20–
400 mg L�1). Overall, there is a roughly positive relationship
between Pb(II) initial concentration and corresponding
adsorption capability in certain Pb(II) initial concentration
range, i.e., the increase of Pb(II) initial concentration could
promote the enhancement of the adsorption capability of the
three types of composites towards Pb(II). Particularly, the
adsorption capacity of Pb(II) using the composites are obviously
increased with the increase of Pb(II) initial concentration in the
range of 20–150 mg L�1, where a linear correlation with corre-
lation coefficients (R2) of 0.96–0.98 between Pb(II) initial
concentration and adsorption capacity can be observed. The
increase of Pb(II) adsorption capacity is gradually slowed down
Fig. 6 Effect of Pb(II) initial concentration on the adsorption of Pb(II) o
composites (a) and isotherm fitting using Langmuir and Freundlich mod

37858 | RSC Adv., 2021, 11, 37851–37865
as the Pb(II) initial concentration is over 150 mg L�1. A stronger
driving force between Pb(II) and the composite surface under
a higher Pb(II) initial concentration may be responsible for the
increase of Pb(II) adsorption capacity with the increase of Pb(II)
initial concentration. While the gradual saturation of the
adsorption vacancies of the composites with the increase of the
initial concentration to 150–400 mg g�1 results in the slow
increase of adsorption capacity.2 The maximum adsorption
capacity of PE-CNTs-Ni/Al2O3 towards Pb(II) is 28.71 mg g�1 at
the Pb(II) initial concentration of 400 mg L�1, which is compa-
rable with those of some waste-based adsorbents.37 The excel-
lent adsorption capacity toward Pb(II) of PE-CNTs-Ni/Al2O3 may
relate to the presence of CNTs and Al2O3. LG-Chars-Ni/Al2O3

shows a slightly better adsorption capacity towards Pb(II) in
comparison with PE-CNTs-Ni/Al2O3 in the whole Pb(II) initial
concentration range (20–400 mg L�1). According to the physi-
cochemical properties results presented above, it is inferred
that amorphous carbon with abundant O-containing surface
n PE-CNTs-Ni/Al2O3, PE/LG-CNTs-Ni/Al2O3 and LG-Chars-Ni/Al2O3

els (b).

© 2021 The Author(s). Published by the Royal Society of Chemistry
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functional groups in LG-Chars-Ni/Al2O3 may play an key role in
Pb(II) removal. It is worth noting that LG/PE-CNTs-Ni/Al2O3

shows a superior adsorption capability towards Pb(II) in
comparison with PE-CNTs-Ni/Al2O3 and LG-Chars-Ni/Al2O3,
whose adsorption capacity are 2–5.5 and 1.8–4 folds of those
using PE-CNTs-Ni/Al2O3 and LG-Chars-Ni/Al2O3, respectively.
This result reveals that the presence of nanostructure (CNTs)
and O-containing surface functional groups are greatly favor-
able to enhance the adsorption capability of composite towards
Pb(II).

In order to clarify the relationship between the Pb(II)
concentration adsorbed on composite surface and remained in
solution at adsorption equilibrium, two typical adsorption
isothermmodels, i.e., Langmuir model (eqn (1)) and Freundlich
model (eqn (2)) are employed to t the adsorption processes.
Langmuir model is applicable on the assumption of monolayer
adsorption of adsorbate molecular onto a homogeneous
adsorbent surface with no interactions between the adsorbed
molecules. Freundlich model assumes that the adsorption
enthalpy on the sorbent surface is heterogeneously distributed
and increased with a surface coverage of adsorbent.

qe ¼ QmKlCe

1þ KlCe

(1)

qe ¼ KfCe
n (2)

where qe is the equilibrium Pb(II) adsorption capacity (mg g�1),
Qm is the maximum capacity (mg g�1), Kl is the Langmuir
binding term related to interaction energies (L mg�1), Ce is the
equilibrium concentration of Pb(II) (mg L�1), n is the Freundlich
linearity constant, Kf represents the Freundlich affinity coeffi-
cient (mg(1�n) Ln g�1).

The tting results for Pb(II) adsorption using Langmuir and
Freundlich models are shown in Fig. 6b and Table 2. It is found
that the R2 values of PE-CNTs-Ni/Al2O3, PE/LG-CNTs-CNTs-Ni/
Al2O3 and LG-Chars-Ni/Al2O3 composites from Langmuir model
are 0.97, 0.96 and 0.99, respectively, which are slight higher
than those from Freundlich model (0.94–0.95), indicating that
the adsorption processes could be well described by Langmuir
model and the adoption of Pb(II) onto the three composites is
subjected to a homogeneous monolayer adsorption. Similar
Table 2 Isotherm parameters of Pb(II) adsorption by different composit

PE-CNTs-Ni/Al2O3

Langmuir
Qm (mg g�1) 30.47
Kl (L mg�1) 0.02
R2 0.97

Freundlich
Kf (mg(1�n) Ln g�1) 5.15
n 3.37
R2 0.95

© 2021 The Author(s). Published by the Royal Society of Chemistry
results have been reported when carbon nanotubes/CoFe2O4

magnetic hybrid material was employed as adsorbents to
remove Pb(II).38 The theoretical maximum adsorption capacity
of Pb(II) (Qm) calculated from Langmuir model are 30.47, 146.08
and 41.44 mg g�1 for PE-CNTs-Ni/Al2O3, PE/LG-CNTs-Ni/Al2O3

and LG-Chars-Ni/Al2O3 composites, respectively. PE/LG-CNTs-
Ni/Al2O3 composite shows the highest Qm value among the
three composites employed, which is about 4.8 and 3.5 folds to
those of PE-CNTs-Ni/Al2O3 and LG-Chars-Ni/Al2O3 composites,
respectively, revealing that PE/LG-CNTs-Ni/Al2O3 composite has
a superior adsorption capability to Pb(II). Moreover, the Qm of
PE/LG-CNTs-Ni/Al2O3 composite is much higher than most of
the adsorption in previous reports as shown in Table S3.† For
example, the adsorbed Pb(II) on PE/LG-CNTs-Ni/Al2O3

composite is about 3 folds higher than those of CNTs/bagasse
composite (56.6 mg g�1) and CNTs@zeolite composite
(55.74mg g�1).39,40On the other hand, Kl, the Langmuir bonding
term related to interaction energies, can be employed to analyze
the bonding strength between adsorbate molecular and the
adsorption sites of adsorbent. According to the results in Table
2, the Kl values of the three composites are subject to an order of
PE-CNTs-Ni/Al2O3 (0.02 L g�1) < LG-Chars-Ni/Al2O3 (0.03 L g�1) <
PE/LG-CNTs-Ni/Al2O3 (0.26 L g�1), which is consistent with the
trend ofQm. This suggests that among the three composites, PE/
LG-CNTs-Ni/Al2O3 possesses not only the highest Qm value but
also the strongest bonding strength towards Pb(II).

The affinities between Pb(II) and composite can be further
predicted by Kl using a dimensionless separation factor RL

according to the following equation (eqn (3)):

RL ¼ 1

1þ KlCo

(3)

where Kl is a tted parameter of Langmuir model, Co is the
highest initial Pb(II) concentration in solution (mg L�1).

It is reported that RL > 1, RL ¼ 1, 1 > RL >0 and RL ¼ 0 indi-
cates the isotherm to be unfavorable, linear, favorable and
irreversible, respectively.41 The calculated values of PE-CNTs-Ni/
Al2O3, PE/LG-CNTs-CNTs-Ni/Al2O3 and LG-Chars-Ni/Al2O3

composites are 0.11–0.71, 0.01–0.16 and 0.08–0.63, respectively,
suggesting that the adsorption of Pb(II) onto the three
composites are favorable.
es derived from Langmuir and Freundlich models

PE/LG-CNTs-Ni/Al2O3 LG-Chars-Ni/Al2O3

146.08 41.44
0.26 0.03
0.96 0.99

48.67 6.73
4.45 3.28
0.94 0.94
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Fig. 7 Effect of contact time on the adsorption of Pb(II) on PE-CNTs-Ni/Al2O3, PE/LG-CNTs-Ni/Al2O3 and LG-Chars-Ni/Al2O3 composites (a),
kinetic fitting using Pseudo-first-order and Pseudo-second-order models (b) and Weber–Morris model (c).
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3.2.2 Effect of contact time and kinetic analysis. The effect
of contact time on the adsorption of Pb(II) on PE-CNTs-Ni/Al2O3,
PE/LG-CNTs-Ni/Al2O3 and LG-Chars-Ni/Al2O3 composites in the
range of 0–8 h is shown in Fig. 7. It can be found that the
adsorption of Pb(II) on the three composites fast proceeds with
the initial 1 h, which accounts for 86.24–98.23% of the
adsorption capacity at equilibrium. The adsorption rate of PE-
CNTs-Ni/Al2O3, PE/LG-CNTs-Ni/Al2O3 and LG-Chars-Ni/Al2O3

composites at this stage are up to 23.5, 149.9 and 33.0 mg (g�1

h�1), respectively. Aerwards, the adsorption of Pb(II) gradually
is slowed down with the increase of contact time and roughly
reaches equilibrium in 2 h. The high adsorption rate in initial
contact time can be attributed to the presence of adequate
vacant adsorption sites on the surface of composites while the
gradual consumption of active sites results in a difficulty in the
adsorption of Pb(II).2

The interaction between Pb(II) and the surface adsorption
sites of composites with contact time can be investigated by
adsorption kinetics models. Two widely accepted kinetics
models, i.e., Pseudo-rst-order (eqn (4)) and Pseudo-second-
order (eqn (5)) models, are conducted to simulate the adsorp-
tion. Pseudo-rst-order model considers the adsorption to
a reversible reaction, while Pseudo-second-order model is
associated with a chemisorption process.
37860 | RSC Adv., 2021, 11, 37851–37865
dqt

dt

¼ k1ðqe � qtÞ (4)

dqt

dt

¼ k2ðqe � qtÞ2 (5)

where qe and qt represent the amount of Pb(II) adsorbed at
equilibrium and at time t, respectively (mg g�1), t is the contact
time (h), k1 and k2 are adsorption rate constants of the Pseudo-
rst-order (h�1) and Pseudo-second-order (g (mg�1 h�1))
models, respectively.

The kinetics tting results are exhibited in Fig. 7b and the
obtaining tting parameters are shown in Table 3. Pseudo-
second-order model can well describe the adsorption of Pb(II)
using the three composites with R2 values in the range of 0.94–
0.99, which are higher than those of Pseudo-rst-order model
(0.92–0.95). Moreover, the calculated equilibrium adsorption
capacity (qe) from Pseudo-second-order model are 28.35, 153.64
and 34.34 mg g�1 for PE-CNTs-Ni/Al2O3, PE/LG-CNTs-Ni/Al2O3

and LG-Chars-Ni/Al2O3 composites, respectively, which are
much close to their experimental values (Qexp). It is therefore
demonstrated that Pseudo-second-order model is an ideal
model to simulate the adsorption of Pb(II) using the three
composites. Pseudo-second-order model is also found to be the
best kinetic model to simulate the adsorption of Pb(II) using
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Kinetic parameters of Pb(II) adsorption by different carbon materials derived from Pseudo-first-order, Pseudo-second-order and
Weber–Morris models

PE-CNTs-Ni/Al2O3 PE/LG-CNTs-Ni/Al2O3 LG-Chars-Ni/Al2O3

Qexp (mg g�1) 28.25 152.60 34.80

Pseudo-rst-order model
K1 (h

�1) 1.98 6.46 7.36
qe (mg g�1) 27.31 143.24 32.06
R2 0.92 0.95 0.94

Pseudo-second-order model
K2 (g mg h�1) 0.09 0.06 0.34
qe (mg g�1) 28.35 153.64 34.34
R2 0.94 0.99 0.98

Weber-Morris model
First stage
a1

a 13.14 268.45 49.34
b1

b 4.26 �13.26 1.10
R2 0.90 0.99 0.99

Second stage
a2 22.02 61.98 6.74
b2 0.08 91.19 25.60
R2 0.97 0.92 0.90

Third stage
a3 0.63 0.58 0.36
b3 25.97 150.02 32.13
R2 0.91 0.91 0.91

a Slope. b Intercept.

Fig. 8 Effect of ambient temperature on the adsorption of Pb(II) on
PE-CNTs-Ni/Al2O3, PE/LG-CNTs-Ni/Al2O3 and LG-Chars-Ni/Al2O3

composites.
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carbon nanotubes/CoFe2O4 magnetic hybrid material as re-
ported in the study from Zhou et al.38 Moreover, the adsorption
well following Pseudo-second-order model reveals that the
adsorption of Pb(II) using the three composites are mainly
dominated by a series of chemical reactions.

Weber–Morris model analysis is usually carried out to
interpret the mass transfer and intraparticle diffusion mecha-
nism between the adsorbate and the adsorbent during
adsorption process, which can be expressed by the following
equation (eqn (6)).

qt ¼ a � t0.5 + b (6)

where qt is the adsorption capacity at contact time t (mg g�1),
a is the intraparticle rate constant (slope), b is the intercept, t is
contact time (h).

The relationship between the adsorption capacity of Pb(II) at
contact time t (qt) and the square root of corresponding contact
time is plotted in Fig. 7c and the obtained parameters is pre-
sented in Table 3. As shown, the adsorption of Pb(II) using the
three composites can be well divided into three linear lines with
different slopes (R2 ¼ 0.90–0.99). It is well-established that the
rst linear stage is assigned to the mass transfer of Pb(II) from
the bulk solution to the surface of composite, while the second
and third stages are attributed to intraparticle diffusion of Pb(II)
into the porous interior structure of composite. It is found that
the slopes of the rst linear stage from the three composites are
© 2021 The Author(s). Published by the Royal Society of Chemistry
13.14–268.45 which are steeper than those of the second and
third stages (0.36–61.98) (except for PE-CNTs-Ni/Al2O3). This
observation indicates that the mass transfer of Pb(II) from the
bulk solution to the surface of the composite is much fast and
erce, while the intraparticle diffusion is relatively slow and not
the rate-limiting process for the adsorption.
RSC Adv., 2021, 11, 37851–37865 | 37861
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Fig. 9 Effect of solution pH on the adsorption of Pb(II) on PE-CNTs-
Ni/Al2O3, PE/LG-CNTs-Ni/Al2O3 and LG-Chars-Ni/Al2O3 composites.
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3.2.3 Effect of ambient temperature and thermodynamic
analysis. The effect of ambient temperature ranging from 15 to
45 �C on the adsorption of Pb(II) on PE-CNTs-Ni/Al2O3, PE/LG-
CNTs-Ni/Al2O3 and LG-Chars-Ni/Al2O3 composites is investi-
gated and the results are shown in Fig. 8. It can be seen that the
increase of ambient temperature generally causes an increase in
the adsorption capacity of Pb(II) using the three composites. In
detail, the adsorption capacity of Pb(II) is increased from 16.2 to
42.9 mg g�1 for PE-CNTs-Ni/Al2O3, 131.05 to 166.45 mg g�1 for
PE/LG-CNTs-Ni/Al2O3 and 22.47 to 44.45 mg g�1 for LG-Chars-
Ni/Al2O3, respectively, as the ambient temperature elevates
from 15 to 45 �C. The increase of adsorption capacity with the
increase of ambient temperature suggests that the adsorption
of Pb(II) on the composite is dominated by an endothermic
nature. Similar ndings have been found in previous reports.42

It is reported that ambient temperature determines the random
motion of adsorbate and the combination or fracture of
chemical bonds between adsorbate and the surface adsorption
sites of adsorbent.2 A high ambient temperature can provide
Pb(II) sufficient energy to overcome the resistance of the
hydrated ion layer and get to the interior matrix of the
composite to interact with the active adsorption sites.

The thermodynamic parameters, involving Gibbs free energy
(DG0), enthalpy (DH0) and entropy (DS0), are generally employed
to reveal the deep relationship between the ambient tempera-
ture and the adsorption of Pb(II), which can be obtained from
a series of equations (eqn (7)–(9)). DG0 represents an indication
of the spontaneity of a chemical reaction. Particularly, DG0 in
a negative value reveals a spontaneous reaction, while an
unspontaneous reaction would lead to a positive value of DG0.
DH0 and DS0 are associated with the energy change of system
and the randomness state of the adsorption, respectively.

DG0 ¼ RT ln Ke (7)

Ke ¼ qe

Ce

(8)

ln Ke ¼ DH0

RT
þ DS0

R
(9)

where R is gas constant (8.314 J (mol�1 K�1)), T is the absolute
temperature (K), qe is Pb(II) concentration on the composite at
equilibrium (mg g�1), Ce is the remaining Pb(II) concentration
in the solution at equilibrium (mg L�1), DG0 (kJ mol�1), DH0 (kJ
mol�1) and DS0 (J (mol�1 K�1)) can be calculated from the slope
and intercept of the plot of DG0 versus T.

The calculated thermodynamic parameters of the adsorption
of Pb(II) on PE-CNTs-Ni/Al2O3, PE/LG-CNTs-Ni/Al2O3 and LG-
Table 4 Thermodynamic parameters of Pb(II) adsorption by different co

DG0 (kJ mol�1)

288 (K) 298 (K) 308 (K)

PE-CNTs-Ni/Al2O3 �6.94 �8.45 �9.01
PE/LG-CNTs-Ni/Al2O3 �14.27 �14.87 �17.14
LG-Chars-Ni/Al2O3 �7.80 �9.26 �9.84

37862 | RSC Adv., 2021, 11, 37851–37865
Chars-Ni/Al2O3 composites are presented in Table 4. It can be
found that the values of DG0 obtained from the adsorption of
Pb(II) using the three composites under various temperatures
are negative (�6.94��18.82 kJ mol�1), revealing that the
adsorption can proceed spontaneously. The absolute values of
DG0 for each composite shows a positive relationship with the
ambient temperature, which indicates that the increase in
ambient temperature is favorable for the adsorption. The DH0

values of PE-CNTs-Ni/Al2O3, PE/LG-CNTs-Ni/Al2O3 and LG-
Chars-Ni/Al2O3 composites for Pb(II) adsorption are 22.61, 22.30
and 14.78 kJ mol�1, respectively, indicating that the adsorption
are subjected to be endothermic. In other words, an increase in
ambient temperature are benecial to the adsorption of Pb(II)
using the composites. This well coincides with the result in
Fig. 8. Moreover, the positive values of DS0 suggests a erce
randomness state between the interface of composite and Pb(II)
solution during Pb(II) adsorption.

3.2.4 Effect of solution pH. Solution pH signicantly
affects the surface charges, the degree of ionization of the
adsorbent and the speciation of metal ions, hence playing an
important role in the adsorption of heavy metal ions.2 In order
to eliminate the formation of soluble hydroxyl complexes or
precipitates, the effect of solution pH on the adsorption of Pb(II)
on PE-CNTs-Ni/Al2O3, PE/LG-CNTs-Ni/Al2O3 and LG-Chars-Ni/
Al2O3 composites is conducted in the pH range of 2–6, and the
result is given in Fig. 9. As depicts, the adsorption of Pb(II) in
various solution pH are dramatically different from the types of
mposites

DH0 (kJ
mol�1)

DS0 (J
(mol�1 K�1))318 (K) 328 (K)

�10.58 �10.98 22.61 100.93
�18.36 �18.82 22.30 126.62
�10.50 �11.11 14.78 79.50

© 2021 The Author(s). Published by the Royal Society of Chemistry
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the composites. The adsorption of Pb(II) using PE-CNTs-Ni/
Al2O3 composite slightly uctuates with solution pH with an
adsorption capacity range of 6.7 mg L�1 (the difference between
the maximum and minimum adsorption capacity), indicating
that solution pH has a slight inuence on the adsorption. By
comparison, the adsorption of Pb(II) by PE/LG-CNTs-Ni/Al2O3

and LG-Chars-Ni/Al2O3 composites generally shows a positively
pH-dependent trend, which is enhanced with the increase of
solution. The adsorption capacity of Pb(II) using PE/LG-CNTs-
Ni/Al2O3 and LG-Chars-Ni/Al2O3 composites are increased from
100.67 and 17.48 mg g�1 at the initial solution pH of 2 to 163.68
and 37.37 mg g�1 at the initial solution pH of 6, respectively.
Particularly, the adsorption of Pb(II) by PE/LG-CNTs-Ni/Al2O3

composite increases slowly possessing an adsorption capacity
range of 10.25 mg g�1 with the increase of solution pH when the
solution pH is below 3.5. While an evident increase in the
adsorption with an adsorption capacity range of 52.48 mg g�1

can be observed at the pH range of 3.5–6. It is reported that Pb
mainly exists as Pb(II) when the solution pH is in the range of 1–
6. Severe compete between the Pb(II) and H+ will occur with the
decrease of solution pH due to the increase of H+ concentration.
The high concentration of H+ has a strong affinity to the
complexation and ion exchange sites, especially for the O-
containing surface functional groups in comparison with
Pb(II).7 Moreover, the H+ in solution would cause the proton-
ation of the composites, resulting in electrostatic repulsion
between Pb(II) and the protonated surface of composites, which
is not favorable for the adsorption of Pb(II).

3.2.5 Possible adsorption mechanisms. It is well-
established that the physicochemical properties of adsorbent
play vital roles in its adsorption performance and capability to
contaminants.43 According to the results from TEM, SEM, XRD,
TG, FT-IR and other methods in the present study, a series of
evident differences in physicochemical properties, such as the
types of carbon materials (i.e., well-order CNTs, curved cone-
Scheme 2 The potential mechanisms for the adsorption of Pb(II) using P

© 2021 The Author(s). Published by the Royal Society of Chemistry
shape CNTs or amorphous carbon), pore structure (SSA, TPV
and APD) and the surface chemistry properties of the compos-
ites can be found among PE-CNTs-Ni/Al2O3, PE/LG-CNTs-Ni/
Al2O3 and LG-Chars-Ni/Al2O3 composites, which hence result in
the great differences in the adsorption to Pb(II). Among PE-
CNTs-Ni/Al2O3, PE/LG-CNTs-Ni/Al2O3 and LG-Chars-Ni/Al2O3

composites, PE/LG-CNTs-Ni/Al2O3 composite shows a fabulous
adsorption to Pb(II), and the theoretical maximum adsorption
capacity is about 4.8 and 3.5 folds to those of PE-CNTs-Ni/Al2O3

and LG-Chars-Ni/Al2O3 composites, respectively (see Table 2).
Particularly, PE/LG-CNTs-Ni/Al2O3 present similar SSA and TPV
values (see Table 1) with PE-CNTs-Ni/Al2O3 while the adsorption
capacity are quite different, which may reveal that the adsorp-
tion mechanisms between the two composites are not domi-
nated by pore-lling and would be great different. The possible
mechanisms for the adsorption of Pb(II) on PE/LG-CNTs-Ni/
Al2O3 composite analyzed according to its physicochemical
properties are summarized as follows as depicted in Scheme 2:
(1) complexation with O-containing surface functional groups.
It is reported that the abundant O-containing surface functional
groups, such as C]O, C–O, C–O–C, –OH, possess a strong
affinity to Pb(II) and can greatly facilitate the adsorption of Pb(II)
on carbon materials via complexation based on eqn (10)–(12).43

A quantitative calculation on the adsorption of Pb(II) using
peanut shell-based carbon material shows that 11.4% of the
adsorbed Pb(II) can be attributed to the O-containing surface
functional groups.44 According to FT-IR analysis in Fig. 4, PE/
LG-CNTs-Ni/Al2O3 composite has a large amount of C]O, C–O,
–OH, suggesting that the complexation between Pb(II) and O-
containing surface functional groups may make contributions
to the adsorption of Pb(II). (2) Electrostatic attraction. The
pHpzc value of PE/LG-CNTs-Ni/Al2O3 composite is 5.42 as
shown in Table 1. According to the characteristics of pHpzc, the
surface of PE/LG-CNTs-Ni/Al2O3 composite would be negatively
charged as the solution pH is higher than 5.42. The adsorption
E/LG-CNTs-Ni/Al2O3 composite.

RSC Adv., 2021, 11, 37851–37865 | 37863
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Fig. 10 Regeneration of PE/LG-CNTs-Ni/Al2O3 composite for Pb(II)
adsorption.
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of Pb(II) is conducted in the solution pH range of 2–6 (see Fig. 9)
in the present study. It is hence inferred that electrostatic
attraction between the negatively charged surface of PE/LG-
CNTs-Ni/Al2O3 composite and positively charged Pb(II) would
occur as the solution pH is relatively high (i.e., 5.5 and 6). (3) p
electron–cation interaction. It is reported that aromatic C]C of
carbon materials is considered to be active sites for Pb(II)
adsorption via p electron–cation interaction due to the delo-
calized p electron in C]C structure has good affinity withmetal
cations (Pb(II)).43 FT-IR result in Fig. 4 shows that the C]C
originated from the graphitic structure in CNTs can be seen in
PE/LG-CNTs-Ni/Al2O3 composite, which hence may act as active
sites for the adsorption of Pb(II). (4) Complexation with AlOH.
Al2O3 can be considered as a high-efficient adsorbent to
adsorption heavy metal ions according to the complexation
between AlOH and metal ions.45 In the present study, Al2O3 is
employed as the substrate to prepare NiO/Al2O3 catalyst, which
also is the major component of the PE/LG-CNTs-Ni/Al2O3

composite as evidenced by TPO analysis in Fig. 3a. As a result,
the complexation between Pb(II) and AlOH originated from
Al2O3 is responsible for the adsorption of Pb(II) to a certain
degree.

CarbonOH
OH + Pb2+ / CarbonOOPb + 2H+ (10)

CarbonCOOH
COOH + Pb2+ / CarbonCOO

COOPb + 2H+ (11)

CarbonOH
COOH + Pb2+ / CarbonOCOOPb + 2H+ (12)
3.3 Reusability

The reusability of an adsorbent greatly determines its cost and
practical application prospect. According to the results pre-
sented above, PE/LG-CNTs-Ni/Al2O3 composite is found to be
a superior adsorbent for the adsorption of Pb(II) in comparison
with PE-CNTs-Ni/Al2O3 and LG-Chars-Ni/Al2O3 as well as other
37864 | RSC Adv., 2021, 11, 37851–37865
composites reported before. Accordingly, it is of signicance to
investigate the reusability of PE/LG-CNTs-Ni/Al2O3 composite.
The result of ve successive adsorption–regeneration cycles of
PE/LG-CNTs-Ni/Al2O3 composite for Pb(II) adsorption is given in
Fig. 10. As shown, the adsorption efficiency is 98.71%, 97.51%,
95.89%, 94.88% and 94.35% aer the 1st, 2nd, 3rd, 4th and 5th

cycle, respectively, indicating that PE/LG-CNTs-Ni/Al2O3

composite has excellent operating stability and is reusable.

4 Conclusions

Well-ordered CNTs, amorphous carbon and curved cone-shape
CNTs are obtained from the catalytic reforming the pyrolysis
volatiles of PE, LG and their mixture, respectively, using home-
made NiO/Al2O3 as catalyst according to the results from SEM
and TEM. The curved cone-shape CNTs from PE/LG mixture
possessing a diameter range of 10–100 nm and a length range of
0.1–1 mm are abundant in structural defects and O-containing
surface functional groups, such as C–O, C]O and –OH. Py-
GC/MS result reveals that the volatiles of PE/LG mixture are
mainly composed of hydrocarbons and oxygenated compounds,
which are highly responsible for the production of the curved
cone-shape CNTs with unique characteristics. The curved cone-
shape CNTs-containing catalyst composite presents a superior
adsorption capability towards Pb(II) when it is employed in Pb(II)
removal. Adsorption isotherm and adsorption kinetic studies
show that the adsorption process can be well simulated by the
Langmuir isotherm and Pseudo-second-order model, demon-
strating that the adsorption is subjected to a homogeneous and
chemical process. The calculatedmaximum adsorption capacity
is as high as 146.08 mg g�1, which is much higher than most of
the adsorbents reported. Moreover, thermodynamic analysis
reveals that the adsorption is spontaneous and endothermic.
The mechanism for the high-efficient adsorption of Pb(II) by
CNTs-containing catalyst composite are attributed to the
interactions including complexation with O-containing surface
functional groups, electrostatic attraction, p electron–cation
interaction and complexation with AlOH.
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