#® ROYAL SOCIETY
PP OF CHEMISTRY

RSC Advances

View Article Online

View Journal | View Issue,

Facile and green preparation of solid carbon
nhanoohnions via catalytic co-pyrolysis of lignin and
polyethylene and their adsorption capability
towards Cu(n)t

Xiankun Wu,? Ting Guo,? Ziyan Chen,? Zhanghong Wang, & **¢ Kun Qin,°
Zhikang Wang,® Zigiang Ao,® Cheng Yang,*® Dekui Shen*< and Chunfei Wy @ *d

i ") Check for updates ‘

Cite this: RSC Adv., 2022, 12, 5042

Carbon nanomaterials, such as carbon nanoonions (CNOs), possess promising applications in various fields.
There are urgent demands to synthesize carbon nanomaterials from a green and renewable carbon source.
In this study, solid CNOs with relatively uniform size distribution (with diameters of about 30-50 nm),
abundant structure defects and oxygen-containing surface functional groups (such as -OH and
—COOH) are developed from co-pyrolysis of lignin (LG) and polyethylene (PE) in the presence of Ni-
based catalysts. The type of catalyst, the concentration of catalyst and catalytic co-pyrolysis temperature
play important roles in the morphologies and properties of CNOs as confirmed by TEM and SEM.
Furthermore, the produced CNOs can act as a low-cost and highly-efficient adsorbent to remove Cu(i)
from aqueous solution according to a homogeneous monolayer, chemical action-dominated,
endothermic and spontaneous process. The theoretical maximum adsorption capacity of CNOs
calculated from the Langmuir model is 100.00 mg g~*. Surface deposition, complexation, 7t electron—

cation interaction and electrostatic interaction are responsible for the adsorption of Cu(i) using the
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1 Introduction

Carbon nanomaterials (CNMs) such as carbon nanotubes, gra-
phene, and carbon nanoonions (CNOs) are widely applied in the
energy, communication, electronic technology and aerospace
industries because of their unique structure and fascinating
properties such as favorable thermal and electrical conductivi-
ties, low densities and high mechanical strength.® During the
development of a sustainable social economy and new appli-
cations of carbon nanomaterials, there is an increasing market
demand for carbon nanomaterials. However, at present the raw
materials for commercial preparation of carbon nanomaterials
still mainly come from fossil fuels such as coal, oil and their
derivatives.”* The limited reserves of fossil fuels and the serious
environmental problems caused by the use of fossil fuels urge
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researchers to look for green and renewable alternatives for the
preparation of carbon nanomaterials.

Lignin (LG), one of the most important constituents of
biomass, is abundant in carbon (accounting for 50-65% dry
LG). Hence, it is a promising candidate for the preparation of
carbon-based materials.* Although various LG-based carbon
materials including biochar, activated carbon, carbon fibers
have been successfully produced, the preparation of carbon
nanomaterials remains a great challenge due to the complex
three-dimensional polymer structure and high oxygen-
containing of LG.>® In the process of carbon nanomaterials
production, the complex polymer structure of LG is difficult to
be destroyed and converted into small molecules. At the same
time, the presence of a large amount of oxygen in LG leads to
the disordered polycondensation of carbon structure and cata-
lyst poisoning.” Recently, it is found that the introduction of
hydrogen-rich blends and catalyst in the thermal conversion
process of LG can greatly promote the depolymerization of LG,
intensify its decomposition and reduce the polycondensation of
the intermediate products, resulting in the production of high
value-added small molecular chemicals.*® However, there is
limited attention paid on the effect of the introduction of
hydrogen-rich blends and catalyst on the preparation of carbon
materials from LG.'*"
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On the other hand, environmental issues arising from heavy
metal ions-containing wastewater, such as Cu(u), have attracted
more and more attention in recent years due to their horrible
toxicity, carcinogenicity and mutagenicity.”>*® Various tech-
nologies, involving chemical precipitation, ion exchange,
membrane separation, coagulation and adsorption, have been
widely developed to deal with the heavy metal ions-related
environment issues. Among these technologies, adsorption is
considered as an alternative and promising one in terms of its
low cost, high efficiency and ready operation.'® Carbon nano-
materials, such as CNOs, possess relatively high surface area,
developed pore structure, abundant structure defects as well as
surface functional groups, are widely accepted as a class of high-
efficient adsorbents.”*®

Herein, the introduction of PE and nickel (Ni) into the
pyrolysis of LG for the preparation of carbon materials and their
adsorption capability towards Cu(u) are investigated at present
study. Particularly, PE only contains carbon and hydrogen pre-
senting a high effective hydrogen to carbon ratio, which is
considered as one of the most typical hydrogen-rich blends.*
Meanwhile, it has been confirmed that Ni is a low-cost catalyst
with good catalytic performance in various fields.”*** Our work
demonstrate that solid CNOs particles with relatively uniform
size (with diameters about 30-50 nm), abundant structure
defects and oxygen-containing surface functional groups can be
produced from co-pyrolysis of LG and PE with the aid of Ni.
Moreover, the as-prepared CNOs possess favorable adsorption
capability towards heavy metal ions (Cu(u)) from aqueous
solution, which can be attributed to their abundant structure
defects and oxygen-containing surface functional groups.

2 Materials and methods
2.1 Materials

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.” Commercially available PE powder with
average M,, of ~4000 and M,, of ~1700 GPC was provided by
Sigma-Aldrich Corporation (St. Louis, MO, USA). Chemicals
including nickel nitrate hexahydrate (Ni), cobaltous nitrate
hexahydrate (Co), iron nitrate nonahydrate (Fe), manganese
nitrate tetrahydrate (Mn) and copper nitrate trihydrate in
analytical reagent grade were obtained from Sigma-Aldrich
Corporation (St. Louis, MO, USA).

2.2 Preparation of carbon materials (CNOs)

The preparation of feedstock and CNOs was in accordance with
our previous study.*** In brief, transition metal-loaded LG was
firstly prepared by impregnation method, followed by blending
PE with the transition metal-loaded LG using an agate mortar.
The metal-loaded LG/PE mixture with different types of transi-
tion metals and different contents of Ni was readily collected
accordingly. For the preparation of CNOs, the feedstock was
pyrolyzed at a vertical fixed bed with a heating rate of
10 °C min~ " at 800 °C for 2 h. The instrument was allowed to

© 2022 The Author(s). Published by the Royal Society of Chemistry
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cool down naturally to room temperature after pyrolysis then
the carbon products could be collected accordingly. For the
investigation on the effect of the type of catalyst, Ni, Co, Fe and
Mn in a concentration of 1 mmol g~ ' were added to treat the
mixture of LG and PE; for the effect of the concentration of
catalyst, 0-1 mmol g~ of Ni were carried out; for the effect of
pyrolysis temperature, 1 mmol Ni/g-treated LG/PE mixture was
pyrolyzed at 600, 700, 800 and 900 °C.

2.3 Characterization of CNOs

Morphologic features of the as-synthesized CNOs were charac-
terized using a scanning electron microscopy (SU1510, Hitachi,
Japan). Transmission electron microscope (JEM-2010F, JOEL,
Japan) equipped with a high-resolution transmission electron
microscopy (Talos F200, FEI, USA) was employed to investigate
the detailed morphology of CNOs. The crystalline information
of CNOs and corresponding catalyst components in CNOs was
determined by a powder X-ray diffractometer with Cu Ka radi-
ation in the 26 range 5-80° (Empyrean Series 2, PANalytical,
Netherlands). Surface functional groups of CNOs were analyzed
by a Fourier Transform Infrared Spectrometer (Nicolet iS5,
Thermo Fisher Scientific, USA). The vibration of the trans-
missions and corresponding wavenumbers ranging from 600 to
4000 cm™ " were collected with a resolution of 4 cm™'. Raman
spectroscopy was used to analyze the content of amorphous and
graphitized components in CNOs. Particularly, the laser wave-
length and wavenumber rang were 523 nm and 500-2500 cm ™.
The hysteresis loop of CNOs is determined using a physical
property measurement system (PPMS-9, Quantum Design, USA)
at room temperature.

2.4 Adsorption of Cu(u) onto CNOs

Stock solution of Cu(n) in a concentration of 1000 mg L™" was
prepared by dissolving copper nitrate in deionized water. Cu(u)-
Containing solutions in required initial concentrations were
subsequently prepared by diluting calculated amount of the
stock solution to 50 mL using deionized water in 100 mL conical
flasks. About 0.05 mg sample was added the flasks and shook at
a horizontal air bath shaker under 25 °C for 8 h with a constant
rate of 120 rpm. Afterwards, the suspensions were filtered with
0.22 um filters and the separated filtrates were analysed by an
atomic adsorption spectrometer (FAAS-M6, Thermo, USA) to
determine the remnant Cu(u) concentration. The adsorption
capacity and removal efficiency were calculated according to
ref. 25 and 26. The effect of initial concentrations (ranging from
20 to 200 mg L"), contact time (ranging from 0-48 h) and
ambient temperature (ranging from 15-45 °C) on the adsorp-
tion of Cu(i) on samples were investigated. For the investigation
of reusability, Cu(u)-loaded CNOs was mixed with 0.1 mol L™"
HNOj; solution and then ultrasonicated at 25 °C for 10 min to
desorb. The suspension was filtered. The Cu(u) concentration in
filtrate was determined and the filter residue was dried and
employed for the renewed adsorption (0.1 g of CNOs was added
into 50 mL of Cu(u) solution in a concentration and pH of
80 mg L' and 5.0, respectively to shake 8 h at 25 °C at

RSC Adv, 2022, 12, 5042-5052 | 5043


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra06761c

Open Access Article. Published on 09 February 2022. Downloaded on 12/4/2025 8:16:51 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

a horizontal air bath shaker). Five repeated adsorption-regen-
eration cycles were performed.

3 Results and discussion
3.1 Synthesis and characterization of CNOs

As schematically shown in Fig. 1a, carbon materials derived from
LG, Ni-loaded LG and LG/PE mixture are amorphous carbons,
macro/mesoporous carbons and micro/mesoporous carbons,
respectively. Particularly, comparison to LG only, the introduc-
tion of Ni into LG can effectively cut off the ether bonds, carbon-
carbon bonds and other key bonds to intensify the decomposi-
tion of LG and improve the yield of gaseous and liquid products,
thus leaving a large amount of pores in relatively large diame-
ters.”” The pore diameters of Ni-loaded LG based carbons are in
the range of 40-120 nm which is assigned to meso and macro
pores. For the LG/PE mixture, the introduction of PE can provide
a large amount of hydrogen or hydrocarbon radicals, which are
effective to the removal of oxygen from LG producing abundant
pores with relatively small diameter accordingly (with pore
diameters ranging from 2 to 18 nm).*® Moreover, no carbon

Pyrolysis
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product can be collected from the pyrolysis of PE only, which may
be related to its low fixed carbon content (<0.5%).>* In contrast,
LG can be readily converted into CNOs with relatively uniform
particles after the introduction of PE and Ni (see Fig. 1b). In other
words, the co-existence of PE and Ni in LG plays a key role in the
preparation of LG-based CNOs. It is reported that the introduc-
tion of hydrogen-donor and catalyst makes great influence on the
generation of liquid products, improving the yield and selectivity
of high value-added fuels or chemicals.*** In this study, the
formation of the carbon residue is also remarkably affected by
the introduction of hydrogen-donor (PE) and catalyst (Ni) besides
to liquid products. For Ni-loaded LG/PE, the deoxygen and
decomposition of LG can be enhanced in the presence of the
abundant hydrogen or hydrocarbon free radicals provided by PE.
Meanwhile, the presence of Ni can further strengthen the
synergistic interactions between LG and PE. Afterwards, with the
increase of pyrolysis temperature, the interaction between LG
and PE gradually ends due to the complete decomposition of PE
(about 500 °C), and Ni begins to guide the conversion of amor-
phous carbon into ordered carbon, resulting in the appearance
of CNOs.**

Amorphous carbons

Macro/mesoporous carbons

LG

Ni solution

° Ni particles

. Ni-loaded LG

O PE
598 LG/PE mixture

Ni-loaded LG/PE

CNOs

Fig.1 Schematic illustration of CNOs synthesis. (a) The carbon products of LG, Ni-loaded LG (with a Ni concentration of 1 mmol g~%), PE and LG/
PE mixture (with a LG to PE ratio of 1 : 1) prepared with a heating rate of 10 °C min~t at 800 °C for 2 h. (b) The preparation of CNOs via co-
pyrolysis of LG and PE with the aid of Ni (pyrolysis conditions involving pyrolysis temperature, heating rate and holding time are 800 °C,
10 °C min~tand 2 h, respectively). The Ni concentration in Ni-loaded LG is 2 mmol g~ while the one in Ni-loaded LG/PE is 1 mmol g~* as the

mass ratio of LG to PE in the mixtureis 1: 1.
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A representative TEM image of as-prepared CNOs is pre-
sented in Fig. 2a. The CNOs presents a sphere-like structure and
possess a relatively uniform size distribution with diameters in
the range of 30-50 nm. HR-TEM (the inset in Fig. 2a) further
reveals that the CNOs nanoparticles are made up of concentric
graphitic layers with the number of carbon layer of about 20-40.
Accordingly, the interlayer spacing of the carbon layers are in
the range of 0.33-0.42 nm which is much close to highly
ordered planar graphite (0.34 nm).** Similarly, the interlayer
spacing of the CNOs reported by Adam et al. was in the range of
0.27-0.30 nm;* the authors proposed that the difference of
interlayer spacing between highly ordered planar graphites and
the CNOs is greatly related to the degree of ordering as well as
the structure curvature. It is worth noting that the line of the
interlayer spacing at shell area is evidently clearer than that of
the core area in the CNOs (the inset in Fig. 2a). This may reveal
the presence of disordered carbon in the CNOs. The unique
structure of the CNOs (relatively ordered graphitic carbons as
shell and disordered carbon as core) demonstrate that the CNOs
can be classified as solid CNOs, which is markedly different
from the core-shell structured CNOs (metals acting as core) and
hollow CNOs reported in previous studies.**** The imperfect
spherical structure (sphere-like structure) and the presence of
disordered carbons indicate that the CNOs are abundant in
structure defects. The sphere-like structure of the CNOs can be
further confirmed by SEM (Fig. 2b). It can be seen that a large
amount of CNOs particles are agglomerated together, and some
of them fuse with each other to form larger particles.

The XRD patterns of CNOs is shown in Fig. 2c. The peak at
a 26 value of 26.1° can be assigned to the (002) reflection of
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graphite, which may result from the ordered structure of
CNOs.** However, the graphite peak in CNOs presents a broad
shape, indicating that the crystallinity of the CNOs is relatively
limited. The low crystallinity of the CNOs is well in accordance
with their abundant structural defects revealed by TEM in
Fig. 2a. Moreover, three sharp peaks located at 26 values of
44.3°,51.6° and 76.1° can be indexed to the (11 1), (2 0 0) and (2
2 0) facets of Ni, respectively. It is reported that the presence of
Ni nanoparticles may enable carbon materials with good
magnetic property.*® Accordingly, to investigate the magnetic
property of CNOs, a magnetic hysteresis curve is determined at
room temperature (Fig. 2d). It can be found that the saturation
magnetization of CNOs is 12.4 emu g~ when it is scanned in
the magnetic threshold of —10 to 10 kOe, which indicates that
the CNOs has a good magnetic property. This is comparable
with the Ni-containing onion-like carbon composites obtained
from pulsed plasma in a liquid as reported by Abdullaeva et al.
(with a saturation magnetization of 12.9 emu g~ *).?* The carbon
forms (amorphous carbon or graphitic carbon) in CNOs can be
further described by Raman spectroscopy (Fig. 2e). The two
featured peaks located at 1350 and 1380 cm ™ * corresponds to
the vibration of carbon atoms with dangling bonds in planar
terminations of disordered graphite (D) and the vibration of
sp>bonded carbon atoms in a two-dimensional hexagonal
lattice (G), respectively. It is reported that the ratio of the peak
intensity between D and G (Ip/lg) is proportional to the crys-
talline degree of carbon-based materials.’” The as calculated I/
I value is 0.89, suggesting that disordered and ordered carbons
co-exist in the CNOs. The presence of surface functional groups
in CNOs was analyzed using FT-IR spectrum (Fig. 2f). It is found
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Fig. 2 Characterization of as-prepared CNOs. (a) A typical TEM image of CNOs (the inset is the HR-TEM image showing that the CNOs is
composed of about 20—40 carbon layers with a interlayer spacing in the range of 0.33-0.42 nm). (b) SEM image of CNOs. (c) XRD patterns of
CNOs. (d) Magnetic hysteresis loop of CNOs. (e) Raman spectrum of CNOs. (f) FT-IR spectrum of CNOs.
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that the CNOs contain abundant surface functional groups
including oxygen-containing surface functional groups,
aromatic C=C and C-H. In detail, the wide and blunt adsorp-
tion peak located at 3450-3380 cm ' is attributed to the
stretching vibration of hydroxyl (-OH).*® The vibration of C=C
corresponded to the aromatic structure can be observed at
1640 cm ' in CNOs. The adsorption peak at 1465 cm ' is
assigned to the C-H stretching vibration in amorphous
carbons. The vibration of -OH can be further observed at
1360 cm™" as well. The wide peak in the wavenumber range of
1120-1020 cm ' is mainly caused by the stretching vibration of
carboxyl (-COOH).

3.2 Effect of preparing conditions on the synthesis of CNOs

It is reported that preparing conditions such the type of catalyst,
the concentration of catalyst and pyrolysis temperature play
important roles in the morphology and property of carbon
products.***® Herein, the effects of the type of catalyst, the
concentration of catalyst and pyrolysis temperature on the
preparation of CNOs are investigated. Fig. 3 shows the TEM and
SEM images of the carbon materials prepared using different
transition metals including Co (Fig. 3a and b), Fe (Fig. 3c and d)
and Mn (Fig. 3e and f). As shown in Fig. 3a and b, the carbon
materials prepared from Co-loaded LG/PE is found to be folded
sheet-like graphene clusters with a thickness of 1-4 nm. For Fe-
loaded LG/PE (Fig. 3c and d), the carbon products present a fiber-
like and hollow structure, which hence can be considered as
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carbon nanotubes. The inner diameters, outer diameters and
length of the carbon nanotubes are 60-80 nm, 70-90 nm and 1-3
um, respectively. Moreover, the metal particles with a diameter
of about 60-100 nm are found at the tip of the carbon nanotubes,
which suggests that the carbon nanotubes may mainly grow via
the mechanism of tip-growth.** The carbon product derived from
Mn-loaded LG/PE presents as the clusters of smooth paper-like
sheets with a thickness of 0.5-1 nm, which can be assigned to
graphene-like carbons (Fig. 3e and f).

According to Fig. 2, the introduction of Ni with a concentra-
tion of 1 mmol g~ into LG/PE can result in the production of
CNOs. The effect of Ni concentration ranging of 0.25 to
0.75 mmol g~ ' is further investigated as follows (Fig. 4). It is
found that the as-prepared carbon materials mainly presents
a bulk irregular shape as the Ni concentration employed is
0.25 mmol g~ (Fig. 4a and b). No fine nanostructure (CNOs) can
be found, which may be attributed to without enough catalyst to
destroy the carbon matrix and guide the growth of CNOs at
present Ni concentration. This is similar to the effect of catalyst
concentration on the preparation of other carbon nano-
materials.*> With the increase of the Ni concentration in LG/PE to
0.5-0.75 mmol g~', CNOs can be readily found in the carbon
products (Fig. 4c—f). The diameters of the 0.5 mmol g * Ni-loaded
LG/PE and 0.75 mmol g~ " Ni-loaded LG/PE derived CNOs are in
the range of 60-120 nm and 40-100 nm, respectively. Accord-
ingly, it can be summarized that the increase of catalyst
concentration is favorable for producing finely structured CNOs.

Fig. 3 Effect of transition metal types on the preparation of carbon nanomaterials from catalytic co-pyrolysis of LG/PE. (a) and (b) are the TEM
and SEM images of the carbon nanomaterial prepared from Co (Co-loaded LG/PE), respectively. (c) and (d) are the TEM and SEM images of the
carbon nanomaterial prepared from F (Fe-loaded LG/PE), respectively. (e) and (f) are the TEM and SEM images of the carbon nanomaterial

prepared from Mn (Mn-loaded LG/PE), respectively.
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Fig. 4 Effect of Ni loading on the preparation of carbon nanomaterials from catalytic co-pyrolysis of LG/PE. (a) and (b) are the TEM and SEM
images of the carbon nanomaterial prepared from a Ni loading of 0.25 mmol g~?, respectively. (c) and (d) are the TEM and SEM images of the
carbon nanomaterial prepared from a Ni loading of 0.5 mmol g2, respectively. (e) and (f) are the TEM and SEM images of the carbon nano-
material prepared from a Ni loading of 0.75 mmol g%, respectively.

Fig. 5 Effect of pyrolysis temperature on the preparation of carbon nanomaterials from catalytic co-pyrolysis of LG/PE. (a) and (b) are the TEM
and SEM images of the carbon nanomaterial prepared from 600 °C, respectively. (c) and (d) are the TEM and SEM images of the carbon
nanomaterial prepared from 700 °C, respectively. (e) and (f) are the TEM and SEM images of the carbon nanomaterial prepared from 900 °C,
respectively.

© 2022 The Author(s). Published by the Royal Society of Chemistry RSC Adv, 2022, 12, 5042-5052 | 5047
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The TEM and SEM images of the carbon products prepared
under 600, 700 and 900 °C is showed in Fig. 5. As shown, no fine
nanostructure can be found in the carbon derived at 600 °C
(Fig. 5a and b). This may be ascribed to the relatively low activity
of the catalyst at present temperature. With the increase of
pyrolysis temperature (700 °C), a small amount of CNOs parti-
cles with the diameters in the range of 30-50 nm can be found
(Fig. 5¢ and d). It is worth mentioning that most of the carbon
materials derived at 700 °C still remains an irregular shape,
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suggesting that 700 °C is not the appropriate temperature for
CNOs preparation. The CNOs prepared under 900 °C present
the diameters in the range of 25-55 nm (Fig. 5e and f). This may
indicate that the increase of pyrolysis temperature is beneficial
for the preparation of CNOs.

3.3 Adsorption performance of CNOs

The adsorption capability of CNOs towards Cu(u) from aqueous
solution is employed to evaluate its adsorption performance.
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Fig. 6 Adsorption performance of CNOs towards Cu(i) from aqueous solution. (a) Effect of initial concentration of Cu(i) on the adsorption of
Cu(n) using CNOs (20-200 mg L™Y). (b) Adsorption process fitted by Langmuir model and Freundlich model. (c) Effect of contact time on the
adsorption of Cu(i) using CNOs (0-48 h). (d) Adsorption process fitted by pseudo-first-order model and pseudo-second-order model. (e) Effect
of ambient temperature on the adsorption of Cu(i) using CNOs (15-45 °C). (f) Thermodynamic analysis (the relationship between 1/T and n K).
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Table 1 Adsorption isotherm, kinetic and thermodynamic parameters
of Cu(n) adsorption by CNOs (corresponding equations are presented
in ESI)

Adsorption isotherm

Langmuir model Freundlich model

Om(mgeg ™) K(@mg') R Kmg""L"gh) n R
100.00 26.80 0.983 12.52 2.47 0.918
Adsorption kinetic
Pseudo-first-order model Pseudo-second-order model
Gexp (mg e 1(mg R e 1(mg i
g ) ki(h™) g) R® ke (g(mgh)™)g™) R
49.74 2.70 48.92 0.980 0.11 49.75 0.999
Thermodynamic analysis
AG° (k] mol™")

AH® (K] AS® (J
288 (K) 298 (K) 308 (K) 318 (K) mol ) (mol K)™1)
—8.50 —11.51 —13.80 —16.25 65.09 256.13

Fig. 6a shows that the adsorbed Cu(u) onto CNOs is increased
with the initial Cu(u) concentration. The adsorption capacity of
Cu(n) onto CNOs is 14.74 mg g ' when the Cu(u) initial
concentration is 20 mg L™ '. While the adsorption capacity of
80.96 mg g~ ' can be obtained from the Cu(u) initial concen-
tration of 200 mg L', Adsorption isotherm fitting presented in
Fig. 6b and Table 1 reveals that the adsorption can be well
described by Langmuir model with a good correlation coeffi-
cient (R) of 0.983 in comparison with that of Freundlich model
(0.918), indicating that the adsorption of Cu(u) onto CNOs is
assigned to a homogeneous monolayer adsorption.** The
theoretical maximum adsorption capacity of CNOs calculated
from Langmuir model is 100.00 mg g~ * which is comparable
with those of g-C;N,/graphene oxide hydrogel and alginate
hydrogels, and is obviously higher than those of sawdust-
chitosan nanocomposite beads and chitosan/Al,O;/Fe;0,
nanocomposite (see Table 2).****¢ The adsorption effected by

Table 2 Comparison of the maximum capacity of Cu(i) adsorption
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contact time is shown in Fig. 6c. It can be found that Cu(u) is
rapidly adsorbed by CNOs at the initial 1 h, in which more than
90% of Cu(u) is removed. Then, the adsorption gradually slows
down and reaches a equilibrium at about 4 h. Kinetic analysis
(Fig. 6d) reveals that compared to pseudo-first-order model, the
pseudo-second-order model can give a good simulation on the
adsorption process (with a R* value closed to 1), confirming that
the Cu(u) adsorption process is mainly dominated by a chemi-
sorption process (see Table 1).*” Fig. 6e shows that the adsorp-
tion of Cu(u) using CNOs is positively related to the ambient
temperature, suggesting that the adsorption process possesses
an endothermic nature.*® Moreover, Gibbs free energy (AG°)
calculated from thermodynamic equations (see ESI{) presents
negative values at each ambient temperature (—8.50 to
—16.25 k] mol '), which reveals that the adsorption is a spon-
taneous reaction (see Table 1).*°

Due to the good magnetic property of CNOs has been
confirmed in Fig. 2f, we herein attempt to separate the CNOs
after Cu(u) adsorption using a external magnetic field (the insert
in Fig. 7). It is found that the post-adsorption CNOs can be
readily separated from the suspension with a permanent
magnet. This is of great significance to the collection and

140 - a)  Before
-
120 4 '
AR ——

Adsorption efficiency (%)

80
60 -
40
204
0-

Cycles

Fig. 7 Recycling utilization of CNOs for Cu(i) adsorption in 5 cycles.
The inset (a) is the suspension of the adsorption of Cu(i) onto CNOs
and (b) is the magnetic separation of the CNOs after Cu(i) adsorption.

Adsorbents

Maximum adsorption

capacity (mg g7 ) Conditions Ref.

g-C;N,/graphene oxide hydrogel

Rich husk@mesoporous silica MCM-41
Sawdust-chitosan nanocomposite beads
Chitosan/Al,0;/Fe;0, nanocomposite
f-Sporopollenin microcapsules

PE/PP non-woven fabric grafted with poly(bis[2-(methacryloyloxy)ethyl] phosphate)

Alginate hydrogels
Alginate-based composite beads
CNOs

© 2022 The Author(s). Published by the Royal Society of Chemistry

128-160 pH5.0,25°C,24h 44
91.4 pH 5.5,25°C,2h 50
7.32 pH 5.0, 30 °C, 70 min 16
30.97 pH5.5,25°C,24h 45
22.71 pH 6,25 °C, 2 h 51
35.96 pH5,25°C,4h 52
111.79 pH5,25°C,24 h 46
64.14 pH5,25°C,8h 53
100.00 pH 5,25 °C, 24 h Present study
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Fig. 8 The proposed mechanism for Cu(i) adsorption onto CNOs.

further recycling of the adsorption sediment. Based on the good
magnetic separation property, the cycling utilization of the
CNOs for Cu(u) adsorption is investigated. The result of five
successive adsorption-regeneration cycles of Cu(u) loaded
CNOs is showed in Fig. 7. As shown, more than 80% adsorption
efficiency is maintained after five cycles, indicating that the
CNOs is rather resusable.

It is well established that the physico-chemical properties of
an adsorbent plays important roles in its adsorption capa-
bility.*” The CNOs shows a favorable adsorption capability
towards Cu(u), which may be highly related to their structure
and surface properties. Moreover, the adsorption kinetic and
thermodynamic analysis reveals that the adsorption of Cu(u)
onto CNOs belongs to a chemical action-dominated, endo-
thermic and spontaneous process. Accordingly, based on the
properties of CNOs, it is inferred that the following adsorption
interactions may be involved in the adsorption of Cu(u) (see
Fig. 8). (i) Surface deposition. The abundant structure defects of
CNOs greatly increases its surface roughness which can be in
favor of the adsorption of Cu(u) via surface deposition.** (ii)
Complexation. The abundant oxygen-containing surface func-
tional groups of CNOs such as -OH and -COOH can provide
a large amount of effectively active sites to immobilize Cu(u)
through the release of H" with equivalent charge.* (iii) 7 elec-
tron-cation interaction. The aromatic structure, especially for
aromatic C=C, can act as w-donor to combine with Cu(u) based
on the strong affinity of them.*® In addition, electrostatic
interaction may make certain contribution to the adsorption of
Cu(u) as well.

4 Conclusion

Solid CNOs can be readily prepared from co-pyrolysis of lignin
(LG) and polyethylene (PE) in the presence of Ni-based catalysts.
The size distribution of the CNOs is in the range of 30-50 nm
and 20-40 carbon layers are involved. XRD and Raman spec-
trum reveal that the CNOs possess abundant structure defects.
The CNOs contain a large amount of surface functional groups,

5050 | RSC Adv, 2022, 12, 5042-5052
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such as -OH, -COOH, C=C and C-H as confirmed by FT-IR
analysis. The CNOs with a saturation magnetization of 12.4
emu g ' reveals that the CNOs presents a good magnetic
property. Folded sheet-like graphene clusters, carbon nano-
tubes and smooth paper-like sheets can be collected as Co, Fe
and Mn are employed as catalysts, respectively. The increase of
catalyst concentration (0.25-1 mmol g~ ') and catalytic co-
pyrolysis temperature (600-900 °C) are favorable for the prep-
aration of CNOs. The adsorption of Cu(u) onto the CNOs can be
well fitted by Langmuir model and the theoretical maximum
adsorption capacity is 100.00 mg g '. Pseudo-second-order
model gives a good simulation to the adsorption process and
reveals a chemical action-dominated nature. Thermodynamic
analysis shows that the adsorption of Cu(u) onto the CNOs is
ascribed to an endothermic and spontaneous process. Surface
deposition, complexation, 7 electron-cation interaction and
electrostatic interaction are involved during the adsorption of
Cu(n) using the CNOs.
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