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1 Introduction

Coked Ni/Al,O3 from the catalytic reforming of
volatiles from co-pyrolysis of lignin and
polyethylene: preparation, identification and
application as a potential adsorbent

Jing Zhao,}? Zhanghong Wang,1° Dekui Shen, @*2 Chunfei Wu, @ *©
Kaihong Luo @ and Sai Gu®

A novel and eco-friendly C-Ni/Al,Os composite was prepared through Ni/Al,Oz coking during the catalytic
reforming of volatiles from co-pyrolysis of lignin and polyethylene. The influence of Ni loading (0-20%) in
the Ni/Al,O3 catalyst and catalytic reforming temperature (500-800 °C) on the characteristics of the C-Ni/
AlLOs composite was investigated, involving the analysis of SEM, XRD, TPO and FTIR. Fibrous carbon on
the C-Ni/AlLOs composite was produced by the catalyst Ni(10%)/Al,Os at reforming temperatures of 600
and 700 °C, which was oxidized at around 500 °C according to the TPO analysis. The maximum deposition
of carbon in the C-Ni(10%)/Al,Os composite was about 10.86%, achieved at a catalytic reforming
temperature of 700 °C. Abundant oxygen-containing functional groups were observed on the C-Ni/Al,O3
composite through the FTIR analysis, leading to the outstanding adsorption performance for pollutant
removal from aqueous systems. The optimal C-Ni/Al,O3 composite was selected to investigate the effect
of process conditions on the adsorption performance for Pb(i), Cr(vi), rhodamine B (RhB) and methyl
orange (MO). The adsorption isotherms for the four mentioned pollutants were well fitted by the Langmuir
model and the maximum adsorption amount for Pb(i), Cr(v), RhB and MO was estimated to be 223.52,
54.90, 290.76 and 9571 mg g’ respectively. The results indicated that the as-prepared C-Ni/AlOs
composite had potential for the removal of heavy metal ions and hazardous organic compounds from
agueous systems.

promising technique for converting solid wastes into value-
added products, and adding a catalyst in the pyrolysis process

The utilization of lignin, which is the main residue in the
papermaking industry, has been widely investigated in recent
years, which not only can produce high-value chemicals or
carbon materials, but also can reduce the impact of solid
wastes on the environment." Co-pyrolysis is considered as a
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can further enhance the conversion efficiency of feedstock
and the yield of and selectivity to target products.>™ Catalysts
can be mixed with raw materials directly,’ or located under
the raw material to catalyze the pyrolysis volatiles,” which
have different influences on the formation of products. In
addition, the effects of catalytic temperature, the ratio of
feedstock to catalyst, the properties of the catalyst and other
parameters on the distribution of products are important for
catalytic co-pyrolysis of solid wastes.®’

Carbon materials, as one of the main products from the
pyrolysis of solid wastes, are mainly produced at the
temperature of 250-1000 °C with a heating rate of about 5-50
°C min".*® These carbon materials have high specific surface
areas, abundant adsorption sites, good thermal stability, and
controllable morphology, and exhibit huge potential as
adsorbents for removing heavy metal ions, dyes and other
pollutants in wastewater.""'> For example, biochar, one type
of carbon material, produced from lignin-rich residues
showed excellent adsorption capacities for heavy metal ions

This journal is © The Royal Society of Chemistry 2021
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(Pb**, Cu*', Cd**) due to well-developed pore structures, high
surface area and acid groups.” Li et al also synthesized
porous carbons by the co-pyrolysis of cyanobacteria and
plastics, and applied the carbons for the treatment of
wastewater containing methylene blue (MB); it was found
that the as-synthesized carbon materials exhibited excellent
adsorption of MB (maximum 490 mg g ') because of the high
surface area and pore volume.* However, pure carbon
materials have low dispersion and strong hydrophobicity in
aqueous solution, confining their application in the
adsorption treatment of wastewater."*

Carbon composites have been investigated to overcome
the defects of pure carbon materials by modifying the carbon
materials through oxidization, functional group grafting, and
compositing with inorganic substances.’>'® For example,
Chen et al found that carbon nanotube composites
decorated with Ca/Al layered double hydroxide exhibited a
high adsorption capacity for U(vi), and the maximum
adsorption capacity for U(vi) onto these composites was four
times higher than that onto bare carbon nanotubes.'” In the
study of Yari Moghaddam et al, a graphene oxide/almond
shell composite fabricated by a freeze-drying method showed
higher effectiveness than a pure graphene oxide in the
removal of cadmium(n) and nickel(n)."® Nevertheless, a
complex synthesis process is often needed for the
preparation of an ideal carbon composite, which produces
many by-products and requires additional costs.

The catalysts used in the catalytic pyrolysis of solid wastes
are easily coked with carbon that is composed of amorphous
carbon and ordered graphite carbon,' which brings about
catalyst ~deactivation.>®*'  Although studies on the
regeneration of catalysts have been addressed in many
reports, the catalytic performance of catalysts ultimately
reduced due to repeated regeneration treatment, and even
losing the catalytic activity. Arregi et al. carried out
consecutive reaction-regeneration cycles of a Ni catalyst in
the catalytic steam reforming of biomass pyrolysis volatiles,
finding that the catalyst is only partially regenerated by coke
combustion and the deactivation in each reaction step is
faster as the number of successive cycles increased due to the
irreversible deactivation caused by sintering of Ni species.*?
From another perspective, abundant oxygen-containing
functional groups can be found in the deposited carbon on
the catalyst with the migration of oxygen from the raw
materials, such as biomass and lignin, which would bring
new applications for the coked catalyst. Therefore, the used
catalysts that have lost catalytic activity could be used for
other applications.

The aim of this study is to explore the feasibility of the
development of a carbon-catalyst composite and apply it as
the adsorbent for the removal of heavy metal ions and dyes
from aqueous solutions. The C-Ni/Al,0; composite was
produced through carbon deposition on a Ni/Al,O; catalyst
from catalytic reforming of volatiles derived from co-pyrolysis
of lignin and polyethylene. SEM and TPO analyses were
carried out to obtain the assembly patterns between the
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metal and deposited carbon, while XRD and FTIR analyses
were adopted to identify the variation of metal distribution
and surface functional groups of the composite against the
metal loading and catalytic reforming temperature. The
adsorption behavior of the composites was investigated by
using Pb(um) and Cr(vi) as the model heavy metal ion
pollutants and rhodamine B (RhB) and methyl orange (MO)
as the model dye pollutants. The results of the adsorption
experiments estimate the potential of the C-Ni/Al,O;
composite as a commercial adsorbent for the removal of
heavy metal ions and dyes from water systems.

2 Materials and methods
2.1 Raw materials and chemicals

A lignin sample was extracted by using an acid precipitate
method from a black liquor which was collected from a
pulping company in Hunan Province, China. The detailed
extraction process can be found in the literature.”
Polyethylene powder with an average Mw and Mn of about
~4000 and ~1700 by GPC, respectively, was purchased from
Sigma-Aldrich Corporation (St. Louis, MO, USA). The
proximate analysis and ultimate analysis of the lignin sample
and polyethylene are presented in the ESIT (Table S1)
associated with this article. Nickel nitrate hexahydrate,
alumina, lead nitrate, chromic nitrate nonahydrate,
rhodamine B, methyl orange, nitric acid and sodium
hydroxide used in this study were all analytical reagent grade
and were purchased from Nanjing Zhongdong Huabo
Instrument Co. LTD. Water used in preparing solutions was
purified using an ultra-pure water system (Nanopure water,
Barnstead).

2.2 Preparation of the C-Ni/Al,O; composite

The co-pyrolysis sample was pretreated according to the
procedure described in the literature.® In brief, lignin was
firstly impregnated in nickel nitrate solution, and then mixed
with polyethylene powder after drying overnight. The
concentration of metallic Ni in the co-pyrolysis sample was 1
mmol g™' and the ratio of lignin and polyethylene was 1:1.
The catalyst used in the catalytic reforming process was Ni/
Al,O; with different Ni loadings (5, 10, 20%) prepared by an
impregnation method, and the as-prepared catalyst was
denoted Ni(5%)/Al,0;, Ni(10%)/Al,0;, and Ni(20%)/Al,03,
respectively.

The catalytic reforming of the volatiles from co-pyrolysis
of lignin and polyethylene was carried out in a two-stage
vertical fixed bed reactor. At the beginning of the experiment,
2 g co-pyrolysis samples and 1 g Ni/Al,O; catalyst were added
in the first stage (pyrolysis zone) and second stage (catalytic
reforming zone), respectively. Then, high purity nitrogen was
injected into the reactor with a flow rate of 100 mL min™" to
remove air. After injecting for 20 min, the second stage was
first heated to the set-point temperature with a heating rate
of 40 °C min™", and then the first stage was heated to 800 °C
at a heating rate of 10 °C min . The residence time for the
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reaction was 2 h to ensure that the volatiles from the co-
pyrolysis process was completely catalytically reformed. The
coked Ni/Al,O3 (C-Ni/Al,03) was collected when the furnace
temperature was close to room temperature. The C-Ni/Al,O3
samples were prepared by the following catalytic reforming
experiments: (1) the Ni loading on Al,0; was 0%, 5%, 10%
and 20% at the fixed catalytic reforming temperature of 600
°C, respectively, and (2) the catalytic reforming temperature
was 500, 600, 700 and 800 °C with the fixed Ni loading of
10% on Al O3, respectively. The samples were denoted C-
Ni(loading)/Al,O;-temperature.

2.3 Characterization of the C-Ni/Al,O; composite

The morphological characteristics of the as-synthesized C-Ni/
Al,O; composite were observed by scanning electron
microscopy (SEM) (Inspect F50, FEI, USA). X-ray diffraction
(XRD) patterns of the C-Ni/Al,O; composite were obtained
using a Smartlab XRD-3 with Ka radiation and the scans were
taken at the 5-80° 26 range. Raman spectra were determined
by using a confocal LabRAM HR Evolution Raman
spectroscopic system (HORIBA Scientific) with a 532 nm
laser. The pyrolysis behavior and thermal stability of these C-
Ni/Al,O; composites were analyzed through temperature
programmed oxidation (TPO) on a thermogravimetric
analyzer (TG209 F3, Netzsch, German). About 10 mg of the
C-Ni/Al,O; composite was heated to 800 °C under 100 mL
min™" air flow at a heating rate of 10 °C min™ and kept for
10 min. The functional group change of the C-Ni/Al,0;
composite under different conditions was qualitatively
studied using a Fourier transform infrared spectroscopy
(FTIR) analyzer (Nicolet 6700, Thermo Fisher Scientific, USA)
with the wavenumber range of 600-4000 cm™. The N,
adsorption/desorption isotherms of the synthesized C-Ni/
Al,O; composites were investigated by wusing nitrogen
adsorption measurement at 77 K (Quantachrome IQ3, USA).
The specific surface areas were calculated through the
Brunauer-Emmett-Teller (BET) method, while the pore size
distributions of the composites were obtained from the
analysis of the desorption values by using the Barrett-Joyner-
Halenda (BJH) method.

2.4 Adsorption of heavy metal ions and dyes with the C-Ni/
Al,O; composite

Pb(u), Cr(vi), RhB and MO were chosen as model pollutants
to investigate the adsorption performance of the C-Ni/Al,O3
composite that was derived from the coked Ni/Al,O; catalyst.
The solutions containing Pb(u), Cr(vi), RhB and MO were
separately prepared by dissolving the corresponding nitrates
or powders in deionized water. The adsorption experiments
were conducted in a 100 mL screw-flask, in which a certain
amount of C-Ni/Al,O; composite (0.01 g for the adsorption of
heavy metal ions and 0.05 g for the adsorption of dyes) and
50 mL model pollutant solutions were added. After
adsorption, the C-Ni/Al,0; composite was precipitated and
filtered using a 0.22 um filter. The concentrations of residual
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heavy metal ions and dyes in the solutions were detected
using an atomic adsorption spectrometer (FAAS-M6, Thermo,
USA) and a UV-vis spectrophotometer (Shimadzu UV-2600,
Japan), respectively. All experiments were performed three
times and the average values were presented.

3 Results and discussion
3.1 Characteristics of the C-Ni/Al,O; composite

3.1.1 The effect of Ni loading on the Ni/Al,O; catalyst. The
morphology of the deposited carbon on the Ni/Al,O; catalyst
was influenced significantly by different Ni loadings (0-20%).
The SEM images of the C-Ni/Al,03;-600 °C composite with
10% Ni loading on Al,O; are shown in Fig. 1. It is found that
the surface of the spent Ni(10%)/Al,0; catalyst is covered by
a mass of fluffy carbon fibers, which are relatively short,
thick and cross-linked (Fig. 1b)). Similar fibrous carbon was
found on the reacted Ni/Al,O; catalyst surface according to
the report of Alvarez et al., where the Ni/Al,O; catalyst was
used for the catalytic reforming of the mixture of sawdust
and different plastics.>* It is worth noting from Fig. 1b) that
catalyst particles can be clearly observed at the end of the
fibrous carbon, indicating that the carbon fibers might grow
through a top-growth mechanism. The deposited carbon on
the Ni/Al,O; catalyst with too high or too low Ni loadings is
dominated by amorphous carbon. For example, a large
amount of random particles appear on the reacted Ni(5%)/
Al,O; catalyst surface (Fig. Sic) and d)tf), while as the Ni
loading on Al,O; increases to 20%, loose and irregular
carbon is produced on the catalyst surface (Fig. Sie) and f)7)
due to the aggregation of catalyst particles with more highly
active component in the Ni/Al,O; catalyst.

Fig. 2 depicts the XRD patterns of the fresh catalysts and
reacted catalysts with different Ni loadings on Al,O;
catalytically reformed at 600 °C. As seen in Fig. 2a), typical
NiO diffraction peaks at 37.3°, 63.0° and 75.6° (26) are
present in the XRD diffraction patterns of the fresh Ni/Al,O;
catalysts, corresponding to NiO with (1 1 1), (2 2 0) and (3 1
1) crystal plane, respectively.”® It is found that the intensity of
NiO-related diffraction peaks is increased gradually with the
increase of Ni content in the as-prepared catalysts, and the
strongest NiO diffraction peaks are found in Ni(20%)/Al,0;.
The average sizes of NiO are calculated to be 5.2, 7.8 and
12.4 nm with 5%, 10% and 20% Ni loadings, respectively,
suggesting that the crystal size of NiO is increased with the
enhanced Ni loading on Al,O;.

As shown in Fig. 2b), metallic Ni and graphite are
reflected in the XRD diffraction patterns of the reacted
catalysts. It is clearly observed that metallic Ni diffraction
peaks at 26 = 44.5°, 51.8°, and 76.4° are present in the
reacted Ni/Al,O; catalysts and the diffraction peak intensity
is increased with the increase of Ni loading from 5% to 20%.
It is noticed that the diffraction peaks of graphite are near
26.5° (20) in the XRD patterns of the reacted Ni/Al,O;
catalysts with Ni loadings ranging from 5% to 20%, and the
peak intensity of graphite in the patterns of the reacted

This journal is © The Royal Society of Chemistry 2021
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Fig. 1 SEM images with different magnification scales of the C-Ni/Al,03-600 °C composite with 10% Ni loading on Al,O3; a) 20 um; b) 5 um.
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Fig. 2 XRD patterns of the fresh catalysts and reacted catalysts with different Ni loadings on Al,Os catalytically reformed at 600 °C; a) fresh
catalysts; b) reacted catalysts with an inset showing details between 26° and 27°.

Ni(10%)/Al,0; is much stronger than that of the reacted
Ni(5%)/Al,0; and reacted Ni(20%)/Al,0; catalysts. The SEM
characterization results show that the graphitized carbon
(fibrous carbon) is only distinctly observed on the Ni(10%)/
Al,O; catalyst (Fig. 1). It is possible that the amount of
graphitized carbon produced over Ni(5%)/Al,03; and Ni(20%)/
Al,O; during the catalytic reforming process was too low to
be observed by SEM.

To cumulatively understand the influence of different Ni
loadings on the pyrolysis behavior and thermal stability of
the C-Ni/Al,0;-600 °C composite, temperature programmed
oxidation (TPO) was used to analyse and the plots of TG and
DTG are presented in Fig. 3. It can be found that the weight
of the C-Ni(0%)/Al,05-600 °C composite has no evident
change during the whole oxidation process. From Fig. 3a),
the weight of the C-Ni(5%)/Al,03-600 °C composite reaches
the maximum at around 500 °C and then hardly changes
with the increased temperature. The oxidation process of the
C-Ni/Al,03-600 °C composites with Ni loadings of 10% and
20% can be divided into two stages: the first stage from 270
°C to 502 °C with a weight increment is ascribed to the

This journal is © The Royal Society of Chemistry 2021

oxidation of elemental Ni, and the second stage from 502 °C
to 665 °C shows a significant weight loss due to the oxidative
decomposition of carbon. The weight loss of the C-Ni(10%)/
Al,03-600 °C composite as 5.41% is more than that of the C-
Ni(20%)/Al,03-600 °C composite as 2.54%, confirming that a
large amount of carbon was deposited on Ni(10%)/Al,0;
during the catalytic reforming process.

The influence of Ni loading on the functional groups of
the C-Ni/Al,03-600 °C composite is identified through FTIR
analysis, as shown in Fig. 4. The absorbance of the peak at
700-630 cm™' corresponding to the Al-O stretching vibration
is related to the Al,O; support. The absorption peak at 1110-
1044 cm™' is assigned to the C-O-C stretching vibration®°
and the peak became stronger with the increase of Ni
loading, which indicates that the presence of metallic Ni
might facilitate the capture of oxygen-containing functional
groups from the pyrolysis volatiles of lignin during the
catalytic reforming process. The absorption at 1500 cm™
attributed to the vibration of C=C is derived from the
aromatic structure of the deposited carbon.>” At a higher Ni
loading, the absorption of -C=C=C- (2000-1940 cm™") and

Catal. Sci. Technol,, 2021, 11, 4162-4171 | 4165
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Fig. 3 TPO curves of the C-Ni/Al,03-600 °C composite with different Ni loadings on Al,Os; a) TG; b) DTG.

-C=C=0 (2150 cm™) was detected, which is probably
derived from the intermediates produced from the catalytic
reforming of pyrolysis volatiles. The intermediates containing
functionalities like -C=C=—C- might be the precursors for
carbon formation.>® In addition, a stretching signal
corresponding to -OH functional groups appeared at 3200
em™ in the FTIR spectra®® of C-Ni(10%)/Al,03-600 °C and C-
Ni(20%)/Al,05-600 ©°C, further confirming the effect of
metallic Ni on the presence of oxygen-containing functional
groups in the as-synthesized C-Ni/Al,O; composites.

3.1.2 The effect of catalytic reforming temperature. The
SEM images of the C-Ni(10%)/Al,0; composites obtained at
catalytic reforming temperatures of 600 and 700 °C are
depicted in Fig. 5. It can be found that the deposits on the
surface of the Ni(10%)/Al,0; catalyst are fibrous carbons,
which are short, thick and intertwined. In addition, small
particles, possibly elemental Ni, can be observed in
Fig. 5b) and d), exhibiting the growth pattern of fibrous
carbon. Only irregular particles are observed on the reacted

Intensity
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——— C-Ni(5%)/AL04-600°C 1110-1044
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——— C-Ni(20%)/AL05-600°C o
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Wavenumber (cm™)

Fig. 4 FTIR spectra of the C-Ni/Al;03-600 °C composite with
different Ni loadings on Al,Os.
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catalyst surface at the catalytic reforming temperature of 500
°C (Fig. S2a) and b)f). It is indicated that the active
component in the catalyst at lower catalytic reforming
temperature could not reform the volatiles from the co-
pyrolysis of lignin and polyethylene and guide the growth of
graphitized carbon sufficiently.” However, when the catalytic
reforming temperature was increased to 800 °C, a large
number of agglomerated, loose particles are present on the
surface of the reacted catalyst (Fig. S2¢) and d)}) due to the
agglomeration and fusion of the generated carbon. Therefore,
it is proposed that a suitable catalytic reforming temperature,
ie., 600-700 °C, is required to facilitate the catalytic
decomposition of carbon sources and the growth of the
graphitized carbon.

XRD patterns of the C-Ni(10%)/Al,0; composite derived
from different catalytic reforming temperatures are shown in
Fig. 6. It can be seen that metallic Ni diffraction peaks
appeared at 26 of 44.5°, 51.8°, and 76.4° in all the C-
Ni(10%)/Al,0; composites. It is suggested that the reduction
of NiO in the catalyst took place before 500 °C. A diffraction
peak of graphite at around 26.5° (260) was detected in the
XRD patterns of the C-Ni(10%)/Al,0; composites obtained at
600 °C and 700 °C, but it is absent in those at 500 °C and
800 °C. This indicated that the production of the graphitized
carbon could be around specific temperatures during the
catalytic forming process, influencing their performance in
the removal of pollutants from wastewater. It is noted that
the intensity of the graphite diffraction peak in the XRD
pattern of the C-Ni(10%)/Al,0; composite formed at 700 °C
was much stronger than that at 600 °C, suggesting that more
graphitized carbon was produced over Ni(10%)/Al,0; at the
catalytic reforming temperature of 700 °C.

The graphitization degree of the deposited carbon on the
Ni(10%)/Al,0; surface is also characterized by Raman
spectroscopy, as depicted in Fig. S3.f Three characteristic
peaks at around 1332 cm™ (D band), 1589 cm™ (G band),
and 2770 cm™ (2D band) were observed, corresponding to
the disordered structure or defects in graphene, the sp” C-C

This journal is © The Royal Society of Chemistry 2021
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P 20um

vibrations in graphene, and the ejection scattering of the two
phonons, respectively.”? The relative intensity ratio of the D
band and G band (Ip/Ig) is usually used to evaluate the
degree of the defects or graphitization of carbon materials.
As shown in Fig. S3,f the Ip/I; ratios are 2.90, 2.86, 2.66, and

& Ni
_ﬁ % Graphite
B‘ 260 262 2_64_ _26_6_ 268 270
R= 800°C e N
700°C A
600°C N
500-C J A

0 10 20 30 40 50 60 70 80
20 (<)

Fig. 6 XRD patterns of the C-Ni(10%)/Al,03 composite derived at
different catalytic reforming temperatures with an inset showing
details between 26° and 27°.
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Fig. 5 SEM images of the C-Ni(10%)/Al,03 composite derived from catalytic reforming temperatures at 600 and 700 °C; a) and b) 600 °C and c)
and d) 700 °C.

2.99 for C-Ni(10%)/Al,03-500 °C, C-Ni(10%)/Al,05-600 °C, C-
Ni(10%)/A1,05-700 °C, and C-Ni(10%)/Al,05-800 °C,
respectively, which are all greater than 2, implying that the
carbon deposited on the Ni(10%)/Al,0; catalyst contains
many defects. The Ip/Is ratio of the C-Ni(10%)/Al,05-700 °C
composite is the smallest among the values of the four
samples, demonstrating the presence of more graphitized
carbon on Ni(10%)/Al,0; at the catalytic reforming
temperature of 700 °C, which is consistent with the
characterization results of XRD displayed in Fig. 6.

Fig. 7 shows the TPO plots of the C-Ni(10%)/Al,0;
composites derived at different catalytic reforming
temperatures from 500 to 800 °C. It is found that the weight
of the C-Ni(10%)/Al,0; composites derived at 600, 700 and
800 °C are all firstly increased and then decreased, while the
weight of the C-Ni(10%)/Al,0; composite obtained at 500 °C
is firstly decreased and then increased. The weight increment
of the C-Ni(10%)/Al,0; composites obtained at higher
catalytic reforming temperatures is ascribed to the oxidation
of metallic Ni in the composite, and the subsequent weight
decrease is attributed to the oxidative decomposition of
deposited carbon in the composite. The TPO temperature
corresponding to the carbon decomposition for the C-
Ni(10%)/Al,0; composite is from 507 °C to 710 °C, while
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Fig. 7 TPO curves of the C-Ni(10%)/Al,0s composite derived at different catalytic reforming temperatures; a) TG; b) DTG.

those at the catalytic reforming temperature of 600 °C and
800 °C are from 475 °C to 650 °C and from 477 °C to 618 °C,
respectively. It is indicated that the thermal stability of the
carbon deposited on Ni(10%)/Al,O; at the catalytic reforming
temperature of 700 °C was higher than that of the carbon
deposited on the composites derived at 600 °C and 800 °C.
The weight loss percentage of the C-Ni(10%)/Al,03
composites obtained at 600, 700, and 800 °C is identified to
be 5.41%, 10.86% and 1.13%, respectively. It can be
concluded that the C-Ni(10%)/Al,0; composite obtained at
the catalytic reforming temperature of 700 °C possesses the
highest content of carbon deposition with significant thermal
stability.

Fig. 8 depicts the FTIR spectra of the C-Ni(10%)/Al,03
composites prepared at different catalytic reforming
temperatures (500, 600, 700, 800 °C). It can be found that the
bands at 3200 ecm™" and 1110-1044 cm™" correspond to the
stretching vibration peaks of OH groups and C-O-C groups,
respectively. These vibration peaks appear in the FTIR spectra
for all the C-Ni(10%)/Al,0; composites, and the change of

2] .
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= -C=C=C- 1500C=C |
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——700°C 700-630_ 1
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Fig. 8 FTIR spectra of the C-Ni(10%)/Al,Os composite derived at
different catalytic reforming temperatures.
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catalytic reforming temperature shows no obvious influence
on the peak intensity of oxygen-containing functional groups
of the obtained C-Ni(10%)/Al,0; composites. The absorption
bands at around 1500 cm ™' representing the stretching
aromatic skeleton vibrations (C=C) are observed in all the
FTIR spectra of the C-Ni(10%)/Al,0; composites and the
peak intensity becomes stronger with an increase of catalytic
reforming temperature, indicating that the increase of
catalytic reforming temperature is conducive to the formation
of deposited carbon. The absorptions of -C=C=—C- (2000-
1940 cm ™) and -C=C=O0 (2150 cm ") are absent in the FTIR
spectra of the C-Ni(10%)/Al,0; composite derived at 500 °C,
which is probably attributed to the lack of the intermediates
produced from the catalytic reforming of pyrolysis volatiles at
a lower temperature.

The N, adsorption-desorption isotherms and pore size
distribution of the four C-Ni(10%)/Al,0; composites obtained
at the catalytic reforming temperatures from 500 °C to 800
°C are illustrated in Fig. S4.7 It can be found from Fig. S4a)f
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Fig. 9 Heavy metal ions (Pb(i) & Cr(vi)) and dyes (RhB & MO) adsorbed
on the C-Ni/Al,O3 composites obtained under different catalytic
reforming conditions.
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Fig. 10 Adsorption isotherms of heavy metal ions (Pb(i) & Cr(vi)) and
dyes (RhB & MO) adsorbed on the C-Ni/Al,O3 composites.

that all the N, sorption isotherms belong to type IV with H3
hysteresis loops, indicating the presence of mesopores in the
as-prepared materials, which is similar to the report of Cai
et al. who synthesized Fe-Ni catalysts encapsulated in
oxidized carbon nanotubes from fast pyrolysis of waste
plastics using Fe-Ni-Al,O; catalysts.” The pore size
distribution shown in Fig. S4b)f further demonstrates the
mesoporous structure of the C-Ni(10%)/Al,0; composites
with distinguished mesopore distribution peaks at around
22.47 nm, 26.81 nm, 26.76 nm, and 22.52 nm. The calculated
specific surface areas of C-Ni(10%)/A1,05-500 °C, C-Ni(10%)/
Al,05-600 °C, C-Ni(10%)/Al,0;-700 °C, and C-Ni(10%)/Al,0;-
800 °C are 168.55 m”> g ', 152.33 m* g ™', 147.35 m> g ', and
166.40 m> g, respectively, which are decreased firstly and
then increased with the enhanced -catalytic reforming
temperatures.

3.2 Adsorption performance of the C-Ni/Al,O; composite

Batch adsorption experiments of the C-Ni/Al,O; composites
were conducted to investigate the effects of Ni loading in the
catalyst (0-20%) and catalytic reforming temperature (500-
800 °C) on the removal of heavy metal ions (Pb(u) & Cr(v))
and dyes (RhB & MO) from wastewater. The adsorption
results are shown in Fig. 9.

Table 1
Langmuir and Freundlich models
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Fig. 11 Adsorption kinetics of heavy metal ions (Pb(i) & Cr(v)) and
dyes (RhB & MO) adsorbed on the C-Ni/Al,Os composites.

Comparing the adsorption performance of the C-Ni/Al,O;-
600 °C composites prepared with different Ni loadings, it is
found that the removal percentages for Pb(u), Cr(vi), RhB and
MO are all dramatically improved with the Ni loading
increased from 0 to 10 and then decreased with the Ni
loading on Al,O; increased to 20%. For both heavy metal ions
and dyes, the maximum removal percentage is achieved in
the case of using the C-Ni(10%)/Al,05-600 °C composite,
suggesting that graphitized carbon with abundant oxygen-
containing functional groups has a better adsorption
property for the removal of pollutants from wastewater.***"
However, increasing the catalytic reforming temperature
shows different influences on the removal of the four
pollutants from aqueous solution. The maximum adsorption
of Pb(n) and RhB is achieved at 700 °C with the removal
percentage of 88.14% and 72.75%, respectively, while the
highest removal percentage for Cr(vi) and MO was 52.42%
and 67.99% at 600 °C, respectively. The adsorption of Pb(u)
was stronger than that of Cr(vi) and the removal percentage
for RhB was always higher than that for MO by using all the
C-Ni(10%)/Al,0; composites regardless of the catalytic
reforming temperature. Thus, it is concluded that the C-
Ni(10%)/Al,03-700 °C composite was the best adsorbent for
the removal of Pb(i) and RhB, while the C-Ni(10%)/Al,05-600
°C composite was the optimal for the adsorption of Cr(vi)
and MO.

Isotherm parameters of heavy metal ions (Pb(1) & Cr(v)) and dyes (RhB & MO) adsorbed on the C-Ni/Al,O3z composites derived from the

Pb(11)-C-Ni(10%)/Al,05-700 °C  Cr(vi)-C-Ni(10%)/Al,03-600 °C RhB-C-Ni(10%)/Al,05-700 °C  MO-C-Ni(10%)/Al,0;-600 °C

Langmuir

Qm (mgg™) 223.52 54.90
K; (L mg™) 0.11 0.05
R? 0.941 0.945
Freundlich

Ke(mg"™ 1" g™")  94.00 13.55
n 7.19 3.83
R? 0.743 0.858

This journal is © The Royal Society of Chemistry 2021

290.76 95.71
0.02 0.06
0.956 0.979

48.01 30.15
3.60 5.10
0.948 0.874
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Table 2 Kinetic parameters of heavy metal ions (Pb(i) & Cr(vi)) and dyes (RhB & MO) adsorbed on the C-Ni/Al,O3 composites derived from the pseudo-

first-order and pseudo-second-order

Pb(11)-C-Ni(10%)/Al,05-700 °C

Cr(vi)-C-Ni(10%)/Al,0,-600 °C  RhB-C-Ni(10%)/Al,03-700 °C

MO-C-Ni(10%)/Al,03-600 °C

Qexp (mgg™")  149.78 33.31
Pseudo-first-order model

Ky (h™) 2.26 2.49
Q. (mg g™ 153.07 31.99
R* 0.995 0.993
Pseudo-second-order model

K, (gmg ' h™) 0.02 0.09
Q. (mg g™ 172.51 35.89
R* 0.961 0.991

Based on the results above, the adsorption performance of
the C-Ni(10%)/Al,03-700 °C composite and C-Ni(10%)/Al,03-
600 °C composite is further investigated under different
adsorption conditions including initial concentrations,
contact time, ambient temperature and solution pH. The
relevant experimental results are presented in the ESIT (Fig.
S5-S8).

3.2.1 Adsorption isotherms. The adsorption isotherms of
the heavy metal ions and dyes on the corresponding C-Ni/
Al,O; composite were investigated by the Langmuir model
(eqn (S1)T) and Freundlich model (eqn (S2)}). The isothermal
fitting curves are shown in Fig. 10 and the calculated
parameters are provided in Table 1. It can be found that the
uptakes of the four pollutants using the C-Ni/Al,O3
composite as the adsorbent rapidly increased with the
increase of initial concentration until adsorption equilibrium
was reached, which can be ascribed to the increase of initial
concentration in the initial stage providing higher driving
force to overcome the mass transfer resistance of pollutants
in solution,** and the surface active sites of the C-Ni/Al,O;,
composite were completely consumed in the higher range of
initial concentration.*

The Langmuir model was better fitted to the isotherms of
the C-Ni/Al,O; composite with the higher values (0.941-
0.979) of the correlation coefficient (R*) obtained from the
Langmuir model compared to the Freundlich model. Similar
observations were reported in the published studies.**™3¢
However, according to the study of Abukhadra et al,’” the
Freundlich model showed a better fitting than the Langmuir
model and Temkin model in simulating the adsorption of
Pb** and Cr®" using kaolinite nanotubes as adsorbents. It is
worth noting that the R> for RhB adsorption calculated
based on the Freundlich model as 0.948 was very close to
that based on the Langmuir model (0.956), suggesting that
both the Langmuir model and Freundlich model can well
describe the adsorption of RhB. This might be ascribed to
both homogeneous monolayer adsorption and
heterogeneous multilayer adsorption that occurred during
the adsorption process of RhB onto the C-Ni/Al,O3
composite.

3.2.2 Adsorption kinetics. The kinetic model plots of the
pseudo-first-order and  pseudo-second-order for the
adsorption of heavy metal ions (Pb(u) & Cr(vi)) and dyes (RhB

4170 | Catal Sci. Technol., 2021, N, 4162-4171

147.51 68.91
2.53 1.03

139.14 67.05
0.912 0.975
0.02 0.02

150.93 75.40
0.983 0.988

& MO) onto the C-Ni/Al,O; composite are shown in Fig. 11,
and the related kinetic parameters are listed in Table 2. It
can be found in Table 2 that the coefficient values (R?) of the
pseudo-first-order model are 0.995 and 0.993 for Pb(u) and
Cr(vi), respectively, which are higher than those of the
pseudo-second-order model (0.961 and 0.991, respectively).
Furthermore, the calculated equilibrium adsorption capacity
(Qe) for Pb(u) and Cr(vi) based on the pseudo-first-order
model is much closer to the corresponding experimental
values (Qeyp). It is suggested that the pseudo-first-order model
was more appropriate than the pseudo-second-order model
to describe the adsorption processes of Pb(u) and Cr(vi).
However, the adsorption processes of RhB and MO are better
described by the pseudo-second-order model with R> of
0.983-0.988 compared to the pseudo-first-order model
(0.912-0.975), suggesting that the pseudo-second-order model
is the ideal kinetic model to fit the adsorption processes of
RhB and MO. According to the above analysis, it is proposed
that reversible reactions frequently takes place in the
adsorption processes of heavy metal ions (Pb(u) & Cr(vi)),
while the adsorption of dyes (RhB & MO) is dominated by
chemical reactions.

Conclusions

In this work, C-Ni/Al,0; composites derived from the
catalytic reforming of volatiles from co-pyrolysis of lignin and
polyethylene are used as green adsorbents for the removal of
heavy metal ions (Pb(u) & Cr(vi)) and dyes (RhB & MO) from
aqueous solutions. The results show that the composition,
morphological structure and thermal stability of the carbon
deposited on Ni/Al,O; is significantly influenced by Ni
loading in Ni/Al,O; and the catalytic reforming temperature.
In addition, the capture of oxygen-containing functional
groups can be enhanced by the higher Ni loading and
catalytic reforming temperature, promoting the adsorption of
heavy metal ions and dyes. Furthermore, the C-Ni(10%)/
Al,O; composites obtained at the catalytic reforming
temperatures of 600 and 700 °C are estimated as the optimal
adsorbents for the adsorption of Pb(u), Cr(vi), RhB and MO
from aqueous systems. The results show that the adsorption
of the C-Ni/Al,O; composites is dominated by homogeneous
monolayer adsorption better fitted by the Langmuir model.

This journal is © The Royal Society of Chemistry 2021
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The relationship between the equilibrium adsorption capacity
of heavy metal ions and contact time can be well described
by the pseudo-first-order kinetic model, while the pseudo-
second-order kinetic model gives better fitting for the
adsorption of dyes. Therefore, the C-Ni/Al,0; composite is
considered as an environment-friendly and highly efficient
adsorbent for treating wastewater containing heavy metal
ions and dyes.
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