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ABSTRACT

This work deals with developing feasible valorization technologies to prepare carbon nanotubes (CNTs) from
plastic solid waste and demonstrate their application in catalytic wet peroxide oxidation (CWPO). CNTs were
synthesized by catalytic chemical vapor deposition (CCVD) at 850 °C, considering low-density polyethylene
(LDPE), high-density polyethylene (HDPE), and polypropylene (PP) as carbon precursors representative of urban
plastic solid waste. Iron oxide nanoparticles supported in alumina, previously synthesized by sol-gel, were used
as catalysts in the CCVD process. TEM micrographs allow us to determine 41 nm as the average outer diameter of
the CNTs and to visualize magnetic iron nanoparticles (ca. 10 nm) embedded inside the CNTs (ca. 6.4 % of
content measured as ashes). These magnetic nanoparticles were kept in the CNT structure even after the puri-
fication of the CNTs with sulphuric acid, allowing to obtain magnetic CNTs. All purified and non-purified CNTs
prepared from the polyolefins were assessed as catalysts in CWPO of paracetamol (PCM), used as a model
pharmaceutical contaminant in water at Cpcyo = 100 pg mL~! (CH202,0 =472 g mL’l, Cont=25¢ L’l, pHp =
3.5 and T = 80 °C). The concentrations of PCM, H20,, aromatic and total phenolic compounds were monitored
for 24 h. All CNTs showed catalytic activity, allowing the complete degradation of PCM at 6 h of reaction time.
The stability and reusability of materials are tested and proved in CWPO.

1. Introduction

materials for their preparation. In this sense, many organic wastes have
been tested as a source for preparing carbonaceous catalysts (mainly

The design of catalyst for environmental application is one of the
scientific community’s main concerns to develop more efficient tech-
nologies in pollution control and energy storage and conversion. For this
purpose, there is special attention to developing catalysts from wastes,
resulting in materials with added-value and allowing to reach the
desired circular economy scenario. In addition, the manufacture cost of
the catalysts can be reduced if compared to the use of purified raw
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hydrochars and activated carbons), such as plant residues, animal
manure, sewage sludge or food waste [1-3]. As plastic solid wastes are
also rich in carbon, they can serve as a source for preparing value-added
carbon-based functional catalysts [4]. To date, several works have re-
ported the synthesis and applications of plastic waste-derived carbona-
ceous materials. Such previous works have primarily focused on the
conventional carbonization process for the preparation of amorphous
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carbon phases [5,6], whereas only few examine typical carbon materials
such as CNTs [7,8] or graphene [9]. Compared to biomass, polymers
have well-defined structures and can yield carbonaceous catalysts with
relatively well-controlled structures and content [10,11]. In addition,
the controlled carbonization of synthetic polymers provides a potential
mean to reutilize many plastic wastes for synthesizing carbon nano-
structured catalysts [11].

Most of the studies regarding the development of CNTs from plastic
wastes focus on the feasibility of CNT growth from plastic wastes and the
optimization of the operating conditions. Some articles also report the
application of the resulting CNTs, namely in electrochemical and energy
[12-19], environmental [19-21], composite filling [22,23], and nano-
medicine [24] fields. However, few studies aim to tune the development
of CNTs with suitable characteristics for catalytic processes or other
applications. In contrast, most studies report methods to tune the
nanostructure carbon catalysts post-production to obtain the desired
properties of the material by functionalization with heteroatoms [25] or
by impregnation with an metal active phase [26-28]. Latter is the case of
carbon materials doped with iron-based compounds to confer magnetic
properties. However, the method most used for synthesizing of CNTs
consists in the catalytic chemical vapor deposition (CCVD) over metal
substrates typically based on iron or cobalt [9,29]. Bearing this in mind,
a novel approach will be the production of CNT by CCVD on substrates,
which allow to directly obtain CNTs with magnetic properties, avoiding
a subsequent process to impregnate the CNT with magnetic materials.

The application of magnetic nanostructured carbon materials has
received special interest in Fenton-like systems or catalytic wet peroxide
oxidation (CWPO), due to the inherent catalytic activity of magnetic
iron-based catalysts and enabling in-situ magnetic separation from the
media of reaction [30]. The CWPO process is a technology used for the
treatment of wastewater, in which the degradation of organic pollutants
goes through hydrogen peroxide-assisted oxidation in the presence of a
suitable catalyst under mild operating conditions (preferably at 1 bar
and 25-80 °C) [31,32]. CNTs have been found as exceptional catalysts
leading to high removals of the organic matter present in wastewater
effluents by CWPO [30,33-37]. As a novel approach, recent studies
report the application of CNTs impregnated with magnetite to confer the
above-mentioned magnetic properties and enable the in-situ separation
by magnetism [26-28]. The magnetite-CNTs were applied in the
removal of naproxen, diclofenac and ibuprofen, and the great potential
of CWPO with magnetic catalysts based on CNTs for the abatement of
micro-pollutants was demonstrated.

This work deals with synthesizing CNTs from polyolefins (PO-CNTs)
by CCVD over an iron-based substrate as a novel approach to produce in-
situ magnetic CNTs using carbon sources representative of plastic
wastes. Upon the acquired magnetism, the PO-CNTs will prove their
adequacy in CWPO, with the added advantage of being easily recovered
from the treated solutions by applying a magnetic field. As representa-
tive polymers of plastic wastes, LDPE, HDPE and PP are explored as
carbon-rich feedstocks to prepare CNTs. CCVD was performed using iron
oxide supported on alumina as a catalyst to confer magnetic properties
to the CNTs, which were kept even after their purification with sulphuric
acid because of the encapsulation of metallic nanoparticles within the
CNT structure. Then, the purified and non-purified PO-CNTs are
explored in CWPO of PCM, used as model micro-pollutant.

2. Methodology
2.1. Reagents and materials

The precursors used in the preparation of the CNTs, namely HDPE
(melt index 2.2 g (10 min)’l), LDPE (average Mw ~ 35,000 g mol ™1,
average Mn ~7700) and PP (average Mw ~250,000 g mol ™}, average
Mn ~67,000), were supplied by Sigma-Aldrich. For the preparation of
the supported magnetic nanoparticles, iron (II) chloride tetrahydrate
(98 %), iron (III) chloride hexahydrate (97 %), absolute ethanol (99.8
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%), and ethylene glycol (99 %), obtained from Acros Organics, VWR
Chemicals, Fisher Chemical and Fisher Chemical, respectively, were
used. Alumina was supplied by BASF in pellets form. Prior to use, it was
ground and sieved (53-106 um). In CWPO runs, paracetamol (98 %) and
hydrogen peroxide (30 %), supplied by Alfa Aesar and VWR Chemicals,
were used. Sulphuric acid (95 %) from VWR Chemicals was used for
CNTs purification purposes. For analytical measurements, orthophos-
phoric acid (85 %), sodium sulphite anhydrous (98 %), titanium (IV)
oxysulfate (99.99 wt % metal basis, c.a. 15 wt % solution in dilute sul-
phuric acid), Folin-Ciocalteu’s reagent and gallic acid anhydrous pro-
vided by Fisher Chemical, Panreac, Sigma Aldrich, PanReac, Merck,
were used. All chemicals were used as received. Ultrapure and distilled
water were used to prepare solutions and for washing procedures during
this work.

2.2. Synthesis of PO-CNTs catalysts

PO-CNTs were synthesized by the CCVD process growing on ferro-
magnetic nanoparticles supported on alumina. The preparation of the
ferromagnetic nanoparticles was performed through the sol-gel method.
First, two solutions of 20 mL of ethanol with 10 mmol of FeCly-4 H,0O
and 80 mL of ethylene glycol with 20 mmol of FeCls-6 H20 were stirred
and heated at 80 °C and 60 °C, respectively, and then cooled to room
temperature. Both solutions were mixed with 6.6 g of alumina, stirred,
and the resultant mixture was heated to 60 °C for 2 h, then heated to 120
°C until a gel texture was achieved, and finally to 210 °C until a dry
powder was obtained. The powder synthesized was calcined at 300 °C
for 12 h and at 600 °C for 24 h in air atmosphere, to obtain iron oxide
(I0) over alumina, labelled as I0/Al,0g3 catalyst.

For the CCVD process, the reactor set-up shown in Fig. 1 was used.
The reactor is equipped with 2 crucibles, wherein the first crucible was
loaded with 5 g of polyolefin (LDPE, HDPE and PP), and the second
crucible with 1 g of the magnetic catalyst (I0/Al,03). The working
temperature was 850 °C for 1 h with Ny flow of 50 mL min~!. The
synthetized nanotubes were labelled as CNT_LDPE, CNT HDPE and
CNT_PP, according to the polymer used.

Each CNT produced was purified to remove the remaining I10/Al;03.
For this purpose, 1 g of CNT and 50 mL of HSO4 (50 %) were stirred and
heated to 140 °C during 3 h. The solid was recovered through filtration
and washed with distilled water until the rinsing water reached the pH
of the distilled water. Finally, the CNTs were dried for 12 hat 60 °Cin an
air atmosphere. The washed nanotubes were named as CNTW_LDPE,
CNTW_HDPE, and CNTW_PP, respectively, according to the polymer
used in their preparation.

2.3. Characterization techniques

JEOL 2100 high-resolution transmission electron microscope (HR-
TEM) with LaB6 filament operating at 200 kV was used to obtain the
microphotographs of the CNTs.

The textural properties of the materials were determined from Ny
adsorption-desorption isotherms obtained at — 196 °C in a Quantach-
rome NOVATOUCH XL4 adsorption analyzer, following the same pro-
cedure as described elsewhere [38]. Briefly, the degasification of the
catalysts was conducted at 120 °C during 16 h and then adsorption
isotherms were obtained. Afterwards, BET (Sggr) was determined using
the BET method, and total pore volume (Vy,) was determined at p/po
= 0.98. Calculations of those methods were all done using TouchWinTM
software v1.21.

Elemental analysis of the PO-CNTs was performed using a CHNS
analyzer Flash 2000 (Thermo Fisher Scientific, Massachusetts, USA),
equipped with a thermal conductivity detector to quantify the carbon,
hydrogen, nitrogen and sulfur contents.

The thermogravimetric analyses (TGA) of the PO-CNTs materials
were conducted under air atmosphere in a Diamond TG/DTA (TG
209F3, NETZSCH) apparatus heating from 50 to 850 °C at 10 °C min™".
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Fig. 1. Experimental setup used for the synthesis of carbon nanotubes (CNTs) by sequential thermal decomposition of the polyolefins and catalytic chemical vapor

deposition (CCVD) over the prepared magnetic substrate (I0/Al503).

The ash percentage of the PO-CNTs was determined by adapting the
methodology presented elsewhere [39]. Briefly, PO-CNTs were burnt in
a muffle at 550 °C until a constant mass was reached in a precision
balance ( + 0.0005 g).

The percentage of iron in CNTs samples was determined upon
digestion of the samples (15 mg) with aqua regia (10 mL) at 200 °C for
6 h under autogeneous pressure in an autoclave. The resulting liquid
was collected and filtered (0.45 pm) and diluted with 5 % HNOg solu-
tion. The concentration of Fe was determined via atomic absorption
(Pinaacle 900 T, Perkin Elmer).

X-ray diffraction (XRD) analyses were made, at room temperature,
with a PANalytical X'Pert Pro diffractometer, equipped with X'Celerator
detector and secondary monochromator in 6/26 Bragg-Brentano geom-
etry. The measurements were carried out using 40 kV and 30 mA, a
CuKa radiation (Aa; = 1.54060 A and Aay = 1.54443 A), 0.017°/ step,
100 s/step, in a 10-80 ° 20 angular range.

2.4. CWPO experiments

Both purified and non-purified PO-CNTs were tested as catalysts
(2.5 g L7! of catalyst load) in the CWPO of 100 pg mL ™" paracetamol (at
initial pH (pHp) adjusted to 3.5), 80 °C and using the stoichiometric
quantity of HyO, for the complete oxidation of 100 ug mL™! of para-
cetamol, according to the following chemical reaction:

CgHgNO; + 21H;0; — 8 CO; + 25H,0 + HNO;

Therefore, the concentration of hydrogen peroxide was established
at 472mg L', Procedure and monitorization were conducted as
described in previous works [40]. Briefly, samples were collected at
selected times for the analysis of the PCM, TOC, aromaticity, phenol, and
H,0, concentrations. PCM concentration was determined by using a
Jasco HPLC with a UV-VIS detector at a wavelength of 277 nm, the
Hy0, concentration was monitored by colorimetric analysis with
TiOSO4, and the total organic carbon (TOC) content was determined
using a Shimadzu TOC-L CSN analyzer [40]. After the reaction, the
PO-CNT spent catalyst was washed with distilled water and dried in air
oven at 60 °C for 24 h to recover the catalyst and perform additional
CWPO runs to check its reusability.

Selected experiments were performed in triplicate to assess repro-
ducibility and error of the experimental results. In addition, the non-
catalytic peroxide oxidation of paracetamol was conducted to observe
the possibility of non-catalytic contribution to its degradation.
Furthermore, adsorption tests were conducted with all PO-CNTs at the
same conditions tested in the CWPO of paracetamol (2.5 g L™! of PO-

CNT as adsorbent, 100 pg mL™! of paracetamol, pHy = 3.5 and 80 °C),
but in the absence of HyOs.

The concentrations of aromatic compounds formed during CWPO
were quantified using a method described elsewhere [28]. The analysis
consists in the dilution of 0.5 mL of the sample with a buffer solution of
H3POy4 at pH 7. Thereafter, the aliquot was analysed in a UV-VIS spec-
trophotometry Jasco V-530 equipment at the wavelength of 254 nm.

The presence of intermediates as total phenolic compounds was
determined by adapting the Folin-Ciocalteu’s reagent (FCR) methodol-
ogy presented in the literature [28,41]. Briefly, 0.5 mL of the sample was
added into 0.5 mL of the FCR with 2 mL of distilled water, and 0.35 mL
of an aqueous solution of Na;CO3 10 % (w/v). After that, Na;CO3 was
added, the aliquot was left to rest for 1 h and then absorbance was
determined by UV-VIS spectrophotometry (Jasco V-530) at the wave-
length of 765 nm. The concentration of the total phenolic compounds in
the sample was determined using gallic acid as a phenolic compound
model.

Aliquots at the end of the oxidation runs were taken and analyzed by
atomic absorption (Pinaacle 900 T, Perkin Elmer) to observe whether
iron was leached from CNTs into the aqueous media of reaction.

2.5. Calculation methods

The efficiency of HoO4 consumption (17p202) was defined according to
the quantity of HyO» needed to completely oxidize 1 mol of C to CO,
generating H,O as subproduct, as indicated in Eq. (1):

C + 2H,0, — CO, + 2H,0 (€D)]

Therefore, 202 was determined by Eq. (2) [42]:

(2

Nroco — NTOC,6h 2 moly,o,
ﬂHzaz.ﬁh(%) = ( )'100

NH,0,,0 — NH,0,.6h Imolroc

where nroco and ng,o, o refer to the mole quantity of TOC and hydrogen
peroxide at the beginning of the reaction; and nrocen and ngy,o, 6n are
those quantities after 6 h of reaction time, respectively.

The conversion of PCM, either by adsorption (Xpcum aps) or by CWPO
(Xpcm,cwro), the abatement of TOC (X1oc), and the removal of aromatic
(Xarom) and total phenolic compounds (Xppenots) were calculated as
described in Eq. (3):

Cip—Gi

X =
Ci 0

3

where C;p and C; refer to the PCM, TOC, aromatic and total phenolic
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compounds concentrations at the beginning of the reaction and at a
specified time, respectively.

3. Results and discussion
3.1. Morphology of the PO-CNTs

The same catalyst, based on iron oxide over alumina, was tested to
promote the CNT growth by CCVD from different polyolefins, used as
carbon feedstocks precursors, and further purified with HySO4 to
remove the remaining metal substrate. The morphology of the purified
PO-CNTs prepared from polyolefins was investigated by TEM analysis
(Fig. 2). As observed, all PO-CNTs belong to a type of multi-walled
fibrous structures with hollow cavities, allowing to conclude about the
feasibility of employing the magnetic substrate as a catalyst for the
growth of CNTs from LDPE, HDPE and PP, as carbon precursors. The
nanotubes are not straight, and cup-stacked or bamboo-like structures
are observed in the micrographs of CNTW_LDPE (a-c), CNTW_HDPE (d-
f) and CNTW_PP (g-i). The outer diameters observed among all the mi-
crographs taken were determined as 37 + 12, 44 + 24 and 43 + 23 nm

4

2! MAG: 320kx
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for CNTW_LDPE, CNTW_HDPE, and CNTW_PP, respectively. In the same
order, the thickness of the PO-CNTs was found to be 28 + 3,33 + 5, and
35 4+ 2 nm. The high resolution of the microphotographs allowed to
determine the graphene layers forming the nanotubes that were found to
range from 14 to 37 layers (17 layers are presented in Fig. 2.i). As
observed, the different precursors used do not significantly affect the
inner-outer diameters of the PO-CNTs obtained.

The diameters achieved in the polyolefins-derived CNTs of this work
are smaller than other CNT prepared from plastics found in the litera-
ture: of about 56 nm [43], 60 nm [44], 80 nm [45], or 160 nm [46].

As can be noted, all PO-CNTs present a nanoparticle embedded in-
side the tubes, regardless of the polyolefin precursor used as feedstock
for their synthesis. The size of the nanoparticles observed in the PO-
CNTs is close to 13 + 6 nm (a particle with a size of 6 nm can be
observed in Fig. 2.i). The elemental mapping (Fig. 2.b, ¢ and e) shows
that PO-CNTs and the embedded nanoparticles are composed only by
carbon and iron, respectively. The iron nanoparticles are expected to
come from the substrate used in the growth of the CNTs, revealing that
CNTs grow taking the IO nanoparticles from alumina support. It is
noteworthy that iron nanoparticles are also observed after the

MAG: 320kx

f)

Fig. 2. TEM micrographs of the purified carbon nanotubes (CNTWs) obtained by chemical vapor deposition (CCVD) over 10/Al,05 from using (a-c) LDPE, (d-f) HDPE

and (g-i) PP as carbon feedstock.
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purification step with HoSO4 (implemented to remove attached metal
species arising from the CCVD system).

3.2. Thermogravimetric analysis of the PO-CNTs

Fig. 3 represents the mass losses of the purified PO-CNTs prepared
from LDPE, HDPE and PP, determined by TGA under air atmosphere
from 50 to 850 °C, with a heating ramp of 10 °C min~’. As observed, the
purified PO-CNTs present the main mass losses centered at 648, 647 and
640 °C for CNTW_LDPE, CNTW_HDPE and CNTW_PP, respectively. This
denoted a high resistance to oxidation, as also found in other ordered
structured carbon-based materials, as graphite [47], diamond [48] or

100 ey L
a) CNTW_LDPE
80
S
5 60
=
]
8 i
= 40
20
7.7%
100 A7
b) CNTW_HDPE
80
S
5 60
=
8 40
b= 0
20
5.6%
S
¢) CNTW PP
80 4
S
5 60
=
§ 40
=
20
6.0%
0 T T T T T T T T T T T

—
100 200 300 400 500 600 700 800
Temperature (°C)

Fig. 3. Mass losses (left Y-axis) and their corresponding derivatives (right Y-
axis) of PO-CNTs prepared from a) LDPE, b) HDPE and c) PP feedstocks.
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graphene [49]. This resistance to oxidation is consistent with the pro-
posed structures of these nanometer-sized materials, in which aromatic
bonding dominates and dangling bonds are minimal [47]. The mass
losses start to be significant close to 530-560 °C and the CNTs are
completely burnt at ca.720 °C, regardless of the carbon feedstock used in
its preparation. The burn of the material takes those ranges, because
only sites on the outermost graphene layer of the CNTs are accessible to
oxygen. Since these sites are relatively rare compared to the bulk of the
carbon in inner layers and in unstrained structures, these CNTs are
remarkably resistant to oxidation. As TGA-derivative curve profiles are
composed of just one narrow peak, it is possible to conclude that CNTs
are composed by a well-defined structure [33].

The content of ashes in the purified PO-CNTs ranged from 5.6 % to
7.7 %. These ashes content refer to the iron nanoparticles embedded
inside the PO-CNTs, which may be observed in the TEM microphoto-
graphs. More details about the composition and ashes content of the
nanotubes are described in the following section.

3.3. Elemental composition and textural properties

Table 1 summarizes the elemental composition (N and S-contents
being negligible), ash content, and the textural properties of the
polyolefins-derived CNTs prepared over the iron/alumina substrate. As
can be noted, the purified carbonaceous materials (CNTW_LDPE,
CNTW_HDPE, and CNTW_PP) show high carbon contents in their
composition (92.5, 94.0 and 92.0 wt %, respectively). The percentages
of carbon are higher than in their respective non-purified materials
(58.3, 59.5, and 62.2 wt % in CNT_LDPE, CNT_HDPE, and CNT PP,
respectively) due to the significant removal of metals, as a consequence
of the treatment with sulphuric acid for their purification, as demon-
strated by the ash content in the PO-CNTs.

The yield obtained in the CCVD process under study range from 41.9
to 47.6 wt %, measured as the weight percentage of CNTs per weight
percentage of polyolefin. Ash content decreases from 38.2, 39.8, and
35.0 wt % for CNT_LDPE, CNT_HDPE and CNT_PP to 6.0, 5.6, and 7.7 wt
% for CNTW_LDPE, CNTW_HDPE, CNTW_PP, respectively. Part of these
ashes are due to the iron content. The amount of iron in PO-CNTs
samples, obtained by atomic absorption analysis of the digested PO-
CNTs, is shown in Fig. 4. As observed, iron content in polyolefin-
derived nanostructured carbon materials before the purification pro-
cedure is in the range of 7.6-9.4 wt %. The highest amount of iron is
present in PO-CNTs prepared using LDPE and HDPE as carbon sources
(9.3 and 9.4 wt %, respectively), followed by PP (7.6 wt %). For the
purified samples, the range of iron percentage decreased to 2.4-4.8 wt
%, representing a decrease in the iron content of about 37-74 wt %,
depending on the precursor. According to these values, the percentage of
iron content in ashes is 24.3, 23.6 and 21.7 wt % for non-purified PO-

Table 1
CHNS-Elemental analysis”, ash content and textural properties of the PO-CNTs.

Material C (wt H (wt Ash content Sper (M2 Viogal
%) %) (wt %) g (mm®g™)

CNTW_LDPE 92.5 0.19 6.0 £ 0.2 66 172
+ 0.9 + 0.22

CNTW_HDPE 94.0 0.14 5.6 £0.2 75 184
+ 0.5 + 0.04

CNTW_PP 92.0 0.10 7.7 +£0.1 94 247
+ 0.7 + 0.01

CNT_LDPE 58.3 0.21 38.2+1.4 67 154
+ 2.3 + 0.01

CNT_HDPE 59.5 0.19 39.8 +1.2 80 215
+ 2.3 +0.01

CNT_PP 62.2 0.23 35.0+1.5 98 244
+ 3.9 + 0.02

10/A1,03 - - - 139 326

Al,03 - - - 185 437

? N and S-contents are negligible.
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Fig. 4. Iron percentage in CNTs prepared using different polyolefin car-
bon sources.

CNTs (CNT_LDPE, CNT HDPE, and CNT_PP, respectively) and increase
to 70.0, 42.9, and 62.3 wt % for CNTW_LDPE, CNTW_HDPE, CNTW_PP,
respectively. This means that the treatment with sulphuric acid was
efficient in purifying CNTs, removing the metal content, and mainly the
alumina support. The quantity of iron present in 10/Al;,03 was also
measured by atomic absorption analysis of the digested material and
reached the value of 14.5 wt %, slightly lower than expected considering
the quantity of iron chlorides and alumina used in the process (yield of
iron deposition on alumina reaches 77.2 wt %). Accordingly, the effi-
ciency of I0/Al;03 for CVD measured as gram of CNT per gram of iron in
10/Al,03, results in 11.1, 10.4 and 12.8 g/g for LDPE, HDPE and PP
carbon precursor, respectively.

The remaining content in the PO-CNTs obtained from the CHNS-
elemental analysis, as 100 wt %-C(wt %)-H(wt %)-N(wt %)-S(wt %),
ranges values close to the ash content obtained by TGA, so oxygen or
other heteroatoms in the PO-CNTs are considered negligible. The
elemental composition values are similar to those found in the literature
[33].

BET surface area (Sgpr) and total pore volume (Vo) of PO-CNTs
were determined from Nj; adsorption isotherms at — 196 °C. As
observed, the values taken for Sggr and V7 Were found to be similar
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among them, ranging from 66 to 98 m? g~ ! and 154-247 mm> g~ for
Sper and Vo, respectively. Apparently, the purification of the pristine
CNTs does not affect the BET surface area, since close values were ob-
tained between purified and non-purified CNTs (e.g. 66 m? g~! for
CNTW _LDPE and 67 m? g‘1 for CNT_LDPE). Therefore, the metal con-
tent in the PO-CNTs, as 10/Al,03 (Sger = 139 m?> g’l), does not
contribute to the BET surface area of the nanostructured carbon.

3.4. Magnetic properties

Fig. 5 shows photographs of CNTW_LDPE, CNTW_HDPE, and
CNTW_PP in the absence (a-c) and the presence of a neodymium magnet
(d-fe-g). As observed, the PO-CNTs have magnetic properties, due to the
non-leached magnetic nanoparticles present inside the PO-CNTs after
purification, which confer magnetic properties to the polyolefin-derived
CNTs. To elucidate whether the magnetic properties were developed due
to the thermal treatment at which iron nanoparticles are subjected
during the growth of the CNTs, I10/Al,03 was thermally treated under
same conditions (850 °C for 1 h with N5 flow of 50 mL minfl). Fig. 6.
d and.h show photographs of 10/Al;03 before and after its thermal
treatment at those conditions, evidencing that magnetic properties were
developed just by the growth of the CNTs.

The metal substrate prepared for CCVD (I0/Al»03) and a selected
CNT (CNTW_LDPE) were was analyzed by XRD to identify crystal
composition (Fig. 6). The analysis of I0/Al,03 with the software X'Pert
HighScore Plus allowed phase identification of alumina, hematite
(a-Fe303), and magnetite (Fe3O4) based on reference cards
96-152-8248, 96-900-9783, and 96-900-6248, respectively (data ob-
tained from Crystallography Open Database). Semi-quantitative analysis
revealed that the metal substrate comprises 78 % alumina, 19 % he-
matite and 3 % magnetite. The high percentage of hematite was already
expected due to the brown-red iron oxide color, along with the low
magnetism observed visually for the CCVD substrate. In addition, the
drying step of the metal substrate was performed in an ambient atmo-
sphere, significantly increasing the oxidation of the material and
reducing the chance of obtaining magnetite [50].

Despite the low magnetism observed for metal substrate, the CNTs
recovered from the reactor had a great magnetic response, as shown in
Fig. 5. The X-ray diffractograms of LDPE-derived CNTs (Fig. 6b) show
the presence of graphite and cementite, the latter being responsible for
the magnetic characteristics [51]. The semi-quantitative analysis resul-
ted in 32 % and 19 % of cementite composition before and after puri-
fication with sulphuric acid, i.e. CNT_LDPE and CNTW_LDPE,
respectively. The decrease in the content of cementite is expected due to

2) b)

S 10/,
e |l

c) d)

e) f)
4P
L

Fig. 5. Photographs of the PO-CNTs prepared from (a,de) LDPE, (b,ef) HDPE and (c,£g) PP in the (a-c) absence and (é-fe-g) presence of neodymium magnet, (d) 10/
Al,03 and the iron oxide after its thermal treatment at same conditions than those used in the synthesis of CNTs.



J.L. Diaz de Tuesta et al.

e Alumina
*o0% K
+ Hematite
& Magnetite
'Y}

Intensity (a.u.)

Intensity (a.u.)

Catalysis Today 419 (2023) 114162

& Graphite (96-901-2231)
+ Cementite (96-901-1406)

CNT LDPE

**

CNTW_LDPE

10 20 30 40 50 60 70 80

20 25 30 35 40 45 S0 55 60 65 70 75 80
26 (%)

(b)

Fig. 6. X-ray diffractogram of (a) I0/Al;03 and (b) CNT prepared from LDPE before and after purified with H3SO4.

metal-phase removal with the acid washing procedure. The phase
change observed here from iron oxides to cementite was already re-
ported in other studies and is related to hydrogen reduction faced by the
metal substrate during the CVD process [52].

3.5. Application of the PO-CNTs in CWPO

3.5.1. Catalytic activity

The performance of the purified, ard non-purified PO-CNTs and 10/
Al,03 as catalysts were assessed in the removal of paracetamol (PCM) by
CWPO (Fenton-like system). The results in terms of removal of PCM,
either by adsorption (Xpcam aps) or by CWPO (Xpcum,cwro), abatement of
TOC (XToc¢) and efficiency of hydrogen peroxide consumption (17p202)
using each PO-CNTs and I0/Al,Os3 as catalyst after 6 h of reaction time
are depicted in Fig. 7. Related to the removal of PCM by adsorption,
purified CNT-catalysts (CNTW_LDPE, CNTW_HDPE, and CNTW_PP)
allow to reach values ranging from 21.7 % to 31.8 %, which are higher
than those observed with the non-purified PO-CNTs (11.5-14.8 %),
despite the similar textural properties of purified and non-purified CNTs.
This may be ascribed to the highest adsorption affinity of PCM for the
purified CNTs, increasing the interaction between reactant and catalyst
to accomplish higher conversions. In other words, as purified CNT have

higher carbon content (92.0-94.0 wt %) than non-purified catalysts
(58.3-62.2 wt %), more active sites are available for PCM adsorption.
All materials were tested in both adsorption and CWPO at equal
operating conditions (Cpcap,o = 100 pg mL’l, Congcatalyst = 2.5 8 L*I,
pHp =3.5and T = 80 °C) without adding H,0, and with the addition of
H202 (ChHz202,0 = 472 pg mL™Y), respectively. As represented in Fig. 7,
the removal of PCM by CWPO was higher (92.1-100 %) than the
removal of PCM by adsorption with the same CNTs (11.5-31.8 %) or the
removal by the non-catalytic run (Xpcyy = 6.6 %), demonstrating the
catalytic activity of the PO-CNTs. Furthermore, CNTs led to higher re-
movals of PCM by CWPO than I0/Al;03 catalyst, which was used in
their growth, evidencing the greater catalytic activity of the CNT. In
CWPO runs, TOC abatement was also measured after 6 h of reaction
time. As noted, conversions of TOC reach values ranging from 41 % to 58
% for purified CNTs and 53-66 % for non-purified CNTs. That was
ascribed to the higher content of iron in non-purified CNTs than the
respective purified CNTs. All catalysts revealed stability against the
leaching of iron species since the aliquots taken at the end of the
oxidation experiments showed a negligible iron content (below the limit
of detection of the equipment). Despite non-purified CNTs being stable
and offering higher TOC conversions, using those catalysts results in an
inefficient consumption of hydrogen peroxide, representing the highest

XPCM,A DS

XPCM, CWPO

Xroc M0,

100 o T T |

B =Y 3
o S S
1 1 1

Abatement of the pollutant and
consumption efficiency of H,0,
=
1

1} T T

T T T T T
CNTW_LDPE CNTW_HDPE CNTW_PP  CNT_LDPE CNT_HDPE

T T
CNT_PP 10/A1,04 Non-catalytic

Fig. 7. Removal of paracetamol (PCM) from aqueous reaction media by adsorption and by CWPO; TOC removal, and H,O, consumption efficiency obtained in the

CWPO experiments; results after 6 h (Operating conditions: Cpcao = 100 pg mL ™!

, Cr202,0 = 472 pg ML, Cogayse = 2.5 g L7, pHyp = 3.5 and T = 80 °C).
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operating cost in Fenton processes [42]. The efficiency of HyO5 con-
sumption (17x202), measured as TOC removal per HoO5 consumed in mols
(Eq. (1)) reach values between 42 % and 52 % for non-purified CNTs,
whereas purified CNTs allow operating with efficiencies higher than 80
% (this means that 80 % of hydrogen peroxide consumed allows
degrading the organic matter in the process).

To the best of our knowledge, there is no other work dealing with the
CWPO of PCM using CNTs, but it is possible to find studies about PCM
degradation using other catalysts. In previous studies, pillared clays and
carbon-coated nano-ferrites were assessed as catalysts in the CWPO of
PCM at same operating conditions than those used in this work [40,53].
In both works, the catalyst presenting the best performance allows to
reach the complete removal of PCM after only 6 h of reaction, thus, less
catalytic activity was found compared to PO-CNTs. Velichkova et. al.
[54] also achieved the complete removal of PCM after 4 h using a
maghemite nanocatalyst and concentrations of 100 mgL~},
28 mmol L' and 6 gL' for paracetamol, hydrogen peroxide and
catalyst, respectively, so higher dose of HyO and loads of catalysts were
used compared to this work. Hachemaoui et al. report complete re-
movals of PCM after 0.5 h using chromium supported on MCM-41 as
catalysts, but the initial concentration of the model micropollutant was
considerably lower (5 pg mL™1) than in this work and similar catalysts
loads were used (2 g L™Y) [55]. Carrasco-Diaz et al. report the use of
iron-carbon xerogels as catalysts for the degradation of PCM by H0,.
The catalysts allowed reaching 90 % of PCM removal after 1 h of reac-
tion using 50 pg mL~! as the initial concentration of PCM, 25 °C, pH 3
and 13.8 mM of HyO5 (higher than the stoichiometric quantity for the
complete oxidation of PCM) [56]. In papers related to Fenton process,
complete removals of PCM were achieved after 1 h at similar operating
conditions than those used in this work [57,58]; however, the use of an
homogeneous catalyst needs an additional process to recover the cata-
lyst. In this study, the magnetic CNTs can be easily recovered in several
ways, including using of magnetic field.

3.5.2. Conversion profiles with purified PO-CNTs

The concentration profiles were monitored during CWPO runs to
investigate the PCM, and H0» concentrations, as well as the removal in
terms of aromatic (Xaronm) and total phenolic compounds (Xphenots), using
selected PO-CNTs (purified materials: CNTW_LDPE, CNTW_HDPE, and
CNTW_PP). The conversions of PCM, H20,, aromatic and total phenolic
compounds are depicted in Fig. 8. As observed, all catalysts present
similar conversion profiles. Hydrogen peroxide does not reach its half
conversion at 6 h of reaction time, showing a controlled consumption of
the reagent, which is interesting taking into account that hydrogen
peroxide constitutes the highest operating cost in Fenton-like processes
[59]. CNTW_LDPE shows a slightly higher catalytic activity, allowing to
convert more than 80 % of PCM in half an hour and to reach complete
removal of PCM after 4 h of reaction with this sample of CNTs. In a
previous work, we studied the removal of PCM in the presence of pil-
lared clays as catalysts at equal conditions (same catalyst, hydrogen
peroxide and PCM concentration, pH, and temperature) [40]. For the
complete removal of PCM, more than 6 h of reaction was required,
evidencing that CNTW_LDPE has the potential to act as a catalyst in the
removal of organic pollutants in water matrix solutions by CWPO.

Curve profiles for the total phenolic compounds determined by FCR
(Fig. 8.b) were found to be similar to curve profiles of PCM, since
complete conversion is achieved in 4 h of reaction. However, aromatic
compounds present a slower conversion profile compared to total
phenolic and PCM removals, evidencing that oxidized intermediates are
formed during the process, as expected by considering the TOC results
(Fig. 7). Removing the contribution of PCM to the absorbance of aro-
matic compounds, it is possible to determine removals higher than 67 %
of aromatics from 6 to 24 h of reaction.

3.5.3. Stability of PO-CNT
The stability of the PO-CNT has been studied through two
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Fig. 8. Profiles upon reaction time of (a) PCM and H,0, conversions and re-
movals of (b) aromatic and total phenolic compounds in the CWPO experiments
performed under the following conditions: Cpcm,o = 100 pg mL’l, CH202,0
=472 pgmL™Y, Coqe = 2.5 g L7}, pHy = 3.5 and T = 80 °C.

approaches: 1) assessing the existence of poisoning of CNTW_LDPE by
the presence of the micro-pollutant before being used in CWPO, and 2)
evaluating the reusability of the same CNT as a catalyst in CWPO in three
consecutive runs. For the first hypothesis, a suspension of CNTW_LDPE
with PCM at the same operating conditions than those used in CWPO
experiments (Cpcy,o = 100 pg mL’l, Ceatalyst = 2.5 8 L’l, pHp = 3.5 and
T = 80 °C) was stirred during 48 h. Then, hydrogen peroxide was added
(Cr202,0 = 472 g mL ) and CWPO was monitored upon reaction time
for 24 h. In Fig. 9, the relative concentration profile of PCM upon re-
action is compared to the CWPO of PCM with CNTW_LDPE at the typical
operating conditions previously used and with an oxidation run without
catalyst. As observed, preliminary adsorption of the micropollutant on
CNTW_LDPE does not hinders the oxidation of PCM and the catalyst
maintains the same catalytic activity.

The reusability of the magnetic polyolefins-derived CNTs as a cata-
lyst in CWPO was studied using CNTW_LDPE material in three consec-
utive runs (after each experiment, CNTW_LDPE was recovered by
filtration, washed with distilled water, dried, weighted and used in a
successive experiment). Fig. 10 shows the relative concentration profile
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Fig. 9. Effect of preliminary adsorption of PCM prior to CWPO with
CNTW_LDPE catalyst under the following conditions: Cpcum,o = 100 pg mL7},
Chz202,0 = 472 pg mL™Y, Coqe = 2.5 g L7}, pHy = 3.5 and T = 80 °C.
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Fig. 10. PCM and H,0, relative concentration profiles upon reaction time after
reutilization runs with CNTW_LDPE catalyst under the following conditions:
Cremo = 100 pg mL™Y, Crzozo =472 pgmL ™Y, Ceor =2.5gL7"Y, pHy = 3.5
and T = 80 °C.

of PCM and H30, upon CWPO time under the same operating condi-
tions. As observed, the successive use of the CNTW_LDPE as a catalyst
led to a partial decrease of its catalytic activity in the CWPO of PCM.
After 4 h of reaction, 41.2 %, 38.5 % and 41.4 % of H,O5 consumptions
were reached in the first, second and third uses of CNTW_LDPE. More-
over, PCM removals of 98.2 %, 97.1 % and 95.9 % are achieved in the
first, second and third cycles with this catalyst, demonstrating the
reusability of magnetic polyolefins-derived CNTs in the CWPO process
for water treatment.

The deactivation is more evident with other catalysts applied in the
catalytic wet peroxide oxidation. In a previous work dealing with the
preparation of hydrochars from malt bagasse with catalytic activity, a
reduction of the catalytic activity was observed from the first to the
second CWPO run, leading to slightly less removal of caffeine (71 % after
1 h of reaction in the second run, whereas 92 % is obtained in the first
run). The decrease in the catalytic activity of the material was ascribed
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to changes in the superficial functional groups during the oxidation with
hydrogen peroxide [2].

Martin-Martinez et al. studied the CWPO of 4-nitrophenol using
different carbon nanotubes as catalysts and assessed the reusability of a
carbon nanotube in three consecutive CWPO cycles [35]. The results
show a high loss of catalytic activity since ca. 92 % of the model
pollutant was removed after eight hours of reaction time in the first use
of the catalyst. In contrast, whereas a pollutant removal of 21 % and 13
% was achieved in the second and third uses of the catalyst at the same
reaction time.

Pinho et al. also reported consecutive uses of commercial carbon
nanotubes in the CWPO of phenol [60]. The carbon nanotubes, which
show the highest catalytic activity, were those produced with iron par-
ticles in the growth of the carbon nanotubes by chemical vapour depo-
sition. However, the leaching of iron was evident, since iron
concentration up to 2mgL~! was determined in the effluent of the
CWPO process. Consequently, a slight loss of catalytic activity for those
carbon nanotubes was observed in consecutive uses.

The use of magnetite supported on CNT for the CWPO of diclofenac,
used as a model pollutant, has been reported by Huaccallo-Aguilar et al.
[27]. The reusability of the catalyst was also explored and a loss of
catalytic activity was evidenced since diclofenac removals of ca. 52 %,
43 % and 24 % were achieved in the first, second and third runs with the
catalyst.

More recently, Huang et al. reported the application of a catalyst
consisting of Fe3C nanocrystal encapsulated CNT [61]. The reuse of the
catalyst shows a slight increment of the catalytic activity in its use since
phenol conversion increased from 83 % in the first cycle to 92 % in the
fourth one. This may be ascribed to the changes on the surface of carbon
materials used in an oxidation environment (as in CWPO), increasing the
catalytic activity of the carbon catalyst, as reported in a previous work
for the CWPO of phenol with carbon black [62].

4. Conclusions

In this work, we proposed a route for manufacturing magnetic cat-
alysts tailored to the CWPO of PCM. The process is based on the valo-
rization of polyolefins through synthesizing carbon nanotubes via
CCVD, constituting a benefit in the long-term management of plastic
wastes.

Using a one-chamber reactor, in which polymer cracking and CCVD
happen at the same compartment, this approach might limit control over
the overall conditions of polymer cracking and deposition mechanism
but represents one alternative to decrease resource expenses and in-
crease the feasibility of the process.

Although CNTs are known for their applicability in a diverse range of
electronic device, their use in environmental chemistry still has room for
improvement. Here we showed that CNTs have potential applications as
catalysts for the CWPO of organic pollutants. In the circumstance of PCM
being wholly removed from a simulated matrix within 6 h of reaction.
The utilization of carbon-based materials in this technology represents a
solution to the problem of iron leaching faced by the utilization of
typical catalysts (i.e., metal phase over support).

The work reported here can be of particular interest to scholars
trying to find solutions to tackle two environmental problems: plastic
upcycling strategies and organic pollutants’ presence in water bodies.
The solution we presented here has the potential to be explored in
different systems, considering other contaminants of interest and
investigating the performance to treat wastewater. Additionally, the
synthesis of CNTs using metal substrates prepared by sol-gel represents
one route that can overcome higher yields of carbonaceous materials
since the synthesis procedure ensures high purity metals supported on
alumina. Moreover, other feedstock compositions could be explored to
synthesize CNTs, to assess the possibility of valorizing other polymer
streams.
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