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Plastic derived carbon nanotubes (CNTs) were tested as catalysts in persulfate activation for the first time. Four
catalysts were prepared by wetness impregnation and co-precipitation (using AlyOs, Ni, Fe and/or Al) and
implemented to grow CNTs by chemical vapour deposition (CVD) using low-density polyethylene (LDPE) as
carbon feedstock. A catalyst screening was performed in batch mode and the best performing CNTs
(CNT@Ni+Fe/Aly03-cp) led to a high venlafaxine mass removal rate (3.17 mg g~ h™!) in ultrapure water after

90 min (even with a mixture of micropollutants). Its degradation increased when the matrix was replaced by
drinking water and negligibly affected in surface water. A composite polymeric membrane was then fabricated
with CNT@Ni+Fe/Al;0s3-cp and polyvinylidene fluoride (PVDF), a high venlafaxine mass removal rate in surface
water being also observed in 24 h of continuous operation. Therefore, the results herein reported open a window
of opportunity for the valorisation of plastic wastes in this catalytic application performed in continuous mode.

1. Introduction

One of the main constraints hindering the intensification of plastic
recycling practices is the lack of economic attractiveness of the resulting
products (Miranda et al., 2020). At the same time, one of the main
challenges of industrial-scale production of carbon nanotubes (CNTs) by
catalytic chemical vapour deposition (CVD) is still its cost (Bazargan and
McKay, 2012; Serp et al., 2003). In CVD, nucleation and growth of CNTs
usually occur at the surface of metal catalyst particles upon decompo-
sition of a pure hydrocarbon gas under high temperature (typically in
the range 700-950 °C), followed by a purification step to remove the
attached catalyst particles (Lehman et al., 2011; Oberlin et al., 1976).
Therefore, it comes as no surprise the fast growth in the number of
research studies conducted to explore the potential synergies arising
from the use of plastics as feedstock to produce CNTs. The hypothesis
raised in those studies is that the stream of a pure hydrocarbon gas (e.g,
methane, acetylene, benzene), typically used as carbon source to feed
the CVD system, can be replaced by the hydrocarbon gases released
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upon thermal decomposition of (low-cost) plastic wastes. In this way,
the costs associated with CNTs production by catalytic CVD are expected
to decrease. Moreover, the use of plastic wastes to produce added-value
materials, such as CNTs, is expected to increase the economic attrac-
tiveness of plastics recycling. Therefore, the cost-effective, environ-
mentally-friendly, and sustainable production of CNTs is expected to be
achieved through this approach (Zhuo and Levendis, 2014).

The current trend towards the synthesis of CNTs from plastics is re-
flected in the increasing number of research articles (Fig. S1a) and in the
nine review articles published since 2012 (Bazargan and McKay, 2012;
Nyakuma and Ivase; Okan et al., 2019; Papari et al., 2021; Sharma and
Batra, 2020; Utetiwabo et al., 2020; Wang et al., 2020; Williams, 2021;
Zhuo and Levendis, 2014). Most of the original research studies on this
topic are solely focused on the optimization of the synthesis conditions
(>75%, Fig. S1b). Nevertheless, some articles also report the application
of the resulting CNTs, namely in electrochemical and energy (Cai et al.,
2020a, 2020b; Gao et al., 2018; Moo et al., 2019; Pol and Thackeray,
2011; Sridhar and Park, 2020; Veksha et al., 2020; Wen et al., 2014),
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environmental (Deokar et al., 2017; Gong et al., 2014; Sridhar and Park,
2020), composite filling (Borsodi et al., 2016; Wu et al., 2016) and
nanomedicine (Mezni et al., 2017) applications. Although CNTs pro-
duced by CVD with pure hydrocarbons (i.e., more expensive) have been
shown to be suitable materials for several advanced oxidation processes
- AOPs (Duan et al., 2018), such as activated persulfate oxidation (Chen
etal., 2018) and catalytic wet peroxide oxidation (Ribeiro et al., 2016b),
the environmental applications of CNTs produced from plastics (i.e., less
expensive) are still limited to adsorption of oils (Gong et al., 2014) and
organic micropollutants (MPs) (Deokar et al., 2017; Sridhar and Park,
2020), and have not been tested yet in AOPs, such as persulfate
activation.

The characteristics of CNTs produced by catalytic CVD depend on the
operating conditions (e.g., temperature, time, pressure, etc.), and the
nature and load of both hydrocarbon gas (carbon source) and metal
catalyst (Szabo et al., 2010; Tessonnier et al., 2009). Having all this in
mind, in this work four metal catalysts were prepared from Al,0O3, Ni, Fe
and/or Al by using wetness impregnation or co-precipitation methods
and employed for the growth of CNTs using low-density polyethylene
(LDPE) as carbon feedstock. Ni and/or Fe on Al,O3 transition metal
catalysts were selected due to their known activity for the conversion of
plastic wastes into CNTs by CVD (Bazargan and McKay, 2012; Williams,
2021). The resulting CNTs were characterized and used in activated
persulfate oxidation experiments for the degradation of organic MPs in
batch mode. Aqueous solutions of venlafaxine alone, and in mixture
with atenolol, metoprolol and citalopram, were used as model systems
of organic MPs. Venlafaxine is an antidepressant drug included during
the most recent revision of the Watch List of contaminants of emerging
concern (CECs) (EU Comission, 2020). The beta-blockers atenolol and
metoprolol, and the antidepressant citalopram, have been detected in
the environment during monitoring programmes carried out by our
group, the reason why they were selected for this study (Barbosa et al.,
2018; Sousa et al., 2020).

The effect of the water matrix on the treatment performance was also
studied, upon employing drinking water (DW) and surface water (SW),
in addition to ultrapure (UP) water; and scavenging tests were per-
formed to infer about the main oxidation species involved in the process.
The best performing sample of CNTs was included as active catalytic
phase in a poly(vinylidene fluoride) (PVDF) matrix by adapting a
methodology previously reported by our group (Vieira et al., 2020).
Activated persulfate oxidation experiments for the degradation of ven-
lafaxine in SW were then performed in continuous mode of operation
with the resulting composite polymeric membrane, as proof of concept.
To the best of our knowledge, CNTs produced from plastics are herein
employed for the first time in activated persulfate oxidation for the
removal of organic MPs. In this way, prospects are opened for over-
coming two relevant issues (plastic solid waste accumulation and water
contamination) through a single solution: valorisation of plastic waste
through conversion into CNTs to be employed in the removal of water
organic micropollutants by activated persulfate oxidation.

2. Experimental procedure
2.1. Materials, chemicals and water matrices

The materials, chemicals and water matrices used in this study are
described in Text S1.

2.2. Preparation of the catalysts employed in CVD

Four metal catalysts were prepared from Al;0O3, and/or Ni, Fe and/or
Al nitrate salts, namely by wetness impregnation (wi) of AlyO3 with (i)
Ni (Ni/Al,O3-wi) and (ii) Ni and Fe simultaneously (Ni+Fe/Aly03-wi);
and co-precipitation (cp) of (iii) Ni and Fe over Al,O3 (Ni+Fe/Al;03-cp)
and (iv) Al, Ni and Fe simultaneously (Ni+Fe+Al-cp). Additional
experimental details are given in Text S2.

Journal of Environmental Management 308 (2022) 114622
2.3. Preparation of CNTs

CNTs were prepared by catalytic CVD, by adapting the procedure
previously reported (Diaz de Tuesta et al., 2020). In this case, a Ter-
molab vertical tubular furnace (i.d. = 50 mm, L = 500 mm) with two
heating zones controlled independently by EPC3000 controllers was
used (Fig. S2). Briefly, a crucible containing 5 g of the LDPE used as
carbon feedstock was held in the top heating zone (450 °C) and 1 g of
one of the four metal catalysts (prepared as described in Section 2.2) was
placed on a crucible held in the bottom heating zone (850 °C). For that
purpose, the bottom zone was heated at 20 °C min~! until 400 °C, and
then the top and bottom zones were heated up to 450 and 850 °C,
respectively, also at 20 °C min~". The simultaneous thermal decompo-
sition of the polymer (top zone) and catalytic CVD (bottom zone) was
then allowed to proceed under a Nj flow (100 cm® min 1) for 1 h. Af-
terwards, the resulting solids were collected from the bottom zone,
purified with 50 vol% H,SO4 at 140 °C during 3 h, thoroughly washed
with distilled water and dried overnight in oven at 60 °C. The resulting
materials were denoted as CNT@ followed by the description of the
metal catalyst used for their growth by CVD, namely: CNT@Ni/A-
1503-wi, CNT@Ni+Fe/Al,O3-wi, CNT@Ni-‘rFG/AlgOg-Cp, and
CNT@Ni-+Fe+Al-cp. Only purified CNTs were employed in this study.

2.4. Fabrication of composite polymeric membranes

The composite polymeric membranes were obtained by including
CNT@Ni-+Fe/Aly03-cp within a PVDF matrix, by adapting the proced-
ure previously described (Vieira et al., 2020). For that purpose, 3.2 wt%
of powder CNT@Ni+Fe/Al;03-cp was added to the membrane-forming
materials, as detailed in Text S3. The resulting composite membrane
(Fig. S3) was denoted as CNT@Ni+Fe/Al;O3-cp-PVDF and used in
activated persulfate oxidation experiments performed in continuous
mode of operation.

2.5. Characterization techniques

Scanning electron microscopy (SEM) images were obtained using a
FEI Quanta 400FEG ESEM/EDAX Genesis X4Minstrument equipped
with an Energy Dispersive Spectrometer (EDS). Before cross-sectional
characterization, the membranes were cut under cryogenic conditions
through immersion in liquid nitrogen. ImageJ software was used in
order to estimate the average thickness of the CNT@Ni+Fe/Al;O3-cp-
PVDF membrane (n = 10 measurements). TEM images were obtained
using a JEOL 2100, LaB6 filament, transmission electron microscope
operating at 200 kV. Thermogravimetric analysis (TGA) was performed
by heating the sample from 50 to 850 °C (at 10 °C min~') under a Ny
flow, in a Netzsch STA 490 PC/4/H Luxx thermal analyser. The size of
the largest pore of the CNT@Ni+Fe/Aly03-cp-PVDF membrane was
determined through the bubble-point method, as described in a previous
publication of our group (Silva et al., 2015).

Textural properties, namely specific surface area calculated by the
Brunauer, Emmett and Teller (BET) method (Sggr), and total pore vol-
ume (Vpota)), Were determined by Ny physisorption, as previously
described (Silva et al., 2019). The concentration of acidic sites at the
surface of the materials was determined using the titration technique
previously described (Gomes et al., 2010). The pH at point of zero
charge (pHpzc) was obtained by pH drift tests, as described elsewhere
(Ribeiro et al., 2016a). The content of Al, Ni, and/or Fe in the CNTs was
determined by inductively coupled plasma optical emission spectrom-
etry (ICP-OES) analysis of the solution resulting from the acidic diges-
tion of the solids, performed as described elsewhere (Ribeiro et al.,
2016a).

2.6. Activated persulfate experiments

Activated persulfate experiments were performed in batch and
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continuous mode of operation, both at room temperature (22 + 2 °C),
and without pH adjustment or added buffers. Nevertheless, the pH was
monitored in selected experiments. The powder CNTs prepared as
described in Section 2.3 were used in the experiments performed in
batch mode, while experiments in continuous mode were performed
with the composite polymeric membrane (CNT@Ni+Fe/Al;O3-cp-
PVDF) obtained as described in Section 2.4.

Experiments in batch mode were conducted in a stirred amber glass
bottle loaded with 50 mL of an aqueous solution containing the model
pollutant(s). In each run, a calculated amount of SPS was added to
obtain the desired concentration of oxidant source (250 mg LY. After
homogenization, the reaction started with the addition of the powder
catalyst (0.05 or 0.25 g L™1). Samples were periodically withdrawn,
filtered (0.2 pm PTFE syringe filters) and kept at 4 °C until analysis.
Adsorption and non-catalytic (blank) experiments were performed in
the absence of SPS and catalyst, respectively. Two model systems of
aqueous pollutants were considered, namely: (i) venlafaxine (250 pg
L’l); and (ii) a mixture containing atenolol, metoprolol, venlafaxine and
citalopram (250 pg L' of each). An additional experiment with meto-
prolol (250 pg L) was conducted. Ultrapure (UP), drinking (DW) and
surface (SW) water were employed as aqueous matrices in the experi-
ments performed with venlafaxine as model system. Moreover, activated
persulfate experiments were performed in the presence of methanol
(MeOH) and furfuryl alcohol (FFA). Selected experiments were per-
formed in duplicate. The standard deviation of venlafaxine determina-
tion at the end of the experiments was never superior to 2%.

Experiments in continuous (dead-end) mode were performed using
the experimental setup depicted in Fig. S4. In this case, a stirred amber
glass bottle was loaded with 250 mL of SW spiked with venlafaxine (100
pg LY. A calculated amount of SPS was then added to obtain the
desired concentration of oxidant source (250 mg L_l). After homoge-
nization, the solution was continuously fed to the glass cell containing
the CNT@Ni+Fe/Al;03-cp-PVDF membrane (effective area = 2.1 cmz)
at a flow rate of 0.1 mL min~" for 24 h. Samples were periodically
withdrawn and kept at 4 °C until analysis. An adsorption experiment
was performed in the absence of SPS.

2.7. Analytical techniques

The concentrations of atenolol, metoprolol, venlafaxine and cit-
alopram were determined by ultra-high-performance liquid chroma-
tography (UHPLC) coupled with a fluorescence detector (FD), as
previously described (Vieira et al., 2020). A summary of the method
parameters is provided in Table S1. Please refer to our previous publi-
cation (Vieira et al., 2020) for additional details.

The concentration of SPS was determined by a colourimetric method
with N,N-Diethyl-p-plenylenediamine sulphate (DPD), as previously
described (Vieira et al., 2020). Dissolved Fe and Ni contents were
determined by ICP-OES.

3. Results and discussion
3.1. CNTs characterization

The four metal catalysts prepared from Al;O3, Ni, Fe and/or Al by
wetness impregnation and co-precipitation, as described in Section 2.2,
were employed in the CVD system (Section 2.3), to promote the growth
of four different samples of CNTs from the LDPE feedstock. Synthesis
yields in the range 15-20 and 7-16 wt% (in respect to the mass of LDPE
fed to the system) were obtained before and after purification with
HSO04, respectively. Indeed, the CNTs obtained after the purification
step (implemented to remove attached metal species arising from the
CVD system) exhibit negligible residual metal contents (in the range
0.1-0.15 wt%; Table S2). The exception is CNT@Ni/Aly03-wi, which
reveals a higher metal content (1.24 wt%), corresponding to Ni (0.92 wt
%) and Al (0.32 wt%) from the CVD catalyst employed in the synthesis
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process. The resulting samples of CNTs (i.e., purified) were also char-
acterized by SEM-EDS, TEM, Ny physisorption, acid-base properties, and
PHpzc, and employed in activated persulfate experiments.

SEM micrographs confirm the growth of carbon filaments by CVD
over all the prepared metal catalysts (Fig. 1), allowing to conclude about
the feasibility of employing LDPE as carbon feedstock in the proposed
system. As observed, long carbon filaments are obtained regardless of
the catalyst employed. Nevertheless, their properties are expected to
depend on the nature of the catalyst (Szabo et al., 2010; Tessonnier
et al., 2009). This is the case of the external diameter determined by
SEM, which was in the range 4-63 nm. Higher external diameters were
obtained in the carbon materials prepared over the two Ni+Fe/Al,O3
supported catalysts (prepared by wetness impregnation and
co-precipitation), namely CNT@Ni+Fe/Al;Os-wi (in the range 13-63
nm) and CNT@Ni+Fe/Al,O3-cp (9-33 nm). On the contrary, materials
with lower external diameters were obtained when employing the
Ni/Aly,03-wi and Ni+Fe-+Al-cp catalysts, namely in CNT@Ni/Al,O3-wi
(8-32 nm) and CNT@Ni+Fe+Al-cp (4-23 nm). Moreover, a wide
external diameter distribution range was observed in all the materials.
This can be ascribed to the use of thermal decomposition products of
LDPE as feedstock for the growth of carbon filaments, since a wide va-
riety of volatile hydrocarbons (e.g., ethene, propene, 1,3-butadiene,
methane, 1-butene, n-hexane, isobutene and ethane) are in this way
fed to the CVD system (Marcilla et al., 2007).

Fibrous carbon materials, such as CNTs and carbon nanofibers
(CNFs), are commonly differentiated by the existence/absence of a
hollow cavity within their filaments. Unlike CNTs, CNFs do not have (or
have very thin) hollow cavities (Serp and Machado, 2015; Tessonnier
et al., 2009). Bearing this in mind, the morphology of the carbon fila-
ments herein prepared from LDPE was characterized by TEM (Fig. 2).
Hollow cavities are clearly observed in all materials, regardless of the
catalyst employed in the CVD system, allowing to conclude that the
proposed methodology is suitable for the synthesis of CNTs. In this case,
slightly different internal diameters are observed:
CNT@Ni+Fe/Aly03-wi (8-14 nm) > CNT@Ni+Fe/Al,03-cp (4-12 nm)
> CNT@Ni+Fe+Al-cp (2-12 nm) > CNT@Ni/Al;03-wi (4-10 nm).
Regarding the morphology, CNT@Ni/Al,O3-wi are similar to standard
CNTs (Fig. 2a), whereas CNT@Ni+Fe/Al;O3-wi reveals some
cup-stacked tubes (Fig. 2b), and CNT@Ni+Fe/Al,O3-cp and
CNT@Ni+Fe+Al-cp (ie., the materials obtained with metal catalysts
prepared by co-precipitation) reveal some helical tubes (Fig. 2c and d,
respectively). Moreover, some metal particles encapsulated within the
tubes (not removed upon purification with HySO4 at 140 °C) are
observed in all the samples (Fig. 2). This is a common feature, since
encapsulation of catalyst nanoparticles typically occurs during CVD
(Menezes et al., 2015). The elemental composition of the nanoparticles
trapped within the tubes was qualitatively analysed by EDS (Fig. S5). As
observed, Ni and/or Fe, and Al and O are the main constituents of the
observed nanoparticles, confirming that these arise from the metal
catalysts employed in the CVD process.

The textural properties of the CNTs (surface area and porosity) were
characterized by Ny physisorption. The adsorption isotherms are shown
in Fig. S6, and the corresponding results compiled in Table S3. As
observed, CNT@Ni/Al,O3-wi possesses the highest Sggr (226 m? g’l),
whereas similar values are obtained for the CNTs prepared from the
three catalysts containing both Ni and Fe (Sggr in the range 151-155 m?
g~ 1). These values are in line with those commonly determined for CNTs
(in the range 10-500 m? g_l) (Lehman et al., 2011). Indeed, in a pre-
vious work of our group, the Sggr of six samples of commercially
available CNTs was in the range 41-291 m? g’l, and Vrotq in the range
0.17-3.2 ¢cm® g’1 (Pinho et al., 2015). In the case of the CNTs herein
produced from LDPE, Vg, was in the range 0.657-1.042 cm® g’l. The
highest value was obtained for CNT@Ni+Fe/Al;Os-cp and the lowest for
CNT@Ni+Fe+Al-cp. Moreover, it can be observed that, despite having
similar values of Sggr, the CNTs prepared from the three catalysts con-
taining both Ni and Fe have different Vo (Table S3), allowing to
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Fig. 1. Scanning electron microscopy (SEM) micrographs of the carbon nanotubes (CNTs) obtained by chemical vapour deposition (CVD) over different metal
catalysts and using low-density polyethylene (LDPE) as carbon feedstock: (a) CNT@Ni/Al,O3-wi, (b) CNT@Ni+Fe/Al;03-wi, (c) CNT@Ni+Fe/Al;03-cp, and (d)

CNT@Ni+Fe+Al-cp.

conclude that CNT@Ni-+Fe/Al;03-cp has the largest pore size, followed
by CNT@Ni+Fe/Aly03-wi and CNT@Ni+Fe+Al-cp.

The acid-base properties and pH at the point of zero charge (pHpzc)
of the CNTs were also determined (Table S3) and briefly discussed (Text
S4).

3.2. Activated persulfate oxidation in batch mode

The ability of the four powder samples of CNTs prepared from the
LDPE feedstock to act as catalysts for activated persulfate oxidation and
degradation of organic MPs was first evaluated through experiments
performed in batch mode and employing aqueous solutions of ven-
lafaxine (250 pg L™1) as model system. The concentration of venlafaxine
obtained as function of time, and the removals obtained after 90 min in
adsorption and activated persulfate oxidation experiments are given in
Fig. S7 and Fig. 3, respectively. Non-catalytic oxidation promoted by
SPS is also given in Fig. 3. In this case, the removal of venlafaxine can be
considered negligible, as it amounts to only ca. 8% of its initial content.

Regarding adsorption removals, the sample of CNTs revealing the
best performance is CNT@Ni/AlyO3-wi (Figs. 3 and S7), which is also
the material with the highest Sgpr among those under study (Table S3),
and the only one prepared from a catalyst that does not contain Fe. On
the contrary, the CNTs prepared from the three catalysts containing both
Ni and Fe reveal both similar adsorption capacities (Figs. 3 and S7) and

textural properties (Table S3). It is interesting to observe that the
removal of venlafaxine undergoes a great increase when SPS is added in
the presence of all the CNTs under study (Figs. 3 and S7). These results
allow concluding that the four CNTs prepared from the LDPE feedstock
are effective catalysts for activated persulfate oxidation and degradation
of venlafaxine. Specifically, removals in the range 88-96% are obtained
after 90 min of reaction. On this regard, the adsorption capacity revealed
in Fig. 3 is expected to contribute towards enhancing the performance of
the treatment, as it has been shown that the increased local concentra-
tion of pollutant molecules nearby surface active sites due to adsorptive
interactions enhances the efficiency of activated persulfate oxidation
based both on radical (Yin et al., 2018) or non-radical (Chu et al., 2019)
mechanisms. Nevertheless, the difference of venlafaxine removal due to
SPS addition (dremoval; i-€., the increase of pollutant removal obtained in
the activated persulfate oxidation experiments compared to that ob-
tained by adsorption) points out a catalyst with apparently higher ac-
tivity (Fig. 3). This corresponds to the maximum value of dremoval,
obtained when employing CNT@Ni+Fe/Al;O3-cp. This enhanced per-
formance for persulfate activation and degradation of venlafaxine be-
comes even more interesting when the residual metal content of the
CNTs samples (Table S2) are compared, since CNT@Ni+Fe/AlyO3-cp is
one of the samples with the lowest content of metal species after the
purification step with HySO4 employed at the end of the synthesis pro-
cedure, corresponding to only 0.1 wt%.
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Fig. 2. Transmission electron microscopy (TEM) micrographs of the carbon nanotubes (CNTs) obtained by chemical vapour deposition (CVD) over different metal
catalysts and using low-density polyethylene (LDPE) as carbon feedstock: (a) CNT@Ni/Al,O3-wi, (b) CNT@Ni-+Fe/Al,03-wi, (c) CNT@Ni+Fe/Al;03-cp, and (d)

CNT@Ni+Fe+Al-cp.

It is noteworthy that the catalyst with the lowest activity for per-
sulfate oxidation is CNT@Ni/AlyO3-wi, as shown by the lowest value of
dremoval (Fig. 3). This can be partially explained by the lack of residual Fe
within the CNTs (Table S2), which is a known persulfate activator
(Oyekunle et al., 2021). Indeed, the sample with the second lowest value
of dremoval is CNT@Ni-+Fe/Al,O3-wi, which is also the sample with the
second lowest amount of residual Fe in its structure (Table S2). There-
fore, these results suggest that, despite being present in residual amounts
(Table S2), metal particles (not completely removed during the purifi-
cation step; Fig. 2) still contribute towards heterogeneous persulfate
activation and can be responsible for the slightly different catalytic
performances of the samples under study.

The concentration of venlafaxine obtained as function of time in
adsorption and activated persulfate oxidation experiments performed
with CNT@Ni+Fe/Al;O3-cp are detailed in Fig. S8, together with the
non-catalytic removals promoted by SPS only. In the catalytic experi-
ment, ca. 95% of venlafaxine removal is achieved upon 90 min of acti-
vated persulfate oxidation, corresponding to a pollutant mass removal

rate of 3.17 mg g ' h™! (determined as described in Text S5 and Eq. S1).
SPS consumption during this treatment process amounts to 23.7% of its
initial content (as determined at the end of the activated persulfate
oxidation run). These results confirm the ability of CNT@Ni+Fe/Aly03-
cp to activate SPS. Moreover, despite having negligible metal content
(Table S2), possible metal leaching from CNT@Ni+Fe/Al;O3-cp to the
treated water was determined by ICP-OES at the end of the activated
persulfate oxidation run. The leaching of Fe and Ni to the treated water
was 2.55 and 0.74 pg L1, respectively, allowing to conclude about the
predominant role of heterogeneous activated persulfate oxidation pro-
moted by CNT@Ni+Fe/Al;03-cp. Indeed, these concentrations are ca.
80- and 30-fold below the European limits for water intended for human
consumption as defined in Directive (EU) 2020/2184 of the European
Parliament and of the Council of December 16, 2020 (200 and 20 pg L},
for Fe and Ni, respectively), and therefore can be held negligible.
Regarding the metal loss of the catalyst itself, these values correspond to
8.5 and 7.4% of the Fe and Ni content of CNT@Ni+Fe/Al;03-cp
(Table S2), respectively. These apparently high values are explained by
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Fig. 3. Removal of venlafaxine in liquid phase after 90 min, in adsorption and
activated persulfate oxidation experiments (bars/left axis) performed in ultra-
pure (UP) water, and respective difference due to the addition of SPS [dremoval
(squares/right axis)]. Experiments performed in batch mode, with [venlafax-
ine]o = 250 pg L’l, [catalyst/adsorbent] = 0.05 g L’l, [SPS]p = 250 mg L’l,
pHp = 5.9 (inherent pH), and T = 22 + 2 °C. Experiments performed
in duplicate.

the negligible residual content of Fe (0.06 wt%) and Ni (0.02 wt%) in the
pristine catalyst.
The influence of catalyst dosage on the removal of venlafaxine was

briefly investigated (Fig. S9). As observed, venlafaxine is completely
removed when the concentration of CNTs is increased to 0.25 g L™}
(Fig. S9b). However, this enhanced pollutant removal can be explained
by the higher contribution of the adsorption component. Therefore, a
catalyst/adsorbent concentration of 0.05 g L~! was selected for the
subsequent studies performed in batch mode, namely regarding the
simultaneous removal of four MPs. An aqueous solution containing
atenolol, metoprolol and citalopram (250 pg L' of each) was used for
that purpose. As observed (Fig. S10), CNT@Ni+Fe/Al;Os-cp also per-
formed better under these conditions, promoting higher removals of
atenolol, venlafaxine and citalopram, and similar removals of meto-
prolol. Accordingly, the adsorption and activated persulfate oxidation
experiments performed with CNT@Ni+Fe/Al;O3-cp are detailed in
Figs. S11a and b, respectively. As observed, the removal of the organic
MPs was higher in the activated persulfate oxidation run, but particu-
larly for citalopram and venlafaxine, allowing to conclude that
CNT@Ni+Fe/Al;03-cp is an active catalyst for activated persulfate
oxidation of these organic MPs. Nevertheless, after ca. 15 min of reac-
tion, the concentration of atenolol increased slightly, and was kept
above its initial concentration (i.e., C/Cq > 1) for at least 45 min, period
after which it decreased again (Fig. S11b). This is an uncommon
observation; thus, although studying the MPs conversion pathway is not
a goal of this study, additional investigations were conducted to clarify

this trend. Upon carefully analysing the chemical structure of the pol-

lutants under study (Table S4), the seemingly most plausible explana-

tion is the conversion of metoprolol into atenolol. Bearing this in mind,

an additional activated persulfate oxidation experiment was performed
with an aqueous solution containing metoprolol only. As observed,

atenolol is indeed formed as metoprolol is degraded under these con-
ditions (Fig. S12). Since the exact mechanism behind the conversion of
metoprolol into atenolol is still unknown, the results herein observed
should prompt additional studies on the topic.

The influence of the water matrix on venlafaxine removal by acti-
vated persulfate oxidation promoted by CNT@Ni+Fe/Al,03-cp was also
studied (Fig. 4). For comparison purposes, the removals obtained by
adsorption and non-catalytic conversion promoted by SPS are shown in
Fig. S13. As observed in Fig. 4, the efficiency of the activated persulfate
oxidation process increases when the venlafaxine solutions are prepared
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Fig. 4. Effect of water matrix on the removal of venlafaxine by activated per-
sulfate oxidation in the presence of CNT@Ni+Fe/Al,O3-cp. Experiments per-
formed in batch mode, with [venlafaxine]o = 250 ug L™}, [CNT@Ni+Fe/Al,O4-
cp] = 0.05 g L1, [SPS]o = 250 mg L™, pHy = 5.9, 6.8 and 7.5 (inherent pH of
UP water, DW and SW, respectively), and T = 22 + 2 °C.

in DW instead of UP water, whereas employing SW has a negligible ef-
fect. Several ions naturally occurring in environmental water matrices
(e.g., chloride and bicarbonate ions) are known to affect the performance
of activated persulfate oxidation. On that regard, both beneficial and
detrimental effects have been reported (Outsiou et al., 2017; Bennedsen
et al.,, 2012; Fang et al., 2012; Lutze et al., 2015; Matzek and Carter,
2016). Therefore, the effect of environmentally relevant concentrations
of chloride and bicarbonate ions on the removal of venlafaxine was
studied together with the influence of the initial solution pH (Fig. S14).
The corresponding results are discussed in Text S6, considering the
second order reaction rate constants (k) of several inorganic radicals
towards venlafaxine (Table S5). Briefly, the enhanced removal of ven-
lafaxine obtained in DW seems to be related with the formation of car-
bonate radicals from the reaction of bicarbonates with sulphate and/or
hydroxyl radicals; whereas the (apparently unaffected) removal of
venlafaxine obtained in SW can be ascribed to two opposite effects: the
positive contribution arising from the presence of bicarbonates
(Fig. S14a), and the negative contributions resulting from the higher pH
(Fig. S14b) and the presence of dissolved organic matter in this matrix.

The solution pH was also monitored during the experiments depicted
in Fig. 4. In UP water, the solution pH dropped from 5.9 (in the initial
solution) to 4.0 (in the treated water), suggesting that the oxidation of
venlafaxine leads to the opening of its aromatic ring and the subsequent
formation of acidic by-products, such as low-molecular weight carbox-
ylic acids. On the contrary, the solution pH dropped slightly during the
experiments with DW (from 6.8 to 6.2) and SW (from 7.5 to 7.3), which
can be explained by the natural buffer capacity these water matrices.
Moreover, an experiment performed under intensified conditions
confirmed that venlafaxine is partially mineralized during the treatment
process (Text S7).

Scavenging tests with methanol (MeOH) and furfuryl alcohol (FFA)
were then carried out to provide preliminary insights on the reaction
mechanisms involved in the activated persulfate oxidation of venlafax-
ine promoted by CNT@Ni+Fe/Al;03-cp (Fig. S15). These results were
discussed based on findings reported in the literature (Text S8), leading
to the proposal of a broad reaction mechanism based on both radical and
non-radical pathways (Fig. S16).
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3.3. Activated persulfate oxidation in continuous mode: a proof of
concept

Considering the catalytic activity revealed by CNT@Ni-+Fe/Al,Os-cp in
the activated persulfate oxidation experiments performed in batch mode,
additional experiments were performed in continuous mode of operation.
For that purpose, a carbon-based catalytic membrane was prepared by
including CNT@Ni+Fe/AlyO3-cp within a PVDF matrix, through a fabrica-
tion methodology previously reported by our group (Vieira et al., 2020), and
placed in a glass cell to which a pollutant solution was fed under constant
flow conditions (Miller et al., 2014). The resulting composite membrane
(CNT@Ni+Fe/Aly03-cp-PVDF) is able to stand alone, ie., do not need a
support (Fig. S3), and is structurally stable under the operating conditions
considered in this study. Moreover, the morphology of the composite
membrane was characterized by SEM (Fig. 5). The typical external surface
pores of polymeric membranes can be observed in the top view of
CNT@Ni-+Fe/Al,03-cp-PVDF (Fig. 5a) (Liu et al., 2011; Vieira et al., 2020).
Indeed, these are similar to those observed in a PVDF membrane prepared in
the absence of active catalytic phase in our previous work (Fig. S17b). On the
contrary, the typical cross-sectional channels observed for the polymeric
membranes in the absence of CNTs (Fig. S17d) are not verified in the SEM
images of CNT@Ni+Fe/Al,O3-cp-PVDF, since aggregates of
CNT@Ni-+Fe/Al,O3-cp are uniformly distributed within the PVDF matrix
(Fig. 5b and c). The preferential embedding of CNT@Ni+Fe/Al;O3-cp
within the PVDF matrix of the composite membrane (rather than on its
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external surface) is also clearly observed in the inset of Fig. 5a. In addition,
the thickness of the CNT@Ni+Fe/Al;03-cp-PVDF membrane was estimated
as 205 + 11 pm (Fig. 5b).

The CNT@Ni+Fe/Aly03-cp-PVDF membrane was also characterized
by TGA (Fig. S18). Overall, the composite membrane reveals thermal
stability until ca. 300 °C. Afterwards, the weight loss goes through a
maximum at 488 °C, corresponding to the sharpest peak observed in the
DTGA profile (Fig. S18b). This can be ascribed to the decomposition of
PVDF (Silva et al., 2015). Moreover, a less pronounced peak is observed
at ca. 390 °C, which is due to the decomposition of PVP (Silva et al.,
2015).

The experimental setup used to conduct the experiments in contin-
uous mode is depicted in Fig. S4. Nor the fabrication methodology
(Section 2.4 and text S3), nor the operating conditions were optimized,
since the goal is to provide an early proof of concept that this material
can be applied for the removal of venlafaxine (100 pug L) in continuous
mode during a longer period (24 h), considering the same dosage of SPS
as in batch experiments, and employing SW as water matrix. Thus,
additional studies may eventually be focused on optimizing this
approach.

Adsorption removals were studied first (Fig. 6a). As observed, the
venlafaxine removal reached ca. 30% at the beginning of the adsorption
experiment, then decreasing as the membrane becomes increasingly
saturated. On the contrary, a sharp decrease of the venlafaxine con-
centration is observed when SPS is added (Fig. 6b). In this case,

Fig. 5. Scanning electron microscopy (SEM) micrographs of (a, b, c) pristine and (d, e, f) used CNT@Ni+Fe/Al,03-cp-PVDF membranes. (a, d) top and (b, c, e, f)

cross-sectional views.
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Fig. 6. Normalized concentration of venlafaxine obtained as function of time in
(a) adsorption and (b) activated persulfate oxidation experiments performed in
surface water (SW), with composite CNT@Ni+Fe/Al;03-cp-PVDF membranes.
Water permeate flux (Jw) and conversion of SPS are also shown in (b). Ex-
periments performed in continuous mode, with [venlafaxinelo = 100 pg L,
[SPS]p = 250 mg L, pHo = 7.5 (inherent pH), Q = 0.1 mL min~}, and T = 22
+ 2 °C.

venlafaxine removals up to ca. 95% are observed within the first 1.5 h of
operation in continuous mode, the performance of the process then
slightly decreasing and being kept nearly constant (steady state) for the
remaining period 5-24 h. For instance, venlafaxine removal is still high
at the end of the experiment (ca. 71% of its initial content), corre-
sponding to a pollutant mass removal rate of 1.97 mg m~2 h™! (deter-
mined as described in Text S5 and Eq. S3). These results allow
concluding about the stability of the CNT@Ni-+Fe/Al,O3-cp catalytic
active phase (within the composite membrane) for up to 24 h of
continuous operation. Moreover, SPS consumption was observed during
the entire experiment (Fig. 6b), allowing to conclude that the composite
polymeric membrane can promote the decomposition of SPS. Water
permeate flux (Jw; determined as described in Text S5 and Eq. S2) was
also monitored. As observed, Jy is nearly constant during the activated
persulfate oxidation experiment (Fig. 6b), allowing to conclude that
membrane fouling is apparently negligible. This high resistance to
fouling can be explained both by the antifouling properties of carbon
materials (Ayyaru and Ahn, 2017; Zhang et al., 2013) and the size of the
largest pore of the CNT@Ni+Fe/Al,O3-cp-PVDF membrane that was
developed (4.96 pm; as determined by the bubble-point method). This
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value is far above the size of the venlafaxine molecule and the dissolved
solids (<0.45 pm) typically found in SW, but also above most of the
suspended solids that can be found in the same matrix. The eco and
phytotoxicity of the treated water collected during the 24 h of operation
in continuous mode were also evaluated (Text S9, Table S6 and
Fig. §19). It was concluded that the treated water does not exhibit
toxicity and thus seems to be safe for reuse and/or discharge in aquatic
compartments. Taking all into consideration, it can be concluded that
the composite polymeric membrane is effective for activated persulfate
oxidation in continuous mode of operation and degradation of ven-
lafaxine in SW.

SEM micrographs taken on the CNT@Ni+Fe/Al;03-cp-PVDF mem-
brane collected at the end of the experiment depicted in Fig. 6b reveal
that its morphology (Fig. 5d, e, f) is not significantly affected by the
catalytic process performed during 24 h. Nevertheless, the surface
roughness of the used membrane (Fig. 5d) seems to be slightly higher
than that of the pristine membrane (Fig. 5a). Similar conclusions can be
withdrawn by TGA (Fig. S18). After 24 h of continuous operation, the
CNT@Ni+Fe/Al;03-cp-PVDF membrane reveals a similar thermal
decomposition profile when compared to the pristine membrane, con-
firming that its structure is not affected during the catalytic process.
Nevertheless, a closer analysis of the TGA curve in the range 250-280 °C
(inset of Fig. S18), i.e., the temperature at which the venlafaxine salt
used in this study completely volatilises (Roy et al., 2005), suggests that
the membrane becomes partially loaded (possibly by venlafaxine itself
and/or its degradation by-products, SPS and/or natural constituents of
SW). Specifically, the amount of these deposits on the membrane
amounts to 0.31 wt% of the membrane (13.2 mg; Table S7), corre-
sponding to 40.9 ug only. Despite being low, these deposits may be
responsible for the partial loss of the ability to decompose persulfate
observed in Fig. 6b. Nevertheless, it should be noted that no decline of
catalytic activity regarding degradation of venlafaxine was observed
after achieving the steady state at ca. 5 h (Fig. 6b). Bearing this in mind,
it can be concluded that the stable catalytic activity and the robustness
of the membrane (including the external surface pores and
cross-sectional channels, as shown by SEM and TGA), both contribute
towards the high resistance to fouling observed in Fig. 6b.

The results herein reported were compared to those obtained in
previous studies on the application of carbon-based catalytic mem-
branes without added metals for activation of persulfates and degrada-
tion of organic pollutants in continuous mode of operation (Table S7).
Moreover, a detailed discussion on previous literature on this topic is
provided in Text S10. Briefly, only 2 out of the 7 previous studies
summarized in Table S7 report the application of environmentally
relevant pollutant concentrations and water matrices, such as surface
water (Qian et al., 2021; Vieira et al., 2020). The pollutant mass removal
rate obtained in this study (1.97 mg m 2 h™!; after 24 h) is higher than
that obtained in the only previous study in which composite polymeric
membranes were employed (Vieira et al., 2020). The pollutant mass
removal rate obtained in the study performed by Qian et al. (2021)
(7.32 mg m 2 h’l; after 24 h) is higher. However, those results were
obtained with membranes fabricated by simple vacuum filtration of
20.8 mg of carbon catalytic active phase into a nylon substrate (which
are typically less resistant to disintegration upon continuous operation),
whereas the results reported in the present study were obtained with
composite polymeric membranes (which are more robust) containing
only ca. 0.7 mg of carbon catalytic active phase (corresponding to 3.2 wt
% of the membrane).

4. Conclusions

Low-density polyethylene (LDPE) was a suitable carbon feedstock for
the growth of carbon nanotubes (CNTs) by chemical vapour deposition
(CVD) using four different metal-based catalysts (AlpO3, Ni, Fe and/or
Al). For the first time, LDPE derived CNTs were demonstrated to be
active catalysts for persulfate activation and degradation of organic
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micropollutants. The best performing CNTs in batch mode of operation
(CNT@Ni+Fe/Al;03-cp) were also active for the removal of venlafaxine
as model compound in relevant environmental water matrices, such as
surface water. These CNTs were used to fabricate a composite polymeric
membrane with poly(vinylidene fluoride) - PVDF that was effective for
venlafaxine removal in continuous mode of operation using surface
water. Moreover, the treated water did not reveal toxicity and thus
seems to be suitable for reuse and/or discharge in the natural media.
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