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ARTICLE INFO ABSTRACT

Keywords: In this study, copper present in industrial waste water with a variety of other impurities (Fe, Mg,
Copper recovery Al, Zn, As) was subjected for selective electrochemical recovery. The recovery was conducted
Electrodeposition

directly on carbon nanostructures in order to create added-value products synergistically. In-
depth electrochemical and structural analysis showed that single/multi-walled carbon nano-
tubes (CNTs) and graphene composites could provide an excellent substrate for Cu’s electro-
chemical recovery. Furthermore, formulations based on them also enabled the formation of even
Cu deposits on the surface directly from wastewater solutions without further bath condition
adjustments. After just 1-h electrodeposition at —0.1V vs. SCE, a nanocomposite based on CNTs
was obtained. Cu was recovered exclusively and accounted for 45% of the total weight of the
composite.

Circular economy
Waste management

1. Introduction

The hydrometallurgical industry plays a notable role in producing large quantities of metal-containing process and waste solutions.
In particular, acidic industrial wastewaters may contain valuable metals, such as copper as well as less valuable elements such as iron,
aluminum, magnesium. Cu solutions are toxic for plants (inhibit photosynthesis, plant growth, and reproductive process [1]) and
aquatic organisms (cause deformities, diseases, or death [2]). The recommended safe content of Cu in water for aquatic life is as low as
2-4 ppb, whereas the acceptable upper level of Cu for humans is 10 mg/L. Consequently, any means to reduce the concentration of Cu
or other elements in the environment are welcome since they are a growing concern [3-8]. Simultaneously, there is an evident increase
in demand for copper in our everyday applications, increasing the need for hydrometallurgical copper operations substantially.
Therefore, efficient removal and re-use of copper is attractive not only from an environmental but also from an economic point of view.
Earlier, numerous treatment techniques have been applied to obtain valuable materials from waste water. Typically, however, metals
are recovered not as a product but as waste residues.

Out of the various waste water treatment methods available, chemical precipitation is the most commonly utilized industry process
due to its simplicity and low cost. However, precipitation by forming insoluble hydroxides or sulfides is not selective and requires the
use of reagents, such as lime, calcium oxide, and hydrogen sulfide [9]. Following precipitation, the solids are then separated from the
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sludge by coagulation and/or sedimentation or filtration. The solids are then discarded as reprocessing into new raw material is not
economical. Adsorption is another possible method for heavy metal removal, and a plethora of different adsorbents have been studied,
including active carbon [10], geopolymers [11], and clay [12]. While these methods can remove heavy metals from solutions, the
removal needs to be followed by further process steps before reuse of the metals is possible, if at all. On the other hand, electrode-
position is a method that can deposit metals selectively onto conducting materials even from solutions of low metal concentration [13].
High standard electrode potential (E® = 0.34 V vs. SHE) of copper provides a unique feature among typical waste water impurities for
electrochemical recovery, as it can enable high selectivity even from multimetallic solutions. This can also allow direct recovery of Cu
on nanomaterials, avoiding the use of high-quality synthetic chemicals and deposition baths typically used to make such nano-
composites. Direct and selective recovery leading to value-added products may also pave the way for new business models related to
waste water treatment.

One of the most outstanding nanomaterials are those made of carbon [8,14-18]. They provide remarkably tunable thermal con-
ductivity (0.028-6600 W/m-K) [19], leading strength (Young’s modulus 270-950 GPa) [20], and adjustable surface chemistry [21,
22]. Nowadays, carbon nanotube (CNT) networks attain electrical conductivity up to 5000 S/cm for pristine and 20,000 S/cm for
doped material [23]. To enhance nanocarbon’s electrical properties, one can combine them with other conductive materials [24].
Cu-CNT composite revealed two orders of magnitude higher current carrying capacity [25] compared to Cu standard. Besides, the
thermal and mechanical properties of Cu-CNT are often encouraging [26-29]. Thus, because of high thermal and electrical conduc-
tivity and the relatively good chemical stability of Cu, it is an attractive admixture for producing high-performance composites with
CNTs or graphene [26]. There is a vast spectrum of possible applications for such materials, which spans from supercapacitors [30,31],
biosensors [32] to electrical conductors [33]. The low-weight of composites combined with high strength and notable electrical
conductivity make them particularly promising for application in overhead transmission lines [33] or automotive and aerospace in-
dustries [26].

There are many ways to produce Cu-CNT materials. Depending on the process character, they can be separated into powder
processing, electrochemical deposition, and electroless deposition. In powder metallurgy methods, powders of nanocarbon and Cu are
often mixed using ball/attrition milling [34-38], sonication [29,39,40], isostatic pressing [41,42], stirring [43], or vortex mixing [44],
and then they are compacted. In this case, the process is straightforward and scalable, providing a large amount of composite [33,45].
An alternative is to coat one material with the other by e.g. electroplating [46], which is a well-known electrochemical method to make
Cu-CNT materials [13,47-49].

In this work, we made a direct Cu recovery from waste water on thin free-standing films based on CNTs for the first time. Based on a
detailed analysis of the electrochemical parameters and the microstructure of the obtained materials, the critical parameters to make
the electrochemical recovery of Cu from waste water on CNTs quick and homogeneous were established. The proposed method’s
universal character makes it relevant for a broad spectrum of carbon materials [50] [-] [52] and other conductive substrates.

2. Experimental
2.1. Waste waters investigated

Waste waters investigated were synthetic Cu electrodeposition bath (40 g Cu - 0.63 mol/dm> Cu and 100 g of H,SO4 per 1 L - 1.02
mol/dm® HyS0,) as well as authentic industrial process wastewater. The feed compositions are presented in Table 1. The values were
determined by the Inductively Coupled Plasma - Optical Emission Spectrometer (ICP-OES) method.

2.2. Nanocarbon materials for Cu recovery

Several types of nanocarbon materials were used for the study, some of which were produced in-house, and the remainder was
procured from commercial sources (where indicated). Multi-walled CNTs (MWCNTs) were synthesized by catalytic Chemical Vapour
Deposition (c-CVD) [53,54]. The protocol is given in the Supplementary Information (SI).

Commercial materials used for the study included high-purity single-walled CNTs (d ~ 1.5 nm; Tuball™, OCSiAl, Luxembourg),
technical-grade multi-walled CNTs (d ~ 10 nm; NC7000™, Nanocyl, Belgium), and graphene nanoplatelets (C-300, Sigma-Aldrich,
USA). According to the manufacturer, the graphene material is a few nm thick. In the manuscript, these materials are referred to as
SWCNTs, NC-MWCNTs, and G, respectively. The materials were used without any post-processing, except for SWCNTs. They were
ground for 5 min due to our earlier observation that the process increases the electrical conductivity of the films formed from them by
causing appropriate deagglomeration [55].

The influence of oxidation was studied using MWCNTSs made in-house. The methodology is given in the SI. The product is referred
to as O-MWCNTs.

Thin films made of nanocarbon materials were manufactured using a previously reported method [56]. The film preparation

Table 1

Composition of employed solutions containing Cu.
Solution Mg [mg/L] Al [mg/L] Fe [mg/L] Ni [ppm] Cu [ppm] Zn [ppm] As [ppm] Sb [ppm] Pb [ppm]
Synthetic solution - - - - 40.0 x 10° - - - -

Industrial process wastewater 6600 1400 12,500 13 428 100 52 - 4.5
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routine is described in the SI. A photograph of a flexible free-standing nanocarbon film used in the study, which can be manipulated
easily (Fig. S1).

2.3. Electrochemical recovery of Cu

For each electrochemical experiment, a free-standing nanocarbon film was cut into a rectangular shape of 10 mm width x 25 mm
length. A three-electrode cell with electrodes facing each other was used for all the electrochemical experiments. The film sample was
used as the working electrode, whereas a platinum sheet with an order of magnitude larger area served as the counter electrode. The
distance between the nanocarbon film and the platinum electrode was 5 cm. The film sample was immersed ca. 1.5 cm into the so-
lution, and the current density values were calculated after the experiment using the observed submerged geometrical area. A standard
calomel electrode (SCE) placed next to the nanocarbon film surface was used as the reference electrode. The electrodes were connected
to an IviumStat 24-bit CompactStat potentiostat (Ivium Technologies, Netherlands), as shown below (Fig. 1).

For cathodic polarization experiments, the potential of the cathode stabilized during 60 s, and the equilibrated open circuit po-
tential of the films was set as E = 0 V vs. SCE. The potential (E) was then changed from 0 V to —1 V with a sweep rate of 20 mV/s.
Galvanostatic deposition i.e. chronoamperometry was used to deposit Cu onto the nanocarbon films.

To observe differences in nanocarbon films’ surface activity, a small amount of Cu was deposited as separate nuclei on the CNT
films by a galvanostatic deposition pulse. The deposition was made at 0 V vs. SCE for 1 s. The tests were carried out on all the
nanocarbon films with and without the binder.

To validate the application potential, longer plating experiments were also conducted. For the recovery of Cu from wastewater, we
used the following parameters: deposition voltage of —0.1 V vs. SCE for 3600 s. For these experiments, 6 nanocarbon films were
selected: SWCNTs, NC-MWCNTs, MWCNTs, 25% O-MWCNTs, 25% N-MWCNTs, and 25% Graphene. All electrochemical processes
were conducted at room temperature.

2.4. Characterization

Scanning Electron Microscopy (SEM, JEOL JSM-7500FA) was used to analyze the microstructure of the studied nanocarbon films.
The samples were investigated at 15 kV acceleration voltage at the magnification of 16,000 x for powder samples and 2200 x for
nanocarbon-Cu composites. Raman spectroscopy (Renishaw, Germany) was used to determine the quality of the parent nanocarbon
materials and thin films made from them. All the powders and film samples were measured by this method. The measurement pa-
rameters were as follows: laser wavelength 514 nm, power 5%, objective 20x, and exposure time of 10 s. The measurements were
conducted at multiple sample areas at several accumulations to reach statistical significance and minimize background noise. The
films’ electrical conductivity was measured by the 4-probe method using a 2182A source meter (Keithley, USA) under 100 mA electric
current. A custom-made setup measured water Contact Angles (WCA) with a CMOS camera (Thorlabs, USA). In each case, 10 pL of
water was positioned onto the film surface, and the contact angle value was recorded based on the image recorded with the camera
equipped with a macro lens. Multiple droplets were deposited onto every type of film for WCA measurements. Analysis by Inductively
Coupled Plasma Optical Emission Spectroscopy (ICP-OES) was made (PerkinElmer Optima 7100 DV, USA) to characterize the chemical
composition of the Cu-containing solutions. Energy-Dispersive X-ray Spectroscopy (EDX, JEOL JED-2300 Analysis Station) was used to
analyze the composition of the surface of nanocarbon-Cu materials at 15 kV acceleration voltage.

Potentiostat

Reference
electrode (SCE)

Nanocarbon
film (cathode)

Platinum (anode)
Waste water

Fig. 1. Schematic of electrochemical Cu recovery by three-electrode setup.
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3. Results and discussion
3.1. Characterization of nanocarbon substrates for Cu recovery

Characterization of the microstructure (Fig. S2) and purity of the parent carbon nanostructures (Fig. S3), provided in the SI,
revealed that these materials have diverse morphology and degree of structural perfection. While the SWCNTs exhibited an extremely
low amount of defects, the other materials showed a varying content of impurities and functional groups. These differences should
make the materials more or less appropriate for Cu recovery. Thin films were made from such raw materials, and their properties were
analyzed (before and after the removal of EC binder) to find the critical factors making such waste treatment process successful. Fig. 2
demonstrates the results of Raman spectroscopy, which gauges the level of crystallinity in nanocarbon materials.

For the neat CNT materials (SWCNTs, NC-MWCNTs, MWCNTs), Ip/Ig ratios (indicative of the perfectness of the material; the lower,
the purer) decreased slightly after annealing. During this process, amorphous carbon, EC, and other forms of carbon were removed,
which caused a decrease in intensity of defect-induced D peak. However, when O-doped MWCNT materials were briefly exposed to the
influence of high temperature, the Ip/Ig ratios were considerably reduced. The effect was more pronounced at a high content of O-
MWCNTs (50%, Ip/Ig = 0.032 £+ 0.001 — Ip/Ig = 0.017 + 0.001) as compared with a low concentration of O-MWCNTs (10%, Ip/Ig =
0.018 + 0.001 — Ip/Ig = 0.010 £ 0.001) in the composite with SWCNTs. The decrease of Ip/Ig at high content of O-MWCNTs could be
explained by the detachment of the most severely oxidized species during annealing, which would overall improve the average degree
of structural perfection of the material after annealing [57]. Regarding the N-doped samples, the Ip/Ig ratios remained at a comparable
level before and after annealing (10%, Ip/Ig = 0.017 + 0.003 — Ip/Ig = 0.013 + 0.003; 25%, Ip/Ig = 0.014 + 0.002 — Ip/Ig =0.013 +
0.003; 50%, Ip/Ig = 0.015 + 0.001 — Ip/Ig = 0.013 + 0.001). Lastly, in the case of doping of SWCNTs with graphene, taking into
account the uncertainty values, the Ip/Ig ratios were not affected by the thermal processing.

Analysis of the whole dataset revealed that every time high-quality SWCNTs were used to form composites with other nanocarbon
types, the signals from SWCNT dominated the spectra. Despite that SWCNTs are combined with materials of relatively high Ip/Ig ratios
(e.g., 0.434, 0.518, and 0.620 for O-MWCNTs, N-MWCNTs, and graphene, respectively), the resulting Ip/Ig ratio was low. It did not
exceed 0.02 in virtually all cases, even when up to 1:1 w/w of functionalized nanocarbon was added to the SWCNT matrix. Resonant
Raman scattering excites only a subset of the CNT population, which may lead to a bias in interpreting results [58]. In this study, it
appears that the intensity of signal coming from SWCNTs dominated that of the MWCNTs because more of the SWCNTSs were in tune
with the selected laser wavelength.

One of the critical parameters for the successful Cu recovery is the substrate’s appropriate surface chemistry, which ensures
compatibility with the aqueous plating solution. The lower the value of the water contact angle (y), the higher the likelihood that the
nanocarbon film, which is often inherently hydrophobic, will be successfully plated with Cu [59,60]. Hence we decided to study this
factor (Fig. 3). The films from parent nanocarbon materials containing the binder had a relatively hydrophobic surface (y > 90°).
However, after its removal by annealing, we observed a radical decrease in WCA for these samples (SWCNTS: ywith binder = 113.6 £ 5.6°
= Ywithout binder = 39.3 £ 6.6° — Fig. 54, NC-MWCNTS: Yyith binder = 111.6 £ 4.8° = Ywithout binder = 7.9 £ 1.7°, and MWCNTS: Ywith binder
= 95.42 £ 8.2° - Yyithout binder = 9-0 £ 2.4°). This phenomenon was observed in our previous works. It was possibly caused by the
thermal desorption of impurities from the ambient, which apparently cloaked the CNT surface’s hydrophilic nature [53,61].

Furthermore, the composite materials based on the SWCNT matrix (containing N-MWCNTs, O-MWCNTs, and graphene) had less
hydrophobic character (ca. y = 70-80°). These filler materials are characterized by a relatively high level of disorder, which made
them more hydrophilic. After annealing, all these materials reached the WCA of up to ca. 20°. The recorded values were roughly
halfway between that of the SWCNT matrix and the MWCNTs fillers, from which these composite materials were formed. The elevated
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Fig. 3. Water contact angles for nanocarbon films before and after removal of EC binder by annealing (overlaid, indicated with an asterisk).

value of WCA for SWCNTs was likely related to the fact that the films made from them had a different roughness than those produced
from NC-MWCNTs or MWCNTs [62,63].

Nanocarbon films’ electrical conductivity directly affects their electrochemical activity, which is one of the prerequisites for
successful Cu recovery, and thus it requires investigation (Fig. 4). Our previously published results [54,55,64] indicate that the ma-
terial pre-processing and presence of binder/doping agents are significant factors to consider. In this work, the highest electrical
conductivity was recorded for high-quality SWCNT films (1064.0 + 69.0 S/cm). Conversely, the electrical conductivity of MWCNT
samples composed of technical grade (NC-MWCNTSs) or in-house-made (MWCNTs) was low: 36.8 + 0.5 S/cm and 123.9 + 18.3 S/cm,
respectively. This was due to the abundance of defects and inherently worse electrical conductivity of MWCNTSs than SWCNTs [65].

When SWCNTs were used to form composite materials with O-MWCNTSs, N-MWCNTs, or graphene, these hybrids had, on average 6
times lower electrical conductivity (by 5.4, 7.4, and 6.2 times, respectively) than neat SWCNTs. Deterioration of electrical conductivity
can be explained by a significant content of defects in the admixed nanocarbon types as detected by Raman spectroscopy. Due to the
increased abundance of imperfections, charge scattering is more pronounced, which elevates the resistance. Unfortunately, the
electrical conductivity of films made exclusively from O-MWCNTs, N-MWCNTs, or graphene could not be determined because the films
produced from them had poor mechanical integrity.

Furthermore, we examined the impact of binder removal on the electrical conductivity of the nanocarbon ensembles. The annealing
of the material did not seem to affect the electrical conductivity of SWCNTs, NC-MWCNTs, or MWCNTs, which stayed in accordance
with Raman’s characterization showing no change to the structure of the material during thermal treatment [55,64]. However, after
annealing, the value of electrical conductivity for all the composites of SWCNTs with O-MWCNTs, N-MWCNTs and graphene almost
doubled (e.g. 50% O-MWCNTS: Gyith binder = 82.7 & 15.3 S/cm — Owithout binder = 166.8 + 23.3 S/cm or 25% N-MWCNTS: Gyith binder =
99.3 + 3.3 S/cm — Gwithout binder = 148.7 &+ 8.5 S/cm). We believe that the surface chemistry of CNTs became much more compatible
with the EC structure after implanting O- and N-functionalities into these nanocarbon materials. Likely, oxygen-rich EC binder
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interacted very well with modified CNTs (O-MWCNTs and N-MWCNTs). This, in turn, led to the encapsulation of O-MWCNTs and
N-MWCNTs by a dielectric EC binder, which impeded the electrical conductivity of the material. Therefore, when the EC was removed
by annealing, the electrical conductivity increased due to the formation of new percolation pathways. The same mechanism can
explain the increase of electrical conductivity SWCNTSs/graphene composites upon annealing due to the abundance of graphene base
material defects as determined by Raman spectroscopy.

To sum up, the electrical conductivities of all binder-free nanocarbon composites of SWCNTs with functionalized MWCNTSs or
graphene showed similar values of about 150-200 S/cm. What regards the base materials after annealing, the notable exceptions were
the highly conductive SWCNT films (conductivity of 1064.0 & 69.0 S/cm) and poorly conductive NC-MWCNTs (conductivity of 36.8 +
0.5 S/cm), which was mainly caused by the remarkably high and low quality of the material, respectively, as mentioned in text before.

3.2. Electrochemical recovery of Cu onto nanocarbon films

3.2.1. Cathodic polarization experiments

Cathodic polarization curves were recorded for all samples in synthetic Cu waste water (Fig. 5). The results showed typical
characteristics of Cu recovery by electrodeposition from a high concentration solution with some notable differences in deposition
kinetics between various samples. Two distinctive sets of behaviors were observed in all curves: (i) slow recovery kinetics for all
samples containing binder and samples consisting purely of unfunctionalized MWCNTs and (ii) fast recovery kinetics for all binder-free
samples, including neat SWCNTs and their composites with functionalized MWCNTs.

The samples showing slow deposition kinetics (i) demonstrated a slow change in Cu deposition current with the function of
overvoltage. These samples showed a cathodic deposition slope ranging from 0.06 to 0.16 mA/mV. The films produced from com-
mercial MWCNTs (NC-MWCNT) exhibited the slowest deposition kinetics with or without binder, which was attributed to the
significantly lower electrical conductivity compared with other samples. The binder presence clearly decreased Cu’s recovery rate due
to its insulating properties leading to physical blocking of the underlying nanocarbon network. Furthermore, as the binder containing
samples were more hydrophobic, it was deduced that the binder’s presence made the penetration of the electrolyte into the film more
difficult, thus leading to less surface area exposed for deposition as shown previously [66].

Conversely, the high polarization samples (ii) showed a considerably steeper cathodic slope, which meant that the material
polarized more easily for the deposition of Cu. The cathodic deposition slope was in the range of 0.18-0.45 mA/mV. The observed
faster kinetics could not be ascribed to increases in electrical conductivity but only to the removal of binder. Lastly, no obvious
correlation between the cathodic deposition slope (Table 3) and electrical conductivity could be made (Fig. 4).
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Fig. 5. Cathodic polarization curves for (a) neat CNT films, (b) oxygen-doped CNT films, (c) nitrogen-doped CNT films, and (d) graphene-doped
CNT films.
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3.2.2. Pulsed electrochemical recovery of Cu

To further test the performance of various nanocarbon film materials, the pulsed recovery i.e. pulse electrodeposition of Cu par-
ticles was studied from the synthetic electrolyte. For this experiment, the samples were electrodeposited with a single deposition pulse
of 1 s at 0.0 V vs. SCE. The purpose of using such low overvoltage for Cu deposition was to examine the differences between samples
with different compositions and functionalities and the effect of the binder on the very first nuclei forming in the beginning stages of Cu
deposition.

We first examined the parent materials (Fig. 6a). The results showed that the pulse electrodeposition process was most facile on
neat SWCNTs. Round Cu clusters of about 2 pm in diameter were distributed evenly near the surface of the film. It was noted that when
the SWCNTs contained the binder (Fig. 6b), the Cu deposition was also pronounced, but the size, shape, and distribution of the particles
were less uniform. Therefore, the removal of the binder was found to be beneficial for the deposition of homogeneously distributed Cu
nuclei, confirming the results from the cathodic polarization experiments.

On the other hand, when MWCNTs were employed, only scarce Cu clusters could be observed on the surface (Fig. 6¢ and d). The
reason why Cu’s electrodeposition was inferior on these types of films could be ascribed to the low values of electrical conductivity and
poor crystallinity (high Ip/Ig ratio, as shown in Fig. 2). NC-MWCNTs and MWCNTs had an order of magnitude lower electrical con-
ductivity than SWCNTs and were characterized by an abundance of defects. Consequently, the electrodes made from them were more
challenging to polarize, as shown in Fig. 5, leading to reduced Cu deposition kinetics. Hence, only a negligible amount of Cu on the
surface was observed after the deposition. Moreover, since Cu deposition is favored on the defects, which are abundant in these
materials, Cu’s inhomogeneous distribution was noted.

In the next step, we wanted to find out how the incorporation of functionalized MWCNTs into the SWCNT matrix would affect the
ability of the material to be deposited with Cu (Fig. 7). Previously, it has been shown that incorporating oxygen-containing func-
tionalities on the surface of CNT films improved the electrochemical response for metal electrodeposition due to higher reactivity of
oxygen-containing functional groups [66], giving rise to a more homogeneous distribution of smaller metal nuclei.

In this work, the same general trend was observed to a certain degree. Increasing the amount of functionalized MWCNTs while
reducing the amount of SWCNTs led to smaller Cu nuclei up to 25% O-MWCNTs. At 10%-25% of O-MWCNTs (Fig. 7a and b), only
smaller Cu deposits at a maximum of a few microns in diameter were detected, which were distributed evenly across the sample
surface. However, higher amounts of O-MWCNTs (Fig. 7c) resulted in sparsely situated ca. 10 pm Cu nuclei, similar to the pure
MWCNT material. The results were in line with the polarization experiments, which showed that the slope of the deposition was similar
for samples consisting of only SWCNTs and for samples containing 10% and 25% O-MWCNTs. Conversely, at 50% O-MWCNTs, the
cathodic slope showed a clear decrease, which was likely related to the high amount of less conductive MWCNTs that negatively
affected the polarization’s ability. Therefore, only small additions of functionalized CNTs were beneficial for the deposition of evenly
distributed small Cu nuclei compared with pure SWCNT material. These results prove that instead of oxidation of the bulk SWCNT
material, a more facile strategy can be employed. A certain amount of oxidized CNTs can be simply admixed to the SWCNT matrix to
promote the process.

SO 10HA SN -
Cu + NC-MWCNTs —— 10 pm | Cu+ MWCNTs

Fig. 6. SEM micrographs of Cu deposited on films from parent CNTs after pulse electrodeposition.
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Fig. 7. SEM micrographs of Cu deposited on films from SWCNTs and O-MWCNTs after pulse electrodeposition.

Considering the composite films made of N-MWCNT and graphene fillers, their addition on the level of 25% in the SWCNT matrix
did not promote homogeneous Cu deposition (Fig. 8). For both types of these composite films, the deposition was sparse, and the size
and distribution of the particles varied considerably. No pattern of Cu nuclei size could be discerned.

3.2.3. Cu recovery from industrial waste water

Authentic industrial waste water was employed to test the nanocarbon composite films’ applicability for the direct Cu recovery
from wastewater. Different types of films were selected for 1-h electrodeposition at —0.1V vs. SCE. Such electrodeposition potential
was chosen as it was not low enough to deposit the less noble elements from the solution. These conditions allowed only Cu (and more
noble elements) to be reduced selectively on the film surface. The concentration of Cu (428 ppm) in wastewater was 100x lower than
that of the synthetic Cu electrolyte. It contained a plethora of other metals, such as Fe, Al, and Mg in sulfate-rich media (Table 2).

SEM micrographs in Fig. 9 show the morphology of the Cu particles deposited on various types of nanocarbon films from this feed.
The sizes of Cu deposits on films were SWCNTSs (1.5 + 0.3 pm), MWCNTSs (4.3 £ 0.5 pm), and 25% graphene (1.1 + 0.3 pm). For the
remaining materials, the size distribution was too inhomogeneous to determine this value with any certainty. Generally, the Cu de-
posits’ size followed the same trend, as noted previously, with the MWCNT film showing larger particles. No deposits could be dis-
cerned on the NC-MWCNT film, likely due to its low conductivity not being able to support deposition at such overvoltage. However,
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Fig. 8. SEM micrographs of Cu deposited on films from SWCNTs and N-MWCNTs or graphene after pulse electrodeposition.

Table 2

List of nanocarbon films used in the study.
Short Name Composition
SWCNTs Commercial high-quality single-walled CNTs
NC-MWCNTs Commercial technical grade multi-walled CNTs
MWCNTs In-house made multi-walled CNTs
10% O-MWCNTs Oxidized in-house made multi-walled CNTs & single-walled CNTs (1:9, w/w)
25% O-MWCNTs Oxidized in-house made multi-walled CNTs & single-walled CNTs (1:3, w/w)
50% O-MWCNTSs Oxidized in-house made multi-walled CNTs & single-walled CNTs (1:1, w/w)
10% N-MWCNTs N-doped in-house made multi-walled CNTs & single-walled CNTs (1:9, w/w)
25% N-MWCNTs N-doped in-house made multi-walled CNTs & single-walled CNTs (1:3, w/w)
50% N-MWCNTs N-doped in-house made multi-walled CNTs & single-walled CNTs (1:1, w/w)
10% Graphene Graphene & single-walled CNTs (1:9, w/w)
25% Graphene Graphene & single-walled CNTs (1:3, w/w)

Note: 50% Graphene composite was not used in the study because it revealed poor mechanical properties after
preparation.

the even size and distribution of the Cu deposits on SWCNT films appeared encouraging; therefore, we subjected it to further analysis.

EDX mapping and spectral analysis of the deposited particles (Fig. 10) confirmed that they were pure Cu (>45 wt%), and no other
metallic elements were present. Oxygen (~10 wt%) was also detected in the areas corresponding to Cu, which indicated that these
species are either partially oxidized, or there were some deposits on the surface containing oxygen. Nevertheless, the lack of other
elements besides carbon in the spectrum proved that not only the Cu deposition was successful from a complex mixture of elements,
but that the process also exhibited selectivity after application of appropriate conditions. Taken together, these results illustrate that
the proposed integration strategy of Cu and nanocarbon is selective and can be used to manufacture high-quality composites directly
from waste solutions.

4. Conclusions

This work examined the recovery of copper directly on various types of films made from nanocarbon materials used as admixed
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Table 3
Summary of cathodic deposition results.
Sample Cathodic deposition slope [mA/mV]
SWCNTs + EC 0.12
SWCNTs 0.45
MWCNTs + EC 0.08
MWCNTs 0.12
NC-MWCNTs + EC 0.09
NC-MWCNTs 0.10
10% O-MWCNTs + EC 0.09
10% O-MWCNTs 0.40
25% O-MWCNTs + EC 0.16
25% O-MWCNTs 0.36
50% O-MWCNTs + EC 0.11
50% O-MWCNTs 0.20
10% N-MWCNTs + EC 0.09
10% N-MWCNTs 0.24
25% N-MWCNTs + EC 0.13
25% N-MWCNTs 0.35
50% N-MWCNTs + EC 0.08
50% N-MWCNTs 0.30
10% Graphene + EC 0.08
10% Graphene 0.20
25% Graphene + EC 0.06
25% Graphene 0.18

XN i

iy B WS ¥ s 5
F—] 10 um |cu + NC-MWCNTs 0 pm |Cu + MWCNT

5 q &0 %
25% Cu + N-MWCNTs  |— 10 pm |25% Cu + Graphene

Fig. 9. SEM micrographs of Cu deposits on various nanocarbon films after 1h of electrodeposition from wastewater.

material for electrochemical recovery of Cu. The materials were extensively characterized to understand the electrodeposition process.
Firstly, recovery from synthetic Cu electrolyte (40 g/L Cu) was studied using cathodic polarization experiments and pulse electro-
deposition to observe differences in electrochemical and Cu nucleation behavior. Furthermore, an authentic industrial multi-metallic
wastewater solution containing 428 ppm Cu was utilized as the raw material. The obtained results showed a beneficial response when
using films with higher electrical conductivity and films containing different functional groups to cover the surface with Cu evenly.

The results validate that direct recovery of copper from industrial waste water on nanocarbon substrates is possible, as nano-
materials’ microstructure can be tuned with ease and to a large extent. Due to the rich chemistry of carbon, it is straightforward to
optimize the topography and chemical composition to make nanocarbon integrate well with Cu. Consequently, added value composite
materials can be produced even when industrial waste water solution is taken as the source of metal nanoparticles. This way, the
problematic waste is not only managed but transformed into products of high added value. It is envisioned that the structures produced
by this approach can show particular promise for catalytic or electrochemical applications. In these scenarios, the combination of a
highly conductive substrate with the unique properties of size constrained metal nanoparticles paves the way towards reaching high
performance on these fronts.
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Fig. 10. (a) EDX mapping of a Cu-SWCNT composite and the (b) quantitative analysis.
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