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This study presents an innovative approach to the recovery of nickel from industrial wastewater using cost-
effective carbon fiber electrodes, aiming to provide a sustainable and scalable solution for industrial effluent
management. Carbon fibers offer unique benefits in electrochemical recovery processes due to their high
surface area, excellent conductivity, mechanical durability, and compatibility with low-cost production. The
optimized conditions, including a deposition potential of 4 V, pH 3.5, and temperature of 60 °C, achieved a
high nickel recovery efficiency of 90%, with minimal energy consumption at 3 kW h per kilogram of nickel.
This efficiency was verified through Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray (EDX)
analyses, which revealed uniform and dense nickel coatings on the carbon fibers, even under continuous
operation. Fourier Transform Infrared Spectroscopy (FTIR) and X-ray diffraction (XRD) confirmed successful
nickel deposition and modifications to the carbon fiber surface chemistry, enhancing the adsorption and
reduction of nickel ions. Using carbon fiber electrodes in this process addresses several limitations in
traditional electrode materials by reducing costs, improving scalability, and supporting continuous, large-
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scale nickel recovery. This method offers a viable alternative to conventional electrochemical metal
recovery and contributes to circular resource utilization by recycling valuable metals from wastewater. With
regulatory pressures discharge limits, this carbon fiber-based
electrodeposition process presents a highly promising solution for industrial wastewater treatment,
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electroplating, alloy production, and chemical manufacturing,
leading to elevated levels of nickel in industrial wastewater.
High nickel concentrations in discharged wastewater can
result in severe environmental pollution and health concerns
for exposed individuals.”** The Ni(u) is readily available and
more toxic in cationic form than its complexes. Although
Ni(u) may be more toxic on a molecular level due to its
oxidative potential, Ni(u) is of greater concern in
environmental and public health contexts because it is more
stable and more likely to cause chronic exposure. As a result,
Polymeric Materials, KTH — Royal Institute of Technology, Teknikringen 56-58, 100 most toxicological studies and environmental regulations
44 Stockholm, Sweden. E-mail: rols@kth.se focus on Ni(u)."*'* Managing nickel-contaminated wastewater
? Wallenberg Initiative Materials Science for Sustainability, Department of Fibre is crucial for mitigating environmental damage and
and Polymer Technology, KTH Royal Institute of Technology, Stockholm, SE-106 91 safeguarding human health.'*™*® The European Union's
Stockholm, Sweden . . . . . -1
“NKT HV Cables, Technology Consulting, SE-721 78 Viisterds, Sweden stringent requirement for Ni() discharge is set at 0.03 mg L
(2010/75/EU).2° Under the EU Water Framework Directive, the

1. Introduction

The extraction processes generate substantial volumes of
wastewater containing valuable industrial metals such as zinc
(zn), lead (Pb), cadmium (Cd), and nickel (Ni)."* Among
heavy metals, nickel stands out due to its extensive industrial
use and value as a raw material. Nickel is commonly utilized
in high-value industrial processes, including metal plating,
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maximum allowable concentration of 34 ug L™ reflects its
potential to harm aquatic life even at low levels. For soil,
acceptable concentrations vary depending on land use, but
general thresholds for agricultural land range between 30 to
75 mg kg™ of nickel content. These values highlight the
importance of monitoring and regulating nickel emissions to
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minimize ecological risks and protect public health.**?
Stringent regulations and enforcement mechanisms are
therefore vital in ensuring compliance with environmental
standards and promoting sustainable mining practices.*®
Various treatment methods, including sedimentation,
chemical precipitation, membrane separation, ion exchange,
and advanced oxidation processes, remove heavy metals from
before discharge.”**®> Strategies such as
containment ponds, liners, and regular monitoring are
implemented to prevent leakage of contaminated water into
surrounding ecosystems.”® Despite these efforts, challenges
persist in effectively recovering nickel from wastewater,
including high treatment costs and complexity in treating
multiple contaminants simultaneously. Therefore, continual
technological advancements are necessary to improve
treatment efficiency, including the additional recovery of
valuable metals such as Zn, Pb, and Cd.***9%772°

Electrochemical methods, particularly electrolysis and
electrochemical  deposition (electroplating), present
promising solutions for nickel recovery. These methods are
economically viable and eco-friendly and are widely used to
develop corrosion-preventing coatings and as pretreatments
for further metallic depositions. However, optimizing large-
scale electrochemical reactors is essential, with the choice
of electrodes playing a pivotal role in determining the
efficiency and quality of nickel recovery.*’® Inexpensive
carbon fibers emerge as innovative electrode materials for
nickel recovery from treated  wastewater  via
electrodeposition. Their high conductivity, durability, and
flexibility make them ideal for this application, providing
high surface areas and active sites for nickel ion adsorption
and reduction from wastewater solutions, offering a cost-
effective  and  efficient alternative to  traditional
electrodes.*>*”

This study demonstrates the effectiveness of conductive
carbon fibers as high-performance electrodes for nickel
recovery from wastewater. A 90% recovery efficiency of nickel
at the low potential of 4 V with minimal energy consumption
(3 kW h per kg of nickel) demonstrates significant potential
for scalability within sustainable resource recovery. A detailed
characterization of the nature of the carbon fibers before and
after electrodeposition using high-resolution microscopy,
FTIR/UV Spectroscopy, and X-ray diffraction is presented.
Further refinement of this approach will pave the way for
broader application in wastewater treatment, contributing to
more efficient, cost-effective, and eco-friendly solutions
within industrial effluent management.

wastewater

2. Experimental

2.1 Chemicals and materials

Nickel sulfate hexahydrate (NiSO,6H,0, >98%), sodium
sulfate (Na,SO,, =99%), sulphuric acid (H,SO,, >=98%), and
sodium hydroxide (NaOH, =>95%) were purchased from
Sigma Aldrich. The boric acid (H3;BOjz;, >99%) was brought
from Alfa Aesar. The concentration of nickel salts in all
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sample solutions was 0.050 M, corresponding to a lower
nickel  concentration, which  helps the
electrodeposition characteristics. Polyacrylonitrile (PAN)
based carbon fiber and platinum wire were obtained from
PYROFIL™ TOW (TR 30S 3L, A2), Japan, and Sigma Aldrich,
Sweden, respectively. True wastewater from industrial
partners was analyzed and observed as containing Ni** (mg
L™, H,PO, (mg L), and other co-ions like zinc (Zn>"), lead
(Pb*"), and cadmium (Cd**), and used as a benchmark in
concentration value selections during the studies.

evaluate

2.2 Experimental setup and procedure

The electrodeposition experiments were carried out in an
electrolytic cell of cylindrical shape with dimensions 105 x
50 x 60 mm. The synthetic (simulated) wastewater of 100
ml was prepared by dissolving the exact quantity of nickel
sulfate in deionized Milli-Q water. The initial pH value of
the sample solution was adjusted with H,SO, or NaOH to
adjust the pH of the starting solutions to the pH values
required for the study. Aliquots were taken regularly to
measure and characterize the stock solutions during the
electrodeposition experiments. An image of the entire setup
as a single-chambered electrolytic cell connected to the DC
power supply is shown in Fig. 1. The power supply was
connected to the carbon fiber at the cathode and to the
platinum wire at the anode. The electrolytical cell was used
in potentiostatic mode with constant potential applied
throughout the evaluated process. The recovery rate and
energy consumption were calculated by using the following
formulas:

Recovery efficiency (RE) = (C, - C)/C, X 100% (1)

where C, is the initial amount of nickel in the solution (mg
L™, C. is the final concentration of nickel in the solution
(mg L), and RE is the recovery efficiency. Eqn (2) was used
to calculate the energy consumption during the entire
electrodeposition process to predict the system's economic
nature in the recovery process.

W (kW h g) = (Ux I+ P)x t/AX x 1000 (2)

PYPd Anode ‘@‘ CF Cathode

Electrolytic cell

Fig. 1 Schematic of the single-chamber electrolytic cell setup,
illustrating the configuration with a DC power supply connected to the
carbon fiber and cathode and platinum wire as anode.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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U, I, and P are the voltage (V), current intensity (A), and
reaction time in hours, respectively. P is the power of the
magnetic stirring and heating apparatus (10 W), AX: the
recovery amount of Ni ions (mg).

Removal of polymeric carbon fiber coating (sizing). A
length of approximately 1 m of carbon fibers was taken and
connected to a variable autotransformer (METREL HSN0203,
power: 1.82 kVA). One end was connected to the positive
terminal and the other to the negative terminal. To obtain a
polymer-free surface of carbon fibers, a shock heat treatment
up to ca. 750-850 °C for 10 s was applied to the fibers by
rapidly increasing the potential over the fibers filaments until
the surface sizing agents were observed to be burnt and the
fibers uniformly glowed with orange color. The coating of
used carbon fibers was a thin layer of epoxide according to
the data manufacturer sheet. This was also confirmed in this
study by boiling the fibers in acetone and confirming the
hydrocarbon functional coating presence in the wet acetone
by Infrared spectroscopy. The complete removal was ensured
by high voltage exposure to the extent that the carbon fibers
started to glow with strong yellow-orange emitted light. At
this state, complete degradation of the coating was evident at
the temperature of 480 °C; thereafter, no additional mass
loss was observed. The corresponding TGA plots have been
included in the ESL} Fig. $1.*°

2.3 Characterization

Scanning Electron Microscopy (SEM). The morphological
and chemical composition of deposits on carbon fibers were
investigated using a scanning electron microscope (SEM,
Hitachi SEM S-4800, Japan) equipped with an energy
dispersive spectroscopy detector (EDS, X-Max 80 SDD EDS
detector from Oxford Instruments, UK).

Fourier Transform Infrared Spectrophotometer (FTIR).
The Perkin Elmer Spectrum 100 FT-IR spectrometer was
employed to obtain infrared spectra of both nickel-deposited and
non-deposited carbon fibers within the range 400 to 4000 cm™".

X-Ray Diffraction Spectroscopy (XRD). The phase
composition of the nickel deposits on the carbon fibers was
analyzed using X-ray powder diffraction (PANalytical X'Pert
Pro X-Ray Diffractometer) with the following set-up: Cu Ko
radiation (1 = 0.154 nm), 45 kV and 40 mA working current
scanning from 5 °C to 70 °C at a speed of 5 °C min™".

UV-Visible Spectroscopy (UV). The amount of nickel
recovered via electrodeposition was determined by comparing
the amount of the nickel before and after the deposition
process from the standard sample in the cell. Both quantities
were measured using UV-vis spectroscopy (UV-2550,
Shimadzu, with the cell path length equal to 10 mm).

3. Results and discussion

3.1 High-resolution microscopy of the uncoated and nickel-
coated carbon fibers with surface composition analysis (EDX)

SEM analyses were performed to investigate the
electrodeposited nickel film formation and its surface

© 2025 The Author(s). Published by the Royal Society of Chemistry
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morphologies. The analyses were performed before and after
the nickel electrodeposition at an optimal pH of 3.5 (see
section 3.8). Fig. 2a shows the uncoated carbon fibers
appearing smooth with well-defined longitudinal striations
along the fiber axis, which stemmed from the fiber
manufacturing process. The fibers are randomly oriented and
mostly separated from one another on the sample holder,
confirming that the polymeric coating had been successfully
removed by the high-voltage treatment method. Also,
minimal visible surface defects suggested a clean and intact
fiber surface after removing the coating. In Fig. 2b, the nickel
coating is evident on the carbon fibers, creating a textured
surface on the fibers. The coating was continuous along the
fibers but varied in thickness and the particle size
distribution along the fibers. The more detailed SEM images
confirmed the presence of agglomerate structures of nickel
deposits on the outer surfaces of the carbon fiber filament
bundles, consisting of the ca. 3000 filaments with an average
thickness of ca. 7-8 micrometers, see Fig. 2c. This was

100 pm
Fig. 2 a. Micrographs of carbon fiber surface before
electrodeposition. b. Carbon fibers coated with nickel. c. High

magnification of the nickel-coated fibers with coherent uniform
coating along the filaments, with intensified deposition occurring in
some areas. d. Small cracks in deposited nickel surface. e. High
magnification of rough particle-shaped nickel deposits providing
nucleation sites for further growth, f. High magnification of nickel
deposits showing irregular polygonal shapes. g and h. EDS mapping of
nickel-coated carbon fibers.
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interpreted as a result caused by the intensified electrical
field strength (Fig. 2c) at local positions in the reactor vessel,
causing some morphological differences in the deposited
nickel. The dual morphology observed in Fig. 2c,
agglomerated structures on the left and rod-like formations
on the right, reflects non-uniform nickel nucleation and
growth on the carbon fibre surface. The agglomerates likely
arise from higher nucleation densities at surface defects,
promoting isotropic growth and particle clustering, while the
rod-like structures suggest anisotropic growth driven by local
electric field variations. Such morphological diversity is
commonly linked to substrate heterogeneity and localized
electrochemical conditions. Future work will involve
modelling electric field gradients to better control and
optimize deposition uniformity. On the more uniformly
nickel-covered filaments (Fig. 2d), cracks could be observed,
suggesting internal coating stress during nickel deposition or
the handling of the fibers. The surface morphology also
showed larger spherical nickel particles impinging on the
carbon fibers' surface, as shown in Fig. 2e. Fig. 2e also
highlights the mixed particle sizes in the rough texture of the
nickel surface coating; smaller nickel clusters between larger
particles had been formed, suggesting secondary nucleation
had occurred or incomplete coalescence during the
deposition process. A more magnified view at the surface of
the particles (Fig. 2f) reveals irregular polygonal shapes
visible on the surface of the already coated materials,
indicating a preferential deposition and further orientation
crystallographic growth preference towards already formed
nickel surfaces.

Fig. 2g and h show the elemental mapping of the nickel-
coated carbon fibers. The bright blue color in the energy-
dispersive X-ray (EDS) analysis confirmed the presence of
pure nickel on the surface. The results also suggest that some
nickel oxides may have deposited on the surface of carbon
fibers.

Table 1 shows the elemental analysis of the nickel
electrodeposits, with the relative contents of nickel to oxygen
shown in column 3 for the different chemical pH conditions
(Table 1). The nickel content varied based on pH, and a clear
trend was observed with a more effective deposition
occurring at pH 1.5 to 3.5, with deposited nickel contents
>30 wt%. The lower oxygen contents observed at these lower
pH values also indicated that predominantly pure metallic

Table 1 EDS elemental mapping of electrodeposited carbon fiber, also
showing the relative ratio for the nickel to oxygen, demonstrating that it
highly depends on the electrode solution pH

Nickel Oxygen Actual wt of Ni recovered

pH (weight%) (weight%) (g)

0.5 4.7 16.7 0.566
1.5 28.2 14.5 0.725
2.5 30.6 9.7 1.298
3.5 31.0 18.0 1.300
4.5 21.2 25.1 1.070
5.5 0.6 19.1 1.139
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nickel had formed. At lower pH, the reduction potential for
Ni**/Ni is more favorable, which leads to a more efficient
deposition of nickel with less oxygen incorporation. In
comparison, at the higher pH values, the overpotential for
hydrogen evolution increases, potentially leading to more
competition between hydrogen evolution and nickel
deposition, which increases the incorporation of oxygen (as
hydroxides or oxides).

In summary, the SEM results demonstrate that the
electrodeposition process successfully recovers nickel on the
carbon fibers. The electrodeposition process on carbon fibers
involves an initial nucleation phase where nickel atoms
deposit and form nuclei uniformly across the fiber surface.
The high nucleation density observed in the SEM
micrographs indicates a well-controlled process, leading to a
fine-grained and coherent nickel coating. However, irregular
growth patterns and cracks highlighted the
complexities of managing growth dynamics and stress factors
during deposition. The EDS mapping further confirmed the
presence and distribution of the nickel on the fibers.
Optimization of deposition parameters such as electrolyte
composition, potential, and deposition time was crucial to
facilitate nucleation wuniformity and minimize defects,
thereby enhancing the overall quality of recovered nickel on
carbon fibers.

surface

3.2 FTIR analysis of electrodeposited carbon fibers

The FTIR spectra of the carbon fibers before and after
coating are depicted in Fig. 3a and b. The spectrum of the
pure, unmodified carbon fiber showed low absorbance across
all wavenumbers, which is due to the absence or low
intensity of oxygen-containing groups such as hydroxyl (-
OH), carbonyl (C=O0), and carboxyl (-COOH), which are
known to facilitate metal ion adsorption and enhance
electrochemical interactions. After the electrodeposition, the
nickel-coated carbon fibers (Ni/CF) spectrum showed
multiple distinct peaks with different absorbance values,
reflecting the presence of functional groups and bonds
introduced by the nickel-coating process. The peaks at ~3469
em™ and ~3141 ecm™" indicated O-H stretching vibrations
associated with hydroxyl groups.*' The absorbance at around
~2829 c¢m™' corresponded to C-H stretching vibrations,
indicative of alkane groups.*' The peak at 1663 cm ' is
characteristic of C=0 stretching vibrations, typically found
in carbonyl groups.*" A peak with the presence at 1663 cm™"
suggested that the nickel coating process introduced more
hydroxyl functional groups on the carbon fiber surface.*!
Another peak at 1082 cm™" corresponded to C-O stretching
vibrations, which can be associated with ethers, alcohols, or
esters.”’ The FTIR spectra revealed that nickel coating
substantially modified the surface chemistry of carbon fibers,
which was consistent with the formation of an inorganic
metal oxide/metal phase on the surface of the carbon fibers.
However, many of the peaks were related to the carbon
functionalities that formed due to the extensive oxidation of

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 a. FTIR spectra of carbon fiber (CF) and nickel-coated carbon fiber (Ni/CF). The CF spectrum shows minimal peaks, indicating a lack of
significant surface functional groups. b. FTIR spectra of nickel-coated carbon fiber (Ni/CF) at different pH levels (pH-1 to pH-5). The spectra reveal
variations in the presence and intensity of functional groups with changing pH.

the carbon fiber surface when exposed to strong acidic
conditions associated with the acidic electrolyte (sulphuric
and boric acid), in combination with the applied potential
over the carbon surface which also is known to oxidize the
carbon phase.**

Fig. 3b reveals that the pH level during the nickel
coating process had smaller effects on the surface
chemistry of carbon fibers. Under the most acidic
conditions (pH = 1 and pH = 2), a comparatively higher
presence of hydroxyl and carbonyl groups was observed
around ~1100 cm™, indicating more oxidative interaction
with acidic solutions. As the pH increased to neutral
conditions (pH = 3 to pH = 5), there was a notable shift
towards metal oxides and hydroxides (O-H groups), in
agreement with the changes in the chemical environment
and surface functionality with higher depositions occurring
at these pH values (see section 3.1).

- Ni/CF
— CF
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Fig. 4 XRD spectra of carbon fiber (CF) and nickel-coated carbon
fiber (Ni/CF) at pH 3.5. Spectra confirms that the black spectrum,

representing nickel-coated carbon fiber, shows dominant peaks for
nickel at 44.5°, 51.8°, and 76.4°.

© 2025 The Author(s). Published by the Royal Society of Chemistry

3.3 XRD analysis of electrodeposited carbon fibers

X-ray diffraction (XRD) was used to characterize the
composition and structure of the coated carbon fibers. In
Fig. 4, the diffraction peaks at 44.5°, 51.8°, and 76.4° confirm
that nickel formation with a face-centered cubic structure
was formed. The nickel diffraction peaks became more
pronounced with an increased surface coverage of particles.
The peak at 26.5° is characteristic of graphitic carbon (002)
reflection, indicating well-ordered carbon layers in the carbon
fibers. The presence of high-intensity nickel peaks on the
black color spectrum confirms the successful coating of
nickel on the carbon fibers, while the reduction of the carbon
peak in the black spectrum (26.5°) compared to the red
spectrum with the visible presence of the 002 reflections
suggested that the nickel coating effectively masked the
underlying carbon fiber structure. Also, no nickel oxide peaks
were detected in the black spectrum obtained from the fibers
coated at pH 3.5, indicating no oxide layer formed during
this electrodeposition condition. The electrodeposited nickel
associated with the displayed 26.5° and 44.5° peaks were in
agreement with nickel deposition relationships proposed by
Amblard et al. and corresponded to inhibited and free lateral
growth of nickel, respectively.”” The difference between the
XRD and FTIR results can be explained by how each
technique detects materials and their sensitivity levels. XRD
is primarily sensitive to crystalline phases, and in this study,
no crystalline nickel oxide phases were detected at pH 3.5,
indicating that no bulk or well-ordered oxide layer formed
under these conditions. In contrast, FTIR can detect both
crystalline and amorphous surface species, including
characteristic metal-oxygen vibrational modes. The observed
FTIR shift toward metal oxide-related bands as the pH
increased from 3 to 5 likely corresponds to the formation of
amorphous or surface-bound nickel-oxygen species. These
species are not detectable by XRD but may result from partial

RSC Appl. Interfaces, 2025, 2,1031-1040 | 1035
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surface oxidation or nickel-oxygen coordination, consistent
with electrochemical surface modifications occurring at
elevated pH. Thus, the two techniques provide
complementary insights into the surface chemistry and
structural evolution of the system.*>**

3.4 UV-vis analysis of the electrolyte

Fig. 5 shows the UV-vis spectra recorded for the nickel
solution from the bath before and after the electrodeposition.
The spectral analysis revealed that the electrolyte bath
exhibited small changes in nickel signal at the wavelengths
of 395 nm and between 660-720 nm, with the execution of
the electrodeposition process, ie. before and after the
deposition. A decrease in the intensity of the Ni** signals over
time would be consistent with a reduction in the
concentration of nickel ions as they are deposited onto the
electrode. Importantly, this decrease in intensity occurred
without any shift in the peak positions of the spectra,
suggesting that the chemical environment of the nickel ions
remains unchanged during the deposition process. Given the
conditions (pH 3.5, 60 °C, 2 hours, 4 V), the observed
changes in the UV-vis spectra were in agreement with a
consumption of the Ni** ions. A small ca. 5% increase in
transmittance at ca. 395 nm, with the deposition of nickel
ions to the electrode, consistent with a
concentration of nickel ions in the electrolyte. To quantify
the concentration of Ni** ions in solution before and after
electrodeposition, a UV/vis calibration curve was prepared
using standard nickel sulfate solutions at known
concentrations. Absorbance measurements were taken at the
characteristic wavelength for Ni*‘, and a linear calibration
curve was obtained with a correlation coefficient (R* > 0.99),
confirming the reliability of the method (Fig. S27). Using this
calibration curve, the Ni** concentration before
electrodeposition was determined to be 1.44 g L™, while the
post-electrodeposition concentration decreased to 0.672 g

was lower
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©
o
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Fig. 5 UV-vis spectra for Ni?* ion presence in nickel standard solution
before and after 2-hour electrodeposition at pH 3.5 and 60 °C.
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L' This represents a significant reduction in nickel content
and indicates effective metal ion removal through
electrodeposition. In summary, the UV-vis spectra
demonstrated that the electrodeposition process successfully
reduced the concentration of Ni*' ions in the electrolyte
solution, allowing the deposition to be monitored through
changes in transmittance values.
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Fig. 6 a. Effect of deposition potential. b. Effect of deposition time. c.
Effect of temperature.
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3.5 Effect of deposition potential on recovery efficiency

The electrodeposition potential in the range of 2-6 volts was
investigated, and the nickel mass recovery percentages were
calculated and are shown in Fig. 6a. Within the evaluated
range, the recovery rates varied from 17.6 to 92.0% recovery
efficiency over the period of 2 hours at 60 °C. However,
operating at an excessively high deposition potential,
although providing more electrons for the reduction of Ni**
ions and improving the overall recovery of nickel, has its
drawbacks. For instance, a deposition potential that is too
high may lead to hydrogen evolution, which competes with
the nickel deposition process and can reduce current
efficiency. It can also cause increased internal stress and the
formation of rough or powdery deposits, compromising the
quality and adherence of the nickel layer. The optimal
deposition potential for maximizing nickel recovery in energy
and qualitative nickel deposition characteristics was selected
as 4 volts for all consecutive electrodeposition experiments. A
voltage of 4.0 V was selected as it represents an optimal
balance between achieving high nickel recovery efficiency
and maintaining deposit quality. At this potential, a uniform
and adherent nickel layer is formed with minimal co-
deposition of nickel hydroxides or oxides. Furthermore,
operating at 4.0 V helps to suppress excessive hydrogen
evolution, which becomes more pronounced at higher
voltages and can lead to increased energy consumption,
reduced deposition efficiency, and poor coating adhesion.*®

3.6 Effect of deposition time on recovery efficiency

The nature of the electrodeposits of the nickel can be
associated with the changes in the electrolyte over time
during the electrodeposition. The deposition time from 1 to 6
hours was therefore investigated separately for the given
chemical starting conditions (at 4 volts and 60 °C), see
Fig. 6b. The Ni(u) recovery percentage was 91.9% at a
deposition time of 1 hour, whereas the highest nickel
recovery and current efficiency were achieved at a deposition
time of 2 hours. This pattern was attributed to the
progressive build-up of the pure nickel layer on the electrode
surface with time. However, as the deposition times
increased, the electrode surface became more saturated with
nickel hydroxides/oxides, resulting in higher resistance to
efficient deposition. This resistance partly interfered with the
deposition due to the formation of less-conductive nickel
layers. Compared with results reported in the literature, the
trends observed in this study are consistent with established
findings, highlighting the critical balance between deposition
time and recovery efficiency in optimizing electrodeposition
processes.*®

3.7 Effect of the electrolyte temperature on recovery efficiency

Fig. 6c illustrates the deposition efficiency with varying
temperatures from 20 °C to 60 °C, with the nickel recovery
percentages increasing as the temperature increased. The
nickel recovery for 2 hours at 4 Volts was higher at 60 °C
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(97%) as compared to when the deposition was carried out at
20 °C (43%). The underlying reason for this temperature
dependence is multifaceted, with the recovery efficiency
affected in decreasing order for the following deposition
parameters. An increased temperature directly affects the
kinetic energy of the nickel species migrating towards the
electrode surface, ie. limited by their diffusion towards the
electrode surface, thereby having the greatest effect on the
total recovery efficiency. Although higher temperature also
enhances the reduction rate of nickel ions at the carbon fiber
electrode interface, this appeared not to dominantly impact
the recovery efficiency since no evidence for this could be
observed in Fig. 6a, ie. the surface nucleation of the nickel
species is significantly faster than the diffusivity and supply
of the nickel species from the electrolyte. A reduced oxygen
solubility, associated with the higher temperature, to some
extent, may have minimized any competing oxygen reduction
reactions, thereby allowing more efficient pure nickel
deposition. However, a temperature increase from 20 to 60
°C, with associated oxygen dissolution values (ca. 10 to 5 mg
L% respectively), was unlikely to have influenced the
deposition recovery efficiency to observed values in Fig. 6c.
Furthermore, the magnitude of the oxygen-limited reduction
current decreases with rising temperature, contributing to
the preferential deposition of nickel over side reactions.
Elevated temperatures also improve the electrolyte's
conductivity, reducing the resistance within the
electrochemical cell and thus increasing the overall efficiency
of the electrodeposition process. These findings are
consistent with the phenomena reported by Arslan et al. for
similar effects of temperature on the electrodeposition
efficiency of nickel.*® In conclusion, in this study, the most
suitable temperature for the efficient recovery of nickel was
60 °C. However, the quality of the recovered nickel was the
same for all the different temperatures and formed as solid
uniform layers of pure nickel.

Overall, it was evident that the total recovery efficiency
highly depended on the above-reported parameters, allowing
the electrolyte conditions to be optimized for the nickel
metal recovery on the carbon fiber surface, resulting in a
yield increase of more than 100% improvement.

3.8 Effect of pH on recovery efficiency

The solution's pH plays a critical role in the efficiency of Ni
ion recovery due to its influence on the overpotential of
hydrogen evolution. The pH was optimized between 0.5 and
5.5 by adjusting with varying amounts of sodium hydroxide
and sulfuric acid to reach the different pHs. The optimal pH
for nickel recovery was determined to be at 3.5, and recovery
efficiency reached 99.3%, see Fig. 7a. At this pH, the highest
current density was observed, whereas at lower current
densities associated with the pH levels of 0.5 to 1.5, a
recovery efficiency of 42.3 and 55.4% was reached. The more
limited recovery efficiency at lower pH was explained by the
increased concentration of H' ions available for reduction at
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Fig. 7 a. Effect of pH on recovery efficiency b-g SEM micrographs
showing the effect of pH on the morphological distribution of nickel
on carbon fibers.

the cathode, competing with the Ni(u) ions for reduction,
lowering both the nickel recovery and the current
efficiency. On the other hand, at higher pH values, the
concentration of hydroxide ions (OH) increases,
promoting the formation of nickel hydroxide (Ni(OH),).
Fig. 7a further shows that the recovery efficiency of Ni
ions decreased as the pH reached levels above 3.5 due to
the presence of insoluble hydroxides such as Ni(OH),
becoming more pronounced, negatively impacting the
purity of the recovered nickel. The Ni(OH), formation also
adversely affected the nickel recovery by precipitating out
of solution, reducing the amount of nickel available for
deposition. Fig. 7b to g show the SEM micrographs for
the different electrodeposition obtained at Fig. 7a,
demonstrating the marked impact on the morphologies of
the deposited nickel at different pHs.

At the lowest pH level, 0.5 (Fig. 7b), the nickel deposition
on the carbon fibers was relatively smooth, and clean fiber
surfaces were mostly hidden under an even but thin
deposition of pure nickel metal. As the pH was increased to
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1.5 (Fig. 7c), the even and uniform depositions remained, but
due to the increased thickness, areas along the fibers with
fragmented nickel can be seen. At pH 2.5 and 3.5,
Fig. 7d and e, the most substantial nickel deposition
occurred simultaneously as the morphologies changed to ca.
20 um spherical particles uniformly distributed along the
fibers. Interestingly, all depositions at pH 1.5 to 3.5 were
shiny silver colored, whereas those at pH 4.5 turned grey and
dull. At pH 5.5, the extent and nature of the nickel deposition
was almost the same as at 4.5, with powdery deposits of
nickel forming along the fibers, sometimes adhering to the
carbon fiber surface (Fig. 7f), while most frequently falling
off as a greenish powder that didn't adhere to the carbon
fiber surface, see Fig. 7g. The dominant oxygen fraction
associated with the depositions at 4.5 and 5.5 are visible in
Table 1, presenting the elemental analysis of coated carbon
fibers at different pHs.

3.9 Mechanism for deposition

At low pH levels (0.5 to 1.5), the concentration of hydrogen
ions (H") was high, competing with nickel ions (Ni**) for
reduction at the carbon fibers. The high concentration of H
led to the evolution of hydrogen gas (H,), whereas as the pH
increased to 2.5, 3.5, and 4.5, and the concentration of H"
decreased, the competition for electrons at the carbon fiber
cathode favored the favorable formation of pure nickel (see
reactions).

Ni** + 2" — Ni (3)
2H" +2¢ — H, (4)
Ni** + OH™ — Ni(OH), (5)

As the competition from H' is decreasing (at pH 4.5 and 5.5),
the nickel hydroxide Ni(OH), formation became significant
due to the higher presence of hydroxide ions (OH"), with the
formation of Ni(OH), hindering the electrodeposition by
forming a passive layer on the electrode surface, showing as
the greenish powdery coatings shown in Fig. 7f and g.

3.10 Energy consumption for the nickel recovery

The energy consumption for nickel (Ni) recovery at an
applied voltage of 4 volts under specific experimental
conditions (initial Ni** concentration: 70 mg L', pH 3.5,
temperature: 60 °C) was comprehensively calculated to 3.6 x
107 kW h g™" under optimized conditions (constant potential
of 4 Volts, for 2 hours) according to eqn (2) (see Experimental
section 2.2). This level of energy consumption is within the
ranges previously reported and assumes that the
electrodeposition was carried out under isothermal
conditions with a continuous supply of energy to maintain
the elevated temperature of the reaction bath. It can be
presumed that significant energy savings could be
implemented by insulating and reusing supplied energy for
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better energy efficiency at the given 60 ©°C reaction
temperature or possibly by lowering the reaction
temperature. However, lowering the reaction temperature
would also affect the recovery efficiency and the quality of
the recycled nickel, which is not considered in eqn (2).
Additional complexity in these estimations relates to the
conducting nature of the carbon fiber electrode's
characteristics and their surface and bulk characteristics,
showing variable conductive nature depending on their
initial removal of polymeric coating and performance as
electrodes over the electrodepositions time when the carbon
fibers have been partially coated with nickel metal or nickel
metal hydroxides/oxides. It is consequently suggested that
improvements in electrode material properties could
markedly enhance the efficiency of Ni recovery using these
flexible high surface area, strong and inexpensive carbon
fibers in their large-scale future application. Akram et al.,
which indeed achieved a much higher recovery efficiency
than us, is 98.9%. However, our study emphasizes the
process optimization toward energy efficiency, faster recovery,
and the use of low-cost, scalable materials. While Akram
et al. used IrO,/Ti electrodes and a 3-hour process with 0.7
kW h g energy consumption, our method achieved 90%
recovery in just 2 hours at pH 3.5 with significantly lower
energy usage (0.003 kW h g™' Ni). Furthermore, the use of
carbon fiber electrodes provides a more cost-effective and
sustainable alternative to very costly Ir/Ti electrodes that
inevitably are very expensive and challenging to scale on an
industrial level.

4. Conclusions

The study reports the nickel recovery from industrial
wastewater using inexpensive carbon fiber electrodes.
Optimizing  important  parameters, including pH,
temperature, deposition potential, and deposition time,
enhanced the overall electrochemical nickel recovery. The
solution pH was a critical factor in the process. An optimal
pH of 3.5 was determined, providing the best balance for
nickel recovery in terms of metal purity and quantity. At
lower pH, competition between hydrogen and nickel ions for
reduction hindered the effective recovery of the pure metal,
whereas, at higher pH levels, significant formation of nickel
hydroxides hindered the process. The temperature played a
significant role in the efficiency of the nickel recovery and
within the range from 30 °C to 60 °C, deposition at 60 °C
allowed for improved recovery rates due to increased kinetic
energy of the deposited nickel species, facilitating faster
electrochemical  reactions. Moreover, the elevated
temperatures decreased the solubility of oxygen in the
electrolyte, thereby reducing competing oxygen reduction
reactions and promoting more efficient nickel deposition. An
optimal deposition potential of 4 volts was determined,
providing sufficient electrons to reduce nickel ions while
avoiding excessive hydrogen evolution, which could interfere
with nickel deposition. This potential increased the
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nucleation rate of nickel on the electrode surface, resulting
in a more uniform and dense nickel layer, thus improving
the recovery deposition nature. Extending the deposition
time beyond 2 hours resulted in a more limited recovery
efficiency due to increased electrode resistance, explained by
the formation of unpure nickel deposits. This suggests that
timely field reversal can be advantageous. The optimized
conditions demonstrated in this research provide a practical
and viable method for nickel recovery from mining
wastewater. This approach contributes to environmental
protection by mitigating nickel pollution and supports
resource sustainability by recovering valuable metals from
wastewater. The results ensure better environmental
management and compliance with regulatory standards,
presenting a significant advancement in wastewater
treatment and resource recovery.
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