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Abstract

A preliminary study of the selective electrodeposition of Cadmium (Cd), Iron (Fe), and Chromium (Cr) from industrial wastewater sludge using
alternating current. There are no large-scale methods for recovering the metals contained in the sludge resulting from industrial wastewater
treatment. This study expanded on a method for using Alternating Current (AC) and a Graphene-Oxide-Modified Carbon Felt Electrode (CF-GO) by
using a larger volume than previously used in literature and optimizing AC settings for the selected metals. Cd concentration in solution was reduced
by 5-10% over five hours using an AC setting of 4 MHz, 2 Vpp, and -5V . Fe had five AC settings that had regression line slopes less than -4 ppm/
hr, and Cr had one AC setting with regression line slope less than -4 ppm/hr. As the Cr AC setting of 1 Hz, 1 Vo and -8V . also was efficient for the
electrodeposition of Fe, the Fe would need to be removed from solution before Cr. Future work outlined includes further AC optimization, additional

metals also found in industrial wastewater sludge, optimization of the order of metals electrodeposited, and testing the method on industrial

wastewater sludge.
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Introduction

Global industrial processes can produce wastewater with high
concentrations of heavy metals [1]. While treatment methods
may be efficient, the current disposal protocol of metal-containing
wastewaters presents hazards to the environment. Accumulation of
heavy metals in living organisms in contaminated environments can
contribute to various illnesses and diseases [2-5].

In most industrial processes, typical onsite treatment methods
involve the removal of metals through precipitation [6]. The
precipitated material, referred to as sludge, contains extraordinarily

high levels of heavy metals and must be legally classified as hazardous
waste. Current disposal methods of hazardous waste are limited
and expensive, specifically the handling and shipping procedures.
Additionally, flawed disposal procedures may lead to metals leaching
into the environment [7].

Rather than bearing the cost to transfer and dispose of this
hazardous waste, extracting the metals for recycling or salability
purposes would be beneficial. For example, three wastewater
treatment plants in South Africa treat approximately 3,500,000 liters
per day collectively at an average cadmium influent of 0.11 mg/L [8].
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With an average price of cadmium at $2.3/kg, approximately $323 of
cadmium came through the plant in 2020. One method of extracting
metal ions from solution is electrodeposition, which consists of
applying an electric field across an electrochemical cell to produce
oxidation-reduction reactions at the electrodes. This process allows
metal ions to deposit on the electrode surface in their neutral state.
Electrochemical methods have been employed in several applications,
such as battery recycling [9], water desalination [10], and treatment of
various industrial wastewaters [11-13]. While this method has proven
to be efficient in reducing the concentration of metal ions in solution,
it can be difficult to separate individual metals deposited due to co-
electrodeposition or inhibition. Rogener F, et al. [14] noted that metals
such as iron can inhibit the electrodeposition of other metals.

Recently, Liu C, et al. [15] researched a method to selectively
electrodeposit lead, copper, and cadmium. Liu C, et al. [15] employed
the use of Alternating Current (AC) sine waves and a graphene-
oxide-modified carbon felt electrode (CF-GO) to selectively remove
these metals. This CF-GO electrode was used to increase the active
surface area and increase electrodeposition efficiency. Additionally,
Liu C, et al. [15] determined optimum voltage, frequency, and offset
values that would individually target their selected metals in solution.
Conclusively, the method successfully obtained high recovery rates
(>99.9%) and only minor losses (<1%) of other metal ions remaining
in the solution.

This experiment investigated the removal of heavy metals by
chemical electrodeposition for recovering that metal in its pure form
and collectively reducing the chance of leaching into the environment.
This study utilized and expanded Liu C, et al. [15] method to determine
its use in removal of select heavy metals from industrial wastewater
sludge for minimizing environmental leaching, reducing disposal
costs, and possibly recycling for salability. Using the same method
to prepare CF-GO electrodes, these experiments employed a larger
electrochemical cell for the electrodeposition of a few of the metals
found in industrial wastewater. Of the several metals expected to have
relatively high concentrations in industrial wastewater, cadmium
(Cd), chromium (Cr), and iron (Fe) were selected for this initial study.
Cd was chosen to compare results with Liu C, et al. [15] Cr was chosen
due to its high concentration and high monetary value, and Fe was
selected due to its potential for inhibition of electrodeposition of other
metals.

Materials and Methods
Graphene oxide modified carbon felt electrode preparation

The graphene oxide modified carbon felt electrode (CF-GO) was
prepared similarly to the method used by Liu C, et al. [15]. A 2 mm
thick carbon felt (CeraMaterials) was cut into 5 cm by 5 cm squares.
The carbon felt to be modified was set as the negative electrode, and
the positive electrode was either a strip of carbon felt (CeraMaterials)
or a graphite rod (Graphite Store). Approximately 150 mL of 0.4wt%
graphene oxide solution (MSE Supplies) was poured into a beaker
and acidified it with 5 mL sulfuric acid for a pH = 1. Next, 5V, . was
applied to the electrodes for two hours using a function generator
(RigolDG822). The modified carbon felt was then washed with DI
water and air-dried.

Electrodeposition of heavy metals

The preparation of 1 L solutions of approximately 100 ppm of each
of the metals of interest involved dissolving Cd(NO,),, Fe(NO,),, or
Cr(NO,), (Sigma-Aldrich) in DI water. For the electrodeposition

setup, the CF-GO was used as the working electrode and a carbon
felt strip (CeraMaterials) or a graphite rod (Graphite Store) was used
as the counter electrode, while a function generator (Rigol DG822)
provided an AC signal.

For the electrodeposition of Cd, the AC signal was set to 4 MHz,
2V, and -5 V. . Two replicate experiments were recorded for this
setting. AC signal settings for Cr and Fe electrodeposition were varied
by offset, amplitude, and frequency. AC settings were selected to cover
the maximum and minimum values of the range of interest (1 Hz
to 10 MHz, 1 to 6 VPP, 0to -8 Voﬂse[) within the voltage range of the
function generator (total voltage range of -10 to 10 V). Additional AC
settings were selected by computer-generated random values within
the specified ranges for a total of 48 AC combinations as displayed
in Supplementary table 1. Measurements of the metal concentration
in the solutions were taken every hour. This procedure involved
transferring an aliquot of approximately 10 mL of solution from the
electrolytic cell, acidification with nitric acid, and filtration of the
acidified sample portion into a 10 mL test tube to be analyzed by ICP-
OES. Readings were taken every hour for up to five hours to determine
electrodeposition efficiency.

Results and Discussion

Electrodeposition of cadmium

One goal of this project was to reproduce the electrodeposition of
Cdas performed by Liu C, et al. [15] using a larger volume of sample. At
the AC settings of 4 MHz, ZVPP, and -5 Vet there was a reduction of
Cd concentration of 5-10% over 5 hours for the two samples analyzed
(Figure 1). It is unclear presently why the measured concentration
increased by about 4 ppm in the first hour of the experiment. One
possibility is that the solution was not completely mixed at the time of
the initial concentration reading, thus giving a lower-than-expected
value. This can be remedied by using a stir plate in future experiments.

The original experiment by Liu C, et al. [15] used an AC range
of (-5V, -2 V) where this study used a range of (-6 V, -4 V) due to
misinterpretation of the original paper. In Liu C, et al. [15] study, their
settings essentially removed all the Cd from a 15 mL sample of 1000
ppm Cd solution within 8 hours with no decrease in electrodeposition
efficiency over time. If time had permitted for the present study to use
these settings, the solution of larger volume and lower concentration
could take a longer than 8 hours to electrodeposit all the Cd.

Electrodeposition of chromium and iron

The second goal of this project was to determine if the AC settings
could be optimized for the electrodeposition of Cr and Fe. After
measuring the concentration of chromium and iron over time at the
selected AC settings, a comparison of the linear fit slope was used to
analyze the efficiency of electrodeposition (Supplementary table 1). Of
the settings selected, the slope was less than -4 ppm/hr for one of the
settings for Cr electrodeposition (1 Hz, 1 VPP, -8 V__ )and four of the
settings for Fe electrodeposition(1 Hz, 1 Vpp’ -8V .o 10 MHz, 1 Vpp’
-8 Vs 100 kHz, 3VPP, -4V . 10Hz, 2 Vpp, -6 Voﬂm). Figure 2 shows
the decrease in concentration over time for these settings. These are
the most promising of our current results as shown with their steeper
slopes.

Offset

The most effective setting configuration tested for the
electrodeposition of Cr (1 Hz, 1 Vpp, -8 Voﬁm) was also effective for the
electrodeposition of Fe. This indicates that if this setting were chosen
as the optimized AC signal for Cr electrodeposition, Fe would need
to be removed from solution before Cr electrodeposition. With the
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Figure 1: Reduction of cadmium concentration using the AC settings of 4 Hz, 2 Vpp, and -5V
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Figure 2: Remaining metal concentrations over time for the electrodeposition of (a) chromium and (b) iron with linear regression slopes less than
-4 ppm/hr. The AC setting of 1 Hz, 1 V., 8V,
duplicate for the iron (Supplementary Table 1 for other duplicate value). Also, the data set for this setting is incomplete due to ICP issues and

Offset

was duplicated for both chromium and iron. The AC setting of 100 kHz, 3 V., -4 Vg Was one
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results thus far, this could be possible with AC settings 10 MHz, 1
Vpp, -8 V. or 10 Hz, vap’ 6 Vi and running the experiment to
completion. The setting of 100 kHz, 3 Vpp, AV would not be as
beneficial to use as there is some Cr electrodeposition at that setting as

well (Supplementary table 1).
Future Work

As the AC settings used in this study for the electrodeposition
of Cd were not the same as those used by Liu C, et al. [15], it is
expected that the adjustment of the AC voltage to 3V_and -3.5V . |
(maintaining the frequency at 4 MHz) would significantly improve
the electrodeposition of Cd. To confirm this is the optimal AC
setting, the AC components could be slightly adjusted to observe if
electrodeposition efficiency increases or decreases. The efficiency can
then be properly compared to that of Liu C, et al. [15] to determine ifa
larger sample volume affects the electrodeposition efficiency.

For the electrodeposition of Cr and Fe, there are many more
AC settings that can be tested to optimize efficiency. This could be
performed either by randomly selecting additional AC settings within
the specified ranges, by testing AC settings slightly varied from the
current most effective AC signals, and/or by implementing a software
that can use a fraction factorial design of experiment to calculate
optimized settings. With the optimized AC settings for Cd, Cr, and
Fe, the order of electrodeposition can be determined by whether one
metal can electrodeposit at the same settings as another metal. Most
likely Fe will need to be removed from the solution first as seen with
this experiment.

It will also be beneficial to determine optimized AC settings for other
metals expected to be found in the prospective industrial wastewater
sludge sample, such as nickel (Ni) and zinc (Zn), as these could
possibly electrodeposit at the same AC settings as the other metals
investigated. After optimizing the AC settings for the electrodeposition
of the additional metals, these could then be factored into the order of
electrodeposition based on their possibility of co-electrodeposition.

With the AC settings for the electrodeposition of each metal
optimized and the order of electrodeposition determined, the proposed
method could be used on a mixture of the metals and then on a sample
of industrial wastewater sludge. The sludge may need either need
acidification or a chemical digestion to dissolve the metal precipitate
back in solution and decompose organic components used in the
wastewater treatment process. If successful, this electrodeposition
process can be up scaled to be implemented into current industrial
wastewater treatment methods.

Some factors to consider when testing the proposed method at
full-scale include increasing the size of the electrodes, testing that the
AC settings for the selected metals are still optimized for the larger
setup, using this process in-line as opposed to as a batch method, and
extracting the deposited metals for recycling.

Conclusion

This study has confirmed that AC signal can be used in the
electrodeposition of cadmium, chromium, and iron using graphene
oxide modified carbon felt electrodes. Electrodeposition of cadmium
reduced the concentration in solution by 5-10% over 5 hours, and it
is expected that adjusting the AC settings to the optimized 4 MHz,

3VPP, and -3.5 Vit will increase electrodeposition efficiency to near
complete extraction within eight hours. While more testing is needed
for AC optimization of the electrodeposition of chromium and iron,
the iron can likely be removed first at one AC setting (such as 10 Hz,
2V, -6 V) followed by the chromium at a different AC setting
(suchas1 Hz, 1 VPP, -8 V..) based on the results of this experiment.
This method could be used to recover valuable heavy metals from
industrial wastewater sludge that can be sold and recycled while
potentially reducing sludge volume and disposal costs.
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Supplementary Table 1: AC signal combinations used for electrodeposition with the slopes and R? values of the linear regressions of the loss of metal
concentrations. Combinations indicated with an asterisk (*) had repeat experiments due to their higher electrodeposition efficacy. Slope values with a
double asterisk (**) are less than -4 ppm/hr.

Cr Fe

Combo # Frequency Amplitude (Vpp) Offset (V) slope (ppm/hr) " slope (ppm/hr) -
1* 1 Hz 1 3 -4.68** 0.933 -6.09** 0.934
-6.86** 0.989 -5.50** 0.985
2 10 MHz 1 -8 -0.11 0.044 -4.31** 0.843
3 1Hz 2 -8 0.38 0.148 1.12 0.392
4 10 MHz 2 -8 -2.69 0.949 0.07 0.004
5 1Hz 1 -6 -1.41 0.655 -0.13 0.013
6 10 MHz 1 -6 -0.09 0.003 -3.99 0.767
7 1Hz 4 -6 -0.42 0.463 -3.21 0.587
8 10 MHz 4 -6 -0.82 0.992 -0.89 0.341
9 1Hz 1 -4 0.16 0.028 1.40 0.834
10 10 MHz 1 -4 -1.57 0.593 2.34 0.942
11 1Hz 6 -4 1.48 0.765 -1.51 0.908
12 10 MHz 6 -4 1.05 0.311 1.69 0.460
13 1Hz 1 -2 0.80 0.228 1.21 0.273
14 10 MHz 1 -2 0.07 0.015 -0.47 0.272
15 1Hz 6 -2 -0.62 0.704 -2.24 0.774
16 10 MHz 6 -2 -1.12 0.410 -0.83 0.200
17+ 1 Hz 1 0 -0.60 0.359 3.37 0.377
-1.10 0.531 -2.37 0.843
18 10 MHz 1 0 -0.18 0.019 -1.33 0.394
19 1Hz 6 0 0.07 0.003 -0.91 0.303
20 10 MHz 6 0 1.21 0.827 -2.41 0.992
21 10 kHz 6 -4 -0.72 0.355 -0.14 0.039
22 10 Hz 4 -4 -1.82 0.882 -0.49 0.903
23 1Hz 4 -2 0.75 0.793 3.15 0.863
24 100 Hz 6 0 0.45 0.417 0.47 0.258
25 10 MHz 4 -4 -1.66 0.474 0.92 0.712
26 100 Hz 5 4 -3.44 0.526 -3.74 0.748
1.10 0.976 -1.95 0.927
7% 100 kHz 3 4 -3.95 0.938 -3.85 0.937
-3.95 0.834 -5.50** 1.000
28 100 Hz 1 0 -3.59 0.977 -2.69 0.815
29 10 kHz 1 -6 -0.73 0.602 -2.06 0.995
30 1 kHz 5 0 0.59 0.155 1.33 0.607
31 1 kHz 3 -2 -0.31 0.561 -2.63 0.878
32 100 kHz 2 -6 -2.79 0.872 -3.03 0.809
33 100 Hz 3 0 -0.80 0.795 -2.62 0.740
34 10 Hz 2 -6 0.43 0.067 -5.01** 0.945
35 10 kHz 2 -6 0.87 0.408 -3.93 0.752
36 10 Hz 4 -2 1.36 0.378 -0.06 0.002
37 1 MHz 1 -4 -0.86 0.177 -1.75 0.633
38 100 kHz 1 -6 1.20 0.678 -1.47 0.787
39 1Hz 5 0 0.67 0.596 2.13 0.954
40 1 kHz 3 -4 -1.24 0.814 0.49 0.085
41 100 kHz 5 -2 0.16 0.075 -1.48 0.698
42 1 MHz 6 0 0.15 0.029 0.41 0.106
43 10 Hz 4 -6 -3.43 0.847 0.58 0.044
44 100 Hz 1 -2 0.00 0.000 -0.09 0.034
45 10 MHz 5 -4 -2.03 0.933 -1.34 0.941
46 10 kHz 3 -2 -0.20 0.014 0.23 0.021
47 1 kHz 6 0 -0.25 0.045 1.02 0.709
48 1 kHz 5 -4 -0.15 0.031 -0.64 0.243
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