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In this work, neutron computed tomography (CT) is employed to investigate the

dissolution of porous aluminum electrodes during electrocoagulation (EC).

Porous electrodes were chosen in efforts to reduce electric power

requirements by using larger surface-area electrodes, having both inner and

outer surface, for the EC process. Neutron CT allowed 3D reconstruction of the

porous electrodes, and image analysis provided the volume of each electrode

vs. thickness, which can indicate whether the inner surface is effectively

involved in EC reactions. For the anode, the volume decreased uniformly

throughout the thickness of the electrode, indicating that both the outer

and inner surface participated in electrochemical dissolution, while the

volume of the cathode increased uniformly vs. thickness, indicating

deposition of material on both the outer and inner surface. The attenuation

coefficient vs. thickness, increased for both anode and cathode, indicating

surface chemistry changes. For the anode, the attenuation coefficient increased

slightly but uniformly, probably due to aluminumoxide formation on the surface

of the anode. For the cathode, the attenuation coefficient increased more than

for the anode and nonuniformly. The higher increase in the attenuation

coefficient for the cathode is due to precipitation of aluminum hydroxide on

the electrode surface, which added hydrogen. Image analysis also showed that,

although the attenuation coefficient increased throughout the thickness of the

electrode, most of the hydroxide deposition occurred on the outer surface.

Energy analysis showed that porous electrodes can be used to reduce process

energy requirements by as much as 4 times compared to solid electrodes.
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Introduction

In efforts to develop high-performance electrode materials

over the past 2 decades, integrated one-dimensional (1D:

nanowires, nanoribbons, nanotubes), two-dimensional (2D:

nanosheets, nanoplates, nanomembranes), and three-

dimensional (3D) architectures were introduced in electrode

materials (Liu et al., 2019). 1D and 2D nanostructured

electrodes still suffer from severe aggregation, which prevents

fast diffusion of electrolytes and fast kinetics of electrochemical

reactions, thus affecting charge and mass transfer and increasing

the process energy requirements (Liu et al., 2019). Most

electrochemical reactions in aqueous solutions take place at

the interface of the electrode and the electrolyte. Thus, the

surface area of the electrodes plays a vital role in determining

the efficiency of an electrochemical process, like in any surface

reaction (Santhanagopalan and White, 2009).

There are many methods to increase the area for reaction;

stacking multiple electrodes and using bipolar electrodes are the

most common (Ge et al., 2004; Mohora et al., 2014; Deghles and

Kurt, 2016). To further increase the available area for reactions, a

3D porous electrode can be used, thus making the entire

thickness of the electrode available for contact with the

aqueous solution for the reaction to occur. Since the reaction

takes place in the 3D space, it is more distributed than in 2D or

1D electrodes and, thus, the limitations in terms of diffusion and

ohmic drop are considerably reduced (Santhanagopalan and

White, 2009). Porous electrodes have been used in various

applications with aqueous solutions, specifically for storing

electrical energy in electrostatic double-layer supercapacitors,

capacitive deionization (CDI) for water treatment and

desalination, electrochemical water treatment, recovery of

metals, organic syntheses, as well as for batteries and fuel cells

(Newman and Tobias, 1962; de Levie, 1963; Johnson and

Newman, 1971; Soffer and Folman, 1972; Newman and

Tiedemann, 1975; Dunn and Newman, 2000; Sun et al., 2012;

Hemmatifar et al., 2015; Sharma et al., 2015; Smith and Dmello,

2016; Bao et al., 2018; Liu et al., 2019; Tang et al., 2019).

Compared with flat nonporous electrodes, porous electrodes

improve the ability of the system to store ions and electrons

and increase the charge transfer and reaction rate

(Santhanagopalan and White, 2009). The high specific surface

area allows high current without a large overpotential and also

sustains high current due to lesser chances of passivation at the

electrode surface.

Recent technological advancements have increased the

complexity of the contaminants in water, thus requiring better

and more efficient methods for water treatment (Tsouris et al.,

2001; Liu et al., 2022; Magnisali et al., 2022). Electrocoagulation

(EC) is one such method which is versatile in treating all kinds of

water including groundwater, industrial wastewater, and surface

water (López-Guzmán et al., 2021). In EC, aluminum or iron

electrodes are used as sacrificial electrodes to generate the

coagulant by passing DC current across the electrodes when

they are dipped into the solution to be treated. Despite EC being

researched for decades, scaleup of the technology is challenging

due to deterioration and passivation of electrodes, short-term

stability, etc. (Alam et al., 2021) Also, the high capital and

operating costs of EC due to the cost of the electrodes and

the use of electricity are a deterrent for scaleup (Alam et al.,

2021). Thus, research is needed to improve electrode

consumption and reduce passivation, both of which can be

improved by using porous electrodes.

Computed tomography (CT) is a non-destructive technique

that can spatially resolve internal and external structures. X-rays

and electrons are two most used tomography probes in many

research fields, but they are limited in studying bulk metal

objects. Neutrons, as a complementary probe, interact weakly

with commonmetals and strongly with light elements (H, Li, etc.)

(Kardjilov et al., 2018). Therefore, neutron computed

tomography (nCT) has been used to investigate internal

structures and light element distributions in bulk materials

(AGENCY, 2008; Kardjilov et al., 2017; Tengattini et al., 2021).

In this paper, porous electrodes are evaluated through

neutron tomography to provide a better understanding of the

electrode dissolution process of porous aluminum electrodes

used for EC. Solid and porous electrodes are compared in

terms of energy requirements for aluminum dissolution to test

the hypothesis that high-surface-area electrodes may be more

energy efficient for EC. One of the questions addressed is whether

dissolution occurs uniformly from both the outer and inner

surface of the electrodes. If, for example, only the outer surface

dissolves during EC, then the benefits of the high-surface-area

electrodes may be limited. This question is addressed by

combining nCT analysis with material characterization using

scanning electron microscopy (SEM) and energy-dispersive

X-ray spectroscopy (EDS).

Experimental methods

Materials

Aluminum foam sheet with obturator structure [i.e., ~5 ppi

(pores per inch), 55–60% porosity with open cell, 10-mm

thickness, >99% purity; ZOPIN-55%AL] was purchased from

the Zopin Group, metal foam manufacturer. Aluminum foam

block with open cell (40 ppi, processed from 6101 alloy) was

purchased from Duocel. The solid electrode used was aluminum

strips from McMaster-Carr, United States.

EC cell operation

Synthetic groundwater solution was prepared with a

composition of 0.85 mM Na2SiO3·H2O, 1.33 mM HCl,
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0.674 mMCaCl2 and 0.27 mMMgCl2, and had an initial pH of 8.5.

The electrocoagulation cell was custom-built for two aluminum

foam electrodes spaced 1 cm apart. One liter of synthetic

groundwater solution was continuously stirred at 400 rpm. Two

identical pieces of aluminum foams (7.6-cm diameter, 1.0-cm

thickness) were used for the cathode and anode. For Al foam

sheet with obturator structure, the electrodes were cut to 7.6-cm

diameter with 1.0-cm thickness, while for Al foam with open cell,

the electrodes were cut into cylinders of 2.5-cm diameter and 2.5-

cm height. The nominal electrode wetted areas for the circular

plates and the cylinders are 115 cm2 and 30.3 cm2, respectively. For

the solid electrode experiments, two identical aluminum

strips were used as the anode and cathode, and the wetted area

of the electrodes was matched to that of porous electrodes. A fixed

maximum voltage of 32 V was applied to maximize the anode

dissolution using a power supply (Siglent Technologies

SPD3303X-E). The current was set to 1 A, and current

fluctuations were monitored over time.

Porous electrodes may be employed to reduce power

requirements for the EC process. The higher surface area of

porous electrodes, compared to that of flat electrodes, needs a

lower applied potential to yield the same current. Since the power

is the product of potential and current, a lower potential for the

same current yields proportionally lower electric power. SEM

and Energy Dispersive Spectroscopy (EDS) were carried out

using a field emission scanning electron microanalyzer

(Merlin, Carl Zeiss AG).

Neutron experiment

Neutron computed tomography was conducted using the

CG-1D instrument at the High Flux Isotope Reactor (HFIR) of

the Oak Ridge National Laboratory (Crow et al., 2011;

Santodonato et al., 2015). The instrument was configured to

measure at L/D = 600, where L is the distance from the aperture

to the detector (6.59 m), and D is the aperture diameter (11 mm).

Given the size of available field-of-view (~8.6 cm × 8.6 cm), four

samples of diameter ~76.2 mm or three samples of diameter

~25.4 mm were stacked for each CT scan. Quartz plates were

used as spacers between aluminum electrodes. In the CT scan,

samples were rotated from 0° to 360°, and a 30 s image was

collected at every 0.17° increment for the 76.2 mm samples, or

0.42° increment for the 25.4 mm samples. A 100-μm thick 6LiF/

ZnS scintillator was used to convert the transmitted neutrons

into light, and the light signal was collected using a charge-

coupled device (CCD) into a grayscale image. The effective pixel

size in this experiment is measured to be ~42 μm. 3D volume

reconstruction was performed using filtered-back-projection in

MuhRec. (Kaestner, 2022). 3D visualization and data analysis

were performed using Amira, (Stalling et al., 2005), which is

developed by Thermo-Fisher Scientific in collaboration with the

Zuse Institute Berlin.

Energy calculations

The amount of aluminum dissolved depends on the current

applied to the electrode based on Faraday’s law:

w � I × t × M

Z × F

where w is the mass of Al dissolved, I is the current (A), t is the

time (s),M is the molecular weight of aluminum (27 g/mol), Z is

the number of electrons involved in the reaction (3) and F is

Faraday’s constant: 96,485.

To calculate the energy required to dissolve aluminum and

compare it with the solid electrode, experimental conditions were

chosen so that the amount of aluminum dissolved is same for the

porous and solid electrodes. This selection would allow us to

directly compare the porous electrode and the solid electrode in

terms of the energy needed to dissolve a fixed amount of

aluminum in the solution.

The energy required for aluminum dissolution (Edis in W-h)

was calculated based on the equation below: (López-Guzmán

et al., 2021):

Edis � V × I × t

where V is the applied voltage (V), I is the current response (A)

and t is the time for which the voltage is applied (hours).

Results and discussion

Ex-situ nCT measurements were performed at HFIR to

characterize surface changes of porous aluminum (Al) foam

electrodes over time during electrocoagulation for

groundwater treatment. The EC reactions at the anode and

cathode are: (Liu et al., 2022):

2Al → 2Al3+ + 6e− (anode)

6H2O + 6e− → 6OH− + 3H2 (cathode)

The bulk chemical reaction is therefore written as:

2Al3+ + 6OH− → 2Al(OH)3

Large pore sized aluminum foam

EC experiments were carried out between nCT

measurements using a customized electrochemical cell at a

fixed voltage of 32 V for two or 4 h (Figure 1).

Al foam electrodes of 3-inch diameter with five ppi (pores per

inch) were used for both anode and cathode. After each run, the

electrodes were rinsed with DI water and dried in a vacuum

chamber at 80°C prior to nCT scans. The mass of both anode and

cathode was measured before CT scans. The experiment shown
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FIGURE 1
(A) Electrocoagulation experimentswith porous Al foam electrodes (3-inch diameter) in simulated groundwater; (B) Electrical current vs. time at
32 V; (C) Mass loss of anode and cathode electrodes over time.

FIGURE 2
Reconstructed 3D volume of porous Al foam electrodes before and after a 4-h electrocoagulation experiment.
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in Figure 1 was carried out with fresh groundwater solution.

Figure 1A shows how the electrodes look after 4 h of EC and after

rinsing and drying. The cathode color changed from gray to black

due to hydroxide slurry/salt deposition and oxide film formation,

while the anode color remained unchanged due to aluminum

dissolution. Figure 1B presents the electrical current histories for

32-V applied voltage during runs 1, 2, 3, and 4. Figure 1C shows

that the anode was dissolved, resulting in approximately 23 wt%

loss after a total of 10-h EC time, while the cathode lost

approximately 11 wt% at the same time. The significant mass

loss of anode is due to sacrificial dissolution of aluminum into the

solution. In parallel, aluminum oxide film formed on the surface

of the cathode was continuously delaminated, leading to mass

loss at the cathode as well (Alam et al., 2021).

Figure 2 shows volumes reconstructed from the nCT scan of

both electrodes before and after 4 h of electrocoagulation time.

Table 1 shows the characteristic dimensions from the nCT

images. The pristine large porous Al electrodes have 6–7 times

smaller volume, compared to that of solid electrodes, while the

surface area of porous Al is 4–5 times larger than that of solid

electrodes with the same nominal dimensions [Table 1]. This

observation suggests that the porous electrodes may have

24–35 times larger surface area than that of same-mass solid

electrodes. The surface area of the anode significantly decreased

from 54,637 mm2 to 40,547 mm2, corresponding to 31.7%

reduction. However, the surface area of the cathode did not

significantly change, and the measured volume even increased

by 11.0%, compared to the pristine electrode. Note that the

actual mass of the cathode decreased over time, while the

volume significantly increased. This unique feature can be

associated with the nCT detected surface color changes after

the EC experiment, resulting from the change of surface

chemistry over time at the cathode. In the volume rendering,

pseudo color is employed to represent neutron attenuation as

the color scale shows. The higher attenuation coefficient (more

towards the red color in the spectrum), typically means higher

concentration or introduction of high attenuation species (such

as H, Li, etc.) in the system. Note that the color of cathode

changed significantly after 4-h electrocoagulation while the

color of the anode remained unchanged. This is because

deposition of materials such as aluminum hydroxide

(Al(OH)3) slurry and salts from the solution occurs on the

cathode while material from the anode dissolves into the

solution.

Further image analysis results for the images of Figure 2 are

shown in Figure 3 where the volume is measured vs. thickness of the

electrodes. It is shown that the volume of the anode was significantly

decreased after 4 h of electrocoagulation, which is explained by the

mass loss of anode due to aluminum dissolution. However, the

volume of the cathode significantly increased even though a 5 wt%

mass loss was observed after 4 h of electrocoagulation. Two

physicochemical reactions including salt deposition and

dissolution occur at the surface. The water splitting reaction

generates OH− ions, resulting in the formation of Al(OH)4
-.

Aluminum hydroxide layers are delaminated with gas evolution

during the EC reaction, resulting in overall mass loss and volume

change (Liu et al., 2022). Simultaneously, a significant mass of salts

such as Si, Mg, and Ca deposit on the cathode, resulting in surface

chemistry changes with increase in surface area. The presence of

aluminum hydroxide, however, which contains neutron absorbing

hydrogen, may be the reason of volume increase because it increases

the visibility of electrode mass. It is also shown that the thickness of

the anode decreased, while the thickness of the cathode remained

almost the same after 4 h electrocoagulation.

Figure 4 reveals that the neutron attenuation coefficient of

the cathode was significantly increased after 4-h

electrocoagulation compared to that of the anode. This is

because of aluminum hydroxide deposited on the surface,

which includes hydrogen that strongly attenuates the neutron

beam. The two peaks observed for the cathode attenuation

coefficient reveal that most of the material deposition

occurred near the external surface of the cathode.

Significant deposition also occurred in the interior surface

of the cathode, which led to an overall increase in the

TABLE 1 Characteristics of porous Al foam electrodes corresponding to Figure 1.

Al foam (anode) Al foam (cathode) Solid electrode

Dimension (diameter/thickness,
mm)

76.2/10.0 76.2/10.2 76.2/10.2

Operation EC (32 V) EC (32 V) -

Time (hrs) 0 4 0 4 -

Volume (mm3) 6,152 4,198 7,220 8,017 45,580

Surface area (mm2) 54,637 40,547 45,955 45,504 11,528

Mass loss, wt% (from image analysis) 31.7 -

Mass loss, wt% (from measurements) 9.3 5.1
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attenuation coefficient. The anode also showed a small

increase in the attenuation coefficient due to an oxide layer

forming on its surface during electro-dissolution. The results

show that attenuation of the neutron beam depends strongly

on the material penetrated by neutrons. Neutron attenuation

by aluminum of a certain thickness can be less effective

compared to neutron attenuation by an oxide film on its

surface or a thin film that contains hydrogen. The

formation of an oxide layer on the electrodes increases the

resistance of the electrodes, which can lead to passivation and

energy increase for a certain dosage. The oxide layer on the

anode could be associated with silica deposition, which was

found in SEM-EDS analysis of the anode [Supplementary

Information]. In previous work on Al EC of simulated

groundwater, we reported that oxygen on Al anode is

associated with silicate deposition from the treated

groundwater, while aluminum hydroxide deposits on the

cathode (Liu et al., 2022). Due to the intensive Al

dissolution at the anode, the silicate layer is not significant

enough to increase the thickness of the anode.

In general, the attenuation coefficient characterizes how

easily a volume of material can be penetrated by a beam of

light, sound, particle, or other energy or matter, in this case

neutrons. Here, it is suggested that the image analysis results

presented in Figures 2–4 are associated with chemistry changes

on the surface of the anode and cathode, which are related to

formation of aluminum oxide on the anode and deposition of

hydroxides on the cathode. Specifically, hydrogen-containing

compounds such as aluminum hydroxides, deposited on the

surface of the cathode, are the reason for the significant

increase in the attenuation coefficient after electrocoagulation.

Aluminum hydroxide, the major component of the slurry, can be

characterized by XRD and FTIR. (Liu et al., 2022).

Microscopic surface analysis with EDS further

characterizes the surface chemistry of both anode and

cathode. SEM images shown in Supplementary Figure S1

indicate that corrosion occurred over time at the anode,

where micron-scale roughness significantly increased. The

Al foam structure can be categorized into strut, cell, and

window. It appears that anodic dissolution occurs over the

FIGURE 3
3D image analysis providing the area of each electrode vs. thickness of the anode (A) and cathode (B).

FIGURE 4
Neutron attenuation of anode (A) and cathode (B). 3D image analysis shows that the neutron attenuation coefficient increases more for the
cathode than for the anode.
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entire electrode surface, including inner and outer area,

compared to the as-received sample. However, intensive

corrosion mainly occurs at the area of strut, which is the

outer surface of foam, as shown in Supplementary Figure

S1B, and the upper side wall of the cell (i.e., red arrows

indicated in Supplementary Figure S1C). Significant

corrosion cannot be seen at the bottom and the downward

wall of the cell [Supplementary Figure S1B]. SEM-EDS results

in Supplementary Figure S1D indicate that more oxygen was

detected on the surface of the corroded area, which is

associated with oxide formation on the anode surface during

Al dissolution. SEM images shown in Supplementary Figure S2

indicate that the cathode surface significantly changed after

electrocoagulation which is due to slurry precipitation, salt

crystalline formation, and delamination of oxidized surface

films by gas generation at the surface. Note that surface

deposition occurs all over the porous electrode including

top strut, cell wall, and bottom. SEM-EDS analysis in

Supplementary Figure S2C shows that additional Mg, Ca, Si,

and C elements were found on the cathode surface, compared

to the anode surface. The Mg, Ca, Si, and C are components of

groundwater. These dissolved elements participated in

complexation with the generated Al species from the anode,

and precipitated flocs were deposited on the cathode surface.

Meanwhile, evolved gas and hydroxide ions from the cathode

oxidized the surface and eventually delaminated the oxide

films, resulting in overall mass loss. These surface

phenomena can be correlated with the electrode surface area

and attenuation coefficient measurements in neutron imaging

analysis. The elements detected by SEM-EDS analysis have

fairly small neutron cross-sections. The increase in anode may

be due to F, but in cathode, H in deposited hydroxides is most

likely the cause of the elevated attenuation coefficient.

Small pore sized aluminum foam

Similar EC experiments were carried out using small-pore-

size Al foam electrodes of 1-inch diameter with 40 ppi to

investigate structural effects, internal electrode dissolution and

salt deposition. Sample preparation and post-treatment analyses

are the same as for the large-pore-size Al foam. Figure 5A shows

the EC setup with the small-pore-size Al electrodes and how the

electrodes change after 12 h of EC and after rinsing and drying.

The sides of cylindrical electrodes faced each other during the EC

experiment. Figure 5B presents the electrical current histories for

32-V applied voltage during runs 1, 2, and 3. The observed

current of ~0.12 A was significantly smaller than that of large-

pore-size electrodes (0.65–0.9 A) due to the smaller electrode

area. Figure 5C shows that the anode was dissolved out, resulting

in approximately 17.8 wt% loss after a total of 12-h

electrocoagulation time, while the cathode lost approximately

FIGURE 5
(A) Electrocoagulation experiments with porous Al foam electrodes (1-inch diameter and thickness) in simulated groundwater; (B) Electrical
current vs. time at 32 V; (C) Mass loss of anode and cathode electrodes over time.
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4.3 wt% at the same time. Similar to the large-pore-size

electrodes, the cathode color changed from gray to black,

while the anode color remained unchanged after the experiment.

Figure 6 shows 3D structural views reconstructed from the

nCT scans of both electrodes before and after 12 h of EC time.

Table 2 shows the characteristic dimensions from the analysis of

nCT images. The pristine small-pores Al electrodes have ~10 times

smaller solid Al volume, compared to a solid nonporous electrode

with the same nominal dimensions, while their surface area is

~4.3 times larger than that of solid electrodes [Table 2]. It appears

that the side of the anode facing the cathode corroded out after the

12 h of EC experiment. The surface area of the anode significantly

decreased from 13,300 mm2 to 10,647 mm2, corresponding to

20.8 wt% reduction. The mass loss estimated from image

analysis is similar to the measured mass loss. However, the

surface area of the cathode was not significantly changed,

compared to that of the pristine electrode. The decrease in

volume and surface area of the cathode after 6 h EC, as shown

FIGURE 6
Reconstructed 3D volume of porous Al foam electrodes (small pores) before and after 6-hours and 12-hours electrocoagulation experiments.
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in Table 2, may be associated with a higher extent of oxide film

delamination at the top surfaces, compared to the deposition rate,

while the extent of slurry and salt accumulation in inner pores may

have exceeded the rate of delamination between 6 and 12 h. Note

that the mass loss of the cathode estimated from image analysis is

similar to the actual mass loss. Similar color changes observed for

the large-pores cathode were also observed for the small-pores

cathode due to attenuation coefficient changes [Supplementary

Information].

Electrode dissolution occurred at the internal surface of the

anode, but the penetration depth was limited to a few millimeters

below at the first pore layer. Supplementary Figure S3A shows that

corrosion of the Al foam occurred randomly at nodes and struts.

Most of the corroded surface was found at the top pore layers. SEM-

EDS results in Supplementary Figure S3B indicate that the corroded

area exhibits Al, O, and Si, which are associated with oxide formation

on the anode surface during Al dissolution. SEM images shown in

Supplementary Figure S4A indicate that the cathode surface was

significantly changed after EC. Cathodic surface deposition occurred

all over the porous electrode including top strut and cell wall at the

first pore layer. The second layer did not show significant deposition.

This feature corresponds to the sharp increase of neutron attenuation

at the top surface [Supplementary Information]. SEM-EDS analysis

in Supplementary Figure S4B shows that additionalMg, Ca, Si, and C

elements were found on the cathode surface, compared to the anode

surface. The chemical composition is very similar to that found on the

surface of the large-pores cathode.

Based on neutron and microscopic image analysis, anodic

corrosion and cathodic deposition features are identified

(Supplementary Table S1). For the anode, although corrosion

occurred everywhere in the pores, most of the corrosion occurred

at the top surface and upper wall. When the open pore size was

significantly reduced, corrosion occurred on the sub-layer wall

and even at the deep bottom of the cell in the first layer. This

behavior suggests that a deeper-surface foam with dense and

small pores can be used for effective electrode surface to reduce

electric power requirements. For the cathode, sludge deposition

occurred mostly on the first porous layer. While further

deposition in sub-layers could not be seen, long-term

operation is expected to lead to passivation of the top layer

and participation of sub-layers in electrochemical reactions. This

expected behavior would mean that porous electrodes will have

the benefit of longer-term stable operation compared to

nonporous electrodes.

Energy comparison

The amount of energy required for aluminum dissolution

is over 4 times lower for the porous electrode compared to

that of the solid electrode (Figure 7). This is largely due to the

high surface area of the porous electrode which allows easier

electron transfer for the aluminum metal to form aluminum

FIGURE 7
Energy comparison between solid electrode and the 40ppi
porous electrode.

TABLE 2 Characteristics of porous Al foam electrodes corresponding to Figure 6.

Al foam (anode) Al foam (cathode) Solid electrode

Dimension (diameter/thickness,
mm)

2.54/2.54 2.54/2.54 2.54/2.54

Operation EC (32 V) EC (32 V) -

Time (hrs) 0 6 12 0 6 12 -

Volume (mm3) 1,185 1,237 939 1,360 1,043 1,242 12,863

Surface area (mm2) 13,300 13,000 10,647 13,309 12,652 13,368 3,038

Mass loss, wt%, 12 h (from image analysis) 20.8 8.7 -

Mass loss, wt%, 12 h (from measurements) 17.8 4.3 -
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ions at the anode. The high surface area of the porous

electrode also leads to more contact between the electrode

and the electrolyte, thus helping in reducing the amount of

energy. Since the amount of total aluminum dissolved is

same in both cases, the energy per unit mass of aluminum

dissolved is over 4 times lower for the porous electrode

compared to that of the solid electrode. The lower energy

required for porous electrodes is encouraging for industrial

application of electrocoagulation since the energy demand is

one of the main disadvantages of the technology. Also, with

the rising cost of energy and the need for changes in the

current process to reduce the energy needed, using porous

electrode could be one of the pathways towards achieving

that goal.

Conclusion

Electrocoagulation of simulated groundwater using porous Al

electrodes was evaluated through neutron tomography and

microscopic analysis to provide a better understanding of the

micro/macro-scale changes on the surface of the electrodes. For

the anode, most of the Al dissolution occurred on the outer electrode

surface; however, nCT indicated that the inner surface of the open-

pore walls also participated in Al dissolution, making the

electrocoagulation process more effective and energy efficient

compared to solid electrodes. Smaller pore-size foam with 40 ppi

showed deeper penetrated dissolution compared to the large pore-

size foam with five ppi. For the cathode, the entire inner surface

within a certain depth was involved in cathodic deposition reactions

although nCT and SEM indicated that most deposition occurred

near the outer surface. Porous electrodes provide a larger surface

area compared to that of solid nonporous electrodes, thus reducing

energy consumption by 4 times. Further investigation on the

influence of pore size and porosity, as well as electrode material,

e.g., iron instead of aluminum electrodes, is needed to maximize the

benefits of porous electrodes in electrocoagulation.
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