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Abstract 
This paper focuses on the effects of compaction on the microstructure of 
graphite-resin electrochemical treatment electrodes. This was with a view to 
understanding the relationships between forming parameters and some per-
formance-limiting structural parameters of the electrode. Graphite resin elec-
trodes were developed from graphite rods reclaimed from primary cells. The 
rods were crushed to powder of various particle sizes and compressed into 
the graphite-resin electrodes. The microstructure of the graphite electrode 
was observed, effects of compaction force and particles sizes distribution on 
the microstructure of the electrodes were observed. SEM/EDX revealed that 
there is a lack of homogeneity in the distribution of micro-constituents, with 
compositional variations differing at the various spots. However, there is a 
prevalence of carbon and oxygen at almost all the spots. This tends to confirm 
the even distribution of the elements throughout the material. The pores in the 
electrodes were noticed to be uniformly sized and permeate throughout the 
entire structure of the electrode. These pores serve to increase the surface area 
of these electrodes and promote the adsorption of environmental pollutants. 
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1. Introduction 

In recent years, electrochemical treatment of water has been demonstrated to be 
among the major emerging technologies for potable water and wastewater puri-
fication. This technique combines a secondary treatment technique with ad-
vanced treatment concepts. This makes the treatment technique one of the in-
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teresting emerging water treatment technologies [1] [2] [3] [4]. Electrochemical 
treatment techniques have been mainly directed toward resolving the problems 
originating from the release of untreated and raw industrial wastewater into wa-
ter bodies and the environment [4]. This is common in both developed and un-
derdeveloped countries alike. Some of these countries are located in tropical 
climates with extreme temperatures and lower concentrations of dissolved oxy-
gen in the surface water and industrial wastewater, thus rendering impossible 
the utilization of biological treatment processes. Graphite-based composite elec-
trodes have been variously described to be exceptional for electrolyzing liquids 
wastes and for soil remediation. Establishing a proper utilization of graphite-based 
composite electrodes in the production of oxidants during electrolysis of con-
centrated chloride, requires electrodes that will not speedily dissolve during the 
electrochemical treatment processes.  

This work is a follow up on previous studies in the treatment process of in-
dustrial wastewaters and surface water [5] [6] [7] [8] [9]. More information on 
graphite ETEs, their development and stability, and factors that influence their 
performance can be found in literature, such as [10]-[17].  

The microstructural features of the positive ETE (anodes) and negative ETEs 
(cathodes) greatly influences the properties of the ETEs and the electrochemical 
treatment processes. The effects of particle size and shapes are important, so also 
are the cracks in the material and the spatially confined features such as pores. 
The continued advancement of optimized ETE morphologies is thus an impera-
tive task. This study is geared toward assessing the microstructure of composite 
graphite-resin bonded ETEs. An understanding of the structure-related perfor-
mance parameters is key in the optimal deployment and confidence in this elec-
trode class for polluted water treatment. It is believed that the reported trend will 
contribute substantially to the viability of electrochemical treatment of water and 
aid in achieving the UN sustainable development goals. 

2. Materials and Methods 

Graphite rods were removed from discarded primary cells (Type DR20 UM-1) 
and were crushed and milled into powder. Milled graphite powder (GP) was se-
parated into various particle sizes. An acknowledged mass of the milled GP was 
mixed with resin and shaped into 25 mm diameter by 100 mm long composite 
ETEs. This GP-resin composite ETE was consolidated using an indigenous ex-
truder, plunger, and a hydraulic compaction machine. The fabricated ETE elec-
trodes are shown in Figure 1. 

Physical characteristics such as density and electrical resistance per unit length 
(Rul, Ω/cm) of the GP-resin composite ETEs were evaluated. Influences of the 
distribution of GP particles sizes, compaction force and proportion of resin on 
the density and electrical resistance per unit length of the ETE were evaluated. In 
addition, the effect of the compaction force on the microstructure of the GP-resin 
ETEs was investigated. This was carried out with a scanning electron microscope  
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Figure 1. The produced GP-resin ETE electrodes. 

 
(Carl Zeiss Smart Evo 10) using the high-definition backscattered electron de-
tector (HDBSD) and the Secondary Electron (SE) detector. The HDBSD pro-
vided compositional contrast, while the SE detector establishes the topographical 
image of electrode surface. Energy Dispersive Spectroscopy (EDS) was done si-
multaneously with the SEM analysis to assess the constituent elements in the 
identified phases.  

3. Results and Discussion 

Figure 2 shows the relationship between the grain size distribution, compaction 
force and density of the composite ETEs. The density of the composite ETE 
ranges between 1.26 and 1.86 g·cm−3.  

It was observed that the density values of the composite ETEs are comparable 
to the densities of the graphite electrodes of the primary cell. These typically 
have densities of between 1.58 and 1.72 g·cm−3.  

Also, the noticed trend indicates that the density of the composite GP-resin 
ETE increases with increasing compaction force. This can be attributed to the 
decrease in the void (pore) in the composite ETEs at higher compaction forces. 
Furthermore, at a constant compaction force, density tends to increase with the 
diminishing particle dimensions. This can be attributed to the reduction in the 
voids, but this time as a result of their replacement by the resin and GP particles.  

The relationship between particle dimensions, compaction force and electrical 
resistance per unit length of the composite ETE are presented in Figure 3. The 
figure provides additional information on the associations between Rul and par-
ticle dimension of the ETE. It is observed that Rul increases with increasing par-
ticle dimensions and reduces with increase in applied compaction force. These 
two phenomena can be explained to be as a result of the increase in the amount 
of the resin needed to occupy the pores due to the creation of larger voids in 
between bigger particles. 

Furthermore, increase in the surface area of the GP-resin ETE and increase in 
conductivity of free elections are due to high applied compaction force. Figure 4 
shows the relationship between Rul and the amount of the resin utilised at a con-
stant GP particle dimension (45 μm). This value varies between 1.35 × 10−1 
Ω/cm and 2.20 × 10−1 Ω/cm as the resin content rises between 0.5 and 10 wt% at  
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Figure 2. Associations between particle sizes, compaction force and density of the com-
posite electrode at 1% resin. 
 

 
Figure 3. Associations between Rul and particle size of graphite at 1 % resin. 
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Figure 4. Associations between the resin and Rul of the composite electrode. 

 
compaction force ranging between 60 and 100 MN/m2. These Rul were higher 
than typical values which are usually between 4.5 × 10−3 and 1.00 × 10−2 Ω/cm 
for heat-treated graphite electrodes of the primary cell. It could thus be estab-
lished from the figure that the electrical resistance of the ETE grows with a 
growing amount of the resin and declines with cumulative compaction force ap-
plied. The higher resin content could be said to have reduced the mean free path 
of the electrons and this is evidenced in the increased Rul of the ETE.  

It can also be inferred that the resin, being an insulator, breaks the conductiv-
ity path through the otherwise conductive GP powder in the matrix of the ETE. 
Figure 5 describes the correlation between the densities of the ETEs and the 
proportion of resin used. The density of the ETE rises with growing resin con-
tent and increases with increasing compaction force.  

Figure 6 presents the HDBSD image of the GP-resin ETE and the locations 
where spot EDS analyses were carried out. Table 1 summarises the major ele-
mental constituents at these locations.  

The table provides a semi-quantitative view of the constituent elements and 
their concentration. From both the micrograph and the table, it is evident that 
there is inhomogeneity in the distribution of micro-constituents. There are com-
positional variations at the various spots, representing different types of micro-
constituents. These notwithstanding however, the elements carbon and oxygen  
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Table 1. EDS compositional analysis at different locations on the ETE surface. 

EDS 
Elements (wt%) 

C Al O Si Cl Fe Ca Mn 

Spot a 76.44 1.69 19.80 2.07 - - - - 

Spot b 27.49 - 8.11 - 1.02 63.38 - - 

Spot c 31.76 9.43 25.44 10.02 - 4.69 18.66 - 

Spot d 25.27 - 48.57 - - - 25.23 0.93 

Spot e 96.41 1.53 - 2.06 - - - - 

 

 
Figure 5. Associations between density of the composite ETE and percentage of resin. 
 

 
Figure 6. SEM HDBSD image of the GP-resin ETE showing locations of EDS spots. 

 
appeared at almost all the locations. Carbon’s prevalence confirms the even dis-
tribution of this element throughout the matrix. The presence of Mn and Zn can 
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be attributed to the fact that the graphite rods were removed from Zn - MnO 
primary cells. There is a likelihood that the rods have been contaminated by the 
chemicals of the cell’s electrolyte and cathode.  

Figure 7 shows the cleaved surface of the GP-resin ETE. Numerous voids can 
be noticed which are uniformly distributed across the surface. These pores are 
important because they extend the ETE’s surface area and assist in the adsorp-
tion of impurities from polluted environments. The porosity and voids results 
from GP powder particles stacking against each other during the forming of the 
ETE. Also, Figure 8 shows a sectioned and polished cross-section of the ETE 
using the SE detector. The image, at 1000× magnification presents the topologi-
cal profile of the ETE microstructure. The GP particles stand out as “islands” in 
a background of connected groves. The groves are the pathways of sectioned 
connecting pores, while the “islands” are the sliced off frustrum of the GP par-
ticles. This confirms the existence of extensive cavities and interconnected pores 
in the ETE matrix. 

 

 
Figure 7. SEM of the graphite resin electrode of 75 μm particle size of graphite. 

 

 
Figure 8. Sectioned cross-section of the GP-resin ETE showing topological surface fea-
tures. 
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4. Conclusion 

This work was able to underscore some structure performance parameters of the 
developed GP-resin ETEs. The foregoing findings showed that the ETEs pro-
duced was stable. It also showed that they possess a minimum pores distribution. 
These are features that make the GP-resin ETEs suitable candidates in the ECL 
water treatment process. Furthermore, the limit of the developed GP-resin ETEs 
seems to be the high internal resistance Rul of the electrodes. The consequence of 
this is that the flow of high electrical current in the ETE will cause a rise the 
temperature of the ETEs. However, a future application of the GP-resin ETE 
produced from reclaimed graphite from primary cells should be preceded with 
rigorous decontamination steps to rid the graphite of admixed salts from the 
electrolyte mix. 
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