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ABSTRACT 

Tareque, Tahsin, Water hardness removal by Electrochemical precipitation in a continuous flow 

condition using conductive concrete as cathode. Master of Science (MS), December, 2022, 59 

pages, 29 figures, 9 tables, references, 97 titles. 

    This study focuses on the electrochemical precipitation (EP) process to reduce excess water 

hardness from the Lower Rio Grande Valley (LRGV) tap water using electrically conductive 

concrete as cathode in a continuous flow condition. LRGV tap water is extremely hard with 

hardness more than 350 mg/L as CaCO3. Humans can pleasantly consume water with hardness 

less than 150 mg/l as CaCO3 according to World Health Organization (WHO). Hard water is also 

known to cause mechanical problems to boilers and heat exchangers. In this process, electricity is 

passed through electrodes submerged in electrolyte, which causes an alkaline environment around 

the cathode and precipitate water hardness. Conventional studies on electrochemical hardness 

removal have used sacrificial metal cathodes which makes the treatment very expensive and 

unsustainable. However, electrically conductive concrete cathode in this study is made with 

conductive graphite flakes thus making the system more durable and sustainable. In this study, 

data will be collected with changes in Current density, flow rate/hydraulic retention time, the total 

reaction time to analyze their impact on water hardness concentration in tap water. Preliminary 

research findings showed that an increase in applied current density, reaction time, and a decrease 

in flow rate achieved greater water hardness removal. If successfully developed, proposed 

technology will enable municipalities and industries to significantly reduce water hardness on site. 
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CHAPTER I 

 

INTRODUCTION 

 

    Water is an essential commodity for humans for drinking, domestic and industrial uses. The 

ever-growing human population and continuous industrialization have increased the demand for 

potable and clean water. (Chen et al. 2004) 

    Among many impurities in water, hardness is a minor water quality parameter that is not 

regulated by US Environmental Protection Agency (USEPA). However, excess water hardness 

should be reduced to moderate level or below to prevent aesthetical problems like staining in 

residents and mechanical problems like pipe clogging in industries (Gabrielli et al., 2006; 

Hasson et al., 2010). According to Water Quality Association, water with hardness of 180 mg/L 

as CaCO3 or greater is very hard water while moderately hard water contains hardness 

concentration of 60 – 120 mg/L as CaCO3.  

    Hardness enters groundwater as the rainwater or surface water infiltrates through minerals 

containing calcium or magnesium. The most common sources of hardness are limestone and 

dolomite. Hard water is usually defined as water, which contains a high concentration of calcium 

and magnesium ions (Yildiz et al. 2003; Kabay et al. 2002). Also, hardness can be caused by 

several other dissolved metals; those form divalent or multivalent cations, including aluminum 

barium, strontium, iron, zinc, and manganese. Normally, monovalent ions such as sodium and 

potassium do not cause hardness. These divalent cations tend to bind with anions in the water  
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and form stable salts. The type of anion found in these salts distinguishes between the two types 

of hardness-carbonates and non-carbonate hardness. 

    Carbonate hardness is caused by the metals combined with a form of alkalinity. Alkalinity is 

the capacity of water to neutralize acids and is attributed to compounds such as carbonate, 

bicarbonate, hydroxide, and sometimes borate, silicate, and phosphate. In contrast, non-carbonate 

hardness forms when metals combine with anything other than alkalinity. Carbonate hardness is 

sometimes called temporary hardness because it can be removed by boiling water. Non-

carbonate hardness cannot be broken down by boiling the water, so it is also known as 

permanent hardness. Total hardness is the summation of both temporary and permanent hardness 

caused by calcium and magnesium salts. 

    Water hardness can be divided into soft (0-75 mg/L of CaCO3), moderate (between 75 and 

150 mg/L), hard (between 150 and 300 mg/L), and very hard (more than 300 mg/L of CaCO3) 

(Kalash et al., 2015b).  It is well known that people like to drink water with a hardness of no 

more than 300 mg/l as CaCO3 (Organization, 2010). Water hardness should be maintained 

between 80 and 100 mg/l as CaCO3, according to American Water Works Association (Kalash 

et al., 2015b). Untreated groundwater has a lot more hardness than what Kalash et al. and WHO 

(2010) recommend (2015). In the USA alone, 44% of the population, including 99% of the rural 

population depends on groundwater as a primary source of drinking water, which accounts for 

20% of total water withdrawals nationwide (USGS, 2005; NGWA, 2010). A large percentage of 

united states population is prone to hard water (Fig 1). 
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Figure 1: Hardness Concentration map of United States (USGS) 

 

    The mechanical problems associated with very hard water involve development of excess 

scales in pipes, which leads to clogging water pipes, coating heat elements in boilers and cooling 

towers to reduce heat transfer efficiencies (Lima et al. 2004; Park et al. 2007; Sanjuan et al. 

2019). Scaling from water hardness also impairs filtration efficiency of membranes. These 

problems associated with hard water results in the replacement of the damaged parts and increase 

in the energy loss and cost associated with it. It is very important to remove excess water 

hardness in process water and prevent scaling for industries. 

 

    There are two major technologies have been adopted to remove water hardness, chemical and 

physical based. Chemical based technologies include chemical precipitation and ion exchange, 
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which have been used the most extensively to date (Gabrielli et al. 2006; Luan et al. 2019; Yu et 

al. 2018). The other group of treatment methods are reverse osmosis, electrodialysis, 

nanofiltration, crystallization, distillation, and evaporation (Low et al. 2008; Verissimo et al. 

2006; Bequet et al. 2000; Tabatabai et al. 1995). These physical hardness removal technologies 

require large energy thus they are very expensive. Chemical treatments produce byproducts that 

are difficult to dispose of and adds to the total cost of treatment. There are other novel treatment 

technologies that may overcome the disadvantages of the existing water softening technologies. 

Electrochemical technology is one of them. 

 

    Electrochemical technology has been widely used for water treatment without any chemical 

additives. It is relatively simple to install and operate, environment-friendly, and versatile. (X. 

Hao et al., 2019). Research subgroups of electrochemical water treatment technology include 

electroflocculation, electrochemical disinfection (G. Wuqi et al., 2015), microbial fuel cell 

technology (Y. Wang et al., 2020), electrochemical scale removal technology (Y. Yu et al., 

2018), etc. Among them, electrochemical scale removal technology can be used to remove scale 

forming water hardness by electrochemical precipitation (EP) and electrocoagulation (EC) (E. 

Helmy et al., 2017; M. Malakootian et al., 2010). In addition to scale removal capability, the 

anode produces oxidants in the reactor, which kill microorganisms and algae (X. Zhang et al., 

2020; J. Li et al., 2019; D. Shao et al., 2020). 

 

    Previous electrochemical treatment experiments (Gabrielli et al., 2006; Hasson et al., 2008; 

Lédion and Leroy, 1994; Sanjuán et al., 2019a) revealed sustainable hardness removal from the 

water. The EP process is one of them, and in recent years, the number of research works focusing 
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on EP has increased. The EP method has demonstrated promise in removing hardness without 

chemical additives and with the least amount of sludge production. However, it's been observed 

that EP needs sizable cathodic zones to get enough precipitation (Hasson et al., 2011, 2010). A 

cathode with a large surface area is necessary for application on an industrial scale to achieve 

adequate performance. Metal cathodes are susceptible to rust and degrade quickly. Due to the 

aforementioned issues, cathodes must be changed frequently. Due to this, the method is not only 

challenging to implement but also impractical from an economic standpoint. 

 

    A potential innovation in the field of civil engineering is conductive concrete. Recently, the 

infrastructure for transportation has benefited greatly from electrically conductive concrete 

(ECON). It is a tried-and-true technique for removing ice and snow from the surface that is 

structurally reliable. (Sassani et al., 2018; Abdualla et al., 2018; Ceylan et al., 2014; Pan et al., 

2015; Sadati et al., 2018). Electrically conductive elements are added to regular concrete 

mixtures to create these conductive concretes. As conductive materials, carbon fibers, steel 

shavings, and graphite powder are mixed with concrete. (Notani et al., 2019, Sassani et al., 2017, 

Arabzadeh et al., 2019) In this study, the concrete was made conductive using graphite powder. 

This is a unique technique in which an electrochemical precipitation system uses conductive 

concrete as the cathode. 

 

 

 

 



CHAPTER II 

LITERATURE REVIEW 

    In this chapter theoretical background of electrochemical precipitation and latest progress in the 

field of electrochemical water hardness treatment has been discussed.  

    A pair or multiple electrode setup, treatment water, and a DC power source make up a typical 

electrochemical precipitation cell. In a typical EP configuration, both electrodes are submerged in 

water (Fig. 2). The cathode's role is to produce alkalinity and serve as the surface where scale is 

deposited. The separation of anodic and cathodic environments requires no intermediary. To 

encourage precipitation as a thin layer close to the cathodic surface, a high pH condition is 

required. As a result, only the thin water film next to the cathodic surface experiences the 

precipitation reaction (Tlili et al., 2003b, 2003a). 

 6 

Figure 2: Electrochemical precipitation
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    During water electrolysis, dissolved oxygen is reduced on the cathode in a large potential range. 

A basic environment near the cathodic surface is created by the following cathodic reactions 

(Gabrielli et al., 2006; Kalash et al., 2015b): 

O2 + 2H2O + 4e-→4OH- (1) 

2H2O + 2e- →H2↑+ 2OH- (2) 

The reaction rate is not limited by mass transport, and the current intensity can be very high 

(Gabrielli et al., 2006). 

    The hydroxyl ion generates either by (1) or (2) and starts to destabilize the Calco-carbonic 

equilibrium of the solution (Legrand et al., 1981). The high alkaline environment converts HCO3- 

ions into carbonate ions by the following reaction: 

HCO-3+ OH-→CO32-+H2O (3) 

    In the next step, carbonate ions react with calcium ions to start the nucleation and create CaCO3 

crystals by the following reaction: 

Ca2+ + HCO3- +2OH-→CaCO3↓+ H2O (4)
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Mg2++ 2OH-→ Mg(OH)2↓ (5) 

The rate of hydroxyl generation is directly related to Faraday's law. Hydroxyl generation (ROH 

mole/s) is proportional to i ampere, and the following equation describes it. (Eq. 6) 

𝑖
𝐹 Ƞ = 	𝑅!" (6) 

Where F is Faraday constant (96,485 coulombs/mole), and Ƞ	 is the current efficiency of the ratio 

of moles CaCO3 precipitated to a specific hydroxyl ion mole.  

    These particular hydroxyl ions are produced by the current flowing. Both cathodic and anodic 

reactions in the EP process are governed by the current density. The relationship between current 

density and the quantity of dissolved metallic electrodes is described by Faraday's law. (Eq 7) 

(2010) Comninellis and Chen (Wang et al., 2002; Aguilar et al., 2005) 

n= it/zF (7) 

Where t is the electrolysis operation time in seconds, F is the Faraday constant, and z is the charge 

of the cation (Martnez-Huitle et al., 2018) and n is the number of moles of metals dissolved. 
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Recent research progress in electrochemical hardness removal from water can be divided into four 

parts.  

Softening of tap water 

Because brackish water is more conductive ( 50 mS cm-1) than seawater ( 0.5 mS cm-1), it is more 

advantageous to remove hardness from brackish water using the EP method (Clauwaert et al., 

2020). However, a few studies have documented some successes. (Kalash et al., 2015b) used the 

EP method to remove calcium carbonate-containing hardness from municipal tap water, which had 

a hardness of 330 mg/L. They were able to remove roughly 85% of the hardness. The electrodes 

utilized in this experiment were aluminum cathodes and graphite anode plates. In Campina Grande, 

Paraiba State, Brazil, (Agostinho et al., 2012) achieved 80% hardness reduction from tap water 

with beginning hardness of 355 mg/L as calcium carbonate. In 40 minutes of treatment, these 

results were achieved using steel and aluminum electrodes. 

   Treatment of cooling water 

Cooling water is a medium used in industrial applications to reject extra process heat (Song et al., 

2018). A cooling tower and the piping surrounding it make up an evaporative cooling water system 

(Becker et al., 2009). Hardness ions scaling in the circulation system is caused by cooling water 

evaporation. This characteristic makes water softening crucial, especially for industrial uses, when 

using water for cooling. In industries, it's usual practice to combine softened water with cooling 

water to keep the overall hardness under 400 mg/L due to CaCO3 (Moran, 2018). In hard cooling 

water, (Yu et al., 2019) increased total hardness removal efficiency up to 21.6% using a multistage 
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electrochemical precipitation reactor. (Luan et al., 2019) used a multi-mesh system to successfully 

lower the test solution's total hardness from 350 mg/L    of CaCO3 to under 100 mg/L of CaCO3 

from a Chinese manufacturing company in Shan Dong. The removal of total hardness up to 22.8% 

was tested by (Yu et al., 2018a) using a lab-scale batch hardness removal device. Yu et al. (2018b) 

achieved a final overall hardness reduction efficiency of 12.2 to 15.2% in separate research. (Jin 

et al., 2019) used titanium DSA (Dimensionally Stable Anode) as both the anode and the cathode 

in the EP process to achieve a total harness removal efficiency of 16.4–21.4% from cooling water. 

Additionally, the EP process with a high-efficiency multi-layer mesh linked cathode was evaluated 

by (Li et al., 2020). The study's findings suggested that internal and external layers worked together 

to improve performance, which suggests that the cathode area requirement of the EP system may 

eventually be exceeded. 

    Descaling the cathode surface 

    Preventing scaling on the cathode surface is one of the major issues facing the EP system. A 

comparison between several descaling techniques is presented in Table 1. The search for a more 

effective descaling technique for the EP process has seen a substantial increase in research. 

Pulsating current was suggested as a unique technique by Yu et al. (2018) during the EP process. 

The study demonstrated that higher gas pressure on the crystals linked to the cathode was caused 

by increased current density. Higher descaling was consequently seen (Table 2). The connection 

between turbidity and current density is explained. The paper also asserted that it was feasible to 

undertake repeated descaling operations without degradation. Yu et al(2018b) 's suggestion for 
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descaling the cathode involved air-scoured washing. This technique has primarily been used for 

filter backwashing (Liu and Liu, 2016; Park et al., 2016). It was found that the performance of the 

scale detachment was primarily affected by the airflow rate per unit cathodic area. According to 

the study, air scoured cleaning holds promise as a descaling technique. Polarity reversal was used 

by (Jin et al., 2019) to descale the cathode. In numerous technologies, including electrode 

ionization and electrodialysis, this descaling technique has been demonstrated to be effective (Lee 

et al., 2006; Valero and Arbós, 2010; Yeon et al., 2007). Descaling begins when the electrodes' 

polarity is flipped since this causes the electricity's poles to shift. A higher descaling rate during 

polarity reversal was shown to be the outcome of the increased current density during polarity 

reversal, according to an experimental finding. 

Table 1: Comparison of different descaling techniques (Yu et al., 2018b) 

Descaling 
Technique Advantages Drawbacks 

Mechanical 
Scraping Easily operational 

Low softening efficiency 
and high energy 

consumption 

Polarity Reversal Simple configuration Costly and 
environmentally harmful 

Acid Washing High detachment efficiency Severely reduced electrode 
lifetime 

Ultrasonic Satisfactory descaling efficiency and 
environmental friendliness 

Complicated 
configuration, difficulty in 

maintenance 

Air-Scoured 
Washing Simple configuration, easy operation Require a separate air 

supply system 
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    Cell design and process improvement 

Recently created revolutionary softening techniques include better cell designs and process 

improvements. By addressing one of the most pervasive issues with EP, a lack of cathodic surface 

area, the majority of these techniques improved hardness removal over the predecessors. (Luan et 

al., 2019) used a multi mesh structure rather than single cells to improve the active cathodic surface 

area. Eight cells made up a multistage EP reactor that was tested by (Yu et al., 2018a). The 

multistage device demonstrated superior water softening efficacy to the traditional ways while 

using comparably less energy. When ordinary unsalted water was treated, a larger ohmic drop was 

seen from the same multilayer system. (Yu et al., 2018b) combined cathode and anode 

electrochemical cell compartments with ion-exchange membranes in between. The process 

eliminated 40–44% magnesium and 73–78% calcium. Sanjuana et al. (2019) used a novel 3D 

stainless steel woolen cathode under different experimental conditions. The results showed that 

the 3D electrode has a higher electrode area, leading to greater hardness removal efficiency and 

lower energy consumption compared to conventional 2D electrodes. Zhi et al. (2016) used a novel 

electrochemical system that employed both conventional EC and EP processes. The EC process 

removed hardness ions by scale precipitation and adsorption of Ca2+ and Mg2+ to the Al(OH)3n 

floc produced from Al anode surface (Z. Liao et al., 2009). 
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Factors affecting electrochemical precipitation 

    Water hardness can be removed by applying electric power to cathode and anode submerged in 

the hard water via. This process is called electrochemical water treatment (Gabrielli et al., 2006; 

Malakootian et al., 2010; Hasson et al., 2008). Electrochemical precipitation (Luan et al., 2019; 

Xinhao Li et al., 2020) is one of the recent developed electrochemical water treatment processes 

that has shown a good potential in removing water hardness efficiently. In this process, the 

hardness is removed by forming an alkaline environment and depositing precipitates of soluble 

metals around the cathode (Agostinho et al., 2012; Henry A. Becker et al., 2009; Caluwaert et al., 

2019). Research on this water hardness removal technique has been done in the laboratory as both 

batch and continuous flow conditions as shown in Table 2. 



14 

Table 2: Current Density, Cell Voltage, Hardness removal efficiency 

Paper 
Author 
Name 

Electrodes 
used 

Distanc
e 

betwee
n 

cathode 
and 

anode 

curre
nt 

densit
y 

(A/m2

) 

Feed 
solution 

Flow 
rate Reactor Removal 

Efficiency 

AGOSTIN
HO ET AL 

(2012) 

Anode- 
Aluminium 

sheet 

Cathode – 
Steel sheet 

0.5 cm Tap 
water Batch 80% 

Becker et 
al. (2009) 

Anode –
titanium 

coated with 
Iridium oxide 

Cathode – 
Stainless steel 

mesh 

7-10 Tap 
water 18L/hr. Continuou

s 

86 – 73% 
(Calcium 
removal 

Efficiency
) 

Emamjome
h et al. 
(2009) 

Cathode and 
anode - 

Aluminium 
5 mm 

12.5-
50 

A/m2

Synthet
ic tap 
water 

150-
400 

mL/min 

Continuou
s 

fluoride 
removal 

efficiency-
89-99%

Gabrielli et 
al. (2006) 

Cathode - 
stainless steel 

plate 

Anode - 
titanium cast 
iridium oxide 

15-
40mm 

4-20
A/m2

Tap 
water 

1.68-12 
L/hr. 

continuou
s 

66 % for 
detention 
time 1 hr. 

Hasson et 
al. (2008) 

Cathode- 
Stainless steel 

Anode – DSA 
(titanium 

alloy) 

11 mm Synthet
ic water 

1 
L/min. 

Continuou
s 
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    In a continuous flow condition of the EP process, several experimental parameters can affect 

the hardness removal efficiency, precipitation rate, and specific energy consumption, which 

include: 

Flow rate 

 The flow rate has a significant impact on hardness removal, precipitation rate, and energy 

consumption. S.H. Lee et al. (2002) found that the increase in the flow velocity and the decline 

of the retention time causes insufficient diffusion of the scaling ions close to the cathode surface, 

which resulted a gradual reduction in the hardness removal rate. According to Luan et al. (2019), 

precipitation rate increased due to the mass transfer of hardness causing ions around the cathode 

as flow rate is increased to a critical flow rate value (400 L/hr.) in a continuous flow reactor of 

the multi-meshed cathode setup at a flow rate greater than critical rate, hardness removal 

efficiency dropped (Emamjomeh et al., 2009). Increased flow rate decreased specific energy 

consumption per Hasson et al. (2008), thus making the EP process more favorable. The effect of 

flow velocity on the specific energy consumption and the CaCO3 deposition rate was explored 

over the range of 0.5 to 2.5 L/min. 

Applied voltage and current density 

 The hardness removal rate directly relates to the current density (Yu et al., 2019). The 

increased current density and voltage make bubbles in treated water-dense and smaller. It 

increases the active surface area of the bubbles, and greater flotation efficiency can be achieved. 

This all leads to an increased OH- production (Table 3) (Clauwaert et al., 2020) and greater 

hardness removal from the water.  
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Table 3: Change of hydroxyl production with charge density (Clauwaert et al., 2020) 

Charge Density 

(C L-1 tap water) 

Hydroxyl production (mmol OH- L- tap 

water) 

175 

524 

1097 

2237 

3129 

181 

543 

1137 

2318 

3243 

Electrode Material 

 For all electrochemical processes, the electrode material is essential. For best 

performance, the electrode material must meet the following criteria: (a) Physically and 

chemically very stable; (b) High electrical conductivity; and (c) Low cost/life ratio (Chen, 2004; 

Angelada et al., 2009). The electrodes' materials can alter both the electrical efficiency and the 

effectiveness of removing hardness. Table 4 illustrates the significance of electrode material. The 

treatment water's original hardness was 350 mg/l as CaCO3 (Yu et al., 2018). 
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Table 4: Effect of electrode material on hardness removal (Yu et al., 2018b) 

Calcium 
Removal 
(mg/L) 

Titanium Nickel Normal 
Stainless Steel 

Frosted 
Stainless steel 

Mirror 
Stainless 

Steel 

1st trial 46.06 54.14 55.75 53.65 61.15 

2nd trial 48.48 51.71 54.94 53.33 62.22 

3rdtrial 45.25 52.52 54.14 50.10 59.48 

Inter-electrode distance 

 Hardness removal efficiency drops at a greater inter-electrode distance. Energy 

consumption also increases as the voltage increases in the EP system at a greater inter-electrode 

distance. At the same electrolysis time of 10 mins, the hardness removal rate decreases as the 

inter-electrode distance increases. The reason is that the smaller the electrode distances are the 

larger the contact area between the solution and the plates. It results more electrochemical 

reactions and improved the chemical reaction rate. (Wang & Zhang et al., 2019) In most of the 

EP setups, the electrode distance was taken between 0.5-2 cm for the optimum results. (Khairi et 

al., 2014; Gabrielli et al., 2006). 



18 

Effect of retention time 

    The retention time affects the rate of calcium and magnesium precipitation. When pH and 

potential difference are constant, electrolysis time is directly proportional to the amount of 

hardness removed (Yu et al., 2018b). discovered that for the first four minutes of the experiment, 

electrolytic hardness reduction and hydraulic retention time were directly proportional (Fig. 3). 

Figure 3: Effect of retention time (Yu et al., 2018b) 
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CHAPTER III 

OBJECTIVES 

This study aims to develop a lab scale electrochemical precipitation cell using graphite 

concrete electrodes.  

• Determining whether a cathode made of graphite concrete will work in an

electrochemical precipitation cell. The goal was to use an effective amount of graphite

in the concrete to minimize resistivity as low as possible.

• Putting together a functional lab scale system. This includes determining the best

settings for the most output, the best power sources, and safety procedures.

• Selecting the setup's optimal operational variables. It is important to carefully test the

effects of Current density, flow rate and reaction time variation.

• Effect of continuous electrochemical precipitation on the quality of the water after

softening.

• Determining the experimental setup's maximum hardness removal capacity.
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CHAPTER IV 

METHODOLOGY 

Conductive Concrete 

    The chosen mold size was 76.3 mm×17.77 mm× 20.33mm. The coarse aggregate size was #8 

no sieve passing and containing maximum and minimum sizes of 9.5 mm and 2.38 mm 

respectively. Fine aggregate of #8 sieve passing and #100 sieve retaining was used (Fig 4). 

Water cement ratio of 0.45 and air content of 4.5% was used. Additional natural flake graphite 

powder was used to make the concrete conductive. The physical properties of the graphite are 

shown in the Table 5. 

Figure 4: a) Coarse Aggregate b) Fine aggregate 

(a) (b)
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Table 5: Physical Properties of the natural flake graphite powder used in experiment 

Percent 

Carbon 

Typical Size 

(µm) 

Specific 

Gravity 

Surface area 

(m2/g) 

Typical 

Resistivity 

(Ω-cm) 

Note 

95.46% 50-60 2.6 5 0.03-0.05 Flake 

    Graphite was added to the concrete mix of cement, coarse, fine aggregate, and water 

homogenously. Specimens were cast containing 10% graphite powder. The specimens were cast 

according to the standard ASTM methodology. Mix design of graphite conductive concrete 

cathode used in this experiment are shown in Table 6. 

Table 6: Mix Design of Graphite Concrete Cathodes 

Materials Mix Design of 10% graphite concrete (gm) 

Water  

Cement 

Coarse Aggregate 

Fine Aggregate  

Graphite   

25 

55.55 

105.838 

127.46 

31.14 

    The inside of the molds was well lubricated with grease and the molds were reinforced with 

wooden pieces. The concrete containing graphite was poured into the mold in three layers. The 
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cast specimen was kept in room temperature of 25℃ for 24 hours. After the concrete was set, it 

was kept under water for curing for 14 days. 

Preparation of the specimen 

     Cured specimens were towel dried and followed by submerging them in water again for a 

minimum of 24 hours. This would cause the concrete to be saturated which would simulate 

similar conditions to a concrete pipe or reservoir. After that the saturated concrete specimen was 

then coated with PELCO conductive nickel paste (Tedpella, USA) (Fig 5). This nickel paste was 

from Tedpella USA and contain pure nickel flakes (8-15 μm). This paste was used to create a 

thin, conductive and flexible layer on the conductive concrete specimen. This paste is more 

conductive than other paints such as of graphite or silver.  On this nickel paste conductive copper 

tape is wrapped. This tape is made with copper foil with an acrylic conductive adhesive.  

Figure 5: a) Applying nickel paste on conductive concrete cathode b) Applying copper tape over 
the nickel paste in this experiment 

Treatment water 

    The water used in the experiment was tap water. The source was environmental engineering lab 

in UTRGV Edinburg campus. Before collecting sample water, the water was kept running for 10 

(a) (b) 
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mins. Water was collected in 1 liter glass beaker. The initial hardness of the sample water was 

between 290-300 mg/L as CaCO3. Initial pH was 7.2 on average. The temperature of the water was 

23 degrees.  

Experimental Setup 

    The experimental setup, shown on Figure 6 and 7, was completed by connecting the anode and 

cathode with a DC power source which consisted of a maximum voltage of 31 V and current of 5 

A. Both of parameters can be regulated as per required. Anode and cathode were placed vertically

in the reactor with a specified distance between them. Dimensionally stable anode (DSA) was used 

as anode and conductive concrete was used as cathode. DSA anodes were 2” by 6” in dimension. 

18 -gauge wire and claps were used to connect the electrodes with the power supply. 1 litre beaker 

was used an electrochemical reactor. Finally, a peristaltic pump was added to continuously add 

water into the reactor. It was made sure the electrodes were submerged as much as possible. This 

allowed a maximum surface area efficiency. After reaching the pre-determined hydraulic retention 

time, it would overflow out of the reactor and not return to the beaker, so as to better simulate the 

actual situation. The function of the graphite concrete cathode was to generate alkalinity and be 

the scale deposition surface. No medium was needed for the separation of anodic and cathodic 

environments. The high pH condition was necessary to promote precipitation near the cathodic 

surface as a thin layer. As a result, the precipitation reaction occurred exclusively in the thin water 

film adjacent to the cathodic surface (Tlili et al., 2003a, 2003b).   
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Figure 6: Placement of electrodes in experiment. 

Figure 7: Experimental setup. 

    In this experiment, the effect of current density, flow rate (hydraulic retention time), pH, 

treatment time on hardness removal had been investigated. The experiment was conducted to 

collect to samples at 15mins. interval with a constant voltage of 30 V and a variable current and 
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flow rate value. The cathode was made up of concrete with 10% graphite content of the total 

volume.  

    Before conducting each experiment initial pH, Hardness, alkalinity, total dissolved solids 

(TDS) and temperature was recorded. After specified treatment time, treated water precipitation 

was removed by filtering through the 1 μm glass fiber filter connected to vacuum filter (WELCH 

2534B-01A, Louisiana, USA). Then the pH, hardness, alkalinity, TDS and temperature was 

measured again.  the hardness of water was checked with EDTA (Ethylenediamine Tetraacetic 

Acid) titration method according to the standard method. After that pH multimeter HACH 

HQ40d (HACH, Colorado, USA) was used to measure the initial pH of water. Following that 

LaMatte Alkalinity DRT kit was used to measure the alkalinity of the water.  

    Three sets of cylindrical specimens containing 5%, 7.5%, and 10% graphite were created to 

measure the compressive strength of conductive concrete. Each set had three samples. The 

cylindrical mold had a diameter and height of 10 and 20 cm, respectively. Concrete with a 

graphite content was poured into the mold, and the empty area between the concrete was 

eliminated by compacting the concrete. The entire casting process was carried out and kept up to 

ASTM standards. Specimens were removed and submerged in water for 28 days of cure after a 

24-hour casting period. The specimens were given the names 10 T1, 10 T2, and 10 T3 for 10%

graphite concentration, 7.5 T1, 7.5 T2, and 7.5 T3 for 7.5%, and 5 T1, 5 T2, and 5 T3 for 5%. 

(Figure 8). 

    For this known standard, ASTM C39M-21 was used. The compressive strength test was 

conducted using a Forney F250 compressive strength machine (Forney Corporation, Texas, 

USA). Weight was determined for input using a common scale equipment. The specimen was 
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placed between the pistons that provided the load (Fig 9). To ensure that debris wouldn't hurt the 

experimenters or the machine, safety precautions were adopted. When the specimens had a 

visible crack and the highest compressive strength had been recorded, the loading was halted. 

(Fig 10) 

Figure 8: Conductive concrete cylinders containing 10% graphite by volume. Specimens are 10 

cm by diameter and 20 cm by length. (a) side view of the specimens and (b) top view of the 

cylindrical specimens. 
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Figure 9: (a)Conducting compressive strength test on FORNEY F250. (b) specimen setup for the 

compressive strength test. 

Figure 10: Failure of specimen 10T1, 10T2 and 10T3 under lateral loading 
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    Three sets of cubical specimens with graphite contents of 5%, 7.5%, and 10% were created 

using the same concrete mix design for compressive strength in order to measure the resistivity 

of the conductive concrete. The specimen measured 2 inches by 2 inches by 2 inches. Specimens 

were bonded using copper tape, nickel paste, and polyethylene paper to maintain a steady 

moisture level after 28 days of curing (Fig 11). The impedance spectrometer is then used to 

measure impedance. 

Figure 11: Specimens for impedance measurement. 

    Several parameters are entered before the measurement (Fig 12). The maximum integration time 

was 0.25, the maximum number of cycles was 10, the amplitude threshold was 5%, the steady 

state was reached after 10 cycles, the highest resolution was 32, and the maximum amount of 

measurement was 25. Using an impedance spectrometer, the Bode plot, Nyquist diagram, and 

resistance reading were measured. 
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Figure 12: Basic input parameter before impedance measurement. 
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CHAPTER V 

RESULTS AND DISCUSSION 

Resistivity 

    Impedance spectroscopy (IS) was used throughout the experiments to measure the  

electrical properties of specimens. Using Alternate Current (AC), four pieces of information have 

been collected- real impedance, imaginary impedance, impedance, and phase angle. These 

information has been used to draw three graphs containing Nyquist Diagram, Bode Plot  

impedance and Bode Plot Phase angle diagram. Nyquist diagram has been drawn plotting real  

impedance in X-axis and imaginary impedance in Y-axis while bode plot impedance has been 

 drawn plotting frequency in horizontal and impedance in vertical and bode plot phase angle has 

been drawn plotting frequency in horizontal and phase angle in vertical. 
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Figure 13: Nyquist diagram for 10 percent graphite 

Figure 14: Bode plot diagram for 10 percent graphite 
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Figure 15: Phase angle diagram for 10 percent graphite 

    No significant difference was found in Impedance for 10 percent of graphite and 7.5 percent  

graphite.  In 10 percent of graphite, impedance is slightly lower then 100 Ω.cm (Figure 14) and 

in 7.5 percent of graphite impedance is slightly above of 100 Ω.cm (Figure 17). Nevertheless,  

both specimens are conductive enough to pass the electricity. The rate at which impedance  

decreases, slows down at higher frequency which expresses that the materials have some 

capacitance effects but it is negligible.  
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Figure 16: Nyquist diagram for 7.5 percent graphite  

 

 

 

Figure 17: Bode plot diagram for 7.5 percent graphite  
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    It is very tough to explain the Nyquist diagrams for 10 and 7.5 percent of graphite as they are 

showing too fluctuations (Figure 13 and 16) but graphs for 5 percent of graphite containing  

concrete are semicircles (Figure 19). The two metal plates which are separated by insular  

materials behave like a capacitor and materials through which electricity hinders to flow  

through acts as a resistor. Both of this type of processes is present in cement concrete. The bulk  

impedance shows semicircle, which means that the capacitor and the resistor are connected in  

parallel way.  

Figure 18: Phase angle diagram for 7.5 percent graphite 

    For 10 percent and 7.5 percent graphite containing concrete, phase angle starts from almost 0 

degree (Figure 15 and Figure 18), and for 5 percent, starts from 5 degree (Figure 20). The phase 

angle gradually increases with the frequency. A pure resistor would show zero-degree phase 

angle and the phase angle would increase with the capacitance behavior. In low frequency, the 
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specimens show no capacitance effects but in high frequency, they show very small capacitance 

effects. 

Figure 19: Nyquist diagram for 5 percent graphite 

Figure 20: Phase angle diagram for 5 percent graphite 
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Current density 

    Electrochemical treatment is greatly influenced by electrical variables (Zhou et al., 2019). The 

current (i.e., current density) is chosen to represent the electrical parameters since it is more 

practical to utilize in research and engineering applications than the voltage value. When 

inputting different current densities, the changes of different indexes in the electrochemical 

descaling process are plotted in figure 21. 

Figure 21: Hardness removal efficiency at different current density. 
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Figure 22: Alkalinity removal efficiency at different current density. 

 

Figure 23: TDS removal efficiency at different current density. 
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electricity to pass through the system. As a result, more electrons could pass through the water at 

the same time. This process increased the density of the water bubbles adjacent to the cathode, 

while decreasing the size of them.  Since the effective surface and retention time of smaller 

bubbles were more than the bigger ones, in the same retention time hardness removal efficiency 

was improved.  

    Along with having a direct impact on descaling performance, the current density may also 

have an impact on how the temperature of the electrolyte is affected. According to Fig 24, there 

is always some degree of temperature rise in the reaction process, independent of the current 

density value. Ohmic heating is severe at large current densities, creating a noticeable 

temperature increase. After 60 min. of reaction, when the current density is 46, 61 and 77 

mA/cm2 , the corresponding temperature rise is 6.5, 6.1 and 5.7 degree Celsius. 

 

Figure 24: Temperature rise at different current density. 
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Flow rate 

    Flow rate is an important parameter to analyze as it affects the hardness removal efficiency in 

the electrochemical precipitation process. Flow rate determines the hydraulic retention time, 

which in turn refers the duration for water to remain in the electrochemical reactor (Zu et al., 

2020). The larger value presents the longer time for water to participate in the reaction in the 

reactor and the better treatment performance (San Juan et al., 2019). In this study, four flow rates 

of 1.5, 3, 5 and 8 L/hr. have been chosen, and their corresponding hydraulic retention times were 

40 min, 20 min, 12min and 7.5 min.  

Figure 25: Hardness removal efficiency at different flow rates. 
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Figure 26: Alkalinity removal efficiency at different flow rates. 

Figure 27: TDS removal efficiency at different flow rates. 
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    The figures 25,26,27, and 28 exhibit the changes of different indexes in the electrochemical 

descaling process with different flow rates. As illustrated in the figures, hardness, alkalinity, and 

TDS removal rates all decrease with the increase of flow rates. Low flow rates correspond to 

high HRT, allowing for adequate water sample treatment in the reactor and longer ohms-based 

heating times. The flow disturbance condition currently is negligible, which favors the directed 

migration of Ca2+/Mg2+ to the cathode region and increases the effectiveness of the treatment. 

On the other hand, a high peristaltic pump (HRT), i.e., high flow rate, speed results in a low 

HRT, which means that the water sample only spends a short period in the ohmic heating area. 

So, a change to the water body's steady condition could result in inadequate treatment.  

 

Figure 28: Temperature rise at different flow rates. 
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    This is consistent with the findings of Sung H Lee et al. (2002), who stated that a decrease in 

the retention time of the solution in the electrolytic cell and an increase in the main flow velocity 

could result in insufficient scaling ions diffusing to the cathode plate's surface, thereby gradually 

slowing the rate at which hardness is being removed. Implementing high HRT helps to improve 

treatment effectiveness and cut down on energy usage. 

Reaction Time 

    Reaction time provides a meaningful impact on the performance of the novel electrochemical 

precipitation time. Under operational parameters of 0.5cm electrode gap, 5 amps power supply, 

and same electrode configuration, a significant change in hardness removal was observed in the 

experiment. While being treated for 15 minutes, the hardness removal rate was 17.3 percent; this 

rate increased with the reaction time. 

    At the end of 60 minutes of treatment in all configurations, the hardness removal rate also 

increased. From Figure 29, it can be observed that 10% graphite concrete cathode showed 20.7% 

hardness removal in 30 minutes, and it increased to 26% in 60 minutes. Similar results were seen 

with all other cathodes. It could be observed that with increased time of treatment, the hardness 

removal efficiency was growing as well. Similar results were found by (Clauwaert et al., 2020; 

Kalash et al., 2015a; Sanjuán et al., 2019b; Yu et al., 2018a).  
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Figure 29: Changes of water quality indexes during 3 hr. continuous operation. 
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Ph and Alkalinity 

         Different effects of pH on the effectiveness of the electrochemical precipitation procedure 

were seen in earlier research. According to (Malakootian et al., 2010), pH significantly affects how 

well the electrochemical precipitation works. A higher initial pH is said to improve the 

effectiveness of hardness reduction. However, it is demonstrated in (Kalash et al., 2015a) that pH 

had little to no effect on how well an electrochemical precipitation cell removed hardness. 

However, it was noted in every reference that the pH of the water rises considerably in a successful 

electrochemical precipitation cell. Similar findings were obtained in this study (Table 9) using a 

10% graphite concrete cathode configuration, where the final pH increased from 7.19 to 8.76 after 

60 minutes of treatment. No matter the retention duration or the amount of graphite in the cathodes, 

other test findings revealed comparable outcomes. 

    Additionally, this study examined the water's decrease in alkalinity. These waters included 

carbonate alkalinity as CaCO3. Alkalinity significantly decreased when hardness was reduced. But 

this hardness drop in the alkalinity was far less than actual hardness removed from the water. 10% 

graphite concrete removed 79.75 mg/L as CaCO3, where alkalinity removal was 26.4 mg/L as 

CaCO3 for the treatment time of 60 minutes. Similar results were seen in all the retention time and 

setups. 
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Table 7: pH and alkalinity change in electrochemical precipitation setup 

Electrode Treatment 
time 

Initial 
pH Final pH 

10%graphite 60 7.19 8.76 

10%graphite 45 7.2 8.23 

10%graphite 30 7.2 7.72 

10%graphite 15 7.2 7.63 

Compressive Strength 

    To verify the structural integrity of the 10% graphite concrete specimen, its compressive 

strength was determined. Three cylindrical specimens with a 10 cm diameter and 20 cm length 

underwent testing. Peak load bearing capability was noted as lateral load was applied. The 

specimen's detailed results are shown in table (8). The ideal compressive strength for regular 

concrete is between 2500 and 4000 psi. These specimens' lack of compressive strength can be 

attributed to one of two factors, the first of which is the aggregate's size. The performance of 

concrete is greatly influenced by the size of the coarse aggregate. (Tasdemir et al., 1996; Mihashi 

et al., 1991) Concrete exhibits a heterogeneous behavior and does not fracture linearly. As a 

result, applying linear fracture mechanics to concrete becomes incredibly challenging. Therefore, 

the appropriate fracture processes have been identified as fracture energy and fracture toughness. 
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These aid in describing the concrete's resistance-to-force characteristics. An experiment revealed 

that adding more coarse aggregate to concrete might increase fracture energy by up to 2.5 times 

(Chen and Liu, 2004). In this experiment, 9.5mm aggregates were used. In low strength concrete, 

the size of this aggregate can be crucial. The specimen's high graphite content is the second 

cause of the low compressive strength. It has been observed that conductive concrete's 

compressive strength decreases noticeably as graphite content rises. 

Table 8: Compressive strength test of 10% graphite concrete cylinder 

Specimen Weight (lb) Load 
Area 

(Sq. Inch) 

Compressive 

Strength (psi) 

10 T1 7.55 11920 

12.566 

948.59 

10 T2 7.55 10855 863.83 

10 T3 7.60 9960 792.614 
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CHAPTER VI 

CONCLUSION 

    To determine the best operating circumstance for the unique electrochemical precipitation 

system, several experiments were carried out. The tests were carried out in lab-scale continuous 

procedures. Reaction time, current density and flow rate were found to have an impact on 

operations. From 2.7% to 35.1%, the hardness removal efficiency was noted. The operational 

condition of 5 ampere, 30 volts,.5 cm inter-electrode distance, 180 minutes of treatment, and 

10% graphite concrete cathode resulted in the maximum hardness elimination. As a result, it was 

shown that this procedure might be employed as a pretreatment step for removing water 

hardness. To incorporate conductive concrete into large-scale treatment programs, additional 

research on the material's structural stability is required. Additionally, it is crucial to conduct 

more research on the treatment facility's economic viability. Because in electrochemical 

treatment methods, effective and acceptable energy usage and operational costs are essential to 

the success of real-world applications. There is a need for more large-scale practical 

investigations and pilot-scale research. 
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APPENDIX 

Experimental Data 

Table 19: Summary of total experimental data 

Initial 
Hardness 
(mg/L) 

Initial 
Alkalinity 

(mg/L) 

Initial 
TDS 

(mg/L) 

Reaction 
Time 

(mins.) 

Final 
Hardness 
(mg/L) 

Final 
Alkalinity 

(mg/L) 

Final 
TDS 

(mg/L) 
290 74 710 15 239.8 55 625.5 
290 74 710 30 230 59.2 609.2 
290 74 710 60 214.6 46.6 594.3 
290 74 710 90 200.1 44.4 538.9 
290 74 710 120 198.7 47.3 517.6 
290 74 710 150 197.2 38 506.94 
290 74 710 180 188.21 40.7 492 
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