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ABSTRACT 

 

EXPLORING CATION EXCHANGE: UNVEILING ITS SIGNIFICANCE IN 

BIOCHAR AND BIOENERGETICS APPLICATIONS 

 
Gyanendra Kharel 

Old Dominion University, 2024 

Director: Dr. James W. Lee 

 

Cation exchange, a cornerstone of soil chemistry and nutrient cycling, is a fundamental 

chemical process that occurs in soils, sediments, membranes, and other solid materials. It involves 

the interchange of positively charged ions, or cations, between a solid matrix and a surrounding 

solution. This process is crucial in various natural and engineered systems, leading to a range of 

applications across different fields. 

This dissertation presents an extensive investigation into the applications of cation 

exchange in the fields of biochar and bioenergetics, encompassing three distinct aims. The first 

aim concentrates on the surface oxygenation of biochar through ozonization, aiming to achieve an 

exceptional cation exchange capacity. This innovative approach seeks to transform biochar into a 

humic like material through controlled ozonization, promising implications for soil fertility 

enhancement and nutrient management. This was accomplished by treating the biochar with ozone 

for 90 minutes in an enclosed vessel. The initial CEC value of untreated biochar ranged between 

14 and 17 cmol/kg. However, ozone treatment led to a remarkable increase in CEC, with values 

ranging from 109 to 152 cmol/kg. The ozonization process also induced a significant reduction in 

biochar pH, from 9.82 to as low as 3.07, indicating the formation of oxygen-functional groups, 

particularly carboxylic acids, on the biochar's surface. 



 

In the second research aim, the focus shifts to the solubilization of phosphorus from soil 

utilizing ozonized biochar. This strategy explores the potential of ozonized biochar to enhance 

phosphorus availability while minimizing phytotoxicity. By coupling the findings from first aim 

with the outcomes of this aim, a comprehensive approach to sustainable phosphorus management 

in agriculture is explored, contributing to the development of eco-friendly fertilization practices. 

The final aim introduces a paradigm shift by demonstration of a protonic capacitor and 

investigation of cation-proton exchange with transmembrane-electrostatically localized protons 

(TELP) at a liquid-membrane interface. Understanding the complexities of cation-proton exchange 

could potentially revolutionize bioenergetic mechanisms, particularly in microbial systems. This 

pioneering endeavor not only provides fundamental insights into cation exchange processes but 

also offers a bridge to the field of bioenergetics.
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CHAPTER 1 

 

INTRODUCTION 

 

Cation exchange is a chemical process that occurs in soil, sediment, biological membranes, 

or other porous materials, where positively charged ions, known as cations, are exchanged between 

a solid phase and a liquid phase. This process is important in many natural systems, including the 

movement of nutrients through soil, the behavior of pollutants in water, the uptake of nutrients by 

plant roots, regulating the movement of cations through ion channels, and transport ions across the 

membranes through ion pumps.1, 2 

In cation exchange in the soil or sediment, cations such as calcium (Ca2+), magnesium 

(Mg2+), and potassium (K+), are attracted to negatively charged sites on the surface of the solid 

phase. When a solution containing other cations, such as hydrogen (H+) or sodium (Na+), meets 

the solid phase, these cations can displace the original cations and become bound to the negatively 

charged sites.3 This exchange can continue until the cations in the solution are depleted or until 

the solid phase becomes saturated with cations. Cation exchange is an important process in soil 

fertility and plant nutrition because it can affect the availability of nutrients for plant uptake. For 

example, if a soil has a high concentration of hydrogen ions, they can displace other cations such 

as calcium or magnesium, making these nutrients less available to plants.4 On the other hand, if 

the soil has a high concentration of calcium or magnesium ions, they can displace hydrogen ions 

and increase the pH of the soil, making it more alkaline and potentially more favorable for certain 

crops.5  
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Figure 1. Cation exchange in a clay particle. 

Cations such as calcium (Ca2+), magnesium (Mg2+), potassium (K+), hydrogen (H+), and sodium 

(Na+) being exchanged between the negatively charged sites on the surface of the clay particle and 

the solution around the clay particle. 

 

Biochar is a carbon-rich material produced through the process of pyrolysis, which 

involves heating biomass in a low-oxygen or oxygen-free environment.6 Pyrolysis is a 

thermochemical decomposition of solid organic materials at elevated temperatures in the absence 

of oxygen.7, 8 This prevents the complete combustion of the biomass, leading to the production of 

biochar along with other by-products such as syngas and bio-oil.9 The resulting biochar is a stable 

form of carbon with a high surface area and a porous structure. The highly porous structure with a 

large surface area provides ample sites for cation and anion exchange.10 These pores and surface 

functionalities can attract and retain cations. The surface of biochar contains functional groups 
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such as carboxyl, and hydroxyl groups. These functional groups contribute to the negative charge 

on the biochar surface, enabling it to attract and hold onto positively charged cations.11 

Cation exchange is also an important process in biological membranes, which are thin, 

selectively permeable barriers that separate cells and their internal structures from the external 

environment. The cell membrane is composed of a lipid bilayer with embedded proteins, and it 

plays a crucial role in maintaining the internal environment of the cell and regulating the movement 

of ions, molecules, and other substances in and out of the cell.12 One way that biological 

membranes use cation exchange is through ion channels, which are specialized proteins that span 

the membrane and allow specific ions to pass through.13 Ion channels can be either gated or 

ungated, meaning they can be opened or closed in response to various stimuli, such as changes in 

membrane potential or the binding of specific molecules. These channels play a critical role in 

regulating the movement of cations, such as sodium (Na+), potassium (K+), magnesium (Mg2+) 

and calcium (Ca2+), which are important for cellular signaling, muscle contraction, heartbeat 

regulation, and other physiological processes.14, 15 Another way that cation exchange is used in 

biological membranes is through ion pumps, which are also specialized proteins that use energy to 

transport ions across the membrane against their concentration gradient. One example of an ion 

pump is the sodium-potassium ATPase pump, which is found in all animal cells and helps maintain 

the balance of Na+ and K+ ions inside and outside the cell. The pump uses ATP (adenosine 

triphosphate), as an energy source to exchange three Na+ ions for two K+ ions across the 

membrane.16 
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Figure 2. Cation exchange across a biological membrane.  

Sketch of the structure of the cell membrane showing the ion gradient, ion channel and ion 

pumps for exchanging Na+ and K+ ions. 

 

Cardiac muscle cell membrane depolarization and repolarization are properly timed to 

drive a typical heartbeat. Research indicates that contractile function can be affected by abnormal 

intracellular Ca2+ homeostasis or abnormal function of Ca2+-release channel leading to ventricular 

arrhythmias.15 Overall, cation exchange plays a critical role in the function of biological 

membranes, from regulating ion concentrations and membrane potential to maintaining the proper 

balance of nutrients and signaling molecules in the cell.17 
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Figure 3. Membrane depolarization and repolarization in single heart cells. 

Illustration of a ventricular cardiomyocyte. Membrane depolarization is brought on by ion entry 

through connexin channels followed by the opening of voltage-gated Na+ channels and Na+ entry. 

As the membrane depolarizes quickly, Na+ channels are inactivated while K+ and Ca2+ channels 

are opened. Ca2+ is released from the sarcoplasmic reticulum through the ryanodine channel when 

it enters the cell. The sarcomere is then activated by the binding of Ca2+ to the troponin complex. 

Cellular relaxation results from the exchange of Na+/Ca2+ with the extracellular fluid and the 

removal of Ca2+ from the cytosol by the Ca2+ uptake pumps of sarcoplasmic reticulum. 

Intracellular Na+ equilibrium is maintained through the Na+/K+ pump. (Adapted from Ref 15) 
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CATION EXCHANGE CAPACITY OF SOIL AND BIOCHAR 

Cation exchange capacity (CEC) is a critical property used to characterize the chemical 

properties of soils and other natural materials such as biochar. It refers to the ability of a material 

to exchange cations with the surrounding environment and is often used as an indicator of soil 

fertility, nutrient availability, and potential for plant growth. CEC is influenced by several factors, 

including the composition and structure of the material, the pH of the surrounding environment, 

and the types and concentrations of cations present.18 Biochar's CEC is dependent on the type of 

biomass and temperature during pyrolysis. Certain oxygen-containing functional groups, such 

hydroxyl, carboxyl, and carbonyl, are retained because of the partial breakdown of cellulose during 

the carbonization process, which raises the CEC of the biochar. Moreover, as biochar ages, 

oxidation reactions may lead to the formation of additional oxygen-containing functional groups 

on the surface raising the biochar's CEC. Within a specific range, the biochar CEC falls as the 

pyrolysis temperature rises. However, as the temperature rises, concentration of alkali/alkaline-

earth metals like K, Ca, and Mg increases, which could result in a rise in CEC.19 

CEC is typically measured in laboratory tests using methods such as the barium acetate 

exchange method, the ammonium acetate exchange method, or the sodium exchange method. 

These methods involve adding a solution containing exchangeable cations, such as barium, 

ammonium, and sodium, to the sample and measuring the number of cations exchanged by the 

material. The results are reported as the number of cations that can be held by the material per unit 

weight or volume.20 

CEC is an important parameter in soil science, agronomy, and environmental studies 

because it can help predict the potential for nutrient leaching, soil acidification, and plant growth. 

Soils with high CEC are generally more fertile and can hold onto nutrients more effectively, while 
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soils with low CEC may require more frequent fertilizer applications to maintain plant growth.21 

In addition, CEC can also influence the mobility and bioavailability of certain pollutants, such as 

heavy metals, in soil and water systems. As such, understanding the CEC of soils and other natural 

materials is important for a wide range of applications, from agriculture and land management to 

environmental remediation and pollution control.22 

BIOCHAR SURFACE OXYGENATION FOR ENHANCING CEC 

One of the most valuable and simple indicators of high CEC is its oxygen to carbon ratio. 

A high O:C ratio within a biochar sample is considered indicative of high CEC. Understanding 

and optimizing the O:C ratio during biochar production is crucial for enhancing CEC.23 Extensive 

research efforts focus on quantifying parameters throughout the biochar production process that 

contribute to high CEC. Nevertheless, there are various post-production techniques aimed at 

enhancing specific characteristics of biochar, emphasizing the alteration of surface area, structure, 

and functionality.24, 25 The most common techniques include chemical activation with CO2, KOH 

or H2SO4, and physical activation with steam.26-28 These techniques aim to increase surface area, 

but challenges include the generation of unwanted by-products and high treatment chemical costs 

which can make these techniques less favorable on a large scale. Functionalization techniques, 

such as H2O2, HNO3 and NH3 treatment alter biochar's structure and add oxygen or nitrogen 

functionality.24, 29 Some of these techniques requires the aid of microwave or ultrasound.30, 31 

Selective functionalization allows controlled tuning, influencing interactions with chemical 

species, hydrophobicity, and pH. Biochar surface oxygenation through ozonization can be 

employed to modify the surface properties of biochar while preserving the overall bulk 

composition of the biochar. Ozonization process introduces oxygen functionalities such as 

hydroxyl (-OH), carbonyl (C=O), and carboxyl (-COOH) groups markedly enhancing the CEC, 
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reducing pH and improving its reactivity and interaction with the surrounding environment.25 This 

dissertation focuses on a breakthrough process to improve biochar CEC through biochar surface 

oxygenation by ozonization.32 These techniques offer modified biochar properties for agriculture, 

environmental remediation, and carbon sequestration.  

SOLUBILIZATION OF PHOSPHORUS WITH OZONIZED BIOCHAR 

Phosphorus (P) is a basic nutrient which is essential for the growth of all life forms and is 

one of three key components in most typical fertilizers. Most of the fertilizer phosphorus is sourced 

from mined rock phosphate.33 Because phosphorus has no alternatives, fertilizer availability, 

particularly with respect to phosphorus, is identified as a major issue. It was predicted in 2009 that 

a worldwide phosphorus peak can be reached as early as 2030.34, 35 The prediction is based on the 

theory that when demand for limited resource keeps growing, production costs would go beyond 

profits resulting either a decrease in production or an increase in pricing.36 Although there is 

controversy over the exact date of peak P production, it is generally accepted that the quality of 

the remaining phosphate rock is decreasing over time.37, 38 The United States, having limited 

phosphate rock reserves compared to other countries like Morocco and China, heavily relies on 

phosphate for fertilizers and animal feed.39 Phosphorus is overapplied in current agricultural 

techniques, which causes P to build up in soils and ultimately contributes to eutrophication of 

aquatic bodies through surface runoff.40 Furthermore, because phosphate rock can contain 

significant quantities of radioactive contaminants like uranium, using P fertilizers can have 

negative effects on the ecosystem, such as the buildup of radioactive contaminants like uranium in 

the soil and food chain. Ensuring the real availability of soluble phosphorus for plants in 

agricultural soils remains a global concern, even though P buildup is caused by excess fertilizer 

use in soils. Phosphorus exhibits low solubility and is predominantly available to plants in its 
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inorganic forms as HPO4
2− or H2PO4

− and H3PO4, hindered by factors like adsorption, 

precipitation, and conversion into organic forms.41, 42 Given the crucial role of phosphorus in 

agriculture and its limited global availability, finding efficient ways to generate and utilize 

phosphorus is imperative. 

Biochar, a solid material derived from the thermochemical conversion of biomass in an 

oxygen-deprived environment, has emerged as a transformative soil amendment. Over the past 

decade, it has gained a lot of interest and importance in agricultural research.43 The quality of 

biochar is strongly correlated to various production factors and the characteristics of the biomass 

used as feedstock. Because biochar retains the nutrients found in the original biomass, it acts as a 

reservoir for nutrients essentials for plant growth.44, 45 Biochar is essential in enhancing the soil 

resilience by improving soil structural stability. Biochar has a major impact on CEC, facilitating 

the exchange and retention of essential cations. This leads to increased nutrient availability to 

plants which promotes optimal growth parameters.46, 47 The use of biochar has a positive impact 

on different crops, enhancing their growth, yield, and overall health. An improved nutrient 

availability and soil fertility promotes to a healthier agricultural ecosystem. Biochar stands as a 

pioneer in sustainable agriculture since it provides complex solution to soil enhancement.48, 49 As 

agricultural practices transition towards more sustainable models, the role of biochar in improving 

soil health and increasing crop productivity becomes gradually significant. 

A recent study shows that phosphate can be solubilized from insoluble phosphate materials 

such as hydroxyapatite by agitating it with ozonized biochar in water. NMR results (Figure 4) 

showed a distinct peak for HPO4
2- implying it as a dominant form of phosphate in the mixtures. 

Phosphorus solubilization may take place via several different molecular pathways such as 

protonic effect, cation exchange, and anion interchange or a combination of these. Cation exchange 
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pathway involves calcium removal after complexing with deprotonated carboxylate groups on the 

surface or in the molecules of biochar. The release of phosphate from insoluble phosphate 

compounds is thermodynamically favored by the removal of calcium.50 

 

 

Figure 4. 31Phosphorus NMR of the filtrate from samples of the hydroxyapatite assay. 

The ozonized biochar and hydroxyapatite (−1.16 ppm) and the control biochar and hydroxyapatite 

(−1.26 ppm) representing phosphorus in the form of HPO4
2–. The phosphoric acid reference is also 

shown in the figure. (Adapted from Ref 50) 

 

CATION-PROTON EXCHANGE IN MITOCHONDRIA 

ATP synthesis is an essential process that occurs in biological systems. ATP is a high-

energy molecule that stores energy for cellular processes.51 The synthesis of ATP occurs through 
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two main mechanisms: oxidative phosphorylation and substrate-level phosphorylation.52 

Oxidative phosphorylation occurs in the mitochondria of eukaryotic cells. The cation-proton 

exchange is a critical process involved in ATP synthesis. It occurs in the mitochondria and is 

essential for the maintenance of the proton gradient that drives ATP synthesis through oxidative 

phosphorylation. During oxidative phosphorylation, electrons are transferred from electron 

donors, such as NADH or FADH2, to the electron transport chain, which pumps protons across the 

inner mitochondrial membrane, creating a proton gradient. This proton gradient is then used by 

ATP synthase to synthesize ATP from ADP and inorganic phosphate.53 Substrate-level 

phosphorylation, on the other hand, involves the transfer of a phosphate group from a high-energy 

molecule, such as phosphoenolpyruvate or creatine phosphate, to ADP to form ATP. This process 

occurs in the cytosol and other cellular compartments and is used to generate ATP when the 

demand for energy is high.54 In addition to these two mechanisms, ATP can also be synthesized 

through the process of photophosphorylation, which occurs in photosynthetic organisms. In this 

process, light energy is used to generate a proton gradient across the thylakoid membrane of the 

chloroplast, which is then used by ATP synthase to synthesize ATP from ADP and inorganic 

phosphate.55 Overall, ATP synthesis is a critical process that occurs in all living organisms and is 

essential for a wide range of cellular functions, including muscle contraction, protein synthesis, 

and the maintenance of ion gradients.56 

The cation-proton exchange process involves the exchange of positively charged ions, such 

as calcium, sodium, or potassium, with protons across the inner mitochondrial membrane. This 

exchange helps to maintain the proton gradient by balancing the charge across the membrane and 

preventing the buildup of positive charges. For example, during the transport of calcium ions into 

the mitochondria, an equal number of protons are transported out of the mitochondria, helping to 
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maintain the proton gradient.57 Similarly, during the transport of potassium ions out of the 

mitochondria, an equal number of protons are transported into the mitochondria, again helping to 

maintain the proton gradient.58 Therefore, the cation-proton exchange process is essential for the 

proper functioning of the electron transport chain and ATP synthase, which ultimately lead to the 

synthesis of ATP in the mitochondria.59 

In brief, the study of cation exchange has important implications for a wide range of fields, 

including biology, agriculture, environmental science, and materials science. With so many 

advantages, the cation exchange technique is widely used in many different industrial applications 

including but not limited to pharmaceutical technology, industrial and potable water treatment, 

hydrometallurgy, soft water generation for cleaning products and soaps, metal extraction from 

ores, metal finishing, food and beverage production, semiconductor applications, geotechnical 

engineering, and pollution remediation.60-65 By understanding cation exchange, we can develop 

new technologies and strategies in the field of biochar for soil science applications, to improve 

human health, environmental sustainability, and economic development. It can equally be applied 

in the field of membrane bioenergetics to get a better understanding of plant membrane transport, 

mitochondrial ion transport, as well as physiochemical, biochemical, and electrochemical 

processes in biological membranes.66-68 With this broad spectrum of applications, cation exchange 

is an area of active research with many opportunities for discovery and innovation. 

GOALS AND OBJECTIVES OF STUDY 

The main objective of this dissertation is to comprehensively investigate cations exchange 

effects and further explore its applications in the field of biochar and bioenergetics. The following 

are the specific goals and objectives of this study: 
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1. Biochar surface oxygenation by ozonization for super high cation exchange capacity. As 

discussed above that biochar is a type of charcoal produced from organic materials through 

a process called pyrolysis. The addition of biochar to soil can improve CEC. So, the first 

goal of this dissertation is to increase the biochar CEC. Because of its high surface area 

and porous structure, biochar provides sites for high surface functionalization. It is 

fundamental to remember that different biomass types, production methods, and pyrolysis 

temperature might have different effects on CEC. Ozonization was conducted on a biochar 

with high surface area with the assumption that biochar with higher surface area shows 

higher improvement in CEC through surface oxygenation. Analytical techniques such as 

X-ray Photoelectron Spectroscopy (XPS), Fourier-Transform Infrared (FTIR) 

Spectroscopy, Elemental Analysis (EA), Scanning Electron Microscopy (SEM), and 

Energy Dispersive X-ray Spectroscopy (EDS) were employed for the characterization. The 

work of Chapter 2 in this dissertation has for the first time demonstrated an improvement 

in biochar CEC by a factor of nearly 10 through biochar surface oxygenation by 

ozonization. To be applied in the soil, the toxicity effect of this high CEC biochar was also 

studied (Goal 1- Chapter II). 

2. Solubilization of phosphorus from soil using ozonized biochar and phytotoxicity study of 

ozonized biochar filtrate. This chapter aims in the application of ozonized biochar in 

solubilizing phosphorus from insoluble phosphate mineral phases present in the soil 

without using any strong industrial acid. Furthermore, it also aims in the investigation of 

phytotoxic effects of ozonized biochar water soluble organic materials. 31Phosphorus 

Nuclear Magnetic Resonance (NMR) Spectroscopy was utilized to investigate the nature 

of solubilized phosphorus. After exploring the capacity of biochar to solubilize phosphorus, 
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additional investigations on the toxicity of biochar and its dissolved organic carbon to plant 

germination were conducted (Goal 2- Chapter III). 

3. Investigation of calcium and magnesium cation-proton exchange with transmembrane- 

electrostatically localized protons (TELP) at a liquid-membrane interface. According to the  

TELP theory 69-72, excess positively charged protons on one side of a membrane in an 

aqueous medium will electrostatically repel each other to become localized at the 

membrane surface, drawing an equal number of excess negatively charged hydroxide 

anions to the opposite side of the membrane forming an "excess protons-membrane-excess 

hydroxides” capacitor structure. The core concept of this theory is the idea that liquid water 

can function as a protonic conductor because protons may move swiftly between water 

molecules through the "hops and turns" mechanism. Furthermore, according to the TELP 

theory, electrostatically localized protons at the water-membrane interface may be partially 

delocalized by other cations in the form of salt solutions by the process of cation 

exchange.71, 72 In this chapter, the effect of divalent cations (Ca2+ and Mg2+) on localized 

excess protons at the liquid-membrane was investigated by measuring the exchange 

equilibrium constant of Ca2+ and Mg2+ cations in exchanging with the transmembrane-

electrostatically localized protons using a range of cation concentrations. The work 

presented in this chapter details the effect of divalent cations (Ca2+ and Mg2+) on localized 

excess protons at the liquid-membrane interface and provide fundamentals to bioenergetics 

(Goal 3- Chapter IV).   
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CHAPTER 2 

 

BIOCHAR SURFACE OXYGENATION BY OZONIZATION FOR SUPER HIGH 

CATION EXCHANGE CAPACITY 

 

PREFACE 

Major contents of this chapter were published in 2019 in ACS Sustainable Chemistry & 

Engineering and are reformatted to fit this prospectus. Below is the full citation. 

Kharel, G.; Sacko, O.; Feng, X.; Morris, J. R.; Phillips, C.; Trippe, K.; Kumar, S.; Lee, J. 

W. Biochar Surface Oxygenation by Ozonization for Super High Cation Exchange Capacity. 

ACS Sustainable Chem. Eng. 2019, 7, No. 16410 

INTRODUCTION 

Biochar, a carbon-rich soil amendment, has been used for several centuries to improve soil 

fertility and increase yield. While recent interest in biochar has produced an abundance of scientific 

knowledge, variability in the physiochemical properties of biochar and an inability to predict 

biochar-soil interactions and agronomic outcomes have stifled the implementation of biochar-

related practices. While some studies show improvements in crop production and soil fertility 

following biochar amendment, meta-analyses also demonstrate no improvements or declines in 

crop production in a large fraction of studies.73-75 

The enhanced fertility of soils historically amended with charcoal, such as Amazonian 

Terra Preta soils, can be partially attributed to improved cation exchange capacity (CEC).76, 77  
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CEC is a key indicator of soil fertility, buffering capacity, and water holding capacity.78-80 

However, many contemporary biochars have a low CEC (mostly below a typical soil CEC value 

of 15 cmol/kg) and weathering studies have demonstrated that natural surface oxygenation of 

biochar develops at decadal timescales.81-83 Thus, the variability of crop response to biochar-

amended soils may be attributed to their low CEC.82, 84-88 Therefore, biochars with greater CECs 

are critically needed to achieve the mission of biochar as a soil amendment and carbon 

sequestration agent.89-92 

While a high O:C ratio is desirable for high CEC 23, it must also be understood that the 

higher the O:C ratio, the shorter the overall half-life of biochar when placed in soils. Biochars with 

O:C ratios >0.2 have half-lives less than 1000 years in natural soil environments.93 The expected 

half-lives drop precipitously to <100 years for an O:C ratio of ≥0.6. An ideally designed biochar 

for use as both a soil amendment and carbon sequestering agent would need to enhance the O:C 

ratio only on the surface of biochar 25, giving a higher CEC, while still maintaining the poly-

aromaticity (preferably lower O:C ratio) of the biochar core to ensure long-term stability. 

This article reports a technological solution that dramatically increases the CEC of biochars 

through surface oxygenation. The underlying concept is that an innovative application of post-

production biochar ozonization (Figure 5) can cost-effectively create oxygen-containing 

functional groups on biochar surfaces that will substantially increase its CEC and improve its 

performance in agronomic and remediation applications.  

According to our preliminary understanding 25, 94, the most significant reactions of O3 with 

organic matter are likely based on the cleavage of the carbon double bond, which acts as a 

nucleophile having excess electrons. The injected O3 stream may lead to the formation of carbonyl 
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and carboxyl groups on biochar surfaces by reacting with carbon-carbon (C=C) double bonds at 

ambient pressure and temperature: 

 

Biochar-CH=CH-Biochar + O3  →  Biochar-COH  +  Biochar-COOH             (1) 

 

In this case, the ozonized biochar will become more hydrophilic since both carbonyl and 

carboxyl groups can attract water molecules. Because the carboxyl groups readily deprotonate in 

water and result in more negative charge on biochar surfaces, it will also increase the CEC:    

 

Biochar-COOH → Biochar-COO− + H+                                          (2) 

 

In a previous study 25, we tested this biochar ozonization process, and observed an increase 

in CEC value of the biochar by a factor of nearly 2.  In the present study using a biochar material 

with high BET surface area, the use of ozonization resulted in a dramatic increase in biochar CEC 

to over 100 cmol/kg, which may represent a significant breakthrough in biochar science and 

technology. Further research was conducted on the toxicity of this ozone treated biochar to plant 

germination. 
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Figure 5. Schematic for post-production biochar ozonization to create oxygen containing 

functional groups on biochar surfaces. (Adapted from Ref 32) 

 

 

MATERIALS AND METHODS 

Characterization of Biochar 

The Rogue Biochar used during the experiment was obtained from Oregon Biochar 

Solutions. The biochar was characterized by the International Biochar Initiative (IBI, Lab ID 

number 7020309-01). The characteristics of the Rogue biochar are represented in Table S1 of the 

supporting information. 
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Dry ozone treatment 

The Rogue biochar obtained from Oregon Biochar Solutions was oven-dried overnight at 

105 oC in an electric oven. The biochar was then grinded, sieved using a 106 µm sieve, washed 

with ultrapure water (100 mL per gram) and placed back in the oven at 105oC overnight for drying. 

This biochar is represented by RBC UN in the paper. 1.5 g of the oven dried biochar was weighed 

and placed in an ozone treatment vessel. The ozone generator (Welsbach T-series) was set to 

optimum condition for the generation of ozone as described next. Briefly, the oxygen pressure was 

set to 8 psi and the flow of ozone was set to 3 L/min. The ozone gas stream was passed into the 

sample containing reactor vessel for a duration of 90 min. During the treatment, the sample reactor 

vessel was shaken in regular intervals of 15 min in order to treat every particle of biochar with 

ozone. After 90 min, the biochar was washed thoroughly in two steps with ultrapure water. The 

first rinse of 25.0 mL and the second rinse of 300 mL were both collected in vessels for subsequent 

dissolved organic carbon (DOC) determination. The washed biochar was then placed in the oven 

at 105 o C for drying. This biochar is represented by RBC 90D in the paper. Proportional amounts 

of ultrapure water were also used to rinse 3 g of RBC UN biochar, and filtrates were collected for 

subsequent DOC determination. 

pH determination 

The biochar pH was recorded with a Beckman Coulter Phi 570 pH meter connected to a 

Thermo Scientific Orion pH probe. To determine the pH of the biochar, three replicates of 1.0 g 

each of RBC UN and RBC 90D biochar were taken and placed into 50-mL centrifuge tubes with 

10 mL of ultrapure water added to each tube. For the RBC 90D biochar, pH was determined both 

before and after the rinsing procedure described above, in order to determine the impact of the 

DOC component. The tubes with the mixture were then placed on a shaker Innova 2300 platform 



20 
 

 

shaker (New Brunswick Scientific, Eppendorf AG, Germany) and the shaker was set at 120 rpm 

for 1 hour. After shaking, the pH of the slurry of each sample was recorded. 

CEC measurement using the AOAC method (at the ODU Laboratory) 

To determine the CEC of the biochar, a similar approach with a modified protocol from 

AOAC method 973.09 as reported by Rippy et al. (2007) was used.18 Briefly, six replicates of 0.5 

g each of RBC UN and RBC 90D biochar were taken and each of the 0.5 g samples was placed 

into a 125 mL Erlenmeyer flask with 50 mL of 0.5 M hydrochloric acid (HCl) added to each flask. 

The flasks with the mixture were then placed on the shaker set at 120 rpm and were shaken for 2 

hours. The mixture was then filtered and washed through Whatman ™ GF/F 70-mm glass 

microfiber filter with 100 mL portions of Millipore water until no precipitation was seen upon the 

addition of silver nitrate (AgNO3) in the filtrate. The biochar residue was then transferred into a 

clean 125 mL Erlenmeyer flask along with the filter paper and 50 mL of 0.5 M barium acetate 

(Ba(OAc)2) was added to each flask. The flasks with the mixture were again placed in the shaker 

set at 120 rpm for 2 hours. The mixture was then filtered and washed with 300 mL of Millipore 

water. The residue was discarded, whereas the filtrate was then titrated with 0.025 M sodium 

hydroxide (NaOH) solution until the end point was reached. The CEC was the calculated using the 

following equation: 

 

𝑐𝑚𝑜𝑙

𝐾𝑔 𝑏𝑖𝑜𝑐ℎ𝑎𝑟
=

𝑚𝐿 𝑁𝑎𝑂𝐻 × 𝑚𝑜𝑙𝑎𝑟𝑖𝑡𝑦 𝑁𝑎𝑂𝐻 × 100

𝑔𝑟𝑎𝑚 𝑠𝑎𝑚𝑝𝑙𝑒
                                                  (3)     
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Independent CEC measurement using modified ammonium acetate (NH4OAc) method (at 

the USDA/ARS Laboratory) 

Samples of the biochars (RBC UN and RBC 90D) were sent to the USDA-ARS Laboratory 

for independent CEC measurements using an ammonium acetate (NH4OAc) method (Graber et 

al., 2017) with modifications suggested by Munera-Echeverri et al. (2018).95 Because CEC is pH-

dependent, biochar samples were pretreated by adjusting the pH to 7. Briefly, 1 gram of dried 

biochar was mixed with 20 mL of deionized water and shaken horizontally for 4 hours at 200 rpm 

to ensure complete wetting. 1.5 M HCl (or NaOH) was used to adjust the pH of the slurry to 7. 

The pH was monitored periodically over 48 hours to ensure it had stabilized, and the water was 

removed by filtering through 2-m filter paper (Whatman Nucleopore Track-Etch membrane). As 

a modification of Munera-Echeverri et al. (2018), extraction steps were performed using a filtration 

apparatus instead of a centrifuge, because the ozone-treated biochar did not form a translucent 

supernatant (see Section 2.6).  A fresh 2-m filter and Whatman glass funnel were prepared on a 

250 mL Erlenmeyer flask. The pH-adjusted biochar sample and 20 mL of 1 M NH4OAc were 

added to the funnel, swirled, and let to stand on the funnel for 2 hours before applying vacuum to 

remove the NH4OAc.  Repeated additions of 20 mL NH4OAc were performed a total of 4 times. 

For the 4th addition, the NH4OAc and biochar mixture was let to stand overnight before vacuuming. 

Next, repeated additions of 20 mL ethanol (EtOH 100%) were used to remove the non-complexed 

NH4. EtOH was added to the funnel, swirled to mix with the biochar, and let stand for 2 hours 

before vacuuming. The EtOH wash was performed 4 times. The complexed NH4 was then 

displaced with potassium chloride (KCl); 20 mL of 2 M KCl was added to the biochar sample, 

swirled, and allowed to stand for 2 hours, and then vacuum was applied to collect the filtrate in an 

Erlenmeyer flask. A total of 4 extractions were done, producing 80 mL of extracting volume. 
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Lastly, the ammonium was measured colorimetrically using a microplate reader (Ringuet et al., 

2011), and CEC was calculated as follows: 

 

𝐶𝐸𝐶 (𝑐𝑚𝑜𝑙𝑐 𝑘𝑔−1) =
𝑁𝐻4

+ 𝑐𝑜𝑛𝑐. (𝑚𝑔𝐿−1) × 𝑉(𝑚𝐿) × 100

𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑎𝑟 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑁𝐻4
+ × 𝑊(𝑔)

                                      (4) 

 

 

Triplicate samples of each biochar type were measured. 

Surface area measurement with BET 

The surface area was measured for the biochar samples before and after ozonization by 

using the Brunauer–Emmett–Teller (BET) nova 2000e series instrument. The biochar was 

weighted (about 0.1-0.3 g) and inserted into the sample cell. The biochar was then vacuum-

degassed for 4 hours at 150 oC. Helium2000 at 10 psi was used for the backfill. The mass of the 

degassed biochar was then measured. For the analysis portion, the biochar samples were bathed 

on liquid nitrogen at 77 K and the nitrogen pressure was set to 10 psi. The multi-point BET 

technique was then used to obtain the surface area of the biochar samples. The surface area was 

measured for both the ground and sieved biochar samples (RBC UN and RBC 90D) as well as the 

unground biochar samples (RBC UN and RBC 90D) before and after ozonization. For a 

comparative analysis, the surface area was also measured for a non-ozonized ground and sieved 

biochar from slow pyrolysis (30 min) of pine wood biomass at 400 oC (P400). The same procedure 

as done for the RBC UN and RBC 90D was used for measuring the surface area of the P400 except 

that the backfill was done with the adsorbate (here nitrogen) instead of Helium. The reason for the 

change in the backfill gas was because the P400 being microporous the method using helium as a 
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backfill resulted in the inability of the nitrogen gas to adsorb and desorb on the surface, thus 

resulting in no measurable BET surface area. This may be due to possible entrapment of helium in 

the micropores of the biochar. To circumvent that limitation, nitrogen gas used as backfill instead 

of helium. In order to verify the validity of this method, the ground RBC UN and RBC 90D (before 

and after ozonization) had their surface area re-measured with nitrogen as the backfill gas. 

Fourier-transform infrared (FTIR) spectroscopy 

Biochar FT-IR spectroscopy was analyzed on a Nicolet 6700 FT-IR spectrometer from 

Thermo Scientific using a pellet. 1 mg of finely ground samples of RBC UN and RBC 90D biochar 

were mixed with 300 mg of pre-dried and ground FT-IR grade KBr. The FTIR spectra were 

recorded over the range of 400-4000 cm-1 with the resolution of 4 cm-1 and 64 scans per sample. 

Dissolved organic carbon measurement 

The dissolved organic carbon (DOC) concentration of the filtrates collected from the wash 

of the dry-ozonized biochar (RBC 90D) and the non-ozonized control biochar (RBC UN) was 

measured using a TOC-Analyzer (Shimadzu TOC-V CPH); the filtrates collection method was 

shown in section 1.2. Briefly, the DOC concentration was measured from the 1st wash and the 2nd 

wash collected from each biochar. The total amount of DOC in mg, extracted from the 1st and 2nd 

wash were combined and divided by the mass of biochar sample in order to get the mg of DOC 

per gram of biochar. Prior to the measurement, in order to exclude the non-dissolved organic 

materials, the solutions were filtered through a hydrophobic Polytetrafluoroethylene (PTFE) 0.2 

µm filter (Millex-FG SLFG025LS). The samples were then diluted at two different concentrations 

and the DOC was measured.   
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X-ray photoelectron spectroscopy 

Samples of untreated control biochar (RBC UN) and the dry-ozonized biochar (RBC 90D) 

were sent to the Department of Chemistry in Virginia Tech (Blacksburg, VA 24061) for X-ray 

Photoelectron Spectroscopy (XPS) analysis. The experimental method is as follows. XPS 

characterization was performed on a PHI VersaProbe III scanning XPS microscope using 

monochromatic Al K-alpha X-ray source (1486.6 eV). Spectra were acquired with 100 µm/100 

W/20 kV X-ray and dual-beam charge neutralization over a 1400 µm × 100 µm area. All binding 

energies were referenced to C-C at 284.8 eV. 

Survey: 280 eV Pass Energy, 1.0 eV/step, 50 ms/step, 10 sweeps; 

C1s: 26 eV Pass Energy, 0.1 eV/step, 50 ms/step, 10 sweeps; 

O1s: 26 eV Pass Energy, 0.1 eV/step, 50 ms/step, 30-40 sweeps; 

Chemical states of elements were assigned based on the PHI and NIST XPS Databases. 

Elemental Analysis (Oxygen and carbon) 

The ground and sieved non-ozonized control biochar (RBC UN) and the dry-ozonized 

biochar (RBC 90D) samples were sent to the Kumar lab at ODU for Elemental Analysis. In the 

elemental analysis, the measured mass percentages of oxygen and carbon were converted to molar 

percentages by dividing the weight percent of each element with its molar mass. The molar O:C 

ratio was determined by dividing the molar percentages of O with that of C.  

Scanning electron microscopy/Energy dispersive x-ray spectroscopy 

Samples of untreated control biochar (RBC UN) and the dry-ozonized biochar (RBC 90D) 

were sent to the Nanoscale Characterization and Fabrication Laboratory in Virginia Tech 

(Blacksburg, VA 24061) for SEM/EDS analysis using an FEI Quanta 600 FEG environmental 
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scanning electron microscope and a Bruker QUANTAX 400 Energy Dispersive X-Ray 

Spectrometer. 

Phytotoxicity of ozonized biochar 

This test was performed with Phytotoxkit which consists of transparent test plates, 

reference soil, black filter paper, and test seeds. The monocotyl Sorgo (Sorghum saccharatum) 

and the dicotyl mustard (Sinapis alba) seeds were selected for the phytotoxicity assessment. The 

phytotoxicity of untreated control biochar (RBC UN) and the dry-ozonized biochar (RBC 90D) on 

the germination of these monocotyl and dicotyl seeds was investigated in a similar approach with 

a modified protocol from Tarnawski et al. (2018) 96 and the standard procedures described in 

Phytotoxkit.  

The test plates are shallow and flat and have two compartments, the bottom of each of 

which was filled with one bag reference soil mixed homogeneously with biochar (1% and 2% by 

weight) and saturated with water using a syringe. The test was done in two replicates for each seed 

type in each category of soil/biochar mixture. Control plate was established with water saturated 

reference soil only. The reference soil's water holding capacity has been preestablished through 

experimentation. 35 mL of water must be added to a 90 cm3 (one bag) soil to reach 100% water 

saturation. The wet soil of each test plate was spread out and flattened with spatulas to create a soil 

layer of uniform depth. One black filter paper was placed on top of the leveled wet soil in each 

plate so that the filter is completely wet. Ten (10) seeds of the same test plant were placed in a row 

on top of the filter paper, spaced equally apart and close to the central ridge of test plate. The 

plastic cover of the test plates was placed to close the test plates tightly. The test plates were set 

upright in cardboard holder and incubated in a cardboard box at 25 oC in darkness. The germination 
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of these plant species in these test plates were photographed on day 0, day 3, and day 5. The root 

and shoot length of both species on day 5 were recorded in millimeters using ImageJ. 

Phytotoxicity of ozonized biochar filtrate 

The phytotoxicity of ozonized biochar filtrate on the germination of seeds was investigated 

in a similar approach as with the phytotoxicity of biochar with a little improvement in the standard 

procedure. This test was performed with Phytotoxkit which consists of transparent test plates, foam 

pads, thick white filter paper, black filter paper, and test seeds. The dicotyls garden cress (Lepidium 

sativum) and mustard (Sinapis alba) seeds were selected for the phytotoxicity assessment.  

Firstly, the “foam pad” was placed in the bottom compartments of each test plates (instead 

of filling with reference soil) and then the thick “white filter” paper was put on top of it with a 

“parafilm sheet” in between the foam pad and the white filter. The white filter paper is then 

completely saturated with 20 mL of test solution using a syringe. The parafilm sheet acts as an 

impermeable layer keeping the white filter completely saturated throughout the exposure period. 

The test was done in two replicates for each seed type for each DOC biochar filtrate concentration 

(0 ppm, 10 ppm, 100 ppm, 250 ppm, and 500 ppm). Control plate was established with white filter 

paper saturated with water. One black filter paper was placed on top of the white filter paper in 

each plate so that the filter is completely wet. Ten (10) seeds of the same test plant were placed in 

a row on top of the filter paper, spaced equally apart and close to the central ridge of test plate. 

The plastic cover of the test plates was placed to close the test plates tightly. The test plates were 

set upright in cardboard holder and incubated in a cardboard box at 25 oC in darkness. The 

germination of these plant species in these test plates were photographed on day 0, day 3, and day 

5. The root and shoot length of both species on day 5 were recorded in millimeters using ImageJ. 
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RESULTS AND DISCUSSION 

Effect of ozonization on biochar pH 

The biochar pH drastically decreased as a result of the ozone treatment. The untreated 

control sample of biochar had a basic pH value of 9.82±0.03. After 90 min of dry-ozone treatment, 

the biochar pH dropped down to 3.07±0.03 (Table 1). The decrease in biochar pH is consistent 

with the understanding that biochar ozonization can create carboxylic acid groups on biochar 

surfaces, as demonstrated by FT-IR and XPS analyses (Sections 2.4 and 2.5, below). The 

carboxylic acid groups on biochar surfaces can deprotonate, displaying low pH characteristics as 

shown in Eq 2. To make sure that the acidic pH was not due to any water soluble organic carbon 

that may be present in the biochar sample after the ozone treatment, the ozonized biochar sample 

was washed with Millipore water (200 mL water per gram biochar), and the pH for the washed 

ozonized biochar was measured to be 3.19±0.02. Therefore, the bulk of acidifying functional 

groups upon ozonization were associated with the biochar surface and only a small portion were 

associated with a soluble component. 

Effect of ozonization on Biochar CEC 

Biochar cation exchange capacity (CEC) is a key property central to helping retain soil 

nutrients, reduce fertilizer runoff, and improve soil water retention. The present experimental study 

showed that the biochar ozonization can increase the biochar CEC value by a factor of 7-9. The 

CEC value of untreated biochar (control) was determined to be 17.02±0.63 cmol/kg using the 

AOAC Ba(OAc)2 method. Upon 90 min of dry-ozone treatment, the biochar CEC increased to 

152.08±4.06 cmol/kg (Table 1), which to the best of our knowledge represents the highest biochar 

CEC value experimentally reached so far.  
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 This is a significant result since the improvement on biochar CEC value by ozonization is 

now far much more than that of our previous study 25 where we demonstrated the increase in the 

CEC value of biochars by a factor of 2 through ozonization of a pinewood-derived biochar 

produced by slow pyrolysis at 400 oC (P400).   

 The Biochar CEC was also independently measured by the USDA team using a somewhat 

different CEC assay method: the ammonium acetate (NH4OAc) method following adjustment to 

pH 7. The measurement with this method also confirmed the dramatic increase in CEC upon 

ozonization of the biochar. As measured with the modified ammonium acetate (NH4OAc) method, 

the CEC of the 90-minutes dry ozonized Rogue biochar (RBC 90D) was determined to be 109.09 

± 6.33 cmol/kg while that of the untreated Rogue biochar control (RBC UN) was measured to be 

14.57 ±1.62 cmol/kg (Table 1). The independent measurement conducted at the USDA laboratory 

confirmed the same trend in the dramatically increasing in the biochar CEC effected by the ozone 

treatment. The Rogue biochar is known to have a high surface area. In order to further understand 

the high increase in cation exchange capacity following ozonization, the surface area was 

measured on the Rogue Biochar in comparison with that of the P400 biochar. 

BET surface area 

The ground and sieved Rogue biochar samples before ozone treatment (RBC UN) had a 

surface area of 418.3 m2/g ( 17.7) as reported in Table 1. Compared to the P400 with a measured 

surface area of only 2.05m2/g (±0.42) as seen in Table S4, the Rogue biochar presents a very large 

surface area; Rogue biochar surface area is 200 times greater than P400. We believe that the high 

surface area of the Rogue biochar may make the latter more favorable to interact with ozone 

molecules. Therefore, the major difference on biochar CEC improvement between our present and 
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previous studies 25 may be attributed to the difference in BET surface area between the P400 and 

the Rogue biochar. 

Upon being ozonized, the ground and sieved Rogue biochar decreased in surface area to 

229.2 m2/g ( 6.9) as seen in Table 1. The drop in the measured surface area upon being ozonized 

may be due to two factors: 1) It is possible that the ozone is causing the destruction of the pores of 

the biochar; 2) It is also possible that such a drop in surface area measurement may be because of 

the oxygen-rich functional groups created in the micro/nanometer pores of the ozonized biochar. 

The method of BET surface area measurement uses non-polar nitrogen gas as the adsorbate. 

Therefore, these non-polar gases may be inadequate in terms of giving a true surface area when 

polar oxygen groups are obtruding the pores and/or coating the surface of the biochar.97  

 In addition, in order to see the effect of grinding and sieving on the biochar, the surface 

area was also measured before and after ozonization from the unground biochar materials. The 

unground non-ozonized biochar had a BET surface area of 377.4 (±22.2) m2/g which is somewhat 

less than the ground non-ozonized biochar control. After ozonization, the measured BET surface 

area of the unground biochar was 332.1 (±17.8) m2/g (Table S3). That is, the unground biochar 

samples also showed a slight drop in the measured surface area after ozonization. However, for 

the unground biochar samples, the drop in the surface area before and after ozonization is not as 

significant as it was observed for the ground biochar samples (Table 1). This may be due to the 

fact that the process of ozonization may have occurred more thoroughly on the ground biochar 

sample compared to the unground biochar sample. 
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Table 1. pH, CEC and BET surface area of the ground biochar before and after ozonization. The 

values are means  SD from duplicates (n=2) of measurements for pH, 6 replicates (n=6) for CEC 

measured by Ba(OAc)2, triplicates (n=3) for the CEC measured by NH4-OAc, and 5 replicates 

(n=5) for the BET surface area measured with N2 after a backfill with helium. 

Parameters 

 

Non-ozonized Biochar 

(RBC UN) 

(means  SD) 

Dry-ozonized Biochar 

(RBC 90D) 

(means  SD) 

pH 

 
9.82 ± 0.03 3.07 ± 0.03 

CEC (cmol/kg) measured by 

Ba(OAc)2 method  

 

17.02 ± 0.63  152.08 ± 4.06  

CEC (cmol/kg) measured by 

NH4-OAc method  

 

14.57 ± 1.62 109.02 ± 6.33 

BET Surface area (m2/g) 

 

 
418.3  17.7 229.2  6.9 

 

 

FT-IR analysis of biochar 

FT-IR technique was used for the identification and qualitative tracing of functional groups 

in biochar samples. Overall, FT-IR spectra showed a decrease in aromaticity and increase in 

carbonyl groups as a result of ozone treatment. Ozone treatment led to an increase in the relative 

intensity of a broad band centered at 3417 cm–1, which was assigned for the overlap of the H-

bonded O–H stretching vibrations of hydroxyl groups from alcohols, phenols, and organic acids 

and N–H stretching of amine. Bands at 2922 cm–1 and 3026 cm–1 assigned for alkyl and aromatic 

C–H stretching also increased in intensity after the ozone treatment (Figure 6). Bands at 1637 to 

1616 cm–1 were assigned for aromatic and olefinic C=C vibrations, C=O in amide (I), ketone, and 

quinone groups and the relative intensity of this band increased after the ozone treatment (Figure 
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7), which could be due to the increase of the C=O functional groups after ozone treatment. The 

bands at 1540 to 1560 cm–1 in the RBC 90D sample were assigned for COO– asymmetric 

stretching, which is absent in the RBC UN, and confirms that the extra C=O functional groups are 

added in the form of carboxylic acid. The relative intensity of several bands also decreased after 

the ozone treatment, including two bands at 1494 cm–1 and 1386 cm–1 that were assigned for N–O 

stretching, the band at 1451 cm–1 assigned for alkyl C–H bending, and three bands at 1115 cm–1, 

758 cm–1 and 471 cm–1 assigned for Si–O stretching and bending. The band at 669 cm–1, which 

was only present in the RBC 90D, could be due to out of plane ring deformation (Figure 7). 

XPS analysis of biochar 

The atomic concentration percentages on biochar surfaces measured by X-ray Photoelectron 

Spectroscopy (XPS) revealed that the ozone treatment caused an increase of two-fold in the amount 

of oxygen present on the surface of the biochar (Table 2). The atomic percentages on the surface 

of the biochar were determined from the integrated intensity of the elemental photoemission 

features corrected by relative atomic sensitivity factors. The survey, C1s and O1s spectra for the 

untreated control biochar and the ozonized biochar are shown in Figures S2 and Figure S3. The 

ozone treatment caused an increase in total O concentration on the surface of the biochar from 

13.93% to 23.70% (Table 2). The two-fold increase in the amount of oxygen was mostly seen in 

the form of organic C=O groups (e.g. carbonyl/carboxyl) and C-O (e.g. hydroxyl/ether) groups. 

The oxygen content in the form of C=O went from 7.44% for the untreated control biochar to 

11.57% for the ozonized biochar. This measurement confirmed our prediction in the installment 

of the oxygen groups mostly in the form of carboxyl groups. The carboxyl groups observed by 

XPS here also explains the drop in pH that was shown in Table 1. The oxygen group installment 
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post ozone treatment was also seen in the form of C-O; the untreated control biochar had a C-O of 

5.79% and it increased to 11.33% after ozone treatment (Table 2). 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

Figure 6. FT-IR spectra from 400-4000 cm-1 for 90-min dry ozonized Rogue biochar (RBC 90D) 

and the untreated Rogue biochar (RBC UN) control. 
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Figure 7. FT-IR spectra from 400-1700 cm-1 for 90-min dry ozonized Rogue biochar (RBC 90D) 

and the untreated Rogue biochar (RBC UN) control. 

 

As a result, the formation of oxygen-functional groups including carboxylic acids on biochar 

surfaces have now, for the first time, been observed with XPS upon biochar surface oxygenation 

through the ozonization treatment. There is a strong correlation between the biochar oxygen-to-

carbon (O/C) ratio and its CEC, due to the negative charge on oxygen functional groups 

electrostatically attracting cations from solution.98, 99  

The data in Table 2 showed that the molar O/C ratio (23.70/76.30 = 0.31:1) on ozonized 

biochar surface is indeed significantly higher than that (13.93/86.07 = 0.16:1) of the control 

biochar surface. Therefore, biochar ozonization can indeed be used as a significant biochar surface 

oxygenation technique.  
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Table 2. Representation of the atomic concentration (in %) from XPS measurement. The atomic 

percentages represented here were determined from the integrated intensity of the elemental 

photoemission features corrected by relative atomic sensitivity factors. The survey and C1s/O1s 

spectra are shown in Figure S2 and S3. The data represented here were measured by the 

Department of Chemistry in Virginia Tech.  

Sample  

Ozonized 

Biochar 

(RBC 90D) 

C O 

76.30 23.70 

sp2 C sp3 C C-O C=O CO3 C=O C-O H2O 

29.00 21.56 11.72 11.06 2.96 11.57 11.33 0.80 

Control 

Biochar 

(RBC UN) 

C O 

86.07 13.93 

sp2 C sp3 C C-O C=O CO3 C=O C-O H2O 

38.80 27.75 8.98 6.32 4.22 7.44 5.79 0.70 

 

 

SEM imaging and EDS analysis of ozonized biochar 

Scanning electron microscopy (SEM) imaging (Figure 8) showed that the biochar material 

had little difference before and after the ozonization treatment. This observation indicated that the 

ozonization process indeed did not significantly alter the biochar bulk material appearance as we 

predicted.  

 As shown in Figure 8, both biochar samples are fragments of honeycomb-like bulk biochar 

structure, with particle size <100 µm. There is no noticeable difference in surface morphology 

between the RBC UN and RBC 90D. The large variations of particle shape, size and surface 



35 
 

 

orientation can be used to explain the insignificant changes in O/C ratios obtained by angle-

resolved XPS. 

The Energy-Dispersive X-Ray Spectroscopy (EDS) conducted during the SEM imaging 

showed that the mean O/C ratio value of the ozonized biochar material RBC 90D was 0.16:1, 

which is slightly higher than that (0.080:1) of the control biochar (RBC UN) as listed in Table 3.  

The EDS result, which provides “bulk” elemental composition with information depth of >1 µm, 

shows an increase of O/C ratio of 92.8% (from 0.080 to 0.16) after ozone treatment. This value is 

about the same as the 94% increase (from 0.16 to 0.31) on the biochar particle surfaces obtained 

by XPS, which is quite surprising in regarding to the biochar surface oxygenation by ozonization 

where we expected the effect of ozonization to be noticeable only on the first molecular layer 

(likely within a few nanometers) of the biochar material surface. 

 

Table 3. SEM-EDS analysis result of ozonized biochar and control biochar. The numbers represent 

mean values (±SD) of 20 replicates (n=20) for the control biochar (RBC UN) and 20 replicates 

(n=20) for the ozonized biochar (RBC 90D).  

Sample C O O/C 

Control biochar 

(RBC UN) 

92.26 (±1.36) 7.74 (±1.36) 0.080 (±0.020) 

Ozonized biochar 

(RBC 90D) 

86.35 (±5.21) 13.65 (±5.21) 0.16 (±0.07) 
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Figure 8. SEM images of the control biochar RBC UN (left) and ozonized biochar RBC 90D 

(right). (Adapted from Ref 32) 

 

 

 When the specific biochar material RBC UN used in the study is considered, with such a 

high BET surface area (418.3  17.7 m2/g), it is so porous at the molecular scales that its averaged 

carbon material thickness between the porous spaces is only about 5 nm.  When such a thin (5 nm) 

piece of biochar carbon material is oxygenated at its two surface sides by ozone molecules, the 

resulting surface-oxygenated biochar carbon product may no longer be distinguishable by 

comparing the XPS and EDS measurements on O:C ratio. For example, assuming the thickness of 

ozonization-enabled biochar surface-oxygenation layer is about 1 nm, it would result in a surface-

oxygenated biochar product with a structure of “oxygenated surface layer (1 nm) - biochar carbon 
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layer (3 nm) - oxygenated surface layer (1 nm)” that could no longer be distinguishable by the 

XPS and EDS measurements on the O:C ratio since the XPS measuring depth could be up to 10 

nm.  Therefore, the XPS data (Table 2) and EDS data (Table 3) both showing a doubling of O/C 

ratio in the RBC 90D sample is still consistent with the understanding that the ozonization process 

enables oxygenation at the first molecular layer (likely within a few nanometers) of the biochar 

material surface.  

Dissolved organic carbon 

Ozone treatment resulted in a low pH within its slurry as reported in Table 1. We think that 

the process of ozonization results in the breaking of C=C double bonds on the biochar material 

(Huff et al. 2018).25 Following that breaking, there should be organic carbon fragments of biochar 

with carboxylic groups “Biochar-COOH” (Huff et al. 2018).25 In order to further test the efficiency 

of ozone treatment on our biochar, and to verify the formation of those “Biochar-COOH” 

fragments, the filtrate of the wash of the biochar was collected before and after ozonization for 

dissolved organic carbon concentration measurement. The effect of ozonization on the biochar was 

seen on the color of the filtrate extracted from the biochar. The filtrate from the non-ozonized 

biochar appeared clear while the filtrate of the dry-ozonized biochar appeared dark brown thus 

indicating more presence of organic carbon fragments (Figure S1). The total extracted DOC from 

the dry-ozonized biochar was 10.98 (±1.00) mg DOC/g biochar whereas the non-ozonized biochar 

control only resulted in 2.10 (±0.23) mg DOC/g biochar as observed in Table 4. Ozonization leads 

to a high amount of dissolved organic carbon in its filtrate which is due to the high oxygenation 

occurring on its surface leading to a breaking of the C=C double bonds. 

This result demonstrated that biochar ozonization can also produce certain amount of 

oxygenated biochar molecular fragments, which may be solubilized by liquid water as DOC for 
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certain special applications such as to help unlocking phosphorous from insoluble phosphate 

materials in soils.100  

 

Table 4. Amount of DOC material extracted from the non-ozonized control biochar and the dry-

ozonized biochar. The values are means  SD (n =2).  

Biochar Sample 

 

DOC from Biochar (mg DOC/g biochar) 

Non-ozonized biochar control RBC UN 

 

2.10 (±0.23) 

Dry-ozonized biochar RBC 90D 

 

10.98 (±1.00) 

 

 

Elemental analysis 

In an attempt to have a characterization of the elemental atomic content of the Rogue 

biochar before and after ozonization, elemental analysis was performed. Prior to ozonization, the 

biochar had a high content of carbon (87.022 mol % ±5.676) as reported in Table 5). Following 

ozonization, the carbon content dropped to 72.229 mol % (±0.912). In addition, following 

ozonization, there was a significant increase in oxygen content; the non-ozonized control had 6.669 

mol % (±1.301) of oxygen whereas the ozonized sample had 13.926 mol % (±1.590) of oxygen. 

The mole percentages of carbon and oxygen were used to calculate the molar O:C. The ozonization 

process increased the molar O:C ratio by a factor of 2.5; the non-ozonized control had a molar O:C 

ratio of 0.077 whereas the dry-ozonized sample had a molar O:C ratio of 0.193 (Table 5). Ozone 

treatment changed the molar percentages of oxygen and carbon in the Rogue biochar. Even though 

we didn’t expect the bulk properties of the biochar to be affected by ozone treatment, those results 
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suggest that dry-ozone treatment may have altered the overall oxygen content of the biochar, as 

we observed with the SEM-EDS data (Table 3) In support of our theory that ozonization mostly 

happens on the surface of the biochar we wanted to compare the changes in bulk properties before 

and after ozonization of a high surface area biochar (Rogue Biochar) and  a lower surface area 

biochar. Previously in our lab using P400 biochar, Huff et al. (2018) 9 demonstrated that the bulk 

properties of the biochar didn’t vary as much following ozonization as we believe that the 

ozonization mechanism happens on the surface of biochar. In an attempt to explain this change in 

bulk properties, we measured the surface area of P400; we found that P400 is a low surface area 

biochar with only 2.05 m2/g (±0.42) compared to the Rogue biochar as reported in Table S4. 

Therefore, we believe that the total oxygen groups installed on the surface of the Rogue biochar 

may be significant enough to slightly change the overall percentage of oxygen within the whole 

biochar sample.  

 

Table 5. Elemental analysis (oxygen and carbon) on the non-ozonized and dry-ozonized Rogue 

biochar samples. The values are moles average percentages from 6 replicates ± SD. The weight 

percent of each element was converted to mole percent by using the respective molar mass of each 

element. The O:C mol ratio was calculated from the averages of moles percentages of O and C.  

 Non-ozonized Biochar  

(RBC UN) 

Dry-ozonized Biochar 

(RBC 90D) 

Oxygen mol % (± SD) 6.669 (±1.301) 13.926 (±1.590) 

Carbon mol % (± SD) 87.022 (±5.676) 72.229 (±0.912) 

O:C mol ratio  0.077 0.193 
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Phytotoxicity study of ozonized biochar and its DOC filtrate 

The results on phytotoxicity of the biochar and its DOC filtrate was determined by 

comparing the length of roots and shoots of the seedlings grown in various biochar and DOC 

filtrate concentrations. Ozone treated biochar did not show any decrease and/or absence of 

germination of plant species after 5 days of exposure. Rather, with the proper concentration of 

biochar added, rogue biochar seems to stimulate the seed germination as seen in the monocotyl 

Sorgo (Sorghum saccharatum) and the dicotyl mustard (Sinapis alba). Ozone treated biochar 

filtrate however, when applied in a high concentration, may show some decrease and/or absence 

of germination of some plant species as seen in dicotyl garden cress (Lepidium sativum) seeds after 

5 days of exposure. While there was no obvious trend in the root and shoot growth (Figure 9, 

Figure 10, Table 6, and Table 7), ozonized biochar along with its filtrate with DOC concentrations 

upto 100 ppm proved to be beneficial during the germination. 

 

Table 6. Germination data for the monocotyl Sorgo (Sorghum saccharatum) and the dicotyl 

mustard (Sinapis alba) in soil mixed with different biochar concentrations. 

 Sorghum saccharatum Sinapis alba 

Root (mm) Shoot (mm) Root (mm) Shoot (mm) 

Control 70.3 (±5.1) 38.9 (±6.2) 75.7 (±8.1) 57.5 (±7.1) 

RBC UN (1%) 73.8 (±4.3) 43.8 (±5.5) 92.6 (±5.4) 76.2 (±9.5) 

RBC UN (2%) 74.1 (±9.7) 39.0 (±7.1) 86.2 (±4.8) 80.8 (±8.6) 

RBC 90D (1%) 85.1 (±6.8) 59.1 (±4.5) 79.3 (±7.2) 73.1 (±9.3) 

RBC 90D (2%) 72.5 (±8.5) 40.6 (±6.3) 95.3 (±5.7) 64.3 (±4.4) 
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Figure 9. Images of the test plates for phytotoxicity study of ozone treated biochar taken after 5 days of exposure of seeds of monocotyl 

Sorgo (Sorghum saccharatum) and the dicotyl mustard (Sinapis alba) to soil mixed with various biochar concentrations. 
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Figure 10. Images of the test plates for phytotoxicity study of various concentration of ozone treated biochar DOC filtrate taken after 5 

days of exposure of seeds of the dicotyls garden cress (Lepidium sativum) and mustard (Sinapis alba). 
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Table 7. Germination data for the dicotyls garden cress (Lepidium sativum) and mustard (Sinapis 

alba) in various DOC biochar filtrate concentration. 

DOC 

concentration 

Lepidium sativum Sinapis alba 

Root (mm) Shoot (mm) Root (mm) Shoot (mm) 

0 ppm  84.0 (±5.3) 39.7 (±4.3) 92.9 (±5.8) 59.9 (±6.2) 

10 ppm 77.6 (±6.2) 31.1 (±5.4) 108.0 (±6.5) 58.1 (±5.7) 

100 ppm 67.2 (±8.6) 44.6 (±6.3) 91.2 (±4.2) 74.7 (±7.3) 

250 ppm 45.4 (±6.5) 26.8 (±4.6) 87.7 (±5.6) 62.8 (±7.6) 

500 ppm 48.7 (±3.5) 23.2 (±2.8) 50.6 (±7.8) 47.2 (±6.5) 

 

 

Comparison of surface oxygenation methods 

 The ozone treatment described here has promising advantages over previous work to 

enhance biochar CEC, particularly when applied to biochars with high surface areas. Prior 

approaches have included treatment with concentrated hydrogen peroxide, which resulted in a 

doubling of CEC (Huff and Lee, 2016) 24; air oxidation of biochar surface at 250 oC after pyrolysis 

also increased CEC by no more than a factor of two (Suliman et al., 2016) 101; previous applications 

of ozone achieved a similar magnitude of CEC increase. For instance, Smith et al. (2015) 102 

reported CEC increases of up to just about 20 and 7 cmol kg-1 for biochars produced from 500 oC 

pyrolysis of Douglas fir bark (DFBC) and Douglas fir wood (DFWC), respectively.  Our previous 

study 25 demonstrated the increase in CEC value of a pinewood-derived (P400) biochar through 

an ozone treatment from 15.39 cmol kg-1  (± 1.59) to 32.69 cmol kg-1  (± 2.51), which is 
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approximately 1/4th of the increase reported here.  In addition to our effort in optimizing the biochar 

ozonization process, the major factor that contributed to the present success in producing such a 

super high cation exchange capacity biochar (109~152 cmol/kg) appeared to be the special 

characteristics of the Rogue Biochar with its  BET surface area of over 400 m2/g (Table 1); whereas 

the P400 biochar used in our previous study 25 had a BET surface area of only about 2.05 (±0.42) 

m2/g (Table S4). The large surface area of the Rogue Biochar seems to be beneficial to its 

interaction with ozone molecules for surface oxygenation to achieve dramatic increase in biochar 

CEC value.  

CONCLUSION 

Through this experimental study, we have now demonstrated a dramatic improvement of 

biochar CEC value by a factor of 7.5 through biochar surface oxygenation by ozonization. The 

CEC value of the untreated biochar was measured to be anywhere between 14 and 17 cmol/kg.  A 

90-minutes dry ozonization treatment resulted in a dramatically increased biochar CEC value of 

109 ~ 152 cmol/kg, which is comparable to that of certain humic materials such as humins 103-108.  

Simultaneously, the biochar ozonization process resulted in dramatic reduction of biochar pH from 

9.82 to as low as 3.07, indicating the formation of oxygen-functional groups including carboxylic 

acids on biochar surfaces. Using the techniques of X-ray photoelectron spectroscopy, the 

formation of oxygen-functional groups including carboxylic acids on biochar surfaces have now, 

for the first time, been observed upon biochar surface oxygenation through the ozonization 

treatment. The molar O:C ratio (23.70/76.30 = 0.31:1) on ozonized biochar surface as analyzed by 

XPS is indeed significantly higher than that (13.93/86.07 = 0.16:1) of the control biochar surface. 

Similarly, the elemental analysis data showed a dramatic increase in O:C mol ratio from the control 

biochar (0.077) to the dry-ozonized biochar (0.193). The surface area measurements showed a 
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dramatic decrease in surface area following ozone treatment with values of 418.3 m2/g  17.7 (for 

the non-ozonized control biochar) and 229.2 m2/g  6.9 (for the dry-ozonized biochar). FTIR 

analysis also showed an increase in the content of oxygen-functional groups in the form of 

carbonyl groups on biochar surfaces upon ozonization, which can also produce certain amount of 

oxygenated biochar molecular fragments. This high CEC biochar show no signs of phytotoxicity 

for the germination of seeds. Furthermore, these oxygenated biochar molecular fragments may be 

solubilized by liquid water for greater effects upon the application of biochar in soil as it seems to 

stimulate the seed germination in some plant species. 
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CHAPTER 3 

 

SOLUBILIZATION OF PHOSPHORUS FROM SOIL USING OZONIZED BIOCHAR 

AND PHYTOTOXICITY STUDY OF THE OZONIZED BIOCHAR FILTRATE 

 

INTRODUCTION 

Phosphorus (P), along with potassium and nitrogen is an essential element for life and plays 

a critical role in many biological processes. However, it is a finite resource, and its availability is 

limited as it is almost entirely mined as phosphate rock. Phosphorus is the most underestimated 

element for feeding the world with food production contributing to around 90% of the world’s 

phosphorus needs.109-111 Phosphorus scarcity has similarities to water scarcity and peak oil but 

only few people outside the farming and fertilizer industry fully understand the importance of 

phosphorus. The issue of peak phosphorus and the potential threats of global phosphorus limitation 

have been subjects of significant discussion and research in recent years. The question of whether 

there will be a true physical shortage of phosphorus in rock reserves in the upcoming decades or 

if there will be limitations due to economic and technical factors has generated controversy 

recently with reports predicting that chemical P fertilizer will be required globally to maintain 

agricultural and grassland productivity.112, 113 Predictions suggest that the demand for phosphorus 

will surpass the supply of known phosphate rock reserves soon. Phosphate rock reserves are highly 

geographically concentrated, with significant deposits in Morocco, Moroccan-occupied Western 

Sahara, China, and the US. The geopolitical distribution of phosphate rock reserves may lead to 

increased tensions, as seen in regions like Western Sahara and Morocco.114-118 The scarcity of 
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phosphorus poses significant challenges to global food security, and its geopolitical and 

environmental inferences highlight the need for sustainable practices and increased awareness of 

this vital resource. Furthermore, the concentration of reserves in specific regions adds complexity 

to the situation, requiring international cooperation to ensure fair access and avoid potential 

conflicts.34, 119 While there is ongoing debate about the timing and nature of peak phosphorus, it is 

widely recognized that sustainable phosphorus management practices and a diversified approach 

to sourcing phosphorus are critical for ensuring long-term agricultural productivity and 

environmental health. Phosphorus sustainability is therefore crucial to meeting the needs of the 

growing global population and protecting the environment.120, 121 Phosphorus is used extensively 

in agriculture, industry, and other sectors, and its demand is expected to increase significantly in 

the coming decades. However, the current production and use of phosphorus are often inefficient 

and wasteful, leading to environmental pollution and depletion of this resource. Therefore, 

improving the sustainability of phosphorus is essential for ensuring its availability for future 

generations and minimizing its impact on the environment.41, 122 

Biochar, as a carbon-rich material produced through thermochemical conversion of 

biomass, has been the subject of research for its effects on physical and chemical properties of the 

soil.123-127 These studies shows that the effect of biochar on phosphorus availability depends on 

factors such as biochar feedstock type, pyrolysis temperature, and soil properties. The 

characteristics of biochar, such as surface area, pH, phosphorus content, and cation exchange 

capacity (CEC), are important factors in determining its impact on soil phosphorus. Biochar can 

improve the phosphorus availability in soil indirectly by altering the physical and chemical 

properties of the soil such as pH, CEC, organic carbon pool, water-holding capacity, and surface 

properties of soil particle.41, 128 Furthermore, biochar in soil can serve as a direct source of 
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accessible phosphorus or as an adsorbent for phosphates. Biochar may release negatively charged 

organic molecules that compete with phosphate ions for exchange sites in the soil colloids 

influencing the adsorption–desorption processes that results in the precipitation–dissolution of 

phosphate ions.129 Modified biochar has recently been used as a slow-release phosphorus 

fertilizer.130-136 Dissolved organic matter, often measured as dissolved organic carbon (DOC), is 

frequently studied in soil science.137, 138 Investigating biochar DOC within different biochar types 

can be valuable for understanding trends in regions with diverse soil compositions. DOC is a 

complex organic mixture that mostly contains small molecular compounds such as amino acids, 

sugars, and organic acids as well as some macromolecular compounds which can influence the 

adsorption–desorption of phosphates through functional groups. Phosphorus is present in the soil 

in various mineral forms such as apatite, rock-phosphate, and phosphorite. Although the 

mineralization of phosphorus in soil from organic sources has been extensively studied, less is 

known about the mobilization of phosphorus from inorganic phosphorus pools, a process known 

as phosphorus solubilization. 

There are several strategies for promoting phosphorus sustainability, including improving 

the efficiency of phosphorus use, recycling and reuse of phosphorus-containing wastes, recovery 

of phosphorus from natural sources, and raising public awareness about the importance of 

phosphorus sustainability. These strategies require multidisciplinary approaches that involve 

collaboration between different areas and participants.34 Despite the challenges, there are many 

opportunities for innovation and collaboration in promoting phosphorus sustainability. New 

technologies, policies, and practices are being developed and implemented to reduce phosphorus 

waste, improve efficiency, and promote responsible use of this resource. Because of all these 

factors, we intend to explore the current state of phosphorus sustainability and the challenges and 
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opportunities for promoting sustainable phosphorus use.139 A recent study reports a breakthrough 

process for surface oxygenation of biochar by ozonization to increase its CEC value to 109 – 152 

cmol/kg. This process leads to release a high amount of organic acids (11 mg DOC/g) in the 

ozonized biochar extract which is a potential candidate for P solubilization.32 Other study shows 

that phosphate can be dissolved from insoluble phosphate compounds like hydroxyapatite by 

mixing it in water with ozonized biochar.50 

Here, we propose an improvement in phosphorus solubilization in different soil types by 

the use of ozonized biochar and its water filtrate. Further research was conducted on the toxicity 

of the used biochar and its dissolved organic carbon fragments on seed germination. This study 

provides a valuable step towards phosphorus sustainability which is a pressing issue for long-term 

agricultural and environmental well-being.  

MATERIALS AND METHODS 

All the chemicals used during this study were obtained from Sigma-Aldrich or Fisher. 

Solvents used were of analytical grade. Ultrapure water was used during all the purpose. Pyrolysis 

of the Pinewood was conducted in 500 mL hastelloy autoclave high pressure Parr reactor 

controlled by Parr 4848 reactor controller. Ozone was generated by Welsbach T-series ozone 

generator. Sonication was conducted with a 750 Watt, 20 KHz Ultrasonic Processor VCX-750. 

Centrifuge was done in a Beckman Coulter Avanti® J-26 XP centrifuge. pH was recorded in a 

Beckman Coulter Phi 570 pH meter connected to a Thermo Scientific Orion pH probe. Shaking of 

the biochar assays was done in an Innova 2300 Platform Shaker. Ion chromatography spectra were 

recorded on a Dionex ICS-5000 Ion Chromatography system. Dionex IonPac AS23 anion-

exchange column (2×250 mm) was used during the analysis. 
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Production of Biochar 

This method was adapted from Huff et al. (2016).24 The pine wood biochar used during the 

experiment was produced from wood biomass from Loblolly pine trees (Pinus taeda) found on the 

Old Dominion University campus in Norfolk, Virginia. The bark was removed, and the pine woods 

were cut into tiny chips. The wood was then dried in an electrical oven at 105 °C overnight. 50 g 

of the pine wood biomass was placed on a Hastelloy Parr 0.5 L autoclave high pressure Parr reactor 

controlled by Parr 4848 reactor controller. Pyrolysis was conducted at atmospheric pressure. An 

outlet was made to prevent autogenic pressure buildup. The reaction chamber was purged with 

nitrogen for 5 min, and the biomass was slowly heated to 400 °C while collecting the bio-oil via 

the outlet. It was maintained at 400 °C for 30 min before slowly cooling it down using the internal 

water coil cooling system. For this study, a total of six batches of pinewood biochar were made. 

The average heating rate was 6.88 ± 1.87 °C/min. The average yield of biochar produced was 

16.95 g (34 %). The collected biochar was ground and sieved through a 106 μm sieve, washed 

with ultrapure water (100 mL per gram). The biochar was then dried in the oven overnight at 105 

°C. The biochar was collected and named as “P400”. The Rogue biochar used during the 

experiment was obtained from Oregon Biochar solutions. It was ground, sieved, washed, and dried 

as described above before using it in the study. This biochar was named as “RBC”. 

Soils and phosphate rock used in the experiment 

1. Western phosphate rock SRM 694 from National Institute of Standard and Technology 

(NIST) 

2. Portneuf Soil or P-Soil from South Central Idaho sent by Dr Ippolito 

3. Bennett Soil or B-Soil from Eastern Colorado sent by Dr Ippolito 
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Biochar ozonization treatment 

This method was adapted from Sacko et al. (2020).50 

Wet biochar ozonization treatment 

1.5 g of oven dried biochar was weighed and placed in an ozone treatment vessel and 25.0 

mL of ultrapure water was added to it. The ozone generator was set to optimum condition (ozone-

containing gas flow was set to 3.0 L/min with the oxygen gas pressure set to 8 psi and the voltage 

of the ozone generator set to 116 V) for the generation of ozone. The ozone was bubbled into the 

sample mixture for complete 90 min. After 90 min, the mixture was transferred into a Buchner 

funnel filtration system setup using a Fisherbrand P8 filter paper, and the filtrate was collected in 

a vessel and stored at 4 °C for further analysis. The biochar was then washed with 300 mL of 

ultrapure water and kept in oven maintained at 105 °C for drying. This wet ozone treated pinewood 

biochar is represented by P400 90W and rogue biochar is represented by RBC 90W in rest of the 

paper. 

Dry biochar ozonization treatment 

1.5 g of oven dried biochar was weighed and placed in an ozone treatment vessel. The 

ozone generator was set to optimum condition for the generation of ozone. The ozone was passed 

into the sample containing vessel for complete 90 min. During the treatment, the sample vessel 

was shaken in a regular interval of 15 min to treat every particle of biochar with ozone. After 90 

min, the biochar was washed thoroughly using Buchner funnel with 25 mL of ultrapure water 

which was collected in a vessel and stored at 4 °C for further analysis. The biochar was then 

washed with additional 300 mL of ultrapure water and kept in oven maintained at 105 °C for 

drying. This dry ozone treated pinewood biochar is represented by P400 90D and rogue biochar is 

represented by RBC 90D in rest of the paper. 
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Sonication and wet ozone treatment of pinewood biochar 

3.0 g of oven dried P400 biochar was weighed and placed in an ozone treatment vessel and 

50.0 mL of ultrapure water was added to it. The sample mixture was sonicated for 15 minutes with 

the Ultrasonic Processor set at 50% amplitude. The ozone generator was set to optimum condition 

for the generation of ozone. The ozone was bubbled into the sample mixture for 45 minutes. After 

that, the sample mixture was sonicated again for 15 minutes. Then, ozone was bubbled into the 

sample mixture for next 45 minutes. The mixture was then transferred into a Buchner funnel 

filtration system setup using a Fisherbrand P8 filter paper, and the filtrate was collected in a vessel 

and stored at 4 °C for further analysis. The biochar was then washed with 600 mL of ultrapure 

water and kept in oven maintained at 105 °C for drying. This biochar is represented by P400 

90W+S in rest of the paper. 

Control biochar 

1.5 g of oven dried biochar was washed thoroughly using Buchner funnel with 25 mL of 

ultrapure water which was collected in a vessel and stored at 4 °C for further analysis. The biochar 

was then washed with additional 300 mL of ultrapure water and kept in oven maintained at 105 

°C for drying. This untreated pinewood biochar is represented by P400 UN and rogue biochar is 

represented by RBC UN in rest of the paper. 

pH measurement 

This method was adapted from Sacko et al. (2020).50 For each of the untreated control, dry 

ozone treated, and wet ozone treated pinewood and rogue biochar, three replicates of 1.0 g each 

were taken and placed into 50-mL centrifuge tubes with 10 mL of ultrapure water added to each 

tube. The tubes were then shaken on an Innova 2300 Platform Shaker at 120 RPM for 1 hour. The 
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pH of the mixture was then measured with a Beckman Coulter Phi 570 pH meter connected to a 

Thermo Scientific Orion pH probe. 

Cation exchange capacity (CEC) measurement 

This method was adapted from Rippy et al. (2020).18 Briefly, three replicates of 0.5 g each 

of RBC UN, P400 UN, RBC 90D, P400 90D, RBC 90W, and P400 90W biochar were placed into 

a 125 mL Erlenmeyer flask with 50 mL of 0.5 M hydrochloric acid (HCl) added to each flask. The 

flasks with the mixture were were shaken on an Innova 2300 Platform Shaker at 120 RPM for 2 

hours. The mixture was then filtered and washed through a Buchner funnel filtration system setup 

using a Fisherbrand P8 filter paper with 100 mL portions of ultrapure water until no precipitation 

was seen upon the addition of silver nitrate (AgNO3) in the filtrate. The biochar residue was then 

transferred into a clean 125 mL Erlenmeyer flask along with the filter paper and 50 mL of 0.5 M 

barium acetate (Ba(OAc)2) was added to each flask. The flasks with the mixture were again placed 

in the shaker set at 120 rpm for 2 hours. The mixture was then filtered and washed with 300 mL 

of Millipore water. The residue was discarded, whereas the filtrate was then titrated with 0.025 M 

sodium hydroxide (NaOH) solution until the end point was reached. The CEC was the calculated 

using equation 3 as mentioned in previous chapter: 

 

𝑐𝑚𝑜𝑙

𝐾𝑔 𝑏𝑖𝑜𝑐ℎ𝑎𝑟
=

𝑚𝐿 𝑁𝑎𝑂𝐻 × 𝑚𝑜𝑙𝑎𝑟𝑖𝑡𝑦 𝑁𝑎𝑂𝐻 × 100

𝑔𝑟𝑎𝑚 𝑠𝑎𝑚𝑝𝑙𝑒
                                                               (3)  
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Dissolved organic carbon (DOC) measurement 

This method was adapted from Kharel et al. (2019).32 The filtrates collected from each of 

the untreated control, dry ozone treated, and wet ozone treated pinewood and rogue biochar was 

filtered through a hydrophobic polytetrafluoroethylene (PTFE) 0.2 μm filter (Millex-FG 

SLFG025LS). The filtrate liquid was collected and referred to as untreated, dry-ozonized, and wet-

ozonized biochar filtrate, respectively. The dissolved organic carbon (DOC) concentrations of the 

biochar filtrate that was filtered through 0.2 μm filter was measured using a TOC-Analyzer 

(Shimadzu TOC-V CPH). The total amount of DOC in mg, extracted from the filtrate was divided 

by the mass of biochar sample in order to get the mg of DOC per gram of biochar. 

Phosphorous assay preparation using RBC and P400 biochar 

This method was adapted from Sacko et al. (2020).50 Each of the assay treatments were 

performed in triplicates using 50-mL centrifuge tubes. 0.5 g of biochar, 5.0 g of soil, 15.0 mL of 

ultrapure water/biochar filtrate was used in the assay. The components of each assay were mixed 

thoroughly in a centrifuge tube by placing on an Innova 2300 Platform Shaker at 30 rpm at room 

temperature and allowing to shake for 30 minutes. After 30 minutes the samples were centrifuged 

at 4000 rpm in a Beckman Coulter Avanti® J-26 XP centrifuge using a JS-5.3 rotor for 5 min. The 

samples were then carefully removed from the centrifuge and placed upright in order to prevent 

disturbing any particulate back into solution. 1.0 mL of each sample solution was pipetted and 

placed into poly vials for phosphate analysis. The pH of the remaining mixture was then recorded, 

and the sample tubes were placed back onto the shaker platform. 1.0 mL of each sample solution 

was collected again in two days and fourteen days in the same method as stated above and the pH 

was also recorded. 
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Table 8. Layout of phosphate assays prepared using RBC and P400 biochar 

Control Portneuf Soil (P-Soil) Bennett Soil (B-Soil) 

Water Water + P-soil Water + B-soil 

P400 UN + water P400 UN + water + P-soil P400 UN + water + B-soil 

RBC UN + water RBC UN + water + P-soil RBC UN + water + B-soil 

P400 90D + water P400 90D + water + P-soil P400 90D + water + B-soil 

RBC 90D + water RBC 90D + water + P-soil RBC 90D + water + B-soil 

P400 90W + water P400 90W + water + P-soil P400 90W + water + B-soil 

RBC 90D filtrate RBC 90D filtrate + P-soil RBC 90D filtrate + B-soil 

P400 90D filtrate P400 90D filtrate + P-soil P400 90D filtrate + B-soil 

P400 90W filtrate P400 90W filtrate + P-soil P400 90W filtrate + B-soil 

P400 90W+S filtrate P400 90W+S filtrate + P-soil P400 90W+S filtrate + B-soil 

   

 

Ozonized biochar filtrate with various DOC concentrations for phosphorus solubilization 

The amount of phosphate and pH change resulting from just the filtrates with various DOC 

concentrations was determined. 15 mL of each of the respective filtrate dilutes of ozonized biochar 

measured as DOC concentration ranging from 0 ppm (water) to 100 ppm was incubated in a tube 

without adding soil for a period of up to 8 days to serve as controls. A mixture of ozonized biochar 

filtrate and soil (SRM 694, P Soil and B Soil) was prepared. The purpose is to determine the 

amount of phosphate and pH change upon addition of the soil to the filtrate. 10 g of soil was added 

to 30 mL of each respective filtrate dilutes and incubated for a period of up to 8 days. Whereas 0.2 
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g of SRM 694 was added to 15 mL of each respective filtrate and incubated for a period of up to 

8 days for comparison. The concentration of phosphate solubilized from the soil was obtained by 

subtracting the amount of the phosphate from the filtrates only before soil was added. 

Phosphorous assay layout 

Total of 84 tubes (50-mL centrifuge tubes) of the filtrate treatment samples were incubated 

by placing them at room temperature on an Innova 2300 Platform Shaker at 30 rpm (Figure 11). 

After 30 min of shaking (day 0), the pH was measured in each tube using the pH probe. The 

samples were centrifuged at 4500 rpm for 15 min using a Beckman Coulter centrifuge with a JS-

5.3 swinging-bucket rotor. 1 mL of the supernatant was collected from each sample. The tubes 

were placed back on the shaker for further incubation. The procedure was repeated at days 2, 4, 6, 

and 8 days.  

 

Table 9. Layout of phosphate assays prepared using ozonized biochar filtrate 

Control Portneuf Soil (P-soil) Bennett Soil (B-soil) SRM 694 

0 ppm DOC 0 ppm + P-soil 0 ppm DOC + B-soil 0 ppm + SRM 

5 ppm DOC 5 ppm + P-soil 5 ppm DOC + B-soil 5 ppm + SRM 

10 ppm DOC 10 ppm + P-soil 10 ppm DOC + B-soil 10 ppm + SRM 

25 ppm DOC 25 ppm + P-soil 25 ppm DOC + B-soil 25 ppm + SRM 

50 ppm DOC 50 ppm + P-soil 50 ppm + B-soil 50 ppm + SRM 

100 ppm DOC 100 ppm + P-soil 100 ppm + B-soil 100 ppm + SRM 

0 ppm DOC (pH 3) 0 ppm (pH 3) + P-soil 0 ppm (pH 3) + B-soil 0 ppm (pH 3) + SRM 
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Figure 11. Incubations of phosphorus treatment samples. 

 

Phosphate Concentration Measurement 

This method was adapted from Sacko et al. (2020).50 Supernatant (1 mL) collected 

previously was diluted to 5 mL in poly vials and analyzed for the phosphate content right away 

using AS40 Automated Dionex ICS-5000 Ion Chromatography system mounted with Dionex 

IonPac AS23 anion-exchange column (2×250 mm). A standard calibration curve (Figure 12) was 

prepared using Dionex 7 Anion Standard II purchased from Thermo Scientific (057590). Standards 

containing 1 ppm, 2.5 ppm, 5 ppm, 10 ppm, 20 ppm, and 0 ppm (Ultrapure water) of phosphate 

anion were used for the calibration of the Ion Chromatography system. 
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Figure 12. Calibration curve plotted for the area of the peak versus the phosphate concentration 

of the Dionex 7 Anion standard for Ion Chromatography. 

 

Phytotoxicity study of ozonized biochar filtrate with various DOC concentrations used for 

phosphorus solubilization in dicotyl garden cress (Lepidium sativum) seeds 

This experiment is a continuation of the phosphorus assay experiment and was conducted 

right after the 8th day of the phosphorus assay experiment. Only the tubes with B-soil and P-soil 

were used during the experiment. After collecting all the required supernatant liquid for 

phosphorus concentration measurement, 10 seeds of dicotyl garden cress were placed in each of 

the 50-mL centrifuge tubes. Dicotyl garden cress being suitable for hydroponic cultivation, small 

amount of supernatant liquid that was remaining in the tubes was okay for the experiment. Total 

of 84 tubes were placed in a holder in upright position without their caps. After taking the pictures 

of the tubes in a designated place inside the lab, the tubes were placed in an area with no light 

interference. The tubes were taken out every 24 hours for observation and pictures were taken in 

y = 0.4997x - 0.1934

R² = 0.998

0

2

4

6

8

10

12

0 5 10 15 20 25

A
re

a
 (

μ
S

.m
in

)

Concentration (ppm)



59 
 

 

the same manner as taken in Day 0. This process was repeated for 10 days. At the end of 10 days 

the tubes were placed in an area with sufficient light for further observations. 

RESULTS AND DISCUSSION 

Effect of ozonization on biochar pH: 

Overall, the biochar pH decreased because of the ozone treatment. There was a large 

decrease in pH with RBC compared to P400. The untreated control sample of rogue biochar (RBC 

UN) had a basic pH value of 9.86±0.03. After 90 min of dry-ozone treatment, the biochar (RBC 

90D) pH drastically dropped down to 3.13±0.04, whereas after 90 min of wet-ozone treatment, the 

biochar (RBC 90W) pH slightly dropped down to 9.05±0.12. On the other hand, the untreated 

control sample of pinewood biochar (P400) had almost acidic pH value of 6.08±0.04. After 90 min 

of dry-ozone treatment, the biochar (P400 90D) pH dropped down to 4.06±0.03, whereas after 90 

min of wet-ozone treatment, the biochar (P400 90W) pH dropped down to 3.75±0.05 (Table 10). 

Effect of ozonization on Biochar CEC: 

The CEC value of RBC UN (control) was determined to be 19.71±1.42 cmol/kg using the 

AOAC Ba(OAc)2 method. Upon 90 min of dry-ozone treatment, the biochar CEC increased to 

142.92±2.64 cmol/kg (Table 10), whereas after 90 min of wet-ozone treatment, the biochar CEC 

increased to 22.91±0.04 cmol/kg. On the other hand, the CEC value of P400 UN (control) was 

determined to be 27.22±1.30 cmol/kg. Upon 90 min of dry-ozone treatment, the biochar CEC 

increased to 29.68±1.51 cmol/kg (Table 10), whereas after 90 min of wet-ozone treatment, the 

biochar CEC increased to 32.99±0.61 cmol/kg. 
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Table 10: pH and CEC of the RBC and P400 biochar before and after ozonization. The values for 

pH are the averages of 2 replicates  SD (n=2) whereas the values for CEC are the averages of 6 

replicates  SD (n=6). 

Biochar Sample 

 
pH (means  SD) 

 

CEC (cmol/kg) measured by 

Ba(OAc)2 method (means  SD) 

 Non-ozonized biochar RBC UN 

 

9.86 ±0.03 19.71±1.42 

Wet-ozonized biochar RBC 90W 

 

9.05 ±0.12 22.91±0.04 

Dry-ozonized biochar RBC 90D 

 

3.13 ±0.04 142.92±2.64 

Non-ozonized biochar P400 UN 6.08 ±0.04 17.35±0.91 

Wet-ozonized biochar P400 90W 3.75 ±0.05 32.99±0.61 

Dry-ozonized biochar P400 90D 4.06 ±0.03 29.68±1.51 

 

 

Dissolved organic carbon 

The impact of ozonization on the biochar was evident in the color of the filtrate extracted 

from the biochar (Figure S9 and S10). The filtrate from the non-ozonized biochar (RBC UN & 

P400 UN) and wet-ozonized Rogue biochar (RBC 90W) appeared clear whereas the filtrate from 

the dry-ozonized biochar (RBC 90D & P400 90D), wet-ozonized Pinewood biochar (P400 90W), 

and wet-ozonized and sonicated Pinewood biochar (P400 90W+S) biochar appeared dark brown, 

suggesting a higher presence of dissolved organic carbon fragments. Although the CEC of dry-

ozonized (P400 90D) and wet-ozonized (P400 90W) biochar was almost equal, the total extracted 

DOC from the wet-ozonized (P400 90W) biochar was twice the DOC from the dry-ozonized (P400 

90D) biochar. On the other hand, CEC of dry-ozonized (RBC 90D) biochar was 5 times the CEC 
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of wet-ozonized (P400 90W) biochar, but their total extracted DOC was almost equal. The total 

extracted DOC from the dry-ozonized P400 90D biochar was 5.35 (±0.05) mg DOC/g, wet-

ozonized P400 90W biochar was 11.44 (±0.16) mg DOC/g, and dry-ozonized RBC 90D biochar 

was 15.20 (±0.20) mg DOC/g. Wet-ozonization when combined with 30 minutes of sonication 

resulted in doubling the total extracted DOC. The total extracted DOC from the wet-ozonized and 

sonicated (P400 90W + S) biochar was 23.15 (±0.35) mg DOC/g. 

 

Table 11: Amount of DOC material extracted from the RBC and P400 biochar before and after 

ozonization. The values are means  SD (n =2).  

Biochar Sample 

 

DOC from Biochar (mg DOC/g 

biochar) 

Non-ozonized biochar RBC UN 

 

2.28 (±0.24) 

Wet-ozonized biochar RBC 90W 

 

2.75 (±0.15) 

Dry-ozonized biochar RBC 90D 

 

15.20 (±0.20) 

Non-ozonized biochar P400 UN 

 

2.32 (±0.32) 

Wet-ozonized biochar P400 90W 

 

11.44 (±0.16) 

Dry-ozonized biochar P400 90D 

 

5.35 (±0.05) 

Wet-ozonized and sonicated biochar P400 90W + S 23.15 (±0.35) 
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Table 12. Phosphorus concentration released by ozonized biochar (10% by soil mass) in soil after 

14 days of incubation with P-soil and B-soil 

Releasing agent Concentration of phosphorus released (ppm) 

P-soil B-soil 

Water 0.40 (±0.12) 0.11 (±0.04) 

Non-ozonized biochar P400 UN 1.17 (±0.08) 0.39 (±0.20) 

Dry-ozonized biochar P400 90D 2.98 (±0.07) 1.58 (±0.09) 

Wet-ozonized biochar P400 90W 3.60 (±0.22) 2.11 (±0.15) 

 

 

Phosphorus solubilization of soil with RBC and P400 biochar 

The solubilized phosphate concentration in the incubation liquid of B-soil and P-soil with 

RBC and P400 biochar and its filtrates of various DOC concentration was measured in comparison 

with the control incubation liquid of B-soil and P-soil with DI water. Here, phosphate 

concentration was measured by ion chromatography.50 The peak that was detected at a retention 

time of 14.6-14.7 min for the incubation liquid of wet-ozonized pinewood biochar with soil 

appeared to be much higher than that of the phosphate signal curves for the incubation liquid of 

control as well as untreated pinewood biochar (Figure 13 & 14). As shown in the phosphate 

standard calibration measurements using ion chromatography, the conductivity signal intensity of 

the phosphate peak was detected at a retention time range of 14.6–14.7 min, thus verifying that the 

peak obtained was indeed phosphate. Rogue biochar (ozone treated and untreated) showed no 

difference in phosphate peak from the water control. Dry-ozonized RBC 90D biochar, despite of 

having a very high CEC, was not able to solubilize phosphorus from the soil samples.  Wet-



63 
 

 

ozonized (P400 90W) biochar was most efficient in solubilizing the insoluble phosphate materials 

in soil releasing 3.60 ppm of phosphorus in 15 mL of water used in its incubation with P-soil which 

is 9 times the phosphorus released in its water control. Although ozone treatment did not enhance 

the CEC in Pinewood biochar as much as Rogue biochar, it seems to have some effect in 

phosphorus solubilization. In P-soil, dry-ozonized (P400 90D) biochar released 2.98 ppm of 

phosphorus which is at least twice the amount of phosphorus released by non-ozonized (P400 UN) 

biochar.  In B-soil, wet-ozonized (P400 90W) biochar released 2.11 ppm of phosphorus which is 

at least 5 times the amount of phosphorus released by non-ozonized (P400 UN) biochar. 

Also, for all the ozonized biochar filtrate, the phosphate signal curve for the incubation 

liquid with both P-soil and B-soil appeared to be similar to the phosphate signal curve for the 

filtrate control. Ozonized biochar filtrate for both Rogue and Pinewood biochar used in the assay 

had a large amount of phosphorus which could potentially be a direct source of phosphorus to the 

plants when applied to phosphorus deficient soils.  

 

Table 13. Phosphorus concentration released by ozonized biochar filtrate with various DOC 

concentrations in soil after 30 minutes of incubation with SRM 694, P-soil, and B-soil. 

Releasing agent Concentration of phosphorus released (ppm) 

SRM 694 P-soil B-soil 

Water 0.99 (±0.18) 0.30 (±0.14) 0.14 (±0.09) 

100 ppm DOC biochar filtrate 11.4 (±1.25) N/A N/A 

Water (pH = 3) 1.12 (±0.12) 0.61 (±0.08) 0.19 (±0.14) 
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Figure 13. A part of Ion Chromatogram showing the phosphate peak for B-soil. 

B-soil + Water represented by blue line (dashed with dots), P400 UN Biochar + B-soil + Water 

represented by green line (dotted), P400 90D Biochar + B-soil + Water represented by red line 

(dashed) and P400 90W Biochar + B-soil + Water represented by purple line (solid). 
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Figure 14. A part of Ion Chromatogram showing the phosphate peak for P-soil. 

P-soil + Water represented by blue line (dashed with dots), P400 UN Biochar + P-soil + Water 

represented by green line (dotted), P400 90D Biochar + P-soil + Water represented by red line 

(dashed) and P400 90W Biochar + P-soil + Water represented by purple line (solid). 

 

Phosphorus solubilization of SRM 694, B-soil, and P-soil using ozonized biochar filtrate with 

various DOC concentrations and its phytotoxicity study 

The solubilized phosphate concentration in the incubation liquid of SRM 694, B-soil and 

P-soil with ozonized biochar filtrate of various DOC concentration was measured in comparison 

with the control incubation liquid of SRM 694, B-soil and P-soil in DI water with normal pH and 

pH 3.0 DI water (same pH of the dry-ozonized biochar filtrate). The peak at 10.9 min for the 
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incubation liquid of SRM 694 with the ozonized biochar filtrate (100 ppm DOC) appeared to be 

much higher than that of the phosphate signal curve for its incubation liquid with DI water (Figure 

15). As shown in the phosphate standard calibration measurements using ion chromatography, the 

conductivity signal intensity of the phosphate peak was detected at a retention time range of 10.7–

11.1 min (Figure S8), thus verifying that the peak obtained was indeed phosphate. In soil, for all 

the ozonized biochar filtrate DOC concentrations, the peak at 10.7–11.1 min had almost same 

intensity to the phosphate signal curve for the filtrate control. There was a large competition 

between the peaks of nitrate and sulphate in the chromatograms at retention time 9.5 and 11.7 min 

respectively with the peak of phosphate. Since this biochar filtrate has a lot of phosphate, and there 

is an interference in ion chromatography signals, no conclusions can be drawn yet on the 

phosphorus solubilization in soil. The effect of the biochar filtrate in phosphorus solubilization in 

SRM 694 is however significant. 100 ppm DOC biochar filtrate was able to release 11.4 ppm of 

phosphorus in 15 mL of water used in its incubation with SRM 694 which is at least 10 times the 

phosphorus released in its water control. Biochar filtrate with lower DOC concentrations however 

did not show significant effect in the phosphorus solubilization in SRM 694. In addition, the 

ozonized biochar filtrate shows no signs of phytotoxicity as shown by the experiment conducted 

right after the 8th day of the phosphorus assay experiment (Figure 16). This result demonstrated 

that biochar ozonization can produce certain amount of oxygenated biochar molecular fragments, 

which not only can be used a direct source of phosphorus for plant applications as it contains a 

large amount of phosphorus, but has potentials in solubilizing the insoluble phosphate materials in 

soil.100  
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Figure 15. A part of Ion Chromatogram showing the phosphate peak for SRM 694. 

SRM + Water represented by green dotted line, ozonized biochar filtrate (100 ppm DOC) control 

represented by red dashed line, and ozonized biochar filtrate (100 ppm DOC) + SRM represented 

by purple solid line. 
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Figure 16. Images of the tubes for phytotoxicity study of ozone treated biochar taken after 10 days 

of exposure of seeds of the dicotyl garden cress (Lepidium sativum) to soil mixed with ozonized 

biochar filtrate of various DOC concentrations. 

 

CONCLUSION 

In conclusion, the ozonization treatment, while not enhancing the CEC in Pinewood 

biochar as much as Rogue biochar, seems to have some effect on phosphorus solubilization. Ozone 

treatment had significant impacts on both the pH and cation exchange capacity (CEC) of the 

studied biochars. The results indicated a substantial decrease in pH levels for both RBC and P400 

after ozone treatments. Interestingly, while RBC experienced a drastic drop in pH during dry-

ozone treatment, the wet-ozone treatment led to a milder decrease. Whereas P400, which initially 

had a more acidic pH, exhibited a reduction in pH with both dry and wet ozone treatment, with dry 
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treatment causing a more pronounced reduction. Regarding CEC, ozonization resulted in an 

increase in CEC values for both RBC and P400, indicating enhanced cation retention capacity. 

The extent of CEC increase varied between dry and wet ozone treatments. This suggests that 

ozonization not only affects biochar pH but also influences its ability to retain cations, potentially 

impacting soil fertility and nutrient availability. Additionally, the ozonization treatment influenced 

the dissolved organic carbon (DOC) content of the biochar. Wet-ozonized (P400 90W) biochar 

was found to be the most efficient in solubilizing insoluble phosphate materials in soil, releasing 

3.60 ppm of phosphorus in 15 mL of assay used in its incubation with P-soil, which is 9 times the 

phosphorus released in its water control. Dry-ozonized (RBC 90D) biochar, despite having a high 

CEC, was not able to solubilize phosphorus from the soil samples. In P-soil, both wet-ozonized 

(P400 90W) and dry-ozonized (P400 90D) biochar released significant amounts of phosphorus 

compared to non-ozonized (P400 UN) biochar, whereas, in B-soil, wet-ozonized (P400 90W) 

biochar released 2.11 ppm of phosphorus, at least 5 times the amount released by non-ozonized 

(P400 UN) biochar. Ozonized biochar filtrate, for both Rogue and Pinewood biochar, had a large 

amount of phosphorus, potentially serving as a direct source of phosphorus to plants when applied 

to phosphorus-deficient soils. Biochar filtrate with 100 ppm DOC concentration was able to release 

11.4 ppm of phosphorus in 15 mL of used in its incubation with SRM 694, at least 10 times the 

phosphorus released in its water control. However, lower DOC concentrations did not show a 

significant effect on phosphorus solubilization in SRM 694. Despite challenges in interpreting the 

phosphorus solubilization in soil due to interference in ion chromatography signals, the ozonized 

biochar filtrate demonstrates a significant impact on solubilized phosphate concentration in 

standard reference material (SRM). The solubilized phosphate concentration in the incubation 

liquid of soil with ozonized pinewood biochar appeared higher, suggesting a potential impact on 
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nutrient dynamics. Furthermore, the absence of phytotoxicity in the biochar filtrate implies the 

production of oxygenated biochar molecular fragments, offering a potential direct source of 

phosphorus for plant applications. Overall, the results suggest that ozonized biochar, particularly 

wet-ozonized (P400 90W) biochar, has the potential to enhance phosphorus solubilization in 

different soils, providing a valuable source of phosphorus for plant growth without exhibiting 

phytotoxic effects. However, challenges in ion chromatography analysis should be addressed for 

more accurate conclusions regarding phosphorus solubilization in soil. 
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CHAPTER 4 

 

INVESTIGATION OF CALCIUM AND MAGNESIUM CATION-PROTON EXCHANGE 

WITH TRANSMEMBRANE ELECTROSTATICALLY LOCALIZED PROTONS 

(TELP) AT A LIQUID-MEMBRANE INTERFACE 

 

INTRODUCTION 

 First postulated in 2012, JW Lee’s Transmembrane Electrostatically Localized Proton 

(TELP) theory and subsequent laboratory experimentation has significantly expanded previous 

understandings of classical Mitchellian chemiosmotic theory.70, 71, 140-144 Lee’s theory originally 

aimed to explain the many naturally occurring circumstances of alkalophilic bacteria, phototrophs 

(including chloroplasts), and mitochondrial-powered chemotrophs that Peter Mitchell’s historic 

textbook proton motive force (pmf) equation could not in isolation explain.140, 142, 144 The most 

notable shortcoming of the classic pmf equation is seen in alkalophilic bacteria (Bacillus 

pseudofirmus) where the classic Mitchellian equation predicts a pmf of only 44 mV which when 

considered in isolation is not compatible with ATP synthesis. The most conservative values are 

generally accepted to be 156 mV.145-147 The study of ATP generation in these species implores the 

question: do mitochondria-powered chemotrophs have additional thermotropic function and if so, 

how are they reaching biologically sustainable ATP productive thresholds? 70 

Peter Mitchell’s equation for pmf is typically expressed as: 
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𝑝𝑚𝑓 =  ∆𝜓 − (2.3 𝑅𝑇)𝛥𝑝𝐻/𝐹                                                                                                       (5) 

 

Over the last decade of research Lee has shown that these B. pseudofirmus species utilize 

heat energy in conjunction with TELP to optimize and drive ATP synthesis as well as uncovered 

the biological significance of mitochondrial cristae formation. Most specifically, TELP theory has 

expanded our understanding of the generation of proton motive force (pmf) near cellular 

membranes and adjacent surfaces.70 Via bimimetic experimental demonstrations, TELP helped 

elucidate the bioenergetics of “protonic capacitors” as contributors to pmf that arise in the setting 

of excess hydroxide anions and protons on opposing sides of the membrane (Figure 17). Free 

excess protons in aqueous solution separated by an impermeable membrane will spontaneously 

localize to the liquid-membrane interface.140, 147 

Mathematically, TELP theory can be expressed as the motor force across a biomembrane 

that incorporates both the classic and now local pmf that will be referred to as “total pmf” 

henceforward Equation 6.70 

 

  𝑝𝑚𝑓 =  ∆𝜓 +  
2.3 𝑅𝑇

𝐹
log10([𝐻𝑝𝐵

+ ]/[𝐻𝑛𝐵
+ ]) +

2.3 𝑅𝑇

𝐹
𝑙𝑜𝑔10(1 + [𝐻𝐿

+]/[𝐻𝑛𝐵
+ ])               (6)  

 

where ∆𝜓 is the “membrane potential from the p-side to the n-side” as defined by Mitchell 

previously, [𝐻𝐿
+] is the TELP concentration at the liquid-membrane interface on the positive (P) 

side of the membrane; [𝐻𝑝𝐵
+ ] is the “proton concentration in the bulk aqueous p-phase” 

(intermembrane space in the case of mitochondria); and [𝐻𝑛𝐵
+ ] is the “proton concentration in the 
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bulk liquid n-phase” (matrix in mitochondria). The first two terms of Equation 6 includes the 

“Mitchellian bulk phase-to-bulk phase proton electrochemical potential gradients” that is now 

consider as the “classic” pmf, identical to that of Equation 5; while the final term accounts for the 

“local” pmf from TELP at the liquid-membrane interface.70 

The relationship between the ideal TELP concentration [𝐻𝐿
+]0 at the liquid-membrane 

interface and the transmembrane potential ∆𝜓 in a proton capacitor can be expressed as: 

 

[𝐻𝐿
+]0 =  

𝐶

𝑆
 .

∆𝜓

𝑙 . 𝐹
                                                                                                                                (7) 

 

where 𝐶/𝑆 is the specific membrane capacitance per unit surface area, 𝑙 is the thickness 

of the localized proton layer. 

The TELP theory has described “total pmf” with H+ populations at both the liquid-

membrane interface (TELP) and the bulk-liquid phase (delocalized protons). Non-proton cations 

in the bulk aqueous liquid phase can exchange with protons at the liquid-membrane interface and 

thus affect the force generated by TELP.144 The exchange effects of non-proton cations in the bulk 

liquid phase on the effective TELP concentration at the liquid-membrane interface can be 

quantified with the following equation. 

  

[𝐻𝐿
+] =

[𝐻𝐿
+]0

Π𝑖=1
𝑛 {𝐾𝑃𝑖 (

[𝑀𝑝𝐵
𝑖+ ]

[𝐻𝑝𝐵
+ ]

) + 1}

                                                                                                   (8) 
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where 𝐾𝑃𝑖 is the equilibrium constant for cation to exchange with TELP, [𝑀𝑝𝐵
𝑖+ ] is the 

concentration of non-proton cations in the bulk phase of the surrounding liquid environment. 

This “non-proton cation interference” has been observed with the non-proton cation species 

Na+, K+, Mg2+ and Ca2+. To better elucidate the effects of non-proton cations on TELP, 

experimental models demonstrated the capacitor generated force using a proton sensing film 

apparatus. Localized cation exchange will occur in the presence of protons at a membrane surface 

when a voltage is applied to an electrolysis chamber.142 

Electrolysis allows water to separate into its respective ions. In an electrolytic cell, water 

molecules (H2O) are split into their constituent elements, hydrogen (H2) and oxygen (O2), through 

the process of electrolysis. Electrolysis typically involves application of an electrolytic voltage 

across two electrodes (anode and cathode) placed in a solution (in this case, water). At the cathode 

(negative electrode), electrons are supplied, which reduce water molecules to hydrogen gas and 

hydroxide ions (OH⁻). At the anode (positive electrode), water molecules get oxidized to oxygen 

gas releasing protons (H⁺). According to the proton electrostatic effect, it is anticipated that excess 

protons would disperse along the outer surface of a water body. Additionally, when two aqueous 

phases are separated by a membrane, these excess protons are expected to localize themselves at 

the interface between the water and the membrane on the anodic side of the electrolysis chamber.  
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Figure 17. TELP model for a bacterial cell membrane. 

The transmembrane-electrostatically localized protons (TELP) model shown as “a proton 

capacitor-like structure” illustrating how excess H+ and OH- are transmembrane electrostatically 

localized at the water-membrane interfaces along the two sides of the bacterial cell membrane 

before proton-cation exchange as it would be in a theoretically pure water-membrane-water 

system. (Adapted from Ref 141) 
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Conductance, expressed in siemens (S), is the inverse of electric resistance (measured in 

ohm). When dealing with bulk materials, it's often more convenient to measure specific 

conductance rather than just conductance. Specific conductance of a liquid, commonly referred to 

as conductivity, is measured with a non-electrolytic alternating current (AC) across the liquid per 

unit distance. The conductivity of water indicates its ability to conduct electric (ionic) current, 

which increases with the presence of mobile ions in water, serving as electric charge carriers. It is 

measured in microsiemens per centimeter (µS/cm) and is the reciprocal of resistivity (measured in 

Ω-cm). For instance, fresh ultrapure water typically exhibits a conductivity of 0.055 µS/cm, which 

gives a resistivity of 18.2 MΩ-cm. Conventional measurements of the electrical resistivity of water 

typically involve using non-electrolytic high-frequency AC probing voltage, which doesn't induce 

the water electrolysis process. This means that during conventional electrical resistivity 

measurement, no excess protons are generated within the water body. Consequently, the traditional 

method of measuring water electrical resistivity doesn't accurately reflect the protonic conductivity 

of water concerning excess protons. 

During the open-circuit water electrolysis, excess protons and excess hydroxide ions are 

generated in two water bodies separated by a membrane. Excess hydroxide ions localize at the 

negative (N) side of the membrane in the cathode chamber, while an electric double layer forms 

at the cathodic electrode. Conversely, excess protons localize at the positive (P) side of the 

membrane in the anode chamber, while another electric double layer forms at the anodic electrode. 

When a central sample chamber containing a solution with non-proton cations is placed in between 

a cathode chamber and an anode chamber, the non-proton cations will compete with TELP at the 

liquid-membrane interface inside the central sample chamber. The competition at the liquid-

membrane interface results in exchange between cations and TELP at the positive (P’) side of the 
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membrane in the central sample chamber. There are two points of interest in investigating cation 

equilibrium exchange at the membrane interface. The first is the mid-point, where 50% of protons 

have exchanged with non-proton cations. This is called the equilibrium constant.  The second point 

of interest is total proton-delocalization from the membrane.  A previous study determined the 

equilibrium constant for Na+ and K+ to exchange with localized H+ layer to be (5.07 ± 0.46) x 10-

8 and (6.93 ± 0.91) x 10-8 respectively.142 These results mean that localized protons at the water 

membrane interface were so electrostatically stable that it requires on the order of ten million 

sodium or potassium ions to partially delocalize protons at the water-membrane interface.  

Whilst monovalent cation-proton equilibrium exchange has been studied by Lee and 

colleagues, divalent cation exchange has not been studied previously. It is possible that divalent 

cations undergo cation-proton exchange at the P’ membrane that is different from potassium and 

sodium ions.142 The presence of alkali and alkaline earth cations can indirectly promote the 

dissolution of aluminum by modifying the rates of solvent motion, exchange, or orientation at the 

interface between the membrane and the solution. The degree of enhancement is directly 

proportional to the concentration of ions at the membrane surface and their solvation 

characteristics.148 

The ionic radius of calcium and magnesium is substantially smaller than that of potassium 

and sodium.149-154 Since divalent ions have higher electrostatic interactions, they have very high 

hydration energy resulting a tight bound water hydration shell around them. For example, 

magnesium cations have more than a six-fold increase with hydration.155, 156 The weak association 

with the surface leads to ion-pair surface interactions during which some water molecules 

associated with the cations are partially released. Additionally, the arrangement of ions at the 

surface may lead to the polarization of the remaining water molecules of hydration. Divalent ions 
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like Ca2+ and Mg2+ may interact with membrane interface through a displacement process 

involving the removal of protons.157 Distinctive characteristics (and their biologic implications) 

necessitate the qualitative and quantitative investigation of divalent ion electrostatic equilibrium 

exchange. The following study investigates the cation equilibrium exchange of the divalent cations 

Mg2+ and Ca2+ given their biological significance. 

MATERIALS AND METHODS 

Experimental demonstration of liquid water as protonic conductor 

ElectroPrep electrolysis systems (Cat no. 741196) from Harvard Apparatus Inc (Holliston, 

MA) with a cathode chamber, a central sample chamber, and an anode chamber was used for 

electrolysis. The cathode and anode are made of platinum wires. A plastic septum with a circular 

channel, 3.2 cm in diameter, separates the anode and the cathode, where the sample chamber fits 

water-tight. The central sample chamber is hollow cylindrical made of Teflon with external 

diameter 3.2 cm and internal diameter 1.5 cm. The central sample chamber is designed with two 

detachable ends that can held circular membranes of 2.4 cm diameter water-tight such that it can 

hold 1.5 mL of liquid in between the membranes. The cathode chamber is smaller than the anode, 

and can functionally hold 300 mL of water, while the anode chamber holds 600 mL of water. 

Instead of measuring each time, a max-fill line was marked and used as the standard indicator for 

all trials. Water filled electrolysis apparatus is shown in Figure 18 and the dimensions of the water 

filled apparatus with the central sample chamber is shown in Figure 19.  

In the first set of experiments, the central sample chamber was not introduced in the 

channel. The cathode and anode chambers were filled to the max-fill line with autoclaved 

deionized water. Conductance and pH of the water used to fill the cathode and anode chamber was 
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measured in a beaker using a Beckman coulter conductivity probe (Model 16 x 120 mm, item no. 

A57201) and Orion™ ROSS Ultra™ pH Electrode (Thermo Scientific, Cat No. 8102BNUWP). 

Typically, the conductivity of a liquid water sample was measured first before its pH measurement 

to avoid interference from a small amount of ions that may pass through the glass membrane of 

the pH glass electrode into the highly pure water sample during a pH measurement.  The lid was 

placed on top of the apparatus and an electrolysis voltage of 200 V was applied for 5 hours using 

a digital multimeter system (Keithley instruments series 2400S-903-01 Rev E) to the experimental 

system and the electrolysis current (measured across the black and red cables) was recorded at an 

interval of 10 seconds in a machine-interfaced PC computer using a LabVIEW software with a 

National Instrument interfacing card. At the completion of the allotted time, the voltage source 

was turned off and removed from the apparatus. Conductance in each of the cathode chamber 

water and anode chamber water (bulk liquid phase) was measured which was followed by the pH 

measurements. The pH measurements in the cathode chamber water and anode chamber water 

were performed at various distances from the cathode and anode (to demonstrate excess protons 

do not change the bulk water pH of the chambers). 

In the second set of experiments, a hollow central sample chamber (without membranes) 

with an external diameter of 3.2 cm and an internal diameter of 1.5 cm was inserted into the circular 

channel (3.2 cm in diameter) of the plastic septum (Figures 18 and 19). The cathode and anode 

chambers were filled to the max-fill line with autoclaved deionized water. The lid was placed on 

top of the apparatus and an electrolysis voltage of 200 V was applied for 5 hours to the 

experimental system and the electrolysis current was recorded at an interval of 10 seconds. 

Conductance and pH measurements for the liquid water were performed before and after the 5-

hour experiment as described previously. 
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Figure 18.  ElectroPrep electrolysis system. 

Photograph of the ElectroPrep electrolysis apparatus filled with water to max-fill line (red) and a 

cylindrical Teflon central sample chamber inserted in the channel of the septum that separates the 

cathode chamber from the anode chamber. A platinum wire anchored with a Teflon bar (white 

material) serves as a cathode that is connected with the black cable (on the left); Another platinum 

wire anchored with a Teflon bar (white material) serves as an anode that is connected with the red 

cable (on the right).  
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Figure 19.  Dimensions of the ElectroPrep electrolysis system. 

Sketch of the apparatus filled with water to max-fill line and the central sample chamber placed 

into the channel of the plastic septum. The septum is 0.8 cm thick, and the diameter of its channel 

is 3.2 cm. The water depth is 4.7 cm, the distance of the N membrane from the cathode is 3.7 cm, 

and the distance of the P membrane from the anode is 10.1 cm. The width of the anode and cathode 

liquid chambers is 9.5 cm (not shown). Each of the anode and cathode platinum wires is anchored 

with a Teflon bar (2.7-cm wide and 1-cm thick) and connected with the positive (Red) and negative 

(black) electric terminals, respectively.  

 

Experimental demonstration of protonic capacitor 

This method was adapted from the procedure previously reported in Saeed et al. (2018). 

142. ElectroPrep electrolysis systems (Cat no. 741196) from Harvard Apparatus Inc (Holliston, 
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MA) was used for electrolysis. To demonstrate the formation of a protonic capacitor, a membrane 

system was set up in the central sample chamber using aluminum (Al) and/or Teflon (Tf) as 

membranes. The aluminum and Teflon used in the experiments were 25 µm and 75 µm thick 

respectively. Aluminum sheet and Teflon were cut in circular discs of approximately 2.4 

centimeters using a single-edge razor blade and a quarter dollar coin. In the first set of experiments, 

an electrolysis voltage of 200 V was applied and current versus time data points were recorded for 

the first 2000 seconds. Following set of experiments were performed by varying the thickness of 

the Teflon membrane: 

75 µm (cathode-water-Tf-water-anode),  

150 µm (cathode-water-2Tf-water-anode),  

150 µm (cathode-water-Tf-water-Tf-water-anode),   

150 µm (cathode-water-Tf-air-Tf-water-anode), 

300 µm (cathode-water-4Tf-water-anode),  

300 µm (cathode-water-2Tf-water-2Tf-water-anode), and 

300 µm (cathode-water-2Tf-air-2Tf-water-anode) 

Experiments with 75 µm and 150 µm membrane thickness were also performed with an 

electrolysis voltage of 100 V and 50 V. All the direct current (DC) electrolysis current versus time 

data points were recorded for various electrolysis voltages as well as various membrane thickness. 

Bulk water phase pH measurements were done before and after each of the experiments. 

In the second set of experiments, aluminum (Al) film was used as protonic sensor along 

with Teflon (Tf) membrane. An electrolysis voltage of 200 V was applied for 5 hours and current 

versus time data points were recorded. Following set of experiments were performed by varying 

the thickness of the membrane: 
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125 µm (cathode-water-Al-Tf-Al-water-anode),  

175 µm (cathode-water-Tf-Al-Tf-water-anode),  

200 µm (cathode-water-Al-Tf-Water-Tf-Al-water-anode), and 

200 µm (cathode-water-Tf-Al-Water-Tf-Al-water-anode) 

The central sample chamber was held a consistent water-tight fit throughout 

experimentation. After testing for the integrity of the chamber such that it would not move, the 

cathode chamber was filled to the upper level of the central sample chamber and the entire 

apparatus was tipped carefully to the anode side so that the air bubble (Figure S11) that appears 

outside the central sample chamber towards the cathode chamber was removed. Then, the cathode 

chamber was filled to the max-fill line.  After checking for leaks over to the other side, the anode 

chamber was filled to the max-fill line. The lid was placed on top of the apparatus, electrolysis 

voltage was applied, and the current was recorded as previously mentioned. Bulk water phase pH 

measurements were done before and after each of the experiments. pH of the solution in central 

sample chamber was also recorded before and after each of the experiments wherever applicable. 

Synthesis of Calcium Bicarbonate 

The Ca(HCO3)2 solutions used in all experiments were diluted solutions  from a stock 

solution synthesized in Lee lab.  200 mL of 20 mM Ca(HCO3)2 (approx.) stock solution was 

synthesized through the following processes: 

 

𝐶𝑂2 + 𝐻2𝑂 → 𝐻2𝐶𝑂3                                                                                                                        (9) 

 

𝐶𝑎𝐶𝑂3 + 𝐻2𝐶𝑂3 → 𝐶𝑎(𝐻𝐶𝑂3)2                                                                                                  (10) 
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At a 1:1 ratio of Ca(CO)3 to Ca(HCO3)2 as depicted by the reaction above: 

20 𝑚𝑚𝑜𝑙 𝐶𝑎(𝐻𝐶𝑂3)2

1 𝐿
=

20 𝑚𝑚𝑜𝑙 𝐶𝑎𝐶𝑂𝑂3 

1 𝐿
 

20 𝑚𝑚𝑜𝑙 𝐶𝑎𝐶𝑂3

1 𝐿
=

𝑥 𝑚𝑚𝑜𝑙 𝐶𝑎𝐶𝑂3 

0.2 𝐿
 

𝑥 = 4.0𝑥10−3 𝑚𝑜𝑙 𝐶𝑎𝐶𝑂3 ∗ 100.09
𝑔

𝑚𝑜𝑙 
= 0.4004 𝑔 𝐶𝑎𝐶𝑂3  

Using ultrapure Milli-Q deionized water filtered by Yamato Model SM510, Santa Clara, 

CA (Millipore, 18.2 MΩ.cm at 22.5 ºC), calcium bicarbonate was prepared from calcium carbonate 

(Sigma Aldrich, ≥99% reagent grade). 400.32 mg of CaCO3 was added to a 250 mL glass bottle. 

200.0 mL of water was then added to the bottle and following all MSDS regulations, CO2 was 

bubbled into the solution. CO2 was introduced for two hours with the reaction resulting in the 

formation of both carbonic acid, and calcium bicarbonate. Reaction progress was tracked by 

examining the insoluble calcium carbonate at the bottom of the glass bottle. The solution was then 

stirred for two more hours. Some precipitate was visible and so the supernatant liquid was 

transferred into a clean glass bottle. Notably, pH change can occur up to 48 hours after introducing 

CO2. Therefore, the solution was left under the hood for two days to let it equilibrate and then 

refrigerated to maintain solubility. 

Synthesis of Magnesium Bicarbonate 

The Mg(HCO3)2 solutions used in all experiments were diluted solutions from a stock 

solution synthesized in Lee lab.  200 mL of 20 mM Mg(HCO3)2 (approx.) stock solution was 

synthesized as follows: 
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𝑀𝑔(𝑂𝐻)2 + 2𝐶𝑂2 ⇌ 𝑀𝑔(𝐻𝐶𝑂3)2                                                                                              (11) 

 

At a 1:1 ratio of Mg(OH)2 to Mg(HCO3)2 as depicted by the reaction above: 

20 𝑚𝑚𝑜𝑙 𝑀𝑔(𝐻𝐶𝑂3)2

1 𝐿
=

20 𝑚𝑚𝑜𝑙 𝑀𝑔(𝑂𝐻)2 

1 𝐿
 

20 𝑚𝑚𝑜𝑙 𝑀𝑔(𝑂𝐻)2

1 𝐿
=

𝑥 𝑚𝑚𝑜𝑙 𝑀𝑔(𝑂𝐻)2 

0.2 𝐿
 

𝑥 = 4.0𝑥10−3 𝑚𝑜𝑙 𝑀𝑔(𝑂𝐻)2 ∗ 58.32
𝑔

𝑚𝑜𝑙 
= 0.2333𝑔 𝑀𝑔(𝑂𝐻)2  

Using ultrapure Milli-Q deionized water filtered by Yamato Model SM510, Santa Clara, 

CA (Millipore, 18.2 MΩ.cm at 22.5 ºC), magnesium bicarbonate was prepared from magnesium 

hydroxide (Sigma Aldrich, 95% reagent grade). 233.0 mg of Mg(OH)2 was added to a 250 mL 

glass bottle. 200.0 mL of water was then added to the bottle and following all MSDS regulations, 

CO2 was bubbled into the solution. CO2 was introduced for two hours with the reaction resulting 

in the formation of both carbonic acid, and magnesium bicarbonate. Reaction progress was tracked 

by examining the insoluble magnesium hydroxide at the bottom of the glass bottle. The solution 

was then stirred for two more hours. Some precipitate was visible and so the supernatant liquid 

was transferred into a clean glass bottle. Notably, pH change can occur up to 48 hours after 

introducing CO2. Therefore, the solution was left under the hood for two days to let it equilibrate 

and then refrigerated to maintain solubility. 

Flame atomic absorption spectroscopy of Calcium and Magnesium solutions 

The concentration of magnesium (Mg2+) and calcium (Ca2+) contained in the prepared 

Mg(HCO3)2 and Ca(HCO3)2 solution was measured by flame atomic absorption spectroscopy 
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using a Shimadzu Flame Atomic Absorbance Spectrophotometer ASC-7000. For determining the 

concentration of magnesium (Mg2+), a standard calibration was prepared using magnesium sulfate 

to make a 7-points standard calibration curve 0 to 2 mg/L. The sample was prepared at two 

dilutions (DF 1250 and DF 2500) and each diluted sample had its magnesium (Mg 2+) 

concentration measured and the average concentration of the total 6 replicates was calculated. For 

determining the concentration of calcium (Ca2+), a standard calibration was prepared using calcium 

chloride to make a 7-points standard calibration curve 0 to 50 mg/L. The sample was prepared at 

two dilutions (DF 100 and DF 200) and each diluted sample had its calcium (Ca2+) concentration 

measured and the average concentration of the total 6 replicates was calculated. 

Experimental setup for Proton-Cation exchange equilibrium constants 

This method was adapted from the procedure previously reported in Saeed et al. (2018).142 

Two ElectroPrep electrolysis systems (Cat no. 741196) from Harvard Apparatus Inc (Holliston, 

MA) were used. One apparatus was used for electrolysis, and one was used as a control. Both 

systems had identical functionality, with a cathode chamber, a central sample chamber, and an 

anode chamber. First, all systems were cleaned using dilute hydrochloric acid, and washed with 

deionized water and allowed to sit for two days. To determine the effect of divalent calcium (Ca2+) 

and magnesium (Mg2+) cations on TELP, a membrane system was set up using aluminum (Al) and 

Teflon (Tf). The aluminum and Teflon used in the experiments were 25-µm and 75-µm thick 

respectively. Aluminum sheet was cut in circular discs of approximately 2.4 centimeters using a 

single-edge razor blade and a quarter dollar coin. Similarly, Teflon was cut in circular discs of 

approximately 2.3 centimeters such that when a Teflon disc was sandwiched in between two 

aluminum discs, the periphery of the aluminum discs will touch each other. Therefore, the two 

aluminum discs were connected around the circular edge, since the diameter (2.3 cm) of the Teflon 
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disc is slightly smaller than that (2.4 cm) of the aluminum discs.  Note, the use of an inert Teflon 

disc (in between the two aluminum discs) is essential to prevent the edge-connected Al-Tf-Al 

membrane assembly from leaking of any ions even when the two aluminum discs are corroded by 

TELP and transmembrane-electrostatically localized hydroxide anions (TELA). Aluminum discs 

were weighed before and after using it in the experiment and the mass was recorded to the tenth 

microgram. 

First, the cathode-facing end of the central sample chamber was sealed with an Al-Tf-Al 

membrane assembly. As shown in Figure 20, we designated the left side of the membrane assembly 

(Al-Tf-Al) as negative (N) since electrolysis forms a hydroxide (OH-) monolayer at the liquid-

membrane interface. The right side of the membrane assembly (Al-Tf-Al) was designated as P’, 

since positively charged protons and cations are induced at this liquid-membrane interface. 1.5 mL 

of the calcium bicarbonate solution, magnesium bicarbonate solution, or control (DI water) was 

introduced into the central sample chamber, and then the anode-facing end of the central sample 

chamber was sealed by the Al-Tf-Al membrane assembly.  At the anode-facing end of the central 

sample chamber, we designated the left side of the membrane assembly (Al-Tf-Al) as N’ since 

negatively charged OH- ions are induced at the liquid-membrane interface (within the central 

sample chamber) during water electrolysis. Similarly, the right side of the membrane assembly 

(Al-Tf-Al) was designated as P since electrolysis creates a monolayer of H+ ions (TELP) at this 

liquid-membrane interface. 

The central sample chamber was then inserted into the channel of the septum that connects 

the anode and cathode chambers. The central sample chamber should fit snugly and become 

impermeable to any water. After testing for the integrity of the chamber such that it would not 

move, the cathode chamber was filled to the level of the central sample chamber and the entire 
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apparatus was tipped carefully to the anode side so that the air bubble (Figure S11) formed at N 

membrane during filling the cathode chamber was removed. Then, the cathode chamber was filled 

with water to the max-fill line.  After checking for leaks over to the other side, the anode chamber 

was filled with water to the max-fill line. 

The pH values of Ca(HCO3)2 and Mg(HCO3)2 solution samples were measured in a 

separate 1.5 mL Teflon central sample chamber, henceforth referred to as the “reading chamber,” 

prior to the start of the experiment (to avoid contamination from a small amount of ions that may 

pass through the glass membrane of the pH glass electrode into the solution sample during a pH 

measurement). Conductance of the water used to fill the cathode and anode chambers was 

measured in a beaker which was followed by the pH measurements. After setting up the control 

and experimental apparatuses under the same conditions, an electrolysis voltage of 200 V was 

applied for 5 hours to the experimental system and the electrolysis current was recorded at an 

interval of 10 seconds.  

At the completion of the allotted time, the voltage source was removed from the apparatus.  

Conductance of the cathode and anode bulk water phase was measured followed by the pH 

measurements prior to removing the central sample chamber. Upon removal, the central sample 

chamber was opened from the P’ side and qualitative observations were made of the proton sensing 

foil membranes and the liquid inside the chamber. Liquid from the central sample chamber was 

transferred to the reading chamber with a pipette and pH was measured. Proton sensing aluminum 

membranes were left to dry overnight, and their mass was recorded. Identical measurements were 

repeated for the control apparatus. The solutions were stored at room temperature in vials for future 

analysis. 
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Figure 20. Experimental system design: Cathode (water) Aluminum-Teflon-Aluminum 

(Solution) Aluminum- Teflon-Aluminum (water) Anode. 

(a) Schematic diagram of the system testing the effects of non-proton cations on TELP. (b) 

Cross-section of central sample chamber with membranes labelled: N and P’ (and also N’ and P) 

are the edge-connected Al discs sandwiching a Tf disc. (c) Inset showing the exchange of the 

added cations (Xn+) with the TELP at the P′ side. 
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The experimental procedures were followed for the control and experimental solutions. 

Experiments were run for 0 mM (positive control), 0.5, 0.8, 0.9, 1.0, 1.25, 1.5, 3.0, 5.0, 7.5, & 15 

mM Mg(HCO3)2 and for 0 mM (positive control), 0.5, 1.0, 1.5, 2.0, 2.5, 3.0, 5.0, & 10 mM 

Ca(HCO3)2. Negative controls without electrolysis were also run and replicates were performed 

for each electrolysis. 

RESULTS AND DISCUSSION 

Demonstration of liquid water as protonic conductor 

In a 5-hour experiment utilizing 200V-driven water electrolysis, the formation of small gas 

bubbles was observed at both the platinum electrodes of the anode and cathode (Figure 22). This 

observation aligns with the established process of water electrolysis, where water is oxidized 

electrolytically to form molecular oxygen generating protons at the anode water compartment. 

Similarly, protons are reduced to form molecular hydrogen, leaving an increased presence of 

hydroxide anions in the cathode water compartment.  

Fresh ultrapure water typically exhibits a conductivity of 0.055 µS/cm, which gives a 

resistivity of 18.2 MΩ-cm. With this low conductivity, pure water is electronically nonconductive 

as it lacks charge carrier for electrons. During experimental demonstration of liquid water as 

protonic conductor, an electrolysis DC voltage of 200 V was applied for 5 hours to the 

experimental system and the electrolysis current was recorded at an interval of 10 seconds. As 

mentioned earlier, the central sample chamber has an external diameter of 3.2 cm and internal 

diameter 1.5 cm.  Removal of central sample chamber increased the diameter of the liquid water 

channel for the flow of protons by almost two times, which led to the increase in the DC 

electrolysis current by around two times.  Average electric current of 3 replicates of experiments 
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with the hollow central sample chamber (without membranes) was 6.4 × 10 –5 Amperes, and 

without the central sample chamber was 1.5 × 10 –4 Amperes (Figure 21).  This large value for the 

water electrolysis current is caused by the movement of protons through the water molecules. This 

observation aligns with the literature findings 158, 159 that protons (H⁺) in water exhibit abnormally 

high mobility (3.62 × 10 –3 cm2 V–1 s–1) compared to other ions of similar size. This high mobility 

of protons in water is due to their ability to participate in rapid proton transfer reactions, which 

involve the transfer of protons between water molecules.160, 161 This phenomenon plays a crucial 

role in various chemical and biological processes. With 1.5 × 10 –4 Amperes of current flowing for 

5 hours, the total amount of charges (coulombs) that passed through the electrolysis process was 

calculated to be 2.7 C for the system without central sample chamber. This charge value can only 

be carried by 1.7 × 10 19 protons through the pure water body between the electrodes. The pH of 

cathode and anode bulk water phase before the start of experiment was (6.02 ± 0.05). After 5 hours 

of experiment, the pH of cathode and anode bulk water phase were measured at various distances 

from each of the cathode and anode (Figure S12). The bulk liquid water pH value slightly dropped 

from the original pH of 6.02 ± 0.05 to 5.86 ± 0.07 but showed negligible difference irrespective of 

the distance of the water bulk from either the cathode or the anode. 

Demonstration of protonic capacitor 

During the open-circuit electrolysis of deionized water, excess protons are produced in the 

anode (P) chamber while excess hydroxide anions are generated in the cathode (N) chamber. 

According to the TELP theory, the free excess protons in the anode water body would not stay in 

the bulk liquid phase but localize to the water-membrane (Teflon) interface (the PI site) in the 

anode (P) chamber and attract the excess hydroxide ions of the cathode water body to the NI site 

at the other side of the membrane, forming an “excess anions-membrane-excess protons” 
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capacitor-like system (as shown in the inset of Figure 23). Because of this phenomenon, the bulk 

pH in either the anode water body or the cathode water body is not affected by the excess protons 

or the excess hydroxide anions created by the water electrolysis process. 

The bulk pH measurements in the cathode water body (5.86 ± 0.07) and the anode water 

body (5.86 ± 0.07) at the end of the experiment with the set up “cathode-water-Tf-water-anode” 

system were almost identical. Thus, bulk pH is not affected by the excess protons or the excess 

hydroxide ions created by the water electrolysis process. These free excess protons in the anode 

water body are localized at the water-membrane (Teflon) interface in the anode chamber and attract 

the excess hydroxide ions of the cathode water body to the other side of the membrane, forming 

an “excess anions-membrane-excess protons” capacitor-like system. The membrane thickness of 

this system is 75 µm. As the thickness of the Teflon membrane increases, the capacitance of the 

system decreases which is shown by the current measurements (Figure 27). 
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Figure 21. Current versus time data points recorded during 5-hour experiment utilizing 

200V-driven water electrolysis when two aqueous phases are not separated by a membrane.  

Blue solid line represents the averaged current of three trials of experiment without the central 

sample chamber in the channel of the septum that separates the cathode chamber from the anode 

chamber. Red dashed line represents the averaged current of three trials of experiment when the 

hollow central sample chamber (without membranes) was inserted in the channel of the septum. 
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Figure 22. Formation of gas bubbles at platinum electrodes during electrolysis. 

(a) No bubbles before the start of experiment. (b) Bubbles formed after 30 minutes. (c) Bubbles 

formed after 45 minutes. (d) Bubbles formed after 1 hour. (e) Bubbles formed after 1.5 hours. (f) 

Bubbles formed after 5 hours.   
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Figure 23.  Demonstration of protonic capacitor. 

Excess H+ in the anode water are electrostatically localized at PI at the water-membrane (Teflon) 

interface while the excess OH- in the cathode water chamber are electrostatically attracted to NI 

on the other side of membrane, forming a “excess hydroxide anions-membrane-excess protons” 

capacitor-like system. 

 

In the absence of substances with which aluminum can form soluble complexes or 

insoluble salts, aluminum remains passive through the formation of oxides when the pH ranges 
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between 4 and 8.5.162 In acidic conditions, aluminum forms soluble Al3+ ions, while it forms 

soluble AlO2
- in alkaline conditions.162, 163 Experiment run for “cathode-water-Al-Tf-Al-water-

anode” system (in which the two Al discs were completely separated by the Tf membrane) 

however did not result in visible corrosion of the proton sensitive Al surface during the desired 

time interval. This experiment was run for a week only after which we saw some color 

development in the Al surface. This indicated that the capacitance developed was not entirely 

enough for the corrosion of proton sensitive film. For this reason, the Teflon membrane was cut in 

circular discs of approximately 2.3 centimeters whereas the aluminum sheet was cut in circular 

discs of approximately 2.4 centimeters. With this setup, when a Teflon disc was sandwiched 

between two aluminum discs, the periphery of the aluminum discs will touch each other creating 

an electric connection between the aluminum discs and an increase in capacitance (from the 

electric double layer of the liquid-Al film interface). Teflon membrane would however not allow 

any of the protons or hydroxide ions to pass through the membrane. Experiment was run for 

“cathode-water-Al-Tf-Al-water-anode” system with the new set up which resulted sufficient 

capacitance observed by visible corrosion of the proton sensitive Al surface during the desired 

time interval. 
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Figure 24.  Distribution of the transmembrane electrostatically localized hydroxide anions. 

This drawing was made by Prof. Lee to illustrate a predicted transmembrane-electrostatically 

localized hydroxide anions (TELA) disk electrostatic edge effect that makes the density of 

transmembrane-electrostatically localized hydroxides somewhat higher around the disk edge. 
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Figure 25.  Distribution of the transmembrane electrostatically localized protons. 

This drawing was made by Prof. Lee to illustrate a predicted transmembrane-electrostatically 

localized protons (TELP) disk electrostatic edge effect that makes the density of TELP somewhat 

higher around the disk edge. 
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Figure 26.  Alkaline (excess hydroxides) corrosion and acidic (excess protons) corrosion of 

Aluminum membrane. 

Photograph of (a) N membrane taken against the light showing clusters of pinholes which seems 

to manifest themselves around the edge of the membrane. (b) P membrane showing corrosion as 

visible brown deposits all over the exposed surface with the edge showing thicker deposits. 

 

The experimental observations of protonic corrosion in aluminum surface revealed the 

presence of brown deposits. On the other hand, hydroxide corrosion exhibited more aggressive 

behavior leading to creation of holes in the aluminum surface. For the experiment involving edge 

connected Al-Tf-Al system, P membrane has almost uniform brown deposit all over the exposed 

surface with the edge showing thicker deposits, whereas N membrane has clusters of pinholes 

which seems to manifest themselves around the edge of the membrane (Figure 26). This edge 

effect of the transmembrane electrostatically localized proton and hydroxide anions is caused by 

the repulsion between same charged ions along the flat membrane surface increasing the ion 

density around the edge as detailed in Figure 24 and Figure 25. This finding is similar to the 

geometric effect of the mitochondrial cristae enhancing the transmembrane electrostatically 
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localized proton density to the ellipsoidal crista ridges in comparison to the crista flat region.71 

This discovery also aligns notably well with a study, which demonstrates a 3.5-fold rise in surface 

charge density on the curved membrane surface in comparison to the flat membrane.164 

The distinct corrosion behaviors observed between N membrane undergoing alkaline 

(hydroxide) corrosion and P membranes undergoing acidic (protonic)corrosion suggest a nuanced 

interaction with the surrounding environment. The alkaline corrosion of N membrane is attributed 

by the presence of localized OH- ions at the liquid-membrane interface and their specific 

interaction with the membrane material. On the other hand, acidic corrosion of P membranes 

implies a reaction with localized H+ present at the liquid-membrane interface. The plot of 

electrolysis current versus time for the edge connected Al-Tf-Al system and the edge unconnected 

Al-Tf-Al system is shown in Figure 28. 
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Figure 27. Current versus time data points for the experimental system with Teflon. 

Average current for the first 100 seconds of three replicates of the system with various membrane 

thickness. Red solid line represents the “cathode-water-Tf-water-anode” system with membrane 

thickness 75 µm, and blue dashed line represents the “cathode-water-Tf-water-Tf-water-anode” 

system with membrane thickness 150 µm. 
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Figure 28. Current versus time data points for the experimental system with Aluminum. 

Averaged electrolysis current for three replicates of edge connected Al-Tf-Al system represented 

by red solid line, and averaged electrolysis current for three replicates of the edge unconnected Al-

Tf-Al system represented by blue dashed line. 

 

Flame atomic absorption spectroscopy of Calcium and Magnesium  

The concentration of calcium (Ca2+) contained in the liquid suspension of the diluted 

Ca(HCO3)2 solution was measured to be 4.1 mg/L (±0.04 mg/L). With that value, the final 

concentration of the stock solution was calculated to be 10 mM. Similarly, the concentration of 

magnesium (Mg2+) contained in the liquid suspension of the diluted Mg(HCO3)2 solution was 

measured to be 0.29 mg/L (±0.03 mg/L). With that value, the final concentration of the stock 

solution was calculated to be 15 mM. 
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Proton-Cation exchange equilibrium constant of Ca2+ 

The concentration calcium (Ca2+) in the liquid suspension of the synthesized Ca(HCO3)2 

solution was measured to be 10 mM based on the flame atomic absorption measurements. 

Ca(HCO3)2 solution with concentration of Ca2+ greater than 10 mM could not be synthesized in 

normal conditions. 

The alkaline corrosion of N/N’ membranes is attributed by the presence of localized OH- 

ions at the liquid-membrane interface and their specific interaction with the membrane material. 

On the other hand, acidic corrosion of P/P’ membranes imply a reaction with localized H+ present 

at the liquid-membrane interface. The extent of corrosion for P’ aluminum is in negative 

correlation with the concentration of the Ca(HCO3)2 solution used in the central sample chamber 

during the experiment, whereas the extent of corrosion for P aluminum is almost same for all 

concentrations. The experimental observations of acidic corrosion in aluminum surface revealed 

the presence of brown deposits (Figure 29). On the other hand, alkaline corrosion exhibited more 

aggressive behavior leading to creation of holes in the aluminum surface (Figure 30). For the 

experiment involving 0 mM (positive control), P’ membrane has almost uniform brown deposit all 

over the exposed surface with the edge showing thicker deposits, whereas N membrane has ring 

of clusters of pinholes which seems to manifest themselves towards the edge of the membrane. 

Experiments involving 10 mM Ca(HCO3)2 shows almost no corrosion in P’ membrane. Visual 

results as displayed in Figure 29 suggests that 2.0 mM Ca(HCO3)2 serves as about the 50% 

corrosion point on the aluminum P’ membrane. The corrosion of aluminum membranes is also 

attributed with a change in mass of the membrane as shown in Table 14. Negative controls (0V) 

for all Ca(HCO3)2 concentrations does not incur any form of corrosion of the aluminum 

membranes and mass change. 
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Table 14. Change in pH of central sample chamber, change in mass of P’ and  KpCa2+  for various 

concentrations of Ca(HCO3)2, before and after the experiment at 200 V. 

[Ca2+] Initial pH Final pH 

Change in 

mass of P' 

(mg) 

𝐊𝐩𝐂𝐚𝟐+                               

(Using initial pH) 

𝐊𝐩𝐂𝐚𝟐+                              

(Using final pH) 

0 mM 6.02 ± 0.11 7.89 ± 0.15 0.08 ± 0.02 NA NA 

0.5 mM 8.05 ± 0.02 8.51 ± 0.09 0.06 ± 0.02 (1.8 ± 0.1) x 10-5 (6.2 ± 1.8) x 10-6 

1.0 mM 8.07 ± 0.02 8.87 ± 0.13 0.02 ± 0.01 (8.5 ± 0.6) x 10-6 (1.4 ± 0.6) x 10-6 

1.5 mM 8.00 ± 0.03 8.27 ± 0.11 0.01 ± 0.02 (6.7 ± 0.7) x 10-6 (3.7 ± 1.3) x 10-6 

2.0 mM 8.12 ± 0.02 8.81 ± 0.09 0.02 ± 0.01 (3.8 ± 0.3) x 10-6 (7.9 ± 2.3) x 10-7 

2.5 mM 8.06 ± 0.01 7.18 ± 0.07 (-0.05 ± 0.01) (3.5 ± 0.1) x 10-6 (2.7 ± 0.6) x 10-5 

3.0 mM 8.02 ± 0.03 6.64 ± 0.08 (-0.09 ± 0.03) (3.2 ± 0.3) x 10-6 (7.8 ± 2.0) x 10-5 

5.0 mM 7.99 ± 0.03 8.54 ± 0.07 0.05 ± 0.02 (2.1 ± 0.2) x 10-6 (5.8 ± 1.3) x 10-7 

10 mM 7.84 ± 0.03 8.02 ± 0.09 0.04 ± 0.01 (1.5 ± 0.1) x 10-6 (9.8 ± 2.8) x 10-7 

 

 

At the start of all experiments including the positive and negative controls, the volume of 

liquid in the central sample chamber is 1.5 mL. A consistent decrease in the volume of liquid in 

the central sample chamber correlating with the extent of corrosion is observed. The corrosion 

process results in the formation of a white solid precipitate that could account for the reduction in 

liquid volume. Reduction in volume is observed in the range of 5% to 50%. 
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Figure 29. Digital images of P’ aluminum membranes showing extent of acidic corrosion in the 

surface of aluminum revealed by the presence of brown deposits in varying concentrations of 

Ca(HCO3)2 solution. 
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10 mM Ca(HCO3)2 had a pH of 7.84 ± 0.03 before starting the experiment with a slight 

increase in pH to 8.02 ± 0.09 after 5 hours experiment. Table 16 summarizes the pH values of the 

central sample chamber before the start of experiment and after 5 hours experiment at 200 V for 

all the concentrations of Ca(HCO3)2. There was an overall increase in pH of the liquid in central 

sample chamber after 5 hours experiment involving Ca(HCO3)2 solution with the drop in pH 

observed only for 2.5 mM and 3.0 mM Ca(HCO3)2. Excluding these two Ca(HCO3)2 

concentrations, average of the pH of central sample chamber was 8.05 ± 0.05 before starting the 

experiment with an overall increase in pH to 8.60 ± 0.24 after 5 hours experiment at 200V. For the 

experiment involving 0 mM (positive control), pH changes from 6.02 ± 0.11 in the beginning to 

7.89 ± 0.15 at the stop of the experiment. Negative controls (0V) for all Ca(HCO3)2 concentrations 

does not incur any significant changes in pH as well as the volume of the central sample chamber 

solution. 

Formation of H2 gas can occur at the P’ interface during the aluminum surface corrosion 

according to the reactions: 

 

𝐴𝑙2𝑂3(𝑠) + 6𝐻+(𝑙𝑜𝑐𝑎𝑙𝑖𝑧𝑒𝑑) ↔  2𝐴𝑙3+ + 3𝐻2𝑂                                                                     (12) 

 

2𝐴𝑙 (𝑠) + 6𝐻+(𝑙𝑜𝑐𝑎𝑙𝑖𝑧𝑒𝑑) + 6𝑂𝐻− →  2𝐴𝑙(𝑂𝐻)3 + 3𝐻2(𝑔)                                             (13) 
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Gas formation exerts pressure on the Aluminum membranes, potentially allowing leakage 

of the salt solution into the cathode chamber. Salt solution in the cathodic chamber indicates a 

malfunction in the central sample chamber or the presence of gas formation. 

The bulk phase pH and conductivity measurements were conducted before the start and at 

the end of each experiment. Water used to fill the cathode and anode chamber had a starting pH of 

6.07 ± 0.12 and conductivity of 1.380 ± 0.264 µS respectively. After 5 hours of experiment at 

200V, pH of the cathode bulk slightly increased to 6.16 ± 0.11 and conductivity slightly decreased 

to 1.323 ± 0.220 µS. On the other hand, pH of the anode bulk slightly decreased to 5.97 ± 0.10 and 

conductivity slightly increased to 1.561 ± 0.301 µS. For negative controls (0V), pH of both the 

cathode and anode bulk slightly decreased to 6.00 ± 0.11 and 5.95 ± 0.07 respectively. Also, 

conductivity of both the cathode and anode bulk slightly increased to 1.554 ± 0.267 µS and 1.598 

± 0.285 µS respectively. 

There are two points of interest in investigating cation equilibrium exchange. The first is 

the mid-point, where 50% of protons have exchanged with the magnesium/calcium cations. In the 

case of monovalent cations, this was signified by 50% corrosion on the P’ membrane. The second 

point of interest is total proton-delocalization. This occurs when calcium cations effectively 

exchange with protons beyond the point of aluminum detection. 
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Figure 30. Photograph of various N aluminum membrane taken against the light. 

Images shows alkaline corrosion of N aluminum membranes creating clusters of pinholes only 

visible against light which seems to manifest themselves around the edge of the membrane. 



109 
 

 

The cation exchange equilibrium constant (𝐾𝑝) can be expressed as: 

 

𝐾𝑝 =
[𝐶𝑎𝐿

2+] ⋅ [𝐻+]

[𝐻𝐿
+] ⋅ [𝐶𝑎2+]

                                                                                                                       (14) 

 

𝐶𝑎𝐿
2+ signifies the localized calcium cations at the P’ membrane, and 𝐻𝐿

+
 signifies the 

localized protons at the P membrane. When the concentrations of 𝐶𝑎𝐿
2+ and 𝐻𝐿

+ are equal, cation 

exchange equilibrium constant (𝐾𝑝) is therefore calculated as: 

 

𝐾𝑝𝐶𝑎2+ =
[𝐻+]

[𝐶𝑎2+]
                                                                                                                             (15) 

 

Calculated values of 𝐾𝑝𝐶𝑎2+  for all the concentrations of Ca(HCO3)2 has been listed in 

Table 14. The equilibrium constants were calculated with a focus on the mid-point, where 50% of 

H+ have exchanged with the Ca2+. Our data suggests that 2.0 mM Ca(HCO3)2 serves as about the 

50% corrosion point on the aluminum P’ membrane. The plot of electrolysis current versus time 

for the experiment involving various Ca(HCO3)2 concentrations is shown in Figure 31. After three 

replications, the pH before the experiment was 8.12 ± 0.02 and after the experiment was 8.81 ± 

0.09. 𝐾𝑝𝐶𝑎2+  at 2.0 mM Ca(HCO3)2 is calculated as 10-(8.12 ± 0.02) M /0.002 M = (3.8 ± 0.3) x 10-6 

using initial pH whereas 10-(8.81± 0.09) M /0.002 M = (7.9 ± 2.3) x 10-7 using final pH. Using the 

final pH at 3.0 mM Ca(HCO3)2, 𝐾𝑝𝐶𝑎2+  is calculated as 10-(6.64 ± 0.08) M /0.003 M = (7.8 ± 2.0) x 
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10-5 which is the largest calculated value. Similarly, using the final pH at 5.0 mM Ca(HCO3)2, 

𝐾𝑝𝐶𝑎2+  is calculated as 10-(8.54 ± 0.07) M /0.005 M = (5.8 ± 1.3) x 10-7 which is the smallest calculated 

value. A previous study determined sodium cation equilibrium exchange and potassium cation 

exchange to be (5.07 ± 0.46) x 10-8 and (6.93 ± 0.91) x 10-8 respectively.142 This effectively puts 

calcium at an exchange of approximately up to 75 times greater than sodium and 55 times greater 

than potassium at 50% corrosion. 

Proton-Cation exchange equilibrium constant of Mg2+ 

The concentration of magnesium (Mg2+) in the synthesized Mg(HCO3)2 solution was 

measured to be 15 mM based on the flame atomic absorption measurements.. Mg(HCO3)2 solution 

with concentration of Mg2+ greater than 15 mM could not be synthesized in normal conditions. 

Corrosion behavior and its extent followed almost same pattern as in Ca(HCO3)2 solution. 

Experiments involving 15 mM Mg(HCO3)2 shows almost no corrosion in P’ and N membranes. 

Visual results as displayed in Figure 32 suggests that 1.25 mM Mg(HCO3)2 serves as the 50% 

corrosion point on the aluminum P’ membrane. The plot of current versus time for the experiments 

involving various Mg(HCO3)2 concentrations is shown in Figure 34. The corrosion of aluminum 

membranes is also attributed with a change in mass of the membrane as shown in Table 15. 

Negative controls (0V) for all Mg(HCO3)2 concentrations does not incur any form of corrosion of 

the aluminum membranes and mass change. Changes in pH and conductivity of cathode and anode 

bulk also followed similar pattern for both Mg(HCO3)2 and Ca(HCO3)2. 
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Figure 31. Current versus time data points for the experiments with Ca(HCO3)2. 

Average current of three replicates for 5-hour experiment with the set up “cathode-water-(Al-Tf-

Al)-Ca(HCO3)2-(Al-Tf-Al)-water-anode” and various Ca(HCO3)2 concentrations. Red solid line 

represents the experiment run with 0.5 mM Ca(HCO3)2 in the central sample chamber, blue dashed 

line represents the experiment run with 2 mM Ca(HCO3)2 in the central sample chamber, purple 

dotted line represents the experiment run with 10 mM Ca(HCO3)2 in the central sample chamber, 

and green dashed (with dots) line represents the experiment run with 0 mM Ca(HCO3)2 in the 

central sample chamber. 

 

15 mM Mg(HCO3)2 had a pH of 8.30 ± 0.02 before the start of experiment with a slight 

increase in pH to 8.45 ± 0.12 after 5 hours experiment at 200V. There was an overall decrease in 

pH of the central sample chamber in the experiments involving all other Mg(HCO3)2 solutions. 

Table 17 summarizes the pH values of the central sample chamber before the start of experiment 



112 
 

 

and after 5 hours experiment at 200V for all the concentrations of Mg(HCO3)2. For the experiments 

involving concentration of Mg(HCO3)2 in between 0.5 mM to 7.5 mM the average of the pH of 

central sample chamber was 8.20 ± 0.08 before starting the experiment with an overall decrease in 

pH to 7.15 ± 0.87. There was a drastic drop in the pH of central sample chamber for the 

experiments involving concentration of Mg(HCO3)2 in between 1.0 mM to 3.0 mM (average pH 

before starting the experiment being 8.21 ± 0.07 whereas average pH after 5 hours experiment at 

200V being 6.11 ± 0.12) despite of the consumption of H+ as indicated by the proton sensing 

aluminum membranes. For the experiment involving 0 mM (positive control), pH changes from 

5.99 ± 0.13 in the beginning to 8.02 ± 0.07 at the stop of the experiment. Negative controls (0 V) 

for all Mg(HCO3)2 concentrations does not incur any significant changes in pH as well as the 

volume of the central sample chamber solution. 

The cation exchange equilibrium constant (𝐾𝑝) can be expressed as: 

 

𝐾𝑝 =
[𝑀𝑔𝐿

2+] ⋅ [𝐻+]

[𝐻𝐿
+] ⋅ [𝑀𝑔2+]

                                                                                                                      (16) 

 

𝑀𝑔𝐿
2+ signifies the localized magnesium cations at the P’ membrane, and 𝐻𝐿

+
 signifies 

the localized protons at the P membrane. When concentrations of 𝑀𝑔𝐿
2+ and 𝐻𝐿

+ are equal, the 

cation exchange equilibrium constant (𝐾𝑝) is therefore calculated as: 

 

𝐾𝑝𝑀𝑔2+ =
[𝐻+]

[𝑀𝑔2+]
                                                                                                                           (17) 
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Table 15. Change in pH of central sample chamber, change in mass of P’ and KpMg2+ for various 

concentrations of Mg(HCO3)2 before and after the experiment at 200 V  

[Mg2+] Initial pH Final pH 

Change in 

mass of P' 

(mg) 

𝐊𝐩𝐌𝐠𝟐+                               

(Using initial pH) 

𝐊𝐩𝐌𝐠𝟐+                              

(Using final pH) 

0 mM 5.99 ± 0.13 8.02 ± 0.07 0.11 ± 0.03 NA NA 

0.5 mM 8.04 ± 0.02 8.01 ± 0.14 0.05 ± 0.01 (1.8 ± 0.1) x 10-5 (2.1 ± 0.9) x 10-5 

0.8 mM 8.18 ± 0.02 6.82 ± 0.11 (-0.02 ± 0.01) (8.3 ± 0.5) x 10-6 (2.0 ± 0.7) x 10-4 

0.9 mM 8.24 ± 0.02 7.70 ± 0.12 0.14 ± 0.01 (6.4 ± 0.4) x 10-6 (2.3 ± 0.9) x 10-5 

1.0 mM 8.29 ± 0.01 7.95 ± 0.11 0.01 ± 0.02 (5.1 ± 0.2) x 10-6 (1.2 ± 0.4) x 10-5 

1.25 mM 8.28 ± 0.02 6.25 ± 0.15 0.12 ± 0.02 (4.2 ± 0.3) x 10-6 (4.8 ± 2.2) x 10-4 

1.5 mM 8.20 ± 0.02 6.02 ± 0.21 0.17 ± 0.03 (4.2 ± 0.3) x 10-6 (7.1 ± 4.5) x 10-4 

3.0 mM 8.14 ± 0.02 6.06 ± 0.12 0.21 ± 0.04 (2.4 ± 0.2) x 10-6 (3.0 ± 1.2) x 10-4 

5.0 mM 8.17 ± 0.02 7.47 ± 0.10 0.09 ± 0.03 (1.4 ± 0.1) x 10-6 (7.0 ± 2.2) x 10-6 

7.5 mM 8.25 ± 0.03 8.07 ± 0.11 0.14 ± 0.04 (7.5 ± 0.7) x 10-7 (1.2 ± 0.4) x 10-6 

15 mM 8.30 ± 0.02 8.45 ± 0.12 0.08 ± 0.02 (3.3 ± 0.2) x 10-7 (2.5 ± 0.9) x 10-7 
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Figure 32. Digital images of P’ aluminum membranes showing extent of acidic corrosion in the 

surface of aluminum revealed by the presence of brown deposits in varying concentrations of 

Mg(HCO3)2 along with a typical P aluminum membrane. 
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Calculated values of 𝐾𝑝𝑀𝑔2+ for all the concentrations of Mg(HCO3)2 has been listed in 

Table 15. Our data suggests 1.25 mM Mg(HCO3)2 serves as about the 50% corrosion point on the 

aluminum P’ membrane. After three replications, the pH before the experiment was 8.28 ± 0.02 

and after the experiment was 6.25 ± 0.15. Had localized concentrations of cations and protons been 

equal at this point, we would have an equilibrium constant of 10-(8.28 ± 0.02) M /0.00125 M= (4.2 ± 

0.3) x 10-6 using initial pH, that is likely to be reasonable estimate for the value of 𝐾𝑝𝑀𝑔2+  which 

is comparable to the 𝐾𝑝𝐶𝑎2+  value of (3.8 ± 0.3) x 10-6. 

There may be different side reactions in the central sample chamber, depending on the 

concentration of the Mg(HCO3)2.  When [Mg(HCO3)2] is in a range from 0 to 0.5 mM, the localized 

protons reacts with Al surface and form Al(OH)3 which is slightly alkaline that can explain the 

slight increase in the central sample chamber liquid pH measured at the end of the experiment. On 

the other hand, when [Mg(HCO3)2] is at 0.8 mM and higher, it may react with [Al 3+] and [AlO2
–]  

ions through the following proposed reaction148 forming a solid and releasing protons: 

 

𝐴𝑙3+  +  𝑀𝑔2+  +  𝐴𝑙𝑂2
−  +  2𝐻2𝑂      →       𝑀𝑔𝐴𝑙2𝑂4  + 4𝐻+                                           (18) 
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Figure 33. SEM images of the P’ membranes taken after 5-hour experiment. 

At 20,000 magnification, SEM images of the P’ membranes taken after 5-hour experiment with 

the set up “cathode-water-(Al-Tf-Al)-Mg(HCO3)2-(Al-Tf-Al)-water-anode” with various 

concentrations of Mg(HCO3)2 shows the formation of spinel like structures of MgAl2O4. 
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Formation of MgAl2O4 can be explained by the spinel like structures revealed in the SEM 

images of the P’ membranes (Figure 33).165, 166 These spinel like structures are most abundantly 

seen in the membranes used for the experiments with 1.0 mM to 3.0 mM Mg(HCO3)2. This can 

explain the experimental observation of precipitated material and dramatic pH drop in the central 

sample chamber solution with 1.0 mM to 3.0 mM Mg(HCO3)2.  

Consequently, use of this lowered pH value might result in an overestimation of the cation-

proton exchange equilibrium constant. For example, the central sample chamber liquid pH of 1.0 

mM Mg(HCO3)2 before the experiment was 8.29 ± 0.01 and after the experiment was 7.95 ± 0.11. 

If this data is taken as the exchange midpoint, we would have an equilibrium constant of 10-(8.29 ± 

0.01) M /0.001 M = (5.1 ± 0.2) x 10-6 and 10-(7.95 ± 0.11) M /0.001 M = (1.2 ± 0.4) x 10-5 which is 

substantially smaller than (4.8 ± 2.2) x 10-4, the constant calculated using final pH of 1.25 mM 

Mg(HCO3)2 experimental data. This value puts magnesium at an exchange of approximately 230 

times greater than sodium and 170 times greater than potassium. Using the final pH at 1.5 mM 

Mg(HCO3)2, 𝐾𝑝𝑀𝑔2+ is calculated as 10-(6.02 ± 0.21) M /0.0015 M = (7.1 ± 4.5) x 10-4 which is the 

largest calculated value. Similarly, using the final pH at 15.0 mM Mg(HCO3)2, 𝐾𝑝𝑀𝑔2+  is 

calculated as 10-(8.45 ± 0.12) M /0.015 M = (2.5 ± 0.9) x 10-7 which is the smallest calculated value. 
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Figure 34. Current versus time data points for the experiments with Mg(HCO3)2. 

Average current of three replicates for 5-hour experiment with the set up “cathode-water-(Al-Tf-

Al)-Mg(HCO3)2-(Al-Tf-Al)-water-anode” and various Mg(HCO3)2 concentrations. Red solid line 

represents the experiment run with 0.5 mM Mg(HCO3)2 in the central sample chamber, blue 

dashed line represents the experiment run with 1.25 mM Mg(HCO3)2 in the central sample 

chamber, purple dotted line represents the experiment run with 15 mM Mg(HCO3)2 in the central 

sample chamber, and green dashed (with dots) line represents the experiment run with 0 mM 

Mg(HCO3)2 in the central sample chamber. 

 

CONCLUSION 

In our study, we conducted experimental demonstrations showing water as a protonic 

conductor. We observed fast transfer of protonic charge from the anode water chamber to the 
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cathode water chamber, although the precise mechanism governing this protonic current 

conduction remains not entirely clear. Our findings offer additional evidence suggesting that 

excess protons in water exhibit behavior like free electrons in metallic conductors, although with 

variances in the conduction mechanism. This implies that ultrapure water, despite being an 

insulator with low electrical conductivity, functions as a proficient protonic conductor. Our 

experimental results illustrated the rapid conduction of protonic charges within ultrapure water 

containing excess protons. During the open-circuit electrolysis of deionized water, excess protons 

are produced in the anode (P) chamber, while excess hydroxide anions are generated in the cathode 

(N) chamber. These free excess protons in the anode water body do not remain in the bulk liquid 

phase; instead, they conduct and spread themselves primarily to the liquid-membrane interface in 

the anode (P) chamber and simultaneously attract the excess hydroxide anions from the cathode 

water body to the other side of the membrane, forming an "excess anions-membrane-excess 

protons" capacitor-like system. Due to this phenomenon, the bulk pH in either the anode water 

body or the cathode water body remains unaffected by the excess protons or the excess hydroxide 

anions generated during the water electrolysis process. Furthermore, the transmembrane-

electrostatically localized protons and their corresponding transmembrane-electrostatically 

localized hydroxide anions together show a unique behavior referred to as “edge effect” which is 

caused by the electrostatic repulsion between same charged ions on the flat membrane discs 

increasing the ion density towards the edge of the membrane. 

TELP theory suggests that the localized excess protons are likely to be arranged in a 

monolayer at the water-membrane interface. This arrangement may allow for the exchange of these 

excess protons with non-proton cations present in the liquid phase. At 15 mM Mg(HCO3)2 and 10 

mM Ca(HCO3)2, we see almost complete detectable exchange. These, however, are saturated stock 
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solution concentrations beyond this point are unattainable with the current parameters. Bicarbonate 

salts are chosen (instead of chloride salts which are corrosive to Al) 167, 168 because bicarbonate per 

se does not corrode Al film, which enables the use of Al film as a protonic corrosion sensor. At a 

nearly complete cation exchange, the minimum localized pH is 4, since this is where aluminum 

stops detecting protons.169 All negative controls (0 V) show no corrosion after five hours contact 

with each solution. This allows us to safely assume all corrosion is from the electrolysis-generated 

excess protons and excess hydroxide anions. The value of 𝐾𝑝𝐶𝑎2+  and 𝐾𝑝𝑀𝑔2+  were calculated to 

be (3.8 ± 0.3) x 10-6 and (5.1 ± 0.2) x 10-6 respectively. In conclusion, we can say magnesium and 

calcium exchanges to a greater degree than sodium and potassium ions with TELP at the P’ 

membrane. Magnesium bicarbonate has properties that make it difficult to study in aqueous 

solutions at high concentrations. There are several instances of salt formation that needs further 

investigation.  
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CHAPTER 5 

 

CONCLUSIONS AND FUTURE DIRECTIONS 

 

In pursuing the overarching objective of comprehensively investigating cation exchange 

effects in the fields of biochar and bioenergetics, this dissertation has made great progress through 

three distinct projects. Each project aimed at specific aspects related to cation exchange, 

contributing to the understanding of biochar properties and the potential applications in 

solubilizing phosphorus and investigating cation-proton exchange at a liquid-membrane interface. 

First part of this experimental study was focused on enhancing biochar properties through 

ozonization. A remarkable improvement in biochar cation exchange capacity (CEC) through was 

demonstrated. The ozonized biochar exhibited a highest CEC value of 109 ~ 152 cmol/kg, a 

significant enhancement compared to the untreated biochar. Surface oxygenation, as observed 

through X-ray photoelectron spectroscopy and elemental analysis, highlighted the formation of 

oxygen-functional groups, contributing to increased CEC. 

Simultaneously, CEC values increased after ozonization, indicates improved cation 

retention capacity. These alterations have implications for soil fertility and nutrient availability, 

suggesting a multifaceted impact of ozonization on biochar properties. The decrease in biochar pH 

and the presence of oxygenated molecular fragments further highlighted the potential agricultural 

applications of ozonized biochar. This advancement underscores the potential of biochar surface 

modification for sustainable agricultural practices. Furthermore, this ozone treated biochar did not 

show any decrease and/or absence of germination of the monocotyl Sorgo (Sorghum saccharatum) 
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and the dicotyl mustard (Sinapis alba) plant species after 5 days of exposure. Ozonized biochar 

along with its filtrate with proper DOC concentrations preliminarily demonstrated to be beneficial 

during the germination in a laboratory study. Biochar can be made of various biomass which makes 

it quite complex to study the applications. Depending on the nature of biochar, some of the ozone 

treated biochar are capable of solubilizing the phosphorus from insoluble phosphate mineral 

phases in soil. Whereas some of the ozone treated biochar may act as a direct source of phosphorus 

to the plants when added to soil. Ozonized biochar emerges as a potential agent for solubilizing 

phosphorus, addressing a critical aspect of nutrient availability in soil. The absence of 

phytotoxicity further supports its application in sustainable agriculture, highlighting the ecological 

benefits of this innovative approach. Extensive field studies should be conducted to assess the 

long-term effects of applying ozonized biochar in diverse soil types and environments. Other 

quantitative methods should be developed to assess the release of nutrients, particularly 

phosphorus, from ozonized biochar in soil, with a focus on agricultural applications. Various 

spectroscopic studies can be conducted for further characterization of biochar and possible 

chemical reactions.  

Experimental demonstrations show water as a protonic conductor, evidenced by a high 

electrolysis current because of the transfer of protonic charge from the anode to the cathode water 

chambers. Excess protons in the anode chamber localize to the water-membrane interface, forming 

an "excess anions-membrane-excess protons" capacitor-like system, without affecting bulk pH in 

either of the chambers. The transmembrane-electrostatically localized protons (TELP) and 

transmembrane-electrostatically localized hydroxide anions (TELA) on a membrane disc together 

exhibit an "edge effect," caused by repulsion between same-charged ions along the flat membrane 

disc, increasing ion density toward and around the circular edge. The localized excess protons 
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arrange in a monolayer at the water-membrane interface, enabling exchange with non-proton 

cations. Further research on the cation exchange in the field of bioenergetics may lead to more 

interesting findings. The degree of exchange of magnesium and calcium cations with proton is 

greater than sodium and potassium ions. Exchange equilibrium constants were calculated for these 

divalent cations. Magnesium bicarbonate has properties that make it difficult to study in aqueous 

solutions at high concentrations. Significant cation exchange, particularly with magnesium and 

calcium ions, is observed, with potential implications for further investigation into solution 

saturation and salt formation. Magnesium oxide and aluminum oxide are potential candidates of 

salt layers on the aluminum surface after the activities of electrolysis-generated excess protons and 

excess hydroxide anions. 

There are several logical extensions to this research that could be explored in future studies. 

These areas include mechanistic understanding, conductivity variations, cation exchange 

dynamics, and salt formation studies. By addressing these areas, further research can deepen our 

understanding of water as a protonic conductor, elucidate underlying mechanisms, and potentially 

uncover novel applications in fields such as water treatment, energy storage, and electrochemistry. 
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APPENDIX A 

 

THE CHARACTERISTICS OF ROGUE BIOCHAR 

 

 

 

Figure S1: Photograph of the filtrate liquid from the non-ozonized control (A) and the dry-

ozonized (B) Rogue biochar samples. A) Showing a portion of the first wash (17 mL/g) from the 

untreated control biochar; B) Showing a portion of the first wash (17 mL/g) from the dry-ozonized 

biochar.  
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Table S1: The characteristics of Rogue Biochar. The Rogue Biochar characteristic data 

represented in this table are the results from the International Biochar Initiative (IBI) Laboratory 

Tests for Certification Program (Lab ID. Number: 7020309-01). 

Rogue Biochar Properties 

 

IBI Laboratory Test Result Characterization Method 

Surface Area 

 

456 m2/g dry Butane Activity Surface Area 

Correlation Based on 

McLaughlin, Shields, Jagiello, & 

Thiele's 2012 paper: Analytical 

Options for Biochar Adsorption 

and Surface Area 

Bulk Density 

 

4.9 lb/cu ft 

(78.5 kg / m3) 

 

Organic carbon content 

 

83.6 %  of total dry mass Dry Combust-ASTM D 4373 

Hydrogen/Carbon (H:C) 0.25 (0.7 Max)/1  

Molar Ratio 

H dry combustion/C(above) 

Ash content 

 

8.7 % of total dry mass ASTM D-1762-84 

Nitrogen content 

 

0.94 % of total dry mass Dry Combustion 

pH value 10.50 4.11USCC:dil. Rajkovich 

 

Electrical Conductivity 

(EC20 w/w) 

1.212 dS/m 4.10USCC:dil. Rajkovich 

Liming (neut. Value as-

CaCO3) 

11.1 %CaCO3 AOAC 955.01 

Carbonates (as-CaCO3) 5.1 %CaCO3 ASTM D 4373 

 

Total (K) 

 

5723 mg/kg EPA3050B/EPA 6010 

Total (P) 

 

725 mg/kg EPA3050B/EPA 6010 

Ammonia (NH4-N) 

 

8.4 mg/kg Rayment & Higginson 

Nitrate (NO3-N) 

 

1.7 mg/kg Rayment & Higginson 

Volatile Matter 

 

25.3 percent dw ASTM D1762-84 
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Table S2: Amount of dissolved organic carbon (DOC) material extracted from the non-ozonized 

control Rogue biochar and the dry-ozonized Rogue biochar. The DOC was measured from the 

filtrate of the biochar; the DOC was measured from the first wash and the second wash. The 

DOC measurement of the filtrates was done in duplicate (n=2) and the average ±SD is 

represented below. For normalized data, the mg of DOC for every gram of biochar was 

determined by adding the total DOC extracted from the 1st wash and the 2nd wash.  

Biochar sample 

 

DOC concentration in 

mg/L from 1st wash 

(17mL/g biochar) 

DOC concentration in 

mg/L from 2nd wash 

(200 mL/g biochar) 

DOC from Biochar 

(mg DOC/g biochar) 

 

 

Non-ozonized 

biochar (control) 

 

40.40 (±7.08) 7.12 (±1.02) 2.10 (±0.23) 

Dry-ozonized biochar 

 

 

362.98 (±47.07) 24.66 (±3.07) 10.98 (±1.00) 

 

 

 

Table S3: BET surface area of the unground Rogue biochar before and after ozonization. 

Helium was used as backfill following the evacuation procedure. Values are means ± SD from 

triplicates (n=3). 

Biochar sample BET surface area (m2/g) ± SD 

Rogue biochar non-ozonized 377.4 (±22.2) 

Rogue biochar dry-ozonized 332.1 (±17.8) 
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Table S4: BET surface area of the ground Pine 400 biochar (non-ozonized) and the ground 

Rogue biochar (before and after ozonization.) Nitrogen was used as backfill following the 

evacuation procedure. Values are means ± SD from triplicates (n=3). 

Biochar sample BET surface area (m2/g) ± SD 

Pine 400 non-ozonized biochar 2.05 (±0.42) 

Rogue biochar non-ozonized 389.9 (±10.3) 

Rogue biochar dry-ozonized 240.5 (±6.1) 

 

 

Table S5:  Angle Resolved Atomic Concentration (in %) 

 Sample #1: Ozonized Biochar (RBC 90D) 

Photoelectron Take Off Angle* C O O/C 

80° 78.57 21.43 0.273 

70° 78.86 21.14 0.268 

50° 79.24 20.76 0.262 

30° 79.58 20.42 0.257 

10° 79.45 20.55 0.259 

*with respect to surface normal.  
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Sample #2: Control Biochar (RBC UN) 

Photoelectron Take Off Angle* C O O/C 

80° 86.38 13.62 0.158 

70° 86.26 13.74 0.159 

50° 86.59 13.41 0.155 

30° 86.62 13.38 0.154 

10° 86.69 13.31 0.154 

*with respect to surface normal. 

 

Table S6:  Angle Resolved XPS Information Depth – O1s 

Photoelectron Take Off Angle* 
Estimated Information 

Depth/nm 

80° 1.5 

70° 2.9 

50° 5.5 

30° 7.4 

10° 8.4 

*with respect to surface normal. 
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Figure S2: Representation of the survey spectra (A), C1s spectra (B) and O1s spectra (C) from the 

ozonized biochar sample. 
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Figure S3: Representation of the survey spectra (A), C1s spectra (B) and O1s spectra (C) from the 

untreated control biochar sample. 
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Table S7: SEM-EDS analysis values of the 20 replicates for the Rogue biochar before and after 

ozonization. 

Ozonized Biochar Control Biochar 

C O O/C C O O/C 

89.18 10.82 0.121 92.06 7.94 0.086 

84.19 15.81 0.188 91.12 8.88 0.097 

74.81 25.19 0.337 94.00 6.00 0.064 

89.28 10.72 0.120 93.22 6.78 0.073 

89.76 10.24 0.114 90.14 9.86 0.109 

84.46 15.54 0.184 91.55 8.45 0.092 

92.68 7.32 0.079 94.53 5.47 0.058 

87.56 12.44 0.142 93.29 6.71 0.072 

91.97 8.03 0.087 92.47 7.53 0.081 

88.15 11.85 0.134 92.43 7.57 0.082 

77.63 22.37 0.288 92.34 7.66 0.083 

91.82 8.18 0.089 93.09 6.91 0.074 

89.48 10.52 0.118 94.53 5.47 0.058 

91.21 8.79 0.096 91.13 8.87 0.097 

81.44 18.56 0.228 91.68 8.32 0.091 

79.99 20.01 0.250 92.97 7.03 0.076 

87.92 12.08 0.137 92.45 7.55 0.082 

82.74 17.26 0.209 91.82 8.18 0.089 

91.42 8.58 0.094 91.16 8.84 0.097 

81.34 18.66 0.229 89.20 10.80 0.121 

avg= 86.35 

±5.21 

avg= 13.65 

±5.21 

avg=0.16 

±0.07 

avg=92.26 

±1.36 

avg=7.74 

±1.36 

avg=0.08 

±0.02 
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Table S8: Elemental analysis data of carbon and oxygen weight percent of the 6 replicates for the 

Rogue biochar before and after ozonization. 

Ozonized biochar (RBC UN) Non-ozonized biochar (RBC 90D) 

Oxygen wt % Carbon wt % Oxygen wt % Carbon wt % 

20.811 74.833 9.9 85.893 

21.363 74.365 9.691 86.94 

20.58 74.713 10.182 85.96 

17.258 73.148 7.028 74.58 

16.845 73.276 6.784 85.252 

16.904 72.604 7.002 76.876 

avg= 18.96 ±2.16 avg= 73.823 ±0.932 avg=8.4 ±1.6 avg= 82.583 ±5.387 
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APPENDIX B 

 

BIOCHAR CEC MEASUREMENT PROTOCOL (MODIFIED AMMONIUM ACETATE 

METHOD) USED AT THE USDA/ARS LABORATORY 

 

1. Pretreatment (adjust to pH 7) 

a. Weigh 1 gram of biochar in 50 ml plastic tubes. Record the weight of the tubes with the 

lids and record the dry matter content of biochar by taking a subsample and drying it at 105 

˚C for 24 hours. 

b. Add 20 ml of deionized water and shake horizontally at 200 rpm for 4 hours to ensure 

proper wetting of the sample.  After the wetting step, add 1.5M HCl (or NaOH) gradually 

until slurry reaches pH 7, keeping track of the volume used. Check pH at intervals over the 

next 48 hours, and if needed add more HCl or NaOH. 

c. After 48 hours, centrifuge the tubes at 1700 g until the supernatant is clear. If, after three 

hours of centrifuging, the supernatant is still not clear, let the samples stand for two hours 

on the benchtop to settle. Pipette out the supernatant avoiding the floating biochar particles 

d. Add 20ml of deionized water to remove residual acid, and shake horizontally for 1 hour.  

e. Centrifuge the tubes at 1700 g until the supernatant is clear. If, after three hours of 

centrifuging, the supernatant is still not clear, let the samples stand for two hours on the 

benchtop.  

f. Measure EC and then discard the supernatants. Repeat the washings with water (steps c 

through e) until EC < 200μS/cm. 
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After step 1d we were unable to centrifuge the biochar out of suspension. Below is the modified 

procedure used to determine the CEC of the Ozonized and Control biochar samples. 

 

2. Saturation with 1M NH4OAc 

a. Prepare Whatman Nuclepore Track-Etch membranes (2 m) and Whatman glass 

funnel on 250 ml Erlenmeyer flasks. 

b. Add pH-adjusted biochar samples and 20 ml NH4OAc (pH 7) to the glass funnel. 

Swirl and let stand for 2 hours. 

c. After 2 hours, turn on the vacuum to remove NH4OAc.  

d. Repeat 2b/2c so that the sample is washed a total of four times with NH4OAc. Let 

the fourth NH4OAc washing sit overnight before vacuuming out. 

3. Remove non-complexed NH4 with 100% Ethanol 

a. Add 20 ml EtOH to each funnel. Swirl and let stand for 2 hours. If there is biochar 

on the sides of the funnel, rinse down with a small volume of EtOH. 

b. Repeat 3a for a total of four EtOH washings. 

4. Displacement of exchangeable NH4 with KCl 

a. Attach new Erlenmeyer flasks to each glass funnel. 

b. Add 20 ml 2M KCl to each funnel. Swirl and let stand for 2 hours. 

c. Repeat 4b for a total of four extractions with KCl. Collect all 80 ml of KCl in the 

same flasks (i.e. extracting volume = 80 ml). 

5. Ammonium was measured colorimetrically using citrate and phenylphenol-Nitroprusside 

and analyzed with spectrophotometer plate reader. 
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APPENDIX C 

 

PHOSPHORUS SOLUBILIZATION BY OZONIZED BIOCHAR AND ITS DOC 

FILTRATE 

 

 

Figure S4. 31P NMR Spectra for Mixture of RBC 90D and P-soil compared with two controls and 

RBC 90D mixed with SRM 694. 
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Table S9. pH of the control samples for phosphorus assays at different time intervals 

Samples pH 

30 mins 2 days 14 days 

Water 6.27±0.04 5.72±0.01 5.93±0.02 

P400 UN + water 5.15±0.01 4.89±0.02 5.37±0.01 

P400 90D + water 4.11±0.02 4.15±0.01 4.72±0.02 

P400 90W + water 3.52±0.04 3.35±0.02 3.58±0.04 

P400 90D filtrate 3.82±0.01 3.86±0.01 3.97±0.01 

P400 90W filtrate 2.86±0.02 2.88±0.01 3.00±0.01 

P400 90W+S filtrate 3.19±0.01 3.28±0.02 4.3±0.01 

 

Table S10. pH of the samples with Portneuf Soil for phosphorus assays at different time intervals 

Samples pH 

30 mins 2 days 14 days 

Water + P-soil 8.35±0.04 7.89±0.03 7.63±0.01 

P400 UN + water + P-soil 7.40±0.04 7.89±0.02 7.22±0.01 

P400 90D + water + P-soil 7.13±0.02 7.10±0.06 7.13±0.04 

P400 90W + water + P-soil 6.57±0.05 6.62±0.03 6.68±0.01 

P400 90D filtrate + P-soil 7.31±0.02 7.57±0.01 7.44±0.01 

P400 90W filtrate + P-soil 6.62±0.04 7.24±0.12 7.29±0.03 

P400 90W+S filtrate + P-soil 6.82±0.02 7.63±0.02 7.50±0.11 
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Table S11. pH of the samples with Bennett Soil for phosphorus assays at different time intervals 

Samples pH 

30 mins 2 days 14 days 

Water + B-soil 8.36±0.01 7.93±0.04 7.76±0.06 

P400 UN + water + B-soil 7.34±0.02 7.28±0.03 7.26±0.01 

P400 90D + water + B-soil 7.02±0.04 7.16±0.02 7.02±0.03 

P400 90W + water + B-soil 6.07±0.08 6.22±0.09 6.41±0.08 

P400 90D filtrate + B-soil 7.27±0.01 7.44±0.01 7.35±0.01 

P400 90W filtrate + B-soil 6.40±0.01 7.23±0.02 7.23±0.01 

P400 90W+S filtrate + B-soil 6.84±0.02 7.52±0.01 7.36±0.08 

 

 

 

Figure S5. Soils used in phosphorus solubilization (Portneuf Soil from South Central Idaho, 

Bennett Soil from Eastern Colorado, and Western Phosphate Rock SRM 694 from National 

Institute of Standard and Technology. 
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APPENDIX D 

 

PHYTOTOXICITY STUDY OF OZONIZED BIOCHAR AND ITS DOC FILTRATE 

 

 

Figure S6. Images of the test plates for phytotoxicity study of ozone treated biochar taken after 3 

days of exposure of seeds of monocotyl Sorgo (Sorghum saccharatum) and the dicotyl mustard 

(Sinapis alba) to soil mixed with various biochar concentrations. 
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Figure S7. Images of the test plates for phytotoxicity study of various concentration of ozone 

treated biochar DOC filtrate taken after 3 days of exposure of seeds of the dicotyls garden cress 

(Lepidium sativum) and mustard (Sinapis alba). 
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Figure S8. Conductivity signals of anions from Dionex 7 Anion standard used for Ion 

Chromatography measurements of phosphorus concentration released by ozonized biochar filtrate 

with various DOC concentrations in soil after 30 minutes of incubation with SRM 694, P-soil, and 

B-soil. 
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Figure S9: Photograph of the filtrate liquid from the non-ozonized (RBC UN), the dry-ozonized 

(RBC 90D), and wet-ozonized (RBC 90W) Rogue biochar samples. 
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Figure S10: Photograph of the filtrate liquid from the non-ozonized (P400 UN), the dry-ozonized 

(P400 90D), the wet-ozonized (P400 90W), and the wet-ozonized and sonicated (P400 90W+S) 

Pinewood biochar samples. 
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APPENDIX E 

 

CALCIUM AND MAGNESIUM CATION-PROTON EXCHANGE  

 

 

Figure S11: Photograph of the cathode chamber of the electrolysis chamber showing the air 

bubble formed at N membrane of the Teflon sample chamber during filling the cathode chamber 

with water. 

 

 

Air bubble 
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Figure S12: Photographs of the electrolysis chamber taken while measuring the pH in the cathode 

and anode bulk water phase performed at various distances from the cathode and anode (to 

demonstrate excess protons do not change the chamber bulk water pH). 
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Table S12. Raw data for the conductivity measurements of cathode and anode water, pH 

measurements for cathode, anode and sample chamber, and mass of P’ and P aluminum 

membranes before and after the experiment at 200 V for 2 mM Ca(HCO3)2 (Trial 1) 

  

Conductivi

ty of 

Cathode 

Water (µS) 

Conductivi

ty of 

Anode 

Water (µS) 

pH of 

Cathod

e 

chambe

r 

pH of 

Anode 

chambe

r 

pH of 

Sample 

chambe

r 

Mass of 

P' 

Aluminu

m (mg) 

Mass of 

P 

Aluminu

m (mg) 

Before  

1.219 1.219 6.07 6.07 8.09 28.69 28.46 

1.220 1.220 6.06 6.06 8.09 28.70 28.44 

1.221 1.221 6.07 6.07 8.09 28.71 28.45 

1.222 1.222 6.09 6.09 8.10 28.69 28.44 

1.222 1.222 6.10 6.10 8.10 28.69 28.45 

1.223 1.223 6.11 6.11 8.10 28.68 28.46 

Average 1.221 1.221 6.08 6.08 8.10 28.69 28.45 

SD 0.001 0.001 0.02 0.02 0.01 0.01 0.01 

After 

1.259 1.535 6.15 6.01 8.71 28.72 28.42 

1.260 1.536 6.16 6.01 8.69 28.73 28.41 

1.261 1.537 6.18 6.03 8.73 28.73 28.43 

1.262 1.538 6.19 6.05 8.74 28.71 28.43 

1.263 1.539 6.20 6.04 8.75 28.74 28.41 

1.264 1.540 6.21 6.03 8.76 28.73 28.41 

Average 1.262 1.538 6.18 6.03 8.73 28.73 28.42 

SD 0.002 0.002 0.02 0.02 0.03 0.01 0.01 
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Table S13. Raw data for the conductivity measurements of cathode and anode water, pH 

measurements for cathode, anode and sample chamber, and mass of P’ and P aluminum 

membranes before and after the experiment at 200 V for 2 mM Ca(HCO3)2 (Trial 2) 

  

Conductivi

ty of 

Cathode 

Water (µS) 

Conductivi

ty of 

Anode 

Water (µS) 

pH of 

Cathod

e 

chambe

r 

pH of 

Anode 

chambe

r 

pH of 

Sample 

chambe

r 

Mass of 

P' 

Aluminu

m (mg) 

Mass of 

P 

Aluminu

m (mg) 

Before  

1.109 1.109 6.18 6.18 8.15 28.39 28.25 

1.110 1.110 6.15 6.15 8.12 28.39 28.27 

1.111 1.111 6.16 6.16 8.15 28.40 28.27 

1.112 1.112 6.17 6.17 8.15 28.39 28.25 

1.112 1.112 6.18 6.18 8.15 28.40 28.25 

1.113 1.113 6.19 6.19 8.12 28.37 28.27 

Average 1.111 1.111 6.17 6.17 8.14 28.39 28.26 

SD 0.001 0.001 0.01 0.01 0.02 0.01 0.01 

After 

1.254 1.419 6.27 6.01 8.89 28.41 28.26 

1.258 1.420 6.28 6.02 8.91 28.40 28.25 

1.256 1.422 6.29 6.03 8.91 28.41 28.24 

1.259 1.423 6.30 6.04 8.93 28.41 28.24 

1.261 1.424 6.31 6.05 8.95 28.40 28.25 

1.260 1.425 6.32 6.07 8.96 28.41 28.25 

Average 1.258 1.422 6.30 6.04 8.93 28.41 28.25 

SD 0.003 0.002 0.02 0.02 0.03 0.01 0.01 
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Table S14. Raw data for the conductivity measurements of cathode and anode water, pH 

measurements for cathode, anode and sample chamber, and mass of P’ and P aluminum 

membranes before and after the experiment at 200 V for 2 mM Ca(HCO3)2 (Trial 3) 

  

Conductivi

ty of 

Cathode 

Water (µS) 

Conductivi

ty of 

Anode 

Water (µS) 

pH of 

Cathod

e 

chambe

r 

pH of 

Anode 

chambe

r 

pH of 

Sample 

chambe

r 

Mass of 

P' 

Aluminu

m (mg) 

Mass of 

P 

Aluminu

m (mg) 

Before  

1.337 1.337 5.93 5.93 8.12 28.06 28.20 

1.338 1.338 5.94 5.94 8.12 28.08 28.19 

1.339 1.339 5.96 5.96 8.09 28.05 28.21 

1.339 1.339 5.97 5.97 8.09 28.09 28.19 

1.340 1.340 5.98 5.98 8.12 28.06 28.20 

1.341 1.341 5.99 5.99 8.12 28.07 28.19 

Average 1.339 1.339 5.96 5.96 8.11 28.07 28.20 

SD 0.001 0.001 0.02 0.02 0.02 0.01 0.01 

After 

1.405 1.526 6.09 5.88 8.76 28.09 28.22 

1.406 1.527 6.10 5.90 8.77 28.10 28.21 

1.407 1.528 6.11 5.91 8.78 28.09 28.22 

1.407 1.529 6.12 5.91 8.79 28.08 28.20 

1.408 1.530 6.13 5.92 8.81 28.08 28.21 

1.409 1.530 6.14 5.93 8.82 28.09 28.21 

Average 1.407 1.528 6.12 5.91 8.79 28.09 28.21 

SD 0.001 0.002 0.02 0.02 0.02 0.01 0.01 
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Table S15. Raw data for the conductivity measurements of cathode and anode water, pH 

measurements for cathode, anode and sample chamber, and mass of P’ and P aluminum 

membranes before and after the experiment at 0 V for 2 mM Ca(HCO3)2 

  

Conductivi

ty of 

Cathode 

Water (µS) 

Conductivi

ty of 

Anode 

Water (µS) 

pH of 

Cathod

e 

chambe

r 

pH of 

Anode 

chambe

r 

pH of 

Sample 

chambe

r 

Mass of 

P' 

Aluminu

m (mg) 

Mass of 

P 

Aluminu

m (mg) 

Before  

1.219 1.219 6.07 6.07 8.09 26.79 26.66 

1.220 1.220 6.06 6.06 8.09 26.79 26.67 

1.221 1.221 6.07 6.07 8.09 26.78 26.67 

1.222 1.222 6.09 6.09 8.10 26.78 26.65 

1.222 1.222 6.10 6.10 8.10 26.81 26.67 

1.223 1.223 6.11 6.11 8.10 26.80 26.65 

Average 1.221 1.221 6.08 6.08 8.10 26.79 26.66 

SD 0.001 0.001 0.02 0.02 0.01 0.01 0.01 

After 

1.507 1.586 5.95 5.90 8.13 26.82 26.69 

1.508 1.587 5.96 5.91 8.15 26.81 26.70 

1.509 1.588 5.98 5.92 8.16 26.81 26.69 

1.510 1.589 5.98 5.93 8.17 26.82 26.68 

1.512 1.590 5.99 5.94 8.18 26.81 26.71 

1.513 1.591 6.00 5.94 8.19 26.83 26.70 

Average 1.510 1.589 5.98 5.92 8.16 26.82 26.70 

SD 0.002 0.002 0.02 0.02 0.02 0.01 0.01 

 

 

 

 

 

 

 

 



168 
 

 

Table S16. Raw data for the conductivity measurements of cathode and anode water, pH 

measurements for cathode, anode and sample chamber, and mass of P’ and P aluminum 

membranes before and after the experiment at 200 V for 1.25 mM Mg(HCO3)2 (Trial 1) 

  

Conductivi

ty of 

Cathode 

Water (µS) 

Conductivi

ty of 

Anode 

Water (µS) 

pH of 

Cathod

e 

chambe

r 

pH of 

Anode 

chambe

r 

pH of 

Sample 

chambe

r 

Mass of 

P' 

Aluminu

m (mg) 

Mass of 

P 

Aluminu

m (mg) 

Before  

1.232 1.232 6.05 6.05 8.25 28.21 28.13 

1.233 1.233 5.97 5.97 8.26 28.20 28.12 

1.234 1.234 5.97 5.97 8.26 28.22 28.12 

1.234 1.234 5.98 5.98 8.25 28.21 28.13 

1.235 1.235 5.98 5.98 8.26 28.22 28.12 

1.236 1.236 5.97 5.97 8.27 28.23 28.13 

Average 1.234 1.234 5.99 5.99 8.26 28.22 28.13 

SD 0.001 0.001 0.03 0.03 0.01 0.01 0.01 

After 

1.118 1.506 6.18 5.86 6.17 28.33 28.16 

1.119 1.507 6.19 5.87 6.18 28.34 28.14 

1.120 1.508 6.19 5.88 6.19 28.35 28.16 

1.121 1.508 6.20 5.88 6.21 28.31 28.15 

1.122 1.509 6.21 5.89 6.22 28.34 28.17 

1.123 1.510 6.21 5.89 6.22 28.32 28.16 

Average 1.121 1.508 6.20 5.88 6.20 28.33 28.16 

SD 0.002 0.001 0.01 0.01 0.02 0.01 0.01 
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Table S17. Raw data for the conductivity measurements of cathode and anode water, pH 

measurements for cathode, anode and sample chamber, and mass of P’ and P aluminum 

membranes before and after the experiment at 200 V for 1.25 mM Mg(HCO3)2 (Trial 2) 

  

Conductivi

ty of 

Cathode 

Water (µS) 

Conductivi

ty of 

Anode 

Water (µS) 

pH of 

Cathod

e 

chambe

r 

pH of 

Anode 

chambe

r 

pH of 

Sample 

chambe

r 

Mass of 

P' 

Aluminu

m (mg) 

Mass of 

P 

Aluminu

m (mg) 

Before  

1.785 1.785 6.13 6.13 8.28 28.39 28.55 

1.785 1.785 6.11 6.11 8.28 28.38 28.55 

1.783 1.783 6.10 6.10 8.29 28.38 28.57 

1.783 1.783 6.10 6.10 8.28 28.37 28.56 

1.784 1.784 6.10 6.10 8.29 28.37 28.57 

1.783 1.783 6.09 6.09 8.28 28.38 28.55 

Average 1.784 1.784 6.11 6.11 8.28 28.38 28.56 

SD 0.001 0.001 0.01 0.01 0.01 0.01 0.01 

After 

1.692 2.13 6.07 5.96 6.42 28.51 28.57 

1.693 2.13 6.06 5.98 6.43 28.52 28.59 

1.691 2.13 6.06 5.99 6.42 28.51 28.56 

1.692 2.13 6.08 5.97 6.45 28.53 28.58 

1.693 2.13 6.09 6.01 6.46 28.51 28.59 

1.694 2.14 6.09 6.02 6.45 28.51 28.57 

Average 1.693 2.13 6.08 5.99 6.44 28.52 28.58 

SD 0.001 0.00 0.01 0.02 0.02 0.01 0.01 
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Table S18. Raw data for the conductivity measurements of cathode and anode water, pH 

measurements for cathode, anode and sample chamber, and mass of P’ and P aluminum 

membranes before and after the experiment at 200 V for 1.25 mM Mg(HCO3)2 (Trial 3) 

  

Conductivi

ty of 

Cathode 

Water (µS) 

Conductivi

ty of 

Anode 

Water (µS) 

pH of 

Cathod

e 

chambe

r 

pH of 

Anode 

chambe

r 

pH of 

Sample 

chambe

r 

Mass of 

P' 

Aluminu

m (mg) 

Mass of 

P 

Aluminu

m (mg) 

Before  

1.338 1.338 6.19 6.19 8.29 28.26 28.33 

1.339 1.339 6.18 6.18 8.32 28.27 28.35 

1.340 1.340 6.17 6.17 8.31 28.26 28.32 

1.340 1.340 6.17 6.17 8.31 28.26 28.35 

1.341 1.341 6.16 6.16 8.32 28.27 28.34 

1.341 1.341 6.16 6.16 8.32 28.25 28.31 

Average 1.340 1.340 6.17 6.17 8.31 28.26 28.33 

SD 0.001 0.001 0.01 0.01 0.01 0.01 0.02 

After 

1.563 1.475 6.14 6.12 6.08 28.35 28.29 

1.564 1.472 6.16 6.13 6.09 28.36 28.30 

1.565 1.471 6.15 6.09 6.10 28.37 28.27 

1.566 1.471 6.16 6.10 6.11 28.36 28.28 

1.566 1.470 6.14 6.11 6.11 28.36 28.29 

1.567 1.470 6.14 6.11 6.12 28.35 28.28 

Average 1.565 1.472 6.15 6.11 6.10 28.36 28.29 

SD 0.001 0.002 0.01 0.01 0.01 0.01 0.01 
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Table S19. Raw data for the conductivity measurements of cathode and anode water, pH 

measurements for cathode, anode and sample chamber, and mass of P’ and P aluminum 

membranes before and after the experiment at 0 V for 1.25 mM Mg(HCO3)2 

  

Conductivi

ty of 

Cathode 

Water (µS) 

Conductivi

ty of 

Anode 

Water (µS) 

pH of 

Cathod

e 

chambe

r 

pH of 

Anode 

chambe

r 

pH of 

Sample 

chambe

r 

Mass of 

P' 

Aluminu

m (mg) 

Mass of 

P 

Aluminu

m (mg) 

Before  

1.785 1.785 6.13 6.13 8.28 28.16 27.94 

1.785 1.785 6.11 6.11 8.28 28.14 27.93 

1.783 1.783 6.10 6.10 8.29 28.16 27.95 

1.783 1.783 6.10 6.10 8.28 28.15 27.94 

1.784 1.784 6.10 6.10 8.29 28.17 27.95 

1.783 1.783 6.09 6.09 8.28 28.16 27.93 

Average 1.784 1.784 6.11 6.11 8.28 28.16 27.94 

SD 0.001 0.001 0.01 0.01 0.01 0.01 0.01 

After 

2.17 2.03 5.87 5.92 8.11 28.13 27.97 

2.18 2.03 5.86 5.93 8.08 28.12 27.98 

2.18 2.03 5.86 5.90 8.08 28.12 27.96 

2.18 2.04 5.85 5.91 8.08 28.13 27.96 

2.17 2.04 5.86 5.91 8.09 28.12 27.97 

2.18 2.04 5.85 5.91 8.09 28.13 27.96 

Average 2.18 2.04 5.86 5.91 8.09 28.13 27.97 

SD 0.01 0.01 0.01 0.01 0.01 0.01 0.01 
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