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Abstract

Since its discovery by Marie and Pierre Curie in 1898, radium enjoyed a notorious 

celebrity throughout the 19th and 20th century. In the natural environment, radium

is confined to exist in Uranium and Thorium bearing ores, deep within the earth’ s 

crust. The practice of hydraulic fracturing for  natural gas production provides a 

pathway for surface release from subsurface geologic reservoirs via liquid and solid 

co-products. The extensive application of this technology has led to large volumes 

of radium-bearing fluids and solid material, requiring specialized handling and man- 

agement.  In  this  work,  the  nature,  remediation,  and  quantification  of  radium  

in these co-products are considered.

  In the first part of this dissertation, I address the distribution of radium in the 

solid and liquid co-products and speculate on novel treatment techniques that ad- 

dress the management of these radium-bearing materials with the goal of environ- 

mental sustainability. For the solid material, I evaluate a novel hydroacoustic cav- 

itation system for separating the particle sizes and its effect on radium distribution. 

This hydroacoustic cavitation system enables the reclamation of marketable sand 

from the residual solid wastes worth $50,000 - $70,000/year, when sold at a fraction 

of the price of freshly mined silica sand. This reclaimed sand, along with reclaima- 

ble clay, could reduce waste volumes by 50%, which represents a yearly savings of

$200,000 for facilities handling ~5,000 tons/year of residual solid waste. Addition- 

ally, treatment by hydroacoustic cavitation results in radium being concentrated 

in the finest particle sizes, presenting a new option for radioactivity management. 

Reclamation  could  result  in  the  reduction  of  radioactivity  disposed  in  landfills, 

mitigating the risk of radioactive exposure and contamination.

  For the liquid material, I investigate the novel application of a synthetic clay 

with high Ra selectivity and high charge for radium removal. This synthetic clay, 

Na-4-mica, presents itself as an ideal candidate for radium removal as its interlayer 

can collapse upon complete substitution, hence sequestering radium and mitigating
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release and environmental exposure. Na-4-mica can remove radium at every pH, 

and at high salinities, however, Ba, presents a significant competition for adsorp-

tion sites. Radium removal from real produced water samples by Na-4-mica re-

quires pre-treatment to reduce the exchange competition of Ca, Mg, and Sr as their 

activities in the high total dissolved solids concentrations of produced waters over-

whelm Ra’s.  

The second part of this dissertation addresses the quantification of radium in 

these co-products. More specifically, the nature of the radium-bearing media is 

considered. In the case of the solid materials, I probe the effect of sample density 

and volume on radium measurements; and with regard to the liquids, I probe the 

effect of the high salinity environment on radium measurements by gamma spec-

troscopy. I then suggest empirical methods to increase the accuracy of these meas-

urements. Radium measurements of the solids can be inaccurate by up to ~50% 

when sample density and volume are ignored. The total dissolved solids concentra-

tions of the liquids, as well as its composition, greatly influences radium measure-

ments, and radium activities can be underestimated by up to 40% when they are 

not taken into account. Rapid and accurate measurements of radium in the solids 

and liquids can be achieved by performing direct analysis of radium at 186 keV 

following interference correction and by accounting for sample density and volume 

– in the case of the solids, or total dissolved solids concentration and composition 

– in the case of the liquids. 

 Finally, I describe a novel approach to rapid measurement performed by liquid 

scintillation counting by applying alpha/beta discrimination and spectrum decon-

volution. This method utilizes a simple evaporative and acid-dissolution sample 

preparation protocol that is effective at removing the spectra interference of ra-

dium’s daughters when combined with alpha/beta discrimination. The radium re-

covery of this sample preparation protocol is >90%. This novel method produces 

radium measurements with an R2 of 0.92 when compared to high-accuracy gamma 

spectroscopy. The reduced sample preparation steps, low cost, and rapid analysis 

(four hour evaporation and one hour counting time) present this as a method ideal 

for rapid field appraisal prior to comprehensive radiochemical analysis.  
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Pitchblende Ore. Radium was discovered and isolated from Pitchblende, a 
Uranium rich ore, by Marie and Pierre Curie in December 1898. 
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1.1 Radioactivity and Radium † 

The atom as the building block of all matter and life enraptured the minds of the 

great thinkers since before the discovery and study of nuclear radiation in the late 

19th and early 20th century. From the alchemists of the middle ages, to the Greek 

philosophers, and eventually the early scientists, the existence of ultimate smallness 

has been hotly debated. The history of radioactivity is linked to the history of 

modern science and the development of our understanding of smallness and the 

structure of the atom.  

Following the discovery of cathode rays in 1869, Wilhelm Röntgen began prob-

ing the nature of these rays. In November of 1895, Röntgen discovered a new form 

of radiation, which he coined “x-rays” , denoting their mysterious, unknown origins 

13. Henri Becquerel began his study on the nature of this new radiation, believing 

it to be a property of luminescent materials. He hypothesized that x-rays were 

released by phosphorescent bodies. While working with potassium-uranyl sulfate, 

he discovered that the sulfate salt affected a photographic plate, though it had 

been kept in the dark away from the sun. This unexpected discovery suggested 

that the potassium-uranyl sulfate emitted spontaneous radiation. He later con-

cluded that this radiation could be attributed to neither x-rays nor phosphores-

cence, as it did not require an external energy source such as the sun, but it was 

in fact produced by the emitting body; and this new radiation persisted longer than 

any phosphorescence previously observed. His further study on this phenomenon 

                                     
† The historical information in this section has been gathered from several magazine arti-
cles, essays and reports cited as References [1 - 12]. In order to minimize the occurrence 
of citation numbers, direct references have been omitted, except in cases where supple-
mental references were available.  
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led him to realize that uranium was responsible for this new radiation, earning 

them the name “uranic rays”. However, in 1897, Henri Becquerel concluded his 

study of uranic rays. 

Around the same time, a young PhD student named Marie Curie was in the 

search of a dissertation topic. Upon learning about uranic rays, Marie Curie was 

fascinated by this and chose this new radiation as her PhD inquiry. Using an elec-

trometer (an early ionization chamber) that was designed by her husband Pierre, 

Marie could study the phenomenon of uranic rays in more quantitative measures 

than Becquerel could –  Becquerel used photographic plates so his work was qual-

itative. Marie identified other substances that could emit these Becquerel rays (so 

named since uranium was not the only element to emit them) by studying their 

effect on the electrical conductivity of air. This led her to discover that Thorium 

also emitted Becquerel rays. Using her quantitative approach, Marie was able to 

determine that Pitchblende, an ore of Uranium, emitted more radiation than could 

be attributed to its uranium content. She hypothesized that there must be another 

element, or elements, more active in emitting this radiation than uranium. Marie 

and Pierre began searching for these elements. In July, and later in December, of 

1898, they discovered two new elements, Polonium and Radium. In presenting their 

findings, they coined the word “radioactive”  to describe this incredible phenomena 

whereby substances spontaneously produce radiation without external stimuli. Ma-

rie and Pierre later discovered that the intensity of the radiation was a function of 

the amount of matter present, and not a function of its state or mineral composi-

tion, establishing the atom as the origin of radiation.  

Just as a young scientist in Marie Curie had built on the foundation laid by 

Henri Becquerel, another young scientist would build on her work. In 1899 Ernest 
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Rutherford investigated the penetrating power of uranium radiation by using alu-

minum sheets of increasing thickness. Through this research, Rutherford discovered 

that uranium radiation consisted of multiple types of radiation, as evidenced by 

his findings where the uranic rays were greatly reduced by a few sheets of alumi-

num, but then levelled off after multiple sheets 14. This laid the foundation for the 

discovery of alpha and beta radiation. Further investigations, using magnetic fields, 

led to the discovery that the alpha rays were heavy, positively charged particles, 

while the beta rays were lighter, negatively charged particles. Paul Villard, in 1900, 

identified yet a third radiation, which became known as gamma rays. The nature 

of these radiation would later be identified to be the helium nuclei (alpha), electrons 

(beta), and high energy photons (gamma). 

Up till this point, the scientific community believed the atom to be unchanging 

and indivisible. However, Rutherford and Soddy would oversee a paradigm shift 

with their conclusion that the emission of radiation should result in the natural 

transmutation of the element through radioactive decay. In 1902, they introduced 

the concept of the radioactive series –  the idea that a radioactive element trans-

forms into another radioactive element, which itself decays to yet another radioac-

tive element, as so on until a stable element is formed. This discovery would lead 

to the law of radioactive decay: 

𝑁 = 𝑁0𝑒−𝜆𝑡 (1.1) 

Where 𝑁 is the number of radioactive atoms present at time 𝑡; 𝑁0 is the # of 

atoms present at 𝑡 = 0; and λ  is the probability for any particular atom to 

decay per unit time. 
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The discovery of radiation allowed scientists to probe the structure of the atom. 

Rutherford’s famous gold foil experiment in 1911 (in conjunction with Geiger and 

Marsden) and its surprising finding, wherein a beam of alpha particles passed 

through the gold mostly unaffected, led to the realization that the atom was mostly 

empty space. After observing the scattering pattern of the alpha particles, Ruther-

ford concluded that the center of the atom was positively charged; and he mathe-

matically approximated it to have a radius that was orders of magnitude smaller 

than the known size of the atom, 10-14 m compared to 10-10 m.  He then coined the 

term nucleus to describe the dense, positively charged center of the atom. Further 

work by Rutherford and his team led to the discovery of the proton in 1920, and 

in 1932, Chadwick discovered the neutron. These discoveries, with the discovery of 

isotopes in 1913 by Soddy 15, established our modern understanding of the atomic 

structure.   

Today, we now know that radiation occurs because of an imbalance in the 

number of protons and neutrons, leading to an unstable nucleus where electrostatic 

repulsion overcomes the strong nuclear force. We also know that radiation results 

in the release of energy, from the conversion of mass as predicted by Einstein’s 

special theory of relativity.  

Alpha radiation being the release of a helium atom results in the loss of two 

protons and two neutrons from the nucleus of the emitting atom. The alpha particle 

being of relative high atomic mass, and of high kinetic energy, interacts strongly 

with matter (through ionization) over very short distances. In this manner, alpha 

particles are highly damaging to the local environment in which they are emitted. 

It is therefore relatively easy to terminate alpha radiation, a thin piece of paper is 

sufficient. This property of alpha radiation renders it most dangerous to living 
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tissue when the source of alpha radiation is ingested, as the alpha particles dissipate 

high energy in the short distances they travel in the surrounding tissue. Beta decay 

involves a neutron being transformed into a proton and an electron. The electron 

is emitted from the nucleus, resulting in the new element with one more proton. 

The radiated electron, being relatively lightweight, interacts with matter to a less 

degree (also through ionization), thereby penetrating further than alpha radiation. 

Whenever the emission of an alpha or beta particle results in an excited nucleus 

(i.e. one in which the protons or neutrons are above the ground state) a gamma 

ray is also emitted. Gamma rays are short wavelength, high energy photons (and 

are a form of electromagnetic radiation) that interact very sparsely with matter 

and thus penetrate much farther than beta radiation. Gamma radiation, being 

electromagnetic in nature, reacts with matter through three processes namely: the 

Photoelectric Effect, the Compton Effect, and Pair Production. These process in-

volve the absorption of the gamma ray energy by an electron in the affected atom. 

This adsorption can be complete (photoelectric and pair production), or partial 

(Compton Effect). These processes cause the intensity of the gamma radiation to 

decrease with penetration depth, and is found to be directly proportional to the 

depth. This is now well understood as the attenuation of gamma rays by matter 

16– 18.  

With the basis of nuclear radiation introduced, we can now focus our attention 

on a most important element, radium. After its discovery and isolation by Marie 

Curie and her colleagues, radium was thrust into the spotlight, quickly gaining a 

cult following with many uses, ranging from the truly groundbreaking –  as in early 

cancer treatment –  to the fantastical –  radium charged water as the fountain of 

youth 4. However, it soon became clear that exposure to radium was not without 

consequence. Marie would later pass way in 1934 from pernicious anemia, which 
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she most certainly developed following prolonged exposure to radium and radiation. 

Nevertheless, our understanding of nuclear radiation allows us to continue to reap 

the benefits of radiation without the deadly consequences, when applied in an al-

truistic manner. Modern applications of radium are limited to use by the medical 

practitioner and the scientific inquirer.   

Radium, Ra, is an alkaline earth metal with thermochemical properties similar 

to those of barium, exhibits one aqueous oxidation state (+2), and is not easily 

complexed 19. Radium forms soluble chloride, bromide and nitrate salts, while its 

sulfate, carbonate and phosphate salts are insoluble. Radium co-precipitates eas-

ily with barium salts 19. The low hydration energy, and thus low hydrated radius, 

of radium result in high selectivity for ion exchange processes 9. Radium is not vi-

tal to living organisms, and its radioactivity, primarily its alpha decay, creates 

adverse health effects when incorporated into biochemical processes 19.  

While there are several isotopes of radium, two are of relevance to this work: 

226Ra and 228Ra, both occurring naturally. These isotopes occur by radioactive decay 

from either primordial 238U (226Ra) or primordial 232Th (228Ra) 9. Radium-226 is 

converted to 222Rn by alpha decay (Eq. 1.2), with a half-life of 1600 years. This 

decay also releases a characteristic gamma ray. Radon-222 is in turn radioactive 

and giving rise to the 226Ra series illustrated in Figure 1.1 (part of the 238U series). 

Radium-226 and 222Rn are hazardous, particularly when ingested –  226Ra can re-

place calcium in bones, while 222Rn being gaseous, can be deposited in the lungs 20.  

226
88

 Ra →
222
86

 Rn +
4
2

 He2+ + γ + hv (1.2) 

Radium-228, on the other hand, decays by beta decay to 228Ac (Eq. 1.3) with a 

half-life of 5.75 years. Gamma radiation is also released, but of much less energy 
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than the 226Ra decay. Actinium-228 is also radioactive, producing a decay chain 

for 228Ra illustrated in Figure 1.1 (part of the 232Th series).  

228
88

 Ra →
228
89

 Ac + e− + γ + hv (1.3) 

 

Figure 1.1: 226Ra and 228Ra decay chains showing the primordial parent nuclides, 

238U and 232Th. Figure reproduced with permission from Nelson et al. 21 

The relatively short half-lives of 226Ra and 228Ra render their existence tied to the 

persistent formation by their primordial parent nuclides 238 U and 232Th, whose half-
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lives are on the order of billions of years. Owing to this, much of radium exists 

with the occurrence of uranium and thorium ores and deposits. However, deviations 

in the secular equilibrium between the parent and daughter nuclide indicate that 

radium possesses its own distinct pathway, separate from its parents. Nevertheless, 

the occurrence of radium should always be preceded with the occurrence of its 

parents, and this relationship cannot be ignored when discussing radium..  

The decay series for 226Ra and 228Ra introduces a complexity when handling 

material that contains these elements, even when they have been separated from 

their parent material. In measuring the radioactivity present, one must consider 

the additional radiation given off by the radioactive daughter nuclides. Following 

the law of radioactive decay given by Rutherford and Soddy (Eq. 1.1), Harry Bate-

man in 1908 presented a solution to a series of differential equations that allows us 

to calculate the activity of each daughter in a given decay series, with great preci-

sion and accuracy, provided enough detail is known about the nature of the decay 

22.  

These equations have come to be known as the Bateman equations and are 

fundamental to understanding and predicting the behavior of radioactive decay 

chains. The equations can be summarized in the following manner: 

𝐴𝑛 = 𝜆𝑛𝑁𝑛 (1.4) 

𝑁𝑛 = 𝑐1𝑒−𝜆1𝑡 + 𝑐2𝑒−𝜆2𝑡 + 𝑐3𝑒−𝜆3𝑡 + ⋯ + 𝑐𝑛𝑒−𝜆𝑛𝑡 (1.5) 

𝑐1 =
𝜆1𝜆2 … 𝜆𝑛−1 

(𝜆2 − 𝜆1)(𝜆3 − 𝜆1)(𝜆𝑛 − 𝜆1)
𝑁1

0 (1.6) 

𝑐2 =
𝜆1𝜆2 … 𝜆𝑛−1 

(𝜆1 − 𝜆2)(𝜆3 − 𝜆2)(𝜆𝑛 − 𝜆2)
𝑁1

0 (1.7) 
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𝑐𝑛 =
𝜆1𝜆2 … 𝜆𝑛−1 

(𝜆1 − 𝜆𝑛)(𝜆2 − 𝜆𝑛)(𝜆𝑛−1 − 𝜆𝑛)
𝑁1

0 
(1.8) 

Where 𝐴𝑛 is the activity of the nth element in the decay series, 𝜆𝑛 is the prob-

ability of an atom of the nth element to decay per unit time and 𝑁𝑛 is the 

number of radioactive atoms of the nth element present at time 𝑡; 𝑁1
0 is the 

number of atoms of the first element in the decay series present at 𝑡 = 0. 

1.2 Energy Production and Hydraulic Fracturing 

The industrial revolution of the 18th Century forever changed human history, ush-

ering in a new epoch, the Anthropocene –  the age of man 23. The discovery of new 

sources of energy in coal, and then crude oil, advanced the human species at an 

astonishing pace, hitherto unknown. Energy exploration and production continues 

to be a driving force of human evolution. However, as the effects of the industrial 

revolution are being felt and addressed, it behooves us to work towards a future 

where our appetite for energy is satiated. As we move away from inefficiency and 

carbon-rich fuels towards renewable energy sources, a transition period wherein the 

supply of renewable energy is supplemented by an efficient, yet carbon-low fuel is 

most desirable. Natural gas being of lower carbon than coal and crude oil 24, pre-

sents itself as such a fuel.  

Prior to natural gas, crude oil had been the crux fuel. Crude oil, being a mineral, 

requires mining from its source rock. In many cases, crude oil is deposited in sand-

stone, carbonate or limestone reservoirs having migrated from a deeper source rock. 

To produce crude oil, wells were drilled vertically to the sandstone reservoirs. Given 

the permeable nature of sandstone, pressure overburden and Darcy flow were suf-
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ficient to sustain the production of the crude oil. In time, this form of well devel-

opment and production would come to be known as conventional exploration –  

describing the scenario of a vertical well intersecting a hydrocarbon-bearing con-

fined reservoir, having migrated from its source rock 25. Given the nature of crude 

oil and the migration from its source rock, it is uncommon for natural gas to be in 

plentiful quantities in the oil-bearing sandstone reservoirs. Although, physical laws 

dictate that some crude oil will transition its phase from the liquid to the gas 

following changes in the pressure and temperature regime 26. Developing wells for 

vast amounts of natural gas production would require that we go to the point 

where crude oil was being formed first as natural gas before it could mature to its 

richer liquid state. This would require probing the very source rock, usually a shale, 

which lay deeper in the earths crust, and of much lower permeability than a sand-

stone. Thus was born the technology we know as hydraulic fracturing 25.  

Hydraulic fracturing, in its modern application, is a process whereby water, 

sand, and chemicals are pumped into tight oil and gas-bearing source rocks in order 

to augment the natural fractures, or to propagate new fractures, for the enhanced 

production of natural gas. Because the wells are drilled directly to a source rock, 

this form of production is termed unconventional. Over time, the process of hy-

draulic fracturing and unconventional production has developed to include direc-

tional drilling –  whereby a single well bore consists of both vertical and horizontal 

sections. The horizontal sections allow for greater contact with the low permeability 

source rock –  while minimizing surface disturbance –  in turn allowing for far 

greater production and profits than with vertical wells alone 25,27.  

First developed in the late 19th and early 20th century, hydraulic fracturing 

evolved from the process of treating shallow formations with napalm, to the more 

sophisticated, computer model driven process it is today 27. Hydraulic fracturing 
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has increased US recoverable gas reserves by an estimated 90% 27. Since the early 

2010s, hydraulic fracturing has been widely implemented in the United States to 

tap the resources of the shale plays. Advancements in hydraulic fracturing, together 

with directional drilling, allowed for the economic development of natural gas, af-

fording the U.S. energy independence and more importantly, vast and cheap energy 

in the form of that transition fuel, natural gas 24,28. The hydraulic fracturing of a 

well requires great amounts of water (as much as 10 –  25 million liters), large 

amounts of the fracturing agent, usually silica sand (as much as 5,000 tons), and 

chemical additives (e.g. biocides, acids, gelling agents, and friction reducers usually 

at 0.1% - 1% by weight) 11. During the early production of the well, a portion of 

the water used in the fracturing process returns as flowback, but greater volumes 

of formation water are produced during the life of the well, termed produced water. 

Hydraulically fractured wells produced an estimated 1.7 to 1.3 million liters of 

flowback and produced water over their producing life 29. This produced water, 

together with the drilling solids, form the hydraulic fracturing co-products perti-

nent to this dissertation study. 

The formation pertinent to this study is the Marcellus Shale. The Marcellus 

Shale is an organic, and clay-rich Middle Devonian age shale in the Appalachian 

Basin, underlying ~95,000 sq. miles of the northeastern US states of New York, 

Pennsylvania, Ohio, and West Virginia 30. It is estimated that the Marcellus Shale 

contains 84 trillion cubic feet of natural gas 31, placing it as the largest in the United 

States 32. As such, rapid development has been ongoing. Developing the Marcellus 

Shale resulted in an estimated $3.9 billion in revenue, and created ~44,000 jobs to 

Pennsylvania in 2012 33. The produced water of the Marcellus Shale are typical of 
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the Appalachian basin –  being dominated by the chloride and rich in metal con-

tent, primarily Na and Ca; and yielding high salinities, up to 400,000 mg/L, among 

the highest in mineral waters 34,35. This high salinity is thought to originate from 

formation water that evaporated beyond halite precipitation 35,36. 

1.3 Occurrence of Radium in Hydraulic Fracturing Co-prod-

ucts 

Radium concentrations in the produced water can be explained by the U/Th con-

tent of the source rock 35. The Marcellus Shale having higher U content yields 226Ra 

at higher concentrations than 228Ra 37. Radium is relatively soluble over a wide 

range of pH and redox conditions. Radium is thought to be liberated from the U 

or Th bearing source rock into the formation water, and thus into produced water 

by three mechanisms.  

Firstly, the solubility of radium being higher than U or Th suggests that the 

mineral-water interface plays a significant role in the concentrations of radium in 

the formation water. This, coupled with the reducing conditions, results in a situ-

ation wherein radium is preferentially concentrated in the aqueous phase.  

Secondly, the continuous production of the produced water encourages mineral 

dissolution and leaching of radium from the mineral phases. Although a large frac-

tion is adsorbed at the surface of mineral grains, cations, such as Ba, Sr, Na, and 

K, desorb Ra from the surface of these minerals 37. Radium is also mobilized in the 

presence of anions 38. Radium can also adsorb to organic matter 39–42, but the in-

creasing salinity increasingly desorbs radium 43. Precipitation as Ra-Ba-SO4 is the 

major mechanism controlling radium transport in natural systems, however, the 
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produced waters are reducing in nature, and therefore barite precipitation does not 

control radium transport from the subsurface 38, 44, 45.  

Thirdly, radium is transferred to the aqueous phase via alpha recoil. Alpha 

recoil is a phenomenon wherein the transfer of kinetic energy of a nuclei following 

alpha decay is great enough to cause crystal damage, and to create a path for liquid 

infiltration through which the soluble radium escapes from the rock and into the 

formation water 38,46,47. All these processes lend to median 226Ra concentrations of 

~148 Bq/L (4,000 pCi/L) and 228Ra of ~37 Bq/L (1000 pCi/L) 37 in Marcellus Shale 

produced waters. Because 226Ra far outlives 228Ra, and because of its higher concen-

trations, 226Ra is generally the isotope of major concern. The combination of high 

226Ra activities – typically >74 Bq/L (2,000 pCi/L) – and low 228Ra/226Ra values – 

less than 0.3 – serve as tools for identifying the Marcellus shale formation waters 

in the natural environment.  

The solid fraction of the co-products comprises the drill cuttings from the ver-

tical and horizontal portions of the wellbore (itself comprising the bedrock shale), 

the spent proppant, and spent drilling mud 48. Among these, the radium activities 

of the vertical drill cuttings and drilling mud are very low, typically ~104 Bq/kg 

(2.8 pCi/g) 226Ra and ~37 Bq/kg (1 pCi/g) 228Ra, being of low U/Th content 49,50. 

The spent proppant contain more radium than their pristine counterparts 50, but 

the activities are also low, with 226Ra activities ranging from 6 Bq/kg (0.17pCi/g) 

–  13.2 Bq/kg (0.358 pCi/g) 50. It is the horizontal, clay and organic-rich shale 

fragments that have considerable radium content, averaging ~185 Bq/kg (5 pCi/g) 

226Ra and 23.3 Bq/kg (0.63 pCi/g) 228Ra, owing to their higher U/Th content 37,49,50.  
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1.4 Opportunities for Novel Treatment and Measurement 

Techniques for Radium in Hydraulic Fracturing Co-products 

The rapid development of the Marcellus Shale for natural gas production 

quickly brought with it the need for a new type of industry to manage the vast 

quantities of co-products. For instance, in Pennsylvania, over 2 billion liters of 

flowback and produced water was generated in 2011, along with ~800,000 tons of 

drill cuttings, and ~15,000 tons of flowback fracturing sands 30. The management 

and disposal of these co-products continues to be a concern, with regards to their 

high salts, metals, and NORM content. Current management and disposal of the 

liquid co-products have included disposal via Class II Underground Injection Con-

trol (UIC) wells, surface disposal via industrial/municipal waste treatment plants, 

recycling in other hydraulic fracturing jobs, and beneficial reuse (i.e. use outside 

the industry). The solid co-products have typically been landfilled in Subtitle D 

RCRA hazardous waste landfills. 30,51– 53 

While disposal via Class II UIC wells is commonly practiced, it continues to be 

under scrutiny due to reports of injection-induced seismicity 54. In some states, such 

as Pennsylvania, the number of Class II UIC wells have been limited by regulatory 

bodies (in 2016 PA had 8 active wells while OH had over 200) 55, for such states, 

produced water must be transported to other states for disposal via injection in-

curring high transportation costs, necessitating the need for a different manage-

ment and disposal practice in those areas 30. Disposal via surface discharges from 

centralized treatment plants is permitted by the National Pollutant Discharge 

Elimination System (NPDES) under the Clean Water Act of 1972 52. The effluent 

limits for these discharges are permitted based on either the technology available 

in these plants or the water quality of the receiving water bodies 52. However, these 
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facilities were unable to sufficiently treat contaminant concentrations to nontoxic 

levels. As a result, surface waters have been exposed to radium, metals, chloride, 

bromide, and organic compounds, threatening the health of the receiving streams 

and their wildlife through increased salinization of the streams and radium accu-

mulation in the stream sediments 56– 61. The health of human populations down-

stream of these discharges were also at risk due to the generation of carcinogenic 

disinfection byproducts during when these streams were sourced for drinking water 

62,63. Additionally, the treatment solids from these plants contained high levels of 

NORM 50, requiring specialized disposal in a low-level radioactive waste facility in 

Utah, incurring high transportation and disposal costs 64. Recycling the produced 

water to hydraulically fracture other wells is a highly desired management practice 

as this can reduced the need for freshwater use, as well as the disposal volumes 52. 

However, the high-total dissolved solids (TDS) concentrations of the produced wa-

ter, along with the increased sulfate concentrations and dissolved oxygen, creates 

problems in recycle including downhole scale generation 65and increased, undesira-

ble microbial activity 66, resulting in reduced well performance. Recycling the pro-

duced waters will also result in higher TDS concentrations, which can in turn result 

in increased radium activities in the produced waters. Reuse outside the industry 

has included road spreading for dust suppression 30,51,67,68, and agricultural irrigation 

52,69, although these practices have only utilized produced water from conventional 

production. However, research shows that these practices resulted in radium and 

metals being released to the environment, thereby threatening water quality and 

human health 70,71. Finally, the disposal of the solids in hazardous waste landfills 

has largely gone without scrutiny. A study by the PA DEP reported that there 

was no significant difference in the chemical compositions of leachate from a landfill 

accepting oil and gas waste solids when compared to one that had not accepted 
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any such material, suggesting that this practice is without additional environmen-

tal concern borne from the origin of the solids 50.  

Environmental sustainability continues to be a theme of growing importance, 

and the oil and gas industry is responding 72,73. As such, efforts are being taken to 

consider beneficial reuse of these co-products, specifically from the produced water, 

by resource recovery 51,52. The high Na and Cl content of these waters lends them 

as a feed stock for NaCl salt generation. This is already underway as NaCl is 

commercially available for road deicing in winter months and for pool maintenance 

74. Lithium recovery from the produced water is also of interest, being in high 

demand for the manufacture of batteries 75– 80. In light of these efforts, it is surpris-

ing that there has been little effort documented to recover the resources in the solid 

co-products, despite their high volume and presence of potentially useful materials 

like fracturing proppant and clay minerals 30. 

In light of the issues surrounding the current management and treatment prac-

tices, and the desire for beneficial reuse of the co-products through resource recov-

ery, is it evident that there is a need for new treatment techniques for the produced 

water that are specific to radium, even in the presence of high-TDS concentrations. 

Such techniques would reduce the high volumes of radioactive treatment solids 

requiring specialized disposal. In addition, a new treatment protocol for the solid 

co-products that recovers a portion of the raw materials and ultimately diminishes 

the volume of landfill waste is highly desirable. 

The management of these wastes being tied to their radium concentrations ne-

cessitates the need for accurate and reliable radium measurements. While there are 

many methods to quantify radium in the liquids, these methods have been shown 

to be unreliable when performed on produced waters 81,82. This is exacerbated by 

the fact that the recommended EPA methods for measuring radium are based on 
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freshwater methods and do not consider the high-TDS concentrations of the pro- 

duced  waters,  or  require  pre-concentration  steps  that  have  been  shown  to  have 

poor radium recovery 64,81,83. While gamma spectroscopy remains the recommended 

method for measuring radium, radium measurements of the produced waters and 

oil and gas solids have been shown to be have high variability, even when the same 

samples are measured by different labs using similar methods 82. There has been 

little attempt made to address the causes of such high variability, or to propose 

methods to account for and correct for these variance, especially in the context of 

these oil and gas products.

  While gamma spectroscopy is the recommended method, it remains expensive, 

inaccessible for many oil and gas operators, and in many cases, the analysis requires 

long waiting times. There is therefore a need for new rapid and accurate methods 

for quantifying radium in the co-products (prior to and after treatment), benefi- 

cially recovered resources, and any treatment wastes generated as a result of these 

efforts.

1.5 Dissertation Outline

This dissertation, composed of two parts, presents research that addresses radium’s

occurrence in hydraulic fracturing solid and liquid co-products. The first  part of 

this dissertation is dedicated to the nature and remediation of radium in the co- 

products, with the goal of developing novel treatment techniques for the co-prod- 

ucts that allow for sustainable, beneficial reuse of these co-products.

  I  begin in Chapter 2 by appraising the  potential for a hydroacoustic  cavita- 

tion system to separate out and recover marketable raw materials from the would-
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be landfilled solids. Sequential extractions and leaching experiments provided in- 

sights into radium’s association with the solid fractions, and its potential migration

or transformation during treatment and landfill disposal. This work presents itself

as  one  of  the  firsts  to  perform  detailed  analysis  of  radium associations  in  these 

solids, attempt the recovery of raw materials, speculate on the marketability of the 

process, and the evaluate the effect of such a process on radium during disposal.

  With  the  solids  addressed,  Chapter  3  turns  the  focus  towards  the liquid  co- 

products by investigating a novel radium-specific treatment for the high-TDS pro- 

duced waters. Specifically, I appraise a synthetic clay, Na-4-mica, that possesses 

high affinity for radium.  I evaluate several syntheses protocols for Na-4-mica and 

characterize the synthesized Na-4-mica for its purity and efficacy for  radium re- 

moval.  Then,  I explored the fundamental principles that can affect radium re- 

moval by Na-4-mica. As such, it is of an exploratory nature.

  Following  the  investigations  into  the  design  of  new  treatment  techniques,  it 

became clear that there existed knowledge gaps in the quantification of ra-dium, 

particularly as applied to hydraulic fracturing co-products. The second part of this 

dissertation  addresses  these  gaps  by  detailed  analyses  on  the  quantification of

radium   by   gamma   spectroscopy   and   by   liquid   scintillation.  I   propose   new 

considerations for rapid and accurate analysis of radium, by addressing the nature

of the co-products and the incurred attenuation of the gamma decay, and I pro- 

pose a new method for quantifying radium in the liquid co-products.

  Chapter 4 addresses the problem of quantifying radium in the solid co-products.

The chapter evaluates the effect of varying sample density and sample volume on

the attenuation of gamma rays and their effect on radium measurements. I ad-
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dress this problem by performing radioactive analyses on mixed sediments of var- 

ying densities  with certified radium activities. I  present a technique to account   

for the self-attenuation of the solids that occur due to sample density and volume. 

Then I applied these corrections to  sediments from oil and gas operations and 

provide recommendations for rapid and accurate radium measurements of the sol- 

ids.

  In  Chapter  5,  I  explore  the  effect  of  the  high-TDS  environment  on  radium 

measurement by gamma spectroscopy. I  present an empirical  approach to  correct 

for the self-attenuation incurred by the high-TDS concentrations and its ionic com- 

positions. These investigation were performed using synthetic brines that were ei- 

ther  NaCl-only  or  a  mixed  Na-Ca-Ba-Sr-Mg-Cl. I then  evaluated  these  correc- 

tions for real produced waters and provide recommendations for rapid and accurate 

radium measurements of the high-TDS produced waters.

  Finally,  in  Chapter  6,  I  present  a  rapid  method  for  quantifying  radium  in 

produced water through the application of alpha-beta discrimination coupled with 

spectrum analysis  in  liquid  scintillation. I  provide  detailed  descriptions  of  this 

novel method and using real produced waters, provide comparisons with gamma 

spectroscopy for the sake of accuracy. I  highlight the relative simplicity of this 

method, its reasonable cost and provide recommendations to industry persons to

whom this could be very useful.
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2.1 Abstract 

Unconventional oil and gas residual solid wastes are generally disposed in municipal 

waste landfills (RCRA Subtitle D), but they contain valuable raw materials such 

as proppant sands. A novel process for recovering raw materials from hydraulic 

fracturing residual waste is presented. Specifically, a novel hydroacoustic cavitation 

system, combined with physical separation devices, can create a distinct stream of 

highly concentrated sand, and another distinct stream of clay from the residual 

solid waste by the dispersive energy of cavitation conjoined with ultrasonics, ozone 

and hydrogen peroxide. This combination cleaned the sand grains, by removing 

previously aggregated clays and residues from the sand surfaces. When these unit 

operations were followed by a hydrocyclone and spiral, the solids could be separated 

by particle size, yielding primarily cleaned sand in one flow stream; clays and fine 

particles in another; and silts in yet a third stream. Consequently, the separation 

of particle sizes also affected radium distribution – the sand grains had low radium 

activities, as lows as 0.207 Bq/g (5.6 pCi/g). In contrast, the clays had elevated 

radium activities, as high as 1.85 – 3.7 Bq/g (50 – 100 pCi/g) – and much of this 

radium was affiliated with organics and salts that could be separated from the 

clays. We propose that the reclaimed sand could be reused as hydraulic fracturing 

proppant. The separation of sand from silt and clay could reduce the volume and 

radium masses of wastes that are disposed in landfills. This could represent a sig-

nificant savings to facilities handling oil and gas waste, as much as $100,000 – 

$300,000 per year. Disposing the radium-enriched salts and organics downhole will 

mitigate radium release to the surface. Additionally, the reclaimed sand could have 

market value, and this could represent as much as a third of the cost savings. Tests 
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that employed the toxicity characteristic leaching protocol (TCLP) on these sepa-

rated solids streams determined that this novel treatment diminished the risk of 

radium mobility for the reclaimed sand, clays or disposed material, rendering them 

better suited for landfilling. 

2.2 Introduction 

Environmental sustainability is one of eight millennium development goals put 

forward by the United Nations; and it remains one of the biggest challenges for the 

current generation. Now, more than ever before, engineered solutions must be as-

sessed through the lens of environmental sustainability. Solutions to meet the in-

creasing energy demand of a growing population must be economically and envi-

ronmentally sustainable. As our society transitions from fossil fuels to cleaner and 

greener energy sources, natural gas has served as an important bridge fuel toward 

sustainably renewable energy and a low-carbon future. This is because the burning 

of natural gas yields about half to two-thirds as much carbon dioxide per unit of 

energy generated, when compared to gasoline or coal 1.  

Hydraulic fracturing has allowed for the extraction of natural gas from previ-

ously uneconomic, low-permeability formations; and this opportunity has sparked 

an energy revolution that is rapidly moving America towards energy independence 

2. However, this energy revolution has not proceeded without controversy regarding 

issues around the relationship between hydraulic fracturing and potential environ-

mental impacts such as: waste solids landfilling, and potential radioactivity expo-

sure 3, elevated methane concentrations and leakage along natural gas distribution 

lines in urban centers 4,5, greenhouse gas emissions of methane 
6–9, elevated salt 

impacts on streams 10–15, surface water impacts 15–18, and associated health impacts 
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19,20. Groundwater methane contamination from oil and gas activities has been in-

vestigated with conflicting results: Osborn et al. 21 and Vengosh et al. 18 support 

this claim, while Molofsky et al. 22 and Siegel et al. 23 attribute this to natural 

geography. Herein, we address the first of these issues, namely, waste solids han-

dling and management of radioactivity from hydraulic fracturing. 

The handling and treatment of hydraulic fracturing waste is challenging because 

the liquid and solid wastes can contain elevated levels of naturally occurring radi-

oactive material (NORM) and high concentrations of salts 24,25. Surface discharge 

of partially treated liquid wastes, including flowback and produced water, has led 

to increased levels of metals, chloride, bromide and radioactivity in the receiving 

waters and sediments, as well as posing risks to aquatic and human health 10–12. 

These discharges are also linked with the possibility of generating disinfectant by-

products, which are possible carcinogens, in the drinking water treatment facilities 

that are located further downstream 14,15,26. Studies on the treatment of produced 

water for NORM removal have included sulfate precipitation (as barium or stron-

tium sulfate) by sodium sulfate addition 27–29, or by blending with acid mine drain-

age 30–32; and ion exchange using strong acid resins 33. Sulfate precipitation remains 

a very effective treatment for NORM removal from produced waters, however, 

sulfate addition results in the generation of sludge enriched with NORM. Moreover, 

the dose of sulfate needed to precipitate barium (and co-precipitated radium) is far 

greater with such high levels of salts – and consequently suppressed activity coef-

ficients – than would be needed if such precipitation was occurring in freshwater 

that contained low salt levels 29. Additionally, sulfate addition can result in scale 

formation 34 and increased activity of sulfate reducing bacteria 30 when the fluid is 

reused for hydraulic fracturing. While ion exchange can provide targeted radium 
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removal, this process would require pre-treatment to reduce the competition for 

exchange sites offered by other divalent cations.  

The authors herein are not aware of published research on reclaiming the solid 

materials used in hydraulic fracturing, such as sand and clay, despite the consider-

able amounts of pristine solids consumed by this industry. A sustainable energy 

future includes efforts to reduce wastes that are landfilled, and strategies to recover 

valuable raw materials from wastes prior to disposal. Silica sand is utilized as a 

proppant for extending the natural fractures and maintaining higher permeability 

following hydraulic fracturing. The hydraulic fracturing of a single well can con-

sume as much as 5,000 tons of sand as proppant 35. Currently, in Pennsylvania, 

fracturing sands that return to the surface with flowback fluids and produced wa-

ters are disposed in landfills. In 2011, about 15,000 tons of fracturing sand were 

reported disposed in landfills, second after drill cuttings in disposal volume 36. In 

that same year, 290 million liters (2.4 million barrels) of drilling fluids, 1 billion 

liters (9 million barrels) of produced water, and 940 million liters (7.9 million bar-

rels) of flowback fluid were generated in Pennsylvania. Of that liquid waste, 70% 

of drilling fluids were reused and 72% of the flowback fluid and brine were re-

used/recycled in subsequent wells. However, we found no reported reuse/recycle of 

the fracturing sands 36. 

The hydraulic fracturing industry has increased the demand for silica sand, and 

consequently, sand’s price has likewise increased from about $40/ton to $87/ton in 

a mere 10 years (dollar values adjusted to avg. 2017 USD)35. Most of the fracturing 

sand comes from the Upper Midwest, especially Wisconsin – which in 2014 supplied 

almost 50% of all silica sand used for hydraulic fracturing 35. In 2013, silica sand 

accounted for 85% of all proppants (by weight). This demand for sand affects other 
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sand-using industries notably glass makers and iron foundries, who extensively use 

the same fine-grained silica sand from the Upper Midwest 35,37,38 (see Figure A1). 

Between 2003 and 2012, there was a 32% compound annual growth rate for silica 

sand used for hydraulic fracturing, in that same period, the amount of sand used 

for other non-fracturing uses dropped by an annual rate of 2.2%, further illustrating 

how the hydraulic fracturing industry is a strong market force for silica sand 35.  

Economic, societal, and environmental issues related to sand mining and sand 

resources are growing; and these pressures have been documented in reports on the 

diminishing sand supply 39, land disputes 40, erosion caused by mining and trans-

portation 35, damage to local ecosystems, increased risk of flooding 41–43, and activist 

protests 41,44,45. The Appalachian Basin, of which the Marcellus Shale is a part, is 

the second most sand-consuming US basin46 (following the Eagle Ford and Wood-

bine Formation in the East Texas Basin.) The demand for sand is expected to 

increase with the increased focus on developing the Marcellus Shale for natural gas 

and gas liquids, as well as the anticipated increased drilling of an underlying Utica 

Shale Formation 35.  

The increased drilling activity will not only lead to greater raw material use but 

also greater waste volume generation. In Pennsylvania, as shown in Figure A2, 

landfills accepted almost 7,000 tons of sludge from oil and gas wastewater treat-

ment facilities in 2017. This sludge contains radioactive material with typical 226Ra 

activities ranging from 0.111 Bq/g to 17.8 Bq/g (3 pCi/g to 480 pCi/g) 47,48. Re-

search on the treatment of such technologically enhanced naturally occurring radi-

oactive materials (TENORM) sludge is limited 48–50. Therefore, there is an oppor-

tunity to evaluate raw material recovery and solid waste radioactive management 

for the unconventional oil and gas industry. 51 
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Herein we propose to facilitate raw material recovery from unconventional oil 

and gas residual solid wastes by employing a novel hydroacoustic cavitation system 

that can also include advanced oxidation (HAC-AO). The HAC-AO system has 

been applied to the foundry and coal industries for raw material recovery and waste 

reduction; and this has pointed the way to diminished raw material use and signif-

icant savings to operating costs in both industries 52–64. Specifically, foundries that 

have implemented HAC-AO have been able to save tens of millions of dollars over 

several decades, due to diminished sand, clay, and coal consumptions, lower air 

pollution, and lower scrap metal use 55,58,64. The system (Figure 2.1) utilizes cavita-

tion to generate localized cavities, which then collapse under ultrasonic induce-

ment, resulting in high pressure – reported to be as high as 172 MPa (1700 atm) 

– and temperature – as high as 4000-5000 °K, at the nanoscale 65–67. When the 

cavities are formed at the sand-clay-residue interfaces, this intense collapse causes 

surface debris to be pried and sheared away from such solid surfaces as sand grains, 

thus cleaning the sands 68. At these localized regions, hydroxyl radicals are gener-

ated, which react aggressively with organic compounds that are present on the 

solid surfaces or in solution. Advanced oxidants, such as hydrogen peroxide and 

ozone, can be added into solution so as to increase hydroxyl radicals generation 69. 

HAC-AO technology causes disaggregation of the waste particles by the dispersive 

energy released at bubble collapse, as well as the reactive effects of the advanced 

oxidants. This HAC-AO system, which consists of a cavitation-inducing chamber 

and ultrasonic generator, can be coupled with a hydrocyclone and a spiral concen-

trator to first disaggregate sands from clays and silts, and then separate these three 

from one another (Figure 2.1).  



 40 

In a recent publication, the underlying mechanism for HAC-AO was studied by 

nanoscale Surface Imaging Spectroscopy (SIS) 68. The SIS technique provided evi-

dence for the separation mechanism of HAC-AO, as the microscopic cleaning pro-

cess for the removal of asphalt from a glass surface was observed. This study 

demonstrated the principles that caused the separation of sand grains from spent 

foundry residues. 

The goal of this work was to reclaim hydraulic fracturing raw materials, while 

reducing landfill wastes and mitigating possible exposure to natural radium in the 

wastes. There were three objectives of this research. 1) To appraise a novel ap-

proach for reclaiming sand from hydraulic fracturing waste using HAC or HAC-

AO, so as to reduce the volume of solid material that is disposed in landfills; 2) to 

evaluate the resulting radioactivity of the sands and clays that have been separated 

out of the waste materials following HAC or HAC-AO treatment, including leach-

ability in a simulated landfill environment; and 3) to explore the radium affiliation 

within hydraulic fracturing solid materials. The hypothesis was that hydroacoustic 

cavitation (and/or HAC-AO) would disaggregate fine material (clays) from large 

grain material (sand); and following this disaggregation, physical separation devices 

could then create a distinct stream of recoverable, cleaned sand. As a consequence 

of this particle separation, we expected that higher radium activities would become 

affiliated with the clay-sized fractions (including dried salts and organic surfactants 

that could be separated from the clays); whereas lower radium activities would 

become affiliated with sand-sized fractions. 
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2.3 Materials and Methods 

2.3.1 Sample Collection 

Representative dewatered residual solid waste was collected in ~20 liters (5 gal) 

buckets from a hydraulic fracturing, residual waste-processing facility located in 

Pennsylvania. The buckets were transferred to laboratories at the Pennsylvania 

State University and stored at room temperature prior to testing. The water con-

tent of the residual waste was 53% by weight as determined gravimetrically and in 

triplicate from multiple well-mixed buckets.  

2.3.2 Size Classification 

Size classification was determined using USA standard testing sieve ASTM E-11 

specification by WS Tyler Incorporated. The solids were size-classified by wet siev-

ing through US sieve mesh #70 through #230 (212 𝜇𝑚 to 63 𝜇𝑚), and immediately 

dried overnight in a 105 °C convection oven, after which the dry weights were 

recorded. All grains smaller than 63 𝜇𝑚, along with the wet-sieving water, were 

dried in the bottom pan; and this fraction thus contained some dissolved salts and 

organics. The samples were put into three bins based on size: +70 mesh, i.e. mate-

rial retained on the #70 sieve; -70+230 mesh, i.e. material that passed through the 

#70 sieve but not the #230 sieve; and -230 mesh, i.e. material that passed through 

the #230 sieve. For simplification in discussion, material greater than sieve size 

#70 (+70 mesh i.e. > 212 𝜇𝑚) is referred to as “sand”, and material less than sieve 

size #230 (-230 mesh i.e. <63 𝜇𝑚) is referred to as “clay” per ASTM D6913-04 [62]. 

Material between those two size fractions is referred to here as “silt”.  
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2.3.3 Hydroacoustic Cavitation System 

We employed a pilot-scale system that included hydroacoustic cavitation, which 

could be coupled with advanced oxidation (herein identified as “HAC-AO”). This 

system was developed by Furness-Newburge, Inc. (Versailles, KY). Its components 

are scaled to pilot size and are similar to those used in industrial and sand reclaim 

systems as adapted under the registered trademark names of Sonoperoxone® and 

Pneucol®; and these modular components can be put in parallel to treat greater 

masses, up to 2 tons per hour. The system circuit was as shown in Figure 2.1. The 

system has been used by previous Penn State researchers: Liu et al. (2017) 61 and 

Barry et al. (2015 and 2017) 62,63. The hydrocyclone and spiral used in these tests 

had been previously used by Benusa and Klima (2009) 70. The HAC-AO system 

consists of a 227 L (60 gal) polyethylene conical “feed “ tank (61 cm diameter and 

107 cm height [24” diameter and 42” height]), a 5 HP centrifugal pump (3450 RPM) 

with Bluffon fixed-speed motor, a 11.43 cm to 15.24 cm (4.5 in by 6 in) ID and 

16.51 cm (6.5 in) OD stainless steel ultrasonic chamber controlled by an ultrasonic 

generator operating nominally at 25 kHz with an automatic frequency control unit, 

and a cavitation chamber designed to cause hydrodynamic cavitation within the 

flow field of passing fluid. The circuit was piped with 3.81 cm (1.5 in) diameter 

PVC schedule 80 piping. Three way valves along the circuit enabled flow to be in 

the recirculation mode (without cavitation or ultrasonics) or in operation mode 

(with cavitation and ultrasonics).  

The hydroacoustic cavitation circuit was then connected to a Krebs urethane 

hydrocyclone (MOD U4-in-10°) with inlet pressure of 103 kPa (15 psi). The hydro-

cyclone is a device used for size separations on a slurry stream. The slurry was fed 
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tangentially via the inlet. As the slurry flowed through the hydrocyclone, centrifu-

gal forces caused coarse particles to migrate to the wall of the hydrocyclone and 

out through the bottom. This material was classified as the “underflow”. Mean-

while, a counter vortex pushed finer particles along with the bulk of the water up 

through the top vortex. This material was classified as the “overflow”. By the prin-

ciples of the hydrocyclone, the overflow will host a lower percent of solids, smaller 

particle sizes, and larger flow rates, while the underflow will have a high solids 

percent, larger particle sizes, and lower flow rates. After separation by the hydro-

cyclone, the spiral concentrator was deployed to further separate the solids. A 

Multotec SX7 single-start two-stage seven-turn spiral concentrator was used. The 

spiral was operated as a closed-circuit consisting of a 5.08 cm by 3.81 cm (2 in by 

1.5 in) centrifugal pump (Ash, MOD 5 ME), 15 HP motor (Westinghouse, 460 V, 

1760 rpm) with variable frequency controller (ABB), and 378 L (100 gal) stainless 

steel sump. The spiral concentrator operated by gravity separation as the slurry 

flowed along the descending spiral trough. Low density particles were forced to 

migrate to the outer perimeter, while high-density particles migrated to the inner 

perimeter. After four turns, the most-dense materials were diverted into the center 

column, while the remaining slurry continued to flow down the trough. The splitter 

box, located at the end of the trough, partitioned the slurry into six streams or 

ports. Samples were collected at this point from each of the spiral “ports”. For these 

tests, fines were concentrated to the inner ports (1-3), while coarse-grained material 

was at the outer ports (4-6). The densest particles, were rejected from the first 

stage through the center column (port 7). 
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2.3.4 Pilot Scale Experimental Methods  

The residual solids were mixed with University Park municipal tap water to pre-

pare a 5% solids slurry, and then this slurry was sieved through US #16 mesh (1.2 

mm). This tap water source was used because of its convenience at our pilot plant, 

and hosted negligible radium. The sieving removed grains that could otherwise clog 

the pump impellers; and few grains were found larger than 1.2mm. This slurry was 

introduced into the 50-gallon “feed” tank (Figure 2.1). The HAC-AO system was 

run as a pseudo-batch reactor: flow was recirculated from the feed tank, bypassing 

the cavitation box through the hydroacoustic chamber and back to the feed tank 

to homogenize the material. This recirculation was done with hydroacoustic cavi-

tation turned off. After about 2 minutes of homogenizing the material, the compo-

nents of interest for each run were turned on and the system operated for 10 

minutes. After this 10 minute operation, the flow was diverted to the hydroclone, 

where the “underflow” and “overflow” were collected in ~20 L (5 gal) buckets and a 

~200 L (55 gal) drum. The overflow and underflow material were separately pro-

cessed through the spiral concentrator. For each run, samples were collected from 

the feed tank, underflow, overflow and spiral outlet ports (see Figure 2.1). These 

samples were then size-classified as described above. The following experimental 

conditions were chosen to test the hypothesis: 

1. No HAC Control: This was the Control run. The slurry was not sent 

through the cavitation box and the ultrasonics unit was not operating. Re-

circulation proceeded for 10 minutes before passing the slurry through the 
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Figure 2.1: The Furness Newburge hydroacoustic cavitation circuit showing process flow and components (not to scale). 

Slurry from the feed tank was circulated through the cavitation box and hydroacoustic cavitation chamber for treatment. 

Following treatment, the slurry was pumped to the hydroclone: slurry came in through the inlet and two outflow streams 

were created: the underflow – with larger grains and higher solids concentration; and the overflow – with smaller grains and 

lower solids concentration. The hydrocyclone separated particles by size – fines were diverted to the overflow while coarser 

particles were diverted to the underflow. Next was the spiral concentrator: the underflow or overflow slurry was pumped 

upward from the sump to the top of the stack. Separation by gravity occurred as the slurry flowed downward through the 

spiral trough. The repulper at the end of the first stage (after 4 turns) rejected very coarse material into the central column 

(port 7). The remaining slurry passed over the final 4 turns and discharged through the spiral ports. The spiral separated 

particles primarily by density – low-density particles were diverted to ports 1 & 2, while high-density particles were diverted 

to ports 3-7. Red boxes denote sampling points. After 62 and 70. 
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hydrocyclone.  

2. HAC: Hydroacoustic cavitation was implemented (without ozone or hydro-

gen peroxide). The slurry was sent through the cavitation box and the ul-

trasonic unit was operating at 100% frequency power. Recirculation pro-

ceeded for 10 minutes before passing the slurry through the hydrocyclone. 

Additionally, two conditions were included for further analysis to evaluate the re-

distribution of radium. These were: 

3. HAC-AO: Hydroacoustic cavitation coupled with advanced oxidation (AO - 

hydrogen peroxide, at a dose of 0.1% (1,000 mg/L), and near-saturated 

ozone (at a rate of 566 L/m (20 SCFM) from an oxygen-to-ozone system). 

Based on prior trials, this H2O2 plus ozone dose in freshwater was found to 

generate about 0.5 – 1 mg/L of OH* radical 71.  

4. HAC-LR: Hydroacoustic cavitation (no AO) for a longer run (LR) of 30 

minutes operation as opposed to 10 minutes. We conducted limited tests 

with HAC-LR. 

Representative samples from these additional runs provided further insight into 

the effect of HAC-AO or HAC-LR on radium management and will be further 

discussed.  

We also collected an “As received” solid sample, which was directly sampled 

from multiple representative and well mixed ~20 L (5 gal) buckets. To collect a 

“feed” sample, we passed the 5% slurry around the recirculation loop (without HAC 

or AO) for 2 minutes, to achieve a uniform mix, and then collected the slurry 

sample from the recirculation outlet at the feed tank. 
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2.3.5 Toxicity Characteristic Leaching Procedure 

The EPA Method 1311 Toxicity Characteristic Leaching Procedure (TCLP) 72 

evaluated the mobility of 226Ra and inorganic cations from the treated solids after 

HAC-AO, HAC, or the Control treatment. The TCLP is intended to mimic the 

chemical conditions of a landfill environment. The extraction fluid (fluid #2 – 5.7 

mL glacial acetic acid diluted to a volume of 1 L using reagent water) was mixed 

with solid samples at a 20:1 fluid-solid mass ratio in 250 mL Nalgene® polypropyl-

ene flat bottom centrifuge tubes. After mixing for 18 hours, the suspension was 

centrifuged on an Eppendorf 5810R centrifuge at 3,000 RPM for 10 minutes. The 

supernatant was filtered through a 0.7 𝜇𝑚 TCLP glass fiber filter (Pall Laboratory) 

and then transferred to a 50 mL test tube, acidified to <pH 2 with concentrated 

nitric acid, and stored at 4 °C until analyses using inductively coupled plasma 

atomic emission spectrophotometry (ICP-AES). The solid residue was then dried 

and the 226Ra activity of this solid was determined by gamma spectroscopy (see 

description below). 

2.3.6 Sequential Extractions 

Radium (and major metal) association in the size-classified solids was determined 

by a four step sequential extraction procedure that we modified from 73 and 74. The 

extractions were performed at a 20:1 fluid-to-solid mass ratio in which the extrac-

tion fluids were chosen to determine radium association with salts/evaporated pore 

water (Step 1: distilled–deionized water for 24 hours); with surface sites (Step 2: 

1M ammonium acetate for 12 hours); with carbonate minerals (Step 3: 9% acetic 

acid for 12 hours); and with metal oxides (Step 4: 0.1M hydrochloric acid for 12 



 48 

hours) (see Table 2.1). The initial 226Ra activity, prior to Step 1 extraction, of the 

“As received” solids, or wet sieved, size-classified treated solids was classified as 

Step 0. It is noted that none of these extraction steps would dissolve barium sulfate.  

The sequential extractions were carried out in 250 mL Nalgene® polypropylene 

flat bottom centrifuge tubes. After each extraction, the suspensions were centri-

fuged on an Eppendorf 5810R centrifuge at 3,000 RPM for 10 minutes, and then 

decanted. The pelletized solids were then rinsed with distilled-deionized water at 

about two-thirds the volume of the extraction fluid. All rinsates and supernatants 

were combined, filtered through a 0.7 𝜇𝑚 TCLP glass fiber filter (Pall Laboratory), 

transferred to 50 mL test tubes, acidified to <pH 2 with concentrated nitric acid, 

and then refrigerated at 4 °C until ICP-AES analyses. The resulting pellets were 

oven-dried and 226Ra activity in the solid was determined by gamma spectroscopy 

(as described below).  

2.3.7 Major Metals Analyses 

Elemental compositions of the acidified supernatants (Li, Na, K, Mg, Ca, Sr, Ba, 

Mn, Fe, and Al) were determined using ICP-AES on a Perkin-Elmer Optima 

5300DV optical Emission Spectrometer per EPA standard 200.7.  

2.3.8 Radium Analysis 

Radium-226 activities of all solid samples were determined by gamma spectroscopy 

on a Canberra ultra-low background small anode germanium (SAGe) well detector, 

after the incubation period of three weeks. The reported 226Ra activity was the 

average of the daughter products activities (214Pb at 295.2 keV and 351.9 keV, 214Bi  
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Table 2.1: A four step sequential extraction was designed to investigate radium 

associations in the HAC-treated residual waste. After 73 and 74. Extractions per-

formed with 20:1 fluid-to-solid ratio. After extraction, solids were separated by 

centrifugation, rinsed with DI water, and dried. Radium-226 activities of the dried 

solids were determined by gamma spectroscopy. 

Step Description Extraction Targets Target Examples 

0 Oven dried “As Recvd” 
and wet sieved, size-
classified solids (in-
cludes TDS) 

No extraction All soluble and insolu-
ble solids 

1 
Distilled-deionized (DI) 
Water for 24 hours 

Soluble salts/evap-
orated pore water 

NaCl, BaCl2, CaCl2, & 
SrCl2 

2 
1M Ammonium Ace-
tate for 12 hours 

Surface exchangea-
ble/ low-charge in-
terlayer 

From surface of sand 
and silt grains; from il-
lite clay interlayer 

3 
9% Acetic Acid for 12 
hours 

Carbonate miner-
als 

CaCO3, MgCO3, 
Al2(CO3)3 & Fe2(CO3)3 

4 
0.1 M Hydrochloric 
Acid for 12 hours 

High-charge inter-
layer/partial sili-
cate/oxides 

MnOx, FeOx 

at 609.3 keV). The standard error was reported and the error calculation is included 

in Appendix A.2. The sample geometry used was a Wheaton 24 mL poly seal cone-

lined urea capped HDPE liquid scintillation vial with counting efficiencies deter-

mined using the certified UTS-2 uranium tailings provided by the Canadian Certi-

fied Reference Materials Project (CCRMP). The efficiencies of the samples were 

corrected for height and density, as these factors could otherwise cause a 5-40% 

affect in apparent 226Ra activities. We monitored 226Ra because it is the prominent 

radioactive parent in unconventional oil and gas wastes and its long half-life (1600 

years) makes it persistent in the environment. Because radium’s isotopes are chem-

ically identical, the results presented for 226Ra should be consistent for 228Ra 75,76. 
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Sample masses ranged from 5 g to 35 g. To control for mass, we counted our 

standards within similar masses of 8g to 40 g, and develop a regression for the 

efficiencies at the varying masses we encountered. Counting time ranged from a 

few hours to a few days, because data collection was terminated either when the 

counting error was lower than 5% or counting time had exceeded 48 hrs. with 

insignificant counts. Most samples were counted once. Representative samples were 

tested in triplicate, and found to be within 1 – 3% of one another. 

2.3.9 Materials 

All analytical chemicals were reagent grade and supplied by VWR. Distilled de-

ionized water was provided by the ThermoScientific Barnstead Nanopure water 

system with resistivity at 18.2 𝑚Ω. The extraction fluids for the toxicity character-

istic leaching procedure and sequential extractions were stored in glass Pyrex bot-

tles at room temperature. Optical light microscope images were acquired on a Zeiss 

Axiophot microscope. 

2.4 Results  

2.4.1 Pilot Scale Trials for Raw Material Recovery 

We conducted grain size analysis of the treated solids that were recovered at the 

“feed” tank, “overflow”, “underflow”, and the “spiral ports” (Figures 2.2A – 2.2F). 

In this figure, fine particle streams will plot high and to the left, while coarse 

particle streams will plot low and to the right. In the No HAC Control run (Figure 

2.2D), the overflow and underflow overlap – showing that the two streams had 

very similar particle sizes because no disaggregation had occurred. When HAC was 
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applied (Figure 2.2A), particle disaggregation occurred – the clays were separated 

from the sand and the hydrocyclone successfully created two distinct streams of 

clay versus sand. The material collected from the overflow has plotted higher than 

the material collected from the underflow, indicating finer grain size in the overflow 

than the underflow, with both streams having distinct particle sizes from the feed 

material that entered the system. 

In our Control run (No HAC), there was no particle disaggregation, and thus 

no subsequent physical separation was observed in the spiral effluents (ports 1 and 

2) when processing the overflow (Figure 2.2E). Likewise, there was little physical 

separation observed in the spiral port 7 when processing the underflow (Figure 

2.2F). In contrast, when the solids were treated with HAC, the physical separation 

devices successfully separated the disaggregated solids into a clay-rich stream that 

discharged from the overflow versus a sand-rich stream that discharged from the 

underflow (Figure 2.2A). Moreover, when the overflow was passed through the 

spiral, a clay-rich stream could be gleaned from ports 1 and 2 (Figure 2.2B), and 

when the underflow was passed through the spiral, a sand-rich stream could be 

gleaned from ports 3 and 7 (Figure 2.2C). Indeed, HAC treatment (even without 

AO) resulted in a particle stream from the overflow that was 82% – 88% “clays” (< 

63 𝜇𝑚) through ports 1 and 2; and these ports constituted about 90% of all the 

overflow solids. Furthermore, the particle stream following HAC from the under-

flow was as high as 76% “sand” (> 210 𝜇𝑚) through port 7 and 51% though port 3 

(Figure A3); and these ports constituted about 72% of all underflow solids. Thus, 

the HAC-hydrocyclone-spiral unit operations could offer a means for recovering 

these raw materials.  
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With HAC-AO, the sand recovery from port 7 was 61%. Without HAC, the 

control offered only slight separation of sizes (Figure A3). 

The mass balance-normalized recovery of raw materials is shown in Table 2.2. 

The recovery of sand through ports 3 and 7 was ~38% when treated with HAC 

versus only 3% for the Control – No HAC. The recovery of clays through ports 1 

and 2 was ~15% when treated with HAC versus ~10% for the Control – No HAC. 

Without HAC treatment, the underflow contained 36% clay; compared to only 20% 

when treated with HAC. 

Table 2.2: Summary of the mass-balance normalized raw material recovery for 

control (No HAC) and treatment (HAC). Up to 15% of the residual solid waste 

can be reclaimed as clays and 38% as sand. 

Sampling point 
No HAC HAC 

Clay Sand Clay Sand 

Feed 24% 35% 47% 23% 

Overflow 8% 1% 11% 0% 

Spiral Port 1 8% 1% 10% 0% 

Spiral Port 2 2% 0% 5% 0% 

Underflow 36% 7% 20% 14% 

Spiral Port 3 5% 1% 2% 3% 

Spiral Port 7 6% 2% 3% 35% 

The percentage represents how much of the material sampled was clay (< 63 𝜇𝑚 

i.e. #230 mesh), or sand (>210 𝜇𝑚 i.e #70 mesh), relative to the starting mass of 

the “As Received” material.  
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Figure 2.2: Grain size analysis of HAC treatment (without AO –  panels A, B, & C) and Control (No HAC – panels D, 

E & F) of solids collected at sampling points downstream of the treatment system. Fine particles will plot high and to the 

left, while coarse particles will plot low and to the right. Grain size analysis performed using US mesh sieves per ASTM 

D6913-04 from < 63 𝜇𝑚 (#230 mesh i.e. clay) to >210 𝜇𝑚 (#70 mesh i.e. sand). HAC causes disaggregation of homogenized 

solids when processing dewatered residual solids in 5% slurry with municipal tap water (for HAC treatment (panel A) 

compared to the No HAC Control (panel D). Fine particles go to the overflow and large particles go to the underflow. 

Disaggregated solids can be further separated by the cyclone and spiral – with HAC, the process achieved higher concen-

tration of clay (panel B vs E) and sand (panel C vs F). HAC treatment results in a distinct particle size distribution. 
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Optical microscope images provided a visual assessment of the performance of these 

treatments. Figure 2.3 shows the HAC-treated reclaimed sand (underflow port 7) 

as compared to the untreated, as-received material. As shown, the disaggregating 

effect of HAC treatment removed the adhered/aggregated clay particles, and 

yielded clean, clear sand grains.  

The control, without HAC, yielded grains that looked much like the “As re-

ceived” material (photo not shown herein). 

 

Figure 2.3: Optical light microscopy (Zeiss Axiophot microscope) provided visual 

assessment of the “As received” sand grains aggregated with clays and fines on their 

surfaces (left panel), compared to the HAC treatment (right panel), which was 

effective at disaggregating the clay fines off the sand. Further physical separation 

devices resulted in reclaimed sand that was free of clays and silts.  
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2.4.2 Toxicity Characteristic Leaching Protocol (TCLP) 

The mobility of major elements and radioactivity of the selected size-classified solid 

waste samples was assessed using the TCLP to investigate whether HAC treatment 

increased the leachability of these elements from the residual solid waste material 

(Figures 2.4 & 2.5). These results showed that radium did not leach from any of 

the samples, except for the “As received” clays (Figure 2.4). For all other cases, 

radium activities of the treated solids remained the same before and after the TCLP 

extraction. This indicated that there would be less risk of radium leaching from 

solids following treatment by HAC or HAC-AO than for solid materials that re-

ceived no treatment.  

We also monitored the mobility of several major elements (Li, Na, K, Mg, 

Ca, Sr, Ba, and Mn) that could be leached from these solids during the TCLP 

extraction (Figure 2.5). Although iron and aluminum were also monitored, their 

concentrations were always below detection. Barium leached extensively from the 

“As received” material, and especially from the “As received” clays, but it did not 

leach significantly from any of the treated solid samples. Strontium, sodium, lith-

ium and potassium leached the most from the “As received” and “feed” samples, 

and from the No HAC overflow. Calcium and magnesium leached from many of 

the treated samples.  
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Figure 2.4: Radium-226 activities on the size-classified solids from various sample ports: initial and post TCLP extraction. 

Radium-226 activities (Bq) have been normalized to initial mass (g) of the solid prior to extraction. Error bars denote 

combined standard error in radium measurements and mass measurements. Samples were taken from the feed, hydrocyclone, 

underflow (under), and overflow (over). Red boxes highlight HAC-AO treatment. Size classification using US mesh sieves 

per ASTM D6913-04: < 63 𝜇𝑚 is clay (#230 mesh), >210 𝜇𝑚 is sand (#70 mesh), and in-between is silt. Radium leached 

significantly from the “As Received” clay sized solids. These results indicated that treatment diminished the risk of radium 

leaching out in the landfill.   
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When comparing Figure 2.4 with Figure 2.5, we observed that radium mobility 

strongly followed barium mobility. Specifically, the TCLP extracted both radium 

and barium from the “As received” clays; but following treatment, the TCLP ex-

tracted minimal amounts of radium or barium.  

Following any of these HAC or HAC-AO treatments, the barium concentration 

in the extractants was 0.8 mg/L to 2 mg/L (Table A1), compared to levels of 2 to 

13.5 mg/L for the No-HAC Control. Notably, all these extractant levels following 

treatment were far below the TCLP regulatory limit of 500 mg/L. The concentra-

tions of the other metals in the extractants from the treated solids were all less 

than 5 mg/L, indicating that there was little potential for leaching from HAC-

treated materials. 

2.4.3 Sequential Extractions 

Radium and major metal associations in the size-classified solids were determined 

by a four step sequential extraction procedure modified from 73,77 and 74 (Figures 

2.6 & 2.7). These samples were selected to represent recoverable sand (sand fraction 

from underflow port 7), recoverable clay (clay fraction from overflow port 1), and 

the intermediate silts that would be disposed (silt fraction from underflow).  

For all size fractions, considerable radium was leached during step 4 – and to a 

lesser extent during step 3 (Figure 2.6). The cations that leached most during step 

4 were Ba, Sr, Fe, and Al (Figure 2.7), indicating that radium was likely associated 

with their oxides. During step 3, it was the Ca, Mg, and Fe-carbonates that could 

be extracted – along with some radium that was associated with these carbonates. 

For the “As received” samples from each size-classification, the barium leached far 
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more during steps 2, 3, and 4 than barium leached from the treated samples (Figure 

2.7).  

 

Figure 2.5: Major metal mobility of the size-classified samples following TCLP 

extraction, in mg metal extracted per initial g of solids. Samples were taken from 

the feed, hydrocyclone, underflow (under), and overflow (over). Radium mobility 

strongly followed barium mobility. Leaching did not result in concentrations above 

regulatory limits for TCLP and landfill disposal.  
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Sequential extractions of the reclaimable sand (underflow port 7), revealed minimal 

radium leaching during steps 1 and 2 when HAC or HAC-AO was applied; and 

more radium leached during steps 3 and 4 – indicating that in the sand matrix, 

radium was associated with carbonate and oxide minerals (Figure 2.6). When HAC 

or HAC-AO was employed, the reclaimable sands had 226Ra activities of ~0.74 Bq/g 

(20 pCi/g). Parenthetically, when HAC was operated for an extended time of 30 

minutes (i.e. HAC-LR), the sand from this underflow had 226Ra activities of 0.207 

Bq/g (5.6 pCi/g) (Figure A4). Thus, the HAC-LR process could yield a reclaimable 

sand that hosted low radium levels. Major metal mobility showed that calcium, 

magnesium, and iron were also greatly leached by step 3 (Figure 2.7). This infers 

that there could be some carbonate minerals in the sand-size particles leaching 

calcium, magnesium, iron, and aluminum. Step 4 leached barium, iron, and alumi-

num – inferring the presence of these oxides (Figure 2.7). 

For all the clay fractions, the first extraction step (DI water) diminished radium 

activity, indicating that a substantial portion of the radium in these clay-sized 

fractions was affiliated with dissolvable salts and/or organic surfactants (Figure 

2.6). Particularly, relative to the overflow port 1 “clays”, organic surfactants, with 

their 0.85 – 0.95 mg/L density, would be expected to congregate at port 1. When 

the sequential extraction results (Figure 2.6) are overlapped with the major metals 

leached (Figure 2.7), it appears that radium was associated (at least in part) with 

strontium, lithium, sodium, and potassium salts (step 1); with calcium, magnesium, 

iron, and aluminum carbonates (step 3); and with strontium and iron oxides (step 

4). Amongst these clay-rich samples, there was limited radium leaching after step 

2, indicating again that radium was not associated with surface sites or low-charge 

clay interlayer sites.  
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Figure 2.6: Radium-226 activities of the sequentially extracted, size-classified, 

treated solids. Radium-226 activities (Bq) have been normalized to initial mass (g) 

of the solid prior to extraction. Error bars denote combined standard error in ra-

dium measurements and mass measurements. Step 0 (■): Initial solid; Step 1 ( ): 

DI water rinse for soluble salts; Step 2 ( ): 1M ammonium acetate for surface sites; 

Step 3 ( ): 9% acetic acid for carbonates; Step 4 ( ): 0.1 M hydrochloric acid for 

oxides.  shading for sand,  for silt, and   for clay. The “As received” 

samples are demarcated with a lighter shade.  

We also monitored the mass loss that occurred during each extraction (Figure 2.8). 

While the dissolution of carbonate minerals during step 3 accounted for the greatest 

mass loss (Figure 2.8), radium did not follow this trend, as step 1 accounted for 

the greatest radium leaching. This is suggestive that radium association with the 
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clays was not by interlayer adsorption but instead, radium was associated with the 

dried salts that had precipitated out of solution during the drying process after wet 

sieving – and also possibly with organic surfactants. 

Finally, for the silts (underflow) that we presume will be disposed, sequential 

extractions showed that radium was not made more mobile following HAC-AO 

treatment compared to the Control samples. Although a greater portion of this 

HAC-AO silt fraction contained oxides (step 4) (Figure 2.8) – possibly strontium, 

iron, and aluminum oxides (Figure 2.7) – radium was not released during their 

dissolution. Metal mobility also showed the presence of calcium, magnesium, iron, 

and aluminum carbonates (step 3) (Figure 2.7). However, none of the treatments 

rendered radium more readily leachable from the silts. 
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Figure 2.7: Major metal mobility of the size-classified, sequentially extracted 

samples in mg metal extracted per g of solids prior to each extraction step. Step 1 

( ): DI water rinse for soluble salts; Step 2 ( ): 1M ammonium acetate for surface 

sites; Step 3 ( ): 9% acetic acid for carbonates; Step 4 ( ): 0.1 M hydrochloric acid 

for oxides.  shading for sand,  for silt, and   for clay. The “As received” 

samples are demarcated with a lighter shade.  
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Figure 2.8: Mass lost from the size-classified solids following sequential extrac-

tions. Step 1 ( ): DI water rinse for soluble salts; Step 2 ( ): 1M ammonium acetate 

for surface sites; Step 3 ( ): 9% acetic acid for carbonates; Step 4 ( ): 0.1 M hy-

drochloric acid for oxides; and Recalcitrant mass ( ) following steps 1-4.  shad-

ing for sand,  for silt, and   for clay. The “As received” samples are demar-

cated with a lighter shade.  
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2.5 Discussion 

2.5.1 Raw material recovery: HAC treatment resulted in the disaggre-

gation of residual solids, allowing for sand and clay separation 

The market for hydraulic fracturing sand continues to grow as increased drilling 

activity, greater sand demand and a globally diminishing supply of suitable sand 

drive prices higher. It is becoming necessary to seek out alternative sources for raw 

materials. The quality of sand used as hydraulic fracturing proppant is specified 

by the API RP 19C/ISO 13503-2 standard 78. The standard includes specifications 

for particle size, roundness and sphericity, among others. The HAC treatment 

herein resulted in the recovery of sand particles that had properties consistent with 

those required by the API standard. The reclaimed sand grains herein were all 

retained on the US #70 sieve sizes and hence could be utilized as 40/70 proppant 

(i.e. sand between #40 and #70 sieves). Optical microscope images revealed that 

these sand grains also had similar roundness and sphericity as required by the API 

standard. In addition, when HAC treatment was applied for 30 minutes, the radium 

activity on the sand grains could be as low as 0.207 Bq/g (5.6 pCi/g), which offers 

a reduced risk for worker exposure to radioactivity. The HAC treatment of the 

residual waste also resulted in the concentration of fine clays. These clays (and 

dried salts/organic surfactants) were found to have high radium activities, as high 

as 1.85 – 3.7 Bq/g (50 – 100 pCi/g). However, more than half of the radium in 

these dried solids was associated with salts or organic surfactants, and was mobi-

lized when the dried solids were suspended in DI water. These salts and surfactants 

could be returned back downhole with the hydraulic stimulation fluid; and they 

would thus not end up with landfilled solids.  
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We anticipate that by passing the underflow material through the HAC or 

HAC-AO systems a second time, we could achieve even more sand and clay recov-

ery, as the underflow following one pass still contained 20% clays by mass when 

size fractioned (Table 2.2). While these clays are not presently of market value, 

the accumulation of radium presents an opportunity to revise the current manage-

ment practices for radioactive residual waste. 

Assuming a waste generation of 5,000 tons per year from such a facility as 

encountered by this work, HAC treatment can result in the generation of market-

able source sand that could be valued around $40,000 to $80,000 per year, when 

sold at a fraction of the price of freshly mined sand (Table 2.3). This value can be 

3 to 5 times greater if resin coated sands or ceramic proppant have been used 79. In 

2017, 6,700 tons of residual sludge waste from facilities treating oil and gas 

wastewater was recorded as being disposed in PA landfills (Figure A2). The reduc-

tion in sludge waste volume as a result of sand and clay reclamation with treatment 

via HAC could reduce landfill costs by about $100,000 to $300,000 per year in 

Pennsylvania. This is a significant cost savings for waste management operations. 
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Table 2.3: Summary of the raw material recovery and market opportunity from 

HAC-treated residual waste assuming a disposal volume of 5,000 tons/y. 

 

Recovery 
Price of pristine 
material 

Estimated benefit assum-
ing 5,000 tons/y of residual 
solid 

Silica Sand ~37% $84/ton 35 
Resell at $30/ton = 
$50,000 - $60,000/y 

Resin coated/ 
Ceramic prop-
pant 

~37%* $200 - $500/ton 79 
Resell at $70 - $150/ton = 
$130,000 - $280,000/y 

Wasted Material ~63% -$76/ton 80 
Potential cost savings of 
$140,000/y 

* Assuming similar recovery of resin coated sand or ceramic proppant as for silica 
sand.  

2.5.2 Radium associations in the residual solids: HAC treatment di-

minished radium and barium mobility  

The combination of the modified TCLP and sequential extractions gave insights 

into radium mobility and radium association in the HAC-treated residual waste 

solids. Firstly, without treatment, the clay-sized particles (<63𝜇𝑚) showed unfa-

vorably high potential for losing radium and barium through leaching in the land-

fill. After HAC-treatment, this potential was dramatically and consistently reduced 

for both radium and barium. Additionally, the silt-sized (between 63𝜇𝑚 and 

210𝜇𝑚) and sand-sized particles (>210𝜇𝑚), did not show potential for leaching 

radium or barium following HAC or HAC-AO treatments. Radium associations in 

the residual waste before treatment indicated that radium was most mobile from 

the particle sizes less than 63𝜇𝑚 and should be further evaluated prior to disposal.  
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An interesting finding was that radium was removed during step 1 of the se-

quential extractions, and thus perceived as being associated with dried salts or 

organic surfactants in this residual waste. This residual waste was collected from a 

facility that does not treat the wastewater with sulfate addition for radium control. 

There are a number of such facilities with similar operations that handle oil and 

gas waste. The residual solids coming from such facilities are likely to have similar 

radium associations.    

It is possible that radium was complexed with organic compounds in this ma-

terial. Such compounds could be surfactants, acetate, and EDTA. These (and es-

pecially surfactants) are used during hydraulic fracturing; and they have been de-

tected in flowback and produced water 25,81,82. We observed the presence of organics 

(enough to form a surface sheen) in the waste and slurry used in the HAC treat-

ment; and this would be indicative that surfactants are present. Moreover, the 

combination of cavitation and bubbled ozone resulted in dissolved air that accu-

mulated in the ultrasonic chamber, and apparently created a similar phenomenon 

as for a small-scale dissolved-air flotation unit. This resulted in the agglomeration 

of an organic-rich clay in samples collected from HAC and especially HAC-AO 

treatments. As these samples dried, we infer that the radium that had been com-

plexed by these organic compounds became associated with the clays. The opera-

tion of the HAC system would have caused these organic-rich clays to be concen-

trated in the overflow and subsequently in spiral ports 1 and 2. This could be an 

explanation of the very high radium activity found in the clays from HAC-AO 

overflow port 1. The sequential extraction of these clays showed radium mobility 

following the first step (DI water). Our prior research with foundry green sand 

indicated that HAC-AO released organic residues from solid surfaces 56,68. Thus, 

such radium-rich organic compounds, as well as salts, could be separated from the 
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clays, and returned back downhole with hydraulic stimulation fluids. We note that 

the chemical oxygen demand (COD) of the extractant following this step was de-

termined to be 1,300 mg/L; indicating that indeed anionic organic surfactants, 

which are known to complex cationic radium 83, could in part explain the mobility 

of radium. In overview, the combination of radium association with salts and or-

ganics presents an opportunity for the development of new radium management 

practices of such residual solids. 

2.5.3 Implications for disposal 

The Pennsylvania Department of Environmental Protection (PA DEP) commis-

sioned a study to investigate exposure and contamination risks from TENORM at 

facilities impacted by oil and gas operations 47. The average radium activity re-

ported by this PA DEP study for proppant sand prior to hydraulic fracturing was 

8.99 Bq/kg ± 2.18 (243 pCi/kg ± 59), and after was 128 Bq/kg ± 110 (3460 pCi/kg 

± 2990); while the filter cake (i.e., sludge) of nine zero liquid discharge facilities 

had activities that ranged from 0.111 Bq/g to 17.8 Bq/g (3 pCi/g to 480 pCi/g) 47. 

The reclaimed sand from our work had radium activity as low as 0.207 Bq/g (5.6 

pCi/g), with little risk for leaching of this radium; while the reclaimed clays (in-

cluding salts and organics) could be as high as 3.7 Bq/g (100 pCi/g). The activity 

of the eventually disposed material ranged from 0.74 Bq/g to 1.48 Bq/g (20 pCi/g 

to 40 pCi/g). The disposed material will thus contain lower net radium mass and 

lower volume, thereby reducing TENORM waste disposal and landfill costs. Alter-

native treatment for solid waste management with elevated radioactivity can be 

proposed following the findings from the TCLP and sequential extractions. Radium 
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in the residual solids was associated with salts, carbonates, oxides, and possibly 

surfactants at this study site.  

2.5.4 Limitations of this study 

In this work, municipal tap water was used to make the slurries prior to experi-

mental runs on the HAC system. This protocol was an inherent artefact of con-

ducting these pilot-scale tests at Penn State, miles from the residual waste-pro-

cessing facility. We acknowledge that such intentional dilution would be impracti-

cal for a full-scale operation. Instead high-TDS produced and flowback water would 

be present in any on-site slurries.  

The fate of several heavy metals was not evaluated; however, non-heavy metal 

concentrations of Fe, Al, and Mn in extraction fluids following the TCLP and 

sequential extractions suggest that heavy metal concentration will be relatively 

low. Reported heavy metal concentration in Marcellus Shale produced fluids are 

<1mg/L, compared to barium, calcium, and magnesium at 50 – 30,000 mg/L 25,84. 

The concentrations of these metals (Ba, Ca, and Mg) in the extractants did not 

exceed 5 mg/L, therefore it is not expected that the heavy metals will have signif-

icant concentrations. Additionally, we did not attempt to quantify the effect of 

treatment or the leaching potential of these solids for other radionuclides such as 

Uranium (U). Eitrheim et al.85 found that U was mobile from Appalachian drilling 

wastes when the TCLP was applied. U could also have been released by these solids 

given the sonication, cavitation, and oxidation processes involved herein.  
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2.6 Conclusions and Recommendations 

A novel process for recovering raw material from oil and gas residual waste was 

presented using hydroacoustic cavitation and advanced oxidants, combined with 

physical separation devices to create distinct streams of highly concentrated sand 

and clay. The separation of particles sizes affected radium distribution – the sand 

grains had low radium activities, as low as 0.185 – 0.74 Bq/g (5 – 20 pCi/g); 

whereas the clays (along with their associated salts and organics) had elevated 

radium activities, as high as 1.85 – 3.7 Bq/g (50 – 100 pCi/g). We propose that 

the sand grains can be reused as recycled hydraulic fracturing proppant. The sep-

aration of sand from clay and silt could reduce the volume of radium-containing 

wastes that are disposed in landfills, and also reduce the radium mass to landfills. 

This could represent a significant savings to facilities handling unconventional oil 

and gas waste. Additionally, the reclaimed sand could have market value in hy-

draulic fracturing drilling, or in other silica sand-using industries. Although the 

clays (and associated salts and organics) are currently of little market value, their 

elevated radium activity presents an opportunity to revise current waste handling 

practices for radioactive management. Disposing these radium-enriched salts and 

dislodged organic compounds downhole with hydraulic fracturing fluid will lower 

radium exposure and therefore risk to human health and the environment. Extrac-

tions performed on the residual waste indicated that in facilities that do not per-

form sulfate precipitation, radium is likely to be associated with dried salts and 

organic compounds.  

The continued development of the Marcellus Shale and the underlying Utica 

Shale will result in greater use of raw materials and greater volume of solid and 

liquid waste. The Utica Shale is estimated to produce 2.5 times more produced 
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water per unit gas than the Marcellus Shale 86. These produced waters will contain 

NORM that could otherwise end up in impoundment sludge or water treatment 

sludge. If not mitigated, the continued recycling of produced water for hydraulic 

fracturing could cause an increase in TDS and radium activities 48, potentially in-

creasing the radioactivity and volume of sludge generated during treatment. This 

work provides evidence that when these solids (sands, suspended solids, and sludge) 

are collected in a waste handling facility, hydroacoustic cavitation with advanced 

oxidation followed by physical separation devices can be applied to (a) reclaim the 

sands with lowered radioactivity; (b) separate the clays, salts and organics with 

high activity, and (c) reduce the potential of radium leaching from the solids that 

require disposal.  
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3.1 Abstract 

Oil and gas production results in large volumes of co-produced formation water 

commonly referred to as produced water. Among the many constituents of interest 

found in produced water, radium, a radioactive element, presents a great challenge 

because of its possible impact on human and wildlife health. Radium-226 has a 

half-life of 1600 years, which presents a lasting and persistent environmental chal-

lenge. The current treatment and handling of radium in produced water results in 

the generation of hundreds of tons of low-level radioactive sludge that requires 

substantial transport and disposal costs. The development of novel treatment pro-

cesses that reduce sludge production will also reduce waste management costs.  

This work evaluated a new process for radium removal from produced water 

with a synthetic clay mineral that is highly selective for radium. Interlayer adsorp-

tion of radium by the synthetic clay leads to preferential radium removal even in 

the presence of high salinity (1.5 M NaCl). Batch experiments of clay-synthetic 

water suspensions with increasing complexity provided an insight into the key 

mechanisms driving radium adsorption onto the clay. In a synthetic produced wa-

ter, radium removal by the synthetic clay was greater than a Na-montmorillonite 

Bentonite. In addition, these experiments led to the identification of the following 

controls on treatment with clay adsorption: radium removal was pH independent 

but dependent on the solution salinity, competing ions and dissolved organic com-

pounds content.  
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3.2 Introduction 

High volumes of water co-produced with oil and gas contains naturally occurring 

radioactive materials (NORM) 1,2. Radium is the primary radionuclide of interest 

and its isotopes, 226Ra (half-life 1600 years) and 228Ra (half-life 5.75 years), are 

monitored during the treatment, disposal and discharge of oil and gas waste. Due 

to the limited availability of freshwater sources in some regions, and a lack of easy disposal options 

in others, the recycling and reuse of produced water has become an attractive shale gas wastewater 

management strategy 3,4. However, improper handling of this produced water can result 

in exposure risk for human health 5,6 and environmental contamination 7– 11. 

Several studies on the treatment of produced water for NORM removal have 

included sulfate precipitation by sodium sulfate addition 12,13, by blending with acid 

mine drainage 14–16, and ion exchange using strong acid resin 17. Sulfate precipitation 

remains a very effective treatment for NORM removal from produced waters, how-

ever, sulfate addition is a non-targeted radium treatment and results in the gener-

ation of radioactive sludge. However, sulfate addition can result in scale formation 

18 and increased activity of sulfate reducing bacteria 16 when the fluid is reused for 

hydraulic fracturing. While ion exchange can provide targeted radium removal, 

pretreatment to reduce the competition from other divalent cations is necessary 17. 

In addition, the lack of radium specific treatment results in the loss of valuable 

feedstock for crystallization of marketable salts (CaCl2, NaCl and BaSO4). The 

development of radium-specific treatment processes will reduce radioactive sludge 

production, increase the potential for salt recovery, and continue to provide a fresh-

water alternative for hydraulic fracturing. 

Clays have been used as adsorbents for remediation of contaminated soils and 

waters 19–22 and radium sorption onto clays has been studied 23,24. Consequently, 
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this work is investigating radium removal from highly saline produced water with 

a synthetic clay (Na-4-mica, Na4Mg6Al4Si4O20F4*xH2O) that is highly selective for 

radium 25 (see Figure 3.1).  

 

Figure 3.1: Na-4-mica showing hydrated 12 Å basal spacing (left). Ion exchange 

of sodium for radium occurs after adsorption from solution. Upon adsorption, a 

strong electrostatic bond is formed which collapses the basal spacing to 10 Å 

(right). Figure reproduced with permission from Frazer 2002, Environ. Health 

Persp. 26. 

Gregorkiewitz and Rausell-Colom 27 first synthesized Na-4-mica from the reaction 

of augite in NaF-MgF2 melts at approximately 900 °C. They identified a 2:1 layer 

silicate with unusually high charge, due to four sodium ions in the interlayer. This 

layered silicate possessed the ability to readily hydrate to an expanded lattice, 

making Na-4-mica a candidate for interlayer ion exchange. The structure and chem-

ical composition of the phases of Na-4-mica were later identified as presented in 

Figures 3.2 and 3.3. Further research has led to the development of new synthesis 

protocols for pure crystals of Na-4-mica, with different precursor materials under 

different conditions 25,28–33. Significant among these are the methods by Komarneni 
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et al. 31,34, which utilizes kaolinite after calcination (metakaolin), and by Park et al. 

32, which uses stoichiometric powder mixtures of fumed silica, aluminum oxide, 

magnesium fluoride and sodium chloride. This method was further modified to 

become a mixture of silicic acid, boehmite, magnesium fluoride, and sodium chlo-

ride.  

 

Figure 3.2: Proposed model for anhydrous Na-4-mica as projected on plane per-

pendicular to a. The displacement of the upper layer with respect to the lower one 

is +b/3. Figure reproduced with permission from Gregorkiewitz et al. 1987, Am. 

Mineral 27. 

First deployed for the decontamination and disposal of nuclear waste, Na-4-mica 

has also served as a sorbent for remediation of metal contaminated soils 33–35. Na-

4-mica is selective for ions of low hydration, especially radium, due to its high 

charge density and offset layer-stacking 25,36. Upon radium uptake, electrostatic 

bonding could result in the collapse of the interlayer (see Figure 3.1), resulting in 

the entrapment of radium in the crystal lattice. 
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Figure 3.3: Proposed model for hydrated Na-4-mica. The displacement between 

adjacent layers is +b/3. The model shows 4 Na and 6 H2O sites per unit cell. Only 

3.2 and 4.3 are actually occupied. (A) Projection on plane perpendicular to a; (B) 

projection on (001). Figure reproduced with permission from Gregorkiewitz et al. 

1987, Am. Mineral 27. 

 

The application of Na-4-mica for high TDS water treatment, such as hydraulic 

fracturing produced waters, has never been attempted. This study is motivated by 

the need to effectively separate radium from shale gas produced water to reduce 

the volume of Ra-contaminated phases during treatment steps. Solid-phase parti-

tioning provides an opportunity to concentrate radium in a lower volume solid 

waste form and, in some cases, could allow subsequent separation steps (e.g., co-

precipitation) to produce solid phases that are almost Ra-free, with potential com-

mercial value (e.g., barite and CaCl2 salts). 
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The work herein focuses on the synthesis and characterization of Na-4-mica; its 

application for radium removal from the high TDS produced waters; and investi-

gates the mechanisms – pH, salinity and competing ions – that can control radium 

 

  

  

  

adsorption by Na-4-mica in highly saline waters.

3.3 Materials and Methods

3.3.1 Materials

Na-4-mica was synthesized from dry mixtures of stoichiometric amounts of silica 

 

  

 

 

  

 

and aluminum in 1:1 ratio from silicic acid (J.T. Baker), boehm-ite (by Condea 

Chemie), magnesium fluoride (Aldrich Chemical Co), and sodium chloride 

(VWR), or  from kaolinite (Georgia Kaolin Company). Barium chloride, used in 

the competing ion test, was from VWR. All chemicals were reagent grade. 

Corundum (nano-aluminum oxide) was supplied by Inframat Advanced Materials.

  Radium was provided by NIST, and radium stock solutions (in 5% nitric acid)

were created at 20,000 pCi/L and stored in glass bottles to reduced wall adsorption. 

Radium-226 activities in the liquid were determined by gamma spectroscopy on a 

Canberra ultra-low background small anode germanium (SAGe) well detector after 

the  incubation  period  of  three  weeks.  The  reported 226Ra  activity  was  the direct 

measurement of 226Ra determined at 186 keV after peak deconvolution to correct 

for 235U interference. The sample geometry used was a 24mL urea capped HDPE 

liquid scintillation vial.

  Distilled de-ionized (DDI) water was provided by the ThermoScientific Barn- 

stead Nanopure water system with resistivity at 18.2𝑚Ω. Batch experiments were 

performed in 50 mL Nalgene Oak Ridge Teflon centrifuge tubes. The clay-water
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suspensions were separated by centrifugation on an Eppendorf 5810R centrifuge at 

3,000 RPM for 10 minutes. 

X-ray diffraction (XRD) for phase purity was performed on dry powders on a 

PANalytical Empryean X-Ray Diffractometer with a Cu source. Scanning electron 

microscopy (SEM) for morphology was performed on a ThermoFisher FEI Q250 

Environmental SEM with a Tungsten emitter.  

3.3.2 Synthesis of Na-4-mica 

Na-4-mica, Na4Si4Al4Mg6O20F4.xH2O, was synthesized from a dry mixture of stoi-

chiometric amounts of silica and aluminum in 1:1 ratio. This was done by providing 

stoichiometric amounts of compounds containing silica and alumina or by using a 

base that already has Si to Al molar ratio of 1:1. In the first case, silicic acid and 

boehmite were used, while metakaolin was used in the second case. Metakaolin is 

the dehydrated, amorphous product formed from heating kaolinite at 700 °C for 

10 hours. Magnesium fluoride was the source of magnesium and fluoride, while 

excess sodium chloride was the source of sodium. The two synthesis methods for 

Na-4-mica are outlined below, with further details provided in Appendix B.1: 

i) Method I –  Silicic acid, + Boehmite, AlO(OH) + Magnesium Fluoride, 

MgF2 + 12 M Sodium Chloride, NaCl. 

ii) Method II –  Metakaolin, Si2Al2O7 + Magnesium Fluoride, MgF2 + 12 M 

Sodium Chloride, NaCl. 

The constituent chemicals were gently mixed and homogenized with an agate mor-

tar and pestle. The mixture was then transferred to a crucible (alumina or plati-

num), which was heated in a muffle furnace at 900 °C for 5 or 10 hours. After 
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cooling to room temperature, the resulting solid was transferred to a 50 ml test 

tube using distilled deionized (DDI) water and filled to about the 45 ml mark. The 

solid was re-suspended using a test tube vortexer then centrifuged at 3000 RPM 

for 10 minutes, after which the supernatant was decanted off. This washing process 

was repeated for a total of 3 rinses. The solid was then dried in an oven at 60 °C 

for 2 days. XRD and SEM characterization of the dried solids were then performed.  

3.3.3 Characterization of Na-4-mica 

The dried samples were characterized for phase purity and crystallinity by XRD. 

The diffraction patterns were analyzed by JADE (Materials Data). Particle size 

and shape was determined by SEM. Cation exchange capacity (CEC) was deter-

mined by the ammonium acetate method (see Appendix B.2). The point of zero 

charge of the synthesized clays was determined by both the mass titration (MT) 

method 37 and the drift method 38.  

3.3.4 Radium Adsorption Tests 

Adsorption of 226Ra onto Na-4-mica was studied through batch reactions. A solu-

tion of 20,000 pCi/L 226Ra standard was made by diluting a 0.10 mCi 226Ra standard 

solution with DDI water in 1L Pyrex bottles. The standard was acidified with nitric 

acid to <pH 2 to reduce adsorption to the walls of the bottle. Thirty (30) mL of 

the radium solution was transferred to Teflon centrifuge tubes and the clays were 

added to make various solid concentrations ranging from 0.1 g/L to 2 g/L for Na-

4-mica, or 5 g/L for Bentonite. The water chemistry was made more complex to 

investigate the key mechanisms driving radium adsorption onto the clay – pH, 
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solution ionic strength, and competing ion concentration. The simplest water chem-

istry was the radium solution at pH 2.5 with no added salt (Experiment #1). For 

pH effect, the pH was adjusted to 10 (Experiment #2). For ionic strength effect, 

the ionic strength was adjusted to 1.5 M using NaCl (Experiment #3). For com-

peting ion effect, barium was added to a concentration of ~0.01 M using barium 

chloride (Experiment #4). Finally, two additional experiments were performed us-

ing real produced water samples (Experiments # 5 and #6). The centrifuge tubes 

were mixed on a horizontal rotary mixer for 60 minutes, after which the solid and 

liquid fractions were separated by centrifugation. Radium-226 activities in the liq-

uid portion was determined by gamma spectroscopy. XRD was performed on select 

solids to investigate the effect of adsorption on the basal spacing of Na-4-mica. A 

sodium rich Bentonite with high cation exchange capacity was used to compare 

the adsorption performance of Na-4-mica.  

3.3.5 Major Metals Analyses 

Following the adsorption tests, the compositions of the major metals, Ba, Ca, Sr, 

Na, and Mg in the supernatants were determined by a Perkin Elmer Optima 5300 

Inductively Coupled Plasma Emission Spectrometer (ICP-AES) per EPA Method 

200.7. 

3.4 Results and Discussion 

3.4.1 Characterization of Synthesized Na-4-mica 

Na-4-mica has a characteristic peak at ~7° (Degrees 2θ ) from the (001) reflection 

with basal spacing of 12.2 Å. Another characteristic peak often appears at ~9° 
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(Degrees 2θ ) due to basal spacing of 9.81 Å 32. The basal spacing of 12.2 Å repre-

sents the hydrated and expandable phase of Na-4-mica. In this form, Na-4-mica is 

more suitable for radium adsorption. The basal spacing of 9.81 Å represents the 

anhydrous phase of Na-4-mica, with a dehydrated and collapsed interlayer, making 

it unsuitable for radium adsorption. The synthesis protocol of Na-4-mica often re-

sults in the formation of mineral impurities namely, neighborite and sodalite 31,35, 

hence these two minerals are often present when XRD analyses are performed.  

 

Figure 3.4: XRD patterns of Na-4-mica showing syntheses of Na-4-mica domi-

nated by the hydrated phase (A) or by the anhydrous phase (B). 

A) Hydrated 

Phase 

B) Anhydrous Phase 
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Shown in Figure 3.3 are representative XRD patterns for hydrated and anhydrous 

Na-4-mica. Figure 3A showed that the prepared Na-4-mica showed the character-

istic basal spacing of 12.2 Å, indicating its suitability for these adsorption experi-

ments. When the synthesis protocol attempted to create larger masses of Na-4-

mica (6 g or more), the synthesized clay was often dominated by the anhydrous 

phase. Additional XRD patterns for several syntheses are provided in Appendix 

B.3.  

SEM micrographs of representative anhydrous and hydrated Na-4-mica are pro-

vided in Figures 3.4 and 3.5. Figure 3.4 showed that the hydrated Na-4-mica had 

particles size of individual flakes at around 2 𝜇𝑚 and this small particle size was 

ideal for adsorption. The anhydrous Na-4-mica exhibited larger particle sizes. In 

addition, the collapsed nature of the clay particles resulted in large aggregates with 

the suggestion of a “glassy” phase. The SEM micrographs showed that the anhy-

drous phase was not suitable for adsorption. Additional SEM micrographs for sev-

eral syntheses are provided in Appendix B.4. 

Theoretical calculations estimate the maximum CEC for hydrated Na-4-mica 

at 4.68 meq/g, although synthesized Na-4-mica often does not achieve this due to 

interlayer collapse as a result of electrostatic attraction 34. The CEC of several 

synthesized samples showed a maximum of 1.5 meq/g (Table 3.1); this CEC was 

achieved with method I, i.e. using the solid mixture of silicic acid, boehmite, mag-

nesium fluoride and sodium chloride, in an alumina crucible heated at 900 °C for 

5 hours. 

Solution pH plays a role in the adsorption of charged species onto solids 39. The 

pH can affect the speciation and oxidative state of dissolved species, as well as the 

surface charge of the solid. The surface charge of a solid can go from positive to  
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Figure 3.5: Scanning electron microscopy micrographs of hydrated phase Na-4-

mica showed the flaky nature of the clay. Small particle size with high surface area 

makes this clay suitable for adsorption and sequestration of metal contaminants 

such as radium. 

 

Figure 3.6: Scanning electron microscopy micrographs of anhydrous phase Na-4-

mica showed large, aggregated particles as a result of the collapsed interlayer na-

ture of the clay, making it unsuitable for radium adsorption.  
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Table 3.1: Cation Exchange Capacity (CEC) of several Na-4-mica samples.  

 

Figure 3.7: Point of zero charge of Na-mica and Bentonite as determined by the 

mass titration (MT) and drift methods. 

Sample 
CEC 

(meq/g) 

Na-4-mica (Method I) made in platinum crucible at 900 °C for 

10 hours 
1.03 

Na-4-mica (Method I) made in platinum crucible at 900 °C for 

5 hours 
1.28 

Na-4-mica (Method I) made in alumina crucible at 900 °C for 

10 hours 
0.78 

Na-4-mica (Method I) made in alumina crucible at 900 °C for 

5 hours 
1.50 

Na-4-mica (Method II) made from meta-Kaolinite in platinum 

crucible at 900 °C for 5 hours 
1.48 

Na-4-mica (Method II) made from meta-Kaolinite in alumina 

crucible at 900 °C for 5 hours 
1.28 

H 
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negative depending on solution pH. The pH at which the surface transitions from 

positive to negative is known as the pHzpc, ‘zero point charge’. Below this pH, the 

surface is positively charged; above it the charge is negative 19. The pHzpc of Na-4-

mica was determined to be between 8 and 8.5 by both the mass titration and the 

drift methods (Figure 3.6).  

3.4.2 Quantitative Description of Na-4-mica Purity 

So far, Na-4-mica has been qualitatively, or semi-quantitatively described by the 

XRD diffraction patterns, SEM micrographs, CEC, and pHzpc. However, a thorough 

quantitative descriptor has yet to be developed. Considering that Na-4-mica often 

exists as both its hydrated and anhydrous phases, a measure to describe the quan-

tity of the Na-4-mica that is in the hydrated phase is salient.  

One approach to this measure is quantitative phase analysis by XRD (or quan-

titative XRD). In order to perform quantitative XRD, the relative integrated in-

tensity of the strongest line of the mineral phase of interest to the relative inte-

grated intensity of a reference standard must be known, this ratio of intensities is 

known as the Reference Intensity Ratio (RIR) 40. The strongest line for Na-4-mica 

is the (001) reflection that appears at 7° (12.2 Å basal spacing) for the hydrated 

phase, or at 9° (9.81 Å basal spacing) for the anhydrous phase. Corundum (α-

Al2O3) is often the reference standard.  

The RIR of the hydrated and anhydrous phases of Na-4-mica were determined 

as follows. First, samples were selected to represent pure phases of the hydrated 

and anhydrous Na-4-mica. The XRD patterns of these samples is shown in Figure 

3.3. Then, a 50:50 by mass mixture of the hydrated/anhydrous Na-4-mica was 
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created. These solid solutions were mixed with an agate mortar and pestle to min-

imize mineral contamination. After mixing, the XRD patterns of the solid were 

collected. The diffraction patterns were analyzed in JADE for the integrated in-

tensity of the strongest lines. This analysis was repeated in triplicate samples and 

triplicate XRD scans in order to minimize issues that could arise from inhomoge-

neous mixing or preferred sample orientation during XRD scans. The experimen-

tally determined RIRs for the Na-4-mica phases are presented in Table 3.2. 

Table 3.2: The Relative Intensity Ratios (RIRs) for the hydrated and anhydrous 

phases of Na-4-mica as determined by the internal standard method using Corun-

dum (α -Al2O3). 

Na-4-mica phase RIR 

Hydrated Phase 1.071 

Anhydrous Phase 1.857 

Following the development of the RIRs, quantitative analysis of the synthesized 

Na-4-mica samples was performed. By comparing the integrated intensities for each 

characteristic peak (at 7° for the hydrated phase, or at 9° for the anhydrous phase), 

the mass fraction of each phase can be determined by equation (3.1) 40: 

𝑋𝛼

𝑋𝛽
=

𝐼𝑖𝛼

𝐼𝑗𝛽
×

𝐼𝑗𝛽
𝑟𝑒𝑙

𝐼𝑖𝛼
𝑟𝑒𝑙 ×

𝑅𝐼𝑅𝛽,𝑐 

𝑅𝐼𝑅𝛼,𝑐
 (3.1) 

where 

 𝑋𝛼, 𝑋𝛽 are the mass fractions of the two phases 

𝐼𝑖𝛼, 𝐼𝑗𝛽 are the integrated intensities of each phases characteristic line 
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𝐼𝑗𝛽
𝑟𝑒𝑙, 𝐼𝑖𝛼

𝑟𝑒𝑙 are the line intensities, which is 100% for the (001) reflections 

𝑅𝐼𝑅𝛼,𝑐, 𝑅𝐼𝑅𝛽,𝑐 are the relative intensity ratios for the two faces relative to co-

rundum 

The purity of different Na-4-mica samples, described here as the mass fraction of 

hydrated Na-4-mica, is presented in Table 3.3. 

Table 3.3: Purity of Na-4-mica from several synthesis protocols. Purity is de-

fined as the mass fraction of the synthesized Na-4-mica that is the hydrated phase. 

Sample 
Purity 

(%) 

Na-4-mica (Method I) made in platinum crucible at 900 °C for 5 hours 100 

Na-4-mica (Method I) made in alumina crucible at 900 °C for 5 hours  89.7 

Na-4-mica (Method I) made in alumina crucible at 900 °C for 5 hours 

with controlled heating and cooling rate 
96.2 

Na-4-mica (Method II) made from meta-Kaolinite in platinum crucible 

at 900 °C for 5 hours  
100 

Na-4-mica (Method II) made from meta-Kaolinite in alumina crucible at 

900 °C for 5 hours  
88.8 

Na-4-mica (Method II) made from meta-Kaolinite in platinum crucible 

at 900 °C for 5 hours but at 3 g instead of 2 g  
98.1 

Na-4-mica (Method I) made in alumina crucible at 900 °C for 5 hours 

but at 4 g instead of 2 g 
65.6 

Na-4-mica (Method II) made from meta-Kaolinite in platinum crucible 

at 900 °C for 5 hours but at 6 g instead of 2 g 
2.3 

Na-4-mica (Method I) made in platinum crucible at 900 °C for 5 hours 

but at 8 g instead of 2 g 
0 
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Na-4-mica of high purity was consistently produced when the synthesis was done 

with the platinum crucible and at low synthesis mass of 2 g. High purity Na-4-

mica can be synthesized from both methods set of constituent chemicals. Therefore, 

for environmental remediation purposes, readily available natural kaolinite clay can 

be adapted for the synthesis of high purity Na-4-mica. The synthesis protocol failed 

to produce high quality of Na-4-mica at masses higher than 3 g. One reason for 

this could be that at higher mass loadings, the temperature gradient created within 

the solid solution cannot sufficiently transform the chemicals to Na-4-mica in 5 

hours. Further work is required to investigate and improve the protocols for higher 

throughput.  

3.4.3 Interlayer Behavior due to Radium Adsorption 

Adsorption by clays can occur by different mechanisms, such as surface attach-

ment, edge attachment, inter-lamellar spaces, and inter-particle spaces, as illus-

trated in Figure 3.7. For the purpose of radium removal, inter-lamellar or interlayer 

adsorption is the desired mechanism. Interlayer adsorption in Na-4-mica is highly 

specific for radium, and could result in the entrapment of radium due to edge 

collapse caused by electrostatic attraction between the positively charged ions and 

the negatively charged clay layers 35.  

Interlayer adsorption can be observed as a change in the basal spacing, which 

can be observed as shifts in the peak position in the diffraction patterns. Figure 

3.8 (B – G) shows the basal spacing of Na-4-mica after radium adsorption. The 

experiments were performed with the same starting radium concentration (20,000 

pCi/L) but with increasing clay concentration, from 0.4 g/L to 10 g/L. At a clay 
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loading of 0.4 g/L, the basal spacing increased to 14.6 Å. As the clay loading was 

increased, the basal spacing decreased and returned to the original value of 12.2 Å.  

 

 

Figure 3.8: The adsorption mechanism for cations onto clay minerals can take 

many forms. Cations can be adsorbed to the outer surface of the clays as in (1) 

resulting in a surface attachment. They can adsorb to the edge sites as in (2). 

When clay minerals are delaminated, the interlayer sites become available as in 

(3), and finally, adsorption sites are made available when the crystal lattice is 

broken off as in (4). Figure adapted with permission from Ghadiri et al. 2015, RSC 

Adv. 20. 

This result strongly suggested that 226Ra adsorption by Na-4-mica has occurred via 

interlayer adsorption. 
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Figure 3.9: X-ray diffraction patterns of Na-4-mica before and after radium ad-

sorption at different solid loadings A) before adsorption, B) –  G) 0.4 g/L to 10 

g/L Na-4-mica in radium solution. At low solid loading (0.4 g/L) the basal spacing 

expanded, while with increasing solids loading, the basal spacing decreased until it 

returned to the original spacing of 12 Å. X-ray diffraction allows us to look into 

the interlayer. X-ray diffraction patterns of Na-4-mica before adsorption and after 

adsorption at different solid loadings (0.4 g/L to 10 g/L). At low solid loading, 0.4 

g/L, the basal spacing expanded while with increasing solids loading, the basal 

spacing decreased until it returned to the original spacing of 12 Å. 

3.4.4 Effect of pH on Radium Adsorption 

Radium (and most metals) exist as positive ions in solution. For effective removal 

by solid phase adsorption, the solid surface should be negative. Na-4-mica, like 

many clays, has permanent negative charge due to isomorphic substitutions in the 

clay lattice 35. However, edge and surface charges can be derived by imperfections 
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in the clay lattice. Edge charges will be affected at low pH because of proton equi-

librium. Solution pH will have an effect on the abundance of such non-permanent 

charge, therefore, it is important to understand the extent of these pH-derived 

charges. 

Panels A and B in Figures 3.9 show the effect of pH on radium adsorption by 

Na-4-mica. At low pH (Figure 3.9A), radium is completely removed by 0.5 g/L 

clay. Low pH will represent a condition in which surface and edge sites are satu-

rated by protons, thereby reducing radium adsorption at these sites. At high pH 

(Figure 3.9B), radium removal is still high >90%. (The reduced efficiency is at-

tributed to the effect of high pH solution interacting with the plastic measuring 

vials during sampling.) These results suggests that radium removal by Na-4-mica 

is independent of solution pH. This finding is further supported by the result that 

Na-4-mica adsorbed radium in the interlayer sites, not the surface or edge sites, 

(see previous section and Figure 3.8.) 

3.4.5 Effect of Ionic Strength on Radium Adsoprtion 

Ionic strength affects the activity coefficient of dissolved species. For inorganic 

compounds, higher salinity reduces the activity coefficient 41. Increased salinity also 

compresses the Debye length, or the effective region in which a charged surface can 

attract an oppositely charged particle 41. Therefore increasing salinity will have a 

negative effect on radium removal but it is important to evaluate the extent of this 

effect. 

The effect of salinity is observed in Figure 3.9C. At low clay loading, radium 

removal is negligible. As the amount of clay is increased, radium removal is also 

increased. Increasing the amount of clay is analogous to increasing the number of  
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Figure 3.10: Removal efficiency for 226Ra (c0 = 20,000 pCi/L) by Na-4-mica and Bentonite in batch experiments after a 

mixing time of 60 minutes. Batch reactors were not buffered. A) Initial solution pH = 2.5, no added salt. B) Initial solution 

pH = 10, no added salt. C) 1.5 M NaCl and pH = 7. D) 1.5M NaCl, 0.01M Ba2+, and pH = 7. E) Produced Water Sample 

#1, 226Ra = 8,950 pCi/L. F) Produced Water Sample #2, 226Ra = 11,550 pCi/L.  
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available sites. Increasing salinity has the effect of reducing the effective charged 

area “ volume” , thereby reducing the effective number of adsorption sites. By in-

creasing the total number of sites, i.e. adding more clay to the system, it is possible 

to overcome the negative effect of high salinity. 

3.4.6 Effect of Competing Ions on Radium Adsoprtion 

For ion exchange processes at low salinity, selectivity of metal cations is known to 

follow the following order of preference: H > Ra > Ba > Ca >  Mg > Na 42. When 

the salinity is high, the selectivity can become reversed. Ion-exchange is a thermo-

dynamic process that involves displacement of an adsorbed ion by the desorbing 

ion. The activity (concentration) and selectivity of the adsorbed and desorbed ions 

are important in deciding the direction of ion-exchange. In oil and gas co-produced 

waters, Ba, Ca, Mg and Sr are on the order of 106
 greater concentrations than Ra 

1. Barium is most similar to radium in its selectivity, and as such, it was expected 

to provide the strongest competition for radium. For this study, the effect of barium 

was evaluated. 

The effect of the competing ion is observed in Figure 3.9D. Barium greatly 

inhibits radium removal by Na-4-mica. For these experiments, barium was dosed 

at a concentration of ~0.01M, which is the mean concentration found in Marcellus 

Shale produced waters 1. Even though radium is thermodynamically preferred to 

barium, the preferences is overcome by the activity difference of the two ions. 

Additionally, it is suggestible that the uptake kinetics will be altered by the high 

salinity and high barium concentration, such that ion exchange is incomplete after 

60 minutes. Further study is required to evaluate this possible complication.  
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3.4.7 Radium Removal from Produced Water Samples by Na-4-mica 

In addition to radium, the concentration of barium, calcium, strontium, sodium, 

and magnesium were monitored in the supernatants following the adsorption ex-

periments (these results are presented in Table 3.4). The change in the concentra-

tions of these cations during the experiments provided further insight to the ad-

sorption behavior that resulted in radium removal. It was expected that radium 

was removed by sodium displacement from the clay interlayer. This mechanism 

could be verified by monitoring the concentration of sodium in the supernatant for 

increased levels following the adsorption experiments.  

For experiments #1 – #3 where radium removal was high, sodium was desorbed 

in orders of magnitude higher than radium, or indeed any of the other elements, 

was adsorbed (on a meq basis). More sodium was desorbed at higher clay loading. 

More sodium was also released at low to circumneutral pH (i.e. below the pHzpc), 

when considered on a massic basis (meq per g of added clay). For experiment #4, 

which included barium, the results indicated that significant barium adsorption 

occurred, which resulted in little radium removal. For experiments #5 – #6 with 

the real produced waters, adsorption of barium, calcium, strontium outperformed 

radium, resulting in little to no radium removal.  

Oil and gas produced waters are characterized by high concentrations of Na, 

Ba, Ca, and Mg, at levels ~106 times that of radium.  The adsorption experi-

ments provided evidence that Na-4-mica can remove radium in high-TDS environ-

ment, when the composition of TDS is Na and Cl-. However, the presence of bar-

ium, even at concentrations of 0.01 M, was enough to have a significant negative 

impact on radium removal. When the radium removal by Na-4-mica was tested in 

real produced waters, the additional competition provided by barium, calcium, 
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magnesium, and strontium overpowered any capacity for radium. Although Na-4-

mica is selective for radium, the high ionic strength environment changes the aque-

ous behavior of the cations. This effect is expressed in illustrated in Figure 3.10A. 

At high ionic strengths, the activity coefficients of Mg, Ca, and Sr, are elevated 

high above the activity coefficient of Ra, and even Ba. Therefore, their competition 

is greatly increased at the high-TDS and high ionic strengths of oil and gas pro-

duced waters. As with other ion exchange processes, one approach to overcoming 

the competing ions is a precipitation or complexation pretreatment that reduces 

the active concentrations of Mg, Ca, and Sr. One such approach would be metal 

complexation by EDTA. EDTA forms metal complexes selectively with Mg, Ca, 

and Sr, before Ra 17. Additionally, the metal complexes are more strongly formed 

at high ionic strengths as evidenced by the formation constants (Figure 3.10B). 

This phenomenon can be exploited in designing a pre-treatment step. In further 

studies of radium removal by Na-4-mica, the effectiveness of an EDTA-metal com-

plex pre-treatment can be evaluated.  

In addition to the competition offered by Mg, Ca, and Sr, further competition 

could be presented by dissolved organic matter. It is possible that radium is com-

plexed with organic compounds present in the produced waters. Such compounds 

could be acetate, surfactants, and EDTA routinely used during the process of hy-

draulic fracturing 1,43,44. An exploratory Reactive Transport Model (RTM) was de-

veloped to investigate the effect of dissolved organic compounds on radium removal 

by clays. The model simulated a batch reactor, with a volume of 500ml and 12-

hour reaction time. Competition for adsorption was simulated through complexa-

tion with organic matter. Additional details of the RTM have been provided in 

Appendix B.5. 
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Table 3.4: Concentration of barium, calcium, strontium, sodium, magnesium, and radium in the supernatants following the adsorption 

experiments. 

  

Clay 
added  

(g) 

Barium Calcium Strontium Sodium Magnesium Radium         

C (mg/L) 
Amount 
desorbed 
(meq) 

C (mg/L) 
Amount 
desorbed 
(meq) 

C (mg/L) 
Amount 
desorbed 
(meq) 

C (mg/L) 
Amount 
desorbed 
(meq) 

C (mg/L) 
Amount 
desorbed 
(meq) 

C 
(pCi/L) 

Amount 
desorbed 
(meq) 

% re-
moval 

Desorbed 
Na 

(meq/g) 

Total 
meq de-
sorbed 

Total meq 
absorbed  

Total 
meq/g 

desorbed 

Total 
meq/g 

absorbed 

Exp 1: 
No salt & 
pH 2.5 

Control   0.079   0.513629   0.021   0.6   0.126272   23934 6.35E-09             

0.1 g/L Na-4-mica 0.003 0.011 2.94E-05 0.500806 -1.92E-05 0.0055 -1.1E-05 3.7 0.004 1.077178 2.35E-03 517 6.22E-09 98% 1.320 0.006 2.98E-05 0.063 9.94E-03 

0.55 g/L Na-4-mica 0.017 0.010 2.99E-05 0.127115 -5.79E-04 0.0077 -9.1E-06 31.2 
0.040 

1.874108 4.31E-03 0 6.35E-09 100% 2.415 0.044 5.88E-04 0.080 3.56E-02 

0.5 g/L Bentonite 0.015 0.032 2.04E-05 2.395449 2.82E-03 0.0483 1.87E-05 6.7 
0.008 

0.742636 1.52E-03 3822 5.34E-09 84% 0.523 0.012 5.34E-09 0.024 3.56E-07 

2.5 g/L Bentonite 0.075 0.034 1.94E-05 3.803424 4.93E-03 0.0885 4.62E-05 26.8 
0.034 

1.165276 2.56E-03 5129 4.99E-09 79% 0.455 0.042 4.99E-09 0.017 6.66E-08 

Exp 2: 
No salt & 

pH 10 

Control   0.028   0.23   0.009   113.9   0.08   5337 1.42E-09             

0.1 g/L Na-4-mica 0.003 0.008 8.91E-06 0.31 1.20E-04 0.014 3.08E-06 120.4 0.008 0.09 3.96E-05 1824 9.33E-10 66% 2.811 0.009 9.33E-10 0.086 3.11E-07 

2 g/L Na-4-mica 0.06 0.007 9.18E-06 0.17 -9.10E-05 0.009 -2.7E-07 130.5 0.022 0.74 1.64E-03 288 1.34E-09 95% 0.360 0.023 9.13E-05 0.012 1.52E-03 

0.5 g/L Bentonite 0.015 0.025 1.09E-06 0.62 5.89E-04 0.027 1.21E-05 115.9 0.003 0.10 6.08E-05 4700 1.69E-10 12% 0.171 0.003 1.69E-10 0.006 1.13E-08 

5 g/L Bentonite 0.15 0.028 1.31E-07 2.44 3.31E-03 0.084 5.12E-05 132.0 0.024 1.10 2.53E-03 2351 7.93E-10 56% 0.157 0.029 7.93E-10 0.006 5.28E-09 

Exp 3: 
1.5M Na 
& pH 7 

Control   0.070   2.69   0.081   28229   0.19   19383 5.15E-09             

0.1 g/L Na-4-mica 0.003 0.053 -7.5E-06 3.34 9.70E-04 0.077 -2.9E-06 29302 1.399 0.89 1.74E-03 17271 5.61E-10 11% 466.340 1.402 1.04E-05 14.017 3.47E-03 

2 g/L Na-4-mica 0.06 0.030 -1.7E-05 2.70 7.93E-06 0.041 -2.7E-05 30365 2.786 6.94 1.67E-02 4926 3.84E-09 75% 46.433 2.803 4.44E-05 1.401 7.40E-04 

0.5 g/L Bentonite 0.015 0.096 1.15E-05 5.74 4.56E-03 0.168 5.95E-05 28769 0.704 0.55 8.90E-04 18638 1.98E-10 4% 46.913 0.709 1.98E-10 1.418 1.32E-08 

5 g/L Bentonite 0.15 0.395 0.000142 28.86 3.92E-02 0.984 6.18E-04 28241 0.015 2.70 6.19E-03 17794 4.22E-10 8% 0.102 0.061 4.22E-10 0.012 2.81E-09 

Exp 4: 
1.5M Na, 
0.015M 

Ba & pH 
7 

Control   1008.2   3.23   0.08   32112   0.15   23464 6.23E-09             

0.1 g/L Na-4-mica 0.003 906.1 -0.045 2.34 -1.33E-03 0.07 -7.87E-06 28721 -4.42 0.2156 1.69E-04 24004 -1.4E-10 -2% -1474.46 0.0002 4.47 0.002 1.49E+03 

2 g/L Na-4-mica 0.06 918.4 -0.039 5.94 4.05E-03 0.12 2.43E-05 29415 -3.52 1.3712 3.02E-03 47654 -6.4E-09 -103% -58.632 0.007 3.56 0.004 5.93E+01 

0.5 g/L Bentonite 0.015 971.1 -0.016 5.37 3.21E-03 0.15 4.75E-05 29766 -3.06 0.3976 6.18E-04 22305 3.08E-10 5% -204.028 0.004 3.08 0.008 2.05E+02 

5 g/L Bentonite 0.15 893.4 -0.050 26.74 3.52E-02 0.80 4.93E-04 28925 -4.16 2.2554 5.20E-03 22480 2.61E-10 4% -27.715 0.041 4.21 0.008 2.80E+01 

Exp 5: 
Produced 

Water 
Sample 

#1 

Control   4908.4   9503.7   2758.7   23648   724.2   8951 2.38E-09             

0.1 g/L Na-4-mica 0.003 4761.2 -0.064 9326.3 -2.66E-01 2684.9 -5.05E-02 21798 -2.413 711.4 -3.17E-02 9294 -9.1E-11 -4% -804.387 0 2.83 0 9.42E+02 

2 g/L Na-4-mica 0.06 4777.6 -0.057 9275.9 -3.41E-01 2695.8 -4.3E-02 22437 -1.579 723.8 -9.32E-04 9126 -4.6E-11 -2% -26.325 0 2.02 0 3.37E+01 

0.5 g/L Bentonite 0.015 4723.6 -0.081 9232.9 -4.05E-01 2663.4 -6.53E-02 22331 -1.718 720.8 -8.36E-03 8988 -9.8E-12 0% -114.528 0 2.28 0 1.52E+02 

5 g/L Bentonite 0.15 4712.5 -0.086 9367.5 -2.04E-01 2648.0 -7.58E-02 22131 -1.979 720.8 -8.32E-03 9476 -1.4E-10 -6% -13.192 0 2.35 0 1.57E+01 

Exp 6: 
Produced 

Water 
Sample 

#2 

Control   5954.0   10645.1   3280.8   27296   912.7   11548 3.07E-09         0   

0.1 g/L Na-4-mica 0.003 5726.2 -0.100 10309.0 -5.03E-01 3107.8 -1.2E-01 26871 -0.554 854.4 -1.44E-01 10937 1.62E-10 5% -184.657 0 1.42 0 4.73E+02 

2 g/L Na-4-mica 0.06 5583.3 -0.162 10058.3 -8.79E-01 3093.1 -1.3E-01 25605 -2.205 867.1 -1.12E-01 10753 2.11E-10 7% -36.753 0 3.49 0 5.81E+01 

0.5 g/L Bentonite 0.015 5704.4 -0.109 10167.6 -7.15E-01 3107.5 -1.19E-01 25634 -2.167 872.3 -9.96E-02 10580 2.57E-10 8% -144.458 0 3.21 0 2.14E+02 

5 g/L Bentonite 0.15 5655.0 -0.131 10176.3 -7.02E-01 3075.4 -1.41E-01 25911 -1.806 863.2 -1.22E-01 10385 3.09E-10 10% -12.041 0 2.90 0 1.93E+01 
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Figure 3.11: (A) Activity coefficients and (B) log of the EDTA-Metal complex 

formation constants over the range of ionic strength encountered in high-TDS oil 

and gas produced waters.  
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The model was able to highlight that organic matter (or surface complexation) 

serves as a radium sink; and in fact this competition serves to diminish radium 

removal from solution (Figure 3.11). Therefore, the presence of dissolved organic 

compounds that can complex radium most likely reduces radium removal by Na-

4-mica. 

 

Figure 3.12: Reactive Transport Modelling of organic matter complexation of 

226Ra and the effect on radium removal by ion exchange. Organic matter serves as 

a radium sink, diminishing radium removal by clays. 

3.5 Conclusions 

This work fundamentally asks the question, “ Is Na-4-mica a viable treatment op-

tion for Ra in high TDS waters?”  Batch experiments of clay with synthetic pro-

duced water provided valuable insights into the key mechanisms driving radium 

removal by Na-4-mica. Interlayer adsorption of radium led to preferential radium 
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removal even in the presence of 1.5 M NaCl; however, this is negatively impacted 

by the presence of barium. When real produced waters were tested, radium was 

not preferentially removed by Na-4-mica. The presence of calcium, magnesium and 

strontium, at concentrations many orders of magnitude above radium, presupposes 

the need for a pretreatment step that reduces the competition from these species. 

Furthermore, the presence of dissolved organic compounds in produced water pre-

sents additional competition for radium. The effect of these organic compounds on 

radium removal by Na-4-mica was not determined experimentally, but an explor-

atory model suggested that dissolved organic compounds that can form metal com-

plexes will greatly reduce radium removal by Na-4-mica.  
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4.1 Abstract 

Beneficial reuse and resource recovery from produced water often requires treat-

ment to remove radium before valuable products are extracted. The radium content 

of the treatment waste solids and beneficial products must be accurately deter-

mined when evaluating the efficacy and social validity of such treatments. While 

gamma spectroscopy remains the recommended method for radium measurements, 

these measurements can be impacted by the composition/mineralogy of the solids, 

which influence the attenuation of the gamma decay energy �± with denser sedi-

ments incurring greater degrees of attenuation. This self-attenuation must be ac-

counted for when accurately measuring radium, otherwise radium measurements 

are found to be inaccurate, sometimes by as much as 50%. To meet industry needs, 

measurements should be both accurate and rapid, even for small sample sizes. Con-

sequently, we propose a rapid method for accurate radium measurements with an 

empirical technique to account for sample attenuation in well-detector gamma spec-

troscopy. This technique utilizes the sample density and sample volume in the 

measuring vial. These corrections are relevant to a wide range of solid samples and 

sediment densities that may be encountered during treatment and management of 

oil and gas solids, including clays, environmental sediment samples, sand grains, 

and precipitated salts. These corrections can also be applied for situations were low 

volumes of material are present, as in bench scale studies, thereby rendering this 

technique applicable to a wider range of scenarios. 
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4.2 Introduction 

Radionuclides play critical roles in the environmental sciences as they serve as 

geochemical tracers for both natural and anthropogenic processes 1�±6. The shale gas 

revolution brought rapid application of hydraulic fracturing and extensive extrac-

tion of natural gas from unconventional shale reservoirs; but it also created large 

volumes of produced water that contain high levels of total dissolved solids, heavy 

metals, and naturally occurring radioactive material (NORM) 7�±10. Moreover, 

NORM is present in bedrock or drill cuttings, spent hydraulic fracturing proppant 

sand, drilling sediments, and formation clays 11�±13. Current treatment and manage-

ment practices for the produced water often generate secondary solids in the form 

of precipitates or filter cake from fluid processing plants 14, or stream sediments 

from surface disposal 6,15�±17. These solids have been found to contain high levels of 

NORM; and when these are derived during treatment, they are classified as tech-

nologically enhanced NORM (TENORM) 18. The appropriate management and 

plausible treatment options for the produced water, primary solids, and secondary 

solids is often dictated by their radioactivity 14,19,20. Indeed, the ecological impact 

from recent extraction of natural gas from unconventional formations 21�±30, includ-

ing radioactive contamination 6,30�±34 has drawn attention and led to exploration of 

alternative management options for solids associated with oil and gas wastes. Like-

wise, the increased emphasis on alternative beneficial uses of produced water �± 

through reuse, recycling and resource recovery 35�±37�± necessitates accurate account-

ing of radium in the co-products and the final waste streams to ensure health and 

safety of workers and consumers.  

High purity germanium (HPGe) �� spectroscopy (��-spec) remains one of the most 

widely accepted methods for radium measurements 38. However, research has shown 
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that activities reported from these measurements can still be widely variable. For 

example, an inter-lab comparison study revealed that the reported radium activi-

ties of sediments had ±30% difference among labs, possibly due to calibration in-

consistencies, radon leakage, or failure to correct for sample self-attenuation 39. Self-

attenuation of ��-rays is greatly dependent on the mineralogy and density of the 

sample 40�±42, and must be accounted for during measurements. Otherwise, recurring 

under-reporting of radium activities could occur. With a coaxial and planar detec-

tor configuration of the ��-spec, and specified sample geometry, a point source 

method can be used to account for sample self-attenuation, such as the Cutshall 

Method 43,44. However, in well-detector ��-spec, it is difficult to account for self-

attenuation using a point source. This is because the 2-�Œ geometry results in a non-

uniform signal being transmitted from the point source through the sample to the 

detector 40. Furthermore, when dealing with engineered, environmental, and labor-

atory-scale samples �± where minimal masses of samples are available �± the low 

mass can produce varying efficiency performance due to the fill height in the chosen 

sample geometry. As ��-spec remains one of the most widely applied techniques for 

radium measurement, this research aimed to conduct a study on well-detector ��-

spec, so as to account for self-attenuation on solid samples over varying densities 

and varying fill heights. This study is aimed to aid researchers and entrepreneurs 

during studies on the beneficial use of co-products of oil and gas extraction, such 

as for lithium recovery 45�±51 and commercial salt recovery 52 or surface water dis-

posal, where sample volume could be low (e.g., bench-scale studies) and sample 

densities can vary (e.g., precipitates NaCl, CaCl2 or BaSO4).  
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The objectives of this study were to i) account and correct for self-attenuation 

in the ��-spec measurements of solids where a point source correction is impractical, 

ii) investigate and describe the effect of varying sample sizes and sediment densities 

on the reported radioactivity, and iii) provide recommendations for generating 

rapid and accurate radium measurements in solids derived from oil and gas waste 

management.  

4.3 Materials and Methods 

4.3.1  Materials  

Inframat® Advanced Materials provided ultrapure alpha-aluminum oxide nano-

powder, which hosted a tamped density of 1.110 g/mL (with tamping per the den-

sity-packed protocol below). Sigma Aldrich supplied bentonite (Na-Montmorillo-

nite), with a tamped density of 0.998 g/mL. The certified reference materials 

(CRM) UTS-2, UTS-3, and UTS-4 uranium tailings were provided by the Canadian 

Certified Reference Materials Project (CCRMP). These had tamped densities of 

1.809 g/mL, 1.830 g/mL, and 1.422 g/mL; and certified 226Ra activities of 5.6 Bq/g, 

13.3 Bq/g, and 22.9 Bq/g. Certified elemental compositions of the CRMs are pre-

sented in Table C1. The sample vial geometry was a Wheaton 24 mL poly seal 

cone-lined urea capped high density poly ethylene (HDPE) scintillation vial, with 

cylindrical dimensions of 2.8 cm diameter by 6.1 cm height. 

4.3.2  Density and Height Distribution  

The certified CRM UTS-2 was mixed with either bentonite or alpha-aluminum 

oxide, while UTS-3 was mixed with the alpha-aluminum oxide using an agate mor-

tar and pestle. These mixtures varied in their proportions of CRM-to-bentonite or 
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CRM-to-aluminum oxide, with the CRM portion listed first. These proportions 

were 0:100, 10:90, 40:60, 70:30, or 80:20. After mixing, the sediments were packed 

into the 24 mL scintillation vials. We ensured that the vials were densely packed 

by tamping using a rubber nib to compress the sediment. Into this 2.8 cm diameter 

vial, we applied about 30 kPa (4.35 psi) of pressure about 20 �± 50 times for each 

lift of sediment until the sediment could not be compressed further. This protocol 

required about 8 �± 10 lifts of ~3 �± 5 g of sediment for each lift in order to fully fill 

a vial. The density of each sample, at each mix ratio, was determined as the mass 

used to fully fill the vial (after tamped-dense packing) divided by a nominal volume 

of 24 mL. The corresponding densities of these blended sediments ranged from 

0.998 g/mL to 1.83 g/mL, with detailed results as presented in Table C2. The caps 

of the vials were then sealed shut by wrapping with several layers of Parafilm M®.  

In order to compare detector efficiency versus fill height, the UTS-2 and UTS-

3 samples were filled and tamped per the same protocol above. These vials were 

filled to 6 cm (fully filled vial), 3.5 cm or 3 cm, 2 cm, and 1 cm. The caps of the 

vials were then sealed shut by wrapping with several layers of Parafilm M®.  

4.3.3  Radium Analysis of the Sediments  

Radium-226 activities of all sediment samples were determined by ��-spec on a Can-

berra ultra-low background small anode germanium (SAGe) well detector, after 

the incubation period of about 30 days, so as to reach secular equilibrium between 

radium and its progeny. These included 19 conditions of varying sediment propor-

tions and sample fill heights. Each sample was counted twice for twelve hours. The 

variance-weighted average of the two counts was then used for efficiency determi-

nation. The detector efficiency was determined at the following energy levels: 186.2 
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keV (226Ra), 295.2 keV (214Pb), 351.9 keV (214Pb), and 609.3 keV (214Bi). The stand-

ard error was reported and the error propagation has been included in Appendix 

A.2.  

The alpha-aluminum oxide had no measurable radium activity. Bentonite con-

tained some measurable radium, and the activity was accounted for by using the 

efficiency determined from the UTS-2 certified sediment at full height. Thus, for 

samples that contained bentonite, the total radium activities were additive of both 

that of bentonite and the CRM. Detailed information on the total radium activities 

of the mixed sediments is presented in Table C3. 

4.3.4  Interference Correction for Radium -226 at 186 keV Energy 

Level by Peak Deconvolu tion  

When radium measurements are made from the direct analysis of the decay at the 

186.2 keV, they must be corrected for interference caused by 235U at the 185.7 keV 

energy level 40 that causes a broader, larger peak in total counts centered around 

186 keV.  Uranium could be present in many natural sediments, and it was cer-

tainly present in the CRMs UTS-2 and UTS-3, as exhibited by Table C1.  

An empirical interference correction can be performed by assuming secular equi-

librium between 234Th and 238U. Then, the activity of 235U can be estimated by 

multiplying the activity of 234Th (measured at 63 keV) by the mean natural abun-

dance ratio of the uranium isotopes 235U and 238U. The activity of 235U can then be 

subtracted from the total activity at the 186 keV peak, leaving the activity of 226Ra. 

The detector efficiency for 226Ra can then be determined as given in Eq. (4.1) 53.  

�Û�ì�Ü�Ø�ß�×
�5�<�: �ó�5�<�:
L

�4�Õ�Þ�Ú�?�Ö�â�å�å
�5�<�: �Ä�Ø�Ï 
F �F

�4�Õ�Þ�Ú�?�Ö�â�å�å
�:�7 �Ä�Ø�Ï 
H�r�ä�r�v�x�r�w
H�r�ä�w�y�s 

�r�ä�r�u�y�w �G

�#�Ë�Ô�?�6�6�:  
(4.1) 
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where,  

�Û�ì�Ü�Ø�ß�×
�5�<�: �ó�5�<�:��is the nuclear yield of 226Ra gamma decay at 186 keV multiplied 

by the detector efficiency at 186.2 keV energy level  

�4�Õ�Þ�Ú�?�Ö�â�å�å
�5�<�: �Ä�Ø�Ï  is the count rate at 186.2 keV corrected for the background count 

rate attributed to radium-226 and uranium-235, sec-1 

�4�Õ�Þ�Ú�?�Ö�â�å�å
�:�7 �Ä�Ø�Ï  is the count rate at 63 keV corrected for the background count 

rate attributed to thorium-234, sec-1 

�r�ä�r�v�x�r�w is the mean natural activity ratio of 235U/238U 53 

�r�ä�w�y�s is the nuclear yield of 235U gamma decay at 185.7 keV 40 

�r�ä�r�u�y�w��is the nuclear yield of 234Th gamma decay at 63 keV 40, and 

�#�Ë�Ô�?�6�6�: is the certified radium-226 activity in Bq 

When this interference correction was applied, measured radium activities were 

within 5% of the certified value, compared to 10 �± 45% when the interference 

correction was not applied (Table C6). 

4.3.5  Statistical Analyses  

Statistical analyses were performed using Minitab® 18; including linear regressions 

of the efficiency versus the sample heights and sediment densities. Data analyses 

were performed in MATLAB® and Microsoft® Excel. 
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4.4 Results and Discussion 

4.4.1  Influence of Sample Size and  D ensity on Radium Efficiency  

For a given source material, densities were generally proportional to fill height. 

Moreover, for mixtures of certified sediments and either bentonite or aluminum 

oxide, densities were generally quite close to the value that would be anticipated 

by mass/volume balance of the proportions of each component. The density deter-

mination protocol is presented in the SI, as well as the densities and heights of the 

mixed sediments (Table C2).  

In order to ensure that the CRMs were similar/representative of the mineralogy 

of the sediments where this method would be applicable, we compared the compo-

sitions of the CRMs with sediment cores from a river impacted by disposal of oil 

and gas produced water 6. We found that the CRMs were within the range of 

mineralogy (Al, Fe, Ti, S, Ba and Ca) of the river sediments (Table C1 and C5). 

Additionally, the CRMs are Feldspar/Quartz sediments, which are similar to the 

sediments that could be encountered when using this activity correction. 

The self-attenuation of the mixed sediments can be glimpsed by observing the 

change in the detector efficiency at the varying density and height values. The 

efficiency at 186 keV is calculated by Eq. (4.1). For the other energy levels �± 295.2 

keV (214Pb), 351.9 keV (214Pb), and 609.3 keV (214Bi) �± the efficiency is determined 

by the following equation: 

�Û�ì�Ü�Ø�ß�×
�¾ �ó�¾
L

�4�Õ�Þ�Ú�?�Ö�â�å�å
�¾���Ä�Ø�Ï

�#�Ë�Ô  (4.2) 

where,  

�ó�¾ is detector efficiency at the given energy level, E keV 
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�4�Õ�Þ�Ú�?�Ö�â�å�å
�¾ �Ä�Ø�Ï  is the count rate at E keV corrected for the background count 

rate, cps 

�Û�ì�Ü�Ø�ß�×
�¾  is the nuclear yield of the isotope gamma decay at the given E 

keV, and  

�#�Ë�Ô is the certified Ra-226 activity added of the mixed sediments, Bq 

Illustrated in Figure 4.1 is the influence of density and height on the detector 

efficiency. First, we observe the change in efficiency when the density is varied but 

the fill height is kept constant (Figure 4.1A). Next, we observe the change in effi-

ciency when the sample fill height is varied for a sediment at constant density 

(Figure 4.1B). Clearly shown is the mass-dependent attenuation, as the mixed sed-

iments with higher density report lower detector efficiencies. Additionally, when 

the vial is not fully filled, the efficiency values are higher. Increasing the mass of 

the sediment either by increasing the density or the fill height resulted in a reduced 

efficiency. This mass dependence of self-attenuation is expected 41,42. We can define 

a relationship between the attenuated and un-attenuated efficiencies as follows: 

�ó�º
�¾
L �ó�¾
E�Ù�Û�Ø�Ü�Ú�Û�ç�* 
E�Ù�×�Ø�á�æ�Ü�ç�ì�& (4.3) 

where 

�ó�º
�¾��is the attenuated efficiency at any given energy level 

�Ù�Û�Ø�Ü�Ú�Û�ç is the height-influenced attenuation factor 

�Ù�×�Ø�á�æ�Ü�ç�ì is the density-influenced attenuation factor 

�* ��is the sample fill height, cm, and  

�&��is the sediment density, g/mL 
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