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Unconventional oil and gas residual solid wastes are generally disposed inmunicipal waste landfills (RCRA Subtitle

D), but they contain valuable rawmaterials such as proppant sands. A novel process for recovering rawmaterials

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�1 (5.6 pCi g�1). In contrast, the clays had elevated radium activities, as high as 1.85–

3.7 Bq g�1 (50–100 pCi g�1) – 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 significant 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 that employed the toxicity characteristic leaching

protocol (TCLP) on these separated 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.
Environmental signicance

Energy production by hydraulic fracturing consumes signicant volumes of rawmaterials (sand, clay andwater). Conventionally, the solid wastes from this process
are disposed to landlls despite containing recoverable raw materials. In addition, natural radioactivity from the formation returns to the surface with the ow of
oil or gas and co-produced water. This radioactivity can oen become concentrated in the solid waste. In a bid to make hydraulic fracturing more sustainable, we
explored a treatment process of this solid waste that could reclaim raw materials; reduce waste volumes; and a reduce/mitigate radioactivity in the environment.
Introduction

Environmental sustainability is one of eight millennium
development goals put forward by the United Nations; and it
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remains one of the biggest challenges for the current genera-
tion. Now, more than ever before, engineered solutions must be
assessed through the lens of environmental sustainability.
Solutions to meet the increasing energy demand of a growing
population must be economically and environmentally
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 previously uneconomic, low-permeability formations;
This journal is © The Royal Society of Chemistry 2019

http://orcid.org/0000-0003-3511-3948
http://orcid.org/0000-0002-6434-5118
https://doi.org/10.1039/c8em00248g
https://pubs.rsc.org/en/journals/journal/EM
https://pubs.rsc.org/en/journals/journal/EM?issueid=EM021002


Paper Environmental Science: Processes & Impacts

Pu
bl

is
he

d 
on

 0
1 

N
ov

em
be

r 2
01

8.
 D

ow
nl

oa
de

d 
by

 P
en

ns
yl

va
ni

a 
St

at
e 

U
ni

ve
rs

ity
 o

n 
5/

10
/2

01
9 

3:
36

:3
2 

PM
. 

View Article Online
and this opportunity has sparked an energy revolution that is
rapidly moving USA towards energy independence.2 However,
this energy revolution has not proceeded without controversy
regarding issues around the relationship between hydraulic
fracturing and potential environmental impacts such as: waste
solids landlling, and potential radioactivity exposure,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.19,20 Ground-
water methane contamination from oil and gas activities has
been investigated with conicting 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 rst of these issues, namely, waste solids handling
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 radioactive material
(NORM) and high concentrations of salts.24,25 Surface discharge
of partially treated liquid wastes, including owback and
produced water, has led to increased levels of metals, chloride,
bromide and radioactivity in the receiving waters and sedi-
ments, as well as posing risks to aquatic and human health.10–12

These discharges are also linked with the possibility of gener-
ating disinfectant byproducts, 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 strontium sulfate) by sodium sulfate addition,27–29 or
by blending with acid mine drainage;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 coefficients – than would be needed if such precipitation
was occurring in freshwater that contained low salt levels.29

Additionally, sulfate addition can result in scale formation34

and increased activity of sulfate reducing bacteria30 when the
uid is reused for hydraulic fracturing. While ion exchange can
provide targeted radium removal, this process would require
pretreatment 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 considerable amounts of
pristine solids consumed by this industry. A sustainable energy
future includes efforts to reduce wastes that are landlled, 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 consume as much as 5000 tons of sand as
proppant.35 Currently, in Pennsylvania, fracturing sands that
return to the surface with owback uids and produced waters
This journal is © The Royal Society of Chemistry 2019
are disposed in landlls. In 2011, about 15 000 tons of frac-
turing sand were reported disposed in landlls, second aer
drill cuttings in disposal volume.36 In that same year, 290
million liters (2.4 million barrels) of drilling uids, 1 billion
liters (9 million barrels) of produced water, and 940 million
liters (7.9 million barrels) of owback uid were generated in
Pennsylvania. Of that liquid waste, 70% of drilling uids were
reused and 72% of the owback uid and brine were reused/
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 per ton to $87 per 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 sand-using industries notably glass
makers and iron foundries, who extensively use the same ne-
grained silica sand from the Upper Midwest35,37,38 (see
Fig. S1†). 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 pres-
sures have been documented in reports on the diminishing
sand supply,39 land disputes,40 erosion caused by mining and
transportation,35 damage to local ecosystems, increased risk of
ooding,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 Woodbine
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 Fig. S2,† landlls accepted almost
7000 tons of sludge from oil and gas wastewater treatment
facilities in 2017. This sludge contains radioactive material with
typical 226Ra activities ranging from 0.111 Bq g�1 to 17.8 Bq g�1

(3 pCi g�1 to 480 pCi g�1).47,48 Research on the treatment of such
technologically enhanced naturally occurring radioactive
materials (TENORM) sludge is limited.48–50 Therefore, there is
an opportunity to evaluate rawmaterial recovery and solid waste
radioactive management for the unconventional oil and gas
industry.51

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
Environ. Sci.: Processes Impacts, 2019, 21, 308–323 | 309
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recovery and waste reduction; and this has pointed the way to
diminished raw material use and signicant savings to oper-
ating costs in both industries.52–64 Specically, 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 (Fig. 1) utilizes cavita-
tion to generate localized cavities, which then collapse under
ultrasonic inducement, 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 generated, 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 concentrator to rst
disaggregate sands from clays and silts, and then separate these
three from one another (Fig. 1).

In a recent publication, the underlying mechanism for HAC-
AO was studied by nanoscale Surface Imaging Spectroscopy
(SIS).68 The SIS technique provided evidence for the separation
mechanism of HAC-AO, as the microscopic cleaning process 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.
Fig. 1 The Furness Newburge hydroacoustic cavitation circuit showing pr
circulated through the cavitation box and hydroacoustic cavitation cham
hydrocyclone: slurry came in through the inlet and two outflow stream
concentration; and the overflow – with smaller grains and lower solids co
diverted to the overflowwhile coarser particles were diverted to the under
was pumped upward from the sump to the top of the stack. Separation
trough. The repulper at the end of the first stage (after 4 turns) rejected ve
passed over the final 4 turns and discharged through the spiral ports. The s
diverted to ports 1 & 2, while high-density particles were diverted to port

310 | Environ. Sci.: Processes Impacts, 2019, 21, 308–323
The goal of this work was to reclaim hydraulic fracturing raw
materials, while reducing landll wastes and mitigating
possible exposure to natural radium in the wastes. There were
three objectives of this research. (1) To appraise a novel
approach 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 landlls; (2) to evaluate the result-
ing radioactivity of the sands and clays that have been separated
out of the waste materials following HAC or HAC-AO treatment,
including leachability in a simulated landll environment; and
(3) to explore the radium affiliation within hydraulic fracturing
solid materials. The hypothesis was that hydroacoustic cavita-
tion (and/or HAC-AO) would disaggregate ne material (clays)
from large grain material (sand); and following this disaggre-
gation, 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 affil-
iated with sand-sized fractions.
Materials and methods
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 content of the residual waste was 53% by weight as
determined gravimetrically and in triplicate from multiple well-
mixed buckets.
ocess flow and components (not to scale). Slurry from the feed tankwas
ber for treatment. Following treatment, the slurry was pumped to the
s were created: the underflow – with larger grains and higher solids
ncentration. The hydrocyclone separated particles by size – fines were
flow. Next was the spiral concentrator: the underflow or overflow slurry
by gravity occurred as the slurry flowed downward through the spiral
ry coarse material into the central column (port 7). The remaining slurry
piral separated particles primarily by density– low-density particles were
s 3–7. Red boxes denote sampling points. After ref. 62 and 70.

This journal is © The Royal Society of Chemistry 2019
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Size classication

Size classication was determined using USA standard testing
sieve ASTM E-11 specication by WS Tyler Incorporated. The
solids were size-classied by wet sieving through US sieve mesh
#70 through #230 (212 mm to 63 mm), and immediately dried
overnight in a 105 �C convection oven, aer which the dry
weights were recorded. All grains smaller than 63 mm, 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. material 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 simplication in discussion, material greater
than sieve size #70 (+70 mesh i.e. >212 mm) is referred to as
“sand”, and material less than sieve size #230 (�230 mesh i.e.
<63 mm) is referred to as “clay” per ASTM D6913-04.62 Material
between those two size fractions is referred to here as “silt”.
Hydroacoustic cavitation system

We employed a pilot-scale system that included hydroacoustic
cavitation, which could be coupled with advanced oxidation
(herein identied 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 Fig. 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 [2400 diameter
and 4200 height]), a 5 HP centrifugal pump (3450 rpm) with
Bluon xed-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 ow eld of passing uid. The circuit was
piped with 3.81 cm (1.5 in) diameter PVC schedule 80 piping.
Three way valves along the circuit enabled ow 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 hydrocyclone is a device used
for size separations on a slurry stream. The slurry was fed
tangentially via the inlet. As the slurry owed through the
hydrocyclone, centrifugal forces caused coarse particles to
migrate to the wall of the hydrocyclone and out through the
bottom. This material was classied as the “underow”.
Meanwhile, a counter vortex pushed ner particles along with
the bulk of the water up through the top vortex. This material
This journal is © The Royal Society of Chemistry 2019
was classied as the “overow”. By the principles of the
hydrocyclone, the overow will host a lower percent of solids,
smaller particle sizes, and larger ow rates, while the underow
will have a high solids percent, larger particle sizes, and lower
ow rates. Aer separation by the hydrocyclone, the spiral
concentrator was deployed to further separate the solids. A
Multotec SX7 single-start, two-stage, seven-turn spiral concen-
trator 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 owed 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. Aer four turns, themost-dense materials were
diverted into the center column, while the remaining slurry
continued to ow 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, nes 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 rst
stage through the center column (port 7).
Pilot scale experimental methods

The residual solids were mixed with University Park municipal
tap water to prepare 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 1.2 mm. This slurry was introduced into the
50-gallon “feed” tank (Fig. 1). The HAC-AO system was run as
a pseudo-batch reactor: ow 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 cavitation
turned off. Aer about 2 minutes of homogenizing the material,
the components of interest for each run were turned on and the
system operated for 10 minutes. Aer this 10 minute operation,
the ow was diverted to the hydrocyclone, where the “under-
ow” and “overow” were collected in�20 L (5 gal) buckets and
a �200 L (55 gal) drum. The overow and underow material
were separately processed through the spiral concentrator. For
each run, samples were collected from the feed tank, underow,
overow and spiral outlet ports (see Fig. 1). These samples were
then size-classied as described above. The following experi-
mental 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. Recirculation proceeded for 10 minutes before
passing the slurry through the hydrocyclone.

(2) HAC: hydroacoustic cavitation was implemented (without
ozone or hydrogen peroxide). The slurry was sent through the
cavitation box and the ultrasonic unit was operating at 100%
Environ. Sci.: Processes Impacts, 2019, 21, 308–323 | 311
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frequency power. Recirculation proceeded for 10 minutes
before passing the slurry through the hydrocyclone.

Additionally, two conditions were included for further anal-
ysis to evaluate the redistribution of radium. These were:

(3) HAC-AO: hydroacoustic cavitation coupled with advanced
oxidation (AO – hydrogen peroxide), at a dose of 0.1%
(1000 mg L�1), and near-saturated ozone (at a rate of 566 L m�1

(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�1 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.
Toxicity characteristic leaching procedure

The EPA Method 1311 Toxicity Characteristic Leaching Proce-
dure (TCLP)72 evaluated the mobility of 226Ra and inorganic
cations from the treated solids aer HAC-AO, HAC, or the
Control treatment. The TCLP is intended to mimic the chemical
conditions of a landll environment. The extraction uid (uid
#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 uid–
solid mass ratio in 250 mL Nalgene® polypropylene at bottom
centrifuge tubes. Aer mixing for 18 hours, the suspension was
centrifuged on an Eppendorf 5810R centrifuge at 3000 rpm for
10 minutes. The supernatant was ltered through a 0.7 mm
TCLP glass ber lter (Pall Laboratory) and then transferred to
a 50 mL test tube, acidied to <pH 2 with concentrated nitric
acid, and stored at 4 �C until analyses using inductively coupled
plasma atomic emission spectrophotometry (ICP-AES). The
Table 1 A four step sequential extraction was designed to investigate rad
Extractions performed with 20 : 1 fluid-to-solid ratio. After extraction, so
Radium-226 activities of the dried solids were determined by gamma sp

Step Description Extraction targe

0 Oven dried “As Recvd” and wet sieved,
size-classied solids (includes TDS)

No extraction

1 Distilled–deionized (DI) water for 24 hours Soluble salts/eva

2 1 M ammonium acetate for 12 hours Surface exchang

3 9% acetic acid for 12 hours Carbonate mine

4 0.1 M hydrochloric acid for 12 hours High-charge int

312 | Environ. Sci.: Processes Impacts, 2019, 21, 308–323
solid residue was then dried and the 226Ra activity of this solid
was determined by gamma spectroscopy (see description
below).
Sequential extractions

Radium (and major metal) association in the size-classied
solids was determined by a four step sequential extraction
procedure that we modied from ref. 73 and 74. The extractions
were performed at a 20 : 1 uid-to-solid mass ratio in which the
extraction uids were chosen to determine radium association
with salts/evaporated pore water (Step 1: distilled–deionized
water for 24 hours); with surface sites (Step 2: 1 M ammonium
acetate for 12 hours); with carbonate minerals (Step 3: 9% acetic
acid for 12 hours); and with metal oxides (Step 4: 0.1 M
hydrochloric acid for 12 hours) (see Table 1). The initial 226Ra
activity, prior to Step 1 extraction, of the “As received” solids, or
wet sieved, size-classied treated solids was classied 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 at bottom centrifuge tubes. Aer
each extraction, the suspensions were centrifuged on an
Eppendorf 5810R centrifuge at 3000 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 uid. All rinsates and supernatants were combined,
ltered through a 0.7 mm TCLP glass ber lter (Pall Labora-
tory), transferred to 50 mL test tubes, acidied 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).
Major metals analyses

Elemental compositions of the acidied 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 Spec-
trometer per EPA standard 200.7.
ium associations in the HAC-treated residual waste. After ref. 73 and 74.
lids were separated by centrifugation, rinsed with DI water, and dried.
ectroscopy

ts Target examples

All soluble and insoluble solids

porated pore water NaCl, BaCl2, CaCl2, & SrCl2

eable/low-charge interlayer From surface of sand and silt grains;
from illite clay interlayer

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

erlayer/partial silicate/oxides MnOx, FeOx

This journal is © The Royal Society of Chemistry 2019
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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, aer the incubation
period of three weeks. The reported 226Ra activity was the
average of the daughter products activities (214Bi at 295.2 keV
and 351.9 keV, 214Po at 609.3 keV). The standard error was re-
ported and the error calculation is included in the ESI.† The
sample geometry used was a Wheaton 24 mL poly seal cone-
lined urea capped HDPE liquid scintillation vial with counting
efficiencies determined using the certied UTS-2 uranium tail-
ings provided by the Canadian Certied 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 unconven-
tional oil and gas wastes and its long half-life (1600 years)
makes it persistent in the environment. Because radium's
isotopes are chemically identical, the results presented for 226Ra
should be consistent for 228Ra.75,76 Sample masses ranged from
5 g to 35 g. To control for mass, we counted our standards
within similar masses of 8 g to 40 g, and developed 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 h with
insignicant counts. Most samples were counted once. Repre-
sentative samples were tested in triplicate, and found to be
within 1–3% of one another.
Fig. 2 Grain size analysis of HAC treatment (without AO – panels (A–C)
points downstream of the treatment system. Fine particles will plot high a
size analysis performed using US mesh sieves per ASTM D6913-04 from
causes disaggregation of homogenized solids when processing dewa
treatment (panel (A)) compared to the No HAC Control (panel (D))). Fine
Disaggregated solids can be further separated by the cyclone and spiral –
vs. (E)) and sand (panel (C) vs. (F)). HAC treatment results in a distinct pa

This journal is © The Royal Society of Chemistry 2019
Materials

All analytical chemicals were reagent grade and supplied by
VWR. Distilled–de-ionized water was provided by the Thermo-
Scientic Barnstead Nanopure water system with resistivity at
18.2 mU. The extraction uids for the toxicity characteristic
leaching procedure and sequential extractions were stored in
glass Pyrex bottles at room temperature. Optical light micro-
scope images were acquired on a Zeiss Axiophot microscope.
Results
Pilot scale trials for raw material recovery

We conducted grain size analysis of the treated solids that were
recovered at the “feed” tank, “overow”, “underow”, and the
“spiral ports” (Fig. 2A–F). In this gure, ne particle streams
will plot high and to the le, while coarse particle streams will
plot low and to the right. In the No HAC Control run (Fig. 2D),
the overow and underow overlap – showing that the two
streams had very similar particle sizes because no disaggrega-
tion had occurred. When HAC was applied (Fig. 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
overow has plotted higher than the material collected from
the underow, indicating ner grain size in the overow than
the underow, 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 disag-
gregation, and thus no subsequent physical separation was
) and Control (No HAC – panels (D–F)) of solids collected at sampling
nd to the left, while coarse particles will plot low and to the right. Grain
<63 mm (#230 mesh i.e. clay) to >210 mm (#70 mesh i.e. sand). HAC

tered residual solids in 5% slurry with municipal tap water (for HAC
particles go to the overflow and large particles go to the underflow.
with HAC, the process achieved higher concentration of clay (panel (B)
rticle size distribution.

Environ. Sci.: Processes Impacts, 2019, 21, 308–323 | 313
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Fig. 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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observed in the spiral effluents (ports 1 and 2) when processing
the overow (Fig. 2E). Likewise, there was little physical sepa-
ration observed in the spiral port 7 when processing the
underow (Fig. 2F). In contrast, when the solids were treated
with HAC, the physical separation devices successfully sepa-
rated the disaggregated solids into a clay-rich stream that dis-
charged from the overow versus a sand-rich stream that
discharged from the underow (Fig. 2A). Moreover, when the
overow was passed through the spiral, a clay-rich stream could
be gleaned from ports 1 and 2 (Fig. 2B), and when the underow
was passed through the spiral, a sand-rich stream could be
gleaned from ports 3 and 7 (Fig. 2C). Indeed, HAC treatment
(even without AO) resulted in a particle stream from the over-
ow that was 82–88% “clays” (<63 mm) through ports 1 and 2;
and these ports constituted about 90% of all the overow solids.
Furthermore, the particle stream following HAC from the
underow was as high as 76% “sand” (>210 mm) through port 7
and 51% though port 3 (Fig. S3†); and these ports constituted
about 72% of all underow solids. Thus, the HAC-hydrocyclone-
spiral unit operations could offer a means for recovering these
raw materials. With HAC-AO, the sand recovery from port 7 was
61%. Without HAC, the control offered only slight separation of
sizes (Fig. S3†).

The mass balance-normalized recovery of raw materials is
shown in Table 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 underow contained 36%
clay; compared to only 20% when treated with HAC.

Optical microscope images provided a visual assessment of
the performance of these treatments. Fig. 3 shows the HAC-
treated reclaimed sand (underow port 7) as compared to
the untreated, as-received material. As shown, the dis-
aggregating 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 received” material (photo not shown
herein).
Table 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 sanda

Sampling point

No HAC HAC

Clay Sand Clay Sand

Feed 24% 35% 47% 23%
Overow 8% 1% 11% 0%
Spiral port 1 8% 1% 10% 0%
Spiral port 2 2% 0% 5% 0%
Underow 36% 7% 20% 14%
Spiral port 3 5% 1% 2% 3%
Spiral port 7 6% 2% 3% 35%

a The percentage represents howmuch of the material sampled was clay
(<63 mm i.e. #230 mesh), or sand (>210 mm i.e. #70 mesh), relative to the
starting mass of the “As received” material.

314 | Environ. Sci.: Processes Impacts, 2019, 21, 308–323
Toxicity characteristic leaching protocol

The mobility of major elements and radioactivity of the selected
size-classied 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 (Fig. 4
and 5). These results showed that radium did not leach from
any of the samples, except for the “As received” clays (Fig. 4). For
all other cases, radium activities of the treated solids remained
the same before and aer 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 received 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 (Fig. 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 signicantly from any of the treated
solid samples. Strontium, sodium, lithium and potassium
leached the most from the “As received” and “feed” samples,
and from the No HAC overow. Calcium and magnesium
leached from many of the treated samples.

When comparing Fig. 4 with Fig. 5, we observed that radium
mobility strongly followed barium mobility. Specically, the
TCLP extracted both radium and barium from the “As received”
clays; but following treatment, the TCLP extracted 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�1 to
2 mg L�1 (Table S1†), compared to levels of 2 to 13.5 mg L�1 for
the No HAC Control. Notably, all these extractant levels
following treatment were far below the TCLP regulatory limit of
500 mg L�1. The concentrations of the other metals in the
extractants from the treated solids were all less than 5 mg L�1,
indicating that there was little potential for leaching from HAC-
treated materials.
This journal is © The Royal Society of Chemistry 2019
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Fig. 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 radiummeasurements 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 mm is clay (#230 mesh), >210 mm 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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Sequential extractions

Radium and major metal associations in the size-classied
solids were determined by a four step sequential extraction
procedure modied from ref. 73, 74 and 77 (Fig. 6 and 7). These
samples were selected to represent recoverable sand (sand
fraction from underow port 7), recoverable clay (clay fraction
from overow port 1), and the intermediate silts that would be
disposed (silt fraction from underow).

For all size fractions, considerable radium was leached
during Step 4 – and to a lesser extent during Step 3 (Fig. 6). The
cations that leached most during Step 4 were Ba, Sr, Fe, and Al
(Fig. 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-classication, the barium leached far more during steps 2,
3, and 4 than barium leached from the treated samples (Fig. 7).

Sequential extractions of the reclaimable sand (underow
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
(Fig. 6). When HAC or HAC-AO was employed, the reclaimable
sands had 226Ra activities of �0.74 Bq g�1 (20 pCi g�1). Paren-
thetically, when HAC was operated for an extended time of 30
minutes (i.e. HAC-LR), the sand from this underow had 226Ra
This journal is © The Royal Society of Chemistry 2019
activities of 0.207 Bq g�1 (5.6 pCi g�1) (Fig. S4†). 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 (Fig. 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 aluminum –

inferring the presence of these oxides (Fig. 7).
For all the clay fractions, the rst 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 (Fig. 6).
Particularly, relative to the overow port 1 “clays”, organic
surfactants, with their 0.85–0.95 mg L�1 density, would be ex-
pected to congregate at port 1. When the sequential extraction
results (Fig. 6) are overlapped with the major metals leached
(Fig. 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 aer
Step 2, indicating again that radium was not associated with
surface sites or low-charge clay interlayer sites.

We also monitored the mass loss that occurred during each
extraction (Fig. 8). While the dissolution of carbonate minerals
during Step 3 accounted for the greatest mass loss (Fig. 8),
radium did not follow this trend, as Step 1 accounted for the
Environ. Sci.: Processes Impacts, 2019, 21, 308–323 | 315
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Fig. 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). Radiummobility strongly followed bariummobility. Leaching did not
result in concentrations above regulatory limits for TCLP and landfill disposal.
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greatest radium leaching. This is suggestive that radium asso-
ciation with the 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 aer wet
sieving – and also possibly with organic surfactants.

Finally, for the silts (underow) 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) (Fig. 8) – possibly stron-
tium, iron, and aluminum oxides (Fig. 7) – radium was not
released during their dissolution. Metal mobility also showed
the presence of calcium, magnesium, iron, and aluminum
carbonates (Step 3) (Fig. 7). However, none of the treatments
rendered radium more readily leachable from the silts.
316 | Environ. Sci.: Processes Impacts, 2019, 21, 308–323
Discussion
Raw material recovery: HAC treatment resulted in the
disaggregation 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 mate-
rials. The quality of sand used as hydraulic fracturing proppant is
specied by the API RP 19C/ISO 13503-2 standard.78 The standard
includes specications 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
This journal is © The Royal Society of Chemistry 2019
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Fig. 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 radiummeasurements andmassmeasurements. Step 0 ( ): initial
solid; Step 1 ( ): DI water rinse for soluble salts; Step 2 ( ): 1 M 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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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�1 (5.6 pCi g�1), which offers a reduced risk for worker
exposure to radioactivity. The HAC treatment of the residual waste
also resulted in the concentration of ne clays. These clays (and
dried salts/organic surfactants) were found to have high radium
activities, as high as 1.85–3.7 Bq g�1 (50–100 pCi g�1). However,
more than half of the radium in these dried solids was associated
with salts or organic surfactants, and was mobilized when the
dried solids were suspended in DI water. These salts and surfac-
tants could be returned back downhole with the hydraulic stimu-
lation uid; and they would thus not end up with landlled solids.

We anticipate that by passing the underow material
through the HAC or HAC-AO systems a second time, we could
achieve even more sand and clay recovery, as the underow
following one pass still contained 20% clays by mass when size
fractioned (Table 2). While these clays are not presently of
market value, the accumulation of radium presents an oppor-
tunity to revise the current management practices for radioac-
tive residual waste.
This journal is © The Royal Society of Chemistry 2019
Assuming a waste generation of 5000 tons per year from such
a facility as encountered by this work, HAC treatment can result
in the generation of marketable source sand that could be
valued around $40 000 to $80 000 per year, when sold at a frac-
tion of the price of freshly mined sand (Table 3). This value can
be 3 to 5 times greater if resin coated sands or ceramic proppant
have been used.79 In 2017, 6700 tons of residual sludge waste
from facilities treating oil and gas wastewater was recorded as
being disposed in PA landlls (Fig. S2†). The reduction in
sludge waste volume as a result of sand and clay reclamation
with treatment via HAC could reduce landll costs by about
$100 000 to $300 000 per year in Pennsylvania. This is a signif-
icant cost savings for waste management operations.
Radium associations in the residual solids: HAC treatment
diminished radium and barium mobility

The combination of the modied TCLP and sequential extrac-
tions gave insights into radium mobility and radium associa-
tion in the HAC-treated residual waste solids. Firstly, without
treatment, the clay-sized particles (<63 mm) showed unfavorably
high potential for losing radium and barium through leaching
in the landll. Aer HAC-treatment, this potential was
dramatically and consistently reduced for both radium and
Environ. Sci.: Processes Impacts, 2019, 21, 308–323 | 317
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Fig. 8 Mass lost from the size-classified solids following sequential
extractions. Step 1 ( ): DI water rinse for soluble salts; Step 2 ( ): 1 M
ammonium acetate for surface sites; Step 3 ( ): 9% acetic acid for
carbonates; Step 4 ( ): 0.1 M hydrochloric acid for oxides; and recal-
citrant mass ( ) following steps 1–4. shading for sand, for silt, and

for clay. The “As received” samples are demarcated with a lighter
shade.

Fig. 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 ( ): 1 M
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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barium. Additionally, the silt-sized (between 63 mm and 210 mm)
and sand-sized particles (>210 mm), did not show potential for
leaching radium or barium following HAC or HAC-AO treat-
ments. Radium associations in the residual waste before treat-
ment indicated that radium was most mobile from the particle
sizes less than 63 mm and should be further evaluated prior to
disposal.

An interesting nding was that radium was removed during
Step 1 of the sequential 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
318 | Environ. Sci.: Processes Impacts, 2019, 21, 308–323
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 material. Such compounds could be
surfactants, acetate, and EDTA. These (and especially surfac-
tants) are used during hydraulic fracturing; and they have been
detected in owback 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 treatment; and this would be
indicative that surfactants are present. Moreover, the combi-
nation of cavitation and bubbled ozone resulted in dissolved air
that accumulated in the ultrasonic chamber, and apparently
created a similar phenomenon as for a small-scale dissolved-air
otation 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 complexed by these organic compounds became
associated with the clays. The operation of the HAC system
would have caused these organic-rich clays to be concentrated
in the overow and subsequently in spiral ports 1 and 2. This
could be an explanation of the very high radium activity found in
the clays fromHAC-AO overow port 1. The sequential extraction
of these clays showed radiummobility following the rst 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 clays, and returned back downhole with
hydraulic stimulation uids. We note that the chemical oxygen
demand (COD) of the extractant following this step was deter-
mined to be 1300mg L�1; 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
This journal is © The Royal Society of Chemistry 2019
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Table 3 Summary of the raw material recovery and market opportunity from HAC-treated residual waste assuming a disposal volume of 5000
tons per year

Recovery Price of pristine material Estimated benet assuming 5000 tons per year of residual solid

Silica sand �37% $84 per ton (ref. 35) Resell at $30 per ton ¼ $50 000–60 000 per year
Resin coated/ceramic proppant �37%a $200–500 per ton (ref. 79) Resell at $70–150 per ton ¼ $130 000–280 000 per year
Wasted material �63% �$76 per ton (ref. 80) Potential cost savings of $140 000 per year

a Assuming similar recovery of resin coated sand or ceramic proppant as for silica sand.
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combination of radium association with salts and organics
presents an opportunity for the development of new radium
management practices of such residual solids.
Implications for disposal

The Pennsylvania Department of Environmental Protection (PA
DEP) commissioned a study to investigate exposure and
contamination risks from TENORM at facilities impacted by oil
and gas operations.47 The average radium activity reported by
this PA DEP study for proppant sand prior to hydraulic frac-
turing was 8.99 Bq kg�1 � 2.18 (243 pCi kg�1 � 59), and aer
was 128 Bq kg�1 � 110 (3460 pCi kg�1 � 2990); while the lter
cake (i.e., sludge) of nine zero liquid discharge facilities had
activities that ranged from 0.111 Bq g�1 to 17.8 Bq g�1 (3 pCi g�1

to 480 pCi g�1).47 The reclaimed sand from our work had
radium activity as low as 0.207 Bq g�1 (5.6 pCi g�1), with little
risk for leaching of this radium; while the reclaimed clays
(including salts and organics) could be as high as 3.7 Bq g�1

(100 pCi g�1). The activity of the eventually disposed material
ranged from 0.74 Bq g�1 to 1.48 Bq g�1 (20 pCi g�1 to
40 pCi g�1). The disposed material will thus contain lower net
radium mass and lower volume, thereby reducing TENORM
waste disposal and landll costs. Alternative treatment for solid
waste management with elevated radioactivity can be proposed
following the ndings from the TCLP and sequential extrac-
tions. Radium in the residual solids was associated with salts,
carbonates, oxides, and possibly surfactants at this study site.
Limitations of this study

In this work, municipal tap water was used to make the slurries
prior to experimental runs on the HAC system. This protocol
was an inherent artefact of conducting these pilot-scale tests at
Penn State, miles from the residual waste-processing facility.
We acknowledge that such intentional dilution would be
impractical for a full-scale operation. Instead high-TDS
produced and owback 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
uids following the TCLP and sequential extractions suggest
that heavy metal concentration will be relatively low. Reported
heavy metal concentration in Marcellus Shale produced uids
are <1 mg L�1, compared to barium, calcium, and magnesium
at 50–30 000mg L�1.25,84 The concentrations of thesemetals (Ba,
Ca, and Mg) in the extractants did not exceed 5 mg L�1,
This journal is © The Royal Society of Chemistry 2019
therefore it is not expected that the heavy metals will have
signicant 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). Eitr-
heim 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.
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�1 (5–20 pCi g�1); whereas the clays (along
with their associated salts and organics) had elevated radium
activities, as high as 1.85–3.7 Bq g�1 (50–100 pCi g�1). We
propose that the sand grains can be reused as recycled hydraulic
fracturing proppant. The separation of sand from clay and silt
could reduce the volume of radium-containing wastes that are
disposed in landlls, and also reduce the radium mass to
landlls. This could represent a signicant savings to facilities
handling unconventional oil and gas waste. Additionally, the
reclaimed sand could have market value in hydraulic 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 uid 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 perform 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 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
Environ. Sci.: Processes Impacts, 2019, 21, 308–323 | 319
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could cause an increase in TDS and radium activities,48 poten-
tially increasing the radioactivity and volume of sludge gener-
ated 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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