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Produced Water Characterization is Challenging

* Constituents of concern in produced water (formation water and flowback water):
* Suspended solids, oils, and grease
» Salts (referred to as dissolved solids) and metals
* Dissolved organics (e.g., petroleum hydrocarbons, volatile and semi-volatile compounds)
* Dissolved gases (e.g., H,S, NH;)
e Naturally occurring radioactive material (NORM)
* Microorganisms
* Chemical additives (well completion and on-going well maintenance)
* Transformation/degradation products, and unknowns

* Produced water quality and quantity are highly variable, spatial and temporal

* High salinity and complex water chemistry cause challenges in analytical methods and
treatment

* Costly and time-consuming for “comprehensive” analysis

(’\
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Highlights of Accomplishment




Critical Review of Analytical Methods for Comprehensive
Characterization of Produced Water
o No standardized methods approved by EPA on PW analysis

o Many studies rely on methods originally designed for surface and groundwater
matrices. Flowback and PW have more complex matrices and higher salinity.

o Limited knowledge regarding the composition of chemical additives used during
hydraulic fracturing, and the transformation products are unpredictable.

o The contaminants are usually present in trace amounts. To analyze these chemicals,
sophisticated analytical methodologies are often required.

o Danforth et al. identified 1198 unique chemical constituents in PW, and only 290 (24%)
could be quantified by the EPA-approved test methods

o The development of suitable analytical methods for accurate PW characterization in
complex water matrices is imperative.
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Critical Review of Analytical Methods for Comprehensive
Characterization of Produced Water
o Reviewed >150 peer-reviewed publications and regulatory standard methods.

Basic water quality Inorganics NORM Organics Biological

Alkalinity TS, TDS, TN, Metal ions Anions Ra, U, Th, T1 VOCs and Non- Nontarget
\ TSS TOC/DOC SVOCs volatiles analysis

Precleaned plastic or amber
glass (for TOC) bottles;
minimal headspace; store and
ship with ice; preserve in
fridge.

Sterile
polypropylene or
HDPE bottles;
store and ship with
ice; preserve in
fridge; -20 °C or -
80 °C freezer for
long term storage

Precleaned plastic bottles; minimal
headspace; store and ship with ice;
preserve in fridge.

/

Sampling and
preservation

Precleaned amber glass bottles

or VOA vials; minimal

Sampe
acidification; series dilution iltration, , Purge , y
pretreatment DS and 155 series dilution acidification, SPE. and trap : Centrifugation or
For HPGe-GS: Filtration; PCR
NIST procedures Amplification
TN, TOC
analyzer. LC-MS,
Analytical Titration to EPA method ICP-AES, HRMS/MS
techniques [ PH4S5. 3532, ICP-MS. (Orbitrap and 16S rRNA
EPA 310.1. 4153, ) EPA method Q-ToF) sequencing,
Best be respectively 200.7 and MALDI-ToF MS
measured Gravimetric 200.8
onsite methods.

Standard method
2540B, 2540C,
2540D

Jiang et al., Water 2021, 13(2), 183




Critical Review of Analytical Methods for Comprehensive
Characterization of Produced Water

o Published in Water 2021, 13(2), 183;
https://doi.org/10.3390/w13020183
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Abstract: Produced water is the largest waste stream associated with oil and gas production. It has a
complex matrix composed of native constituents from geologic formation, chemical additives from
fracturing fluids, and ubiquitous bacteria. Characterization of produced water is critical to monitor

field operation, control processes, eval appropriate practices and treatment effec-

tiveness, and assess potential risks to public health and environment during the use of treated water.
There is a limited understanding of produced water composition due to the inh c lexity

P
ized analytical methods. A prehensive description of current

and lack of reliable and dard

analytical techniques for produced water characterization, including both standard and research

methods, is discussed in this review. Multi-tiered analytical procedures are proposed, including
field sampling; sample preservation; pretreatment techniques; basic water quality measurements;
organic, inorganic, and radioactive materials analysis; and biological characterization. The challenges,
knowledge gaps, and research needs for developing advanced analytical methods for produced
water characterization, including target and nontarget analyses of unknown chemicals, are discussed.

Keywords: produced water; water quality; hydraulic fracturing; analytical methods; treatment; reuse

1. Introduction

In 2020, the United States became a net energy exporter and will remain so until 2050,
according to the U.S. Energy Information Administration [1]. Water resource management
significantly influences the oil and gas (O&G) industry because water is used for almost all
stages in fossil fuel production, such as well drilling and completion, reservoir management,
enhanced oil recovery, and hydraulic fracturing (HF) [2]. HF uses a large volume of water
to extract O&G from an “unconventional play” (or “tight oil play”), which refers to the low
permeable unconventional shale that cannot be explored and produced by conventional
processes relying on the natural pressure of the wells and pumping operation [3,4].

At the initial stage of HF, fracturing fluids are injected into deep wells under high
pressure to fracture the geological formation, increase permeability, and extract oil and gas.
Around 91-94% (mass percentage) of the fracturing fluid is water, with ~5-8% proppant
(mostly sand) and ~1% chemical additives [5,6]. After HF, a portion of injected water
returns to the surface with high levels of dissolved solids, salts, and chemical additives;
this water is often referred to as flowback water (FW). FW usually occurs in the first several
weeks and before the well is placed in production. Over time, FW diminishes and is
replaced with formation water native to the well, which is referred to as produced water
(PW), occurring throughout the life of a well [7]. In the field, FW and PW are commonly
co-mingled so that these streams cannot practically be distinguished. Thus, PW is often
broadly defined to include both water streams.

The United States produces an estimated 900 billion gallons of produced water (PW)
annually, making it the largest waste stream associated with O&G activity [8]. The amount

Water 2021, 13, 183. https:/ /doi.org/10.3390/w13020183
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What Constituents Should We Analyzet';y’ms
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California

* Produced Water Quality Standards

e Discharge to land: cannot exceed the Basin Plan’s maximum salinity limits for electrical
conductivity (1000 umhos/cm), Cl (200 mg/L), B (1 mg/L).
 Recommended Irrigation Water Risk-Based Comparison (RBC) Levels (mg/L).

Inorganics Organics
Arsenic 0.1 Acetone 20,000
Barium 2,000 Benzene 0.7
Boron 70 Ethylbenzene 6
Cadmium 70 Ethylene Glycol 5,000
Chromium (VI) 0.4 Methylene Chloride 2
Fluoride 700 Naphthalene 200
Mercury 20 PAHs 0.02
Thallium 10 Toluene 500
Zinc 2,000 Total Petroleum Hydrocarbons 200
Trimethylbenzene 200

Xylenes 1,000
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General Permit WMGR123 - Processing and Beneficial Use of Oil and Gas Liquid Waste, Pennsylvania Department

n
_—

STATE

Constituent Limit
Aluminum (mg/L) 0.2
Ammonia (mg/L) 2
Arsenic (ug/L) 10
Barium (mg/L) 2
Benzene (ug/L) 0.12
Beryllium (ug/L) 4
Boron (mg/L) 1.6
Bromide (mg/L) 0.1
Butoxyethanol (mg/L) 0.7
Cadmium (ug/L) 0.16
Chloride (mg/L) 25
Chromium (ug/L) 10
COD (mg/L) 15
Copper(ug/L) 5
Ethylene glycol (ug/L) 13
Gross Alpha (pCi/L) 15
Gross Beta (pCi/L) 1000
Iron (mg/L) 0.3
Lead (ug/L) 1.3
Magnesium (mg/L) 10

NEW MEXICO
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Manganese (mg/L)
MBAS (surfactants)
Methanol (mg/L)
Molybdenum (mg/L)
Nickel (mg/L)
Nitrite-nitrate nitrogen (mg/L)
Oil & grease (mg/L)
pH

Radium (pCi/L)
Selenium (ug/L)
Silver (ug/L)
Sodium (mg/L)
Strontium (mg/L)
Sulfate (mg/L)

TDS (mg/L)

Toluene (Methylbenzene) (mg/L)

TSS (mg/L)
Uranium (ug/L)
Zinc (mg/L)

0.2
0.5
3.5
0.21
0.03
2

ND
6.5-8.5
5

4.6
1.2
25
4.2
25
500
0.33
45

30
0.065

of Environmental Protection.




] Wyoming

Surface water discharge criteria: Groundwater injection criteria:

* General guidance: "good enough Injected into shallow aquifers
quality" for watering livestock or  bearing TDS<10,000 mg/L
wildlife. or <5,000 mg/L through Class V

e Effluent limits: wells by mineral developers.
e Chloride 2,000 mg/L,

 Sulfate 3,000 mg/L,

» Specific conductance 7,500 uS/cm,
e QOil and grease 10 mg/L,

e pH6.5-9.0

* Total recoverable radium 226 of 60

pCi/L
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CBM produced water
general quality
criteria for land
application in

Wyoming

Wyoming.
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Limit Limit Limit
pH 4.5-9 Be (mg/L) 0.1 Hg (ng/L) 2
TDS (mg/L) 480 B (mg/L) 0.6 Mo (mg/L) 0.2
EC (uS/cm) 750 Cd (mg/L) 0.01 Ni (mg/L) 0.2
<50% Total NOs3-N
HCO3 (mg/L) anion Cr (mg/L) 0.1 (mg/L) 10
NO2-N
SAR 8-10 Co (mg/L) 0.05 (mg/L) 1
Total-N
Al (mg/L) 5 Cu (mg/L) 0.2 (mg/L) 10
Sb (mg/L) 0.006 CN (mg/L) 0.2 HzS (pg/L) 4.2
Ba (mg/L) 2 F (mg/L) 4 Se (mg/L) 0.02
As (mg/L) 0.01 Fe (mg/L) Ag (mg/L) 0.2
Cl (mg/L) 100 Pb (mg/L) 5 Sr (mg/L) 20
SO4 (mg/L) 192 Li (mg/L) 0.1 Tl (ng/L) 2
NH;3-N
(mg/L) 30 Mn (mg/L) 0.2 U (ng/L) 30
Phenol .
V (mg/L) 0.1 (mg/L) 11 Oil &Grease 10
Total Ra
Zn (mg/L) 2 (pCi/L) 5 RSC (meqg/L) 1.25
Gross alpha particle radioactivity (including Ra 226 but 15

excluding Radon and Uranium) (pCi/L)




What Constituents Should We Analyze? NPDES+ List

e Published in Water 2022, 14(14), 2162;

* Water quality standards for surface water
discharge, land application, irrigation,
wildlife and livestock watering, road
application, dust control, and groundwater
standards

* Developed a multi-tiered analytical
approach with a comprehensive analytical
list for characterization of physical,
chemical, and biological properties of raw
produced water and treated produced
water using target and non-target analyses
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Abstract: The rapid development of unconventional oil and gas (O&G) extraction around the world
produces a significant amount of wastewater that requires appropriate management and disposal. Pro-
duced water (PW) is primarily disposed of through saltwater disposal wells, and other reuse/disposal
methods include using PW for hydraulic fracturing, enhanced oil recovery, well drilling, evaporation
ponds or seepage pits within the O&G field, and transferring PW offsite for management or reuse.
Currently, 1-2% of PW in the U.S. is used outside the O&G field after treatment. With the considerable
interest in PW reuse to reduce environmental implications and alleviate regional water scarcity, it
is imperative to analyze the current regulatory framework for PW management and reuse. In the
U.S., PW is subject to a complex set of federal, state, and sometimes local regulations to address the
wide range of PW management, construction, and operation practices. Under the supervision of the
U.S. Environment Protection Agency (U.S. EPA), different states have their own regulatory agencies
and requirements based on state-specific practices and laws. This study analyzed the regulatory
framework in major O&G-producing regions surrounding the management of PW, including relevant
laws and jurisdictional illustrations of water rules and responsibilities, water quality standards, and
PW disposal and current/potential beneficial reuse up to early 2022. The selected eastern states
(based on the 98th meridian designated by the U.S. EPA as a tool to separate discharge permitting)
include the Appalachian Basin (Marcellus and Utica shale areas of Pennsylvania, Ohio, and West
Virginia), Oklahoma, and Texas; and the western states include California, Colorado, New Mexico,
and Wyoming. These regions represent different regulations; climates; water quantities; quality
diversities; and geologic, geographic, and hydrologic conditions. This review is particularly focused
on the water quality standards, reuse practices and scenarios, risks assessment, knowledge gaps, and
research needs for the potential reuse of treated PW outside of O&G fields. Given the complexity
surrounding PW regulations and rules, this study is intended as preliminary guidance for PW man-
agement, and for identifying the knowledge gaps and research needs to reduce the potential impacts
of treated PW reuse on the environment and public health. The regulations and experiences learned
from these case studies would significantly benefit other states and countries with O&G sources for
the protection of their environment and public health.

Keywords: produced water; water reuse; regulatory framework; water quality standards;
Appalachian Basin; California; Colorado; New Mexico; Oklahoma; Texas; Wyoming

1. Introduction

A significant amount of produced water (PW) is brought to the land surface during
oil and gas (O&G) exploration and production [1]. PW is primarily composed of reservoir
water extracted from rock formation (i.e., formation water); it may also include a portion of
the frac fluid returned to the surface after hydraulic fracturing (i.e., HF flowback water) or
the water injected for enhanced oil recovery (EOR). PW contains the naturally occurring
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Multi-tiered Approach for Produced Water Characterization
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Multi-tiered Approach for Produced Water Characterization
NPDES+ List

Level Use Parameters Frequency Sample
Flow
TSS/Turbidity
TDS/EC
TOC/DOC/COD
pH
F
Continuous ORP : S
o : Baseline, real- water
monitoring, Iron (total, dissolved, FeZ*) .
Tier 1 bulk testing, H,S !
, , continuous, and Product water
rapid analysis, NH; :
.. routine
process control  Alkalinity :
Brine

Hardness (total, dissolved)
Specific gravity

Percent Moisture

Optional: UV-Vis, Fluorescence
excitation-emission matrix (F-EEM)

o)
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Multi-tiered Approach for Produced Water Characterization
NPDES+ List

Level Use

Detailed
characterization,
Tier2 routine monitoring,
and Tier 1 data
verification

NEW MEXICO
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Parameters

Inorganics

Metal elements (33), SW-864

6020A, dissolved, total Hg, SW-

846 7470

Anions (7), EPA 300
Radionuclides

* Radium 226, 228
* Gross Alpha/Beta
e U 235, 236, 238
* Strontium 90

Frequency Sample

Baseline (at least
once)
Demonstrating
treatment efficacy
and reliability,
beneficial reuse
investigation

Feed/produced
water

Product water

Brine

NEW MEXICO PRODUCED WATER RESEARCH CONSORTIUM




Multi-tiered Approach for Produced Water Characterization

Level Use

Detailed
characterization,
routine
monitoring, and
Tier 1 data
verification

Tier 2

NEW MEXICO
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Parameters

Organics
* Qil and Grease

« GRO [C6-C10] by 8015D

« DRO [C10-C28] by 8015D

« MRO (C28-40) by 8015D
 VOCs SW-846 8260 (91)

* SVOC - General by 8270E (139)
« SVOC-TPH by 8015 (8)

* 1-2 samples for screening:
VOC - TPH by 8015

SVOC -

SVOC -
SVOC -
SVOC -
SVOC -
SVOC -
SVOC -

NPDES+ List

Explosives by 8330B

Agent Breakdown Products
Pesticides/Herbicides by 8081B
Polychlorinated biphenyls (PCBs) (8280A)
PAHs

Organic Acids by 8015D

Dioxins

TOX by SW 846 9020
PFOA, PFOS & PFHxS by EPA 537.1 Modified

Frequency

Baseline (at
least once),
Demonstrating
treatment
efficacy and
reliability,
beneficial reuse
investigation

Sample

Feed/
produced
water

Product water

Brine




Multi-tiered Approach for Produced Water Characterization
NPDES+ List

Level Use Parameters Frequency

Product water (at least once)

WET Testing acute and chronic toxicit
Risks and toxicology £ v

assessment . :
Tier 3 HiRes LC-MS non-target screening
Fate/transport modeling.  Analysis of treated effluent on soil,
plant, tissue samples

. Waste and residual Mass balance
Tier 4 . As needed
characterization

: NEW MEXICO
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Where Do We Analyze Produced Water?

* Request for Information on Analytical Capabilities

— Contacted >20 commercial labs and research labs to W .
develop a data base ANALYTICAL CAPABILITIES

o Establish costs and throughput of current analytical
methods

o ldentify potential issues and future analytical, toxicology,
or method development needs

o Use information to better quantify Tier sampling and o 2020
analysis requirements
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Produced Water Sampling Protocol

EDITION 2, NOVEMBER 1, 2022

GUIDANCE ON TREATED AND UNTREATED
PRODUCED WATER SAMPLING PROCEDURE
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Characterization of Produced Water in the Permian Basin

* Produced water quality is highly variable: by region, within an oil or gas play, with time

* Limited produced water quality data in existing database: primarily inorganic ions

TDS
(mg/L)
pH
Mg
(mg/L)
Ca
(mg/L)
Cl
(mg/L)
Na
(mg/L)
K
(mg/L)
Sulfate
(mg/L)
Br
(mg/L)
HCO3
(mg/L)
TOC
(mg/L)

Permian
Basin

10,048-384,963/

118,253

0.5-11.7/6.8
3-27,910/
1,901
24-60,073/
6,051
40-245,700/
71,224
209-143,086/
71,224
14-33,962/
861
18-12,320/
2,131
10-1,064/
430
5-7,440/
731

53-184/123

Wolfcamp
Formation

12,136-249,459/

95,096

4.5-8.6/7.0
84-5,965/
1,103
211-40,800/
6,358
3,951-151,900/
56,362
2,625-54,068/
29,045
97-742/
362
84-12,080/
1,753
10 - 756/
390
5-4,204/
619

86-184/138

Delaware
Formation

12,708-360,545/

185,433

4.8-8.9/6.9
3-10,800/
2,509
24-46,346/
12,992
2,460-225,612/
113,116
5,253-109,024/
51,113
79-1,454/
548
84-6,280/
1,523

NA

5-5,558/
376

NA

Artesia
Formation

10,050-384,963/

94,584

4.6-9.7/7.1
12-18,400/
1,593
87-25,315/
3,205
3,794-222,596/
56,580
209-128,175/
37,470
65-4,620/
505
18-11,900/
2,294

NA

9-7,440/
878

NA

Yeso
Formation

10,818-381,108/

123,784

0.5-8.8/6.7
12-18,980/
2,281
235-40,420/
6,996
2,350-237,245/
74,606
1,529-107,396/
35,948
14-1,570/
472
35-11,800/
2,211
240-963/
481
5-3,851/
645

NA

Bone Spring
Formation

10,048-255,451/

105,569

6.3-7.1/6.8
54.4-3396.6/
760
174.5-21,720/
3347
4,076-156,699/
60,184
1,982-80,469/
30,723
109.8-1,232/
365
111-5,250/
1,420
152-1,065/
382
5-891/
390

119

San Andres
Formation

10,026-391,007/
118,879

0.6-11.7/6.9
2.7-27,910/
2,087
107-60,073/
6,952
40-245,700/
70,738
1,123-143,086/
35,479
8-33,962/
1,622
22.4-12,320/
2,362
17-517/
153
7-3,960/
663

NA




Sampling points of 46 PW and 10 Pecos TDS distribution of PW at different

River water sampling points
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Chemical Analysis

More than 300 targeted analytes were quantitatively analyzed,
including wet chemistry, inorganics, radionuclides, organics such as
VOCs, SVOCs, total petroleum hydrocarbons, organic acids, oil and

grease, pesticides/herbicides, dioxins, and tentatively identified

compounds, and per- and polyfluoroalkyl substances (PFAS).

For 10 produced water samples collected in 2020, 91 analytes were
quantified and 218 analytes were not detected (309 in total)

For 10 Pecos River samples collected in 2020, 67 analytes were
quantified and 242 analytes were not detected (309 in total)

ﬂ Source: Jiang et al., JHM 2022, 430, 128409
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Water Quality Characterization

Statistical results of general quality parameters of the 46 PW
samples collected from the Delaware and Midland Basins

mg/L as CaCO; 272 870 100 128 207 336
mg/L 432 750 320 330 400 495
mg/L 1,626 3,100 930 1,250 1,400 1,950

SU 6.6 8.1 3.9 6.3 6.7 7.0
mg/L 128,641 201,474 100,830 113,441 122,280 134,525
mg/L 103.5 248.1 2.4 28 90.6 173.3
mg/L 342.9 790 85 142.5 375 422.5
NTU 116.4 200 23 36 110 200
mg/L 1.10 2.1 0.047 0.92 0.97 1.33

'\ Source: Jiang et al., JHM 2022, 430, 128409
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Water Quality Characterization

Produced Water Average Max Min

Radionuclide

Gross Alpha pCi/L 1105.6 1630 660

Gross Beta pCi/L 874.6 1230 456

Radium-226 pCi/L 43.92 111 0.736
Radium-228 pCi/L 151.27 291 2.56

Water quality of Pecos River Drinking water

water samples Average Viax Viin standards
Radionuclide
Gross Alpha pCi/L 24.6 39.8 7.7 15
Gross Beta pCi/L 14.1 24.2 1.4 4 millirems per year
Radium-226 pCi/L 3.56 29.9 0.1 5 pCi/L for

: : Combined
S22t pCi/L 0.42 0.8 0.2 Ra226/228

(ﬁ Source: Jiang et al., JHM 2022, 430, 128409
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Water Quality Characterization

Produced Water

VOCs Average Max Min
Benzene mg/L 2.61 4.90 1.90
Ethylbenzene mg/L 0.11 0.16 0.07
Toluene mg/L 2.53 3.70 1.70
Xylenes, Total mg/L 1.19 1.60 0.71

No VOCs detected in Pecos River (9 samples)

ﬂ Source: Jiang et al., JHM 2022, 430, 128409
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Water Quality Characterization

Produced Water Samples

Oil and Others

Diesel Range Organics (C10-C20)
Gasoline Range Organics [C6 - C10]
Motor oil/lube range organics
(MRO) (C20-C34)

Tributyl phosphate

Tentatively Identified Compound

Pecos River water samples

Oil and Others
Gasoline Range Organics [C6 - C10]
Motor oil/lube range organics (MRO)
(C20-C34)

Tributyl phosphate

Tentatively Identified Compound
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ug/L
ug/L

ug/L

ug/L
ug/L

ug/L
ug/L

ug/L
ug/L

Average

45,750
21,625

32,444

34.6
531

Average

230
3.6

Max

130,000
46,000

97,000

74
1000

Max

54
310

5.7
55

Min

22,000
13,000

12,000

3.3
280

Min

ND

180
1.7

Source: Jiang et al., JHM 2022, 430, 128409



Water Quality Characterization

Produced water Average Max Min
Organic - SVOC - General Average Max min
1,1'-Biphenyl ug/L 5.9 8.5 3.8
1,4-Dioxane ug/L 21 ND
1-Methylnaphthalene ug/L 23 36 15
2-Methylnaphthalene ug/L 38 65 26
2-Methylphenol ug/L 82 98 68
2,4-Dimethylphenol ug/L 34 42 29
Ethylene glycol mg/L 27 ND
Methylphenol, 3 & 4 ug/L 90 110 72
Phenol ug/L 203 250 170
Pyridine ug/L 238 300 120

Not detected in Pecos River (9 samples)

ﬁ Source: Jiang et al., JHM 2022, 430, 128409
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Water Quality Characterization

Produced Water

Organic - SVOC -
Pesticides/Herbicides
alpha-BHC
Endosulfan |

Endrin

Pecos River water

Organic - SVOC -
Pesticides/Herbicides
Endosulfan |
4,4'-DDD

4,4'-DDT
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PRODUCED WATER
RESEARCH CONSORTIUM

ug/L
ug/L
ug/L

ug/L
ug/L
ug/L

Average Max Min
0.018 0.027 0.0088
0.855 0.98 0.73

0.0038 ND
Average Max Min
0.00405 0.0042 0.0039
0.01 ND
0.0057 ND

Source: Jiang et al., JHM 2022, 430, 128409




Water Quality Characterization

Produced Water Average Max Min
Organic - SVOC - PAH

Anthracene ug/L 1.1 ND

Naphthalene ug/L 15.44 24 11

Phenanthrene ug/L 3.76 6.6 2.7
Fluorene ug/L 4.35 5.6 3.1

Pecos River water Average Max Min

Organic - SVOC - PAH
Naphthalene ug/L 6 ND
Fluorene ug/L 1.2 ND

(ﬁ Source: Jiang et al., JHM 2022, 430, 128409
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Perfluoroalkyl substances (PFAS)

Perfluorobutanesulfonic acid (PFBS)
Perfluorobutanoic acid (PFBA)
Perfluorodecanesulfonic acid (PFDS)
Perfluorodecanoic acid (PFDA)
Perfluorododecanesulfonic acid (PFDoS)
Perfluorododecanoic acid (PFDoA)
Perfluoroheptanesulfonic Acid (PFHpS)
Perfluoroheptanoic acid (PFHpA)
Perfluorohexanesulfonic acid (PFHxS)
Perfluorohexanoic acid (PFHXxA)
Perfluorononanesulfonic acid (PFNS)
Perfluorononanoic acid (PFNA)
Perfluorooctanesulfonamide (FOSA)
Perfluorooctanesulfonic acid (PFOS)
Perfluorooctanoic acid (PFOA)
Perfluoropentanesulfonic acid (PFPeS)
Perfluoropentanoic acid (PFPeA)
Perfluorotetradecanoic acid (PFTeA)
Perfluorotridecanoic acid (PFTriA)
Perfluoroundecanoic acid (PFUnA)

Y| NEW MEXICO
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ng/L
ng/L
ng/L
ng/L
ng/L
ng/L
ng/L
ng/L
ng/L
ng/L
ng/L
ng/L
ng/L
ng/L
ng/L
ng/L
ng/L
ng/L

Produced Water

ND

ND

ND

ND

ND

ND
0

ND

ND

ND

ND

ND

ND

ND

ND
B Z

ND
ND

Pecos River Preliminary PFAS

I Results of 1
| 13 | Produced Water
ND Sample (5/34
ND detected) and 1
ND i
s Pecos River Sample
ND (10/34 compounds
| 035 | detected)
= Based on FracFocus
ND database, no PFAS were
ND used in HF chemical
additives in the Permian
Basin.
ND

Source: Jiang et al.,
JHM 2022, 430, 128409



Water Quality Characterization

0.6
1| @ Pocos River TDS of Pecos River water varies
0.4 '
|| Perm. SW | it Diss. Pathway between 2290 - 6200 (average
02- 0 4420) mg/L
N :
LY 0] o omeT o Strongly overlapping data of these
02 24 At S L conservative relationships suggest
: A/A/ 4 % that shallow brines from evaporite
O T SwEvap. Pathway mineral dissolution is the
06 , — dominant source of salinity to the
4 5 7 8

6 .
Pecos River samples.

Isometric log-ratio Na-CI-Br plot showing data from Permian Basin PW, Pecos
River, and Rustler aquifer groundwater samples against modeled pathways for
ancient (late Permian) seawater evaporation and halite mineral dissolution.

( Jiang et al., JHM 2022, 430, 128409
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Toxicological Characterization of Produced Water
from the Permian Basin

* PW toxicity was studied using in vitro toxicity assays using various aquatic organisms
(luminescent bacterium , fish gill cell line RTgill-W1, and microalgae).

* H |g h Sd I | N |ty wWas t h e fo remo St ) li)iffeierzt L:orlsti'tuienits i’n f’l/lf i In vitro acute and chronic toxicity assays
|
toxicological driver in PW, followed by [ Wherw ; Microtox toxicity
: . i PW inorganic fractiPn : V. fischeri: Bioluminescence intensity |
organic contaminants. (After biochar fitation) |
: . . ‘ Salt control matching ! Cytotoxicity
« Treatment required to reduce toxicity: | oforon concentatons | o ey e
777777777777777 assay: Cell viability
* Salts - Desalination | " Different treatment technologies 4
. N -t ' Biochar filtration (Organic removal) | ! g : -
* Organic removal | Do | I { tOH assay: Cell ysis_|
NPT RN !| Air stripping (Ammonium removal) ‘ !
: Produced water : ! B B e B R
) Am monia remova I (PW) 1| Chemical precipitation with Na,CO, [ ; Aquatic ecotoxicity i
[ (Heavy metal removal) i ‘ q ]
i i i .
¢ H eavy meta | S remova I || Combination of three treatments | i \ Scenedesmus obliquus: ]‘Chronlc
i| (Removal of organics, ammonium | I ! Algal growth rate inhibition :
| and heavy metals) [ s e e L ORI N S

Source: Hu et al., Sci. Total Environ 2022, 815, 152943
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« High salinity was the predominant toxico-
logical driver in PW.

+ Organic contaminants had a significant

impact on PW toxicity.

Heavy metals and ammonium in PW also

contribute to toxicity.

- Toxicity assays had different sensitives to
the chemical constituents present in PW.
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Produced water (PW) is a hypersaline waste tream generated from the shle oil and gas industry,consiting of numerous
ic and geogenic Despite prior the ive toxicity assess-

ment is lacking for evaluating treatment technologies and the beneficial use of PW. In this study, a suite of in vitro toxicity
assays using various aquatic organisms (luminescent bacterium Vibrio fischeri, fish gill elline RTgill W1, and microalgae
Scenedesmus obliquus) were developed to i i the ions of PW from the Permian Basin.
The exposure to PW, PW inorganic fraction (PW-IF), and PW salt control (PW-SC) at 30 —50% dilutions caused significant
ical effects in all model species, revealing the high salinity was the foremost toxicological driver in PW. In addi-

Keywords:

Produced water
Toxicity

Aquatic ecosystems
Invitro exposure models
Salinity

Water quality

tion, the toxicity level of PW was usually higher than that of PW-IF, suggesting that organic contaminants might also play a
critical role in PW toxicity. When comparing the observed toxicity with associated chemical characterizations in different
PW samples, strong correlations were found between them since higher concentrations of contaminants could generally
result in higher toxicity towards exposed organisms. Furthermore, the toxicity results from the pretreated PW indicated
that those in vitro toxicity assays had different sensitives to the chemi present in PW. pected, the com-
bination of multiple pretreatments could lead to a more significant decrease in toxicity compared to the single pretreat-
ment since the mixture of contaminants in PW might exhibit synergistic toxicity. Overall, the current work is expected

h ing of the potential impacts of PW to aquatic d the relationships be-
tween the chemical profiles and observed toxicity in PW, which might be conducive to the establishment of monitoring,
remediation, treatment, and reuse protocols for PW.

1. Introduction

trillion m® of shale gas are technically recoverable globally, which can sat-
isfy the world's energy supply for over 100 years. The rapid expansion of

According to the U.S. Energy Information Administration (EIA, 2015;  horizontal drilling and hydraulic fracturing practices has improved the oil
Kuuskraa et al., 2013), approximately 55 billion m® of shale oil and 207 and gas production from shale formations, thereby promoting the United

* Corresponding author at: Department of Civil Engineering, New Mexico State University, 3035 S Espina Street, NM 88003, USA.

E-mail address: zhangy@nmsu.edu (Y. Zhang).

http://dx.doi.org/10.1016/j.scitotenv.2022.152943
0048-9697/© 2022 Elsevier B.V. All rights reserved.
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Analysis and prediction of produced water quantity in
the Permian Basin using machine learning techniques
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Ongoing and Collaborative Produced Water Characterization
Studies

e Characterization of San Juan Basin produced water treated via sea water
reverse osmosis (SWRO) - Himali Delanka-Pedige, NMSU

e Non-target analysis of produced water and treated PW - Robert Young,
NMSU

e Toxicity analysis of thermal-desalinated water, SWRO permeate, and
posttreatment to reduce toxicity — Yanyan Zhang, NMSU

e (Collaboration with EPA on characterization of produced water samples
from the Permian Basin and San Juan Basin - Sean Thimons, ORISE — EPA

e Treatment of Permian Basin produced water and water quality
characterization — James Rosenblum, CSM; and Josh Butler, ExxonMobil

(’\
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Highlights of Accomplishments

Developed foundational documents such as produced water research roadmaps and
gaps in analysis, research plan, testing guidance, and sampling protocols

* Reviewed current regulatory framework on produced water production, management
and reuse including water quality standards in nine oil and gas producing states,
including CA, CO, NM, OH, OK, PA, TX, WV, WY.

* Developed a multi-tiered analytical approach with a comprehensive analytical list
(NPDES+) for characterization of physical, chemical, and biological properties of raw
produced water and treated produced water using target and non-target analyses as
well risks and toxicity assessment

B

Over 300 targeted analytes were quantitatively analyzed in PW samples and the Pecos
River. Provides baseline analytical information to advance PW research for potential

reuse and fills the knowledge gap regarding PW quality to support science-based
decision making.

NEW MEXICO
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Highlights of Accomplishments

* Developed state-of-the-science in produced water quality analysis methods

* Improved characterization of physical, chemical, microbiological, and environmental
toxicity analysis of produced water and treated produced water from San Juan and

Permian Basins

* Evaluated treatment efficiency of desalination (reverse osmosis, and thermal
distillation) and post-treatment

 Statistically characterized produced water quality and quantity in the Permian Basin
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2023/24 Goals and Objectives

Conduct bench- and pilot-scale testing, characterize the quality of PW and

treated water, including target analysis, toxicity study, and non-target analysis of
“unknown” constituents.

Better understand the transport and fate of constituents in PW during treatment
and beneficial use applications.

Develop a transparent, environmental and human health risk assessment

framework for the beneficial reuse of treated PW that is protective of human
health and the environment.

Provide science and knowledge to assist in regulations, determining
management strategies, selecting treatment methods, evaluating risks and
environmental impacts specific to intended beneficial use of treated PW.

)
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NMSU Research Publications

1. Jiang, W., Lin, L., Xu, X., Wang, H., Xu, P. (2022) Analysis of regulatory framework for produced water management and reuse in major oil and gas producing regions in the United
States. Water 14 (14), 2162.
“This study reviews the current regulatory framework for produced water production, management, and reuse in the major oil and gas production areas in the U.S., including

Appalachian Basin, California, Colorado, New Mexico, Oklahoma, Texas, and Wyoming.”

2. Sabie, R.P., Pillsbury, L., and Xu, P. (2022). Spatiotemporal Analysis of Produced Water Demand for Fit-For-Purpose Reuse—A Permian Basin, New Mexico Case Study. Water 14
(11), 1735.
“In this study, a generalized framework was developed for estimating produced water (PW) supply and potential demand for treated PW reuse in agriculture, dust suppression,
power generation, and river flow augmentation using Eddy and Lea counties, New Mexico as a case study”

3. Tidwell, V., Gunda, T., Caballero, M., Xu, P., Xu, X., Bernknopf, R., Broadbent, C., Malczynski, L.A., Jacobson, J. (2022) Produced Water-Economic, Socio, Environmental
Simulation Model (PW-ESEim) Model: Proof-of-Concept for Southeastern New Mexico. SAND2022-6636R. Published by Sandia National Lab.(SNL-NM), Albuquerque, NM (United
States).
“A proof-of-concept tool, the Produced Water-Economic, Socio, Environmental Simulation model (PW-ESESim), was developed to support ease of analysis. The tool was
designed to facilitate head-to-head comparison of alternative produced water sources, treatment, and reuse water management strategies. A graphical user interface (GUI)
guides the user through the selection and design of alternative produced water treatment and reuse strategies and the associated health and safety risk and economic benefits.”

4. Jiang, W., Xu, X., Hall, R., Zhang, Y., Carroll, K.C., Ramos, F., Engle, M.A., Lin, L., Wang, H., Sayer, M., Xu, P. (2022). Characterization of Produced Water and Surrounding
Surface Water in the Permian Basin, the United States. Journal of Hazardous Materials. 430, 128409.
“In this research, over 300 analytes for organics, inorganics, and radionuclides were quantitatively analyzed in produced water (PW) samples from the Permian Basin and in
surface water samples from the Pecos River in New Mexico. This study provides baseline analytical information to advance PW research for potential reuse and fills the
knowledge gap regarding PW quality to support science-based decision making.

5. Jiang, W., Xu, X., Hall, R., Zhang, Y., Carroll, K.C., Ramos, F., Engle, M.A., Lin, L., Wang, H., Sayer, M., Xu, P. (2022). Datasets associated with the characterization of produced
water and Pecos River water in the Permian Basin, the United States. Data in Brief, 43, 108443.

“This paper presents data related to the analysis of produced water and river water samples in the Permian Basin with a specific focus on wet chemistry, mineral salts, metals,
oil and grease, volatile and semi-volatile organic compounds, radionuclides, ammonia, hvdraulic fracturing additives, and per- and polvfluoroalky! substances.”
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6. Hu, L., Jiang, W.,, Xu, X., Wang, H., Carroll, K.C., Xu, P, Zhang, Y. (2022). Toxicological characterization of produced water from the Permian Basin. Science of The Total
Environment. 815(1), 152943.
“In this study, an in vitro toxicity assessment was conducted using aquatic microorganisms to explore toxicological characteristics of produced water (PW) from the Permian
Basin, New Mexico. It was found that high salinity, organic contaminants, metals, and ammonia present in PW are major toxicity drivers and need to be removed for fit-for-
purpose beneficial uses of treated PW ”

7. Thakur, P., Ward, A.L., Schaub, T.M. (2022). Occurrence and behavior of uranium and thorium series radionuclides in the Permian shale hydraulic fracturing wastes. Environmental
Science and Pollution Research 29 (28), 43058-43071.

“This study explored the risk of releasing radioactive materials during the oil and gas recovery process in the Permian Basin, New Mexico. The results confirmed the presence of
radioactive materials (***Ra, *>Ra, **’Ra) in addition to dissolved salts, divalent cations, and high total dissolved solids in the hydraulic fracturing wastes.”

8. Chen, L., Wang, H., Xu, P. (2022). Photocatalytic membrane reactors for produced water treatment and reuse: fundamentals, affecting factors, rational design, and evaluation metrics.
Journal of Hazardous Materials, 127493.

“In this study, the potential of photocatalytic membrane reactors (PMR) to treat produced water (PW) was evaluated. The mechanisms of photocatalysis and membrane processes
in a PMR, factors affecting PMR performance, rational design, and evaluation metrics for PW treatment were critically reviewed.”

9. Jiang, W., Pokharel, B., Lin, L., Cao, H., Carroll, K.C., Zhang, Y., Galdeano, C., Musale, D.A., Ghurye, G.L., Xu, P. (2021). Analysis and Prediction of Produced Water Quantity and
Quality in the Permian Basin using Machine Learning Techniques. Science of the Total Environment. 141693.
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various machine learning algorithms were applied to predict PW quantity for different types of oil and gas wells.”
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“This study demonstrates the ability of the microbially induced calcite precipitation (MICP) technique that utilizes ureolytic bacteria, to remove Ca’" and toxic
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Comparison of Different Coagulation Processes and Innovative Filter Media. Water, 12(3), 770.
“In this research, chemical coagulation [using FeCl; and Al>(SO,) ;] was compared with electrocoagulation (using aluminum electrodes) for their suitability in
removing suspended contaminants from produced water for reuse in hydraulic fracturing. The feasibility of several filter media was also studied for refining effluent

’
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municipal use, industrial use, surface water and groundwater recharge, and hydraulic fracturing.”
18. Hu, L., Yu, J., Luo, H., Wang, H., Xu, P, Zhang, Y. (2020). Simultaneous Recovery of Ammonium, Potassium and Magnesium from Produced Water by Struvite Precipitation.
Chemical Engineering Journal, 382, 123001.
“This study demonstrated the feasibility of recovering struvite fertilizer from produced water after calcium pretreatment. Recovered struvite was in sufficient quality with no
accumulation of heavy metals and organic contaminants.”
19. Chaudhary, B., Sabie, R., Engle, M., Xu, P., Willman, S., Carroll, K. (2019) Produced Water Quality Spatial Variability and Alternative-Source Water Analysis Applied to the Permian
Basin, USA. Hydrogeology Journal, 27, 2889-2905.
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types of alternative water sources (municipal wastewater, geothermal water) and beneficial reuse options (portable reuse, irrigation, surface discharge, and power plant cooling).”
21. Ma, G., Geza, M., Cath, T.Y., Drewes, J.E., Xu, P. (2018). iDST: An integrated decision support tool for treatment and beneficial use of non-traditional water supplies — Part II.
Marcellus and Barnett shale case studies. Journal of Water Process Engineering, 25, 258-268.
“This study presents an integrated decision support tool to assist in selecting treatment technologies and potential water reuse options for produced water considering the

Marcellus Shale in Pennsylvania and the Barnett Shale in Texas as case studies.”
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