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Abstract

Hydraulic fracturing, also known as fracking, produces wastewater that contains
hazardous ions such as arsenic, strontium, and chromium. In order to remove these toxic
contaminants, NaxSO4 can be added to fracking wastewater to form Barite (BaSOs4). During this
process, ions such as Arsenic and Chromium will incorporate into the solid phase. In this work,
we examined the co-precipitation of Arsenic and Chromium anions into Barite. We have created
simulations of this precipitate formation in fracking wastewater treatments and have used this for
Arsenic, Chromium, and Barium. A 1:1 ratio of BaCl> to Na,SO; at saturation indices of 2.19,
2.89, 3.49 for BaSO4 were used for experimentation. We conducted two more experiment sets at
1.0 M NaCl to analyze the effect of salinity with the same experiment concentration and an
adjusted concentration to result in identical saturation indices. NaxSO4 was added to the
simulated fracking wastewater. X-ray fluorescence was conducted to analyze the concentrations
of Chromium, Arsenic, and Barium in precipitated solids. Fracking wastewater solutions that are
undersaturated with respect to BaCrO4 have undetectable levels of Chromium. For experiments
that are oversaturated with respect to Barium Chromate, the Chromium concentration increases
as NaCrO4 (M) increases with and without NaCl. Arsenic incorporation into Barite somewhat
correlates with HAsO42 but is complicated by competition with CrO4>. As BaSO4 saturation
index increases, Chromium incorporation decreases. Arsenic incorporation also increases with
BaSOg saturation index until a threshold is reached, likely due to competition with Chromium.
Increased NaCl leads to Barite particles that are more concentrated in Chromium and Arsenic.
These results have implications for how competing anions are affected during the treatment of
fracking wastewater using co-precipitation.

Introduction

Hydraulic fracturing, also known as fracking, refers to the use of highly pressurized water
to drill into the ground and produce natural gas (Lutz, et al.). The drilling occurs deep below
earth’s surface and involves large amounts of water, chemicals, and sand being used to break up
sedimentary rock formations that block any desired natural gas. Water is sprayed at an extremely
pressurized level where rock can break and release any natural gas that is being blocked by the
rock formations. After drilling, the fracking fluid is pumped to the surface. The fluid that rises to
the surface can include wastewater that is contaminated by the toxic chemicals in the fluid,
which gets stored in either pits or disposed in wells underground (Denchak). This wastewater
from fracking fluid can interact with the salts and other brines in the ground which contains



hazardous anions like arsenic, strontium, and chromium (Bamberger, et al.). Wastewater from
fracking fluid that reaches the surface after the initial drilling occurs, also known as flowback
water, can also contain these hazardous anions and present a hazard to humans and the
environment. Fracking wastewater disposal tactics is one of many environmental concerns with
fracking, as wastewater reaching outside environments can cause damage to any living or
nonliving thing it comes in contact with. Fracking flowback water and produced water both
contain high concentrations of Chromium and Arsenic as well as Barium, Radium, Strontium,
etc. Exposure to these toxic elements can pose a risk to human and ecosystem health (Hammer).
These contaminants in fracking wastewater can also enter water reservoirs and contaminate
drinking water (Bamberger, et al.). Both Chromium and Arsenic are highly toxic and are
classified as carcinogens for humans when consumed (Tchounwou, et al.).

Three common fracking wastewater disposal techniques are deep well injection, internal
reuse and sending wastewater to a treatment plant. Deep well injection became a popular
hazardous disposal tactic for different companies in the 1930’s. Currently, well injection can
now be applied to a broader spectrum of various hazardous wastes as well as different types of
liquid wastes. The injection itself involves the storing and disposal of concentrated waste brines
after desalination and internal reuse (Goodin). It allows for an underground disposal of highly
concentrated waste brines post-desalination that cause a risk to human and environmental health
(Zhang, et al.). It is a favored waste disposal method due to its success rates and permanence in
the environment. However, some find it concerning how the injection itself is not visible to
humans and could be more damaging than we may know — especially with how damaging a deep
well failure can be on the environment (Goodin). Another common fracking wastewater disposal
technique is internal reuse which is the reuse of collected flowback water. This is done to
minimize wastewater treatment costs and other obstacles that come along with monitoring
fracking wastewater (Shaffer, et al.). The option to send fracking wastewater to a treatment plan
is also a common method. A handful of water treatment facilities are able to remove the salts and
radioactive substances from wastewater through membrane treatment and distillation. After the
wastewater is treated, the water can either be discharged into nearby surface water or used for
various agricultural practices. This treatment has become popularized due to the limit and cost of
other fracking wastewater disposal methods (Erikson). There are other removal techniques
available but the removal of precipitated solids in wastewater with sulfate co-precipitation in
treatment practices remains the most effective and environmentally conscious method (Lutz, et
al.).

This initial experimental study was designed to examine the effects of solubility, salinity,
saturation index and competitive ions within Barite co-precipitation. Our work in this research
focuses on analyzing Chromium, Arsenic, and Barium removal from fracking wastewater.
Studies have shown that Chromium and Arsenic can incorporate into the Barite (BaSO4)
structure, although not much work has examined their competition for incorporation. Previous
studies have concluded that Barite co-precipitation is most efficient when there is a high Sl
because of the greater chance of solid formation during co-precipitation (Rosenberg). Other
studies have found that Arsenic co-precipitation in Ba(SO4, HAsOs) is favored when it is
saturated and has high salinity; however, the reasoning for this was not understood (Ling, et al.).
Therefore, we will examine the treatment of fracking contaminants using Barite formation in the
water. Barium is present in fracking wastewater in high concentrations, and the addition of



Na>SO4 can form BaSOas. This formation creates solid precipitation, removing trace
contaminants as Barite incorporates various hazardous ions within its structure. Barite is an ideal
host for this co-precipitation because it has a low solubility variable (Ksp = 10%) which allows
for a quicker formation of solid during co-precipitation and has crystals that maintain high
stability in both pH ranges and temperature conditions (Tokunaga). This co-precipitation allows
minor elements such as Chromium and Arsenic precipitate from solid host mineral (L’Heureux,
et al.). Due to the toxicity of Chromium and Arsenic within our environment, Barite is used as a
soluble mineral to initiate this removal and co-precipitation of these toxic elements. For example,
Sr?*, Ca?*, and Pb?" can replace the Ba?* in BaSOs while HAsO42 and CrO4* can replace SO4*
in BaSO4 (Breit, et al.). That is where the work of our research participants come in as we use
simulated fracking wastewater amounts to analyze the precipitated solids and come to
conclusions. In this work, both Arsenic and Chromium incorporation into Barite will be
examined along with the effects of NaCl. Using NaCl will allow us to analyze the effect of
salinity with the same experiment concentration and an adjusted concentration to result in
identical saturation indices. By comparing saturation index, we are able to compare the different
difficulties in the removal process, based on saturations in the simulated wastewater solutions.

Methods:
Simulated Fracking Wastewater Experiments

Experiments were run by using a 1:1 ratio of BaCl, to Na>SO4 at specific saturation
indices (SI) of 2.19, 2.89, 3.49 for BaSOs. These saturation indices for BaSOa, which were
determined earlier, are used to determine the concentrations of Ba?*, CrO4?, HAsO4% and SO4*".
The following three endmember saturation indices were used to calculate the experimental ion
concentrations:

{Ba2+}{so42‘}>

Ksp,BaSO4

(1) Slpaso, = |09<

{Ba2+}{Cro42‘})

Ksp,BaCrO4

(2) SIBaCrO4 = IOg(

{Ba2+}{HAso42‘})
Ksp,BaHAsO4

(3) SIBaHAsO4 = IOg(

We focused on HAsO4? and CrO4% co-precipitations in Barite before adding NazSO4 to a
solution of BaClz, NazHAsO4, and Na,CrO4. Co-precipitation can occur when solid particles
form into a lattice structure where a minimum stored energy can occur, which form when there is
a limiting rate of reaction and a high saturation index (Noguera). When a saturation index is
greater than 0, that means there is oversaturation and a greater chance for co-precipitation to
occur. When the saturation index is high, this indicates the reaction being far from equilibrium,
therefore, these elements can form solids in a liquid phase. In order for us to calculate the
saturation indices for each endmember of the Ba(SO4, HAsO4, CrO4) system, solubility products



were used. In the Ba(SOs, HAsOs, CrO4) system, the endmembers are BaSOa4 (Ksp = 10°9%),
BaHAsO4 (10°%), and BaCrO4 (Ksp = 10°°%%1) These solubility products show that the BaSO4
solubility product is the most different from the solubility product of BaHASOa.

Two additional sets of experiments were conducted at 1.0M NaCl in order to examine the
effect of salinity. One of the additional sets will have the same concentrations as the original
experiments with no NaCl and the other set will have adjusted concentrations in order to keep the

same 2.19, 2.89 and 3.49 saturation indices (shown in Tables 1, 2, and 3). The ion activity

coefficients were calculated using the Pitzer formulation with PHREEQC software. The
calculated ion activity coefficients were used to find NaCl experiments solution concentrations

conducted at 2.19, 2.89 and 3.49 saturation indices of Barite. We note that Barium Arsenate had
a constant saturation index while we examined Barium Chromate at lower and higher saturation
indices in different experiments.

Table 1. Solution concentrations for the original experiments conducted without NaCl at Barite
saturation indices of 2.19, 2.89, and 3.49.

Experiment | BaClz (M) Na2S04 (M) | Na2CrOs (M) | NazHAsO4 (M) BaS0O4 Sl BaHAsO4 SI BaCrOs S|
1 1.29E-04 1.29E-04 4.18E-08 3.08E-03 2.19 -0.8 -1.6
2 1.29E-04 1.29E-04 1.32E-04 3.08E-03 2.19 -0.8 1.89
3 2.89E-04 2.89E-04 1.87E-08 1.38E-03 2.89 -0.799 -1.6
4 2.89E-04 2.89E-04 5.90E-05 1.38E-03 2.89 -0.799 1.89
5 5.78E-04 5.78E-04 9.33E-09 6.88E-04 3.49 -0.8 -1.6
6 5.78E-04 5.78E-04 2.95E-05 6.88E-04 3.49 -0.8 1.89

Table 2. Solution concentrations for experiments conducted at 1.0M NaCl with Barite saturation
indices of 0.316, 1.02, and 1.62.

Experiment BaCl2 (M) NazS04 (M) Na2CrOas (M) NazHAsO4 (M) BaSOa S| BaHAsO: SI BaCrOs S|
1| 1.29E-04 1.29E-04 4.18E-08 3.08E-03 0.316 -3.00 -3.80
2| 1.29E-04 1.29E-04 1.32E-04 3.08E-03 0.316 -3.00 -0.305
3| 2.89E-04 2.89E-04 1.87E-08 1.38E-03 1.02 -3.00 -3.80
4| 2.89E-04 2.89E-04 5.90E-05 1.38E-03 1.02 -3.00 -0.302
5| 5.78E-04 5.78E-04 9.33E-09 6.88E-04 1.62 -3.00 -3.80
6 | 5.78E-04 5.78E-04 2.95E-05 6.88E-04 1.62 -3.00 -0.302




Table 3. Increased solution concentrations for experiments conducted at 1.0M NaCl with

original Barite saturation indices of 2.19, 2.89 and 3.49.

Experiment BaCl, (M) NazSO4 (M) | NaxCrO4 (M) | NaxHAsO4 (M) BaSOs SI BaHAsO4 S| BaCrQO4 Sl
1| 1.11E-03 1.11E-03 7.77E-07 5.74E-02 2.19 -0.8 -1.60
2| 1.11E-03 1.11E-03 2.40E-03 5.74E-02 2.19 -0.8 1.89
3| 2.49E-03 2.49E-03 3.45E-07 2.55E-02 2.89 -0.8 -1.60
4| 2.49E-03 2.49E-03 1.09E-03 2.55E-02 2.89 -0.8 1.89
5| 4.98E-03 4.98E-03 1.73E-07 1.28E-02 3.49 -0.8 -1.60
6| 4.98E-03 4.98E-03 5.47E-04 1.28E-02 3.49 -0.8 1.89

First, 1.0 M stock solutions of BaClz, Na2HAsO4, Na,CrO4, NaCl and Na,SO4 were
prepared. The solutions of BaCl,, NazHAsO4, and Na>CrOs were added to a 250mL beaker while
a solution of Na2SO4 was added to a 250mL beaker. For the specific experiments without the
addition of NaCl, two more 250mL beakers were filled with 250mL of deionized water and
combined into a 500mL beaker. For the experiments with the addition of NaCl, 250mL of NaCl
was equally distributed between two beakers that were then filled with 250mL of deionized
water.

A 5mL sample from each experiment was collected with 0.2 pum syringe filter before the
initial mixing of solutions, after 30 minutes of reaction, and after 24 hours. The pH was also
recorded before the initial mixing of the solutions as well as 24 hours after the initial mixing of
the solutions. Na,SO4 was added to simulated fracking wastewater which caused precipitated
solids to form. Each 500mL solution was filtered in order to separate the solid particles from the
aqueous phase of solution. The precipitated solids produced from the simulated wastewater
treatment experiments were weighed after drying. Then, x-ray fluorescence was used to further
analyze the solids for Chromium, Arsenic, and Barium present in the precipitated solids. XRF
measurements were conducted in triplicate for each sample.

X-Ray Fluorescence Calibrations and Analysis

The solids from simulated wastewater treatment experiments were examined using Niton
XL2 X-ray Fluorescence (XRF) to measure for Chromium, Arsenic, and Barium. Data retrieved
from the XRF was processed using PyMca5.5.5. computer software. Calibration curves were
determined to accurately measure for Chromium, Arsenic, and Barium in solids produced from
the experiments.

For the calibration of Chromium, pellets of polyacrylic acid (PAA) were mixed with
Na>CrO4+7H20. Pellets were mixed to have approximate concentrations of 446.92, 44.7, 4.9899,
31841, 167351, 78501.8, 16408, 8458.6, and 8211 ppm Chromium. The weighted amounts of
polyacrylic acid (PAA) were mixed for 3 minutes using a mortar and pestle and pressed into a
pellet with a hydraulic press. Similarly, pellets were prepared using NazHAsOa, with
concentrations of 1013.26, 506.63, 101.326, 50.663, and 5.0663 ppm Arsenic. For Barium,
pellets were prepared with PAA and BaCl» to have concentrations of 1001.7, 500.85, 100.17,
50.085, and 5.0085 ppm Barium. The grams of Chromium, Arsenic, or Barium was calculated
using the following equation:




10 mg (Cr, As, or Ba) % X molar mass (Cr, As, or Ba)

-9
1000 mg
o 1 mol (Na2Cr04 « 7H20,Na2HAs04, or BaCl)

1 mol (Cr, As, or Ba)
(molar mass of Na2Cr04 « 7H20,Na2HAsO4, or BaCl)

1 mol (Na2Cr04 « 7H20,Na2HAs04, or BaCl)
= Amount of Na2Cr04 « 7TH20,Na2HAsO4, or BaCl (g) Used

The initial mixtures of both PAA and Na>CrO4+7H20, Na2HAsOa, or BaCl, were diluted
with more PAA to reach concentrations of Chromium, Arsenic, and Barium. Each pellet was
analyzed using X-ray Fluorescence (XRF) for 60 seconds under plastic wrap. The XRF data
collected was processed using PyMca5.5.5 to determine the fit areas in the spectra for
Chromium, Arsenic and Barium fluorecence in all samples. For our calibration curves, the fit
areas were plotted against the respective known concentrations of Chromium, Arsenic, and
Barium, and a linear regression was used to relate Chromium, Arsenic, and Barium concentration
to fit area (Fig. 1 — 3). The first pellet ppm concentration was calculated using the following
equation:

mass of Cr,As,or Ba (mg) _
mass of PAA (kg) - ppm

The rest of the pellets, following the ppm calculation for the first pellet, were calculated
using a C1V1= C,V> equation. The equation is as follows:

(the exact mass of Na2Cr04 « 7TH20,Na2HAs04, or BaCl
+ added mass of previous pellet)(previous pellet's ppm)
= (C,)(exact mass of PAA)

(C,) = calculated concentration (ppm) “solvefor €2

The XRF data from the simulated wastewater treatment experiments were similarly
processed using PyMcab.5.5. to determine the fit areas for Chromium, Arsenic, and Barium in
the spectra. Because samples were analyzed in triplicate, the fit areas from the 3 measurements
were averaged. The Chromium, Arsenic, and Barium concentrations were calculated from fit
areas using the equations for the linear regressions from Fig. 1 — 3.

The Chromium, Arsenic, and Barium concentrations were then converted to moles using
the final masses collected of collected solids for each experiment in Table 4, 5, and 6 using the
following equation:

mg (Cr,As,or Ba) 1g (Cr,As,or Ba)

X
kg total solid 1000 mg
X total mass

X molar mass of element (Cr, As,or Ba)

= Cr,As,or Ba (mol)



The measurements of Chromium, Arsenic, and Barium in moles were used to calculate
Arsenic/Barium and Chromium/Barium molar ratios.

Results

Table 4 — 6. Final masses of precipitated solids collected for Experiments 1 to 6 for No NaCl,
NaCl, and NaCl with new activity.

Table 4 Table 5 Table 6
No NaCl Nacl MNaCl with New Activity
Experiment | Mass of Final Product (g} || Experiment | Mass of Final Product (g} || Experiment | Mass of Final Product (g}
1 0.005 1 0,013 1 0.279
2 0.005 2 0.0022 2 0.145
E] 0.003 3 0,014 3 0.274
4 0.005 4 0.015 4 0.346
5 0.022 5 0.007 5 0.37
7] 0.026 6 0.004 [ 0.373
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Figure 1. Cr concentrations (ppm) vs. Fit Area from PAA experiments.
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Figure 3. Ba concentrations (ppm) vs. Fit Area from PAA experiments.



BaSO4 Sl vs. As/Ba Ratio (No NaCl, w/ NaCl, & NaCl w/ NA)
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Figure 4. BaSO4 saturation index (SI) vs. Arsenic/Barium ratio (mol) with NaCl, without NaCl,
and with new activity of NaCl.
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Figure 5. BaSO4 saturation index (SI) vs. Chromium/Barium ratio (mol) with NaCl, without
NaCl, and with new activity of NaCl.



As Conc. (M) vs. As/Ba Ratio (No NaCl, w/ NaCl, & NaCl w/ NA)
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Figure 6a-6b. Arsenic concentration (M) vs. Arsenic/Barium ratio (mol) with NaCl, without
NacCl, and with new activity of NaCl. Figure 6b excludes new activity of NaCl.



Cr Conc. vs. Cr/Ba Ratio (No NaCl, w/ NaCl, & NaCl w/ NA)
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Figure 7. Chromium concentration (M) vs. Chromium/Barium ratio (mol) with NaCl, without
NaCl, and with new activity of NaCl.
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Figure 8. BaSOs saturation index (SI) vs. percentage of Chromium removal with NaCl, without
NacCl, and with new activity of NaCl.
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Figure 9. BaSO4 saturation index (SI) vs. percentage of Arsenic removal with NaCl, without
NaCl, and with new activity of NaCl.
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Figure 10. BaSOg saturation index (SI) vs. percentage of Barium removal with NaCl, without
NaCl, and with new activity of NaCl.
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Figure 12. Initial Arsenic in solution (mol) vs. percentage of Barium removal with NaCl,
without NaCl, and with new activity of NaCl.



Discussion:
Chromium Removal

In Figure 5, as the BaSOs Sl increases, the Chromium/Barium ratio (mol) is decreasing.
When the Barium Chromate indices are low, the Chromium/Barium mol ratio is near or equal to
0 indicating that Chromium removal is very low. In Figure 7, as Chromium concentration
increases, the Chromium/Barium mol ratio increases.

Arsenic Removal

In Figure 4, there is no clear correlation between the saturation index of BaSO4 and the
ratio of Arsenic/Barium (mol). When the BaSO4 saturation index is less than 2, the
Arsenic/Barium mol ratio generally increases with BaSOg saturation index. When the BaSO4
saturation index is greater than 2, the Arsenic/Barium mol ratio decreases with increasing BaSO4
saturation index when Barium Chromate saturation index is low. When the BaSO4 saturation
index is greater than 2 and the Barium Chromate saturation index is greater than -1.6, the
Arsenic/Barium mol ratio remains low. This is likely because at higher Barium Chromate
saturation indices, Chromium outcompetes Arsenic for bonding sites in Barite.

In Figure 6, at Arsenic concentrations greater than 0.01 M, the Arsenic/Barium mol ratio
generally increases. When the Arsenic concentration (M) is less than 0.01 M, the Arsenic/Barium
mol ratio generally decreases when Barium Chromate saturation index is low. When the Arsenic
concentration (M) is less than 0.01 M, the Arsenic/Barium mol ratio generally increases when
Barium Chromate saturation index is high. This is likely because as Arsenic concentration
increases, there is more of a chance for Arsenic to bond in Barite while competing with
Chromium.

Effect of Salinity

There is not much of a distinguishable difference between the masses of the solids with
and without added NaCl. Masses of experiments 1, 3, and 4 are slightly heavier with NaCl added
while experiments 2, 5, and 6 are slightly lighter with NaCl added. The masses for NaCl with
new activity are all significantly heavier than solids with and without NaCl added. (Refer to
Table 4 - 6).

Salinity, specifically NaCl with new activity, causes high percentage removal of
Chromium, Arsenic, and Barium. In Figures 8 — 10, salinities are compared using BaSO4
saturation index plotted against percentage of removal. Each figure shows NaCl with new
activity has significantly higher removal percentages compared to No NaCl and NaCl. For
Chromium percentage removal, Figure 8, No NaCl with a high saturation index shows a high
percentage; the reason for this is yet to be determined.

High percentage of removal is also impacted by salinity when being plotted against the
initial measurements of Chromium and Arsenic in solution (mol). In Figures 11 and 12, NaCl
with new activity shows a significantly higher percentage of removal results compared to No
NaCl and NaCl. When there is salinity, removal percentages increase significantly.



Implications

Researching ways to remove hazardous toxins from fracking wastewater is both
beneficial to the environment and to human health. Fracking has become popularized in recent
years and will only grow in popularity. It is important that research on environmental topics like
fracking wastewater treatments be explored because, as mentioned in previous studies, the topic
has not been researched to the degree as other popular environmental concerns. With the help of
more research and funding, a true difference can be seen in the impacts of hazardous ions in
fracking wastewater that can negatively impact human and environment health. Future work with
this particular research could include working on expanding the supply of treatment, finding
easier ways of transporting and distributing such treatment, and more in-depth research on
various other treatment options.
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