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ABSTRACT

One promising strategy to manage the large volumes of water needed for and
wastewater generated by hydraulic fracturing is on-site treatment and reuse. In
particular, the saline flowback water contains many of the chemicals employed for
fracking, which need to be removed before possible reuse as “frac water.” This
manuscript targets one chemical of concern: borate based cross-linkers. To this end,
coagulation-flocculation-sedimentation was evaluated for boron removal from saline
flowback water obtained from a well in the Eagle Ford shale. Very high dosages
reaching Al/B and Fe/B ratios of ~70 were necessary to remove ~80% boron at an
optimal pH of 8. X-ray photoelectron spectroscopy revealed B-O bonding on surfaces of
freshly precipitated Al(OH)s(am) and Fe(OH)s(am) suggesting boron uptake was
predominantly via ligand exchange. Attenuated total reflection-Fourier transform infra-
red (ATR-FTIR) spectroscopy provided direct evidence of inner- and outer-sphere boron
complexation with coagulant surface hydroxyl groups. Only trigonal boron was detected
on aluminum flocs since possible presence of tetrahedral boron was masked by severe
Al-O-Al and Al-O interferences. In contrast, both trigonal and tetrahedral conformation
of boron complexes was identified on Fe(OH)s surfaces. Direct Al-B or Fe-B bonding
was not observed demonstrating boron was complexed largely with surface hydroxyl
groups. Considering vast complexity of flowback water, it is important to develop in-
depth understanding of chemistry of different flowback components like organic carbon
compounds, silica compounds to scale up this bench scale experiment on an industrial

level.
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NOMENCLATURE

ATR-FTIR Attenuated Total Reflectance-Fourier Transform Infrared
XPS X-ray Photoelectron Spectroscopy

DOC Dissolved Organic Carbon

TDS Total Dissolved Solids

TSS Total Suspended Solids

ICP-OES Inductively Coupled Plasma-Optical Emission Spectroscopy
TEM Transmission Electron Microscopy

SEM Scanning Electron Microscopy
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1. INTRODUCTION

Unconventional oil and gas exploration and production by hydraulic fracturing
requires large volumes of water [1], each well requiring an estimated 10 — 20 million
liters [2]. Concomitantly, copious amounts of wastewater contaminated by myriad
chemicals in spent fracturing fluids [3] and those naturally present in the subsurface are
generated, making water management a critical issue [4]. Additionally, increasing
scrutiny by regulatory agencies and the public at large as well as the high costs, noise,
and spills associated with transporting water and wastewater has prompted research into
on-site purification of wastewater and reuse it for additional fracturing [4, 5]. In
particular, the water flowing to the surface over the first few days to weeks after fracking
is highly saline and contains relatively high concentrations of the additives employed for
fracking [2, 4, 6]. Hence, this “flowback water” requires treatment to remove suspended
solids, organic matter, inorganic cross-linkers, friction reducers, corrosion/scale
inhibitors, and biocides before possible reuse [2, 4, 7, 8]. Specifically, this research
targets chemical coagulation to remove boron originally added in the form of borate
based cross-linkers (along with Guar gum) to impart favorable rheological
characteristics to the frack fluid [3, 9].

Boron is an essential micronutrient for plants and potentially even for humans.
However, at higher concentrations, it is toxic to many crops and fruits [10] and
consequently needs to be controlled to low levels in irrigation water. Additionally,
animals exhibit developmental and reproductive toxicity following chronic exposure to

boron, which induces teratogenic effects as well as testicular lesions, shrunken scrota,



and lowered body weights [11, 12]. Although human exposure to boron in the United
States is deemed too low for setting maximum contaminant levels in drinking water [13],
the World Health Organization (WHO) has recommended a provisional guideline of 0.5
mg/L. Hence, boron is one of the chemicals of concern that needs to be removed from
the flowback/produced water before it can be reused for irrigation or further fracking or
discharged into the environment.

To date, several technologies such as ion exchange, reverse 0Smosis,
nanofiltration, and adsorption and have been shown to be capable of removing boron
from contaminated waste streams [14-18]. Since layered double hydroxides and
aluminum electrocoagulants are effective in adsorbing boron [19, 20], we hypothesized
that conventional chemical coagulation would also be a cost-effective and facile option.
Hydrolyzing aluminum and ferric salts are commonly employed as coagulants to remove
turbidity (suspended solids), organic matter, microorganisms, arsenic, and other
contaminants during conventional municipal water and wastewater treatment [21]. They
have also been shown to be effective in removing naphthenic acids, barium, and
vanadium from wastewater generated from oil sands operations [22]. Recently, there has
been much interest in evaluating a closely related process, electrocoagulation for boron
removal. The vast majority of such investigations have focused on optimizing
electrocoagulation process parameters such as pH, coagulant type and dosage, current
density, charge loading, contact time, and electrode spacing to maximize boron removal
from a variety of feed streams including produced water [23], synthetic solutions [24,

25], and geothermal waters [26]. However, its effectiveness for clarifying hydraulic



fracturing wastewater is only beginning to be investigated. Importantly, boron removal
specifically has not yet been established [7]. Boron adsorption onto iron and aluminum
hydroxides has been reported to be endothermic [27, 28] and shown to decrease with
increasing concentrations of anions such as carbonate, phosphate, and arsenate [28]. We
recently demonstrated a ligand exchange mechanism for boron uptake onto
electrochemically generated AlI(OH); and the presence of planar trigonal boron on
aluminum flocs [20]. To our knowledge, no systematic investigations of conventional
chemical coagulation to remove boron from saline flowback/produced waters are
available.

The objectives of this research are to (i) evaluate alum and ferric chloride as
coagulants to remove boron, turbidity and other flowback/produced water components,
(if) show direct evidence of boron adsorption onto freshly precipitated AI(OH); and
Fe(OH)z; and elucidate associated uptake mechanisms, and (iii) provide clues to the
conformation and geometry of boron adsorbed on flocs. Jar tests were performed with a
flowback water sample from the Eagle Ford shale play in Texas over a range of pH (6 —
9) values and dosages (0 — 9 g/L). Floc surfaces were examined by X-ray photoelectron
spectroscopy (XPS) and attenuated total reflection-Fourier transform infra-red (ATR-

FTIR) spectroscopy to characterize boron surface complexes.



2. MATERIALS AND METHODS
2.1. Source water characteristics including boron concentration. A flowback water
sample from one of the most heavily drilled sites in the United States, the Eagle Ford
formation in South Texas was used [29, 30]. Its physiochemical characteristics measured
using inductively coupled plasma — optical emission spectroscopy (ICP-OES), titration,
and other methods are summarized in Table 1. Turbidity was measured using a Hach
ratio turbidimeter (model 2100N), the total suspended solids and total dissolved solids
concentrations were measured gravimetrically by drying 25 mL of sample to dryness.
The dissolved organic carbon was measured by the combustion-infrared method using a
Shimadzu TOC-L instrument. Chloride, silica, ammonia, sulfate, calcium hardness, total
hardness, and alkalinity were all quantified by colorimetric titrations (Hach method
8207, 8012, 8038, 8051, 8204, 8213, and 8203 respectively). Average values and

standard deviations of three replicate measurements are shown in Table 1.



Table 1. Summary of important physicochemical parameters of the flowback water

Parameter Unit Concentration or value
pH - 7.8+0.2
Turbidity NTU 117 +15
UVs4 cm™ 241+0.1
Total suspended solids (TSS) mg/L 220+1.4
Total dissolved solids (TDS) mg/L 28,700 + 180
Dissolved organic carbon (DOC) mg/L 1,090 £ 112
Total Hardness mg/L as CaCO; 2,890 + 180
Ca Hardness mg/L as CaCO; 2,520 £ 32
Alkalinity mg/L as CaCO; 345+115
SiO, mg/L 181+ 16
Cr mg/L 20,406 + 1040
Fe mg/L 0.3+0.015
B mg/L 132+1.9
Na mg/L 8,997 £ 670
Al mg/L <05
Ba mg/L 8513
Ca mg/L 1,095+ 21
Mg mg/L 450 + 8
P mg/L as PO, 1.1+0.20
Ammonia mg/L 04+0.01
Sulfate mg/L 67+15

As shown in Table 1, the flowback water was very saline (high TDS), turbid,
well-buffered, hard, and high in organic carbon, calcium, and silica content, consistent
with the frac-water formulation and its geological origins in predominantly limestone,
marlstone, grainstone, bentonite, and shale [29, 30]. The measured boron concentration
(132 mg/L) was higher than other produced waters [15, 27, 31] but similar to our recent
report from Eagle Ford [20]. Ammonia, phosphate, aluminum, and iron concentrations
were low, facilitating potentiometric titrations to measure boron [32]. In this technique,
aqueous boron concentrations were determined by first adding KMnO,4 and EDTA to

break any organo-boron bonds, oxidize to borate, and chelate interferences. This was



important since trivalent ions (aluminum and iron) were added as coagulants. D-
mannitol was then added to produce an acid complex, which was then titrated using 0.02
N NaOH. The water sample was also characterized using ATR-FTIR and XPS as
reported in section 3.1.

Additionally, a model solution with TDS and boron concentrations similar to the
flowback water (28,000 mg/L NaCl and 120 mg/L boron) was formulated to perform
preliminary experiments to optimize coagulation conditions and as a negative control to
verify boron spectral peak assignment by eliminating potential interferences from other
produced water components during instrumental measurements.

2.2. Coagulation. Experiments were performed using a programmable jar tester
(Model-PB 90, Phipps and Bird Inc., Richmond, VA) with 1-L water adjusted to pH
values of 6, 8, and 9 (x 0.2) in a wide range of dosages (0 — 9,000 mg/L) using
aluminum sulfate and iron chloride. A photograph of the jar testing apparatus is shown
in Appendix A. The pH was maintained at the targeted values using NaOH. Samples
were rapidly mixed at 150 s™ for 2 minutes, flocculated at 45 s for 30 minutes, and
allowed to settle for 30 minutes. 100 mL of supernatant was taken to measure boron,
turbidity, and DOC removal. Photographs of the untreated flowback water sample and
jars after coagulation, flocculation, and sedimentation are given in Appendix B. Flocs
were harvested by centrifugation at 2,000 rpm for 20 minutes, vacuum dried, and ground
using an agate mortar and pestle before spectroscopy.

2.3. ATR-FTIR. Spectra in the range 4000 — 650 cm™ were collected using a Nicolet

iIS10 spectrometer equipped with mid infrared Ever-Glo source, DTGS detector, KBr



beam splitter and Omnic 9.0 software. A diamond iTX accessory was installed to allow
sampling in ATR mode. The background spectrum was collected prior analyzing each
sample. Each IR spectrum reported herein is an average of four separate spectra, each
consisting of 128 coadded scans at 4 cm™ resolution. ATR-FTIR spectra were collected
for (i) raw produced water after room temperature evaporation (ii) coagulated flocs from
actual treated produced water (iii) precipitates formed in 28,000 mg/L NaCl solution
containing 120 mg/L boron, i.e. positive control (iv) precipitates formed in 28,000 mg/L
NaCl solution containing no boron, i.e. negative control.

2.4. XPS. The surface elemental composition of the flocs was measured using an
Omnicron X-ray photoelectron spectrometer equipped with Argus detector and DAR
400 dual Mg/Al source. The moist paste obtained after centrifugation was washed
several times using ultrapure water to reduce the amount of sorbed chloride ions since
the B 1s peak is highly susceptible to interference from Cl 2p peak. After multiple
washings, the paste was vacuum dried and then ground to fine powder before pressing it
on a 0.25 mm thick indium substrate. High resolution B 1s, O 1s, Fe 2p and Al 2p
spectra in the 0-1400 eV range were obtained to analyze their respective functionalities
after calibrating electron binding energies with respect to adventitious carbon at 285 eV.

2.5. TEM. Flocs were sonicated to accommodate the small volume required for TEM.
Although this leads to floc breakage, it is reasonably assumed that images of the
fragmented flocs will be representative of the actual flocs because of their fractal nature

[33, 34]. After sonication, 10 uL sample was pipetted and then placed on a 200 mesh



copper grid with carbon support films, dried at room temperature and imaged using a
JEOL 1200 EX microscope.

2.6. X-ray diffractometry. Iron and aluminum polymorphs precipitated in situ were
examined on a Bruker D8 advance X-ray diffractometer. The air-dried paste was
deposited uniformly on a sample holder and diffraction patterns were collected using Cu
ka radiation (1.54056 A) at 40 kV and 40 mA. Diffractograms were collected in the 4° to
70° 20 range with a step size of 0.019° 26/s, which were interpreted using the Joint
Committee for Powder Diffraction Studies database.

2.7. Particle size distributions. An electrical sensing zone device (Multisizer 3,
Beckman coulter, Miami, FL) was used to measure size distributions of flocs using a
1,000 pum aperture tube. Coagulated samples were diluted 100 fold using prefiltered 2%
NaCl solution to reduce coincidence errors. Suspensions were gently stirred during the
analysis to reduce sedimentation and floc breakage. The instrument was calibrated using
NIST-certified 90 um polystyrene beads and operated at a current of 3200 uA and gain
of 1. Each analysis was completed in 30 seconds by drawing 150 mL of sample through
the aperture tube.

2.8. Quality control and quality assurance. Several experiments were repeated and
mass balances were performed on boron after coagulation. These results, which are
summarized in Appendix C denote accurate and precise measurements and reproducible
conduct of experiments allowing comparison of data generated over the entire duration

of this study.



3. RESULTS AND DISCUSSION
3.1. Spectroscopic characterization of the flowback water. Due to the high strength
and complex chemical composition of the flowback water, parameters reported in Table
1 were also qualitatively verified by FTIR and XPS. Prior to XPS, 500 ml of the
produced water was nanofiltered (NF270, Dow Chemical) to selectively remove chloride
since its high concentration overwhelmed other elements in X-ray spectra. A thick layer
of material was deposited on the permselective membrane consistent with nanofiltration
capturing a substantial fraction of the flowback water components. The morphology of
the solids visualized under an electron microscope (top panel in Figure 1) suggested the
dominance of inorganic precipitates as expected from the composition summarized in

Table 1 and in our recently report [20].
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Figure 1. Hydraulic fracturing components captured by nanofiltration membrane: SEM image (a),
XPS survey scan (b), high resolution scan for boron (c).
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XPS wide scans identified C, O, and Si as the major elements with weaker
signals for B, Ca, Fe, N, and S consistent with Table 1. Faint Cl signals are the
consequence of preferred chloride ion passage through the nanofilter allowing the
detection of other trace produced water components. The high resolution B 1s spectrum
was deconvoluted into a B-O peak at 190.7 eV and another at 189.5 eV representing
either P 2s (since P was detected in Table 1) or elemental boron [35].

The ATR-FTIR spectrum in the 1600 — 800 cm™ range (see

at the top of Figure 6 and Figure 7) also revealed several inorganic constituents
including silica (vSi-O-Si 830cm™, vSi-O 1100cm™), boron compounds (vB-O-B
1340cm™, vB-O 1000cm™), carbonates (vCOs> 1456cm™), coordinated carbonates
(vCOz* 1600-1540cm™, vC-O 960cm™) and sulfates (v.sS-O 1064cm™) providing
supplementary evidence for the composition reported in Table 1 and Figure 1b [36].
Stretching vibrations were also obtained from aliphatic and aromatic carbon representing
organic compounds.
3.2. Boron removal by coagulation. As depicted in Figure 2, boron removal was
maximized at a pH of 8 when neutral boric acid is dominant, and by increasing the
dosage. Hence, similar to electrocoagulation, the highest uptake of boron onto iron and
aluminum hydroxides during conventional chemical coagulation also occurred at a
slightly alkaline pH. This is consistent with the pH where negatively charged aluminum
(AI(OH)4) becomes dominant and when iron solubility increases [25, 37, 38]. Also, for
any given dosage and pH, aluminum slightly outperformed iron in terms of boron

removal. Similar results were reported by other investigators for the same operating
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conditions, where aluminum achieved slightly (~5%) higher removal than iron [25, 39].
This is attributed to the higher specific capacity of amorphous aluminum hydroxide
compared with amorphous iron hydroxide to boron [40]. Since high dosages of
aluminum and iron were necessary to substantially remove boron, large quantities of
sludge was also formed necessitating residuals handling. For example, at 3,000 mg/L

coagulant dosage, approximately 10 g/L sludge was generated in our experiments.
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Figure 2. Effects of coagulation pH and coagulant dosage on boron removal.

3.3. Floc physical characteristics. The volume-weighted mean diameter (Figure 3a)
and the cumulative volume of flocs increased with coagulant dosage demonstrating
favorable precipitation conditions and formation of larger flocs as more and more iron
and aluminum were added. TEM images showed the fractal nature of aluminum (Figure
3b) and iron (Figure 3c) flocs as shown by several other investigators e.g. [33, 34, 41].
Also in Figure 3, iron flocs can be seen to be denser than their aluminum counterparts as
reported earlier [42, 43] resulting in their facile sedimentation. For example, at 3,000

mg/L dosage, iron flocs needed only 5 minutes for near-complete sedimentation whereas

12



aluminum flocs needed nearly 45 minutes.
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Figure 3. Size distributions of flocs (a) and TEM images at pH 8 and 3000 mg/L of aluminum (b)
and iron flocs (c).
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Narrow scan XPS was performed on solids harvested from coagulated flowback

water. The Al 2p spectrum revealing a sharp peak at 74.6 eV demonstrating Al(OH)3
precipitation during alum coagulation as seen in Figure 4a [44], which was confirmed by

a hydroxyl peak at 532.1 eV in the O 1s spectrum [45]. In contrast, two peaks at 710 eV
and 724 eV were obtained for iron coagulation corresponding to Fe 2ps;, and Fe 2pis
respectively as depicted in Figure 4b [46]. Additionally, the Fe 2ps;, was narrower and
more intense than Fe 2p;/, characteristic of Fe(l11) oxidation state and Fe-O bonding [46,
47]. A hydroxyl peak was seen in the O 1s spectrum for iron flocs at 531.5 eV

corresponding to Fe(OH)3 precipitation [48].
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Figure 4. High resolution scans of Al 2p and Fe 2p from flocs generated by coagulation of the
flowback water.

The nature of iron and aluminum hydroxide polymorphs generated in situ was
further probed by XRD. A wide hump, characteristic of fluorescence signals arising
from amorphous Fe(OH)3 can be seen in Figure 5a, with only strong halite peaks arising

from the high salt content of the flowback water. The diverging slit allowed passage of
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photons at low angles leading to the sharp linear increase in intensity. In contrast,
photons reflected at higher angles were blocked causing the intensity to decrease.
Similarly, aluminum also showed only strong halite peaks (Figure 5b) confirming its
amorphous nature. The amorphous nature of flocs produced in highly saline hydraulic
fracturing wastewater is similar to those freshly precipitated in other water treatment
applications [49-52]. This is consistent with sorption of boron, organic matter, and other
components (section 3.6), which would have retarded crystallization of highly ordered

phases [53-55].
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Figure 5. X-ray diffractograms of iron and aluminum hydroxide flocs formed in hydraulic
fracturing wastewater.

Surfaces of iron and aluminum hydroxide flocs generated at pH 8 and dosage of
3000 mg/L were examined by high resolution XPS and ATR-FTIR to elucidate boron
uptake mechanisms as described next.
3.4. Boron uptake on AI(OH)3 flocs. Narrow scan B 1s spectra for alum coagulated

model solution (28,000 mg/L NaCl containing 120 mg/L B) and actual hydraulic
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fracturing wastewater are shown in Figure 6a and Figure 6b respectively. A single B-O
peak at 191 eV effectively explained sorbed boron in both cases with no evidence for
direct Al-B bonding (i.e. no peak near 188 eV) [56]. Hence, boron uptake appears to be

via complexation with surface hydroxyl groups [19, 20, 57].
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Figure 6. High resolution XPS scan for B 1s in alum coagulated produced water (left panel). ATR-
FTIR spectra of Al(OH); precipitates in NaCl solution without boron ( ), Al(OH); precipitates
in a NaCl solution containing 100 mg/L boron (brown), flocs generated by coagulating the actual
produced water (blue), and the raw produced water sample without coagulation (orange) are shown
in the right panel.

ATR-FTIR analysis provided direct evidence of boron complexation with surface
hydroxyl groups (Figure 6). First, only a carbonate peak at 1135 cm™ was observed in
Al(OH)3 precipitated in NaCl solution with no boron ( ). This spectrum
was subtracted from IR spectra of other alum coagulated waters to remove background

signals. The brown and blue colored spectra correspond to alum coagulated NaCl
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solution containing 120 mg/L boron and the actual flowback water. These spectra show
two new peaks (1435 and 1307 cm™ for NaCl solution and 1426 and 1312 cm™ for
flowback water) depicting trigonally coordinated boron with AI(OH)3. While the peak
close to 1430 cm™ arises due to B-O asymmetric stretching, the peak near 1310 cm™ is
assigned to in-plane bending of trigonal boron [58]. Blueshifting compared to pure boric
acid (1410 and 1148 cm™) indicates strengthening of O-B and B-OH bonds in the
complex formed on coagulant surfaces [58]. Dominance of trigonal boron on Al(OH);
floc surfaces at pH 8 of our experiments is expected since the pK, of boric acid is 9.4
and suggests that neutral B(OH)3 has higher affinity towards the neutral AI(OH)3 surface
as compared to the negatively charged B(OH), species. The 1430 cm™ peak suggests
outer sphere complexation when boron behaves as a Lewis acid accepting an electron
from oxygen on floc surfaces [58]. The peak around 1310 cm™ suggests inner sphere
complexation initiated by a ligand exchange mechanism leading to formation of a strong
Al-O-B bond [58]. It was not feasible to probe tetrahedral boron (~ 925 cm™) during
aluminum coagulation due to severe AI-O-Al and AI-O interferences in the wave
number range 1100-680 cm™. Note that the raw flowback water spectrum (in orange) has
already been discussed in section 3.1.

3.5. Boron uptake on Fe(OH)3 flocs. High resolution XPS of iron hydroxide flocs
also revealed a B 1s peak at 191 eV demonstrating its uptake by from the model solution
(Figure 7a) and the flowback water (Figure 7b). This corresponds to B-O bonding [56]

and no evidence was obtained for direct Fe-B bonding (i.e. no peaks near 188 eV) [59].

17



Hence, similar to alum, ligand exchange appears to dominate boron uptake onto iron

flocs [19, 20, 57].
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Figure 7. High resolution XPS scan for B 1s in iron coagulated produced water (left panel). ATR-
FTIR spectra of Fe(OH); precipitates in NaCl solution without boron ( ), Fe(OH); precipitates
in a NaCl solution containing 100 mg/L boron (brown), flocs generated by coagulating the actual
produced water (blue), and the raw produced water sample without coagulation (orange) are shown
in the right panel.

Boron sorption mechanisms were further investigated by ATR-FTIR
spectroscopy as depicted in Figure 7c. The top spectrum (in orange) has already been
discussed in section 3.1. Similar to alum, the IR spectrum for iron precipitates in 28 g/L
NaCl solution containing no boron (in ) showed only carbonate peaks. This
negative control spectrum was subtracted from IR spectra of other coagulated waters to
remove background signals. Three subtle peaks were observed in difference spectra of

iron flocs (in brown) generated in the model solution at 1386, 1330, 1255 cm™ and the
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actual flowback water (in blue) at 1379, 1357, 1263 cm™ corresponding to trigonal
coordination of boron with Fe(OH); [60]. Outer-sphere complexation, arising from
Lewis acidity of boron was evidenced in the form of B-O-H inplane bending near 1380
cm™ [60]. Hydrogen bonding between hydroxyl groups on the iron surface and boric
acid strengthens the outer sphere complex eventually even displacing water leading to
formation of inner sphere complexes on coagulant surfaces [60]. Evidence for this
behavior in the synthetic water was obtained as peaks near 1330 cm™ and 1250 cm™
arising from asymmetric stretching of B-O bonds formed via inner sphere complexation
[60]. Blueshifting to 1357 cm™ from 1330 cm™ and to 1263 cm™ from 1255 cm™ for the
flowback wastewater is attributed to carbonates and the strengthening of bonds on the
surface complex. Also as reported earlier, a B-O symmetric stretching peak near 1000
cm™ was not present at pH 8 [60]. Tetrahedral conformation of boron complexes on
Fe(OH); surfaces was also observed near 925 cm™ since iron presented no interferences
in this region [58]. Appendix D summarizes possible monomeric aluminum and iron
surface complexes based on spectroscopic data.

3.6. Sorption of other flowback water components. Additional peaks in IR spectra
(1200-900 cm™) of flocs harvested from hydraulic fracturing wastewater compared with
that of “pure” coagulant precipitates in saline solution (Figure 6 and Figure 7) provide
evidence for the uptake of organic carbon, silica, sulfate, and calcium along with boron.
The relative atomic percentage of numerous other wastewater components (e.g. C, Si,
Ca, and Mg) also increased compared to the pure coagulant in XPS survey scans

confirming IR results (see Figure 8). DOC removal was independently measured to be
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35% and 30% for iron and aluminum, respectively confirming organic carbon uptake by

flocs. Turbidity in the clarified water was 3.1 NTU for iron and 2.1 NTU for aluminum

corresponding to ~97% removal. Hence, conventional chemical coagulation is capable of

removing a wide spectrum of contaminants from flowback water.
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Figure 8. XPS survey scans of aluminum and iron flocs along with their relative atomic percentages
showing the sorption of many flowback water components on their surfaces.
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4. CONCLUSIONS

Hydrolyzing metal ion coagulants such as alum and iron chloride can effectively
remove suspended solids and boron. Turbidity removal was close to 97% resulting in
clarified water having values less than approximately 3 NTU. Alum slightly
outperformed iron (by ~5%) for boron removal, which was maximized at a slightly
alkaline pH of 8 and by increasing coagulant dosage. It is emphasized that very high
coagulant dosages were necessary to achieve high boron removals (Al/B and Fe/B ratios
> 75 for ~ 80% removal). Concomitantly, large amounts of sludge are produced
requiring careful disposal considerations. In this study, for an aluminum or iron dosage
of 3 g/L, approximately 10 g/L of sludge was formed.

XPS demonstrated a ligand exchange mechanism of boron uptake on hydroxide
surfaces. ATR-FTIR spectroscopy provided direct evidence for inner and outer sphere
complexation of boron on surfaces of amorphous aluminum and iron hydroxides. IR
spectra detected both trigonally and tetrahedrally coordinated boron with iron hydroxide
surfaces. In contrast, only trigonal boron was observed on aluminum hydroxide surfaces
due to heavy interferences from AI-O bonds, which absorb in the same wave number
range as tetrahedrally coordinated boron.

Wide XPS scans detected the presence of other produced water components
including carbonaceous organic matter, hardness, and silica on floc surfaces. Hence,
conventional coagulation also appears to non-specifically remove several constituents in

oil-field waste streams.
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Evaluation of other coagulants such as polyaluminum chloride (PACI) for oil-
field wastewater treatment is recommended for the future. PACI might be advantageous
since it hydrolyzes to form highly charged polymeric alumino-hydroxyl species that can
directly neutralize colloidal charge. Additionally, the Al(OH); precipitates formed by
PACI addition are more densely packed and incorporate less water allowing faster
sedimentation compared to alum flocs. Another recommendation is to perform detailed
characterization of dissolved organic carbon in flowback water before and after
coagulation to evaluate the treatability of individual components. Given the numerous,
proprietary additives employed for fracking, in addition to physicochemical
characterization of treated waters, its toxicity also needs to be evaluated prior to

irrigation
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APPENDIX A

Figure 9. The programmable Phipps and Bird jar tester used for all experiments.
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APPENDIX B

Figure 10. Photographs of the raw flowback water (left), after coagulation-flocculation-
sedimentation using alum (middle) and iron chloride (right). A sludge layer separated from the clear
supernatant is visible for both alum and iron visually demonstrating successful clarification.
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APPENDIX C
Quality control and quality assurance statements. First, 5 different boron
concentrations (10, 30, 50, 70, and 100 mg/L) were spiked in 28,000 mg/L NaCl solution
and measured by D-mannitol titration to within 1.2% accuracy. Second, a 28,000 mg/L
NaCl solution was spiked with 120 mg/L boron and coagulated at 5 different conditions
of pH and iron and aluminum dosages. For each of these experiments, boron was
measured in the feed water and supernatant by titration. Then, the flocs were dissolved
by adding HCI to depress the pH and boron was measured in the acidified sample using
ICP-OES to determine the sorbed amount. Boron recovery in these 5 experiments was
99.6 = 1.9%. Third, using the same floc-dissolution procedure, boron was quantitatively
recovered (98.5 £ 2.5%) from the actual hydraulic fracturing water sample. Finally, the
relative percentage difference in boron removal from five duplicate experiments
conducted under different pH values and iron and aluminum dosages was only 5.9 +
2.6%. The relative percentage difference was calculated as the difference between the
theoretical and measured values normalized by the theoretical value expressed as a
percentage. These QA/QC tests demonstrate accurate and precise boron measurements
and reproducible conduct of experiments allowing comparison of data generated over the

entire duration of this study.
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APPENDIX D

Boron sorption mechanisms

Table 2. Schematic representation of boron coordination complexes on iron hydroxides (from [58]). Note
that we only found evidence for trigonal complexes on aluminum due to severe interferences.

Trigonally , .
) B(OH), (ag) +=AIOH (s) = = O~ -CM(s) + H,0(I)
coordinated L
boron
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OH
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