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Abstract: Flowback water from natural gas extraction in Marcellus Shale contains very high concentrations of inorganic salts and organic
chemicals. Potential reuse of this water in subsequent hydraulic-fracturing operations may be limited by high concentrations of divalent
cations (e.g., Ba, Sr, and Ca). Kinetics of barite and celestite precipitation in flowback waters from different well sites was evaluated in
this study. Ba reacted rapidly with sulfate and reached equilibrium within 30 min, whereas Sr reacted slowly and took days to reach equi-
librium. Equilibrium concentrations of Ba and Sr predicted by thermodynamics models were compared with experimental results. Activity
corrections based on the Pitzer equation provided the best agreement with experimental data for both Ba and Sr. Comparison of barite and
celestite precipitation kinetics in actual and synthetic flowback water revealed that there was no observable impact of organics and other
minor components in actual flowback water on barite precipitation rate. This was primarily due to the fact that barite precipitation occurred
relatively quickly at the high saturation levels utilized in this study. By contrast, lattice poisoning and complexation with organic matter
had a profound impact on the comparatively slower celestite precipitation. The presence of organic matter in actual flowback water in-
creased Ba and Sr concentrations in solution, and contributed to the discrepancy between measured and predicted equilibrium concentrations.
DOI: 10.1061/(ASCE)EE.1943-7870.0000807. © 2014 American Society of Civil Engineers.
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Introduction

Development of unconventional on-shore reservoirs is a growing
source of natural gas to meet the energy needs of the United States.
Recent advances in horizontal drilling and multistage hydraulic-
fracturing technologies have enabled development of highly pro-
ductive gas wells in Marcellus Shale (Harper 2008). The Marcellus
Shale of the Appalachian Basin has recently been estimated to
contain 262–500 Tcf (trillion cubic feet) of natural gas reserves,
and is one of the largest underdeveloped reservoirs of shale gas
in the U.S. (Engelder and Lash 2008; Milici and Swezey 2006).
Marcellus Shale underlies approximately 70% of Pennsylvania
(de Witt 1993) and contains natural gas reserves that could
supply the eastern U.S. for many years (Pletcher 2008).

Hydraulic fracturing (hydrofracking) is the cornerstone tech-
nology that has enabled economical recovery of natural gas from

Marcellus Shale. It involves the introduction of fracturing fluid at
high pressure to enlarge existing fractures or to make new fractures
in the shale formation, thereby increasing its permeability to enable
economical gas recovery rates. The fracturing fluid contains fresh-
water withdrawn from local streams that is amended with chemical
additives, including (1) friction reducers to optimize flow char-
acteristics, (2) biocides to inhibit biological growth, (3) proppant
material, such as well-sorted sand, to hold the fractures open,
(4) corrosion inhibitors to protect well casing, (5) scale inhibitors
to preserve the permeability of the proppant pack and the forma-
tion, and (6) surfactants to aid in fluid recovery (Economides et al.
1998; Vidic et al. 2013). Hydrofracturing a single Marcellus well
may require 3–5 million gallons of fracturing fluid (Rodgers 2008),
of which 10–40% may return to the surface as flowback water
(Harper 2008).

Natural gas developers bear considerable cost to purchase fresh
water, transport fresh water to a site, and transport contaminated
flowback and produced water to a disposal/treatment site where
they also pay for its disposal. As a result, a variety of solutions for
recycling flowback water and its reuse in hydraulic fracturing have
been developed recently (Vidic et al. 2013). This approach reduces
the cost of natural gas production, especially in areas where fresh
water is scarce and/or disposal costs are high.

The flowback and produced water contains inorganic salts,
metals, and organics from the target geologic formation; it exhibits
vastly different chemistry than the original fracturing fluid. Once
brought to the surface, this water must be managed in accordance
with federal, state, and local environmental regulations. Water-
management options are severely limited by the unusually high
concentration of chemical constituents (Hill et al. 2004) and the
high-volume flow observed during the flowback period. Total dis-
solved solids in flowback and produced water from Marcellus
Shale are high enough to cause a concern for its reuse, particularly
because of high concentrations of Ba and Sr that may precipitate in
the well or in the formation.
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It is well known that Ba and Sr can be removed from solu-
tion through precipitation as sulfate salts. However, it is not
known whether equilibrium predictions typically available for
fairly dilute solutions would still be applicable under the extremely
high ionic strength conditions that are typical of Marcellus-
Shale flowback water. This study focused on the applicability of
chemical-equilibrium models to predict Ba and Sr behavior in
synthetic and actual Marcellus-Shale flowback water upon sulfate
addition, which is a common practice in centralized waste-
treatment facilities used for flowback/produced water purification
before reuse in hydraulic fracturing.

Materials and Methods

Flowback Water Characteristics

The chemical composition of flowback water varies with loca-
tion and well-completion practice (Barbot et al. 2013). Flowback
water samples used in this study came from three Marcellus
wells located in southwest Pennsylvania, which are designated as
Site A, Site B, and Site C. The key characteristics of the flow-
composite water samples used in this study are shown in Table 1.
In general, they are all concentrated brines with ionic strengths
ranging from 0.91 to 3.41 M. Sodium, calcium, barium, and stron-
tium are the major cations, whereas chloride is the major anion in
Marcellus-Shale flowback water. The flowback water from Site A
is characterized by low Ba and Sr concentrations and medium Ca
content; Site B has high Ba and Sr concentrations but low Ca
content; and Site C has very low Ba concentration but very high
Sr and Ca contents.

Experimental Protocol

The synthetic flowback water samples were prepared in 1-L volu-
metric flasks using high-purity chemicals. Synthetic or actual flow-
back water was placed in 250-mL volumetric flasks, and sulfate
was added as anhydrous NaSO4 (J. T. Baker, Phillipsburg, NJ) to
simulate the treatment process in centralized wastewater-treatment
plants in Pennsylvania. Solutions were mixed with magnetic bar at
400 rpm, and samples were taken at predetermined time intervals
and filtered through 0.45-μm nylon filters. Ba and Sr were mea-
sured using an atomic adsorption spectrometer (Perkin-Elmer
model 1000 AAS) with a nitrous oxide-acetylene flame. To elimi-
nate the interference from ionization and retard the kinetics of pre-
cipitation reactions, all filtered samples were immediately diluted
with 0.15% KCl and 2% HNO3 solutions [EPA method 208.1 (EPA
1974); Agilent Technology, Inc 2010]. Analysis for each cation was
performed at least three times, and the average value was used if the
standard deviation was less than 10%.

Chemical-Equilibrium Models

MINEQL+ (Westall et al. 1976) and PhreeqcI (Parkhurst and
Appelo 1999) were used to calculate the equilibrium distribu-
tions for the ions of interest (i.e., Ba2þ and Sr2þ). MINEQL+ uses
the Davis equation (Davis 1962) to calculate activity coefficients,
whereas the PhreeqcI software package allows selection between
the “Wateq” Debye-Hückel equation (Truesdell and Jones 1974)
and the Pitzer equation (Pitzer 1973, 1991).

Because of the high ionic strength of flowback water, it is im-
portant to accurately estimate activity coefficients of different com-
ponents and species that may be involved in the chemical reactions
of interest. The Davis equation is valid for ionic strength (I) less
than 0.5 and is defined as follows:

logðγiÞ ¼ −A · Z2
i

� ffiffi
I

p

1þ ffiffi
I

p − 0.2I

�
ð1Þ

TheWateq Debye-Hückel model is valid for I < 1 and is defined
as follows:

logðγiÞ ¼
−A · Z2

i ·
ffiffi
I

p

1þ B · ai ·
ffiffi
I

p þ bi · I ð2Þ

where A ¼ ð1.82483 · 106
ffiffiffi
d

p Þ=ðε · TkÞ3=2 and B ¼
ð50.2916 ffiffiffi

d
p Þ=ðε · TkÞ1=2 (Merkel and Planer-Friedrich 2008);

ai and bi are ion-specific parameters determined by the ion size
(Table 2); d = density of water; ε = dielectric constant; TK =
temperature in Kelvin; and I = ionic strength.

Another semiempirical model based on ion-interaction theory
was developed for high ionic strength conditions (Pitzer 1973).
Compared to ion-association theory or ion-pair theory, the ion-
interaction model considers all charged ions to be fully separated
as free ions. This model was later edited (Pitzer 1991) to incorpo-
rate the ion-association model and solve some inaccuracies for
weak electrolytes. The general equations used for calculating the
activity coefficient by Pitzer equations for cations and anions are
listed as follows (Aniceto et al. 2012) :

Table 1. Key Inorganic Constituents of Flowback Water Used in This
Study (mg=L)

Constituent Site A Site B Site C

Naþ 16,518 32,327.8 46,130.7
Ca2þ 2,224 449.1 15,021
Mg2þ 220 119.9 1,720
Ba2þ 730 2,530 236
Sr2þ 367 1,387 1,817
Cl− 29,000 52,913.5 104,300
Ionic strength (M) 0.91 1.55 3.41

Table 2. Ion-Specific Parameters ai and bi Based on Parkhurst et al. (1980)
and Truesdell and Jones (1974)

Ion ai (Å) bi (Å)

Hþ 4.78 0.24
Liþ 4.76 0.20
Naþ 4.32 0.06
Kþ 3.71 0.01
Cs2þ 1.81 0.01
Mg2þ 5.46 0.22
Ca2þ 4.86 0.15
Sr2þ 5.48 0.11
Ba2þ 4.55 0.09
Al3þ 6.65 0.19
Mn2þ 7.04 0.22
Fe2þ 5.08 0.16
Co2þ 6.17 0.22
Ni2þ 5.51 0.22
Zn2þ 4.87 0.24
Cd2þ 5.80 0.10
Pb2þ 4.80 0.01
OH− 10.65 0.21
F− 3.46 0.08
Cl− 3.71 0.01
ClO−

4 5.30 0.08
SO2−

4 5.31 −0.07
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ln γM ¼ z2MF þ
X
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X
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mcmaðz2XB 0
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where subscripts M and X denote cation and anion of interest,
respectively; subscripts c and a indicate other cations and anions;

and F is a derived Debye-Hückel function, which is dependent on
the Debye-Hückel parameter A and ionic strength. Other terms in
these equations are determined based on six types of temperature-

dependent empirical parameters [i.e., βð0Þ
MX, β

ð1Þ
MX, β

ð2Þ
MX , C

ð0Þ
MX, Φij,

Ψijk]. The first three terms [namely, βð0Þ
MX, β

ð1Þ
MX , β

ð2Þ
MX] describe

the interaction of oppositely charged ion pairs in a mixed electro-

lyte solution. Cð0Þ
MX accounts for short-range ion interaction and is

of importance at high concentrations. Φij are mixed electrolyte
parameters for interaction between ions of the same charge, and
Ψijk describe cation-cation-anion and anion-anion-cation interac-
tions in a mixed-electrolyte solution (Pitzer and Mayorga 1973;
Pitzer and Kim 1974; Pitzer 1975, 1991). Table 3 lists empirical
parameters that were used to supplement the database available
in PhreeqcI.

The Pitzer equation is preferred over other models for two rea-
sons. First, the Pitzer equation is applicable for solutions with ionic
strength up to 6 M (Burkin 2001). Second, the Pitzer equation takes
into account the impact of all ions that are present in solution,
which means that the activity coefficients will vary with dissolved
ion composition for identical ionic strength.

Results and Discussion

Kinetics of Barite and Celestite Precipitation
in Synthetic Flowback Waters

Previous studies (He et al. 1995a, b; Risthaus et al. 2001; Jones
et al. 2004; Shen et al. 2009; Fan et al. 2011) have shown that
a number of parameters, including temperature, pressure, saturation
index, ionic strength, and scale inhibitors, have significant impact
on the kinetics of barite and celestite precipitation. In this study, the
temperature and pressure were at standard conditions (atmospheric
pressure and room temperature of 22� 1°C), and the focus was on
the impact of water quality on these reactions. Mineral precipitation
involves two stages: nucleation and crystal growth. The initiation of
precipitation reactions is accomplished during the induction period,
which depends on the saturation index, and is usually completed
within a couple of minutes (He et al. 1995a, b; Fan et al. 2011).
However, the equilibrium will take much longer to achieve, and the
precipitation rate normally follows a second-order reaction rate
(Yeboah et al. 1994; Shen et al. 2008). The study by Shen et al.
(2008) found that barite precipitation reaches equilibrium fairly
quickly when the reaction goes from undersaturation to saturation,

Table 3. Ionic Interaction Parameters in the Pitzer Equation

Parameter Value Reference

βð0Þ Ba-SO4 −1.0 Monnin and Galinier (1988)
βð0Þ Sr-SO4 −0.43 Monnin and Galinier (1988)
βð0Þ Mg-SO4 0.221 Pabalan and Pitzer (1987)
βð0Þ Ca-SO4 0.2 Greenberg and Moller (1989)
βð1Þ Ba-SO4 12.6 Monnin and Galinier (1988)
βð1Þ Sr-SO4 5.7 Monnin and Galinier (1988)
βð1Þ Mg-SO4 3.343 Harvie et al. (1984)
βð1Þ Ca-SO4 3.1973 Greenberg and Moller (1989)
βð2Þ Ba-SO4 −153.4 Monnin and Galinier (1988)
βð2Þ Sr-SO4 −94.2 Monnin and Galinier (1988)
βð2Þ Mg-SO4 −37.23 Pabalan and Pitzer (1987)
βð2Þ Ca-SO4 −54.24 Greenberg and Moller (1989)
Ψ Na-Ca-Cl −0.003 Holmes et al. (1987)
ΨNa-Ca-SO4 −0.012 Greenberg and Moller (1989)
Ψ Na-Ba-Cl 0.0128 Monnin (1999)
ΨCl-SO4-Mg −0.008 Harvie et al. (1984)
Φ SO4-Cl 0.07 Greenberg and Moller (1989)

Table 4. Initial Concentrations of Ba2þ, Sr2þ, and SO2−
4 in Synthetic Flowback Waters and Corresponding Ionic Strength, Activities, and Saturation Indices

with Respect to Barite and Celestite

Flowback
water

[SO2−
4 ]

(mg=L)
[Ba2þ]
(mg=L)

[Sr2þ]
(mg=L)

Ionic
strength
(IS) (mol)

αSO4
ðmol=LÞ × 103

αBa
ðmol=LÞ × 103

αSr
ðmol=LÞ × 103 SIBaSO4 SISrSO4

Site A 1,000 730 367 0.95 0.781 1.115 1.051 3.91 0.55
2,000 730 367 0.98 1.542 1.126 1.106 4.21 0.83
3,000 730 367 1.02 2.284 1.139 0.985 4.39 0.98

Site B 1,000 2,530 1,387 1.64 0.559 3.763 4.396 4.29 1.03
2,000 2,530 1,387 1.68 1.104 3.830 4.309 4.60 1.31
3,000 2,530 1,387 1.71 1.637 3.898 4.227 4.78 1.48

Site C 150 236 1,817 3.62 0.029 0.568 11.65 2.20 0.18
500 236 1,817 3.63 0.098 0.572 11.63 2.72 0.70

1,000 236 1,817 3.65 0.197 0.577 11.59 3.03 1.00

Note: SI = saturation index, the logarithm of Ω (Ω is the ratio of IAP=Ksp, where IAP = ion activity product); Ksp;BaSO4 ¼ 1.072 × 10−10,
Ksp;SrSO4 ¼ 2.291 × 10−7.
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whereas the rate becomes relatively slow if the direction is from
supersaturation to saturation. The focus of this study was on the
latter case, because the reacting ions always initially exceed the
saturation levels in practice.

A summary of experimental conditions, including the initial ion
concentrations, ionic strength of the solution, ion activities calcu-
lated using the Pitzer equation, and saturation indices, is given in
Table 4. Visual observations in almost all tests conducted in this
study revealed significant turbidity development within a few sec-
onds of sulfate addition, which indicates a relatively short induction
period, and barium-sulfate nucleation that is much faster than the
nucleation rates found in other studies (He et al. 1995a, b; Fan et al.
2011). Hence, the induction period was not evaluated further in
this study.

Figs. 1 and 2 depict variations of Ba and Sr in three flowback
water samples with time for different NaSO4 doses. As evidenced
from these figures, barite precipitated much faster than celestite in
all cases. The difference in time required to achieve equilibrium for
Ba and Sr was very significant for flowback samples from Sites A
and B, in which Ba precipitation was essentially complete within
30 min, whereas Sr concentration did not stabilize after 24 h, and
weeks may be needed to achieve equilibrium (data not shown).
As shown in Table 4, the saturation index (SI) for barite (2.2 ∼ 4.8)
was much higher than that for celestite (0.18 ∼ 1.48). Jones et al.
(2004) suggested that the concentrations of other divalent ions,

especially Ca, may impact barite and celestite precipitation kinetics
by lattice poisoning. However, inhibition of barite precipitation
was only observed in the case of flowback water from Site C with
addition of 150 mg=L SO4 [Fig. 1(c), (initial SI ¼ 2.2)], which
suggests that the inhibition of barite precipitation by Na and Ca
ions only occurs when the barite saturation index is low. In such
cases, it is necessary to increase SO4 dosage (e.g., achieve initial SI
greater than 2.5) to ensure rapid barite precipitation.

The Sr concentration in the presence of relatively low initial
sulfate concentration exhibited slightly unusual behavior. When
150 mg=L of sulfate was added to flowback sample from Site C
[Fig. 2(c)], Sr concentration in solution initially decreased and
then increased over time. Such behavior can be explained by the
nucleation kinetics model for a binary system [i.e., ðBa; SrÞSO4]
suggested by Pina and Putnis (2002). Sr and Ba are initially copre-
cipitated in the form of BaxSr1−xSO4. This initial coprecipitation
step proceeds on the basis of the kinetically favored pattern, which
is governed by the molar faction of Ba in the coprecipitated solid
(i.e., x in BaxSr1−xSO4). When the ratio of strontium to barium in
solution is high, as is the case in flowback water from Site C, rel-
atively Sr-rich solid composition can be expected initially as a large
fraction of sulfate is initially consumed for celestite formation.
However, Sr is then replaced with Ba through isomorphic substi-
tution because the equilibrium is ultimately driven by supersatura-
tion, which is much higher for barite than for celestite. Isomorphic

Fig. 1. Variation of Ba concentration for different initial sulfate concentrations in flowback water from: (a) Site A; (b) Site B; (c) Site C. Barite
precipitation is essentially complete in 30 min if the initial SI > 2.5 regardless of the solution composition
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substitution is a fairly slow process, and Ba did not reach equilib-
rium even after 30 days (data not shown).

Table 5 shows that the removal efficiency for Ba would be much
higher than that for Sr under typical process conditions in central-
ized waste-treatment facilities (e.g., reaction time of 1 h). Sulfate is
an excellent removal reagent for Ba, but not as good at removing Sr,
because barite solubility is approximately three orders of magni-
tude lower than that of celestite, and very high initial sulfate con-
centrations would be required to achieve significant Sr removal.

However, this approach would lead to substantial increase in sul-
fate concentration in the finished water, which could prevent the
reuse of this water for hydraulic fracturing because of concerns
that sulfate precipitation inside the well could reduce well produc-
tivity. If high Sr removal is needed, it may be better to precipitate
it as strontium carbonate (strontianite), which has much lower
solubility (Ksp;SrCO3 ¼ 10−9.25) than that of celestite (Miller and
Benson 1983).

Equilibrium Predictions for Synthetic Flowback Waters

Experimental data collected using synthetic flowback water from
Site A (IS ¼ 0.91M), Site B (IS ¼ 1.55M), and Site C (IS ¼
3.41M) are compared to chemical-equilibrium predictions for
different initial sulfate concentrations in Figs. 3–5, respectively.
These figures show that the theoretical calculations are in good
agreement with experimental results for Ba, with the Pitzer equa-
tion offering the best predictions. One exception was in the case
of Ba concentration in flowback water from Site C with an ini-
tial sulfate concentration of 150 mg=L [Fig. 5(a)]. The deviation
between measured values and model predictions based on the
Pitzer equation in this case is expected and can be explained by
kinetic limitation (i.e., low SI for barite), lattice poisoning by high
concentrations of cations in solution (I ¼ 3.41), and slow isomor-
phic substitution (i.e., high initial ½Sr2þ�=½Ba2þ� ratio) as described
previously.

Fig. 2. Variation of Sr concentration for different initial sulfate concentrations in flowback water from: (a) Site A; (b) Site B; (c) Site C. Low SI for
celestite results in relatively slow precipitation reactions

Table 5. Measured Removal Efficiency of Ba2þ and Sr2þ in Synthetic
Flowback Waters after 1 h Reaction for Different Initial Sulfate
Concentrations

Mixtures
Ba removal

efficiency (%)
Sr removal

efficiency (%)

Site Aþ 1,000 mg=LSO4 100.0 18.4
Site Aþ 2,000 mg=LSO4 100.0 24.2
Site Aþ 3,000 mg=LSO4 100.0 35.1
Site Bþ 1,000 mg=LSO4 53.3 3.6
Site Bþ 2,000 mg=LSO4 98.6 18.3
Site Bþ 3,000 mg=LSO4 100.0 36.7
Site Cþ 150 mg=LSO4 55.6 3.5
Site Cþ 500 mg=LSO4 90.5 8.6
Site Cþ 1,000 mg=LSO4 96.4 10.1
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In general, the chemical-equilibrium model using the Pitzer
equation also offered the best match with experimental data for
Sr collected in this study. The only significant deviation between
measured and predicted Sr concentration was observed in the case
when the initial Sr concentration was low (e.g., flowback water
from Site A). Such behavior [Fig. 3(b)] can be explained by the
fact that it can take several weeks to reach equilibrium with respect
to celestite precipitation (data not shown). The prediction accuracy
is improved when Sr concentration is relatively high (e.g., flowback
water from Sites B and C), and it decreases with an increase in the
initial sulfate concentration.

Comparison of Barite and Celestite Precipitation
in Synthetic and Real Flowback Waters

The actual flowback water is a much more complex solution com-
pared with the synthetic water that contains only salts. The presence
of organic matter from either the rock formation or from the chemi-
cal additives injected into the fracturing fluid may have an impact
on precipitation kinetics, equilibrium, and size and morphology of
crystals that are formed. Whether the organic substances can inhibit
or accelerate precipitation of inorganic compounds is still a matter
of debate (Hennesy and Graham 2002; Jones et al. 2004, 2008;
Smith et al. 2004; Hamdona et al. 2010). Most studies suggest that

Fig. 3. Comparison between equilibrium predictions and experimental results for different initial sulfate concentrations after 24 h of reaction in
synthetic flowback water from Site A for (a) Ba; (b) Sr

Fig. 4. Comparison between equilibrium predictions and experimental results for different initial sulfate concentrations after 48 h of reaction in
synthetic flowback water from Site B for (a) Ba; (b) Sr
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organics such as commercial antiscalants and polyphosphonates
could retard precipitation reactions even if present at very low con-
centrations (Van der Leeden 1991). However, some other organics
like methanol could promote the precipitation reactions (Jones
et al. 2008).

The kinetics and equilibrium of barite and celestite precipi-
tation in actual flowback water were evaluated using actual flow-
back water from Site A. The main difference between actual and
synthetic flowback water is that the actual flowback water con-
tains organic matter, with total organic carbon concentration of
52 mg=L. It was found that Ba concentration reached equilibrium
after 30 min reaction in actual flowback water for all sulfate doses
evaluated in this study (data not shown), which is identical to the

behavior observed in the synthetic flowback water. As shown in
Fig. 6, the measured Ba concentration at equilibrium deviated from
model predictions for the initial sulfate dose of 400 mg=L. Higher
Ba concentration in solution at equilibrium is likely due to an in-
crease in barite solubility in the presence of organic matter (Church
andWolgemuth 1972). This study revealed that organic matter does
not have any observable impact on barite precipitation kinetics
(data not shown). However, chemical-equilibrium models tend to
overestimate Ba removal in actual flowback water because the
impact of organic matter cannot be adequately incorporated into
thermodynamic calculations.

Fig. 7 illustrates the difference in celestite precipitation kinetics
in actual and synthetic flowback water from Site A. Fig. 7 shows
that celestite precipitation is slower in actual flowback water
compared with that in synthetic flowback water, which is due to
inhibition by organic matter present in actual flowback water.

Fig. 5. Comparison between equilibrium predictions and experimental results for different initial sulfate concentrations after 24 h of reaction in
synthetic flowback water from Site C for (a) Ba; (b) Sr

Fig. 6. Comparison between equilibrium predictions and measured
residual Ba concentration after 24 h of reaction in actual flowback
water from Site A with 400 mg=L initial sulfate concentration

Fig. 7. Strontium concentration in synthetic (open symbols) and actual
flowback water (solid symbols) from Site A during sulfate precipitation
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Adsorption of organic matter on active sites on the crystal surface
could block the crystal growth and decrease the kinetics of precipi-
tation reactions (Hamdona et al. 2010). This effect was previously
identified for barium sulfate precipitation at low supersaturation
ratios (Van der Leeden 1991). However, inhibition of barite precipi-
tation by organic matter was not observed under the experimental
conditions evaluated in this study (i.e., high ionic strength and high
supersaturation ratio for barite) because the reaction was essentially
completed in 30 min. In comparison, celestite precipitation is much
slower, and further reduction in celestite precipitation kinetics
caused by the organic matter present in the actual flowback water
additionally exacerbated the difference between measured and pre-
dicted Sr concentrations (Fig. 8). Therefore, equilibrium models
may not be reliable in predicting Sr concentration in centralized
wastewater-treatment plants due to kinetic limitations.

Summary and Conclusions

Laboratory experiments were conducted to evaluate the kinetics of
barite and celestite precipitation and associated Ba and Sr removal
from flowback water through sulfate precipitation. It was found that
barium reacted rapidly with sulfate and essentially reached equilib-
rium within 30 min. One exception was in the case of low initial Ba
(236 mg=L) and sulfate (150 mg=L) concentrations, but moderate
strontium concentration (1,817 mg=L). Reduction in the barium re-
moval rate in this case was due to initial Ba and Sr coprecipitation
with sulfate followed by slow substitution of Sr with Ba. Further-
more, barite precipitation may be inhibited in high ionic strength
solutions and low barite saturation index.

Comparison between measured and predicted concentrations
in synthetic flowback water solutions revealed that the chemical-
equilibrium model based on the Pitzer equation for activity correc-
tions was superior in predicting both Ba and Sr concentration
because of the very high ionic strength that characterizes most
flowback waters from unconventional gas extraction. Discrepan-
cies between measured and predicted results, especially in the
case of Sr, could be significant because of the slow celestite-
precipitation rate. In that case, chemical-equilibrium models cannot

reliably predict the quality of the effluent from central waste-
treatment plants utilizing sulfate precipitation for the control of
Ba and Sr. This study also suggests that sulfate may not the best
agent for Sr removal from flowback water, and that other anions
(e.g., carbonate) may be better suited to remove high levels of Sr.

Barite and celestite precipitation in actual flowback water may
be influenced by the presence of natural and synthetic organic mat-
ter in this water. Although the organic matter had no observable
impact on barite precipitation kinetics, the rate of celestite pre-
cipitation was significantly reduced. Deviations between measured
and predicted Ba concentrations were influenced by the increase in
barite solubility in the presence of organic matter. As the rate of
celestite precipitation was reduced further in the actual flowback
water, it would take even longer for Sr concentration to reach equi-
librium compared to the results in synthetic flowback water. There-
fore, chemical-equilibrium models may not be able to accurately
predict the composition of effluent from centralized wastewater-
treatment plants treating flowback water from unconventional gas
production. Due to the complexity of organics that are present in
flowback water, no specific compound can be singled out for its
influence on the kinetics and equilibrium of barite and celestite
precipitation.
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