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Abstract Hydraulic fracturing is used to enhance oil
and gas extraction from tight shale formations and gen-
erates millions of gallons of wastewater which needs to
be cleaned up prior to disposal or reuse. The current
technologies used for the management of this wastewa-
ter present technical, economic, and environmental chal-
lenges. Hence, the main objective of this study was to
examine the potential of algal remediation of hydraulic
fracturing wastewater (PW) as an alternative method.
Considering that PW contains very low concentration of
the nutrients needed for algae growth PW supplemented
with animal wastewater (AW-PW) was also examined.
Biomass production capacity, average biomass produc-
tivity, and specific growth rate of the microalgae strain
used in the study, Picochlorum oklahomensis, were
187 gL', 268 mg L' day ™', and 0.35 day ', respec-
tively, when grown in PW. Complete nitrate, ammonia,
and phosphate removal could be achieved by growing
algae in PW. Supplementation of PW with animal
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wastewater enhanced biomass production (1.87—
2.40 g L™") and lipid content (15-25% wt) in the pro-
duced algal biomass. A mathematical model with a
correlation coefficient of greater than 0.94 was devel-
oped to describe the growth kinetics of algae grown in
AW-PW.
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1 Introduction

Hydraulic fracturing, also known as fracking, is a pro-
cess during which water containing various chemicals is
injected at a high pressure into tight geologic formations
holding oil and/or gas. The latter process induces frac-
tures through which oil or natural gas can easily flow to
the surface enhancing oil and gas recovery. The hydrau-
lic fracturing process utilizes large volumes of freshwa-
ter depleting scarce resources, generating wastewater
(WW), and creating environmental pollution. The
amount of water used for each well varies between
10,000 and 236,620 m’ per well, depending on the well
borehole configuration and target oil or gas reservoir
characteristics (Gallegos et al. 2015). The liquid waste
produced during the fracking operations is of great
concern due to its potential adverse impact on ground
and surface water and soil.

There are two main streams generated during hydrau-
lic fracturing and oil and gas production. The injected
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fluid (fracking fluid) mixed with the formation water
returns to the surface within the first few days following
the initial fracturing of a shale (Lutzu and Dunford
2019a, 2019b; Li et al. 2020; Wang et al. 2020a). This
stream is referred to as flowback water (FW). Then,
more water comes to the surface mixed with oil and
gas during the production period. The latter WW stream,
which is known as produced water (PW), is the most
concerning waste stream due to its larger production
volume than FW and its potentially harmful chemical
composition. PW may contain metals; radioactive com-
pounds and other chemicals including sodium, potassi-
um, chloride, bromide, calcium, barium, strontium, ra-
dium, and uranium; and organic chemicals such as
solvents, biocides, and scale inhibitors (Maguire-Boyle
and Barron 2014). Extremely high total dissolved solid
(TDS) content in PW, in some cases exceeding
300,000 mg L', makes the handling and treatment of
this stream very challenging (Estrada and Bhamidimarri
2016). PW can be stored in tanks and then transported
and injected into deep wells approved by the local
governments. Handling methods for the final disposal
of frac water are limited to deep well injection and reuse
and recycling for agricultural and industrial purposes
including reuse in fracturing operations after treatment
(Jackson et al. 2014; Kondash and Vengosh 2015; Notte
et al. 2017). The most common WW management op-
tion, deep well injection, is troublesome due to its high
cost and damaging environmental impacts (Shores et al.
2017; Acharya et al. 2011; Lester et al. 2014; Mauter
et al. 2014).

Most of the research on algal WW remediation has
focused on animal and municipal WW (Barrera Bernal
et al. 2008, De Francisci et al. 2018). Although hydrau-
lic fracturing WW is an important environmental prob-
lem, feasible technologies for its management are still
not available (Wang et al. 2020a, 2020b). Only a few
studies examined hydraulic fracturing WW as a poten-
tial growth medium for algal biomass production and
contaminant removal (Lutzu and Dunford 2019a,
2019b; Li et al. 2018, 2020). For example, thirteen
strains of microalgae isolated in southern Brazil are
shown to grow in PW and remove pollutants (Mendes
et al. 2010). Recent studies reported the effect of algae
growth in FW and PW on residual water quality (Lutzu
and Dunford 2019a, 2019b). Although microalgae
could grow in FW, the biomass production was
constrained by the limited nutrient (potassium and ni-
trogen) availability in the WW. Information on the algal
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treatment of PW is still limited (Racharaks et al. 2015;
Wood et al. 2015).

Animal wastewater (AW) is a rich source of nutrients
needed for algae cell growth. Hence, it can be used to
supplement hydraulic fracturing WW to enhance algae
growth.

The main objective of this study was to examine the
potential of using AW as an additive to improve the
algal biomass production in hydraulic fracturing waste-
water (HFWW). Considering that the chemical compo-
sition of FW and PW is significantly different (Ferrer
and Thurman 2015), and the volume of the PW gener-
ated during oil and gas production is much larger than
that of the FW, PW was chosen as the algae growth
medium to be examined in this study. An Oklahoma
native microalgae strain, Picochlorum oklahomensis,
was grown in PW, AW, and their mixtures. The effects
of the WW source on the algal biomass growth profile,
contaminant removal efficiency, and the biomass char-
acteristics were investigated. A mathematical model
was successfully developed to describe the microalgae
growth kinetics.

2 Material and Methods
2.1 Inoculum and Culture Medium Preparation

The algae strain Picochlorum oklahomensis
(CCMP2329), thereafter referred as PO, was obtained
from the culture collection of the National Center for
Marine Algae and Microbiota (NCMA), Boothbay,
Maine (2016). The detailed chemical composition of
the culture media used to maintain algae can be found
on the UTEX (2012) and NCMA official websites
(NCMA 2016). All the chemicals used in this study
were reagent grade unless otherwise stated.

2.2 Wastewater Collection and Pre-Treatment

The PW used in this study was collected from the wells
operating in southeast, OK, USA, and stored at room
temperature until further use. The WW samples were
filtered using a filter paper disk (#1, Whatman, UK) and
then sterilized at 121 °C, 0.1 MPa for 20 min in an
autoclave (Hirayama, HVE-50, Ramsey, MN, USA)
prior to microalgae cultivation. The AW which was
collected from a swine farm at the Oklahoma State
University, Stillwater, OK, was first filtered through a
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sand filter in order to remove suspended solids that
could interfere with light availability to the algal cells.
Then, the filtered WW was autoclaved at 121 °c for
20 min.

2.3 Algae Cultivation

The algae were cultivated in 2 L (1.2 L working medium
and at an initial cell concentration of 0.1 g L")
photobioreactors (PBR), sealed with a GL45 3-port
cap equipped with tube adapters (CP Lab Safety, Nova-
to, CA). The gas (air and CO, mixture) was bubbled
through a sterile syringe filter (Argos Technologies,
Elgin, IL). A polypropylene check valve (VWR Sci-
ence, Bristol, CT) allowed air leaving the PBR and
prevented the reverse flow. The PBR were kept in a
closed growth chamber with inner dimensions of
118.8 x58.4x76.9 cm (length x height x width). The
chamber was maintained at 23 +4 °C. Twelve 23 W
cool white fluorescent bulbs (Osram Sylvania, Wil-
mington, MA), installed on the ceiling of the growth
chamber, were the light source providing a PPF of 85 +
4 umol m % s~ measured by a quantum meter (model
QMSW-SS, Apogee Instruments Inc., Logan, UT). Dur-
ing a 12:12-h cycle, the lights in the growth chamber
and the gas flow through the reactors were on for 12 h
while the next 12 h was dark without gas flow. The gas
flow rate was 20 mL min ', and the concentration of
CO; (industrial carbon dioxide, Airgas, Stillwater, OK)
in the air (Grade D breathing air, Airgas, Stillwater, OK)
was 2% v/v. The initial cell concentration of the culture
medium was 0.1 gL' (based on algal dry weight). After
one month of cell growth, the cultures were centrifuged
at 9722 g/RCF for 10 min (Sorval RC-5C Plus, Ramsey,
MN). The liquid phase was separated and used for
wastewater analysis (as described in section 2.7). The
algal biomass was collected and dried as is without
further treatment according to the procedure described
in Section 2.4. More details on the PBR and the culti-
vation technique can be found in a previous publication
(Lutzu and Dunford 2019a).

2.4 Characterization of Microalgae Growth Pattern

Cell growth was monitored by measuring the absor-
bance (ABS) of the culture at 680 nm for 30 consecutive
days. A regression equation describing the relationship
between dried biomass concentration and ABS was
generated and used to monitor biomass concentration

during cell growth. Actual dry biomass concentrations
were determined as follows: (a) about 5 ml of culture
(V) was drawn from the reactors, (b) the sample was
passed through a pre-dried and weighted (W;) glass
microfiber filter (GF/C™ 55-mm diameter, Whatman,
UK), and (c) the biomass retained on the filter was dried
to a constant weight (W,) at 105 °C. The biomass
amount was reported as the weight difference, W,—W,.
The cell concentration (dry weight VY, Xgw (g LY,
average biomass productivity (Px), specific growth rate
(), and doubling time (¢4) calculations were described
in detail elsewhere (Zhou and Dunford 2017a, 2013).
The pH of culture suspensions was measured by a pH
meter (model AR20, Fisher Scientific, Waltham, MA).

2.5 Algal Biomass Characterization

The algal biomass was characterized by using a Ther-
mogravimetric Analysis (TGA) method (Garcia et al.
2013; Ross et al. 2008). In summary, the sample was
heated from 25 to 110 °C at a heating rate of
20 °C min~" under a nitrogen atmosphere (flow rate
50 mL min ") and held at 110 °C for 6 min. The weight
loss at this stage corresponded to the moisture (M)
content of the sample. After the isothermal period, tem-
perature was increased to 575 °C at a rate of 80 °C min '
and held for 10 min; during which, the weight loss was
determined as the volatile matter (VM). Then, the atmo-
sphere was switched from nitrogen to air (50 mL min™ "),
and the temperature was increased to 800 °C at a heating
rate of 80 °C min ' and then maintained at this temper-
ature until a constant sample weight was obtained. The
weight loss at this stage was accounted as fixed carbon
(FC), and the remaining weight was ash (A). The higher
heating value (HHV), MJ kg71 (dry basis), was calcu-
lated as described elsewhere (Zhou and Dunford 2017a,
2017b).

2.6 Lipid Content Determination

The lipids were extracted from PO biomass following
the procedure described in Zhou and Dunford (2017a).
Briefly, a small amount of dried biomass (120 mg) was
first suspended in 5-mL phosphate buffer (pH 7.4) and
treated in a bead-beater (model HBB908, Hamilton
Beach Richmond, VA) which was half-filled with 1-
mm glass beads for 1 min. The obtained suspension was
then transferred to a separatory funnel where a 30 mL of
chloroform-methanol (2:1 v v ) solution was added to
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allow the lipid extraction. The liquid mixture was then
shaken vigorously for 20 min with an orbital shaker
(model S500, VWR, Radnor, PA), left to stand for
30 min to achieve a clear phase separation, and the
bottom layer (corresponding to the organic phase con-
taining lipid) was decanted and saved. The upper layer
(aqueous layer containing residual cells) was extracted
with 20 mL solvent The combined organic phases were
washed with 20 mL of 5% (w v ') sodium chloride
solution in the separatory funnel, and the final organic
layer (bottom layer) was decanted and transferred into a
pre-weighed beaker, which was then placed in a
RapidVap (Labconco Corp., Kansas City, KS) to evap-
orate the solvent at 40 °C until a constant weight was
obtained. Finally, the lipid content in the algal biomass
was determined by the weight increase of the beaker
divided by the dry weight of the algae sample.

2.7 Wastewater Quality

The standard analytical water quality methods were
used for testing (APHA 2005). At the end of the algae
growth period, the culture was centrifuged at 9722 g/
RCF for 10 min, and the supernatant was filtered
through a glass microfiber filter (GF/C™, Whatman,
UK) prior to the chemical testing. The chemical com-
position of the PW and AW was analyzed before and
after microalgae cultivation. All the relevant ions and
chemicals such as sodium, calcium, magnesium, sulfate,
chloride, nitrate, carbonate, and bicarbonate of the water
samples were analyzed by either an ICP (inductively
coupled plasma) emission spectrometer or flow injec-
tion autoanalyzer (FIA). Phosphorous content was ana-
lyzed by inductively coupled argon plasma (ICAP)
emission spectrophotometer. The chemical oxygen de-
mand (COD) of the WW samples was determined ac-
cording to the USEPA method (1980).

2.8 Data Analysis

All algae growth experiments and the analytical tests
were carried out at least in duplicate with the mean
values being reported. Means were compared by
Tukey’s HSD test at a 95% confidence interval. Statis-
tical analyses of the data were performed using SAS 9.3
and SAS 9.2 (SAS Institute Inc., Cary, NC). The regres-
sion equations for dry biomass concentration vs. ABS,
specific growth rate, doubling time, and proximate
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analysis by TGA were calculated using Microsoft Office
Excel 2007 (Microsoft Corporation, Redmond, WA).

2.9 Quantitative Evaluation of Algae Growth Using
a Logistic Model

The following equation, based on a logistic growth
model, was used for the model development:

_ X max
1+ exp[ilu’max(titi)]

where X, (g L") represents the maximum algae con-
centration achieved during the growth and
Ihmax (dayfl) is the maximum specific growth rate while
t; (day) is the so-called time of inflection, i.e., the time
when the instantaneous growth rate starts to decrease. It
should be noted that the logistic model has been widely
applied in the literature to capture the growth behavior
of microalgae strains (Xu and Boeing 2014; Bhola et al.
2016; Banks et al. 2017; Stemkovski et al. 2016). In
order to identify the model parameter values permitting
to achieve a good agreement with experimental data, the
following strategy was adopted. The value of X, ., was
set to the maximum concentration of algae detected
during the experiments. The maximum growth rate
was evaluated by linearly fitting the experimental data
related to the early days of cultivation when the absence
of growth controlling factors could be reasonably as-
sumed. Subsequently, the time evolution data were
fitted through the logistic model by using the previously
obtained values of X,,o« and jimq While tuning the value
of the time of inflection #; that minimizes the residual
sum of squares. Therefore, only one parameter was
adjusted to fit the data.

(1)

3 Results and Discussion
3.1 Initial Wastewater Composition

Two PW samples examined in this study (Table 1) were
collected from the wells operating in Oklahoma, USA.
According to the Frac Focus Chemical Disclosure Reg-
istry (FFCDR 2018), the well, from which PW-1 was
collected, was fractured in April 2013. The hydraulic
fracking fluid used in this well contained proppant
(crystalline silica), friction reducer (trade name FR-
66), biocide (glutaraldehyde, trade name Bactron



Water Air Soil Pollut (2020) 231: 457

Page 5 of 16 457

K-176), scale inhibitor (methanol and nonylphenol
ethoxylate, trade name Gyptron T-390), breaker (sodi-
um perborate tetrahydrate, trade name Optikleen), and a
number of other non-MSDS (material safety data sheet)
ingredients. The well was producing gas at the time of
sampling. Sodium (8956 mg L™') and chloride
(13,492 mg L") were the major ions in PW-1. It also
contained substantial amount of bicarbonate
(868 mg L™"). Potassium, a nutrient needed for algae
growth, was the next most dominant cation
(179 mg L), followed by calcium (101 mg Lh. High
calcium levels are common in PW and contribute to
scaling and mineral/ash precipitation. The TDS content
of PW-1,25,014 mg L! (Table 1), was within the range
reported for PW generated in other states (Benko and
Drewes 2008). However, significant differences be-
tween PW and FW were observed. For example, TDS
of the FW collected from the same region and used for
algae growth in an earlier study (Lutzu and Dunford
2019a) and the FW from a well in the Denver-Julesburg
basin in Colorado were higher (Lester et al. 2014;
Racharaks et al. 2015), while TDS of the water from a
well in Texas was significantly lower than that of PW-1
(Arthur etal. 2017). The PW-1 was alkaline, pH 8.5, and
had a very high concentration of chloride,
13,492 mg L', and lower sodium and other mineral
contents compared with those reported in PW from
different regions in the USA (Cluff et al. 2014). The
concentrations of nutrients needed for algae growth,
nitrogen (N) and phosphorous (P), were quite low which
is typical for the WW generated during hydraulic frac-
turing. Iron, copper, manganese, and zinc are considered
micronutrients required by all algae for their growth.
The latter compounds were not detected in PW-1.
PW-2 was collected from another well which was in
the same region as the well from which PW-1 was
collected. The well was fractured in March 2016. Frac-
turing fluid contained proppant (silica, quartz), biocide
(trade name AQUCAR GA 50 and B-445-50), friction
reducer (trade name FRW-200), polymer breaker (Trade
name CS POLYBREAK 210W), and a number of other
compounds. The complete fracturing fluid composition
can be found on the Frac Focus web site (2018). The
PW-2 sample used in this study was collected when the
well was producing oil. The composition of PW-2
(Table 1) was similar to that of PW-1, except for a
higher content of sulfate (1065 mg L") and nitrate
(231 mg L") and a lower content of TDS
(15,642 mg L"), chloride (6836 mg L"), and

ammonium (17 mg L™"). According to a National Alli-
ance for Advanced Biofuels and Bioproducts (NAABB)
report (2014), the TDS of the PW collected from wells
in southwestern USA range from 7744 to
38,000 mg L' (NAABB 2014; Lammers et al. 2017).
Therefore, the TDS in both PW-1 and PW-2 were within
the range reported by the NAABB. However, it is im-
portant to point out the significant difference in TDS in
PW-1 and PW-2. Small quantities of micronutrients,
zinc, copper, and iron were detected in PW-2.

The composition of the AW was significantly differ-
ent than that of both PW-1 and PW-2 (Table 1). Much
lower sodium, chloride, TDS, and COD and higher P
contents in AW as compared with those in PW-1 and
PW-2 make AW a good resource for blending PW and
AW for enhancing algae growth.

3.2 Algae Growth in Produced Water

PO, CCMP2329, is a unicellular halotolerant green al-
gae which belongs to the class of Trebouxiphyceae
(Henley et al. 2002, 2004). CCMP2329 is characterized
by having a spherical shape of approximately 2 pum in
diameter, a nucleus, one lateral chloroplast, one mito-
chondrion, plasmalemma, and cell wall, but lacking
flagella. This strain contains chlorophylls a and b, lutein,
neoxanthin, and B-carotene, as a typical feature for the
members of Trebouxiophyceae, and it is known to re-
produce by autosporulation (Annan 2008).

PO was originally isolated by the Salt Plains Micro-
bial Observatory program in the area of the Great Salt
Plains (GSP), northwestern Oklahoma (Kirkwood et al.
2008). This environment is considered extremely hard
for most life forms, because of the wide temperature and
salinity fluctuations. The variation in salinity can be
greater than 5%, ranging from the condition typical of
fresh water to salt saturation. The daily temperature
variance can be over 15 °C (Kirkwood and Henley
2006). PO was selected for this study, because, algae
living in extreme environments exhibit a greater genetic
and metabolic adaptability compared with the organism
acclimatized to milder aquatic habitats (Sheehan et al.
1998). Considering that WW treatment requires very
large volume reactors, open algae ponds are more suit-
able for algal WW remediation than the closed systems
(Soru et al. 2019). Hence, selecting a native algae strain
to be grown in an open pond system may minimize the
risk of introducing potentially harmful non-native or-
ganisms to the local ecosystems. Furthermore, the
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Table 1 Chemical composition of wastewater used in this study

PW-1 PW-2 AW AW/PW-2 AW/PW-2 AW/PW-2
1:1 1:2 1:5
Cations (mg LY
Sodium 8596 5024 145 2695 3536 4222
Calcium 101 109 24 48 56 62
Magnesium 36 19 32 23 18 14
Potassium 179 125 423 228 219 168
Anions (mg LY
Nitrate-N 0.2 231 36 nd nd 7.2
Chloride 13,492 6836 251 3090 4157 5155
Sulfate 18 1064 94 788 972 1219
Boron 114 78 1 31 42 55
Bicarbonate 868 530 687 805 801 661
Carbonate 77 nd 112 149 71 75
pH 8.5 8 9 8.9 8.6 8.7
EC (umhos cm ™) 37,900 23,700 2780 12,840 15,890 19,410
Trace elements (mg LY
Zinc nd 0.03 0.04 0.03 0.03 0.03
Copper nd 0.08 0.12 0.04 nd nd
Manganese nd nd nd nd nd 0
Iron nd 0.03 0.2 0.23 0.26 0.86
Ammonium 86 17 86 54 38 14
ICAP_P 0.01 12 24 13 8 5
Derived values
TDS (mg L™ 25,014 15,642 1835 8474 10,487 12,810
SAR (%) 186 116 5 80 104 126
PAR (%) 2 2 8 5 4 3
Residual carbonates (meq LY 9 1.5 11 14 11 9
Sodium percentage (%) 98 97 62 96 97 98
BODS5 (mg L™ nd 9.52+1.40 5.88+1.64 6.98+1.16 7.65+1.35 10.35+1.36
COD (mg L™ 1764 + 84 1700+315 186.3+5.3 461.3+8.8 1104 +£234 877.5+46

PW-1 produced water sample 1, PW-2 produced water sample 2, AW animal wastewater, 7DS total dissolved solids, PAR potassium
absorption ratio, SAR sodium absorption ratio, nd not detected, /CAP inductively coupled argon plasma

All data were obtained as means from at least two experiments/measurements

previous work carried out with the same strain (Zhu and
Dunford 2013) demonstrated that PO produced more
biomass than Dunaliella sp. and Nannochloropsis
oculate grown under similar conditions. Since, scientific
data on this strain is very limited, this study contributes
to the knowledge in the field.

The specific growth rates (1) of PO in PW-1 and
PW-2 were lower than the growth rates achieved in
regular media (MAS and /2) for the same strain
(Table 2) (Zhu and Dunford 2013; Mayers et al.
2018). The latter results are due to the limited nutrient
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availability, mainly low N and P in PW, and the fact that
the chemical compositions of /2 and MAS are opti-
mized for algae growth. However, PO performed much
better (1.87 g L™ and 1.20 g L' in PW-1 and PW-2,
respectively) than most of the strains examined by other
research groups (X,.x in the range 0.29-1.40 g LY
(Table 2), except for Nannochloropsis salina
(278 gL ™).

Although, both, the PW-1 used in this study and the
standard MAS medium had N and P in the form of NO; ™~
and PO, > and the similar N/P ratio of 20 (Table 1), win
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MAS was slightly higher than that in PW-1 due to the
differences in the composition of other growth medium
components. The highest ;1 for PO, 0.84 da _1, was
achieved in /2 media which had a N/P ratio of 15
(Table 2) (Mayers et al. 2018).

The maximum biomass concentration, Xy, in PW-1
was 1.87 g L' which was higher than X;,,, achieved in
PW-2 for PO (Table 2). Previously reported X,,,.x for PO
grown in MAS medium under similar growth conditions
used in the present study, 2.10 g L™' (Zhou and Dunford
2017a), and the PW-1, 1.87 g L! (Table 2), were not
significantly different (p > 0.05). It is important to note
that although the strains used in both studies were the
same, Zhu and Dunford’s study (2013) used cultures
obtained from UTEX (UTEX B2795), while this study
was conducted with the same strain obtained from
NCMA, CCMP2329. At the time of this study, UTEX
B2795 was not available from UTEX.

There are studies indicating that some algae strains
are capable of metabolizing petroleum hydrocarbons.
For example, Prototheca zopfi was shown to degrade
n-alkanes and isoalkanes as well as aromatic hydrocar-
bons (de Bashan and Bashan 2010), while some Chlo-
rella strains metabolized benzopyrene (Takacova et al.
2014). Further research is needed to ascertain the effect
of petroleum hydrocarbons present in PW on PO
growth.

3.3 Biomass Characteristics

Chemical composition of biomass produced by algae is
a critical factor in choosing a strain for commercial
cultivation. Hence, the moisture (M), volatile matter
(VM), fixed carbon (FC), and ash contents of the bio-
mass obtained in PW-1 were examined (Table 3). The
reason for choosing algal biomass grown in PW-1 for
the characterization work is that PO had a higher X,
and HHV than that grown in PW-2 providing more
biomass to be used for testing.

The VM content of the algal biomass generated in
PW-1 was 61.7% which was similar to the range report-
ed in the literature for other algae strains (Table 3) (Li
et al. 2010; Maddi et al. 2011; Hu et al. 2015; Soria-
Verdugo et al. 2017). The biomass generated by PO
grown in PW had a FC (14.6%) similar to that of
Chlorella vulgaris (Lopez-Gonzalez et al. 2014; Soria-
Verdugo et al. 2017; Haugstad 2017) and
Chlorococcum humicola (Kirtania and Bhattacharya

2013). High VM and FC are desirable for feedstock to
be used for bio-oil production via pyrolysis.

The ash content of the PO grown in PW was 17.5%.
A similar ash content in algal biomass was also observed
when microalgae were grown in FW (Lutzu and
Dunford 2019a). High ash content in the biomass results
in poor combustion and limits biomass disposal options
leading to high processing costs, consequently reducing
its value for most conversion processes. Morphology of
the algae strain and the growth media constituents may
have significant effects on the chemical composition of
the algal biomass harvested. The chemicals present in
the medium may stick to the surface and/or get
entrapped in the biomass matrix. For instance, the
strains PO and Lyngbya sp. (Table 3) are green algae
and filamentous cyanobacteria, respectively. The fila-
mentous biomass matrix produced by the non-motile
strain Lyngbya sp. is conducive to entrapment of salt
in the large colonies and/or filaments formed. Consid-
ering that PO is grown in a medium with very high salt
concentration (Table 1), it is likely that a significant
portion of the ash in the biomass could be due to the
salt attached on the cell surface rather than internalized.
Indeed, the initial ash content of the biomass produced
by PO grown in MAS medium, about 42.1%, was
reduced to 5.0% by washing the intact cells with fresh
water (Zhu and Dunford 2013). The latter result clearly
demonstrates that a significant portion of the ash was on
the biomass surface, not internalized by the cells. How-
ever, washing the biomass might not be a practical
approach for commercial operations since it requires
fresh water increasing the pressure on scarce fresh water
supplies and adds an extra unit operation to the produc-
tion process potentially adversely affecting the econom-
ic viability of the entire operation. Considering that the
biomass harvesting technique used would have a signif-
icant effect on the residual growth medium in the bio-
mass, washing the biomass to remove excess salt might
not be necessary for every application.

In general, the biomass produced by PO in regular
medium (Zhu and Dunford 2013) had lower ash content
than that in PW-1 and FW (Lutzu and Dunford 2019a).
The latter result can be explained by the higher salt content
in PW and FW as compared with the regular media.

The HHV of PO (15.7 MJ kg') is within the
range recommended for biomass to be considered
for biofuel production (Table 3) (Orosz and Forney
2008). Table 3 also shows the adverse effect of high
ash content on the HHV of algal biomass.
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Table 2 Effect of produced water on the growth characteristics of P. oklahomensis and other microalgae strains

Strains  p (dayfl) ty(day) Xpax Px Medium Reactor location Well Ref.
@Lh  (mgL'day) type
PO 0.35 43 1.87 268 PW-1 2-L glass reactor OK, USA This study
PO 0.15 2.9 1.20 103 PW-2 2-L glass reactor OK, USA This study
PO 0.50 1.4 2.10 — MAS 2-L glass reactor — (Zhu and Dunford 2013)
PO 0.84 - 1.09 - 2 Bottle 400 mL - (Mayers et al. 2018)
NE 0.03 - 0.58 - BWM Bottle 250 mL  — (Lutzu et al. 2012)
PT - - 1.40 - PW Tube 450 mL  UT, USA (Godfrey 2012)
AC - - 1.15 - PW Tube 450 mL  UT, USA (Godfrey 2012)
CG - - 1.12 - PW Tube 450 mL  UT, USA (Godfrey 2012)
NO 0.06 - - - PW Flask 1 L Guamaré, (Arriada and Abreu 2014)
BR
NO 0.12 5.6 0.27 - PW, 50% Flask 400 mL ~ Wasit, Iraq ~ (Ammar et al. 2018)
1G 0.13 5.2 0.29 — PW, 50% Flask 400 mL  Wasit, Iraq (Ammar et al. 2018)
NS - - 2.78 - PW Fermentor 3L NM,USA  (NAABB 2014)
LLC2 - - 196 gm®> 4.8 g m® day PW RABR WY, USA  (Wood et al. 2015)

1 specific growth rate, ¢; doubling time, X,,,,, maximum biomass concentration, Px average biomass productivity

PO Picochlorum oklahomensis, NE Nannochloris eucaryotum, PT Phaeodactylum tricornutum, AC Amphora coffeiformis, CG
Chaetoceros gracilis, NO , NS Nannochloropsis salina, IG Isochrysis galbana, LLC2 Logan Lagoons Cyanobacteria 2

PW produced wastewater, MAS modified artificial seawater, BWM brackish water medium, RABR rotating algal biofilm reactor

All data were obtained as means from at least two experiments/measurements

Table 3 Chemical composition of algal biomass generated by various microalgae strains determined by thermogravimetric analysis (TGA)

Strain M VM FC Ash HHV Ref.

PO in PW-1 6.3 61.7 14.6 17.5 15.7 This study

PO - - - 5.0 - (Zhu and Dunford 2013)

S 8.4 65.5 12.1 14.0 - (Chaiwong et al. 2013)

SP 5.0 77.9 15.1 7.0 22.8 (Haugstad 2017)

PT 7.5 79.1 10.1 13.4 21.2 (Haugstad 2017)

CvV 4.6 76.5 14.3 6.6 23.6 (Haugstad 2017)

CvV - 76.3 10.6 13.1 21.6 (Soria-Verdugo et al. 2017)

CV 44 67.2 12.4 15.9 - (Lopez-Gonzalez et al. 2014)
CvV - 55.4 343 10.3 - (Chen et al. 2012)

CH - 57.6 14.7 27.7 - (Kirtania and Bhattacharya 2013)
SC 5.7 67.9 6.8 19.6 12.4 (Sudhakar and Premalatha 2015)
L 2.4 55.6 16.3 25.7 21.6 (Maddi et al. 2011)

M moisture (%), VM volatile matter (%), FC fixed carbon (%), Ash (%), HHV higher heating value (MJ kg{l )

PO Picochlorum oklahomensis, S Spirulina sp., SP Spirulina platensis, PT Phaeodactylum tricornutum, CV Chlorella vulgaris, CH

Chlorococcum humicola, SC Scenedesmus sp., L Lyngbya sp.

All data were obtained as means from at least two experiments/measurements
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3.4 Algae Growth in Animal Wastewater and Produced
Water Mixtures

A previous study reported that PO produced significant-
ly lower X, in FW (Lutzu and Dunford 2019a) as
compared with that in PW-1 and PW-2. It was also
shown that algae growth in HFWW can be significantly
improved by nutrient supplementation (Zhou and
Dunford 2017a). To further test our hypothesis that PO
can grow in PW and nutrient supplementation of PW
enhances algal cell growth, the same strain was cultivat-
ed in PW-2 supplemented with growth nutrients by
mixing it with AW at the ratios of 1:1, 1:2, and 1:5 by
volume (Table 4). PW-2 rather than PW-1 was selected
for the AW supplementation study because of the lower
TDS and X,,,.x obtained in PW-2 as compared with those
in PW-1.

Although the p of PO in AW, PW-2, and their
mixtures were similar, doubling time (z3), Xpax, and
average biomass productivity (Px) were significantly
higher in AW as compared with the other water samples
examined in this study (Table 4). Supplementation of
PW-2 with AW significantly improved algal biomass
production. The optimum AW/PW-2 mixture ratio was
1:1 by volume. Under the latter conditions, X,,.x dou-
bled as compared with that obtained in PW-2 only. At
higher mixture ratios, X,,x decreased significantly. A
similar trend was reported for two marine strains,
Nannochloropsis oculata (Arriada and Abreu 2014;
Ammar et al. 2018) and Isochrysis galbana (Ammar
et al. 2018).

AW may introduce a significant amount of organ-
ic substrate to the culture medium and promote
bacteria proliferation. Ma et al. (2014) reported that
algae competed with bacteria more efficiently for
nutrient absorption when a high initial algae inocu-
lum amount was used in the culture and more algal
biomass was produced. In our study, a relatively
high inoculum amount, 0.1 g Lfl, was used, and
WW samples were autoclaved prior to algae inocu-
lation under sterile conditions. Hence, under the
experimental conditions used in this study, the
amount of bacteria in the produced biomass is ex-
pected to be not significant.

The current study established that microalgae can
grow in PW and the chemicals present in PW do not
have a significant inhibitory effect on cell growth.
Hence, PW could be a potential WW source for algal
biomass production.

3.5 Algae Growth Kinetics

The time evolution of cell concentration in the culture is
shown in Fig. 1 along with the corresponding model
fittings. The shadowed areas on the figure represent the
95% confidence intervals for the fit. It can be observed
that the experimental data are well described by the
logistic model. As explained in Section 2, the parame-
ters Xpax and fin.x were set equal to those shown in
Table 4 while the value of the time of inflection #; was
suitably tuned through a proper fitting procedure to
match the experimental results. The obtained values of
t; are shown in Table 5 along with the main statistics
describing the fitting performance. It can be seen that,
except for the data obtained when using the PW-2
medium, a correlation coefficient always greater than
0.94 was obtained thus demonstrating the reliability of
the proposed model. Fig. 2 shows a clear trend where ¢;
decreases and the PW-2 content of the medium in-
creases. Since the inflection time is the time at which
the growth rate starts to decrease, it also represents the
time when the culture is controlled by a limiting nutri-
ent. Therefore, it can be inferred that the medium PW-2
has at least one critical nutrient whose concentration is
so low that growth can be inhibited after a relatively
short time. From Table 6, it can be observed that this
nutrient could be nitrate, ammonia, or P. However,
Table 6 shows that algae continue to grow even when
ammonium and nitrate are totally exhausted in the AW
medium indicating that it is likely that cells are using
internal N reserves. Therefore, the only nutrient that is
almost totally consumed in PW-2 but not in the other
growth media is P. Thus, P represents probably the
controlling nutrient in PW-2, and P addition to the
growth medium may greatly increase the growth of
microalgae.

3.6 Lipid Content of Microalgae

In order to evaluate the possibility to exploit the
produced microalgal biomass as a valuable product
for energy or other commercial applications, the
final lipid content in algal biomass grown in WW
was assessed (Fig. 3). When considering the algae
growth in AW, the lipids accounted for about 15%
wt of the total biomass weight. When the AW/PW-2
mixtures are considered, by starting from the very
low lipid content of the algal biomass grown in AW/
PW-2 mixtures, i.e., about 3% wt, a significant
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Table 4 Growth characteristics of P. oklahomensis cultivated in AW, PW-1, PW-2, and different AW/PW-2 concentrations

Growth medium 0 (dayfl) t4 (day) KXinax (8 LY Px (mg Lt dayfl)
PW-1 0.35+0.02 43+1.59 1.9+1.00 268 +£0.01

PW-2 0.15+0.01 2.9+0.19 1.2+1.40 103 +0.08

AW 0.16=£0.07 43+1.62 2.7+0.36 89+0.01
AW/PW-2 (1:1) 0.18+0.01 32+1.20 24+0.44 80+0.01
AW/PW-2 (1:2) 0.18 +0.01 2.1+£0.26 2.0+0.39 65+0.01
AW/PW-2 (1:5) 0.15+0.01 2.7+1.30 1.8+1.40 94 +0.06

1 specific growth rate, 74 doubling time, X;,,,x maximum biomass concentration, AX average biomass productivity

PW-1 produced water sample 1, PW-2 produced water sample 2, AW animal wastewater

All data were obtained as means from at least two experiments/measurements

increase to about 25% wt can be observed as the
PW-2 fraction in the water mixture increased from
1:1 to 1:5, respectively. A similar value, i.e., about
25% wt, for the biomass lipid content was obtained
when PW-2 was used in the growth experiments.
Therefore, it can be concluded that by increasing
the frac water content in the water mixture signifi-
cantly increases the lipid content in the biomass.

This is probably due just to the fact that microalgae
tend to accumulate lipids under stress, specifically
under low nutrient availability. Considering that
PW-2 nutrient content (likely P but even N) is low,
starvation phenomenon controls the biomass chemi-
cal composition. In fact, it is well-established that
starvation is capable to trigger lipid biosynthesis in
the cells as a measure to store the photosynthetically
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Fig. 1 Comparison between experimental data obtained with the tested growth media and logistic model fitting
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Table 5 Tuned values of the time of inflection and fitting performances

Medium

Symbol AW AW/PW-2 (1:1) AW/PW-2 (1:2) AW/PW-2 (1:5) PW-2

t 10.96 +1.87 8.00+2.08 4.82+1.11 371+1.27 0.60+£2.29
X 1.34 2.59 1.81 334 245

2 0.98 0.94 0.96 0.95 0.81

PW-2 produced water sample 2, AW animal wastewater

assimilated carbon in the absence of N and P re-
sources for protein synthesis (Concas et al. 2013,
2016a, 2016b).

The latter findings are very important indicating the
flexibility of AW/PW mixtures as algae growth medium
to control the biomass chemical composition for a given
application. Furthermore, this study clearly demon-
strates the need for an optimization study to determine
the algae growth conditions for technical and economic
feasibility and biomass composition required for specif-
ic applications.

3.7 Wastewater Chemical Composition after Algae
Growth

The ultimate goal of the algal treatment of PW was to
clean it up to a level that can be used for irrigation and/or
in industrial applications while producing biomass that
can be converted to bioproducts including biofuels.

16 1
14 A/P=AW/PW-2 mixture

=
N
1
—

(o]
1
i

4] I

. is

T T T T T T T T T
AW AP (1:1) AP(1:2) AP(1:5) PW-2

Inflection time, t; (days)
® o
—

T % T ¥ T ¥ T L T
0 50 66 83 100
Relative PW-2 content, % wt

Fig. 2 Fitted values of the time of inflection as a function of the
relative content of PW-2 in the growth medium

Hence, in this study, irrigation water quality parameters
(Table 1) were used to evaluate the effect of the algae
growth on WW quality.

Almost no nitrate or ammonia was left in the medium
after growing PO in PW-2 and AW/PW-2 mixtures
(Table 6). Over 99% N removal is due to the algal cell
uptake of this compound. A large portion of P was also
taken up from AW and PW-2 by algae. It is interesting
to note that as the PW ratio increased in the medium, P
removal increased (Table 6), probably due to the lower
amount of P availability in PW (Table 1).

For most of the cultures, pH of the medium dropped
below 8 after algae growth (data not shown). This can be
explained by the CO,-enriched air feed to the culture.
CO, dissolved in water formed carbonic acid which
further dissociated and released H' into the medium.
As arule of thumb, an increase in algae population in the
culture medium would correspond to an increase in
CO,/CO; 2 uptake by cells, and consequently the pH
of the medium is expected to increase. However, when
the biomass concentration is very low in the culture
medium, as was the case in PW-2 (Table 2), it is ex-
pected that excess CO5” " not taken up by the cells would
lead to a decrease in pH of the medium.

The chemical composition of water determines its
suitability for a given application such as irrigation.
High concentrations of chloride, sodium, and boron in
irrigation water or soil may cause toxicity problems in
plants. Some plants are sensitive to high levels of boron
in soil and water. Excess boron uptake by plant roots
may result in complete plant growth inhibition in many
agricultural regions (Brdar-Jakanovi¢ 2020). Cultiva-
tion of PO in PW-2 resulted in a 16% boron reduction
while boron uptake from AW and AW/PW-2 mixtures
was significantly lower, <5%, probably due to the lower
boron concentrations in the latter water samples
(Table 1).
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Table 6 Contaminant reduction (%) in wastewater after P. oklahomensis growth

AW PW-2 AW/PW-2 (1:1) AW/PW-2 (1:2) AW/PW-2 (1:5)
Cations (mg Lfl)
Sodium 2 5 1 2 6
Calcium - 31 - - -
Magnesium 2 41 2 - -
Potassium 5 27 - 0.5 10
Anions (mg L)
Nitrate-N 100 100 100 100 100
Chloride 6 9 0.5 - 2
Sulfate 26 - 7 -
Boron — 16 — - —
Bicarbonate - - - - -
Carbonate - - - - -
pH* 8.1 8 7.9 8 8
EC (umhos cem ) 19 9 2 -
Trace elements (mg LY
Zinc - 33 33 33 33
Copper 67 - - - -
Manganese - - - - -
Iron 100 - 95 23 -
Ammonium 100 99 100 100 99
ICAP P 85 96 64 60 95
Derived values
TDS (mg L™ 12 9 1 - 4
SAR (%) 2 - 4 6 14
PAR (%) 5 12 8 5 20
Residual carbonates (meq LY 29 - 31 3 -
Sodium percentage (%) 1 - 0.5 0.5 0.5
Hardness (mg L — 33 — - —
Alkalinity (mg L' as CaCO5) 22 - 22 - -
BOD5 (mg O, L™ - 22 11 49 41
COD (mg O, L™ 7 10 - - -

Cells with no data indicate no reduction. *the values of pH are intended as measured before algae ultivation, not expressed in terms of %

PW-1 produced water sample 1, PW-2 produced water sample 2, AW animal wastewater, /CAP inductively coupled argon plasma, 7DS total
dissolved solids, PAR potassium absorption ratio, SAR sodium absorption ratio

All data were obtained as means from at least two experiments/measurements

Boron requirement for algae growth is strain specific The results presented in Tables 1 and 6 clearly indi-
(Bonilla et al. 1990; Lewin 1966; Smyth and Dugger cate that contaminant removal efficiency of PO depends
1981). There is evidence that boron is required by not only on the growth medium composition but also on
marine and freshwater diatoms (Smyth and Dugger the amount of biomass present in the culture. Even the
1981), while its requirement for green algae and adsorption mechanism occurring on the surface of the
cyanobacteria is not well understood (Fernandez et al. microalgal cells and biomass flocs may contribute to the
1984; Mateo et al. 1986). observed removal efficiency.
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Fig. 3 Lipid content extracted at the end of the growth
experiments

3.8 Proof of Concept for PW Treatment Scheme
through Microalgae

In the light of the information so far gathered, including
those ones regarding the pre-treatment steps, a proof of
concept for the treatment of PW/AW mixtures through
microalgae is proposed in Fig. 4. The process is in its

PW AW

| ]

OIL SKIMMER MIXER

+ Oil

CENTRIFUGE

A== -
I

Remediated

VOCs

main section quite simple and is based on first section
where residual oil is removed from the PW medium by
an oil skimmer and then mixed with the AW medium.
The resulting mixture is sent to an evaporator which
removes residual VOCs (volatile organic compounds)
and then filtered to remove solid particles. The obtained
solution is then inoculated with PO and sent to an open
pond where the microalgae are grown. Finally, the
remediated water is separated from microalgae by a
centrifuge. The separated microalgal biomass can be
then sent to specific downstream processes which de-
pend on the final use. It should be noted that the boiling
section, which could involve relatively high energy
consumptions, is mandatory in whatever treatment
scheme of this water since VOCs should be removed
before discharge. Open pond cultivation might be per-
formed without significant bacteria contamination by
imposing high salinity levels. In fact, given its high
halo-tolerance, PO can be grown under high salinity
conditions which instead are lethal for competitive and
predator organisms. The possibility to apply such a
selective cultivation strategy would permit to perform
cultivation in open ponds which in turn would result in a
great improvement of the economic sustainability of the

EVAPORATOR

FILTERING

.

Solids

MICROALGAE
GROWTH

L Microalgae

biomass
Fig. 4 Proof of concept of a possible treatment scheme involving a PW/AW mixture

wastewater
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process. Moreover, the oil recovered in the skimming
and boiling sections might be eventually mixed with the
lipids obtained from microalgae lipids to obtain a viable
fuel. Our ongoing research is evaluating viability of the
proposed model.

4 Conclusions

This study investigated the growth profile of the
microalgae strain PO in PW, AW, and their mixtures.
The experimental results indicate that the cell growth in
PW is limited with the nutrient availability. A significant
increase in biomass concentration was achieved by nutri-
ent (N and P) supplementation of PW by blending it with
AW at a 1:1 volume ratio. The chemical composition of
the algal biomass generated is strain specific and affected
by growth medium composition. An inverse relationship
was found between the PO growth rate and final lipid
content: as the PW content in the AW mixture increased
the algal growth rate decreased while the final lipid
content of the biomass increased. A simple mathematical
model was successfully used to evaluate microalgae
growth kinetics. A significant amount of contaminants
could be removed from WW by growing algae and
harvesting the biomass. For example, 100% nitrate and
ammonia; over 95% phosphate; over 30% magnesium,
calcium, and zinc; and 16% boron reduction in PW could
be achieved. Hence, PW and AW can be potential WW
sources for algal biomass production, consequently min-
imizing the adverse environmental impact of WW gen-
erated during oil, gas, and animal production.
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