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A B S T R A C T

Produced water is generated during oil and gas production in copious amounts daily in the United States. With 
increasing water shortfalls in arid and semi-arid regions, it could be a valuable source of water for irrigation 
purposes after treatment. The present study examined the effects of irrigation with produced waters on five 
perennials cool season forage, species western wheatgrass (Pascopyrum smithii), alfalfa (Medicago sativa), meadow 
bromegrass (Bromus biebersteinii), Russian wildrye (Psathyrostachys junceus), and tall fescue (Schedonorus arun-
dinaceus). The forages were grown in a greenhouse, in loamy soil, and irrigated with desalinated reverse osmosis 
RO (231 mg/l), diluted RAW (1400 mg/l), RAW produced (8610 mg/l), and tap (427 mg/l) water. All forages 
were harvested three times at an interval of ≈ 90 days after 30 days germination period. Tall fescue germinated 
(100 %) and grew well under all four treatments. The higher biomass was with alfalfa, tall fescue, wheatgrass, 
bromegrass, and Russian wildrye, respectively. Evapotranspiration (ET) of the five species decreased with 
increasing soil and irrigation water salinity. Na, Cl, and B ions concentrations were 10.7, 13.6, and 42.3 mg/l, 
respectively in wheatgrass; 24.7, 17, and 14.5 mg/l, respectively in alfalfa; 27.7, 25.6, and 92.5 mg/l, respec-
tively in bromegrass; 18, 14.6, and 59.6 mg/l, respectively in Russian wildrye; and 33, 35, and 207.5 mg/l, 
respectively in tall fescue, in plant tissues obtained after the second harvest. In soil, Na and B ions concentrations 
were 1173, 2.1 mg/l, respectively in wheatgrass pots; 1047, 1.7 mg/l, respectively in alfalfa pots; 874.6, 1.4 mg/ 
l, respectively in bromegrass pots; 782, 1.6 mg/l, respectively in Russian wildrye pots; and 1974, 3.17 mg/l, 
respectively in tall fescue pots. Plant biomass decreased with increasing salinity; however, plants continued to 
grow even after the third harvest. Utilizing desalinated and diluted produced waters as a valuable source of water 
for irrigation after treatment could alleviate water demand in arid oil producing regions of the world.   

1. Introduction

The search for alternative water sources for agricultural purposes
due to continued drought and reduction in fresh water supplies has 
become mandatory in arid areas to save water for human consumption. 
Oil and gas industries generate large volumes (around 630 – 840 billion 
gallons/year) of water during extraction processes, and the largest by- 
product called “produced water” (Clark and Veil, 2009; Veil, 2011). 
This valuable source of water has been investigated as a useful source of 
irrigation in drylands in the US (Pica et al., 2017; Echchelh et al., 2020). 

In the US, west of the 98th meridian, the federal National Pollutant 
Discharge Elimination System (NPDES) exemption allows the use of 
produced water for agricultural irrigation if oil and grease are less than 

35 mg/L (McLaughlin et al., 2020). Reusing saline waters including 
produced water to irrigate croplands can contribute to food security 
(Flores et al., 2015). However, salt content of produced water could be 
extremely high; therefore, long-term irrigation would cause decline in 
soil fertility and crop productivity and increase groundwater contami-
nation (Echchelh et al., 2020). High salinity, organic matter load, and 
toxic organic compounds are some of the main pollutant constituents in 
produced water that have to be accounted for prior to the reuse as an 
irrigation source (Pica et al., 2017). Treatment of the produced water to 
remove organics, microbial contaminants and heavy metals, prior to use 
will also be required. 

Ben Ali et al. (2021); (2020) illustrated that irrigation with RO 
concentrate (5600 mg/l) negatively impacted soil properties and plant 
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growth. Reduction in pecan (Carya illinoinensis) chlorophyll, height, and 
growth was the results of irrigation with 5600 mg/l saline water (Ben Ali 
et al., 2020). Previous studies reported small decreases in halophytic 
species biomass irrigated with saline water (5600 – 7000 mg/l) (Flores 
et al., 2016; Ozturk et al., 2018). Decreases in tomato growth and yield 
were reported due to irrigation with 2800 mg/l saline water (Yang et al., 
2020; Farooq et al., 2021). Accumulation of Na and Cl caused reductions 
in plant height, chlorophyll content and leaf area of Dichroa febrifuga, 
×H. macrophylla, and D. febrifuga irrigated due to the irrigation with 
saline water of concentrations ranging from 3500 to 7000 mg/l (Sun 
et al., 2022). 

Changes in soil properties have to be monitored on a regular basis 
when produced water is utilized for irrigation. Burkhardt et al. (2015) 
reported increasing accumulation of Na and other salts in the soil with 
increasing concentration of produced water. Other studies conducted in 
arid areas have reported that produced water quality was responsible for 
increases in soil salinity and sodicity that negatively affected the soil 
structure and soil hydraulic properties (Biggs et al., 2012; Burkhardt 
et al., 2015), consequently, decreasing crop productivity (Yang et al., 
2020; Echchelh et al., 2020). 

Pica et al. (2017) reported decreases in Rapeseed (Brassica napus L.) 
and switchgrass (Panicum virgatum L.) growth when irrigated with pro-
duced water (up to 21,000 mg/l salinity). Plant growth and conse-
quently biomass production can be inhibited when soil salinity increase 
due to irrigation with produced water (Munns, 2005). Burkhardt et al. 
(2015) reported a decline in wormwood and switchgrass growth with 
increases in produced water concentration due to high Na content (≈
1156 mg/l). A dilution to less than 1000 mg/l of row-produced water 
was utilized to irrigate greenhouse tomatoes (Martel-Valles et al., 2014). 
The feasibility of utilizing produced water in crop irrigation is related to 
its ion and organics. To that end, desalination of produced water to 
acceptable levels of various plants could be a viable solution. 

HPOC, LLC is one of the oil and gas companies that produces sub-
stantial amounts of produced water during oil explorations. The com-
pany provided produced water (source water) of a salinity of about 
8600 mg/l. In the state of New Mexico, produced water salinity is highly 
variable and can range from 8000 mg/l to 250,000 mg/l. In the present 
study, we created a salinity gradient of irrigation waters from 230 mg/l 
to 8600 mg/l to irrigate five forages species. The objectives of this study 
were to: (i) investigate the effects of produced water on seed germina-
tion and plants growth parameters, and (ii) monitor the changes in the 
soil properties due to irrigation with produced water. 

2. Materials and methods 

2.1. Experimental design and treatments 

Two harvests (from 22 May 2021–15 December 2021) were con-
ducted in the Fabian Garcia Science Center greenhouse in Las Cruces, 
NM, USA (32.2805◦ N and 106.770◦ W; elevation 1186 m). An extended 
third harvest continued from December 15, 2021, to February 27, 2022, 
to confirm the viability of the experiment. For each experimental har-
vest, the experimental unit was a pot (15 cm deep and 15 cm in diam-
eter) packed with air-dried and sieved through a 2 mm sieve loamy soil 
(52.56 % sand, 22.72 % silt, 24.72 % clay) with a bulk density of 1.43 g/ 
cm3. Three produced water treatments with total dissolved solids (TDS) 
of 231 mg/l RO water (desalinated using reverse osmosis, RO), 1400 
mg/l diluted RAW (RAW produced water diluted with city water), 8610 
mg/l RAW produced water (source water), and 427 mg/l tap (or city) 
water (Table 1) were arranged in a completely randomized design with 
four replicates. The RAW produced water or source water was provided 
by HPOC and was first run through a carbon filter then desalinated using 
RO at the Brackish Groundwater National Desalination Research Facility 
(BGNDRF), Alamogordo, New Mexico. All treatment waters are shown 
in Table 1, which also provides pH, sodium adsorption ratio (SAR), total 
dissolved solids (TDS), and concentrations of some ions. 

2.2. Plant selection 

Western wheatgrass (Pascopyrum smithii), alfalfa (Medicago sativa), 
meadow bromegrass (Bromus biebersteinii), Russian wildrye (Psathyr-
ostachys junceus), and tall fescue (Schedonorus arundinaceus) seeds were 
selected for the study because they are broadly adapted to grow in the 
colder climates of northern New Mexico. In a completely randomized 
design, these five forage species were arranged in four replicates and 
irrigated with four water treatments in 80 pots (5 *4 *4 = 80) in each 
harvest. Randomization was achieved by generating random numbers 
using Microsoft Excel (2013). Prior to sowing, seeds were subjected to 
water –test to check for seed viability. Twenty-five seeds per pot of each 
species were planted in the top 2 cm of the soil. The pots with the 
seedlings were irrigated with the four treatments from the beginning of 
the experiment. Depending on soil moisture content, plants were irri-
gated five to six times every month. Germination percentage was 
calculated 30 days after seeding. Plants were harvested on September 
22, 2021, for the first harvest, December 15, 2021, for the second har-
vest, and February 27, 2021, for the extended third harvest. 

2.3. Evapotranspiration 

Evapotranspiration (ET) was determined using a water balance 
equation; (Shukla, 2014).  

ET = IR + R − ΔS − RO – DP                                                        (1) 

where IR is the depth of irrigation (cm), R is rainfall (cm; R = 0), ΔS is 
the change in soil water storage between irrigations (cm; assumed= 0), 
RO is runoff (cm; RO= 0), and DP is the deep percolation (cm; leachate 
collected from the bottom of pots). Irrigations were made at a man-
agement allowed depletion of about 50 %. 

2.4. Plant measurements 

Each month, plant heights (from the base of the stem to the tip of the 
shoot), chlorophyll content, and leaf temperature were measured during 
the two harvests of the experiment using a tape measure, SPAD meter, 
and IR thermometer, respectively. The exact number of plants were 
allowed to grow for three months with no thinning during each harvest. 
At the end of each harvest, shoots were harvested and fresh weights were 
recorded. The shoots were dried in the oven at 65 ̊ C for 48 h, and dry 
weights were recorded for biomass calculation. Dried shoots were 
ground and packed in small storage bags and sent to Ag Source Labo-
ratory, Lincoln, Nebraska for chemical analysis along with irrigation 
water and leachate samples. 

2.5. Soil bulk density and chemical analysis 

Core samples were collected from each of the pots under irrigation 
salinity treatments at the end of the experiment. Soil bulk density was 
determined using cores (Blake and Hartge, 1986). Loose soil samples 
were collected from the pots, air-dried, mixed and sieved through a 2 

Table 1 
Ion concentrations (mg/l), SAR, and pH in four treatment waters.  

Treatment 
waters 

TDS 
mg/l 

Mg 
mg/ 
l 

Ca 
mg/l 

Na 
mg/l 

SAR Cl 
mg/l 

pH 

RO  231  0.48  13.16  67.49  4.83  36.2  8.2 
Tap  427  8.25  40.77  58.22  1.93  56.0  7.4 
Diluted RAW  1400  8.91  54.56  360.94  10.81  141.0  8.3 
RAW  8610  9.61  172.84  3425.80  65.81  856.0  8.3 

Note: RO is the raw water desalinated using reverse osmosis (231 mg/l). Tap 
water = 427 mg/l. Diluted RAW produced water = 1400 mg/l. RAW produced 
water = 8610 mg/l. TDS = total dissolved solids. SAR = Sodium adsorption ratio 
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mm sieve, prior to shipping them to the Ag Source Laboratories, 
Lincoln, Nebraska for chemical analysis. 

Sodium adsorption ratio (SAR) was calculated based on (Robbins, 
1983) using the following equation: 

SAR =
(Na+1)
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(Ca+2)+(Mg+2)

2

√ , (2)  

where [Na] is sodium ion concentration (meq/l), [Ca] is calcium ion 
concentration (meq/l), and [Mg] is magnesium ion concentration 
(meq/l). 

2.6. Statistical analysis 

The experimental design was a completely randomized design with 
four replications. All statistical analyses were performed using SAS 
software, v 9.4. Differences due to treatments on plant germination and 
growth were determined using one-way analysis of variance (ANOVA) 
and means were separated using the least significant difference (LSD). 
An alpha level of 0.05 was used to determine statistical significance. 

3. Results 

3.1. Greenhouse meteorology 

Greenhouse temperatures ranged from 15.1 to 46.9 ̊C prior to first 
harvest, 13.4–33.5 ̊C before the second harvest, and 13.7–28.4 ̊C prior 
to the third harvest (Fig. 1). Relative humidity in the greenhouse 
ranged from 10 % to 88 %, 12 –- 80 %, and 16.4–50.2 % for the three 
harvests, respectively (Fig. 1). Daily light integral (DLI) is important for 

Fig. 1. Greenhouse data from May 22, 2021, to December 15, 2021, for 
temperature (C̊), relative humidity (%), and daily light integral (mol/m2/day). 
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plant growth, development, yield and quality. DLI was 16.21, 19.82, and 
18.63 mol/m2/day for the three harvests respectively (Fig. 1). At day 
104 of the experiment period, greenhouse shade was removed which 
explained the increase in DLI at that time. 

3.2. Seed germination 

Table 2 shows the germination percentage of the five forage species. 
Only bromegrass and tall fescue germinated in RAW water (Table 2). 
Bromegrass had an 86 % germination in RO water but 100 % in RAW 
water; however, plants did not survive beyond the first month of 

irrigation with RAW water (Table 2). A similar germination trend was 
observed for Alfalfa irrigated with RO and tap water; however, germi-
nation was 50 % in diluted RAW (Table 2). Russian wildrye had the 
lowest germination percentages in RO, tap, and diluted RAW followed 
by wheatgrass species (Table 2). Among the five forage species, tall 
fescue germinated well with all the irrigation treatments. Wheatgrass, 
alfalfa, and Russian wildrye germination significantly decreased with 
increases in salinity but none germinated in the soil irrigated with RAW 
water (Table 2). 

Fig. 2. Cumulative evapotranspiration ET (cm) of wheatgrass a,b, alfalfa c, d, bromegrass e, f, Russian wildrye g, h, and Tall fescue i, j irrigated with produced water 
during the two harvests. RO = 231 mg/l. Tap = 427 mg/l. Diluted RAW = 1400 mg/l. RAW = 8610 mg/l. 
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3.3. Plant dry biomass 

Forage species dry biomass of the first harvest (biomass 1), and the 
second harvest (biomass 2) are presented in (Table 2). Wheatgrass dry 
biomass was similar in all the irrigation treatments in the first harvest 
(Table 2). In the second harvest, however, increase in dry biomass in all 
the three treatments was observed compared to the first harvest and the 
greater increase was in diluted RAW water followed by tap water 
(Table 2). Alfalfa dry biomass decreased in diluted RAW compared with 
tap water in the first harvest (Table 2). Increases in alfalfa dry biomass in 
all three treatments can be observed whereas alfalfa dry biomass in RO 
and diluted RAW water remained the lowest compared with tap water in 
the second harvest (Table 2). No differences were found in bromegrass 
dry biomass between the three treatments in the first harvest (Table 2). 
All three treatments showed increases in dry biomass in the second 
harvest while dry biomass was lower in RO and diluted RAW water, 
respectively, compared with tap water (Table 2). Russian wildrye dry 
biomass showed no differences in the first and the second harvests while 
the dry biomass increased in all treatments in the second harvest 
compared with first harvest (Table 2). In the first harvest, tall fescue dry 
biomass significantly decreased in RAW water compared with tap water; 
however, in the second harvest, all dry biomass increased with no sig-
nificant differences observed (Table 2). Diluted RAW and RAW irriga-
tion decreased wheatgrass, alfalfa, bromegrass, and tall fescue dry 
biomass. There were no statistically differences in cumulative biomass 
among the treatments for wheatgrass, bromegrass, and Russian wildrye 
(Table 2). However, the cumulative tall fescue biomass was lower in RO 
and RAW irrigated pots than other treatments. For alfalfa, the cumula-
tive biomass was lower for RO and diluted RAW irrigated pots than other 
city or tap water (Table 2). 

3.4. Evapotranspiration 

Fig. 2a to j shows the cumulative ET for wheatgrass (western), al-
falfa, bromegrass, Russian wildrye, and tall fescue. The results illus-
trated decreases in cumulative ET for all the five forages in diluted RAW 
and RAW (Fig. 2). As treatment salinity increased, wheatgrass, alfalfa, 
bromegrass, Russian wildrye, and tall fescue ET decreased for both 
harvests (Fig. 2). Pots irrigated with RAW water remained wetter than 
other treatments. 

3.5. Plants heights and SPAD value 

Table 3 shows the first measurement, in July, of the height and SPAD 
value of forage species during the first harvest. Wheatgrass (western) 
height and SPAD value were higher in diluted RAW irrigated water, than 
tap and RO treatments (Table 3). This trend was similar for the second 
measurement in August (Table 3). Alfalfa height was greater in RO 
treatment while SPAD value was slightly higher in diluted RAW with no 
significant differences than other treatments (Table 3). No differences 
were recorded in the second measurement in August for alfalfa heights 
and SPAD value (Table 3). For bromegrass, the lowest recorded height in 
July was in RAW irrigated water while the SPAD value was highest in 
RAW water (Table 3); however, bromegrass irrigated continuously with 
RAW irrigation died by August. In August, bromegrass SPAD was higher 
in tap water than diluted RAW and RO (Table 3). 

Russian wildrye height was similar in RO, tap, and diluted RAW 
water while the SPAD value was higher in diluted RAW water than RO 
and tap water (Table 3). This trend shifted in August when height was 
greater in the diluted RAW irrigation with no differences observed in the 
SPAD value (Table 3). Greater tall fescue height was recorded in tap 

Fig. 2. (continued). 
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water while the lowest height was recorded in RAW water; whereas the 
SPAD value was greater in the RAW water in July (Table 3). A similar 
trend was observed in August (Table 3). Diluted RAW irrigation 
increased SPAD value of wheatgrass, and Russian wildrye while 
decreased the SPAD value of bromegrass. Decreases in tall fescue heights 
as the irrigation water salinity increases. 

In the second harvest, first and second measurements in October and 
November, wheatgrass height and SPAD value were greater numerically 
in diluted RAW than RO and tap water (Table 4). No differences were 
observed with regard to alfalfa height in October and November 
(Table 4) and the SPAD value was the lowest in diluted RAW irrigation 
and of with tap irrigation in October and November, respectively 
(Table 4). The observations illustrated no differences among the treat-
ments with regard to bromegrass height and SPAD value for both 
measurement time (Table 4). Russian wildrye was the tallest and SPAD 
value was the highest in diluted RAW water in October (Table 4). 
However, in November, no differences between the grass heights were 
observed; although, SPAD value remained higher in diluted RAW irri-
gation than RO and tap (Table 4). Tall fescue grass showed only nu-
merical differences with regard to height and SPAD value with the RAW 
treatment in October (Table 4). In November, however, the height of 
19 cm and SPAD value of 22.15 were recorded with RAW water 
(Table 4). Wheatgrass, Russian wildrye, and tall fescue height and SPAD 
value increased with increasing water salinity while alfalfa height and 
SPAD value decreased with increases in water salinity. 

3.6. Leachate ions concentrate 

Collected leachate water samples from all the five forage species 
showed increases in Na, Mg, Ca, and Cl ion concentration in produced 
water compared with the tap water for the two measurement times 
during the first harvest (Table 5). Large increases in Na ions followed by 
Cl from resulted leachate from the pots irrigated with RAW and diluted 
RAW water. Leachate water of the diluted RAW and RAW irrigation was 
considered sodic (SAR > 13) and saline (EC > 2800 mg/l) for the two 
times measurements for the first harvest (Table 5, S1). Similarly, in the 
second harvest, the ion concentrations were higher in the leachate water 
samples with increasing salt concentration of the irrigation treatment 
(Table 6, S2). Similar to the first harvest, leachate water in the second 
harvest was considered saline and sodic in RAW and diluted RAW irri-
gation (Table 6, S2). Increases in irrigation water salinity increased the 
leachate water Na, Mg, Ca, and Cl ions concentration and SAR. 

3.7. Plants ion contents 

The plant tissue samples, at the end of the first harvest, showed non- 
significant differences with regard to total N with increasing irrigation 
water salinity (Table 7). Alfalfa did not show a significant difference in 
phosphorus content with increasing treatment salinity (Table 7). 
Nonsignificant differences were observed in bromegrass samples with 
regard to P, K, Ca, Mn, Fe, and S content with increasing irrigation water 
salinity (Tables 7, 8). Increasing irrigation water salinity did not 
significantly affect the content of P, Mg, Fe, and Al in Russian wildrye 
(Tables 7, 8). Increases in irrigation water salinity had no significant 
effect on the Mg, Ca, and Zn concentration in tall fescue (Table 7). 

Increases in irrigation water salinity (diluted RAW) significantly 
decreased the concentration of P, K, Mg, Ca, Zn, Fe, and Al in wheatgrass 
tissue while Mn, S, and Na increased in wheatgrass tissue (Tables 7, 8). 
With the increases in water salinity (diluted RAW), K, and Ca in alfalfa 
decreased (Table 7) while Mg, Mn, S, and Na increased (Tables 7, 8). 
Increases in Mg, S, Zn, and Na content in bromegrass can be observed 
with increases in water salinity (diluted RAW) whereas B decreased 
(Tables 7, 8). Russian wildrye showed significant increases in Mg, Mn, S, 
and Na ion concentrations with increases in irrigation water salinity 
(from RO to diluted RAW) (Tables 7, 8) while K, Ca, Zn, and B decreased 
(Tables 7, 8). Tall fescue’s Fe, B, Al, S, and Na ion concentrations Ta
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increased with increases in water salinity (RAW) (Table 8); however, P, 
K, Mn, and B decreased (Tables 7, 8). 

Tables 9 and 10 show the plants ion concentrations in the second 
harvest. The second harvest continued to show similar trends as the first 
harvest with regard to the ion concentration of forage species. Salts 
accumulation in plant tissues can be observed with increases in salt 
uptake when comparing the results of the two harvests; however, species 
survived both harvests and also grew back again after the second harvest 
with continued irrigation with the same treatments. 

3.8. Soil bulk density, organic matter, pH, and electrical conductivity EC 

Soil bulk density at the end of the experiment is presented in 
(Table 11). Within species, the results indicated a slight increase in soil 
bulk density with continued irrigation with diluted RAW; however, this 
increase was not statistically significant (Table 11). A significant in-
crease in soil bulk density can be observed in RAW irrigated pots fol-
lowed by diluted RAW within tall fescue illustrating that increases in 
irrigation water salinity increased soil bulk density (Table 11). Pots 
irrigated with RO and diluted RAW showed significant decline in soil 
OM % compared with the control for wheatgrass, alfalfa, bromegrass, 
and Russian wildrye species (Table 11). For tall fescue species, the 
decline in soil OM % continued in RO and diluted water; however, the 
lowest soil OM % was recorded in RAW water irrigated soil (Table 11). 
The soil pH trend was near neutral in RO water; however, alkalinity 
increased as water salinity increased (Table 11). Soil EC increased in 
diluted RAW for wheatgrass, alfalfa, bromegrass, and Russian wildrye 
pots. The highest EC recorded was in RAW water in tall fescue followed 
by diluted RAW (Table 11). 

3.9. Soil ions concentrations 

For wheatgrass, soil P, Fe, and B decreased with increases in salinity 
while K, S, Mg, Ca, Na significantly increased (Tables 12, 13). In alfalfa 
pots irrigated with diluted RAW, soil N, Fe, and B significantly 
decreased, while K, S, Na increased in pots irrigated with diluted RAW 
(Tables 12, 13). Reduction in soil K, Mg, Ca, and B ion concentrations 
resulted in diluted RAW whereas S, Na, increased in bromegrass pots 
irrigated with diluted RAW (Tables 12, 13). Russian wildrye pots 
showed increases in soil S and Na with increasing water salinity while K, 
Mg, and B decreased (Tables 12, 13). Increases were seen in soil P, S, Na, 
Mn and Fe ion concentrations in tall fescue pots irrigated with RAW 
water. However, Mg, Ca, and B decreased (Table 13). Soil SAR signifi-
cantly increased in diluted RAW water pots of wheatgrass, alfalfa, and 
bromegrass and was considered saline soil but not sodic (Table 13). In 
tall fescue pots, soil in RAW water was considered saline and sodic 
(Table 13). 

4. Discussion 

4.1. Seed germination 

Forage species germination results showed differences in their 
response to the four irrigation treatments. This could be due to their 
level of tolerance to various levels of saline water. Flores et al. (2015), 
with regard to germination rate, reported similarities between six 
halophytic species X triticosecale, Atriplex canescens, Hordeum vulgare, 
Lepidium alyssoides, Distichlis stricta, and Panicum virgatum irrigated with 
saline water up to 7000 mg/l. As results showed, Russian wildrye 
germination percentage was the lowest among the species utilized in this 
study and that might be due to the seeds vitality since it was for all three 
treatments. As the level of salinity increased, alfalfa, wheatgrass, 
bromegrass, and Russian wildrye germination percentages decreased 
and never germinated under RAW water (8610 mg/l) and this empha-
sized that these species are more sensitive to increases in water salinity. 
Among the five species, tall fescue species germinated well with RAW Ta
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water which shows suitability of this species for irrigation with RAW 
water. 

4.2. Plant dry biomass 

Within species, alfalfa biomass decreased with diluted RAW; how-
ever, compared with other species, alfalfa produced higher dry biomass 
in RO, tap and diluted RAW water. This could be due to the rapid 
growth of alfalfa aboveground biomass compared with the other grass 
species. This agrees with a previous study comparing the growth of 
alfalfa and triticale irrigated with various levels of saline water up to 
5600 mg/l where alfalfa growth decreased with increasing irrigation 
water salinity (Kankarla et al., 2019). Barley (Hordeum vulgare) grew 
well with high biomass as the irrigation treatment salinity increased 
(Katerji et al., 2009). In contrast, with increasing water salinity, Khan 
and Glenn (1996) reported reduction in barley biomass. Tall fescue 
grew well in RAW up to 8610 mg/l; therefore, it can be considered a 
halophyte. Kankarla et al. (2019) and Ozturk et al. (2018) reported no 
reduction in triticale biomass irrigated with 5600 and 7000 mg/l saline 
water, respectively, which agrees with our finding for tall fescue 
species. 

4.3. Evapotranspiration 

Continuous irrigation with saline water caused decreases in cumu-
lative ET for all five species and resulted in decreased plant growth and 
biomass. Yang et al. (2020) reported related results when ET of tomato 
decreased with increasing irrigation water salinity ranged between 
1400 and 4200 mg/l. On accord with this study, decreases in pecan ET 
with increasing irrigation water salinity up to 5600 mg/l have been 
reported (Ben Ali et al., 2021). However, no changes in plant biomass 
and ET were reported when irrigation up to 7000 mg/l was applied to 
halophytic species (Ozturk et al., 2018). 

4.4. Plant height and SPAD value 

The results indicated no significant changes in the forage species 
with continued irrigation with diluted RAW and tall fescue with RAW 
water irrigation. On the contrary, Pessarakli (2011) reported decreases 
in salt-grass species Distichlis spicata L. shoot length with increasing 
water salinity. SPAD value was higher in tap and diluted RAW water 
irrigated plants than with RO treatment. A decrease in chlorophyll 
content was reported on pecan leaves irrigated with water up to 
5600 mg/l (Ben Ali et al., 2020). Tomato chlorophyll content decreased 
with increases in salinity (Taffouo et al., 2010; Zhang et al., 2016). Li 
et al. (2018) reported decreases in chlorophyll content of Eremochloa 
ophiuroids irrigated with NaCl dominant saline water. 

4.5. Plant ion contents 

Three major tools to distinguish ions toxicity are plant analysis, soil 
testing, and field observations (McCauley et al., 2009). The irrigation 
water showed increases in Na, Ca, Mg, and Cl with increasing salinity of 
water. These ions respond in one of paths: leach out of the soil, accu-
mulate in the soil, or accumulate in plants tissue by root water uptake. 
As the results indicated, Na, Ca, Mg, and Cl ions presented in the plants’ 
tissues increased as the treatment salinity increased. Wheatgrass, al-
falfa, bromegrass, Russian wildrye, and tall fescue gained and accu-
mulate Na and Cl and which may have led to the decreases in the 
biomass by increasing water salinity. These results are consistent with a 
previous study that applied saline water on alfalfa and triticale (Kan-
karla et al., 2019). Pica et al. (2017) reported that produced water with 
a Na concentration of 1156 mg/l inhibited sweet wormwood and 
switchgrass growth. 

Tall fescue thrived and grew back after the two harvests despite the 
Na content in RAW water being 59 times greater than in the control, Ta

bl
e 
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demonstrating that tall fescue is more tolerant to high Na levels than 
other species. A previous study reported that the tolerance of tissue to 
accumulated Na or Cl, osmotic stress tolerance, and Na or Cl exclusion 
are the three adaptation types of plant to salinity stress (Munns and 
Tester, 2008), and plants differ in their response to Na and Cl accumu-
lation (Tavakkoli et al., 2010). Ca performs a significant role in miti-
gating salt toxicity, which is associated with the selective effect of K/Na 
by controlling the flow of Na through non-selective ion channels (Rah-
neshan et al., 2018). The results showed decreases in Ca in RAW irri-
gated species meaning that tall fescue might have the potential of 
utilizing Na for growth while higher Ca might assist wheatgrass, alfalfa, 
bromegrass, and Russian wildrye to reduce the toxic effects of Na on 
their growth. This role might be the reason for the grasses’ survival since 
the increases in Na were higher with increases in the treatment’s 
salinity; however, these plants might have a mechanism that controls the 
increases in Na and Cl by sequestering these ions in the vacuoles to 
manage low concentrations in the cytoplasm therefore resulting in good 
metabolism (Kankarla et al., 2019). 

Nitrogen is responsible for Nucleic acid, chlorophyll, and protein 
production (McCauley et al., 2009). Magnesium has a key role on 
enzyme activation and is related to chlorophyll content (Ben Ali et al., 
2020). In our study, Mg declined as the irrigation water increased, which 
might explain the increases in chlorophyll content by increasing water 
salinity. A previous study mentioned that increased Mg decreased 
chlorophyll content of pecan trees irrigated with saline water up to 
5600 mg/l (Ben Ali et al., 2020). Phosphorus reduction causes inter-
ruption in cell signaling and protein synthesis (Epstein and Bloom, 
2005). Our results showed decreases in P concentration in the forage 
tissues with increasing water salinity. These results agreed with a pre-
vious study (Hussain et al., 2014). 

Potassium’s role is to activate enzymes contributed with ATP pro-
duction and to regulate photosynthetic presses (Epstein and Bloom, 
2005). The increases in Na might eliminate plant K uptake and interrupt 
photosynthesis regulation (Hussain et al., 2014). In this study, K 
decreased in wheatgrass, bromegrass, and tall fescue tissues with 
increased Na concentration. The sulfur ion is important for chlorophyll 
and protein synthesis (McCauley et al., 2009). Our results showed in-
creases in S ions when water salinity increased. Zinc is used primarily for 
internode elongation and chlorophyll therefore any deficiency can affect 
the plants growth (McCauley et al., 2009). The forage species presented 
reduction in Zn as the irrigation water salinity increased; however, 
growth was not affected. 

Iron is a principal element for plant respiration (McCauley et al., 
2009). Fe decreased with increased water salinity; however, the plant’s 
growth was not clearly affected. Manganese is important in chloroplasts 
where photosynthesis takes place (McCauley et al., 2009). In this study, 
Mn declined with increased water salinity with all the forage species. 
Boron has a role on cell wall formation and reproductive tissue 
(McCauley et al., 2009). Boron can be toxic to plants; however, plants 
are varied in acceptable concentrations that they can manage (McCauley 
et al., 2009). Even with the increases in B concentration in the forages 
irrigated with RO and RAW, plant species did not show any signs of B 
toxicity such as chlorosis and necrosis, meaning that the plants could 
have managed the increase in B concentration. One exception was with 
bromegrass showing signs of B toxicity due to the increases in B con-
centration with RO irrigation treatment. 

4.6. Soil bulk density, organic matter, pH, and EC 

As the water salinity increased with continuous irrigation, soil bulk 
density increased. This was due to salt precipitation in the soil pores 
with attendant decreases in the pores size. In contrast, Al-Nabulsi (2001) 
reported decreases in soil bulk density when irrigated with 7700 mg/l 
sodic drainage water while Ben Ali et al. (2021) reported no differences 
with continuous irrigation with saline water up to 5600 mg/l. Our re-
sults indicated significant reduction in soil OM % as the salinity 

increased. In agreement with our findings, Zhang et al. (2019) also re-
ported a reduction in OM % and increases in alkalinity with increasing 
salinity. Results indicated that as the irrigation water salinity increased, 
soil EC significantly increased. This increase, however, was not as large 
as expected and this was due to the leaching fraction, which ranged 
between 40 % and 50 % of the irrigation water amount which prevented 
salt build up in the soil. According to Ayres and Wescot, (1985) leachate 
of 50 % could control salt build up in the soil reflecting in reduced salt 
accumulation in plants. In consent with this study, previous greenhouse 
studies reported greater increases in soil EC than ours along with 
continued irrigation with brackish water (EC 2870 – 7000 mg/l) to 
irrigate halophytic species (Flores et al., 2016; Ozturk et al., 2018). 

4.7. Leachate and soil ion concentrations 

Leaching, accumulation, and root uptake are the three major path-
ways for water and soil ion transport. Irrigation with produced water 
could increase salinity and sodicity, which can be observed on leachate 
water results collected from the pots. As the water salinity concentration 
increased, the leachate became more saline and sodic. The increase in 
treatment salinity led to leaching of Mg, Ca, Na, and Cl in the collected 
leachate samples. Comparable results were reported with alfalfa species 
irrigated with various levels of saline water (Kankarla et al., 2019). 
Compared to the control irrigated soil, soil Na concentration was five 
times higher in diluted RAW water in wheatgrass and alfalfa pots while 
it was around three times in bromegrass and Russian wildrye pots. Due 
to the increases in Na ion concentration as the water salinity increased, 
soil SAR increased and reached 24.46, which is highly sodic. From the 
observed data, tall fescue had the ability to utilize Na ions to build up its 
biomass in RAW water and that might explain the decline in Na ions in 
RAW water irrigated soil compared to other species. Bromegrass and 
alfalfa could not maintain an adequate Ca/Na ratio and that resulted in 
the decline in biomass in diluted RAW water compared to the control. 
Potassium has been reported to increase the soil microporosity resulting 
in increases in soil moisture capacity (Zaker and Emami, 2019). This was 
observed in the greenhouse in tall fescue pots irrigated with RAW water 
and those pots remained wet for longer durations than other pots. In 
consent with our results, soil irrigated with reverse osmosis concentrate 
remained wet for longer than control treatment (Ben Ali et al., 2021). To 
control salt build up in plant tissues, plants might reduce the root water 
uptake as a mechanism to survive the unpreparable conditions (Munns 
and Tester, 2008). 

Toxicity is usually related to boron, sodium and chloride concen-
trations (Ayres and Wescot, 1985). Toxic and excessive levels of boron 
has been reported in arid and semi-arid regions (Padbhushan and 
Kumar, 2017). Based on soil saturated extract, 5–10 mg/l soil boron 
concentration represent semi-tolerant and tolerant plants respectively 
while the toxicity threshold begins at 2 mg/l soil boron concentration 
for sensitive plants (Gough et al., 1980). Our boron results exceeded the 
threshold of 2 mg/l, as reported previously, in RO, diluted RAW, and 
RAW for all species; however, toxicity signs were observed in brome-
grass species. A previous study reported reduction in boron toxicity in 
wheat, numerous vegetables, and rootstock with increasing in salinity 
(Henry Ezechi et al., 2012). This could be what happened with those 
plants with increases in salinity, thus surviving two harvests. Munns and 
Tester (2008) reported that in soil, 40 mM (≈ 2800 mg/l) of NaCl con-
centration is toxic for most of the plants species. Soil sodium concen-
tration, in this study was about 1974 mg/l in RAW water in tall fescue 
pots, which is the highest concentration among all the species. Toxicity 
level differs among plants species and depends on the plant’s sensitivity 
for salts type and concentration; thus, some plants are sensitive to Na 
while others are more sensitive for Cl (Ayres and Wescot, 1985). Some 
water, plant, and soil ion concentrations thresholds are included in 
(Table S3). To confirm our results, continuous irrigation with the same 
treatments, after the second harvest, resulted in those species growing 
well again for two more full harvests. This provides the evidence of the 

A.R. Ben Ali et al.                                                                                                                                                                                                                              

NMOGA_003231



Agricultural Water Management 274 (2022) 107966

14

feasibility to utilize desalinated and diluted produced waters for irri-
gating forage plants. 

5. Conclusion 

The present study investigated the effects of irrigating western 
wheatgrass, alfalfa, meadow bromegrass, Russian wildrye, and tall fes-
cue with RO desalinated produced water, Tap water, diluted RAW 
produced water, and RAW produced water as a valuable source of water 
in arid areas. Desalination of produced water reduced the salt buildup in 
soil and plants. ET decreased with increasing water salinity but wheat-
grass, alfalfa, bromegrass, and Russian wildrye grew well during two 
harvests of the experiment and grew back again with continued RO, tap, 
and diluted RAW irrigation after the second harvest; however, tall fescue 
survived even the RAW irrigation. Alfalfa biomass decreased in diluted 
RAW water while tall fescue was a tolerant species and can be irrigated 
with higher salinity water. Increasing soil salinity is a major issue when 
considering irrigation with produced water; however, a good leaching 
ratio, especially in areas where water tables are deep, can reduce Na, Cl, 
and other ions from building up in the rootzone and in plant tissue. 
Boron toxicity symptoms were noticed only in the meadow bromegrass. 
There was no sign of toxicity regarding Na and Cl in all the surviving 
plants in this study with continued irrigation with saline water. The 
research results promote the feasibility of using desalinated and diluted 
produced water to irrigate forage grasses; however, an effective moni-
toring system is required especially when RAW or diluted RAW is used 
for irrigation. 
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Abstract: High water flux and elevated rejection of salts and contaminants are two primary
goals for membrane distillation (MD). It is imperative to study the factors affecting water flux
and solute transport in MD, the fundamental mechanisms, and practical applications to improve
system performance. In this review, we analyzed in-depth the effects of membrane characteristics
(e.g., membrane pore size and distribution, porosity, tortuosity, membrane thickness, hydrophobicity,
and liquid entry pressure), feed solution composition (e.g., salts, non-volatile and volatile organics,
surfactants such as non-ionic and ionic types, trace organic compounds, natural organic matter,
and viscosity), and operating conditions (e.g., temperature, flow velocity, and membrane degradation
during long-term operation). Intrinsic interactions between the feed solution and the membrane due
to hydrophobic interaction and/or electro-interaction (electro-repulsion and adsorption on membrane
surface) were also discussed. The interplay among the factors was developed to qualitatively predict
water flux and salt rejection considering feed solution, membrane properties, and operating conditions.
This review provides a structured understanding of the intrinsic mechanisms of the factors affecting
mass transport, heat transfer, and salt rejection in MD and the intra-relationship between these factors
from a systematic perspective.

Keywords: membrane distillation; desalination; water flux; salt rejection; solute transport;
superhydrophobic membranes

1. Introduction

Freshwater scarcity is a grand challenge that threatens water security and economic development.
Desalination and water reuse provides a viable solution to improving water security and alleviating
water stress by expanding alternative water supplies, such as seawater, brackish water, wastewater,
and other impaired water sources [1–3]. Current desalination technologies are energy intensive.
For example, reverse osmosis (RO) is the most extensively implemented membrane technology for
desalination. Although the specific energy consumption (SEC) of RO has been reduced significantly
from 5–10 kWh/m3 to 3–4 kWh/m3 [4–6], energy consumption generally amounts to 50%–60% of the
total water costs [7,8]. Worldwide fossil fuels such as crude oil, coal, and gas are non-renewable and
have been diminishing rapidly. In addition, environmental issues associated with brine disposal pose a
challenge to conventional desalination technologies. Developing transformational technologies using
alternative energy sources is vital to reduce treatment costs, improve energy efficiency, enhance water
supply resilience, and increase access to affordable, safe, and clean water.

Membrane distillation (MD) is a non-isothermal integrated process by combining thermal
evaporation and membrane separation, which was first patented by Bodell in 1963 [9]. MD is driven by
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the transmembrane temperature difference between the hot/warm feed side and the cold permeate side
with a barrier of hydrophobic microporous membranes. Water vapor can pass through the hydrophobic
pores inside the membranes and condense at the cold permeate side. MD can take advantage of solar
energy, geothermal energy, and waste heat of industries to sustain the driving force. MD process covers
a myriad of applications such as desalination [10–27], wastewater treatment [28–31], heavy metal
removal [32], separation of organic solutes [33,34], treatment of water contaminated by arsenic [35]
and boron [36], brine treatment or crystallization [37–40], and concentration of juice [41].

Studies on MD have advanced rapidly with a substantial increase in publications since 2010
(Figure 1). Recently, research on MD has focused on novel hydrophobic membranes with anti-wetting
and anti-fouling properties for various MD applications [42–52], Janus membranes with significantly
reduced specific energy consumption for MD [53,54], and hybrid MD systems [55–57]. In addition, since
Lawson and Lloyd [58] published the extensively cited comprehensive review paper in 1997, numerous
review papers covering various aspects of MD have been published. Recent reviews on MD have mainly
focused on theoretical modeling [59–62], membrane fouling [63–65], energy efficiency analysis [66–72],
MD performance criteria [73], design and fabrication of membranes for MD application [74–76],
wettability of membranes [77–79], the influence of membrane properties on MD performance [80],
hybrid MD systems [66,67], some specific fields of MD such as direct contact membrane distillation
(DCMD) [81], vacuum membrane distillation (VMD) [82], air gap membrane distillation (AGMD) [83],
ceramic membranes applied for MD [84], and perspective on sustainable and renewable desalination
using MD [68,85]. These review papers have covered broad research areas including energy efficiency
analysis, membrane development, effects of membrane properties and MD module configurations on
MD performance, fouling and scaling control in MD, modeling heat transfer, and mass transfer in MD.
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Figure 1. Number of publications on MD research papers and review papers from 2010 to August 2020
(obtained from Google Scholar).

However, there is a lack of systematic overview of factors affecting the water flux, salt rejection,
and interactive correlations of both in terms of membrane properties, feedwater chemistry, long-term
operation, and their physicochemical interactions for MD applications, especially in desalination.
For example, a research paper by Schofield et al. [86] studied the factors affecting flux using sensitivity
analysis. They concluded that vapor pressure reduction was the dominant factor for the flux decline of
sodium chloride solution, while the viscosity for sucrose solution was the primary factor reducing
the flux. Nevertheless, they did not analyze the effect of other factors such as membrane properties,
the chemistry of the feed solution, and module parameters on water flux.

Based on Raoult’s law, water vapor pressure decreases due to increasing salt concentration, thereby
causing permeate flux reduction. However, Ozbey-Unal et al. [36] reported that water flux increased
1.1 to 1.3 folds when the salinity of the geothermal feedwater increased from 1.5 wt.% to 3.0 wt.%
using polypropylene (PP) and polytetrafluoroethylene (PTFE) membranes in MD systems. Meanwhile,
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permeate flux was not affected by salinity increase from 1.5 wt.% to 3.0 wt.% of the feed stream using
polyvinylidene fluoride (PVDF) membrane. Although it is easy to understand that physical sieving and
anti-wettability due to hydrophobicity of the membranes can together be considered to be the primary
mechanism of salt rejection (SR) and water flux permeation, SR and permeation of water flux are
complicated and have not been thoroughly explored and understood. In addition, aquatic chemistry of
the feed solution, viscosity, and membrane properties such as thermal conductivity, thickness, pore size,
pore size distribution (PSD), and porosity may significantly affect SR and water flux.

This review proposes a holistic system approach to understand and identify the factors affecting
SR and permeate flux (solute transport) in MD for desalination and wastewater treatment. This review
focuses on analysis and deliberations of membranes (e.g., wettability, pore size and PSD, porosity,
thickness, tortuosity, thermal conductivity), feedwater chemistry (e.g., inorganic salts, colloidal particles,
natural organic matters, volatile solutes), operating conditions (e.g., temperature, flow rate, operating
mode, degasification, long-term operation) and their interactions on MD performance in terms of
their impacts on flux and SR. Because energy analysis, membrane fabrication, MD configuration
design, modeling, and membrane fouling have been discussed in other review papers, these are not
the focus of this review. Based on the critical review and system analysis, a decision diagram was
proposed to illustrate the effects of the primary factors involving membrane properties, feed solution
compositions, operating conditions on SR, flux, and their intrinsic correlations. To the best of our
knowledge, this review paper is the first that has proposed a decision framework to determine the
factors and their interplay on MD performance.

2. Fundamentals of MD

2.1. Typical MD Configurations

Figure 2 illustrates the schematic diagram of four typical MD configurations, including direct
contact membrane distillation (DCMD), air gap membrane distillation (AGMD), vacuum membrane
distillation (VMD), and sweeping gas membrane distillation (SGMD) [87,88]. The feed stream is in
direct contact with the hydrophobic membrane in all these MD configurations. The membrane contacts
directly with the cold permeate stream in DCMD, which is the most used design for research because
of its simplicity. In AGMD, there is a stagnant air gap between the membrane and the cooling plate
over which the vapor condenses. In VMD, a vacuum pump is applied to provide a driving force to
induce the vapor to penetrate the membrane pores and condense outside the VMD chamber. In SGMD,
an inert gas is used to sweep the vapor at the permeate side and condense at the outside of the MD
module [89].

2.2. Membranes in MD

In an MD process, the membrane is of vital importance to system performance. Because the
fundamental requirement for the selected membrane is the hydrophobicity, which can be determined by
the water contact angle (CA) of the membrane surface. MD cannot work if the membrane is hydrophilic,
which means the CA of the membrane is less than 90◦ [90,91]. To maintain the hydrophobicity,
the hydrostatic pressure induced by a flowing fluid should be below the liquid entry pressure (LEP) of
the membrane to avoid pore wetting [92,93]. LEP can be calculated by the Laplace equation [58,94]:

LEP =
−2Bγl cosθ

rmax
= ∆Pentry > ∆Pinter f ace = P f − Pp (1)

where B is a geometry coefficient for pore structure, being unity for cylindrical pores, γl is the liquid
surface tension (for water and common inorganic solution mixture, γl is equal to 72 mN/m at 25 ◦C),
θ is the CA, rmax is the maximum allowable pore size of the membrane, Pf and Pp are the hydraulic
pressure at feed and permeate sides. However, this equation does not consider the effects of operating
temperature and feed solution composition on liquid surface tension.
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Figure 2. Schematic diagram of four typical MD configurations: (a) DCMD, (b) AGMD, (c) VMD,
and (d) SGMD.

In addition, surface energy and surface roughness (or morphology) govern the characteristics
of wettability of a solid surface [95,96] (i.e., the membrane surface in MD). Surface energy is the
intrinsic property of a material including a membrane material. The maximum CA on a flat surface
obtained was 119◦ using low surface energy material only (the recorded lowest surface energy value
was 6.7 mJ/m2 of a surface with regularly arrayed hexagonal-packed CF3 groups) [97]. Other properties
of the membrane such as thickness, pore size, PSD, porosity, thermal conductivity, mechanical strength,
and chemical-resistance are generally considered to be factors affecting the performance of MD
systems [73,87].

Anti-wetting or non-wetting surface of a membrane is what researchers expect in MD systems.
The mechanism of wetting is very complex. Gostoli et al. [98] suggested that a high liquid surface
tension facilitates a convex meniscus, which prevents the liquid from penetrating the membrane pores
and forming a non-wetted liquid/vapor/membrane interface—a three-phase interface which maintains
a stable hydrophobicity [96,99]. They considered the pressure difference arose from surface tension
as the capillary pressure. The wetting will happen if the capillary pressure becomes greater than the
partial vapor pressure across the membrane pores [79]. The capillary pressure mentioned here actually
is the previously introduced term of LEP. To maintain a long-term stable hydrophobicity, a higher
LEP is needed for a specific membrane. Therefore, smaller maximum pore size and higher surface
tension result in a higher LEP based on Equation (1). Nevertheless, the maximum pore size should
not be so small that the vapor molecules cannot pass through the membrane pores. There should
be a “critical” value of the allowable maximum pore size. Because of the importance of pore size of
the hydrophobic membrane and mean free path of water molecules on mass transfer mechanisms
(Knudsen and molecular diffusion), these two factors are discussed in detail later.
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2.3. Heat Transfer

Heat transfer and mass transfer occur simultaneously in MD systems. Figure 3 shows the
schematic diagram of heat transfer and mass transfer in a DCMD.
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Generally, heat transfer can be divided into three steps [62]: (i) heat transfer from the bulk
hot side to the hot liquid/membrane boundary layer (Qf); (ii) heat transfer through the membrane
(Qm = Qv + Qc); (iii) heat transfer through the cold side liquid/membrane boundary layer (Qp). At steady
state, Q f = Qm = Qp = Q, thus, the heat transferred from the hot side to the cold side can be described
as follows [62]:

h f
(
T f − T1

)
=

km

δ
(T1 − T2) + J∆Hv,w = hp

(
T2 − Tp

)
= H

(
T f − Tp

)
(2)

The total heat flux Q is written as:

Q =

 1
h f

+
1

km
δ +

J∆Hv,w
∆Tm

+
1
hp


−1

∆T = H(∆T) (3)

where H is the overall heat transfer coefficient, hf and hp are the heat transfer coefficients at the bulk feed
side and the bulk permeate side, Tf and Tp are the absolute temperature of the bulk solution at the feed
side and permeate side respectively, T1 and T2 are the interfacial temperature of the membrane surface
at feed and permeate side, respectively, ∆T (∆T = Tf −Tp ) is the global temperature difference between
feed and permeate side, ∆Tm (∆Tm = T1 −T2) is the transmembrane temperature difference, km is the
overall thermal conductivity of the membrane, δ is the thickness of the membrane, ∆Hv,w is the latent
heat of vaporization of water and can be estimated by equation [58]: ∆Hv,w = 1.7535T + 2024.3, where
T is the absolute temperature in K. In addition, hf and hp are expressed using Equations (4) and (5)
based on Nusselt number (Nu).

h f =
Nu f k f

dh
(4)

hp =
Nupkp

dh
(5)

where the substitutes f and p refer to feed stream and permeate side, respectively, k is the fluid thermal
conductivity, dh is the hydraulic diameter. Nu number can be calculated using Equation (6):

Nu = 1.86
(
RePr

dh
L

)0.33

(6)
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where L is the length of channels on both sides. Reynolds number (Re) and Prandtl number (Pr) can be
evaluated using Equations (7) and (8):

Re =
dhuρ
µ

(7)

Pr =
cpµ

k
(8)

where u, µ, ρ, k and cp are the average velocity, viscosity, density, thermal conductivity, and the specific
heat of the fluids, respectively. Additionally, the heat transferred for vaporization of liquid (Qv),
heat flux of Qc due to sensible heat loss through the membrane, and thermal efficiency of MD system
(η) are written as [62]:

Qc = −km
dT
dl

=
km

δ
(T1 − T2) (9)

Qv = J × ∆Hv,w (10)

η =
Qv

Qm
× 100% =

Qv

Qv + Qc
× 100% (11)

where l is the distance from the membrane surface (facing the hot feed side), δ the membrane thickness,
T1 and T2 refer to the temperatures at the membrane surface of the feed and permeate side, respectively,
km is the overall thermal conductivity of the membranes and can be calculated using a parallel model
(Iso-strain equation) [100–106]:

km = εkg + (1− ε)ks (12)

where ks is the thermal conductivity of membrane material, and kg is the thermal conductivity of the
gas (air and water vapor mixture) within the pores.

Moreover, a temperature polarization phenomenon (TPP), which means the temperature at
the membrane surface differs from the measurable bulk liquid temperatures, exists in the MD
process [58,107]. The temperature polarization coefficient (TPC) characterizes the variation of TPP.
Equation (13) shows the definition of TPC.

TPC =
∆Tm

∆T
=

T1 − T2

T f − Tp
(13)

If TPC < 0.2, the DCMD is limited by heat transfer, and if TPC > 0.6, the DCMD is controlled by
mass transfer with a low membrane permeability [62]. Normally, TPC value varies from 0.2 to 0.9 [108].
Equation (8) can be rewritten as Equation (14) based on Equations (2)–(5) and (9).

TPC =
1

1 + km
δ

(
1

h f
+ 1

hp

) (14)

where km, δ, hf and hp stand as the same previously.

2.4. Mass Transfer

Mass transfer models are established under the assumptions of steady state and negligible effect
on equilibrium at the pore entrance by the curvature of the liquid-vapor interface. The permeate flux
(J) is related to the transmembrane pressure difference, the membrane materials, and the composition
of hot/warm feed solutions. Flux (J) can be expressed as [58,107]:

J = Bw × ∆Pm = Bw(P1 − P2) (15)

where Bw is the mass transfer coefficient, P1 and P2 are the partial water vapor pressure at liquid-vapor
interfaces at each side. In addition, correlated partial vapor pressure Pi (the subscript i stands for 1 or
2) can be written as:

Pi = p0
w(T) × (1− x) ×

(
1− 0.5x− 10x2

)
(16)
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where, p0
w(T) is the vapor pressure of pure water, and x is the mole fraction of non-volatile solute

(i.e., NaCl). Antoine equation can be used to calculate the vapor pressure of pure water [58]:

p0
w(T) = exp

(
23.238−

3841
T − 45

)
(17)

Mass transport (water vapor transfer in desalination) mechanism is governed by four basic
models−Knudsen diffusion, molecular diffusion, Poiseuille flow and surface diffusion, and a
combination of them. Knudsen number (Kn) is used to determine which model dominates the
mass transfer [109]. Kn is calculated using Equation (18):

K =
λ
dp

=
λ
2r

(18)

where dp is the membrane pore size, r is the average pore radius, λ is the mean free path of water
molecules in water vapor phase that can be written as [58]:

λ =
kBT

√
2πPm(2.641× 10−10)2 (19)

where kB is the Boltzmann constant, Pm is the mean pressure within the membrane pores, T is the absolute
temperature, and 2.641 × 10−10 is the collision diameter of water molecules (2.641 × 10−10 m = 2.641 Å).

If Kn > 1, the flow type is Knudsen, and if Kn < 0.01, the flow then belongs to molecular diffusion,
and it is a combination of Knudsen and molecular diffusion (K-M diffusion) when 0.01 < Kn < 1 [109].
Typically, the flow types in MD systems except VMD are the same as the K-M diffusion [110]. For the
K-M diffusion, mass transfer coefficient Bw can be calculated as follows:

Bw =
1(

1
BM

w
+ 1

BK
w

) (20)

where, BM
w and BK

w are mass transfer coefficients for molecular diffusion and Knudsen diffusion,
respectively. These two parameters can be determined using Equations (21) and (22):

BM
w =

ε

τδ
PD
Pa

M
RT

(21)

BK
w=

2
3
εr
τδ

( 8M
πRT

) 1
2

(22)

where ε, τ, and δ are the membrane porosity, pore tortuosity of the membrane, and membrane thickness,
respectively, D is the water molecule diffusion coefficient, M refers to the molecule weight of water
vapor, R is the gas constant, r is the mean pore radius, P and Pa are the total pressure and the air
pressure inside the membrane pores, respectively.

Generally, the combined K-M diffusion is much closer to actual situations. It was reported that
the combined model predictive results were close to the experimental data with a Knudsen number
below 0.7, whereas the simulated data of Knudsen diffusion model alone were almost twice greater
than the experimental results [109].

Moreover, the solutes concentration in the bulk solution differs from that at the liquid/membrane
interface due to mass transfer. This is called the concentration polarization phenomenon. Concentration
polarization coefficient, which is used to characterize the concentration polarization phenomenon,
can be defined as [111,112]:

Concentration polarization coefficient =
C1

C f
(23)

where C1 and C f are the non-volatile solutes concentration at liquid/membrane interface and bulk feed
solution, respectively.
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3. Effect of Membrane Properties, Feed Solution, and Operating Conditions

3.1. Membrane Properties

3.1.1. LEP and Anti-Wettability

The LEP defines the critical pressure value of hydrostatic pressure at the feed side. This pressure
represents the minimum membrane-wetting pressure value. The LEP value of a commercial or a
lab-made membrane is explicit once the membrane is produced. Based on Equation (1) (the Laplace
equation), pore geometry structure, pore size, CA, and surface tension all determine the value of LEP.
Therefore, the materials and fabrication process conditions are useful for selecting and controlling the
desired membrane properties for MD applications. Low surface energy materials and small pore size
are good options for manufacturing MD membranes. Because surface tension, pore size, and pore
geometry are all fixed once the materials and manufacturing process conditions are determined, it is
essential to select lower surface energy materials prior to production, thereby generating a higher CA
(hydrophobic of more than 90◦, or superhydrophobic of ultra-higher than 150◦) and a higher value
of cosθ as well [113]. In addition, smaller maximum pore size and higher CA can together ensure a
higher minimum LEP for fluctuating operating pressures. Therefore, lower surface energy materials
and smaller maximum pore size can result in a higher minimum LEP, which is beneficial for flexible
and adaptive operation. It is worth noting that conventionally LEP is measured with the other side of
the membrane exposed to atmospheric pressure, which is not valid for the measurement of LEP in
VMD. The vacuum level should be considered when calculating the pressure difference. Moreover,
flow pressure drops occur when a flat membrane is applied in a cell, and pressure fluctuations occur
near the LEP value [114].

According to the Laplace equation (Equation (1)) that provides the relationship between the
membrane pore size and the operating conditions, the operating pressure should be less than the
minimum LEP to ensure non-wetting. The LEP of hydrophobic membranes varies depending on the
mean membrane pore sizes. Typically, a smaller mean pore size renders a higher LEP. The reported
LEP of 0.75–5 bar over the mean pore size range of 0.034–0.516 µm is summarized in Figure 4. High SR
and stable permeate flux can be obtained only if the operating pressure is below LEP. Even under this
premise, it is still difficult and almost impossible to explicitly demonstrate how the LEP variations
alone influence the SR and the permeate flux fluctuation. Because the mass transfer and heat transfer
are complicated and can be affected by a myriad of factors that will be systematically discussed in
this review. Intrinsically, the effect of LEP on heat and mass transfer can be qualitatively estimated
based on the correlation of operating pressure induced by feed flow rate or feed velocity, which will
significantly affect the flow regime (laminar or turbulent or transitional flow) and thereby influence the
heat and mass transfer. The essential relationship among them will be elucidated later in detail.Water 2020, 12, x FOR PEER REVIEW 9 of 36 
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The composition of the feed solution can influence the surface tension of the liquid on a
hydrophobic membrane surface. Franken et al. [94] recommended that liquid surface tension would
not be significantly affected when the feed solution was in the absence of organic matters. However,
the surface tension of the mixture solution reduces when organics present in the liquid. If the organic
concentration exceeds a “critical” value, then the liquid surface tension decreases rapidly, which causes
an instant decrease of LEP. Simultaneously, the complete wetting occurs, indicating the liquid mixture
fully penetrates the pores, and therefore the MD system is broken down immediately.

Recently, superhydrophobic membranes used with enhanced anti-wettability in MD were
studied [15,124–132]. Superhydrophobic membranes have a higher CA of more than 150◦, which renders
stronger wetting resistance [79,132,133]. Li et al. [131] reported that superhydrophobic, self-cleaning
nanofiber membranes were fabricated using polysulfone-poly-dimethylsiloxane (PS-PDMS) via
electrospun methods. The membranes achieved a competitive and stable water flux of 21.5 kg/m2/h as
well as a lower electrical conductivity of distillate ranging from 4.2 to 4.5 µS/cm with a 30 g/L NaCl
solution as feed and a bulk temperature difference of 50 ◦C. Moreover, no wetting of the pores was
observed over 12 h operation in their DCMD experiments. Another example of a superhydrophobic
membrane was reported by Razmjou et al. [124]. They fabricated a superhydrophobic PVDF membrane
via TiO2 nanoparticles coating by a low temperature hydrothermal process and subsequent grafting
using a low surface energy material H, 1H, 2H, 2H-perfluorododecyltrichlorosilane. They then found
that the LEP and CA of the modified membrane increased from 120 kPa and 125◦ before modification to
190 kPa and 166◦, respectively. The fabricated superhydrophobic membrane demonstrated a stronger
anti-wetting property confirmed by two different experiments: a sharp flux reduction just after
2 h operation was observed before modification when 15 wt.% ethanol was added into the feed,
whereas after modification, the drastic reduction time for flux was more than 6 h. On the other hand,
the permeate conductivity before modification increased to more than 500 µS/cm merely after 4 h
operation in DCMD using 3.5 wt.% NaCl as the feed. In contrast, the permeate conductivity of the
superhydrophobic coated membrane remained stable and less than 50 µS/cm throughout the entire
experiments. This phenomenon was also confirmed by other researchers [134,135]. Additionally,
they observed that the superhydrophobic membrane performed a higher recovery ability (94%) of
flux than the unmodified membrane (~54%) after cleaning membrane fouling using a 0.2 wt.% NaOH
solution when compared to the flux of the pristine membrane.

An example of hydrophobic PP hollow fiber membranes for desalination in pilot-scale DCMD
studies was reported in Ref. [136]. PP hollow fiber membrane with 330 µm ID, 150 µm wall thickness,
and maximum pore size of 0.60 µm used in this study [136] was deposited a thin layer of plasma
polymerized silicone-fluoropolymer coating on the fiber outside surface. Water CA measurements
showed that the advancing contact angles of the fresh fiber samples were between 138.34◦ and 142.18◦

with receding contact angles of 22.01◦–22.17◦. The pilot plant operated in crossflow DCMD with the
coated PP hollow fiber membranes achieved the highest water vapor flux of 55 LMH over 3 months
of operation with feed and distillate temperatures of 64–93 ◦C and 20–54 ◦C, respectively. Moreover,
the plant achieved a minimal flux reduction using seawater as feed with a salinity up to 19.5%, mainly
due to the application of the coated PP hollow fiber membranes.

In general, polymeric membranes are the most extensively used in MD, and ceramic membranes
are growingly applied in MD application. The hydrophobic property of the membranes is of the first
importance as it is the key property for successful operation for all types of MD modules. Due to the
hydrophobic nature of frequently studied polymeric materials, some popular polymers were used
extensively to manufacture hydrophobic porous membranes such as PTFE, PVDF, polystyrene nylon-6,
and PP. Ceramic membranes must be modified to be hydrophobic prior to MD application because of
their hydrophilic nature. Table 1 summarizes the membranes and their performances in MD studies.
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Table 1. Summary of extensively studied hydrophobic membranes in MD.

Membranes Hydrophobic Modification Methods Pore Size (µm) CA (◦) LEP (kPa) MD Types SR (%) Ref.

PTFE-PVDF hollow fibers / 0.116–0.308 103 ± 4 / DCMD ~99.8 [137]
PVDF nanofibers / 1–1.3 137.4–141.1 60 DCMD 99.8 [138]

Polystyrene nanofibers / 0.19 114 130 DCMD 99.99 [139]

Alumina hollow fibers
hydrophobic modification using 1H, 1H, 2H,
2H-Perfluorodecyltriethoxysilane after ZnO

deposition on alumina substrates
0.179 138.1 / DCMD >99.9 [140]

Dual-layer
PVDF-co-hexafluoropropylene-nylon-6

nonwoven nanofibers
/ 0.18 126.3 185 AGMD >99 [141]

Fluorographite modified PVDF
hollow fibers / 0.476 ± 0.134 121 ≥130 DCMD 99.99 [118]

Hierarchical PVDF
micro/nano-composite flat

sheet membranes

SiO2 nanoparticles coating followed by
fluoroalkylsilane grafting 0.20 ± 0.01 161.5 ± 1.0 / DCMD >99.99 [142]

Asymmetric flat sheet ultrafiltration
mixed cellulose ester membranes

Vapor deposition treatment using
hepta-decafluoro-1,1,2,2-tetrahydrodecyltrichlorosilane

0.05 120.9–123.4 ~2410 DCMD
>99.9 [48]

0.025 116.3–126.5 >2760 DCMD
Hydrophobic tubular asymmetric

Al2O3 membrane
Dip-coating using Hexadecyltrimethoxysilane

dissolved in ethanol 0.15 >150 / VMD ~99.9 [143]
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3.1.2. Pore Size and Pore Size Distribution

Pore size is another important membrane property that significantly affects MD performance.
Typically, an increase of the average pore size r indicates the increase of the allowable maximum
pore size rmax. Therefore, pore size directly determines the Knudsen number that influences the mass
transfer mechanism based on the definition of Knudsen number (Equation (8)). Suppose the membrane
pore size is smaller than the mean free path of vapor molecules (λ), it would be suitable for maintaining
a relative higher LEP based on the Laplace equation (Equation (1)). The Knudsen number Kn will be
greater than the unit, indicating that the molecular pore walls collisions dominate the mass transport
process, and the Knudsen diffusion (K diffusion) is the primary mechanism for mass transfer of vapor.
On the other hand, Kn will be less than 0.01 if the membrane has greater pore sizes. In this case,
the dominant mass transfer mechanism will be an ordinary molecular diffusion. Typically, membrane
pore size ranges from 0.2 to 1 µm [144]. However, this range can be extended to some larger pore sizes
due to the fabrication process for the membranes. For example, the pore size range of 0.2 to 20 µm was
reported [137,145,146] using a stretching technique for preparing PP and PTFE membranes and using
phase inversion to fabricate PVDF membranes. Alkhudhiri and Hidal [25] studied the effects of high
concentration of four salts and three different pore size PTFE membranes on the permeate flux and SR
using an AGMD. Their study indicated that the flux increased significantly by 39.6% and 56.9% for
a maximum NaCl feed concentration of 180,000 mg/L when the pore sizes increased from 0.2 µm to
0.45 µm and from 0.2 µm to 1 µm, respectively. A similar lower flux enhancement for the other three
different feed saline solutions was also observed. The Knudsen-ordinary molecular diffusion (K-M
diffusion) in the increased membrane pore size was considered the cause of the enhanced mass transfer
of permeate flux [87]. Additionally, they revealed that the SR decreased because of LEP reduction
induced by increased membrane pore sizes, which was already confirmed by other studies [147,148].
Gryta et al. [149] revealed that the occurrence of scaling and deposition of salts prefers more in larger
pores that are more easily wetted.

PSD exists because a uniform pore size is almost impossible in specific membranes. Generally,
MD membranes have a PSD ranging from 0.2 µm to 1 µm [87,108]. Phattaranawik et al. [150] indicated
that the effects of PSD on water flux in DCMD could be ignored. Their results indicated that water
flux fluctuation was only 4% using commercial PVDF membranes—GVHP (PSD is wider) and HVHP
(PSD is narrower) membranes provided by Millipore. Moreover, they observed that water flux
discrepancies using HVHP and GVHP membranes were 2.9% and 7.1% for laminar flow and 1.4% and
8.1% for turbulent flow. The discrepancy of the narrower PSD membrane was better than that of the
larger PSD membrane. Typically, a narrower PSD is preferable in MD. However, they did not mention
the effect of PSD on SR.

3.1.3. Porosity, Thickness, and Tortuosity

Porosity is an important parameter of membrane characteristics because it can directly determine
the ratio of pores within a membrane [151–153]. For polymeric membranes, porosity (ε) can be
calculated by Equation (24) [144].

ε = 1−
m

ρp ×A× δ
(24)

where m and A are the mass and surface area of the membrane, ρp is the density of the membrane
materials, and δ is the membrane thickness.

Higher porosity means more passages or space for water vapor to pass through. On the other hand,
higher porosity reduces heat loss due to sensible heat conduction through the membrane material,
thereby enhancing thermal efficiency. Theoretically, based on Equations (5) and (10)–(12), the increase
of porosity (ε) enhances the mass transfer coefficient BM

w and BK
w, and then increases permeate flux

J. In addition, porosity also affects the thermal conductivity of a membrane. Equations (3) and (4)
reveal that the formulas for calculation of heat flux through the membrane conduction (Qc) and the
thermal conductivity of the membranes. Typical values of kg and ks of conventional commercial
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polymeric membrane materials are 0.027 W/m/K and 0.1 to 0.5 W/m/K, respectively [76]. Therefore, Qc

and km will decline with the increasing porosity, which affects both mass transfer and heat transfer.
Generally, a higher porosity without sacrificing mechanical strength is beneficial for MD applications.
Nevertheless, it is difficult to predict how it influence the SR in desalination. Again, it is meaningless
to discuss the decisive effect merely focusing on an individual parameter since the MD involves a
complex process and its performance is governed by different synergistic effects and a combination of
various related factors. Other factors other than porosity, such as mean pore size, membrane thickness,
and thermal conductivity can affect flux and permeability, and SR. For instance, the membrane with
high porosity of up to 90% showed less permeate flux than the case of lower porosity [92]. The study
reported that this outcome resulted from a much higher thermal conductivity and a small pore size of
about 20 nm of the membrane.

Membrane thickness (δ) is a parameter of significant importance. Typical membrane thickness
ranges from 20 to 200 µm for polymeric membranes [62,93,154] and from ~500 to 2000 µm for inorganic
membranes such as ceramic membranes [92]. Membrane thickness significantly affects mass transfer
and heat transfer, along with thermal efficiency. According to Equations (7) and (12)–(14), an increase
of membrane thickness reduces the mass transfer coefficients because a thicker membrane renders
longer passage for water vapor to pass through. On the other hand, the increase of membrane thickness
reduces the heat transfer coefficient of thermal conduction via membrane material because the heat
transfer coefficient of conduction is inversely proportional to the membrane thickness based on
Equations (2)–(4). Also, the increase of membrane thickness decreases the effective heat amount
for feed stream vaporization. It thereby results in decreased thermal efficiency of the MD system,
as indicated by Equation (5). Therefore, a higher mass transfer, namely a higher permeate flux, results
in a smaller thermal efficiency, which is the typical drawback in AGMD.

An optimum or a critical membrane thickness based on the trade-off for higher mass transfer and
lower heat conduction loss exists. L. Martínez et al. [155] studied the effects of membrane thickness
reduction on DCMD performance. They investigated the flux as a function of membrane thickness via
a resistances-in-series model using the TF200 (PTFE layer supported on PP base) and Durapore GVHP
(unsupported homogeneous PVDF). They concluded that: (i) for a pure feedwater, the flux increase for
unsupported membrane was mainly caused by a membrane resistance decay induced by membrane
thickness reduction; and the water flux increased in a greater proportions than in unsupported
membranes since the top layer (the active hydrophobic layer) thickness declined; (ii) using a NaCl
and sucrose aqueous solution as feed, the water flux decreased with membrane thickness reduction
for both types of membranes when the membrane thickness was below a specific thickness value,
which was considered as a “critical” membrane thickness. Critical membrane thickness of ~10 µm
was suggested for the two types of polymeric membranes. However, they did not study the effect of
membrane thickness reduction on SR.

Additionally, there are different opinions on the range of optimum membranes thickness.
For example, Eykens et al. [156] observed a very similar result using a commercial PVDF, PP membranes,
and a lab-scale made e-PVDF membrane. They suggested broader optimum membrane thickness ranges
of 2–30 µm for 3 wt.% NaCl feed solution, 7–112 µm for 13 wt.% NaCl feed solution, and 16–793 µm
for 24 wt.% NaCl feed solution. Their results revealed that a higher hydrophobic layer thickness was
more suitable for MD application when fed with a high salinity solution. They observed an SR greater
than 99.98% using the commercial PVDF and PP membranes and SR above 98% using the lab-made
membrane in their studies. However, Laganà et al. [41] reported a different optimum thickness range
of 30–60 µm of polypropylene hollow fibers for producing highly concentrated apple juice using a
hollow fiber DCMD module.

Tortuosity is another important membrane characteristic that, along with porosity and thickness,
can greatly control transmembrane water vapor mass transport [157]. Permeate flux is conversely
proportional to tortuosity based on Equations (7) and (12)–(14). A small tortuosity is beneficial to
minimize mass transfer resistance due to the shorter pore pathway for water vapor [81,158]. Tortuosity
is a geometrical parameter for the characterization of pores, which is equal to a ratio of the actual

NMOGA_003245



Water 2020, 12, 2841 13 of 34

length of the membrane pores divided by the membrane thickness [108]. A tortuosity value of unity
indicates the pores are straight, or the actual length of the pores is identical with the overall membrane
thickness. Tortuosity can be calculated using Equation (25) [80,159].

τ =
1
ε

(25)

Iversen et al. [160] calculated the tortuosity value of commercial PTFE membranes using a porosity
of 0.78 provided by the manufacturer; the calculated value of tortuosity was 1.3 based on Equation (25)
and this value of 1.3 was close to the provided value range of 1.1 to 1.2. With regard to the assumption
of tortuosity values, Calabrò [161] assumed a tortuosity of 1.2 for the prediction of water flux that
was approximate to 99.6% of the experimental outcome. However, the effect of tortuosity on SR
in desalination using MD was not reported. A possible phenomenon that membrane thickness can
decrease while tortuosity may increase due to the compaction of the membrane exists may not be noticed
for its negative effect on the low-pressure membrane related applications (i.e., application in MD).
However, this effect needs to be further studied. Lawson et al. [162] reported that thickness reduction
caused by membrane compaction did not necessarily lead to flux increase in theory. Flux increases
are affected by the product of tortuosity and thickness, namely τδ, which is defined as the actual
length of the path for vapor or gas. On the other hand, tortuosity increases under compaction, and the
overall transmembrane pass length increases if the increased degree of tortuosity exceeds the degree of
thickness decay. Therefore, it is recognized that predicting the degree of influence on the permeate flux
and/or SR should consider the combined contributions of all related membrane characteristics rather
than the individual property alone. Because these characteristic membrane parameters not only affect
each other but also can be, to some extent, influenced by operating conditions.

In summary, membrane properties are essential to MD performance because they affect mass
transfer and heat transfer. They also influence each other, which gives rise to the complexity of
determining the effects of their characteristics. For example, porosity depends on membrane thickness
(Equation (24)). Furthermore, a combination of these four properties affects the mass transfer coefficient
(Bw), as shown in Equation (26) [58]:

Bw ∝
εrω

τδ
(26)

where ω is a diffusion coefficient, ω = 1 and 2 for Knudsen diffusion and viscous flow. It is worth
noting that τδ, in Equation (26), stands for mass transport path length, which should be as small as
possible. Predicting flux or discussing the effects of these four membrane parameters should always be
based on their synergistic interaction of each other according to Equation (26).

3.1.4. Membrane Thermal Conductivity

Membrane thermal conductivity differs from the thermal conductivity of the membrane materials.
Because a membrane is composed of membrane materials and a mixture of air, water vapor, and other
volatile compositions inside the pores, porosity influences the membrane thermal conductivity (km),
thereby affecting the heat loss via membrane materials. Based on Equations (3)–(6), the heat flux
through the membrane material conduction (Qc) is positively proportional to the overall membrane
thermal conductivity (km), and is inversely proportional to the membrane thickness (δ). In this case,
the water flux increases with lower membrane thermal conductivity when other conditions are the same.
In other words, a higher thermal conductivity can lead to flux reduction and thermal efficiency decline.
For instance, Alobaidani et al. [163] reported an increase of thermal conductivity from 0.1 to 0.5 W/m/K
resulted in a 26% flux reduction and a 50% decrease in thermal efficiency. Moreover, the thermal
conductivity of the membrane materials (ks) is more important because ks is typically one magnitude
higher than that of the mixture of gas (air/vapor) [102,158,164]. For example, the typical reported
thermal conductivities of PVDF, PP, and PTFE polymer materials are approximately 0.18 W/m/K (296 K)
and 0.21 W/m/K (348 K), 0.11–0.16 W/m/K (296 K) and 0.2 W/m/K (348 K), and ~0.26 W/m/K (296 K)
and 0.29 W/m/K (348 K) [165–167]. In contrast, the reported thermal conductivities of water vapor
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were 0.02 W/m/K and 0.022 W/m/K for 298 K and 348 K, respectively [168]. However, the reported
thermal conductivities of inorganic membranes such as ceramic membranes used in MD are greater
than 1 W/m/K [14,169,170]. The membrane thermal conductivity is related to the membrane porosity
because a higher porosity indicates a lower membrane thermal conductivity, which is beneficial for
obtaining high flux. Deka et al. [52] reported a high flux of 33.1 ± 1.7 LMH along with a high CA of
~170◦ in DCMD using electrospun nanofiber membranes (silica aerogel/PDMS/PVDF membranes) due
to the extremely low thermal conductivity of the silica aerogel of 0.009–0.012 W/m/K and high porosity
of 85.8 ± 0.28%.

3.2. Effect of Feed Solution Composition on Flux and SR

3.2.1. Effects of Inorganic Salts

Typically, feed solution applied in MD for desalination is an aqueous solution containing salts
and other organic and inorganic constituents. A higher concentration of salts results in vapor pressure
reduction, as indicated by the Raoult’s law [171–174]. Li et al. [175] reported a significant decrease of
water flux was observed when the concentration of NaCl, KCl, and MgCl2 exceeded 2 M. And the
water flux reduced by 44.4%, 59.6% and 86.8% for KCl, NaCl, and MgCl2 when their concentration
increased from 2 to 4 M. Guan et al. [176] stated that this was caused by the discrepancy of the water
activity and viscosity of the solution due to increase of the salt concentrations. Besides, the sharp
reduction of water flux for MgCl2 was mainly caused by the dramatic decline of water activity with
MgCl2 concentration greater than 2 M. Both Li et al. [175] and Guan et al. [176] suggested the order of
the water activity of aqueous mixture with the three salts was KCl > NaCl > MgCl2 at concentrations
higher than 2 M. Guan et al. and Li et al. [175,176] stated that water activity of aqueous solution was
related to the non-volatile solutes in the solution. David et al. [177] and Tansel et al. [178] confirmed
that Mg2+ ion has the smallest ionic radius and entropy of hydration compared to Na+ and K+, whereas
the hydration free energy and hydrated radius are the greatest among them. In addition, the smaller
crystal radius of Mg2+ ions enables a more compacted hydration shell and thereby associates with more
highly structured water molecules along with the interaction of charged ions. Therefore, the water
activity of the MgCl2 solution was the lowest among the three salty aqueous solutions.

Another example was reported by Alkhudhiri and Hidal [25]. They investigated the effects of
various high salinity solutions on flux and SR by AGMD using four inorganic salts of NaCl, MgCl2,
Na2CO3, and Na2SO4. Their research showed that water flux decreased because of water activity
reduction and a higher boiling point due to increased salts concentration [173]. Water activity reduced
significantly with increasing salts concentration due to mole fraction reduction of water molecules in
the solution. Furthermore, more salts deposited and accumulated on the membrane surface at the
feed side and induced the concentration polarization. The combination of water activity reduction,
concentration polarization and temperature polarization resulted in a significant reduction of the
driving force − transmembrane vapor pressure decline. In addition, deposition and accumulation
of salts may induce partially wetting of the membrane, which could in turn conversely influence
permeate flux and SR [58,101,179]. On the other hand, this research and other studies [147,148] all
confirmed that SR decreased with increasing salt concentrations for the membrane pore size of 1000 nm,
and all of them stated that the SR reduction was mainly due to LEP reduction caused by the high pore
size. Another important observation in their experiments indicated that the Na2CO3 concentration
greater than 42,000 mg/L was a critical value for a sharp decrease of SR, decreasing from above 95% at
a concentration of ~10,000 mg/L to ~85% at concentration of ~42,000 mg/L, with the membrane pore
size of 0.45 µm, which was in the optimum pore size range. They concluded that this was mainly
caused by significant membrane wetting. However, this was not observed on other three salts. Further
studies on the intrinsic mechanisms should be conducted.

The effect of inorganic salts on the performance of MD involves membrane scaling such as CaSO4

and CaCO3 due to precipitation on the membrane surface. The scaling layer reduces both permeate flux
and SR. Yu et al. [180] investigated the effects of NaHCO3, Na2SO4, CaCl2, and Na2SiO3·9H2O on the
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concentrated cooling tower blowdown water (CTBW) using synthetic CTBW in DCMD. They reported:
(i) the flux and SR declined due to the formation of scaling; (ii) a flux as high as 30 LMH at ∆T = 40 ◦C
was relatively constant when TDS was below 2.6 wt.%; (iii) CaCO3 was the main scalant for silica-free
CTBW which was confirmed by pH reduction due to dissociation of bicarbonate groups as shown in
the following reactions (Equations (27)–(29)); (iv) scaling of silica-free CTBW was alkaline and hardness
scale indicated by the Langelier Saturation Index (LSI) higher than unity (LSI > 1), presenting CaCO3

scale formation potential. LSI can be calculated using Equation (30) [64,65]:

HCO3
−
 H++ CO3

2− (27)

2HCO3
−
→ H2O↑+ CO2↑+ CO3

2− (28)

Ca2+ + CO3
2−
 CaCO3↓ (29)

LSI = pH − pHs (30)

pH is the actual pH value of the feed solution, and pHs refers to the pH value of a saturated solution of
calcite or CaCO3. LSI higher than zero indicates a greater potential of precipitation while below zero
shows less potential of scaling.

Viscosity was reported as an important factor affecting the boundary layer and TPP, which can be
evaluated through Equations (2) to (8). The viscosity and density of the feed solution increase with
increasing salts concentration, and Re and Pr number will be dramatically affected. Heat transfer
coefficients hf and hp will change directly because of the changed Nu number that is proportional to
(RePr)0.33. Therefore, viscosity definitely influences heat transfer in MD. Guan et al. [176] studied the
effects of a high concentration of four salts NaCl, KCl, MgSO4, and MgCl2 on the permeate flux in
a DCMD. Their results showed that the increased viscosity of MgSO4 and MgCl2 feed solutions at
higher salts concentrations had a remarkably negative impact on water flux. This can be explained
by a more significant effect of multivalent ions on increased viscosity adjacent to the membrane
surface (at the boundary layer) [178]. Alkhudhiri and Hidal [25] also stated that viscosity caused by
higher salt concentration might deteriorate the TPP and reduce TPC value, and thereby resulting in
a decrease in water flux. Also, the effects of viscosity due to the presence of sucrose was reported.
Schofield et al. [86] demonstrated that viscosity of the feed solution with a concentration of sucrose up
to 30 wt.% led to a 33% reduction of Nu number and deteriorated the TPP. The increase of viscosity
eventually caused an 11% flux reduction and was considered the second most important factor for flux
decline. Martínez et al. [155] stated that a high sucrose concentration of up to 40 wt.% resulted in a
sharp decrease in heat transfer coefficients due to the exponential increase of solution viscosity.

3.2.2. Effects of Colloidal Particles

Colloids such as surfactants and oil can adsorb onto the surface of the hydrophobic membranes with
complex mechanisms. Typically, electrostatic interactions and hydrophobic-hydrophobic interactions
are used to explain these phenomena. The mechanisms are mainly based on the DLVO theory
(established by Derjaguin, Landau, Verwey, and Overbeek) [181–183] and the extended DLVO
(x-DLVO) theory. The DLVO mechanism states that the electrical double layer interaction and van der
Waals force determine the affinity between colloidal particles and a surface of a medium. The x-DLVO
theory combines the Lewis acid-base interaction and the short-range van der Waals interaction, such as
hydration force, to explain the membrane wetting. The surface charge plays a vital role in the analysis
of attachment and detachment of particles to a membrane surface, which can also explain the fouling
formation and its alleviation due to colloidal interaction. It is suggested that the polar interaction
at the surface were affected by the electrostatic interaction rather than by the electrical double layer
interaction based on the x-DLVO theory [184]. Fouling due to hydrophobic or oleophilic interaction
in MD can be mitigated using an underwater oleophobic surface, which means oil-resistant when
submerged in water. Wang et al. [123] reported that a water flux as high as 24.3 LMH and remained
stable over more than 12 h operation because of the anti-fouling effect attributable to the electrostatic
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interaction (here refers to the polar-polar interaction) which was induced by the interaction between
the negatively charged crude oil emulsion feed solution and the negatively charged PVDF membrane
surface modified using polydopamine and silica nanoparticles. In contrast, the water flux of the
non-modified PVDF membrane declined drastically and was almost equal to zero within merely two
hours of operation, although the initial flux was as high as 31.0 LMH. In addition, the SR rates for
these two membranes in DCMD experiments were both above 99.9% with a feed salinity of 1000 mg/L.

Surfactants are amphiphilic compounds composed of the hydrophobic non-polar tail and
hydrophilic polar head [185]. The hydrophobic membrane becomes less hydrophobic in the presence of
surfactants because of the lower hydrophilic-lipophilic balance (HLB) value and surface tension of the
surfactant solution, which can lead to pore wetting. Typical surfactants include two types: non-ionic
surfactants such as Span 20 and Tween 20, and the other is ionic surfactants such as sodium dodecyl
sulfate (SDS). Their solution behavior, such as adsorption on the membrane surface, differs from
each other. Chew et al. [186] studied the effects of surfactants of Span 20, Tween 20, and SDS on the
performance of a DCMD using a hydrophobic PVDF membrane. Their experiments were conducted
using a synthetic produced water composed of these three surfactants and petroleum and vacuum
pump oil. Their research showed that wetting occurred earlier when non-ionic surfactants were
present, and the severity of pore wetting followed the order of Tween 20 > Span 20 > SDS. The ultimate
conductivities in each permeate were 8.51, 3.56, and 0.15 mS/cm for Tween 20, Span 20, and SDS
solution, respectively, when all other parameters were constant. This observation resulted from a
discrepancy in wetting and adsorption behavior on the membrane surface. It was reported that the
HLB values and electrostatic interaction of the surfactants considerably influence the adsorption
behavior [187,188]. For non-ionic surfactants, pore wetting and adsorption are mainly governed by
hydrophobic interaction. Tween 20 has a higher HLB value of 16.7, which indicates a lower hydrophobic
interaction effect [189]. Thus, Tween 20 has a higher potential to draw more water molecules towards
membrane pores than Span 20 because a larger HLB value indicates higher hydrophilicity [188].
In addition, non-ionic surfactants unimers formed, not micelles but a monolayer, due to lipophilic
adsorption onto the membrane surface. Therefore, earlier wetting occurred, and water flux sharply
decreased. Both hydrophobic interaction and electrostatic interaction play an important role in the
adsorption behavior of ionic surfactants such as SDS, which has the highest HLB of 40, indicating
SDS is the most hydrophilic among the three surfactants. On the other hand, the repulsion between
SDS and negatively charged PVDF membrane occurred, demonstrating that very few unimers of SDS
adsorbed stably onto the membrane surface.

Boo et al. [190] also investigated the effects of surfactants in the presence of salts (1.0 M NaCl) on
the water flux and SR using PVDF membranes. They observed a slight increase in water flux and SR
reduction occurred when 0.05 mM SDS was added into the feed solution. Moreover, the flux increased
sharply while SR declined dramatically when 0.1 mM SDS was added. These results demonstrated
that the pore wetting occurred when SDS with a concentration higher than 0.05 mM was added in the
feed solution. Intrinsically, the presence of SDS reduced the surface tension of the liquid, especially
in the presence of salts such as NaCl. For surfactants, the diffusion of surfactants at the liquid-vapor
interface is governed by the hydrophobic non-polar tail. In this case, the electrostatic interactions
between surfactants and the membrane surface can be inhibited, and the hydrophilic polar head is
screened by the adjacent counterions, and thereby resulting in a denser surfactant layer at the interface,
which in turn dramatically reduces the liquid surface tension and caused pore wetting [191]. In general,
micelles formed when surfactant concentration exceeds its critical micelle concentration. Micelles
can grow from spherical aggregate to elongated ones with increasing surfactant concentrations [188].
The formation of micelles and the possible growth of micelles accelerate the onset of pore wetting and
thereby lead to flux decline [186].

3.2.3. Effects of Natural Organic Matter

The presence of natural organic matter (NOM) such as proteins [192] and humic acids leads
to flux reduction and decreasing non-volatile solutes rejection due to membrane fouling [193,194].
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Gryta et al. [195] investigated the flux variation and fouling phenomenon in DCMD using a solution
composed of sodium chloride (~50 g/L) and organic matters such as proteins from animal intestines
processing as the feed solution and polypropylene (PP) capillary membranes. They reported rapid flux
reduction due to the precipitation of organic matter (proteins) on the membrane surface, which was
confirmed using Fourier Transform Infrared with diffuse reflectance spectroscopy. The maximum
permeate flux declined two-folds during their experiments. However, the electrical conductivity of
the permeate was stable at 3–5 µS/cm, although the flux reduced significantly after the formation of
fouling layer.

Khayet [196] studied the rejection performance of humic acids in DCMD using PVDF and
PTFE membranes together. The initial concentration of humic acid was 30 mg/L in the experiments.
The permeate flux decreased for both membranes, whereas a higher rejection rate greater than 96%
was observed for both membranes. Fouling due to the deposition of humic acids caused the flux
reduction, and this phenomenon can be worse for hydrophobic membrane than for hydrophilic
one [197]. They also investigated the effects of solution pH on the fouling and deposition behavior of
humic acids. Results showed that humic substances were more soluble under high pH and fouling
became worse under low pH (pH < 4). In other words, low pH condition makes humic substances
more insoluble or difficult to dissolve. Electrostatic interaction between humic acid macromolecules
and charged membrane surface was also affected by pH. At low pH, e.g., pH 4.0, the electrostatic
repulsion between humic acids and membrane surface can be reduced and facilitated the fouling of the
hydrophobic membrane surface because of the increased humic acid adsorption. Schäfer et al. [198]
stated that membrane surface charge was reduced with the decreasing pH, and this can, in turn,
accelerate the NOM adsorption, which was also reported by other researchers [199].

3.2.4. Effects of Volatile Solutes

Hydrophobicity of the hydrophobic membranes in MD is easy to get reduced and even damaged
in the presence of high concentration of organics such as ethanol. However, the MD system still
works if the feed is a mixture of water and low concentration organics. The penetration pressure of
the mixture was observed when fed with water-ethanol in the low concentration range. Intrinsically,
the liquid-vapor equilibrium of the liquid mixture and mole fraction of the components determine
the results. If the mole fraction of ethanol is less than the equilibrium mole fraction of ethanol of the
liquid-vapor mixture (namely xe < x∗e, the symbol * stands for equilibrium), ethanol is the dominant
component in the vapor phase. Besides, they suggested a separation factor α (the selectivity), which is
expressed in Equation (31):

α =
x2

1− x2

1− x1

x1
(31)

where x1 and x2 refer to the ethanol mole fraction at the feed solution and the permeate, respectively.
The selectivity greater than unity indicates the preferred transportation of ethanol vapor through the
membrane pores due to its higher volatility.

Gostoli and Sarti [200] reported that the water vapor pressure decreased linearly with the increasing
ethanol concentration and disappeared at the ethanol concentration of 75 wt.% when they investigated
the separation performance of the mixture using PTFE membrane (TF200, pore size 0.2 µm, thickness
60 µm, and porosity 60%) in AGMD. The ethanol selectivity was between 2.0 and 2.5 when the
transmembrane temperature difference ranged from 30–50 ◦C. Moreover, the ethanol separation factor
depended on the feed composition and can be as low as close to unity when the ethanol concentration
was 23.8 wt.%. Using the Maxwell-Stefan model [201], which is an ideal model for predicting solute
diffusion of multi-components in feed solutions, the predicted binary diffusivity of ethanol-water was
~0.196 cm2/s, consistent with the experimental data.

Another study on the separation of volatile organic compounds was reported by Banat [202].
The ethanol selectivity (ethanol concentration in feed was from 0.83 to 10.2 wt.%) was 3.1–3.4,
and 3.05–3.48, at the feed temperatures of 60 and 70 ◦C, respectively. The relative constant selectivity
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and the increase of flux with the increasing temperature revealed that the flux increase was mainly due
to the mass transfer of ethanol. Meanwhile, the acetone selectivity was observed higher than ethanol
at the same conditions, and a lower cooling temperature was preferred to obtain a higher acetone
selectivity. The direct wetting concentration of ethanol for the hydrophobic membrane was 34 wt.%
ethanol in the ethanol-water mixture while it was 23 wt.% for the acetone-water mixture.

Kujawski et al. [203] investigated the selectivity of micro- and macro-porous ceramic membranes
(TiO2) grafted using fluoroalkylsilane on the separation of water-organic solvents mixture using VMD.
They found that the selectivity of organic solvents was dependent on the pore size of the modified
TiO2 ceramic membranes. The microporous (2–4 nm) titania ceramic membrane had less selectivity of
ethyl-acetate (the separation factor was 1.3–30) compared with the higher selectivity of ethyl-acetate
(the separation factor was 32–60) using the macroporous membrane (~200 nm).

Wijekoon et al. [204] studied the rejection performance of 29 trace organic compounds (TrOCs)
using hydrophobic PTFE membranes in DCMD. They reported that mass transfer of the 29 TrOCs from
the feed side to the permeate side mainly depended on their volatility measured by pKH value as
defined in Equation (32):

pKH = −log10KH (32)

where KH is the Henry’s law constant (atm·m3/mol). The pKH greater than 9 (pKH > 9) indicates low
volatility (or can be classified as non-volatile) while a pKH value less than 9 (pKH < 9) indicates high
volatility. Therefore, some TrOCs with pKH values > 9 are not readily transferred to distillate and
hence reached a higher rejection. The authors further stated that 4-tert-octylphenol, 4-tert-butylphenol,
and benzophenone with pKH < 9 exhibited rejection of 54%, 73% and 66%, the lowest among all
the 29 TrOCs except oxybenzone. Oxybenzone had a pKH values ranging from 8.39–9.23 when the
pH of feed solution decreased from 9 to 8. The research suggested that the hydrophobic adsorption
could explain this exception because the pKH of oxybenzone and other TrOCs was less than 9.
This phenomenon was also reported by Zuo and Wang [205].

The general mechanisms of feed solution compositions affecting permeate flux and SR in MD are
summarized in Figure 5.
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3.3. Effects of Operating Conditions

3.3.1. Temperature

Temperature is an important operating parameter. As mentioned in Section 2, temperature
difference at both sides determines the vapor pressure difference (or partial vapor pressure difference
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or gradient), which is the driving force for mass transfer through the membrane pores [58,86,206,207].
Typically, the temperature at the cold side is fixed and the feed temperature is adjustable to study
how temperature affects the flux in DCMD, AGMD, and SGMD. However, the vacuum pressure level
determines the driving force for mass transfer in VMD. Theoretically, an increase of feed temperature
not only enhances driving force to obtain more flux but also improves thermal efficiency due to
improved TPC value when the permeate temperatures in DCMD, AGMD, and SGMD (or vacuum
pressure level in VMD) were kept constant. In other words, feed temperature can influence not only
mass transfer coefficients for transition flow regime but also the heat transfer coefficients, and these
can be denoted directly based on Equations (2), (3), (9)–(11), and (13)–(17).

Researches [10,62,104–106,112,206,208–210] showed that increasing feed temperature could
increase the interfacial temperature adjacent to the membrane surface at the feed side and alleviate
temperature polarization. Many studies [19,119,132,211–213] demonstrated that water flux increased
exponentially with the increase of feed temperatures according to the Antoine equation. In addition,
the profile of temperature from liquid/membrane interface (T1) to membrane/liquid interface (T2)
shows that it declines exponentially across the membrane [214]. The majority of heat flux through the
membrane is the diffusive heat flux conducted via the membrane materials, defined as heat loss due
to thermal conduction of membrane materials. Kim [214] reported that the linear approximation of
transmembrane temperature decrease could be valid. It was suggested that a higher feed temperature
with a fixed cooling temperature generates more water flux than a lower permeate cooling temperature
with a fixed feed temperature. In other words, increased feed temperature can produce more water
vapor molecules at the liquid/vapor interface when the temperature at the cold side is fixed.

Other research using higher feed inlet temperature showed the feed inlet temperature of 180 ◦C
achieved much higher DCMD performance than the conventional maximal value of 80 ◦C [119].
The modeling results showed that the permeate flux increased by 9.4 folds, the thermal efficiency
increased by 2.1 folds, and the SEC reduced by 2.9 folds.

On the other hand, increased feed solution temperature has an adverse impact on pore wetting.
Nayar et al. [215] reported that increasing temperature resulted in surface tension reduction, making
membrane pores wetting easier due to lowered LEP in higher temperature cases.

3.3.2. Flow Rate

The flow rate or flow velocity is of vital importance for MD. An increase in flow rate or velocity
can increase the Re number. Therefore, a high flow rate or velocity is beneficial to obtain a turbulent
flow regime, which renders the better mixing of the feed solution and reduces the thermal boundary
layer along with the temperature polarization. Thus, increasing flow rate or flow velocity can enhance
the TPC value and the vapor pressure difference and hence facilitate both mass transfer and heat
transfer. Manawi et al. [209] reported that the flux increased from 18.1 LMH at both sides flow rates of
0.5 L/min to 29.1 LMH at both sides flow rate of 1.5 L/min with all other conditions the same. However,
the flow rate cannot be increased infinitely because of the increasing pressure drop due to the increased
flow rate or velocity. Pressure drop occurs due to the resistance of the fluid channel and cell walls
in the modules. A certain flow rate is necessary to pump fluid into the MD cell and flow through
the channel. Nevertheless, an excessive increase in flow rate or flow velocity will result in a great
pressure drop. Typically, the pressure drop is positively proportional to the square of flow velocity.
Their relationship is expressed in Equation (33) [216]:

∆P = f
L
d

u2

2
ρ (33)

where ∆P is the pressure drop, L the length of channels, f the friction factor, d the hydraulic diameter
of the flow channel, ρ the liquid density, and u the flow velocity.

The effects of flow rates on scaling in DCMD were reported in Ref. [136,217,218]. The researchers
investigated the effects of feed flow rates (e.g., 84, 688, and 1438 mL/min) on flux and scaling behaviors
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in cross-flow DCMD using silicone-fluoropolymer coated PP hollow fiber membranes. The water
vapor flux increased with increasing feed flow rates due to an increase in Reynolds number (Re),
which increased the heat transfer coefficient in the boundary layer. However, they observed that
permeate flux dropped to ~5.5 mL/min at the end of both the cases of feed flow rates of 688 mL/min
and 1438 mL/min, and the authors attributed this to the reduction of the brine inlet flow rate because
the filter holder was clogged by gypsum precipitations.

Moreover, the effects of flow pressure drop can be significant if the hot brine flows through the bore
of the hollow fibers, which differs from the case of hot brine flowing over the hollow fibers [136,217,218].
Singh and Sirkar reported [219] that a higher flow rate of hot brine through the bore of the porous
PP hollow fibers resulted in a significant pressure drop. Considerable salt leakage (salt concentration
in the permeate of >50 mg/L) was observed at the highest brine flow rate of 150 mL/min due to the
negative effect of flow pressure drop.

Cath et al. [10] revealed that there was a maximum allowable flow rate or flow velocity, and the
mixing of the liquid in the channel, to some extent, was limited. They also emphasized the importance
of pressure drop in the design of an MD system.

To achieve a turbulent flow regime while maintaining a flow rate below the maximum allowable
flow rate, researchers have used spacers to enhance Re number to improve the flow regime, reduce the
TPP, and increase the TPC value [220–222]. Phattaranawik et al. [222] reported that TPC values ranged
from 0.9 to 0.97, which was close to unity for spacers-filled channels, whereas the TPC ranged merely
from 0.57 to 0.76 without spacers. Manawi et al. [223] confirmed the same effect that the highest TPC
value in their experiments increased from 0.66 at a feed flow rate of 1.5 L/min to 0.82 at a feed flow
rate of 3.0 L/min, and that TPC values were 0.66 with spacers and 0.47 without spacers. Their results
showed that increased feed flow rate and use of spacers in channels could reduce TPP and enhance
TPC values. Nevertheless, flow rate or flow velocity should not be increased excessively because too
high flow velocity leads to higher hydraulic pressure, which may be greater than LEP and result in
pore wetting.

3.3.3. Operating Mode

The operating mode here refers to co-current, counter-current flow mode, and other modes.
The co-current refers to the flow directions at both sides are the same, while the counter-current flow
means both sides have an opposite flow direction. Figure 1. shows the counter-current flow mode.
Manawi et al. [209] reported that the counter-current flow gave rise to a higher distillate flux when other
conditions kept constant. They observed a permeate flux of 37 LMH using counter-current flow while
the flux was 34.8 LMH using co-current flow with all other parameters the same (flow rates of both sides
were 1.5 L/min, temperatures at feed and cold side were 70 and 30 ◦C, respectively). This enhancement
of flux is due to a higher driving force induced by greater tangential force of counter-current flow.
They concluded that the counter-current flow could increase temperature difference, thereby improving
mass transfer. The enhancement of flux should be mainly attributed to increased TPC rather than
temperature difference. Manawi et al. [223] also found that the counter-current flow generated a higher
TPC value (0.66) than the co-current flow mode (0.59). Their observation reflected the counter-current
flow caused a less TPP and a higher temperature difference.

Crossflow is another operation mode in which the membrane surfaces are continuously scoured
and therefore enhancing resistance to water vapor flux decline in the presence of salt precipitations.
For example, He et al. [217,218] and Song et al. [136] conducted a series of studies to investigate
scaling behavior on lab-scale as well as pilot-scale DCMD performances for desalination using
silicone-fluoropolymer coated PP hollow fiber membranes in crossflow DCMD mode. The authors
demonstrated that no significant flux and no salt rejection reduction was observed at increasing
temperatures or high concentrations, indicating no effect of CaCO3 scaling on permeate flux.
The authors [136,217,218] also concluded that the crossflow pattern and hydrophobic porous coating
were beneficial for scaling resistance.

NMOGA_003253



Water 2020, 12, 2841 21 of 34

In addition to the conventional operating modes, another method for enhancing flux in MD was
reported by Cath et al. [10]. They operated their MD by changing the positions of the solution pump
and investigated the effects of different negative pressure (vacuum) values on flux. In the conventional
DCMD configuration, the pump was installed between the MD cells and solution tanks, and the
direction of fluid was from the tanks via pumps to MD cells. However, in their design and experiments,
Cath et al. put pumps after the MD cells to suck the fluid from MD channels into outer fluid tanks.
Results showed that flux increased by 15% while the fluid pressure at the permeate side reduced
from positive 108 kPa to slightly negative 94 kPa. Moreover, the flux increased by 84% when the
pressure dropped from 108 to 55 kPa compared to the flux of the conventional MD system. Water flux
increased because of enhanced mass transport, which resulted from the alleviation of temperature
polarization and partial mitigation of mass transfer resistance due to the stagnant air trapped inside
the pores. Therefore, elimination of the gas or air from the solution and pores is beneficial for the
higher performance of MD as discussed in Section 3.3.4.

3.3.4. Degasification

Non-condensable gas such as air [224] can dissolve in feed solution and then can be entrapped
inside the membrane pores, which in turn increases the additional molecule diffusion resistance for
mass transport [87,206,225]. Degasification of the feed stream and/or permeate stream reduces the
diffusion resistance for mass transfer because of the reduced stagnant air layer. Schneider and van
Gassel [226] introduced degassed fluid into MD to reduce the partial air pressure. They reported the
flux increased greater than two folds when the permeate side operated under vacuum. In addition,
Schofield et al. [227] investigated the effect of degassing on flux using pure water, and they reported
that permeate flux increased by 50% due to the deaeration of the feed stream. They also found that
deaeration of feeds increased heat transfer coefficients by seven-fold and reduced the heat loss via
conduction to less than 10%. However, they stated that MD performance was more dependent on
membrane modules rather than membranes themselves.

3.3.5. Long-Term Operation

The long-term operation generates potential risks of fouling and scaling on the membrane surface,
leading to wetting or partial wetting of membrane pores, reducing flux, and increasing distillate
conductivity. An example of long-term operation using PP hollow fiber membranes in a small pilot
plant for desalination of seawater in three single-pair cross-flow DCMD was reported by Song et al. [136].
They investigated the desalination performance using actual trucked-in seawater (TDS 28,050 mg/L) as
feed for 3 months in this study [136]. No salt leakage was observed for 5 days with the concentrated
salty brine of ~19% prior to salts precipitation. The hydrophobic, silicone-fluoropolymer thin coating
layer polymerized via plasma generated a high advancing CA of 142.18◦ for fresh coated PP hollow
fiber membranes and contributed to the excellent performance of MD. Besides, cross-flow also played
an important role in mitigating scaling.

Flat sheet membranes were employed in long-term MD. McGaughey et al. [228] reported a
significant decrease in hydrophobicity and surface roughness of the membrane during desalting a
35 g/L NaCl solution with flat sheet expanded polytetrafluoroethylene (PTFE) for 100 days. CA of
the membrane decreased by 56% for the used membrane compared with the pristine one (decreased
from 140 ± 4.0◦ to 61 ± 9.1◦) along with a decrease of LEP from 450 to 0 kPa, and corresponding
surface roughness at the feed side decreased from 31.0 ± 5.40 nm to 3.0 ± 0.88 nm showing a reduction
percentage of 92%. However, they observed a stable SR of 99.8% and permeate conductivity of less
than 8 µS/cm throughout the 100-days experiments, although the distillate flux decreased from 30 to
~25 LMH. The low distillate conductivity and high SR demonstrated that most of the membrane was dry
(not wetted), which was confirmed by the fact that the node area between fibers was composed of merely
membrane materials via higher magnification energy-dispersive X-ray spectroscopy. The authors [228]
concluded that the internal pore wall and permeate-side hydrophobicity played an important role
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in anti-wetting during long-term operation. Other studies also observed the reduction of distillate
electrical conductivity [135,229,230]. For instance, Guillen-Burrieza et al. [229] studied the long-term
operation (intermittent from the year 2010 to 2013) effect on the desalination performance of salty
marine solution (3.5 wt.% NaCl solution) using AGMD system in a solar MD pilot plant. They reported
a significant increase in the minimum electrical conductivity of the permeate from 20 µS/cm in 2010 to
10 mS/cm in 2013. However, they stated that this decline of electrical conductivity was due to pore
wetting because of severe and extensive damage of the membrane rather than the conventionally
reported scaling and operating wetting. In other words, the long-term operation may exert a complex
effect on flux and distillate quality, which can be influenced by membranes, operating spans, feed
solution compositions, and other conditions.

4. Interplay of Affecting Factors

The interlaced relevance effects of each factor on the MD mass transfer are summarized in Figure 6,
including membrane properties, feed solution chemistry, and operating conditions. The interplay
between various factors that affect flux and SR in MD is illustrated based on the feed solution grouped
into inorganic salts and organics, and then sub-grouped organics into non-volatile and volatile organics.
Non-volatiles are further divided into non-ionic and ionic types attributed to their dominant governing
mechanisms of either hydrophobic interaction or electro-interaction (typically the electro-repulsion
due to the same charges between the chemicals and membrane surface). Adverse variation of even one
factor can result in unfavorable effects on others because of the “bottleneck principle”. The negative
effect of only one factor without the optimal value or slight change may reduce flux and/or SR although
all other parameters are optimal.
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5. Conclusions

Estimating mass transfer and SR in MD is complicated and needs a systematic approach because
many factors need to be considered, including membrane properties, feed solution, and operating
conditions. A comprehensive understanding of interactions of these factors and their effects on heat
transfer, mass transfer, and SR can provide a complete and valuable foundation for modeling mass and
heat transfer, selecting membranes, optimizing operation, enhancing flux, and reducing membrane
scaling and fouling. Although there were studies that examined some aspects of factors that may
affect water vapor transport via analysis of operating conditions or membranes properties and the
physico-chemical attributes of feed solutions, a systematic discussion and analysis of the importance of
each factor is still of vital importance for the evaluation of MD performance in terms of predicting
mass flux and SR. The interplay of the factors affecting the MD mass transfer showed the adverse
variation of even one of the factors could cause negative effect because of the “bottleneck principle”,
although all other parameters are optimal.

It is noteworthy that this review aims to qualitatively determine the interaction of each factor and
the effect of all the factors on mass transfer and rejection of salts in the application of MD. Further
research, such as mathematical and empirical modeling on the significance of parameters on the
performance of MD system, should be conducted and validated by experimental results.
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Nomenclature

A Surface area of membrane (m2)
AGMD Air gap membrane distillation
B Geometry coefficient for pore structure
BK

w Mass transfer coefficients for Knudsen diffusion (m/s)
BM

w Mass transfer coefficients for molecular diffusion (m/s)
Bw Mass transfer coefficient (m/s)
C1 non-volatile solutes Concentration at liquid/membrane interface (mg/L)
C f Concentration of non-volatile solutes at bulk feed side (mg/L)
cp Specific heat of fluid (J/kg/K)
CA Contact angle (◦)
CTBW Cooling tower blowdown water
D Water molecule diffusion coefficient (m2/s)
d Hydraulic diameter of the flow channel (m)
dh Hydraulic diameter (m)
dp Membrane pore size (nm)
DCMD Direct contact membrane distillation
DLVO Derjaguin, Landau, Verwey, and Overbeek
f Friction factor (dimensionless)
H Overall heat transfer coefficient (W/m2/K)
hf Heat transfer coefficients at the bulk feed side
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hp Heat transfer coefficients at the bulk permeate side
HLB Hydrophilic-lipophilic balance value (dimensionless)
∆Hv,w Latent heat of vaporization of water (KJ/kg)
J Water flux (kg/m2/h)
k Fluid thermal conductivity (W/m/K)
kB Boltzmann constant
kg Thermal conductivity of gas inside pores (W/m/K)
KH Henry’s law constant (atm·m3/mol)
km Overall thermal conductivity of the membrane (W/m/K)
Kn Knudsen number (dimensionless)
ks Thermal conductivity of membrane material (W/m/K)
L Length of channels (m)
l Distance from the membrane surface (m)
LEP Liquid entry pressure (kPa)
LMH Liters per meter square per hour (L/m2/h)
LSI Langelier Saturation Index (dimensionless)
m Mass of membrane (kg)
MD Membrane distillation
NOM Natural organic matter
P Total pressure (Pa)
∆P Pressure drop (Pa)
P1 Partial pressure of vapor at liquid-vapor interface at feed side (Pa)
P2 Partial pressure of vapor at liquid-vapor interface at permeate side (Pa)
Pa Air pressure inside the membrane pores (Pa)
Pf Pressure at feed side(Pa)
Pi Partial pressure of liquid-vapor interface (Pa)
Pm Mean pressure within pores (Pa)
Pp Pressure at permeate side (Pa)
PDMS Poly-dimethylsiloxane
PP Polypropylene
PSD Pore size distribution
PS-PDMS Polysulfone-poly-dimethylsiloxane
PTFE Polytetrafluoroethylene
PVDF Polyvinylidene fluoride
Q Heat flux (W)
R Gas constant (J/mol/K)
rmax Maximum pore size (nm)
RO Reverse osmosis
SDS Sodium dodecyl sulfate
SEC Specific energy consumption
SGMD Sweeping gas membrane distillation
SR Salt rejection
T1 Absolute temperature of membrane surface at feed side (K)
T2 Absolute temperature of membrane surface at permeate side (K)
Tp Absolute temperature of the bulk permeate side (K)
Tf Absolute temperature of the bulk feed side (K)
TPC Temperature polarization coefficient
TPP Temperature polarization phenomenon
TrOCs Trace organic compounds
VMD Vacuum membrane distillation
u Average velocity (m/s)
α Selectivity of volatile chemical (dimensionless)
µ Viscosity of fluid (Pa·s)
ρ Density of fluid (kg/m3)
ε Porosity of membrane (dimensionless)
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ρp Density of membrane material (kg/m3)
τ Tortuosity of membrane (dimensionless)
ω A diffusion coefficient for pore radius (dimensionless)
θ Water contact angle (◦)
λ Mean free path of water molecules (m)
δ Membrane thickness (µm)
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Abstract 

Development of unconventional gas resources is currently one of the most rapidly growing 

trends in the oil and natural gas industry. Exploration of shale gas requires significant quantities 

of water for hydraulic fracturing. Meanwhile, large volumes of produced water are generated 

during gas production. Treatment and beneficial use of hydraulic fracturing flowback and 

produced water provides opportunities for sustainable unconventional gas operations while 

minimizing impacts to environment, local water resources, and public health. Considering the 

broad variety of treatment technologies and the wide spectrum of flowback and produced water 

qualities, selecting appropriate treatment and management options involves a complex decision-

making process that requires understanding of treatment technologies, water quality, reuse 

requirements, and consideration of multiple criteria, constraints, and objectives. This study 

presents an integrated decision-support tool (iDST) to assist in selection of treatment 

technologies and evaluation of the feasibility of potential water reuse options. The Marcellus 

Shale in Pennsylvania and the Barnett Shale in Texas were selected as case studies to 

demonstrate produced water treatment technologies and beneficial reuse options considering 

realistic site-specific conditions, assumptions, and future projections such as well numbers and 

locations, water demands, flowback and produced water quality and quantity, disposal 

availability, and costs. The iDST provides an interactive user interface to select suitable 

technologies for produced water treatment and reuse based on user preference, target water 

quality, and current disposal options. 

 

Keywords: produced water; hydraulic fracturing; unconventional gas production; treatment 

technology; decision support tool  
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1 Introduction 

The advances in directional drilling and hydraulic fracturing have allowed unconventional oil 

and gas (O&G) production from deep and less permeable shale formations. These breakthroughs 

have brought changes and challenges to water resources and environmental management, which 

are of particular concerns to producers, engineers, regulators, and the public. Hydraulic 

fracturing flowback and produced water represent the largest waste stream generated during 

O&G exploration and production. Annual flowback and produced water production in the United 

States was estimated to be 3.2 billion m3 (20.6 billion barrels) in 2012 [1]. More than 93% of 

produced water from onshore wells is injected underground for disposal and reservoir pressure 

maintenance [1]. However, there are increasing concerns that deep well injection may be 

responsible for increasing rates of seismic activity [2], potential comingling with freshwater 

aquifers, as well as negative impacts on the quality of adjacent surface waters and microbial 

communities in downstream sediments [3, 4]. 

The volume of unconventional O&G wastewater requiring disposal has continued to grow 

despite the recent slowing in drilling and production [5]. Meanwhile, substantial amounts of 

freshwater are used by the petroleum industry for well drilling and hydraulic fracturing [6]. If 

produced water is managed as a water resource instead of a waste product, the water generated 

could supplement regional water demand, while minimizing the volume of produced water for 

disposal, thus reducing O&G production costs and environmental implications. 

Sustainable development of O&G production requires thorough understanding of produced 

water quality, selecting appropriate treatment technologies for beneficial uses, and establishing 

environmentally sound management strategies. Considering the broad range of treatment 

processes and the recent technological advances, it is essential to have a clear guidance and tools 

to assist in evaluation and selection of treatment technologies to meet site-specific reuse needs. 

Besides treatment capacity and removal efficiency of contaminants, other factors affecting the 

selection of treatment technologies, including technology industrial status (commercially 

available or under development), adaptability, feasibility, energy consumption, 

capital/operational and maintenance costs, footprint (space requirement), skilled labor 

requirement, infrastructure requirement, brine disposal, as well as user preferences should be 

considered in the selection process. Therefore, selecting treatment and management options 

involves a complex decision-making process that requires the consideration of multiple criteria, 
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constraints, and objectives. A decision-support tool (DST) that can assist in selection of 

treatment technologies and evaluation of the feasibility of potential water uses is in great need. 

A number of DSTs have been developed based on multi-criteria decision analysis (MCDA) 

methods [7, 8]. Linear, nonlinear, and dynamic programming tools have been applied to optimize 

treatment selections from a large range of alternatives using boundary constraints [9-12]. 

However, very few of the tools have been applied to real produced water treatment and 

management because they are either too simple to provide detailed analysis and essential outputs, 

or too complicated for general users to understand and operate. A user-friendly DST should 

provide simple yet efficient interactions between a user and the DST, editable input choices, and 

easily understandable outputs. 

An integrated DST (iDST) was previously developed for treatment and beneficial use of 

coalbed methane (CBM) produced water [13, 14]. It includes a comprehensive water quality 

database for several major CBM basins in the United States. This computerized produced water 

management tool assists users in assessing treatment options, costs, and environmental and 

institutional issues associated with treatment and beneficial use of CBM produced water. The 

iDST framework provides a quick analysis and screening of various produced water treatment 

and management options. 

In this study, the iDST was upgraded with more functions and user choices, and further 

developed and enhanced beyond the CBM to shale gas and other unconventional water resources 

[15]. The primary objective of this publication is to demonstrate the application of the iDST for 

selecting the treatment technologies and evaluating the beneficial use feasibility of hydraulic 

fracturing flowback and produced water. The Marcellus Shale in Pennsylvania and the Barnett 

Shale in Texas were selected as case studies to determine produced water treatment technologies 

and beneficial use options considering realistic site-specific conditions, assumptions, and future 

projections such as well numbers and locations, water demands, flowback and produced water 

quality and quantity, availability of disposal sites, and costs. The iDST has built-in beneficial use 

options including hydraulic fracturing using gel and slickwater systems, potable reuse, crop 

irrigation, surface water discharge and user defined beneficial use water quality requirements for 

each of the beneficial use options. The tool also compares the costs of treatment and beneficial 

uses of produced water scenarios to the existing produced water disposal costs. As such, the tool 

can be used to perform a quick screening and break-even point for treatment relative to disposal 
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under site-specific conditions. A detailed description of the iDST methodology is in the Part I of 

the iDST series papers [15]. 

 

2 Logistics and modules of the iDST 

The iDST consists of four basic modules: Water Quality Module (WQM), Treatment 

Selection Module (TSM), Beneficial Use Screening Module (BSM), and Beneficial Use 

Economic Module (BEM) (Fig. 1). The WQM is built upon a composite geochemical database 

previously developed for CBM produced water [13, 14]. It was created with 3,255 entries, 

covering major CBM basins in the Rocky Mountain region, including the Powder River Basin in 

Montana and Wyoming, the Raton Basin in Colorado and New Mexico, and the San Juan Basin 

in Colorado and New Mexico. The WQM contained comprehensive information on 58 

parameters and constituents including field measurements (e.g. pH, temperature, conductivity, 

and dissolved oxygen), metals, non-metals, organics, and radionuclides [13]. In this study, the 

WQM was expanded with additional 2,791 entries for water quality data of flowback and 

produced water from the major O&G producing basins in the United States, including: the 

Barnett Shale Play in Texas, the Lansing-Kansas City Formation in Texas, the Marcellus Shale 

in Pennsylvania and West Virginia, the Morrow Shale in Anadarko Basin, Oklahoma, the 

Organic-rich Shale in Pennsylvania, New York, and Ohio, the Permian Basins in Texas and New 

Mexico, the Tuscarora play (tight gas) in Pennsylvania, and the Woodford Shale in Oklahoma. 

The water quality data were collected from collaborative producers, the United States 

Geological Survey [5] National Produced Waters Geochemical Database v2.3 (Provisional), the 

Marcellus Shale Coalition Shale Gas Produced Water Database, the New Mexico Water and 

Infrastructure Data System, and the New Mexico Oil Conservation Division [16-19]. The iDST 

also allows users to enter their water quality data and fit into the WQM datasheet. The quality 

assurance and quality control for the WQM is described in the Supplementary Content file. 
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Fig. 1. A simplified schematic diagram of the iDST. 

 

The TSM is designed to select proper treatment technologies based on feed water quality, 

user preferences, and desired product water quality. The TSM includes 62 processes as stand-

alone pretreatment, desalination and post-treatment, as well as integrated and commercial 

treatment packages. Each technology is assigned removal efficiency for each contaminant 

corresponding to different total dissolved solids (TDS) bins: Bin 1: TDS <8,000 mg/L; Bin 2: 

8,000–25,000 mg/L; Bin 3: 25,000–40,000 mg/L; Bin 4: 40,000–70,000 mg/L; and Bin 5: 

TDS >70,000 mg/L. The bin classification is based on the removal capacities of different water 

desalination technologies such as 25,000 mg/L for brackish water RO (BWRO), 40,000 mg/L for 

seawater RO (SWRO), 70,000 mg/L for thermal technologies. Desalination cost of feed water in 

the higher bins could be significantly higher than in the lower TDS bins. In addition to TDS bins, 

the selection of technologies considers the treatment limits of other contaminants such as organic 

matter, suspended solids, and toxicity of certain constituents. 

The user inputs criteria such as water quality, water quantity, desired water recovery, and 

other site-specific operational objectives to assist in the selection of appropriate treatment 

processes. The user can also include or exclude certain treatment processes, such as including or 

excluding seawater RO in the selected treatment train. Using these inputs, along with a robust 

selection methodology, the tool generates potential treatment trains capable of treating flowback 

and produced water to a quality suitable for each pre-programmed or user defined beneficial use. 

The TSM preferentially selects the minimum number of processes, in a logical order, required to 

treat a given feed water stream for beneficial use requirements. The TSM generates a report 

detailing three suggested treatment trains with estimated product water quality and quantity, 
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energy requirements, brine quality and quantity, and a proposed brine management strategy for 

each beneficial use option. 

In addition to onsite uses for hydraulic fracturing and drilling, produced water can be used 

for agricultural irrigation, in-stream flow augmentation, firefighting, dust control, cooling water 

for thermal power plants, and other user defined beneficial use options. The BSM stores eleven 

beneficial use options, each of them is assigned appropriate product water quality requirements 

that the selected treatment train needs to achieve. The user can also enter specific water quality 

parameters of interest. The BEM calculates costs based on the selected treatment technologies, 

desired product water flow rate, and economic inputs assigned by user, and outputs unit cost, and 

annual cost for capital cost, operation and maintenance (O&M) cost, and energy consumption. 

Capital and O&M costs presented in the BEM were developed based on specific design criteria 

defined through the TSM, general project criteria based on professional experience, and unit 

costs for power, chemicals, and labor. This cost estimate was developed to compare the 

treatment processes at screening-level. 

 

3 Case study setup 

To evaluate the beneficial use potential of flowback and produced water, case studies were 

conducted using the iDST for the Marcellus Shale and the Barnett Shale. The quantity of 

flowback and produced water generated during shale gas exploration and production was 

estimated based on historical data and production trends. Water treatment technologies were 

selected to meet the water quality requirements of beneficial uses. The beneficial reuse potentials 

were assessed and optimized by ranking user defined criteria such as technical viability, 

adoptability, energy and chemical demand, labor skill requirement, and screening-level estimated 

costs for treatment, reuse, and disposal. 

 

3.1 Study field – the Marcellus Shale 

The Marcellus Shale is the largest natural gas producing play in the United States, and is 

rapidly growing in recent years, especially in Pennsylvania. New wells drilled in Pennsylvania 

have been rapidly increasing since 2007 when breakthrough on hydraulic fracturing techniques 

occurred [20]. Flowback and produced water reuse increased remarkably from 15% to 20% in 

2009 to approximately 90% in 2013, mainly for new well drilling [20]. Beneficial use of the 
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reclaimed water makes up to approximately 10% of the water needed for hydraulic fracturing job 

for a new well. Flowback and produced water requires proper treatment before reuse or disposal. 

In the Marcellus Shale, reuse for hydraulic fracturing needs oil/gas-water separation, filtration, 

and dilution. Dilution of the wastewater is aimed to decrease contaminant concentrations such as 

TDS, total suspended solids (TSS), total hardness, and chloride, to an acceptable level for 

hydraulic fracturing, and is the most common method for reuse of flowback and produced water. 

Disposal well injection is also used in the Marcellus Shale, with annual volume of approximately 

2.5 million barrels (bbl, 0.4 million m3). The number of deep injection wells (salt water disposal 

wells, SWD) is limited in Pennsylvania. Only eight SWD wells were permitted to dispose shale 

gas flowback and produced water (Fig. 2). These SWD wells are Class II wells regulated by the 

United States Environmental Protection Agency (USEPA) Underground Injection Control 

program under the Safe Drinking Water Act. 

 

 

Fig. 2. Map of Marcellus shale gas wells and deep injection wells in Pennsylvania. 

 

Tioga County and Washington County in Pennsylvania were selected for specific case study 

because of their locations and number of shale gas producing wells. Both counties have high 

density of shale gas wells and available water quality data. Tioga County is far from the disposal 

wells, while Washington County is close to the injection wells and the state of Ohio where more 
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disposal wells are available. Hauling cost was estimated to range from $4/bbl to $8/bbl ($25/m3 

to $50/m3) in Pennsylvania, while injection cost was estimated to be $0.50/bbl to $2.50/bbl 

($3.1/m3 to $15.7/m3) [21]. Pipeline cost was calculated assuming an average 10-mile distance 

from a wellhead to treatment facilities or impoundments. 

 

3.2 Study field – the Barnett Shale 

During its development, the Barnett Shale became a leading shale gas production field in the 

United States in 2008 when horizontal drilling techniques were first adopted and refined [22, 23]. 

Disposal well injection is the most common choice for Barnett Shale producers because of its 

economics and availability. As compared to the Marcellus Shale in Pennsylvania, lower hauling 

and injection costs were reported in the Barnett Shale because of the large number of injection 

wells and shorter distance to disposal sites. Hauling cost is estimated to be $1.0/bbl/hr 

($6.3/m3/hr), while disposal cost is $0.5-$1.0/bbl ($3.1–6.3/m3). Some producers are reusing a 

small amount of wastewater, and many have started considering beneficial use options. The 

Railroad Commission of Texas recognizes concerns over water use by the O&G industry and 

encourages recycling projects to reduce the amount of fresh water used in exploration and 

production [24]. 

 

4 Data collection and analysis 

4.1 Projection of flowback and produced water quantity 

4.1.1 Flowback water quantity in the Marcellus and Barnett shales 

Marcellus flowback water quantity was calculated based on the portion of injected hydraulic 

fracturing liquid that returns to the surface and forms flowback water. The annual water demand 

and flowback water generation in the Marcellus Shale are summarized in Table S2 

(Supplementary Content). An average of 6–7% of injected water could be recovered as flowback 

water [25, 26]. In this case study, an average of 6.5% was taken as flowback water recovery rate. 

The flowback water quantity was estimated based on the projected water demand corresponding 

to historic high and low gas production in the Marcellus Shale (Figure S1 in Supplementary 

Content). The calculated flowback water quantity for the year 2010 was 1.78 million m3 (470 

million gallons), while the quantity reported by industry was 1.84 million m3 (485 million gallon) 

in 2010 [27]. This 3.1% difference is considered acceptable for flowback water projection, 
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indicating that the projection data would be reasonable to calculate future flowback water 

production used in this case study. 

Flowback water quantity in the Barnett Shale was reported to be 500,000–600,000 gallons 

per well within 10 days after hydraulic fracturing [28]. In this case study, the average flowback 

flow rate was assumed to be 55,000 gallons per well per day for 10 days. 

 

4.1.2 Produced water quantity in the Marcellus and Barnett shales 

Because there is lack of produced water quantity data over well lifetime for the Marcellus 

and Barnett shales, the produced water quantity projection was based on a study of flowback and 

produced water volume in the Denver Basin, Wattenberg, Colorado [29]. A harmonic function 

provided good fit to the observed data, and is expressed as: 

 

�� =  ��/(1 + 
��)       (1) 

 

where qt is produced water flow rate at time t; qi is the initial water production rate; and Di is the 

initial decay rate [29]. 

After applying the water quantity data from the Marcellus Shale Coalition Database, average 

values of qi and Di were estimated, and the equation of produced water production as a function 

of well time for the Marcellus Shale is described as: 

 

�� =  15.5/(1 + 2.718�)       (2) 

 

Produced water quantity of a shale gas well for the first year was assumed to be 12.1 bbl/day 

based on industry reported values [29]. Compared with the Marcellus Shale, the Barnett Shale is 

a “high long-term produced water generating play” [29]. Barnett shale wells generate 5 times 

more produced water than Marcellus wells [28] (Fig. 3). Based on Equation 1, produced water 

flow rate for a Barnett shale well as a function of well time is estimated as: 

 

�� = 15.5/(1 + 0.4�)      (3) 
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Fig. 3. Comparison of produced water quantity between the Barnett Shale and the Marcellus 

Shale. 

 

4.2 Flowback and produced water quality database 

In the case study, the quality of flowback and produced water was assumed to be stable over 

the lifetime of a well. Although flowback water quality changes significantly within the first few 

weeks after fracturing [30, 31], its overall quality was considered stable because of its smaller 

volume and mixing during storage in a pond before treatment or disposal. 

The flowback and produced water quality data for the Marcellus Shale were retrieved from 

the USGS National Produced Waters Geochemical Database v2.3 (Provisional) and the 

Marcellus Shale Coalition Shale Gas Produced Water Quality Database [16]. Of the 161,915 

produced water quality data sets in the USGS database, 2,723 sets are for shale gas produced 

water, distributed in Oklahoma, Pennsylvania, New York, Ohio, and Texas. A statistical analysis 

was conducted for the produced water quality data retrieved from the USGS database. The 

maximum, minimum, average, 25th, 50th, and 75th percentile values for each parameter and 

constituent were calculated by state and shale formation, and were included in the iDST for users 

to choose. Total number of TDS data points reported in this database was 979 after quality 

assurance and quality control (QA/QC), with the highest TDS concentration of 345,000 mg/L, 

and the lowest concentration of 390 mg/L. The TDS distribution in produced water by state and 

formation is illustrated in Figure S2 in Supplementary Content. The measured TDS 

concentration of shale gas produced water reported data averages 84,870 mg/L. 

The Marcellus Shale Coalition Produced Water Database included the fracturing flowback 
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and produced water quality data of 19 wells in the Marcellus Shale. These data were collected 

and reported in (Figure S3 and S4 in the Supplementary Content) [18]. Water quality data at day 

1, 5, 14, and 90 were collected following the hydraulic fracturing job. A total of 65 TDS values 

were reported in the database as flowback and produced water, and 19 values were reported as 

influent water stream (water used for hydraulic fracturing). The TDS of flowback water 

increased overtime and reached produced water TDS level in 14 to 90 days (Fig. 4). 

 

 

Fig. 4. TDS concentrations (minimum, average and maximum) of flowback water over time in 
the Marcellus Shale. 

 

Compared to the Marcellus Shale, the flowback and produced water quality data for the 

Barnett Shale were very limited and not included in the USGS database [16]. The data were 

mainly retrieved from a study conducted by Hayes and Severin on the Barnett and Appalachian 

shale water management and reuse technologies [32]. This study reported the Barnett Shale 

flowback water quality data from five wells on days 1, 3, 5, 6, 7, 10, and 12. The average TDS 

concentration of flowback water was 37,800 mg/L. The produced water quality data for the 

Barnett Shale were obtained from multiple sources [28, 33]. The average TDS concentration of 

flowback water was 67,285 mg/L. 

 

4.3 Beneficial use options 

According to the United States Census of Agriculture data of Pennsylvania farms, both Tioga 

County and Washington County have more than 1000 farms, which makes agricultural irrigation 
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water use significant [34]. Thus, beneficial use for irrigation was included in this case study. 

Reuse options included hydraulic fracturing using gel and slickwater systems, and crop irrigation. 

Potable use of produced water was not considered in this study due to high salinity, economic 

consideration, potential liability concerns, and potential human health impacts. 

The water quality requirements for beneficial uses in Pennsylvania are summarized in Table 

1, where Class B is for edible crop irrigation and Class C for non-edible crop irrigation [35]. The 

TDS requirement for irrigation varies depending on the types of crops and soil. This study used 

1,500 mg/L TDS as irrigation requirement. Surface discharge requires water quality no worse 

than the Class A requirement, with TDS less than 500 mg/L. Other contaminants that are 

required by the primary and secondary drinking water standards set by the USEPA are also 

required in the Class A water quality standard, which is regulated for potable water use, potable 

water aquifer recharge, and other residential uses [35]. These water quality requirements are only 

used for the case study purpose. For real applications, long-term impacts to plant health and soil 

conditions need to be monitored and further studied. Other components in produced water that 

rarely exist in domestic wastewater, such as naturally occurring radionuclides materials, 

petroleum hydrocarbons, and heavy metals, also need to be well evaluated for human and soil 

health. 

 

Table 1. Water quality requirement for irrigation in Pennsylvania 

Contaminants Monthly average Maximum 

Class A: potable water use, surface water discharge 

Biochemical oxygen demand (BOD, mg/L) 2 5 

Total organic carbon (TOC, mg/L) 10 

Turbidity (NTU) 2  5 

Fecal coliform (/100 mL)  2.2 23 

Total organic halogens (TOX, mg/L) 0.2 

Total nitrogen 10 

Class B: edible crop irrigation 

Biochemical oxygen demand (BOD, mg/L) 10 20 
Turbidity (NTU) 10 15 

Fecal coliform (/100 mL) 2.2 23 

Class C: non- edible crop irrigation 

Biochemical oxygen demand (BOD, mg/L) 30 45 

Total suspended solids (TSS, mg/L) 30 45 

Fecal coliform (/100 mL) 200 800 
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Reusing flowback and produced water for hydraulic fracturing is becoming a common 

practice in the O&G industry. Hydraulic fracturing is conducted with one of two fluid systems: 

slickwater or crosslink gel methods. For slickwater fracturing, the fracturing liquid is pumped 

down the well-bore at very high flow rate, with the addition of friction reducer and proppant 

such as sand. For crosslink gel method gels are introduced into the fracturing liquid to increase 

its viscosity, thus increase the stability of proppant suspension. Compared to slickwater system, 

crosslink gel system can be used for fracturing of deeper formation, and it creates wider fractures; 

yet, it requires more experienced operators. The quality of the water is important for hydraulic 

fracturing because impurities can reduce the efficiency of the additives used in the process. 

However, there is lack of common standards to determine the quality requirement of the water 

for fracturing; it is highly dependent upon the formation, the fracturing methods, and chemicals 

added in the process. For example, a recent review showed the metal-crosslinked guar fluids 

prepared with produced water were successfully used in wells at bottomhole temperatures up to 

about 121°C with produced water TDS up to 300,000 mg/L and hardness up to 44,000 mg/L [36]. 

Compared to conventional gelled fracturing fluids, the performance of slickwater fluids is 

generally less sensitive to mix-water quality; however, high salinity mix-water will cause a loss 

in achievable friction reduction.  

In this study, it was assumed that slickwater system requires water with TDS lower than 

40,000 mg/L, while crosslink gel system does not have strict TDS requirement but have specific 

requirements on certain ions as listed in Table 2. These water quality requirements are examples 

for the case studies, and within the range of fracturing fluids mix-water requirements. Users can 

enter their specific water quality requirement in the iDST. 

 

Table 2. Hydraulic fracturing water quality requirements 

Hydraulic fracturing system Crosslink gel system Slickwater system 

pH 6.0 - 8.0 > 5 

Hardness (Ca+Mg) < 2,000 mg/L as CaCO3 - 
Iron < 20 mg/L - 
Sulfate 200 - 1,000 mg/L - 
Chloride < 40,000 mg/L - 
Bicarbonate < 1,000 mg/L - 
Boron < 10 mg/L - 
Multivalent Ions - < 5,000 mg/L 
TDS - < 40,000 mg/L 
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Note: The water quality requirements for hydraulic fracturing vary and depend on the formation, 
fracturing methods and chemicals added to the fracturing fluids. 
 

4.4 Case study assumptions 

User score input, which indicates the importance of each parameter, was set to default values 

for this case study, as shown in Fig. 5a. With no preference in specific treatment technologies, 

user preference input was not changed, indicating that no specific treatment technology was 

included or excluded, as shown in Fig. 5b. Economic assumption of the case study utilizes values 

pre-stored in the iDST as shown in Fig. 6. 

 

  

Fig. 5. iDST screenshots of (a) user scores containing default values, and (b) user preference. 
 

(a) (b) 
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Fig. 6. An iDST screenshot with economic inputs containing default values. 

 

5 Case study results 

5.1 Marcellus Shale 

5.1.1 Produced water quality in Tioga and Washington counties 

The TDS concentration of produced water in Tioga County ranges from 746 mg/L to 358,000 

mg/L with an average of 88,500 mg/L, much higher than most beneficial use water quality 

requirements. Average TSS concentration is 468 mg/L, alkalinity 114 mg/L as CaCO3, total 

hardness (sum of Ca2+ and Mg2+) 768 mg/L as CaCO3, and pH 7.4 (Table A2 in Supplementary 

Content). 

The average concentrations of TDS and major ions of produced water in Washington County 

are higher than in Tioga County (Fig. 7). It should be noted that the concentrations used in the 

study were the average values from the USGS produced water quality database. The TSS 
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concentration, unlike other parameters, is three times lower than that of the produced water in 

Tioga County. This produced water quality difference would lead to a higher treatment cost for 

beneficial use of produced water in Washington County due to higher concentrations of sodium, 

chloride, and hardness. 

 

 

Fig. 7. Major produced water quality parameters in Washington and Tioga Counties. 

 

5.1.2 Selected produced water treatment technologies 

For Tioga County produced water, no desalination is required for hydraulic fracturing using 

gel system, as it does not have a limit on TDS concentration. The treatment trains selected by the 

iDST are summarized in Table 3. Treatment is required to remove suspended solids, sparingly 

soluble salts, and inactivate microorganisms. Hydraulic fracturing using slickwater method 

requires removal of suspended solids, sparingly soluble salts, and TDS by desalination because 

of its 40,000 mg/L TDS limit and other ion concentration requirements. Reuse for hydraulic 

fracturing requires disinfection because bacteria present in the fracturing fluid will sour the well, 

producing organic acids and increasing operational expenses as a result of the corrosion (e.g., 

H2S pitting, stress cracking) in both surface equipment and subsurface pipes. Mechanical vapor 

compression (MVC) distillation was selected by the iDST as the desalination technique for the 

produced water with feed salinity of 88,500 mg/L. 
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Table 3. Selected treatment trains for produced water in Tioga and Washington Counties 

Beneficial use Treatment train 
Tioga County produced water 

Gel fracking Chemical precipitation - Media filter - Chemical disinfection 

Slickwater fracking Chemical precipitation - Media filter – MVC – Blending 

Class B irrigation Chemical precipitation - Media filter - MVC – Blending 

Washington County produced water 

Gel and slickwater fracking 
and Class B Irrigation 

Chemical softening and precipitation - Media filter – MVC - 
Blending 

 

For Washington County produced water, the selected treatment processes for the three reuse 

options are the same, starting with chemical softening and precipitation, followed by media 

filtration to remove particulate matters including suspended petroleum hydrocarbons. Although 

salinity level is not required for hydraulic fracturing using gel system, MVC was adopted to 

reduce chloride concentration to lower than 40,000 mg/L. The product water is required to blend 

with filtered produced water to meet water quality requirements. MVC was also selected for 

hydraulic fracturing using slickwater system and for irrigation, to reduce salinity level to the 

required concentration. The MVC product water is blended with filtered produced water to meet 

the water quality requirement for different beneficial use purposes. 

 

5.1.3 Screening-level estimated project costs for produced water treatment 

5.1.3.1 Tioga County produced water 

According to the Pennsylvania State Impact Project, there were 640 active shale gas wells in 

Tioga County owned by 9 operators [37]. The produced water production in Tioga County was 

projected for the next 15 years based on Equation 2 and the number of existing wells in the 

county. In this case study, shale gas wells were grouped by operators, that is, produced water 

from all the wells operated by the same operator would be collected, treated by clustered 

treatment facilities, and reused. Produced water quantity for each operator was assumed to be 

proportional to the number of wells they own. Two companies that own the most wells (386) and 

the least well (one) in Tioga County were chosen to represent two extreme production conditions. 

Company A represents the scenario of clustered produced water treatment collected from 386 

wells with a high flow rate of 0.394 million gal/day (MGD) (9,373 bbl/day; 1,490 m3/day) while 

Company B with only one well represents wellhead treatment with a flow rate of 320 gal/day 

(7.7 bbl/day; 1.2 m3/day). The capital cost of a wellhead treatment train would be much lower 
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than that of clustered treatment due to small size of the facilities due to low flow rate 

requirement. However, the unit cost, in terms of dollars per gallon, would be much higher for 

wellhead treatment because of elevated capital investment and labor costs normalized by gallon 

of treated water. The economic scale of costs of the wellhead treatment is extremely low due to 

small flow rate. 

The treatment costs and energy demand for the treatment trains selected by the iDST are 

summarized in Table 4. Among the three beneficial use scenarios, hydraulic fracturing using gel 

system had the lowest capital and O&M costs because of its low product water quality 

requirement, especially no TDS limit. Hydraulic fracturing using slickwater system was ranked 

the second; it had higher electrical energy demand, and the desalinated water would be blended 

with filtered water to meet the water quality requirement. For all the case studies, the lifetime of 

treatment facilities was assumed to be 10 years. Capital and O&M costs for the three beneficial 

use options did not differ considerably at low flow rate scenario (wellhead treatment), because of 

smaller facility size and less labor requirement. Total annualized costs of wellhead treatment 

options in Tioga County ranged from $256,800/year to $259,200/year. However, at high flow 

rate scenario the differences became significant. The annual O&M costs of reusing produced 

water for slickwater fracking and irrigation were approximately 2 times higher than those for gel 

system. Capital costs were approximately $4.9 million for gel system, $8.3 million for slickwater 

system, and $8.3 million for irrigation use. For wellhead treatment for low flow rate, annual unit 

O&M costs were approximately $1.9/gal ($502/m3), while total annual unit costs were 

approximately $2.2/gal ($581/m3). Therefore, wellhead water treatment was deemed to be cost 

inhibitive due to small capacity versus the economic scale of costs. At high flow rate, gel system 

had the lowest O&M and total costs, $0.003 and $0.007/gal, respectively, while the costs for 

hydraulic fracturing using slickwater system and irrigation were estimated to be $0.005 and 

$0.011/gal, respectively. 
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Table 4. Screening-level estimated costs for produced water treatment in Tioga and Washington 
Counties 

Beneficial use 
scenario 

Capital cost ($) Unit O&M 
($/gal) 

Total annualized 
unit cost ($/gal) 

Energy 
consumption 

(kWh/yr) 
Tioga County, low flow rate (320 gallons per day; 1.2 m3/day) 

Gel frac 329,500 1.898 2.199 100 

Slickwater frac 348,300 1.901 2.219 3,700 

Irrigation 348,200 1.901 2.219 3,700 

Tioga County, high flow rate (0.394 MGD; 1,492 m3/day) 

Gel frac 4,894,300 0.003 0.007 1,312,500 

Slickwater frac 8,363,800 0.005 0.011 4,546,000 

Irrigation 8,258,000 0.005 0.011 4,546,000 

Washington County, low flow rate (320 gallons per day; 1.2 m3/day) 

Gel, Slickwater, 
Irrigation 

353,300 1.738 2.034 4,100 

Washington County, high flow rate (0.394 MGD; 1,492 m3/day) 

Gel, Slickwater, 
Irrigation 

17,139,100 0.004 0.010 10,540,800 

 

5.1.3.2 Washington County produced water 

By 2014, there were 1094 shale gas wells in the Washington County owned by 10 operators 

[37]. The companies operating 748 wells and 1 well were chosen to simulate high and low 

produced water quantity scenarios, at 0.889 MGD (21,174 bbl/day; 3.36 million m3/day) and 350 

gal/day (8.38 bbl/day; 1.3 m3/day), respectively. 

Produced water flow rate over time for Washington County had similar trend as Tioga 

County. High flow rate scenario in Washington County had higher flow rate than in Tioga 

County, which led to lower unit costs. Operators with the least wells in both counties had 1 well, 

which makes their flow rates similar, thus almost same costs (Table 4). As the same treatment 

processes were selected to the three beneficial reuse options, the iDST estimated the same capital 

cost and O&M cost for different beneficial use scenarios - $2.03/gal ($536/m3) for low flow rate 

of 350 gal/day (1.3 m3/day), and $0.01/gal ($2.64/m3) for high flow rate of 0.889 MGD (3.36 

million m3/day). Because the costs calculated in the iDST were at a screening-level, the cost 

estimate was not sensitive enough to reflect the amounts of chemicals used, such as lime and 

soda, to achieve different product water qualities. However, the iDST allows users to enter 

chemical uses for more accurate cost estimate. The difference of costs between low flow 

scenario and high flow scenario was significant. Low flow scenario required much lower capital 
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cost and annual energy consumption but had a much higher unit cost (Table 4). 

 

5.1.4 Cost comparison of beneficial uses, deep well injection, and transportation 

Deep well injection is the most commonly used disposal method for shale gas produced 

water because of its low cost. In Pennsylvania, the number of injection wells is very limited 

because of the geological condition of the formation. Among the five active injection wells that 

accept wastewater from the O&G industry, the nearest one is over 120 miles from Tioga County, 

which makes transportation cost significantly high. An average $8/bbl ($0.19/gal; $50.3/m3) 

hauling cost of produced water was estimated for Tioga County [21]. Injection cost generally 

ranges from $0.5/bbl to $2.5/bbl ($0.0119-0.0595/gal; $3.15-15.7/m3). Considering the supply 

and demand relationship in Pennsylvania, $2/bbl ($0.0476/gal; $12.6/m3) of injection cost was 

assumed for Tioga County, resulting in an overall disposal cost, including deep well injection 

and transportation, of $10/bbl ($0.238/gal; $62.9/m3). It was estimated that a produced water 

flow rate of 170 bbl/day (27 m3/day) would be required to breakeven disposal cost with 

treatment cost for gel system. Assuming a produced water flow rate of 2-3 bbl/day per well, 

reuse of produced water for a group of 60-100 wells would be more cost-efficient than disposal. 

Considering all operators in Tioga County, 3 out of 8 operators own more than 60 wells, while 

all others own less than 30 wells. Centralizing and treating produced water from multiple 

operators would be recommended to small operators to minimize treatment costs. 

The nearest injection well that accepts O&G wastewater from Washington County is 

approximately 50 miles away in Pennsylvania. Injection wells in Ohio were not included in this 

case study because of limited information. An estimated hauling cost of $4/bbl ($0.0952/gal; 

$25.2/m3) was adopted, while $2/bbl ($0.0476/gal; $12.6/m3) injection cost was added to the 

total cost of $6/bbl ($0.143/gal; $37.8/m3) for disposal using deep injection wells, which is 40% 

less than that in Tioga County. Using the breakeven approach to balance with the disposal cost, 

produced water from at least 100-165 wells needs to be collected and treated at a clustered 

facility. In Washington County, only two operators own more than 100 wells and can make 

beneficial use cost-efficiently by themselves. Other operators are recommended to collectively 

treat produced water and develop clustered treatment systems to decrease the costs. It should be 

noted that the cost for purchasing fresh water for hydraulic fracturing was not included in the 

cost analysis; taking into account the fresh water costs would further offset the costs for reusing 
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flowback and produced water. 

 

5.1.5 Flowback water in Marcellus Shale, Pennsylvania 

Hydraulic fracturing flowback water quality and quantity were retrieved from the Marcellus 

Shale Coalition Produced Water Database [18]. Among the 19 wells in the database, the well J is 

located in Tioga County, and the wells B and F are located in Washington County. The water 

quality for days 1, 5, 14, and 15 was chosen to represent flowback water. The weighted average 

of water quality based on daily flow rate was calculated in the iDST (Table 5). The flowback 

water flow rate for Tioga County was taken as the average value of the 19 wells (878 bbl/day; 

140 m3/day). For Washington County, the average flow rate for wells B and F was assumed to be 

930 bbl/day (148 m3/day). 

 

Table 5. Summary of major constituents in flowback water. All concentrations (except pH) are 
in mg/L. 

Water quality Tioga County Washington County 
Alkalinity (as CaCO3) 138 90 
Calcium 981 8,188 
Chloride 12,307 58,815 
Magnesium 86 843 
Potassium 58 273 
Sodium 5,243 22,783 
Sulfate 15 90 
TDS 24,297 97,104 
Total hardness (as CaCO3) 3,987 29,441 
TOC 36 57 
TSS 516 94 
pH 6.93 6.42 

 

The treatment trains for the two counties selected by the iDST are summarized in Table 6. 

Iron (III) and total hardness were required to be removed by chemical softening and precipitation 

in both counties to prevent scaling and fouling. Because of the low TDS in flowback water in 

Tioga County, beneficial reuse for hydraulic fracturing using gel and slickwater systems did not 

require desalination, which significantly reduced the costs. Only chemical disinfection was 

required to inactivate microorganisms. Brackish water reverse osmosis (BWRO) was selected to 

desalinate flowback water in Tioga County for irrigation. For flowback water in Washington 

County, MVC was selected for the higher TDS water. 
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Table 6. Treatment trains for reusing flowback water in Tioga and Washington County 

Beneficial Use Treatment Train 
Tioga County 

Gel fracking Chemical softening - Media filter - Chemical disinfection 

Slickwater fracking Chemical precipitation - Media filter - Chemical disinfection 

Class B Irrigation Chemical precipitation - Media filter - BWRO - Blending 

Washington County 

Gel and slickwater fracking, 
and Class B Irrigation 

Chemical softening - Media filter - MVC - Blending 

 

The estimated treatment costs for flowback water are summarized in Table 7. Unit costs for 

reusing flowback water in Tioga County were much lower than those for Washington County 

because of better flowback water quality in Tioga County. Without desalination processes 

required, reuse of flowback water for hydraulic fracturing using gel and slickwater systems in 

Tioga County had the lowest costs. 

 

Table 7. Treatment costs for reusing flowback water in Tioga and Washington Counties 

 Capital cost 
($) 

Unit O&M 
($/gal) 

Total annualized 
unit cost ($/gal) 

Energy 
consumption 

(kWh/yr) 
Tioga County (878 bbl/day; 140 m3/day)  

Gel fracking 798,300 0.0173 0.0238 25,900 

Slickwater fracking 700,900 0.0172 0.0229 14,100 

Class B Irrigation 1,299,400 0.0178 0.0289 108,500 

Washington County (930 bbl/day; 148 m3/day)  

Gel and slickwater fracking, 
and Class B Irrigation 

531,300       0.1591 0.2009 46,200 

Note: cost of solid waste management is not included in the economics analysis. 

 

5.2 Barnett Shale 

The case study for the Barnett Shale adopted similar approach as for the Marcellus Shale. 

Water quality and quantity data were collected, analyzed, and projected for the future 15 years. 

The iDST was utilized to select the optimal treatment trains based on user preference and 

estimate screening-level treatment costs for various reuse scenarios. The costs were then 

compared with disposal costs through deep injection wells, and recommendations were made for 

operators in the Barnett Shale based on the site-specific conditions. The flowback and produced 
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water quality in Barnett Shale is summarized in Table 8. 

 

Table 8. Flowback and produced water quality in Barnett Shale 

Parameter Average concentration (mg/L) 
Flowback1 Produced water2 

Alkalinity (as CaCO3) 852 237 

Ammonia 244  
Barium  42 

Calcium 1,082 2,242 

Chloride 23,052 38,149 

Magnesium 172 253 

Iron(III) 24 33 

Potassium 213  
Sodium 13,327 12,453 

Sulfate 689 60 

TDS 37,800 67,285 

Total Hardness (as CaCO3) 4,000  
TSS 197  
pH 7.13  

Note: 1[32]; 2[28, 33] 

 

5.2.1 Flowback water reuse scenario 

In this case study, the average flow rate of the treatment facility was designed to be 1,300 

bbl/day (54,600 gal/day; 207 m3/day), assuming flowback water, wellhead treatment for the 

Barnett Shale. All beneficial uses require the removal of suspended solids and hardness using 

chemical softening and coagulation. To reuse the flowback water for hydraulic fracturing using 

gel system, although TDS removal is not required, MVC was selected by the iDST to remove 

chloride that exceeded the required limits. MVC was also selected for irrigation to reduce TDS 

concentration (Table 9). As the salinity of Barnett Shale flowback water is lower than the 

requirement of slickwater hydraulic fracturing liquid, only disinfection was needed to eliminate 

microorganisms. Slickwater hydraulic fracturing is the most favorable beneficial use option with 

the lowest costs and energy consumption (Table 10). 

 

Table 9. Treatment trains for reusing flowback water in Barnett Shale 

Beneficial Use Treatment Train 

Gel fracking Chemical coagulation - Media filter - MVC - Chemical disinfection 

Slickwater fracking Chemical coagulation - Media filter - Chemical disinfection 
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Class B Irrigation Chemical coagulation - Media filter - MVC - Chemical disinfection 

 

Table 10. Cost summary for flowback water reuse in Barnett Shale 

 Capital Cost 
($) 

Unit O&M 
($/gal) 

Total Annualized 
Unit Cost ($/gal) 

Energy 
Consumption 

(kWh/yr) 
Gel fracking 1,952,700 0.015 0.026 641,600 

Slickwater fracking 854,200 0.012 0.017 28,000 

Class B irrigation 1,938,000 0.015 0.026 641,600 

Note: cost of solid waste management is not included in the economics analysis. 

 

There are approximately 144,000 Class II wells in the United States, of which 20% is SWD 

wells [21]. In Texas, approximately 12,000 SWD wells are currently available for flowback and 

produced water disposal at a cost of $0.5-$2.5/bbl ($3.15-$15.75/m3) [21]. Based on supply and 

demand, the disposal cost was assumed to be $0.5/bbl ($3.15/m3) in the Barnett Shale for this 

case study [21]. An average trucking cost of $0.75/bbl ($4.7/m3) was estimated. The overall cost 

to dispose flowback and produced water through SWDs was estimated to be $1.25/bbl ($7.9/m3; 

$0.0298/gal), which is close to the cost to reuse the Barnett Shale flowback water for slickwater 

hydraulic fracturing. Compared with the flowback water scenarios in Pennsylvania, the cost of 

reuse is much lower in the Barnett Shale, as well as disposal costs. Moreover, the Barnett Shale 

has a higher density of producing wells and therefore it is easier for the operators to develop 

clustered or centralized treatment to increase the flow rate and reduce the economic scale of 

costs. 

 

5.2.2 Produced water reuse scenario 

Two producers in the Barnett Shale were chosen to represent the most and least wells with 

the high and low flow rate scenarios of 8,554 bbl/day (0.36 MGD; 1,363 m3/day) and 2 bbl/day 

(84 gal/day; 0.32 m3/day), respectively. All reuses require chemical coagulation and media 

filtration. No desalination is required to reuse the produced water for hydraulic fracturing using 

gel system. MVC was selected to reduce TDS level to reuse produced water for hydraulic 

fracturing using slickwater system and for irrigation (Table 11). The product water needs to be 

blended with filtered produced water to use for irrigation and hydraulic fracturing using 

slickwater system to achieve desired water quality and to reduce overall costs. 
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The low flow rate scenario led to a very high unit cost to reuse produced water at $8.8/gal 

($2,325/m3) for all reuse options (Table 12). The unit costs for the high flow rate scenario were 

estimated to be $0.005/gal ($1.32/m3) for gel system hydraulic fracturing to $0.012/gal ($3.17/m3) 

for slickwater fracturing and irrigation. Reusing produced water for hydraulic fracturing using 

gel system is the more economic option with low cost and energy consumption because no 

desalination is required. 

 

Table 11. Treatment trains for reusing produced water in Barnett Shale 

Beneficial Use Treatment Train 

Gel fracking BAF - Media filter - Zeolite - Chemical disinfection 

Slickwater fracking BAF - Media filter - Zeolite - MVC - Chemical disinfection 

Class B Irrigation BAF - Media filter - Zeolite - MVC - Chemical disinfection 

 

Table 12. Cost summary for produced water reuse in Barnett Shale 

 Capital cost 
($) 

Unit O&M 
($/gal) 

Total annualized 
unit cost ($/gal) 

Energy 
consumption 

(kWh/yr) 
Low flow rate (84 gal/day; 0.32 m3/day)  

Gel fracking 325,800 7.59 8.78 50 

Slickwater fracking 332,100 7.59 8.80 900 

Irrigation 332,100 7.59 8.80 900 

High flow rate (0.36 MGD; 1,363 m3/day) 

Gel fracking 3,841,500 0.0021 0.0054 142,500 

Slickwater fracking 8,677,000 0.0046 0.0124 4,147,900 

Irrigation 8,580,500 0.0046 0.0123 4,147,900 

Note: cost of solid waste management is not included in the economics analysis in the iDST. 

 

To break even with the cost for disposal through injection wells, it requires at least 1,550 

bbl/day (246 m3/day; 0.065 MGD) treatment capacity for reusing produced water for gel 

hydraulic fracturing. Using the same assumption as in the Marcellus Shale, it requires to treat 

produced water collected from at least 517 to 1,275 wells for gel hydraulic fracturing to break 

even with the costs for disposal. Under the current production conditions in the Barnett Shale, 

reusing produced water is not economically competitive as compared to disposal through 

injection wells because of the requirements for large number of wells, cooperation between 

producers, and collection and treatment systems. 
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6 Conclusion 

Unconventional O&G development increased rapidly during the past decade, which leads to 

an increasing demand on fresh water for hydraulic fracturing and better management of 

wastewater. Treating flowback and produced water for beneficial reuse has become an attractive 

option; however, reusing flowback and produced water is challenging because of poor water 

quality, complexity in selecting treatment technologies, and highly variable wastewater quality 

and quantity. 

The iDST provides a comprehensive decision-support framework integrated with multiple 

criteria, functions, objectives, and constraints to optimize the selection of treatment technologies 

for beneficial use of hydraulic fracturing flowback and produced water. The case studies in the 

Marcellus Shale and Barnett Shale demonstrated that flow rate and water quality are the two 

primary factors affecting the costs and feasibility of treating and beneficial use of these 

wastewaters. Higher flow rate leads to higher total capital cost and annual O&M cost ($/yr) 

because of higher plant capacity and more labor requirement, but lower unit costs ($/gal or $/m3). 

Costs for well-head treatment are much higher than centralized treatment options. Meanwhile 

better water quality reduces the need of treatment processes, thus reducing costs. Reusing for 

hydraulic fracturing requires the least treatment processes, especially avoiding desalination 

technologies thus resulting in lower treatment cost. For example, reusing flowback water in 

Tioga County for crosslink gel system fracturing requires minimal treatment, which leads to 

$7/kgal total unit cost, compared with $28.9/kgal for reusing produced water in Tioga County, 

that requires treatment with BWRO. In addition, onsite reuse for hydraulic fracturing is highly 

favorable because of reduced water transportation costs. The case studies demonstrate that the 

iDST is a useful screening tool to select treatment trains and estimate screening-level costs for 

reuse scenarios from current practice of hydraulic fracturing to potential uses such as irrigation. 

Due to the limited number of injection wells and high disposal cost, beneficial use of 

fracturing flowback and produced water is very attractive in the Marcellus Shale. Clustered 

treatment systems are recommended considering the economic scale of treatment costs. Reusing 

flowback water in the Barnett Shale would be the most cost-efficient for hydraulic fracturing. 

Reusing produced water in the Barnett Shale is currently not economically favorable because of 

the low disposal cost through SWD wells. However, the rapid development of unconventional 

O&G industry would result in more intensive water demand, which further leads to a higher 

NMOGA_003294



 28

potential of flowback and produced water beneficial reuse. 
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Acronyms 

bbl – Barrel (1barrel = 42 gallons = 159 liters) 

BEM – Beneficial Use Economic Module 

BOD – Biochemical oxygen demand 

BSM – Beneficial Use Screening Module 

BWRO – Brackish water reverse osmosis 

CBM – Coalbed methane 

iDST – Integrated decision support tool 

kWh – Kilowatt-hour 

MCDA - Multi-criteria decision analysis 

MGD – Million gallons per day 

MVC – Mechanical vapor compression (distillation) 

O&G – Oil and gas 

O&M – Operation and maintenance 

QA/QC – Quality assurance and quality control 

SWD – Salt water disposal 

TDS – Total dissolved solids 
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TOC – Total organic carbon 

TOX – Total organic halogens 

TSM – Treatment Selection Module 

TSS – Total suspended solids 

USEPA – US Environmental Protection Agency 

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

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

1. Introduction

A significant amount of produced water (PW) is brought to the land surface during
oil and gas (O&G) exploration and production [1]. PW is primarily composed of reservoir
water extracted from rock formation (i.e., formation water); it may also include a portion of
the frac fluid returned to the surface after hydraulic fracturing (i.e., HF flowback water) or
the water injected for enhanced oil recovery (EOR). PW contains the naturally occurring
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constituents from the hydrocarbon-bearing strata, such as salts, minerals, metals, ammonia,
hydrogen sulfide, organics (e.g., oil and grease, total petroleum hydrocarbons, volatile and
semi-volatile organic compounds), radionuclides, and any chemicals added downhole or
during well drilling, production, or maintenance processes (e.g., acid, biocide, breaker, clay
stabilizer, corrosion inhibitor, crosslinker, friction reducer, gelling agent, and surfactant).

Because of the complex chemistry characteristics of PW [2–4], the primary disposal
option for PW in the U.S. and Canada is deep well injection [5–7]. Other reuse or disposal
methods include using PW for HF, EOR, well drilling, evaporation ponds or seepage pits
within the O&G field, transferring PW offsite for disposal, and discharge or reuse after proper
treatment [3,8–10]. The non-injection methods are especially used in areas that lack deep
injection wells (e.g., Pennsylvania in the U.S., Europe, and China) due to geological structure
or regulations. In the U.S., approximately 1–2% of PW is used outside of the O&G field [11–13].
Reuse of PW with lower salinity mainly occurs in the western U.S., such as in California
and Wyoming, because of the severe droughts and applicable regulations. Approximately
20 billion barrels (3180 × 106 m3) of PW will be generated by the onshore O&G activities
in the U.S. in 2022. Approximately 41% of the PW will be reinjected for EOR, 47% will be
disposed of using SWD wells, and 13% will be reused for fracking operations [8].

With the increased O&G development, underground disposal practices are not sustain-
able and have caused environmental concerns (e.g., seismicity activities and groundwater
contamination) [14]. Further, because 38% of shale resources in the world are located
in semi-arid or arid regions [15], the large amount of PW disposed of as waste has the
potential to be treated and reused to alleviate regional chronic water scarcity [12,16]. It
is recognized that PW reuse inside the O&G field, such as for HF, is the most promising
approach because it requires minimal treatment and has relatively low risks of causing
adverse effects on the ecosystem and human health [17,18]. However, the PW volume may
exceed the water requirement for internal uses [19]. For example, it was estimated that the
PW volume in the Delaware Basin, New Mexico, and Texas exceeded HF water demand by
3.7 times [20]. Thus, extra treated PW can be used outside of the O&G field for irrigation,
livestock watering, land application, and other usages after proper treatment. The PW
treatment methods are mainly based on water quality, such as suspended solids, total
dissolved solids (TDS), metals, organic contaminants, and radionuclides. The commonly
used methods include settling, filtration, coagulation, oxidation, distillation, and biological
treatment [10,12]. The detailed PW characterization and treatment methods can be found
in other reviews [3,10,21].

Another major concern for PW management is its possible contamination of soil,
surface water, and groundwater through spills or leakages during its transportation for
disposal, treatment, or recycling [6,22]. For example, 113 environmental spills of PW were
reported in 2015 in the Duvernay shale region, Canada [23]. Moreover, recent studies
raised concerns about the contamination of underground sources of drinking water due
to acid stimulation and HF in the U.S., such as in the Pavillion Field, Wyoming [24], and
the Permian Basin in West Texas [25]. Further, the laboratory data from the U.S. and
Canada have shown that exposure to PW causes a series of problems, such as inhibiting the
survival and reproduction of aquatic animals (e.g., zebrafish [26] and rainbow trout [27]),
and results in functional impairment in exposed animals [28]. Another study assessed
potential surface water impacts that could occur downstream of saltwater disposal well
(SWD) injection facilities in West Virginia [29]. The study reported increased antagonist
activities downstream of a SWD injection site, which could disrupt reproduction and/or
development in aquatic animals [29].

Although numerous studies focused on the evaluation of reusing treated PW, the
regulations for PW reuse from government agencies around the world are very limited [9].
Common water regulations or guidelines are focused on water applications, such as the
United States Environmental Protection Agency (U.S. EPA) drinking water standards
and guidelines for irrigation [30], and the European Union water quality directive for
ground water (80/68/EEC). However, based on a study by Danforth et al. [31], more than
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1000 chemicals in the PW have no U.S. EPA-approved analytical methods for detection
or quantification in the regulatory context, which means the current regulations may
not be sufficient to monitor treated PW quality to assure its safe reuse outside the O&G
field. All these studies suggest that regulatory agencies should establish a comprehensive
monitoring and evaluation program to assess the impacts and risks of reusing treated PW
on groundwater, surface water, ecological systems, and potential public health before its
reuse outside of the O&G field.

Critical review and analysis of PW management, regulations, and reuse scenarios
(inside and outside the O&G field) in the major production regions in the U.S. would
assist the O&G industry and regulators in better understanding the challenges for PW
reuse, addressing the knowledge gap, and providing information to establish suitable
regulations. The experiences learned from the case studies can be used by other states in
the U.S. or countries and regions for establishing PW management and reuse programs. For
example, in China, the study of the impact of the HF water cycle on the environment is in
the early stage, and the research for solutions and regulations to achieve more sustainable
unconventional O&G development has just emerged [9,32].

In the U.S., nearly every aspect of the PW cycle is subject to a complex set of federal,
state, and sometimes local regulations to address the wide range of management, construc-
tion, and operation practices. Regulations are involved in permitting water sourcing (e.g.,
water rights), transportation (e.g., pipeline and trucking), storage (e.g., tank construction
and secondary containment), disposition (e.g., discharge to surface water, wastewater
treatment facilities, underground injection), and beneficial use within and outside of O&G
fields. Figure 1 illustrates the key points for PW management and reuse.
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Figure 1. Schematic diagram of produced water management and reuse.

In the U.S., two federal regulatory programs are associated with PW management,
as shown in Figure 2. The first federal regulation is the National Pollutant Discharge
Elimination System (NPDES) program. Through the Clean Water Act (CWA), the U.S.
Congress directs the U.S. EPA to create an NPDES permitting, compliance, and enforcement
program that regulates discharges of PW to surface water bodies (e.g., rivers, lakes, and
streams). The NPDES program also regulates PW discharged to a municipal wastewater
treatment facility to meet the requirements for pretreatment and any additional standards
imposed by the facility. PW discharged to a centralized wastewater treatment (CWT) facility
must meet standards established in its NPDES or state discharge permit. NPDES water
quality permits are either issued by the U.S. EPA or by states that have been delegated by
the U.S. EPA to issue their own permits. Most PW in the east of the 98th meridian (Figure 3)
cannot be discharged directly from an O&G well site. It can be treated offsite in a CWT
facility, and then discharged if the facility has been issued an NPDES (or state-equivalent)
permit [17]. In contrast, for the wells located in the west of the 98th meridian, the NPDES
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exemption allows for the release of PW for beneficial uses such as wildlife or livestock
watering or other agricultural uses if it is “of good enough quality”, meeting the minimum
oil and grease limit of 35 mg/L and other parameters [33].
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The second federal regulation is the Underground Injection Control (UIC) program.
Through the Safe Drinking Water Act (SDWA), the U.S. Congress directs the U.S. EPA
to develop the UIC program to regulate disposal in injection wells to protect America’s
drinking water sources. Most oil- and gas-producing states have received the authority
to implement UIC under agreements with the U.S. EPA. The UIC program is designed
to protect underground drinking water aquifers through the regulation of six classes of
injection wells. Wells used for injecting PW are Class II wells, including Class II-R wells for
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EOR and Class II-D wells for disposal in a formation below a drinking water aquifer and
other than the producing formation.

PW is primarily regulated at the state level when the states receive primacy to administer
the NPDES or UIC programs. The states can modify the regulatory programs based on state-
specific practices and laws [33]. For example, some states do not allow moving water from
one basin to another due to the constraints of water rights. Therefore, each of the 31 states
with O&G production can have different regulations; they can be more restrictive than federal
regulations, and can include regulations for activities not covered by federal regulations [33].
In addition to O&G agencies or state environmental protection agencies, public health agencies,
state engineers, or regional water planning commissions may also be involved in regulating
PW. Thus, in the U.S., it is imperative to analyze the current regulatory framework for PW
management, which requires new levels of coordination and planning between federal and
state agencies, inter-organizations, or across states for inter-state basins, such as the Permian
and the Appalachian. The information and experience from different states can be used as
references and guidelines for new PW reuse projects.

This study aims to provide an overview of current PW production, management
practices with regulations, and reuse scenarios in the major production areas in the U.S.
We analyzed the regulatory framework surrounding the management of PW, including
relevant laws and jurisdictional illustrations of water rules and responsibilities, water
quality standards, and PW disposal and beneficial reuse up to 2022. Given the complexity
surrounding PW regulations and rules, this study is intended as preliminary guidance for
PW management, and for identifying the knowledge gaps and research needs to reduce the
potential impacts of PW reuse on the environment and public health. The establishment of
regulations in the U.S. would significantly benefit other regions/countries with an interest
to develop unconventional O&G.

2. Materials and Methods

The investigated production areas are selected based on the 98th meridian as shown
in Figure 3. The 98th meridian has long been designated by the U.S. EPA as a tool to
separate discharge-permitting under NPDES rules. The eastern states (east or on of the 98th
meridian) include the Appalachian Basin (Marcellus and Utica shale areas of Pennsylvania,
Ohio, and West Virginia), Oklahoma, and Texas; and the western states (west of the 98th
meridian) include California, Colorado, New Mexico, and Wyoming. These regions are
selected to represent different regulations; climates; water quantities; quality diversities;
and geologic, geographic, and hydrologic conditions.

This study involves a comprehensive literature review from peer-reviewed manuscripts,
technical reports, engineering contracts, government reports, news releases, databases of
national and regional water resources and water quality, and information provided by
the industry partners and regulatory agencies through the New Mexico Produced Water
Research Consortium (NMPWRC). The NMPWRC was created by the New Mexico Envi-
ronment Department (NMED) and New Mexico State University (NMSU) to develop a
framework to fill scientific and technical knowledge gaps necessary to establish regulations
and policies for the treatment and reuse of PW outside of the O&G fields. This study sum-
marizes the existing regulatory framework, water quality standards, and risk assessment.
It aims to identify the knowledge gaps to inform policy decisions for the potential safe
reuse of treated PW outside of O&G fields.

3. Results and Discussion

Table 1 summarizes the PW regulatory agencies in the selected states with major O&G
production activities. Table 2 summarizes the PW production and management practices in
the selected states. The information in Tables 1 and 2 will be discussed in detail in each
section. Water quality limits for reusing PW for irrigation, wildlife and livestock watering,
discharge to surface water, road application, dust control, and groundwater standards are
discussed. The detailed application standards are summarized in Supporting Information.
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Table 1. Regulatory agencies for produced water management in the selected states.

State Underground Injection
Control Wells (Class II) Reuse Inside of the O&G Fields Commercial Facility Discharge to Surface Water

via NPDES

Pennsylvania U.S. Environmental Protection
Agency (EPA)

Pennsylvania Department of
Environmental Protection

(PADEP)
EPA PADEP

Ohio Ohio Department of Nature
Resources (ODNR) ODNR ODNR Ohio EPA Division of

Surface Water (DSW)

West Virginia
West Virginia Department of

Environmental Protection
(WVDEP)

WVDEP WVDEP WVDEP

Texas Railroad Commission of Texas
(TRRC) TRRC TRRC

Texas Commission on
Environmental Quality

(TCEQ)

Oklahoma Oklahoma Corporation
Commission (OCC) OCC OCC

Oklahoma Department of
Environmental Quality

(ODEQ)

Wyoming
Wyoming Oil and Gas

Conservation Commission
(WOGCC)

WOGCC WOGCC
Wyoming Department of
Environmental Quality

(WDEQ)

Colorado
Colorado Oil and Gas

Conservation Commission
(COGCC)

COGCC COGCC
Colorado Department of

Public Health and
Environment (CDPHE)

New Mexico New Mexico Oil Conservation
Division (OCD) OCD OCD U.S. EPA

California
California Geologic Energy

Management Division
(CalGEM)

California Waterboards (State
water board and nine regional

water boards)

California
Waterboards California Waterboards

Note(s): The U.S. EPA issues NPDES permits for federally owned facilities, on tribal lands, and in Massachusetts,
New Hampshire, New Mexico, and the District of Columbia. Other permits are issued by state regulators if not
issued by the U.S. EPA.

Table 2. Produced water production and management practices in the selected states.

Region PW Production (2017)
PW Disposal
(Deep Well
Injection)

PW Reuse
Inside O&G Field PW Reuse for EOR

PW Reuse/
Dispose Outside

O&G Field

Examples of PW
Reuse Outside

O&G Field

Appalachian
Basin

105 MMbbls
(16.8 × 106 m3)

PA: 1.1%,
WV: 56%,
OH: 89%.

PA: 96%,
WV: 29%,
OH: 9.1%.

PA: n/a,
WV: 14%,
OH: 1.3%.

PA: 1.6%,
WV: n/a,
OH: n/a.

n/a

Oklahoma 2844 MMbbls
(455 × 106 m3) 41.7% n/a 44.9% 13.4% n/a

Texas 9895 MMbbls
(1583 × 106 m3) 36.2% n/a 46.1% 17.6% n/a

California 3100 MMbbls
(496 × 106 m3) 22.4% 5.1% 59.3% 11.1% Irrigation

Colorado 310 MMbbls
(49.6 × 106 m3) 47.1% 8.9% 32.5% 11.5%

Dust control;
aquifer recharge

and recovery; pits
and surface water

discharge.

Wyoming 1700 MMbbls
(272 × 106 m3) 14% n/a 46% 37%

Surface water
discharge;

groundwater
injection; dust

control and road
application;

irrigation; land
application;

impoundment.
New

Mexico
1240 MMbbls

(196.9 × 106 m3, 2019) 51% 10% 40% n/a n/a

Note(s): PW: produced water; MMbbls: million barrels; PA: Pennsylvania; OH: Ohio; WV: West Virginia; n/a: not
available.
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3.1. PW Management in the East or on of the 98th Meridian

For the eastern states, because the direct discharge of PW to the surface water is
prohibited, PW is usually managed through reuse within the O&G field, injection for EOR,
disposal through SWD, and treatment in CWT facilities. In Pennsylvania, because of the
poor geology for underground injection, a high percentage (~90%, in 2017) of PW is reused,
and the rest is either treated through CWT facilities or sent to West Virginia and Ohio for
disposal. More PW was injected for disposal in West Virginia and Ohio, ~56% and ~89%,
respectively, in 2017. Ohio usually accepts PW from nearby states (Pennsylvania, New York,
and West Virginia) for deep well injection because it has more SWD wells [13]. Although
PW can be reused outside of the O&G field in the west part of Oklahoma and Texas (states
on the 98th meridian), the feasibility is still under the investigation phase in these two
states. Oklahoma has ample freshwater resources and SWD wells; thus, a large amount of
PW was managed through deep well injection (41.7%) and injected for EOR (44.9%) in 2017.
However, the increased seismicity activities urged the state to find alternative methods
for PW management. Texas has a similar situation as Oklahoma; 46.1% and 36.2% of PW
were injected for EOR and for disposal in 2017, respectively. With the increased seismicity
activities, and part of west Texas currently being under a drought condition, the reuse of
PW outside of the O&G field would also significantly benefit the society [13].

3.1.1. Appalachian Basin
PW Production, Disposal, and Management in Appalachian Basin

The Appalachian formations of the Marcellus and Utica shale areas include Penn-
sylvania, Ohio, and West Virginia (Figure 3). In 2020, the Appalachian Basin produced
approximately 24 million barrels (MMbbls) of oil and 12.3 trillion cubic feet (tcf) of natural
gas, making it the highest gas-producing region in the U.S. [34]. The Appalachian Basin
produced 105 MMbbls (16.8 × 106 m3) of PW in 2017 [13]. One factor in accelerating PW
management is the poor geology for disposal wells. Pennsylvania has limited the number
of disposal wells, and so far, only has less than ten permitted disposal wells for PW. Due to
limited disposal options and high disposal costs, Marcellus and Utica operators in Penn-
sylvania became early adopters of PW reuse. In the Appalachian Basin, flowback water is
almost entirely recycled and reused to hydraulically fracture new wells because formation
water can only provide a small fraction of the water needed for HF in this area. Generally,
the PW in the basin is highly diluted with additional freshwater to make up the necessary
volumes, thereby decreasing the treatment requirement of PW for HF. A small percentage
of the flowback water is disposed of through underground injection wells regulated by the
state/EPA, or treated to drinking water standards at state-permitted facilities [33,35].

The PW from the Marcellus Shale has a high TDS concentration (40,000–90,000 mg/L
with long-term >120,000 mg/L), moderate-to-high scaling tendency (high Ca and Mg), but
low total suspended solids (around 160 mg/L), which makes filtration reasonable. Hence,
the PW quality in the Marcellus Shale is manageable and attractive for reuse. Most CWT
facilities, such as Hillstone, HydroRecovery, and Reserved Environmental Services, still
utilize chemical precipitation.

Sharing PW among producing companies is most common in Pennsylvania and West
Virginia. PW may be transferred from one company without enough nearby completion
operations to another company needing PW for reuse. Agreements to exchange water can
reduce costs for both companies while reducing truck miles driven and water disposal. For
example, Antero Resources had the largest desalination plant for PW reuse in the industry.
The 60,000 barrels per day capacity plant in West Virginia costs approximately $500 million.
The company has a water system to gather PW and distribute the treated water for reuse.
Yet, Antero’s Clear Water facility was shuttered in 2019 due to the current low commodity
price environment and operation challenges. The company was conducting an evaluation
to look at all options to determine the most cost-effective ways for operations. Those
options included resumption of the water cleaning efforts at the facility, blending with
fresh water, and reusing or trucking water to injection wells [36].
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However, concerns have arisen about whether surface owners may make a monetary
claim on water transferred among operators. A second concern is whether the liability for
spills is fully passed to the receiving company. An example is that the Hillstone Central
Station Facility takes the water title once it enters the facility from the truck. The client
takes the title of the treated water as it exits the facility and enters their vehicle. If any
spills occur between the inlet or outlet of the facility, the midstream company is responsible.
Despite these concerns, water sharing among producers smooths out the peaks and valleys
of individual company water demands [33].

Based on the 2017 data [13], in Pennsylvania, approximately 96% of PW was reused
within the O&G industry, 1.6% was discharged to surface water through CWT facilities,
and 1.1% was injected for disposal. In West Virginia, around 29% of PW was reused within
the O&G industry, 14% was injected for EOR, and 56% was injected for disposal. In Ohio,
around 89% (46% from Ohio wells and 43% from out-of-state wells) of PW was injected
for disposal, 9.1% was reused within the O&G industry, and 1.3% was injected for EOR.
Underground injection mainly occurs in Ohio because it has much more PW injection wells
(217 wells) in the Appalachian area. In 2019, Ohio Class II Underground Injection wells
received a total of 43.4 million barrels of PW. Among these, 25.3 million barrels (58%) were
from Ohio and 18.2 million barrels (42%) were from outside of Ohio (Pennsylvania, West
Virginia, and New York) [37]. The Pennsylvania Department of Environmental Protection
(DEP) data suggest that exploration and production (E&P) only sent 4.8 million barrels PW
to injection [37]; much of the remainder was sent by centralized processing facilities. If the
facilities did not have an outlet for recycled water, they would pay shipment for disposal
to make room for more E&P water. Pennsylvania regulations do not require tracking the
water after it is dropped off at a centralized processing facility, making recycle volumes
look artificially higher than they are.

Discharges of treated PW may occur through CWT facilities offsite from O&G opera-
tions under industrial effluent limitation guidelines in 40 CFR Part 437 (65 Fed. Reg. 81300
(22 December 2000)). The U.S. EPA released a report in May 2018 listing the facilities in
the region of the Marcellus and Utica plays with the permit to discharge treated PW [38].
However, not all discharge permits are issued by the U.S. EPA. Some are permitted under
Part 437, and some of them are not currently permitted under Part 437, but the revised
permit is expected to contain Part 437 limitations, and there are some other discharge
permits issued by state agencies.

In Pennsylvania, the NPDES water discharge permit is issued by the Pennsylvania DEP,
whereas the UIC program is regulated by the U.S. EPA [33]. In Ohio, the storage, recycling,
treatment, processing, and disposal of brine and other waste substances are regulated by
the Ohio Department of Nature Resources (ODNR) [33]. PW discharge in West Virginia is
regulated by the West Virginia DEP [39], and the UIC program is managed by the Office of
Oil and Gas under West Virginia Code Chapter 22 “Environmental Resources” [40].

PW Reuse Standards and Case Studies in Appalachian Basin

In Ohio, relators seek a writ of mandamus to compel the Respondents State of Ohio,
its Governor, and officers within ODNR to comply with ORC § 1509.22(C) by promulgating
rules and regulations prior to issuance of so-called “Chief’s Orders.” Chief’s Orders are used
by the ODNR to allow the operation of privately-owned facilities for the storage, recycling,
treatment, processing, and disposal of brine and other waste substances associated with
O&G drilling [41].

West Virginia does not have a specific process for centralized treatment facilities;
instead, they must seek input from the West Virginia DEP. For example, the Hillstone
Central Station Facility had to demonstrate a zero liquids discharge status to the water
department. All process liquids and any precipitation that come into contact with O&G
contamination should be directed to the facility for treatment and beneficial reuse. An air
permit is also required because rich volatile organic compounds (VOCs) content in the PW
could emit over-regulated values.
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In January 2021, the Pennsylvania DEP renewed the General Permit WMGR123—
Processing and Beneficial Use of Oil and Gas Liquid Waste (First issued in 2012), which
was issued under the Bureau of Waste Management Authority. For wastewaters with low
TDS (i.e., less than 500 mg/L) that comply with standards found in the permit (Supporting
Information, Table S1), which was derived from drinking water standards, the operator
does not have to manage the waste as residual waste, and should utilize existing designs for
impoundments and handling of the water. This approach would work for water generated
at a well site and stored before transport to a recycling facility, and for recycled water
treated and transported to a well site for reuse. These wastewaters with low TDS no
longer have to be transported as residual waste. However, for high-TDS wastewater, which
does not comply with the General Permit WMGR123, as shown in Table S1, it must be
managed as residual waste. Both the generators and users of the recycled water should
comply with the regulations on storage and transportation found at 25 PA Code § 299
and the permitting and design requirements for impoundments found in 25 PA Code
Section 299.141 through 299.145. If either the generator of the waste or the party beneficially
reusing the waste wishes to store the waste before either shipment or reuse, they need to
comply with storage requirements that are generally more stringent than the requirements
under the O&G regulations. Moreover, the permit holder must comply with several other
requirements associated with the general permit. They include a bonding requirement,
sampling requirements to determine whether the wastewaters comply with Table S1, facility
siting requirements, and inspection and records requirements.

The Marcellus and Utica region has led other basins in the development of commercial
water treatment plants. The commercial plants, some starting operations as early as 2010,
typically take water from multiple producers. The plants treat and may store the water until
it is needed for reuse. For instance, Eureka Resources has three commercial water treatment
plants in Pennsylvania, which have served unconventional O&G producers in the Marcellus
Shale for ten years. Although two of the plants have a permit to discharge treated water to
the Susquehanna River, most of the water is reused for other O&G operations. The plants
have a treatment capacity of 10,000 barrels per day (1590 m3/day). The treatment process
generates little to no disposal of liquids. In addition to treating the water, one plant is also
removing methanol from the water and reselling it for natural gas operations in the area.
Another Eureka plant recovers sodium chloride and calcium chloride for industrial sales,
establishing marketing and sales channels for co-product sales and revenue generation. Eu-
reka Resources possesses a US patent for treating wastewater and recovering the salts. The
method includes the steps of receiving wastewater, screening the wastewater to determine
the optimal treatment approach, and pretreating the wastewater to an acceptable quality
for thermal–mechanical crystallization/evaporation. Another embodiment is applied to
recovering calcium chloride and lithium carbonate from the fluid; it includes processing
the fluid through a second stage thermal–mechanical evaporation/crystallization unit.
This unit is configured to generate high-purity CaCl2, distilled water, and a mixed reject
stream [42]. According to Eureka Resources, a 50,000 barrel per day Eureka facility would
produce ~250,000 metric tons (MT) per year of high-purity NaCl, ~20,000 MT per year
of CaCl2, and 1250 MT per year of LiCl. Recovering minerals from PW is anticipated to
provide economic benefits to offset PW treatment costs and environmental benefits by
eliminating mining and minimizing waste disposal [43].

Besides centralized facilities, onsite treatment using portable units stationed on well
sites can significantly reduce the truck traffic carrying wastewater. For example, Aquatech
tested evaporation/distill technology to treat PW in southwestern Pennsylvania to provide
recycled distilled water at Marcellus Shale drilling sites [44]. Aquatech’s mobile treatment
unit treats water to a TDS of less than 500 mg/L.
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Technologically Enhanced Naturally Occurring Radioactive Material Management and
Waste Disposal in Appalachian Basin

PW may contain different levels of naturally occurring radioactive materials (NORM).
The Marcellus shale, underlying Ohio, Pennsylvania, West Virginia, and New York, has
been tested, showing high NORM [45]. Tanks, filters, pumps, pipes, hoses, and trucks that
brine touches can all become contaminated, with the radium building up into a hardened
“scale,” concentrating as high as 400,000 picocuries (pCi) per gram [45]. With fracking,
which involves sending pressurized fluid deep underground to break up shale layers, there
is dirt and shattered rock, called drill cuttings, that can also be radioactive.

There have been discussions about the Technologically Enhanced Naturally Occurring
Radioactive Material (TENORM) management and waste disposal in the Appalachian Basin.
Ohio can only accept waste that is 6.99 pCi/g combined radium 226/228 above background
levels. West Virginia can accept up to 50 pCi/g combined (plus uncertainty), but requires
testing on a per box basis. However, lab testing relies on a 21-day ingrowth, so there is a
general lack of rapid TENORM management testing. Pennsylvania landfills can receive
TENORM levels that are below the Department of Transportation hazard classification. Still,
each landfill is limited on a monthly tonnage managed by the Pennsylvania DEP. Virtually
all lower level (less than 50 µR/h, microroentgen/hour) TENORM waste generated in the
Appalachian Basin is disposed of in Pennsylvania landfills. The waste over 50 µR/h is sent
to the Austin Masters Services or sent out west to facilities that can accept higher levels.
The cost and regulatory burden of TENORM waste management in the Appalachian Basin
are high, which can be as much as $350 per ton [46,47].

Summary

PW treatment and reuse are extensively implemented in the Appalachian Basin due to
limited disposal options, high disposal cost, and environmental concerns about the impacts
on the ecosystem and human health. Sharing PW among producing companies is most
common in Pennsylvania and West Virginia, whereas Ohio has much more injection wells
for PW from inside and outside of the state. Centralized facilities often treat PW to drinking
water or distillate quality standards. The water is then reused for well completions, injected
into the hydrogeological cycle for EOR, or sent to industrial and municipal facilities to be
combined with wastewater for discharge.

In Ohio, Chief’s Orders are used by ODNR to allow the operation of privately-owned
facilities for the storage, recycling, treatment, processing, and disposal of brine and other
waste substances associated with O&G drilling. West Virginia does not have a specific pro-
cess for centralized treatment facilities; instead, they seek input from the West Virginia DEP.
The Pennsylvania DEP renewed General Permit WMGR123—Processing and Beneficial
Use of Oil and Gas Liquid Waste. Owing to high radioactive signatures detected in the
brine, there has been a long and detailed discussion about TENORM management and
waste disposal in the Appalachian Basin.

3.1.2. Oklahoma
PW Production, Disposal, and Management in Oklahoma

Oklahoma has about 5% and 8% of the U.S. proved crude oil reserves and natural
gas reserves, respectively. The state was the fourth-largest onshore crude oil producer; it
produced 171 MMbbls of oil and 2.8 tcf of gas in 2020 [34]. The primary producing plays in
Oklahoma are principally located in the state’s Anadarko Basin, as shown in Figure 3.

The Anadarko Basin in western Oklahoma has been the site of increased oil production
in recent years [48]. PW across the state has different characteristics based on the plays,
such as water quantity and quality (salinity). For example, the Mississippi Lime has a high
water-to-oil ratio, and the water has the highest salinity in the state; the Granite Wash and
Tonkawa areas produce less water with lower salinity. Detailed information regarding the
PW volumes injected and the TDS by county in Oklahoma can be found in “Oklahoma
Water for 2060 PW Reuse and Recycling, Table 2-1”.
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In Oklahoma, freshwater is available and relatively inexpensive; most of PW is dis-
posed into UIC Class II wells. In 2014, nearly 1500 MMbbls (240 × 106 m3) of PW were
disposed of underground in Oklahoma. In 2016, the underground injection of PW was re-
duced due to the Oklahoma Corporation Commission (OCC) regulations in critical areas to
limit the volume of injections correlated with the seismic events in Oklahoma [18]. In 2017,
2844 MMbbls (455 × 106 m3) of PW were generated in Oklahoma; 1185 MMbbls (41.7%,
192 × 106 m3) of PW were disposed of through underground injection, 44.9% was injected
for EOR, and 13.4% was managed through offsite commercial disposal [13].

Based on the U.S. Geological Survey (USGS) information [49], the number of earthquakes
in the central U.S. has increased dramatically from 2009 to 2016. There was an average of
25 earthquakes of M 3.0 and larger in the center and the eastern U.S. between 1973–2008.
Since 2009, at least 58 earthquakes of this size have occurred each year, and at least 100
earthquakes of this size have occurred every year since 2013. The rate peaked in 2015, with
1010 M 3+ earthquakes. Oklahoma is the most affected region, including the M 5.8 and M 5.0
Cushing Oklahoma earthquakes that occurred in 2016. Many studies have indicated that the
increased earthquakes were induced by HF [14] and wastewater injection [50,51].

PW Reuse in Oklahoma

To reduce the number of induced earthquakes, PW management in Oklahoma has
become an imperative task. In December 2015, Oklahoma Governor Mary Fallin launched
a project to study and recommend alternatives to manage PW from O&G operations in
Oklahoma. The Oklahoma Water Resources Board led the project, and 17 expert members
formed the Produced Water Working Group (PWWG). In April 2017, the final report,
“Oklahoma Water for 2060 PW Reuse and Recycling,” was published. The report was
designed to evaluate the data, issues, and opportunities with PW in Oklahoma. It had two
objectives: (1) to reduce the use of freshwater in O&G production; and (2) to reduce PW
injection, potentially creating new water sources.

In the study, the PWWG investigated PW production in 66 counties and water quality
in 29 counties in Oklahoma, the top 40 major water users in the state based on water
permits, and the PW treatment costs for various volume levels and water quality levels for
eight selected companies in Oklahoma. The PWWG identified a total of 17 scenarios based
on the correlation between high PW volumes and entities requiring significant volumes of
non-potable water for irrigation, power, mining, O&G use, industrial use, aquifer storage
and recovery (ASR), and surface water discharge, as shown in Table S2. The PWWG
further evaluated the primary advantages and disadvantages of each PW reuse alternative,
and then developed ten representative cases of PW reuse or recycling in Oklahoma with
potential treatment and disposal costs ranging from $0.57/barrel ($3.59/m3) of water
to over $7/barrel ($44/m3) of water, as shown in Table S3. Potential uses of PW for
agriculture/irrigation, ASR, and mining were determined unfeasible in Oklahoma due to
the cost, seasonality, and regulation challenges. Thus, these scenarios were excluded from
the cost estimation [18].

In addition, the U.S. EPA’s report for PW management, “Final Report: Summary
of Input on Oil and Gas Extraction Wastewater Management Practices Under the Clean
Water Act”, was published in May 2020. The industry indicated that unless PW has TDS
concentrations of less than a few thousand mg/L, treatment using membranes (e.g., reverse
osmosis) or distillation would be necessary to generate water suitable for agricultural uses
or discharge to surface waters. The cost of such treatment is not currently competitive,
whereas other wastewater management options are available [17]. The key findings from
the Oklahoma 2017 report include:

PW reuse by the O&G industry is the most viable, cost-effective alternative due to
minimal water treatment needs and low treatment costs. Over time, expanding the water
distribution systems would reduce conveyance costs and further facilitate PW use for HF.
An increase in inter-organizational planning and sharing of resources to improve reuse
viability is required.
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The PWWG evaluated a particular case of using surplus PW from the Mississippi Lime
play area around Alfalfa County. The surplus could be gathered and conveyed to Blaine
County sites for O&G reuse. The analysis showed it has the potential to be financially
competitive with the underground injection, although the project could be technically and
commercially complex.

Water treatment and desalination techniques of PW should be further investigated
and developed. For example, low-cost evaporation techniques should be developed that
can potentially limit water conveyance and provide a viable alternative to disposal.

PW Regulations in Oklahoma

In December 2018, the Oklahoma Department of Environmental Quality (ODEQ) applied
for authorization from the U.S. EPA to take over NPDES primary enforcement authority
for certain wastewaters discharges, including PW. The application could give ODEQ the
authorization to issue permits that would allow oil producers to dispose of oil field PW in
above-ground waterways, and the application has been approved by the U.S. EPA.

In May 2020, Oklahoma Governor Kevin Stitt signed the “Oil and Gas Produced
Water and Waste Recycling and Reuse Act” into law (S.B.1875), and it became effective on
1 November 2020. The Act designates who owns and is responsible for PW and waste from
oil and natural gas drilling and production operations; it encourages PW recycling and
reuses in Oklahoma by alleviating much of the uncertainty regarding ownership of PW,
which will reduce freshwater demand and lower saltwater injection volumes.

Summary

Most of the PW was disposed of through deep well injection in Oklahoma because
of the availability of freshwater and Class II disposal wells. However, the increased
number of seismic events induced by HF and PW disposal raised concerns regarding
PW management. In 2017, the final report, “Oklahoma Water for 2060 PW Reuse and
Recycling”, was published. The report suggested that PW reuse in the O&G field is the most
viable, cost-effective alternative, and evaporation techniques need further investigation
and development. In 2020, the Oklahoma Governor signed the “Oil and Gas PW and
Waste Recycling and Reuse Act” into law (S.B.1875). The Act designates who owns and is
responsible for PW and waste from oil and natural gas drilling and production operations.
It encourages the efforts of PW recycling and reuses in Oklahoma by alleviating much of
the uncertainty regarding ownership of PW, which would reduce freshwater demand and
lower saltwater injection volumes in the future.

3.1.3. Texas
PW Production, Disposal, and Management in Texas

Texas is a leader in oil production in the U.S. and a significant contributor to increasing
gas supplies. It produced 1782 MMbbls of oil and 10 tcf of gas in 2020 [52]. The production
areas in Texas are shown in Figure 3, including the Permian Basin in West Texas; the
Anadarko Basin/Granite Wash and Palo Duro (or Bend) Basins in the Panhandle; the
Barnett Shale in the Fort Worth Basin; the Western Gulf Coast Basin in southwest Texas
(which includes the Eagle Ford Shale); and the historic East Texas Field, which contains the
Haynesville–Bossier Shale [53].

The average water-to-oil ratio in Texas is estimated to be 7:1 [52]. In 2017, 9895 MMb-
bls (1583 × 106 m3) of PW were generated in Texas, and PW was primarily managed
through injection for EOR (46.1%) or disposal through SWD (36.2%). The Railroad Com-
mission of Texas (RRC) and Texas Commission on Environmental Quality (TCEQ) were
delegated the authority to regulate the UIC wells in 1982. Monthly reporting of volumes
and pressures began in Texas on 1 January 1983. Over the decades, Texas has issued more
than 54,700 permitted O&G injection and disposal wells, with approximately 34,200 cur-
rently active as of July 2015. Of these 34,200 active injection and disposal wells, about 8100
are wells that are used for disposal; the remainder (about 26,100) are injection wells [54].
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Regulations on PW Discharge and Reuse in Texas

The data of current PW volumes for treatment, recycling, and reuse in Texas are variable
and difficult to verify. Based on the IHS Markit, approximately 4–5% of PW is “treated and
recycled” in the industry, and this number is expected to increase by nearly 16% over the next
4–5 years [55]. The 2019 Groundwater Protection Council report also provided PW reuse data
for key basins across the US, showing that PW reuse is over 10% in the Permian Basin, but
only 1% in the Eagle Ford Basin and negligible in the Haynesville Basin [33].

Statewide Rule 8 and Chapter 4, Subchapter B (Commercial Recycling), have been
written and amended to encourage recycling in the oil field. The Commercial Recycling
rules are divided into six separate divisions based on the type of O&G waste being treated,
and the location and duration of the treatment operations. The Commercial Recycling rules
focus on recycling drilling fluids and drilling muds for reuse in the well completion process,
and recycling drilling solids for reuse as road base [56]. PW is regulated by Division 5 and
6. Off-Lease Fluid Recycling is limited to any location for a maximum of two years. The
information must be submitted in the permit application, including but not limited to a
diagram of the facility processing information, storage, and liner information. Stationary
Fluid Recycling facilities are permitted for one location for up to five years. After five years,
renewal of the permit may be requested [57].

The Texas legislature passed HB 3246 in May 2019 to address the recycling of fluid
oil field waste (PW). The bill states that when fluid O&G waste is produced and used
by or transferred to a person who takes possession of that waste for treating the waste
for subsequent beneficial use, the waste is considered the property of the person who
takes possession of it for treating the waste for subsequent beneficial use until the person
transfers the waste or treated waste to another person for disposal or use. The legislation
focuses on waste regulation and ensures that PW can be readily recycled by O&G operators
and service companies unless otherwise expressly provided by a legally binding document.

Texas has over 100 facilities that provide waste treatment from O&G fields for storage,
reclamation, treatment, or disposal of fluids or solid wastes transported to the facility.
In 2018, only two facilities listed specifically handle “Fluids Recycling,” and they were
both located in the RRC District (Midland) [53]. Large, centralized systems can treat large
quantities of PW per day, thus providing an opportunity for PW treatment and reuse.

The treatment processes for PW depend on the application purpose. For subsequent
fracturing operations, the treatment processes only include necessary chemical and mechanical
treatment to eliminate oils and suspended solids, with the additional biocide or oxidizer to
remove dissolved substances and biologics that may damage wells. Further treatment is
necessary if the product water will be released into the environment. This additional treatment
level may include the removal of organics, dissolved solids, and heavy metals [53].

Due to the existing federal NPDES requirements for onshore O&G operations in Texas,
few discharges of PW are authorized. Any discharge would require both federal and state
agency permits. In 2018, TCEQ issued a permit for PW discharges of onshore O&G operation
(NPDES Permit No. TX0134061). These activities are subject to the Oil and Gas Extraction Point
Source Category (40 CFR Part 435). Agricultural and Wildlife Water Use Subcategory allows
the discharge of PW from facilities west of the 98th meridian for agricultural and wildlife
propagation. To ensure that this discharge is of sufficient quality for livestock and wildlife
water use, and, therefore, meets the requirements, some permits established a more stringent
oil and grease limit of 10 mg/L monthly average, with a daily maximum limit of 15 mg/L.
The limit is based on best professional judgment in accordance with 40 CFR 125.3(h) (1) and
is consistent with other PW permits issued by other EPA regions. The EPA has established
average monthly oil and grease limitations of 15 mg/L for these draft permits based on the
region’s long-standing use of the 15 mg/L standards to represent the concentration at which
a visible oil sheen is likely to occur [58]. The criterion for pH is between 6.5 and 9.0 for the
water segment under Texas Administrative Code Title 30, Chapter 307. The prohibition of
the discharge of floating solids or visible foam other than trace amounts is established in the
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permit. In addition, there shall be no discharge of visible films of oil, globules of oil, grease, or
solids in or on the water, or coatings on stream banks [59].

The 98th meridian bisects Texas into land roughly east or west of Dallas. Under
the current federal regulatory scheme, onshore discharges east of the 98th meridian are
typically not authorized. In the report by the Texas Alliance of Energy Producers and the
Independent Petroleum Association of America, it is suggested, “Some may consider this
division anachronistic and not reflective of the current technological advances in recycling
nor the need for site-specific permit conditions independent of broad national controls” [53].

In May of 2019, the Texas legislature passed HB 2771, which transferred duties and
authority to TCEQ upon NPDES delegation from the U.S. EPA, as opposed to the RRC,
for issuing permits for the discharge of PW, hydrostatic test water, and gas plant effluent
resulting from certain O&G activities. It also directs the TCEQ to submit a request to the U.S.
EPA to seek federal NPDES delegation to Texas of these types of discharges, eliminating
the duplication of federal and state oversight. On 15 January 2021, the U.S. EPA approved
the request.

PW Reuse in Texas

The reuse of PW outside of Texas’s O&G sector is still in the research phase. A cotton-
growing project was conducted in Pecos using recycled PW from nearby oil and natural
gas activity in the Delaware Basin [60]. This project’s coalition included the RRC, Texas
A&M AgriLife Research, and Anadarko Petroleum Corporation. This study evaluated
cotton growth and yield response to irrigating with treated PW blended with groundwa-
ter (1:4 ratio), and investigated the effect of treated PW on soil chemical properties. The
TDS concentration of groundwater was 3200 mg/L, and treated PW with 98 mg/L TDS
concentration. After blending, the irrigation water had a TDS concentration of 2470 mg/L
with sodium 766 mg/L, chloride 1450 mg/L, calcium 127 mg/L, magnesium 40 mg/L,
and bicarbonate 122 mg/L. Boron concentration in the treated PW was 4 mg/L and di-
luted to 0.8 mg/L after blending with groundwater. The sodium adsorption ratio of the
groundwater, treated PW, and blended water was 17.4, 4.9, and 15.2, respectively. The
results suggested that irrigating with treated PW blended with groundwater did not reduce
cotton yield or lint quality. In addition, compared to groundwater irrigation, the blended
PW reduced soil salinity parameters, such as conductivity, sodium, and chloride. Further
studies are still required for the agricultural reuse of PW.

To provide a new water source for beneficial use in Texas, House Bill 2545 [61] was
introduced to incentivize water desalination by providing a franchise tax credit to desalina-
tion operators who treat high-salinity water. The proposed franchise tax credits are $1 for
every 1000 gallons ($0.26/m3) of source water treated by the permit holder if TDS is more
than 3000 mg/L, and $5 and $17 per 1000 gallons ($1.32/m3–$4.49/m3) if at least 50% of
the source water is over 70,000, 90,000 mg/L TDS. The proposed franchise tax credit may
then be transferred to another eligible tax liability for credit only after the original tax credit
recipient has satisfied its qualified tax obligation(s). The tax credit recipient may carry
forward its credit for five consecutive reports (i.e., six years). However, this bill did not
pass in 2019.

In June 2021, the Texas Produced Water Consortium (TxPWC) was established by
Senate Bill 601 to study the economics and technologies related to beneficial uses of PW, and
provide guidance for establishing PW permitting, regulations, and rules to better enable
the use of PW in Texas.

Summary

The large volume of PW generated in Texas is injected for EOR or disposed of through
SWD. Statewide Rule 8 and Chapter 4, Subchapter B, Commercial Recycling, have been
written and amended to encourage recycling of PW in the O&G field. The legislation was
passed to amend the Natural Resources Code that specifies that a person will not be liable
for a recycled product that has been transferred to another person with the contractual
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understanding that the treated product will be used in connection with the drilling for, or
production of, oil or gas.

Due to the existing federal NPDES requirements for onshore O&G operations, few PW
discharges are authorized. In 2019, the Texas legislature passed HB 2771, which transferred
duties and authority to TCEQ upon NPDES delegation from the U.S. EPA, as opposed to the
RRC, for issuing permits for the discharge of PW resulting from certain O&G activities. In
2021, the EPA approved Texas’ request to administer the NPDES program for PW discharges,
hydrostatic test water, and gas plant effluent or O&G discharges within the state of Texas. In
the same year 2021, the TxPWC was established to study the economics, technologies, and
environmental and public health considerations related to the beneficial uses of PW, and to
provide guidance for establishing PW permitting and regulations in Texas.

3.2. PW Management in the West of the 98th Meridian

The western U.S. has been under severe and chronic drought, and the water used for
O&G well development aggravated the drought problem. The treatment and reuse of PW
inside and outside of the O&G field would significantly benefit arid and semiarid regions
in the west of the U.S. [12]. Based on the Oil and Gas Extraction Effluent Guidelines and
Standards (40 CFR Part 435 Subpart E), the discharge of treated PW to surface water for
agriculture or wildlife beneficial reuse is allowed in the west of the 98th meridian in the
U.S., including California, Colorado, New Mexico, and Wyoming.

These western states are either using or working actively to investigate the feasibility
of reusing PW outside of the O&G fields. Currently, PW reuse for agriculture is primarily
occurring in California and Wyoming. PW reuse in California is predominantly in the San
Joaquin Valley due to low salinity in PW; around 11% of PW was used outside of the O&G
field in California, 2017 [13]. Research has proved that treated PW can be safely used for
agriculture without harming crops [62]. PW generated from coalbed methane (CBM) in
Wyoming usually has low salinity, and 37% was discharged to surface water in 2017 [13].
A lesser percentage (5.5%) of PW was reused outside of the O&G field in Colorado, 2017.
The use of treated PW for agriculture is under active investigation in Colorado. However,
some research found adverse effects of treated PW for the soil and plants [63–65]. These
results suggested that more treatments and toxicity studies are required for PW before it
can be used for irrigation; some advanced treatment methods, such as membrane-based
techniques, are required. For New Mexico, approximately 10% of PW was reused inside
the O&G field, and currently, there is no PW reused outside of the O&G field [66]. New
Mexico regulatory agencies are working with academia, environmental groups, and the
industry to find suitable methods to reuse treated PW outside of the O&G field [67].

Further, more regulation agencies are involved in monitoring PW quality and quantity
in these western states compared to the eastern states because of the reuse potential of PW
outside of the O&G field.

3.2.1. California
PW Production, Disposal, and Management in California

California ranked seventh among the U.S. for oil production and produced 144 MMbbls
of oil and 0.17 tcf of gas in 2020 [34]. California has about 76,000 active O&G production wells;
more than half are in Kern County, one of the top oil-producing counties in the U.S. [68].

California Geologic Energy Management Division [69,70] has primary responsibility
for ensuring the safe and environmentally protective development and recovery of energy
resources. Following the passage of Senate Bill 1281 in 2014 [71], the California water
boards (the State Water Resources Control Board (SWRCB) and the nine Regional Water
Quality Control Boards (RWQCB), including the Central Valley Regional Water Quality
Control Board (CVRWQCB)) have been increasingly allocated the resources necessary to
provide active water quality oversight related to oil production activities in California,
thereby providing a clearer picture of PW management.
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On average, California’s O&G fields produce fifteen times as much water as oil [72].
In 2017, around 3100 MMbbls (496 × 106 m3) of PW were generated in California. PW
management in California can be classified as: (1) injection for EOR (59.3%); (2) under-
ground injection for disposal (22.4%); (3) reuse outside of the O&G industry (10.0%);
(4) reuse inside of the O&G industry (5.1%); (5) surface discharge and evaporation (1.1%) [13].
California has 1219 pits, of which, 587 are active; most of the pits (1062 total, 476 active) are
in the Central Valley, primarily in Kern County.

PW Reuse for Agricultural Irrigation in California

In California, the SWRCB and the nine RWQCB are responsible for protecting Califor-
nia’s waters. Among their many functions and duties, the SWRCB sets statewide policy,
and the Regional Boards adopt Water Quality Control Plans or Basin Plans. According to
the Waste Discharge Requirements General Order for oil field discharge to land, the PW
discharge cannot exceed the Basin Plan’s maximum salinity limits for electrical conductivity
(EC, 1000 µmhos/cm), chloride (200 mg/L), and boron (1 mg/L) [73]. The RWQCB, includ-
ing the CVRWQCB, have also been given the authority to gather additional information by
requiring reporting of all additives used or supplied to operators who operate wells that
supply treated PW for reuse within the region to further inform analysis of the practice
(California Water Code §13267.5). Public concerns about using PW in agriculture have also
prompted the CVRWQCB to establish a Food Safety Expert Panel consisting of academics,
regulators, and consulting scientists to review the practice, assess risk, and make recom-
mendations [74]. California regulators prohibited PW from fracking for irrigation; only PW
from conventional oil drilling can be applied for irrigation [75,76].

As described in the “Final Report: Task 1” prepared by GSI International for the CVR-
WQCB [62], “from December 2017 through September 2018, CVRWQCB staff issued Orders
under California Water Code sections 13267 and 13267.5 to oil companies and chemical
manufacturers and distributors. These Orders required, under penalty of perjury, each
recipient to submit the chemical make-up of additives used during petroleum exploration,
production, and treatment at facilities that use PW for irrigation of crops for human con-
sumption.” The receipt of this data aided the preparation of a report by the Food Safety
Expert Panel with the mission of preparing a report describing risks associated with the
use of treated PW for the irrigation of edible crops, with a focus on crops irrigated in the
Kern Sierran Foothills Subregion.

PW reuse in California is predominantly in the San Joaquin Valley due to low salinity
in PW. The discharges of PW in this area are regulated by the Waste Discharge Require-
ments that conditionally allow the water to be used for irrigation and require monitoring.
Examples of PW treatment in Kern County include mechanical separation, sedimentation,
air floatation, and filtration (walnut hull vessels). These processes can remove and reduce
petroleum hydrocarbons and other chemicals used during oil production activities before
delivery to a water district. Another example of PW reuse is in the Arroyo Grande Oil
Field [77]. The Arroyo Grande PW Reclamation Facility treats PW from a nearby oil field.
The product water from the facility goes to irrigation use, whereas the unused treated water
is discharged into nearby Pismo Creek, with volumes not to exceed 0.84 million gallons per
day, according to an NPDES permit.

Risk Assessment of PW Reuse in California

Given California’s severe and persistent drought, reclaimed PW is recognized as a viable
water source for beneficial use that can be expanded to supplement surface and groundwater
resources. Therefore, risk assessment tools should be applied to rapidly identify PW quality
suitable for blending with other freshwater sources to be used as irrigation water. A study
of PW in the Cawelo Water District near Bakersfield was conducted to evaluate whether
chemical components found in the district’s irrigation waterfall are within acceptable health
and safety levels for its intended agricultural use. There were over 70 chemicals tested,
including petroleum hydrocarbons, heavy metals, and radioisotopes. The results suggested
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that all the tested 70 chemicals were found at concentrations well within drinking water
standards, and do not threaten irrigated plants, food safety, or human health [78]. Risk
assessment used to develop the risk-based comparison (RBC) evaluated the potential for
human health effects from potential exposure to chemicals of interest (COIs) in crops because
of deposition from irrigation water into the soil and subsequent uptake from the soil into
plant tissues. According to the SWRCB, no studies to date have shown that irrigating food
crops with reclaimed PW poses any threat to public health [78].

A recent report in 2020 from the CVRWQCB Food Safety Expert Panel presents the
results of a human health risk assessment performed to establish RBC levels of COIs in
irrigation water containing reclaimed PW [79]. To establish RBC levels, a screening process
was conducted to identify COIs based on their potential toxicological significance, with
other COIs added at the request of the state regulatory agency that approves the use of
reclaimed PW for irrigation. The assessment derived the recommended RBC levels for
blended irrigation water using the most stringent target risk thresholds applied by the U.S.
EPA and the state regulatory agency: a theoretical upper-bound incremental cancer risk of
1 × 10−6, which is 100 times lower than the upper end of the acceptable risk range applied
by the U.S. EPA and other agencies. The recommended irrigation water RBC levels are
listed in Table S4 (Original Report Table 15 [79]). Concentrations above the recommended
RBC levels in irrigation water would warrant further assessment to determine whether
they fall within the U.S. EPA and other agencies’ acceptable risk range. Data available from
the California RWQCB dataset in fall 2015 show that measured concentrations of the COIs
in blended irrigation water are all below the recommended RBC levels, indicating that the
crops (almonds, pistachios, citrus, grapes, potatoes, and carrots) are suitable for human
consumption under the regulatory agency’s recommended target risk thresholds [79].

The injection of PW from O&G activities into groundwater aquifers is in the process of
being exempted in California. Independent scientific studies of HF and well stimulation in
California reported a potential risk on groundwater quality in the San Joaquin Valley and
the Los Angeles Basin [80–82]. It is suggested that the criteria from Underground Sources
of Drinking Water in the EPA’s UIC Program should be used as a baseline to protect fresh
and brackish groundwater in all states [80,83].

In 2016, Shonkoff et al. evaluated the list of 173 chemicals reported as used in oil fields
from which PW is deployed for irrigation, watering livestock, and recharging groundwater
in the San Joaquin Valley of California [84]. In 2020, GSI Environmental Inc. conducted
subsequent technical work under the oversight of the California CVRWQCB [85]. GSI
reviewed 399 known chemical additives and naturally occurring chemicals in PW, and
selected 143 COIs for further evaluation in the context of PW reuse in agriculture irrigation
and other potential sources of these chemicals in the agricultural water supply. The report
from GSI stated that there did not appear to be significant differences between blended
irrigation water and known levels in other sources of surface or groundwater and other
sources of these chemicals. The sampling and chemical analysis of all crops irrigated with
PW in the Central Valley showed 30 analytes detected. Although there did not appear to be
any evidence of a difference between treated and control samples that can be attributed to
PW, there is a need to conduct more research to monitor and evaluate the long-term impact
of using treated PW for agricultural uses regarding a full spectrum of organic, inorganic,
and other chemicals of concern in plants, soil, wildlife, and groundwater.

Summary

California’s O&G fields produce fifteen times as much water as oil. PW management
can be classified into underground injection, EOR, reuse inside and outside of O&G fields,
and surface discharge and evaporation. In California, only PW from conventional oil
drilling is permitted for irrigation, and PW from fracking is prohibited for agricultural uses.
A small portion of PW has been applied for local agricultural irrigation, primarily in the
Kern Sierran Foothills Subregion. The discharges of PW to these districts are regulated by
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the Waste Discharge Requirements that conditionally allow the water used for irrigation
and require monitoring.

The CVRWQCB applied risk assessment tools to identify O&G fields with PW quality
suitable for blending with irrigation water. A study suggested that the detected 70 chemicals
were found at concentrations well within drinking water standards and were evaluated as
not posing a threat to irrigated plants, food safety, or human health. Although some studies
indicated that detected chemicals in PW might have potential risks for human health, the
research result from GSI Environmental Inc. suggested that there did not appear to be any
evidence of a difference between treated and control samples attributed to PW. However,
more independent, third-party studies should be conducted to assure the safeness of the
reuse of treated PW for irrigation.

3.2.2. Colorado
PW Production and Disposal in Colorado

Colorado ranked 7th in natural gas production, with the sixth-largest natural gas
reserve and one-fourth of economically recoverable CBM reserves in the nation [34]. The
state also holds nearly 4% of the nation’s crude oil reserves, and 90% of the oil production
was in the Niobrara Denver-Julesburg Basin in 2018 (Figure 3) [86]. Colorado’s annual
crude oil and gas production was 165 MMbbls and 2 tcf in 2020, respectively [34]. In 2017,
Colorado generated 310 MMbbls (49.6 × 106 m3) of PW, and around 32.5% was injected for
EOR, 47.1% was disposed of by injection, 5.5% was discharged to surface water, 6.0% was
disposed through evaporation, and 8.9% was reused within the O&G industry [13].

PW Regulations in Colorado

Colorado has a unique water rights system in the west, with its own water court sys-
tem [87]. The management of the O&G industry involves multiple state agencies, including
the Colorado Oil and Gas Conservation Commission (COGCC), the Colorado Division of
Water Resources (CDWR), the Water Quality Control Commission (WQCC), and the Water
Quality Control Division (WQCD). After passing the amended SB 19-181 in April 2019,
local government control has been notably increased to regulate O&G development in
Colorado, enabling the power of land-use authority to enact and manage more restrictive
“necessary and reasonable” regulations than the state does within its jurisdiction.

According to the Colorado Oil and Gas Conservation Act, the COGCC is directed to
“Regulate the development and production of the natural resources of oil and gas in the state
of Colorado in a manner that protects public health, safety, and welfare, including protection
of the environment and wildlife resources.” Regulating O&G drilling, production, treatment,
and disposal of waste (except commercial disposal facilities) falls into the jurisdiction of
the COGCC. The COGCC has jurisdiction over permitting the Class II UIC wells (22 wells
approved in 2019), pits (three pits approved in 2019), and non-commercial centralized waste
management facilities accepting waste from the O&G field (two new approved and 54 active
facilities in 2019) [88]. Pursuant to the Commission Rule 205A of COGCC, mineral developers
must disclose chemical additives for HF to FracFocus, within 60 days after the conclusion of
HF treatment and no more than 120 days after commencement.

The WQCC is responsible for implementing water quality classifications and standards
for surface water and groundwater, and developing specific state water regulations and
quality policies. The WQCD enforces such regulations, regulates discharge permitting,
and provides oversight of commercial waste disposal facilities. Generally, the CDWR has
jurisdiction over water rights (i.e., appropriation and distribution) adjudicated by the water
courts and determination of their beneficial use. The construction of groundwater wells
requires a permit from the CDWR to prevent pollution to state waters. The extraction
of groundwater from CBM wells is considered beneficial and requires a permit from the
CDWR, regardless of a tributary or non-tributary status. Subsequent beneficial use of
extracted CBM water requires a well permit from the CDWR, justifying its appropriation of

NMOGA_003318



Water 2022, 14, 2162 19 of 33

a water right. The CDWR well-permitting of withdrawal and beneficial use of groundwater
for CBM wells and non-CBM wells is exhibited in Table S5.

PW Management in Colorado

Mitigation of groundwater contamination. Spills of PW onto surface land have often been
caused by equipment malfunction or human error [22]. The COGCC uses an electronic form-
filling system, including a Spill/Release Report (Form 19), to collect spill incidents in Col-
orado. Operators shall, immediately upon discovery, control and contain all spills/releases
of exploration and production waste, gas, or produced fluids. A spill of more than five bar-
rels (0.79 m3), regardless of whether it is within containment or outside of containment, and
more than one barrel (0.16 m3) spill out of secondary containment, shall be reported within
24 h after detection of the spill (CO CRS §34-60-130). Regarding spill/release prevention in
Colorado, a secondary containment shall be installed around all PW tanks containing PW
with TDS more than 3500 mg/L (CO CRS §34-60-603).

The evaluation of PW generation and PW spilled in Weld County demonstrated that
the total surface of PW spill has a linear correlation with the scale of drilling production [89].
To understand and monitor potential groundwater contamination from drilling, mainly
a result of surface spills and well casing failures [90,91], the COGCC sets concentration
levels for both shallow (unconfined) and deep (confined) aquifers, along with the WQCC
standards and classifications, to ensure compliance with groundwater standards (Table S6)
and adjacent soils standards (Table S7).
Underground Injection Control (UIC). The COGCC, delegated by the U.S. EPA, has the au-
thority to regulate Class II UIC wells by permitting and monitoring PW injection as “dedi-
cated injection wells” for disposal or EOR. Thirty and twenty-two UIC well permits were
issued in 2018 and 2019, respectively. The COGCC works closely with the WQCD to prevent
groundwater contamination from UIC wells and, in union with the U.S. Geological Survey
Earthquake Notification Service, to continuously monitor the potential local seismicity
related to the PW injection. In 2017 and 2018, approximately 50% of PW was injected into
Class II UIC wells either for disposal or EOR, and the percentage increased to 70% in 2019.
Dust Control. As industrial reuse of PW is generally viewed as a viable use in the Colorado
Water Law system, the use of PW (TDS < 3500 mg/L and excluding flowback fluids) in dust
and ice control, viewed as disposal, is allowed in the same geologic basin on operators’ lease
roads without a permit, as long as it is from a non-tributary basin (CO CRS § 37-90-137). It
is worth mentioning that the average TDS concentrations of CBM and the unconventional
Niobrara Denver-Julesburg basin PW usually have TDS greater than 3500 mg/L, which
is not suitable for land application or dust control. A relatively small amount of PW for
dust suppression was reported in 2017 and 2018 on the O&G lease roads. The adjacent
soil around the roads must meet the qualification requirements listed in Table S7 (CO CRS
§34-60-910). Samples from comparable, nearby non-impacted native soil must be collected
and analyzed for purposes of establishing background soil conditions, including pH and
EC. Where the EC of the impacted soil exceeds 4 mS/cm or 2× background (Table S7), the
sodium adsorption ratio (SAR) must also be determined.
Pits and surface water discharge. Most of the PW that is not injected through UIC wells is
disposed of in pits through evaporation/percolation, with pretreatment to prevent crude
oil and condensate from entering the properly permitted lined or unlined pit or surface
discharge. Unlined pits have been restricted to a certain date (Rule 904a) and in certain
conditions (Rule 902). Unlined pits shall not be constructed in areas where pathways for
communication with groundwater or surface water are likely to exist, except as allowed
under Rule 902. Permitting pits may be allowed on-site for various purposes, e.g., to contain
drill cuttings and PW, and for reuse and recycling of PW. The COGCC is responsible for
permitting (Form 15), monitoring and evaluation, and overseeing the closure of pits. New
pit applications have significantly decreased (only two and three new approvals for 2018
and 2019, respectively), in coincidence with decreased O&G activities in areas with a
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tradition of PW disposal using pits, and the adoption of “pitless” drilling and completion
activities in Colorado.

PW may also be discharged into state surface water bodies under a Colorado Dis-
charge Permit System (CDPS) under the jurisdiction of the WQCD, in accordance with
the national 40 CFR 435 and 437 standards. The CDPS general permit COG-840000 covers
only PW (from conventional and CBM production) discharge to surface waters from the
Centralized Exploration and Production Waste Management Facility, used exclusively by
one owner/operator or by more operators under an operating agreement, and the Commer-
cial Disposal Facility (offsite). The numerical limitations and monitoring are determined
on a site-specific basis. The effluent limits (numeric and narrative) are based on several
guidelines, including the 40 CFR 435 standards, the water quality standards of the receiving
water, site-specific review of the disposal facility information, the state’s basic standards and
methodologies for surface water, and the WQCD’s policies and guidelines. The applicable
numeric limits are either statewide or site-specific, including general parameters, organic
compounds, metals, radionuclide parameters, and other pollutants that are applicable,
whereas the narrative water quality limits are mainly for the protection of irrigated crops,
livestock watering (TDS < 3500 mg/L), and aquatic life (Whole Effluent Toxicity testing).
Reuse of PW outside of the O&G fields. PW has been widely reused inside the O&G fields in
Colorado, including for EOR and drilling. The CDWR has jurisdiction over appropriations
of water for various beneficial uses. The first beneficial reuse of PW outside of the O&G
field was reported in Wellington [92]. The treated PW was used to augment the shallow
aquifer to ensure adequate drinking water resources for a nearby city. Three major steps
were required to secure the water right of PW reuse: (1) obtain a beneficial use permit from
the CDWR (confirmed PW as non-tributary in this case); (2) pass preliminary effluent limit
determination for surface discharge in WQCD, and obtain a discharge permit from the
COGCC; and (3) obtain a vested water right from the water court.

Though using PW for irrigation purposes has not been adopted in Colorado, studies
assessing such feasibility have been investigated [93]. A study investigated the utility and
feasibility of treated PW from the Niobrara Denver-Julesburg basin as irrigation water for
salt-tolerant crops, e.g., switchgrass and rapeseed. The results showed that treated PW with
TDS < 3500 mg/L and relatively low organic content are necessary to maintain biomass
yield and plant health [94].

Summary

The COGCC, WQCC, WQCD, and CDWR shared jurisdiction with local governments
for the management of PW in Colorado. Groundwater contamination associated with
PW is a primary environmental concern in Colorado, with its monitoring and mitigation
administrated by the COGCC. The disposal of PW occurs primarily through Class II UIC
well injection, pits, and surface discharge, plus a small fraction for dust suppression applied
on the O&G lease roads. Colorado recognizes the reuse of PW as a viable beneficial use,
e.g., aquifer recharge. Currently, the application of PW for agricultural irrigation is under
active investigation.

3.2.3. Wyoming
CBM PW Production in Wyoming

Wyoming is in a semiarid climate and occasionally experiences water shortage in some
areas affected by the current drought cycle. Wyoming’s annual crude oil and gas production
was 89 MMbbls and 1.4 tcf in 2020, respectively [34]. CBM wells are treated separately
from conventional natural gas production. According to the Wyoming State Geological
Survey, the total recoverable CBM resources are estimated at 31.7 tcf, equal to one-third
of the total recoverable CBM resources in the U.S. [95]. PW from coal seams has been a
vital groundwater resource suitable for beneficial reuse. The relatively low TDS content
of the CBM PW in Wyoming often enables subsequent discharge into surface streams or
beneficial reuse, such as agricultural irrigation, aquifer recharge, and land application.
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In 2017, 1700 MMbbls (272 × 106 m3) of PW were generated in Wyoming, and 46% was
injected for EOR, 14% was injected for disposal, 37% was discharged to surface water, and
the rest was managed by evaporation or offsite commercial disposal [13].

CBM PW Regulations in Wyoming

The O&G industry is under the oversight of the Wyoming Oil and Gas Conservation
Commission (WOGCC). The WOGCC holds the authority to regulate drilling and plugging
wells to protect O&G formation from water intrusion, prevent contamination of freshwater
resources, and regulate PW containment, storage, treatment, and disposal inside O&G
fields. In Wyoming statutes, PW includes formation water from the O&G reservoir, injected
water, and any chemical additives added during the production and treatment process.

The Wyoming State Engineer’s Office (WSEO) supervises the allocation of water
resources (quantity). The CBM PW has been designated as a beneficial use of groundwater
in Wyoming for decades, and follows the same application process for groundwater within
the jurisdiction of WSEO to appropriate the groundwater, in conjunction with a permit from
the WOGCC for CBM production. The WSEO must approve the application for a Permit to
Appropriate Ground Water (Form U.W.5) before drilling any CBM well. It details specific
management scenarios of CBM PW when it is further used as a direct source for another
beneficial use, such as water production for CBM only (no additional permit required);
for stock watering; for discharge into surface reservoir directly; for O&G well drilling
and stimulation/enhancement, dust control, and compaction; for industrial processes; for
irrigation; and for aquifer and recovery wells. If not proposed for further beneficial use
by any developer, CBM PW is considered as surface supply (i.e., discharge to surface or
to new/existing reservoir), and is governed by laws about surface water, which requires
additional permitting requirements from the WSEO Surface Water Division. Once CBM PW
becomes the water of the state (passed an NPDES discharge point), no permit is required
for land applications.

The Wyoming Department of Environmental Quality (WDEQ) also participates in
the discharge and use of all PW (quality). A discharge permit from WDEQ is required for
the O&G production facility to meet specific standards and requirements. Moreover, the
discharge of treated PW must comply with the U.S. EPA effluent guidelines and NPDES
standards. After the discharge point, treated PW is considered the property of the state. In
the western states, the split of property regimes is common, where land ownership (surface)
and estate minerals (underlying) belong to separate entities [96,97], which expands the
number of stakeholders involved during O&G development [98]. A legal contract including
a description of surface use and damage agreements is required in Wyoming between the
surface owner and mineral developer, which highlights the prominent role of landowners
during O&G activities [98].

Only Colorado and Wyoming in the Rocky Mountain states require water rights for
CBM production. The water rights system in Wyoming focuses on permitting to protect
prior appropriation (ensuring senior water rights are not interfered with by CBM PW
production). It allows simple disposal for O&G producers once the water reaches the
surface [99], whereas further beneficial use of CBM PW or reservation/storage for future
use is viewed as a disposal option for producers, and has been a challenge. In doing so,
most of the PW extracted has been wasted/disposed of after CBM production, which, if
appropriately reused, could preserve household and livestock well capacities for future
beneficial use [100].

CBM PW Management and Reuse in Wyoming

The quality of CBM PW in the PRB declines from the south and east basin edges, with
water quality close to drinking water level and EC and SAR suitable for irrigation. The west
and north regions have relatively low water quality, including one or more water quality
parameters exceeding reuse standards (e.g., TDS for drinking, EC for irrigation of sensitive
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plants, and SAR for irrigation) [95,101]. In practice, surface discharge and irrigation are
executed in eastern PRB.
Surface water discharge. The discharge of CBM PW into surface streams is allowed in Wyoming
as long as it bears “good enough quality” for watering livestock or wildlife. Effluent limits
are required for CBM PW surface discharge to protect livestock and wildlife consumption,
including chloride 2000 mg/L, sulfate 3000 mg/L, specific conductance 7500 µS/cm, oil and
grease 10 mg/L, pH 6.5–9.0, and total recoverable radium 226 of 60 pCi/L.

The WDEQ can grant a temporary surface discharge of CBM PW under two conditions:
less than a six-month discharge (additional one-time six-months extension/renewal) into a
reservoir for livestock watering, as emergency water to livestock; or a 15-day discharge
permit for CBM PW characterization, which must occur greater than 0.5 miles from a
perennial water body with a discharge rate less than 0.5 cubic feet per second. The effluent
limits include 1000 µg/L dissolved iron, pH 6.5–9, chloride 2000 mg/L, total recoverable
arsenic 150 µg/L, and specific conductivity 7500 µS/cm.
Groundwater injection. The CBM PW can be injected into shallow aquifers bearing
TDS < 10,000 mg/L or <5000 mg/L through UIC Class V wells by mineral developers
administered by the WDEQ. Rules and regulations in chapter sixteen of the Wyoming
Water Quality Division must be met to obtain the injection permit to construct and operate
a CBM PW injection well. The injection is not common in the PRB due to the complex
management of multiple producing zones and numerous mineral developers [102], except
in the city of Gillette, which uses CBM PW for partial replenishment of the city’s potable
water resource [103].
Dust control and road application. Although no permit was required under the NPDES pro-
gram for the application of CBM PW for dust control, approval from the WOGCC must be
obtained. CBM PW spreading on roads for dust control is usually mixed with magnesium
chloride. In addition, dust control activities on public lands must comply with applicable
Bureau of Land Management requirements and local government requirements.

WDEQ also stated that “When no other alternative is reasonably available for disposal of
limited quantities of wastewater or exploration and production exempt oily wastes, a Road
Application of Waste or Wastewater permit may be requested.” The water quality analysis of
PW and PW-contaminated soils includes radium 226, benzene, TDS, arsenic, total metals, and
other constituents determined to be appropriate by the WOGCC (Table S8).
Irrigation. Due to the continuous drought in the PRB, irrigation using CBM PW is encouraged.
Most of the CBM PW directly used for agricultural irrigation does not satisfy sustainability
criteria for irrigation water, and, therefore, a managed irrigation system is required [104].
Table S9 summarizes the scenarios of CBM PW used for irrigation in Wyoming.

The WDEQ has set up a permitting guideline in the PRB for the discharge of CBM PW
to irrigated lands under different scenarios. SAR and salinity are the primary concerns,
particularly for the ephemeral channel (SAR limit 3–10) (Table S9). Scenario 3 in Table S9
provides guidelines for ephemeral streams that previously conveyed flood irrigation water
that leached salts out of the soil. Turning an ephemeral stream into a perennial stream by
CBM PW discharge may adversely affect the soil and plants (i.e., salt mobilization from
poor quality soil, bank erosion, disruption to the existing ecosystem) [99]. A significant
increase in EC, SAR, and exchangeable sodium percent was reported in fine-textured soil
after 1~4 years of irrigation of CBM PW [105]. Therefore, the EC threshold is calculated by
dividing the median value tested or the published soil EC threshold value by 1.5 (Table S9).

CBM PW treatment and soil amendment are general approaches for the managed irri-
gation system, e.g., lowering Na+ content, SAR, and alkalinity in CBM water; application of
gypsum (exchange Na+) and sulfur (alkalinity reduction) to soil [106]. Gypsum can increase
Ca2+ content in the soil system, competing for exchange sites on a clay surface, with Na+ to be
leached out by flooding and irrigation events [107]. The application of elemental sulfur can
decrease the soil pH and promote the dissolution of calcite to release Ca2+.
Land application. A land application permit is required for each site, along with the
landowner’s approval in Wyoming. The land application of CBM PW was reported to
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increase forage production and enhance recharging shallow groundwater aquifers [102].
However, multi-year direct land application of CBM PW can alter soil characteristics with
a continuous increase of soil EC and SAR, and decrease native plant species [108,109]. The
biological effects of CBM PW land applications were complex and site-specific, indicating
site-specific management approaches for land applications.

The previous land application permits focused on general water chemistry and inor-
ganic constitutes. The new permit (WDEQ Permit No. 19-283, issued to Encore Green, LLC,
2020), although specified for treated PW in Laramie County outside of PRB, signified a
much more stringent trend, including a numeric limit on a total of 159 water constituents the
treated PW shall not exceed before land applications: general, inorganic, and radionuclides
(43); volatile organic compounds, semi-volatile organic compounds, and polyaromatic
hydrocarbons (91); and pesticides (25). The new permit for land application in Wyoming
added a substantial number of organic contaminants. The details of the constituents and
permitted range/limit are summarized in Table S10.
Impoundment. The practice of impoundment is for the disposal of CBM PW through infil-
tration and evaporation, not genuinely constituting beneficial use [99], except occasionally
for livestock watering. Impoundment must be approved by WOGCC and WDEQ; the CBM
PW quality is regulated by the WDEQ’s Wyoming Pollutant Discharge Elimination System.
The potential pollution of groundwater has been identified due to unlined infiltration
impoundment of CBM PW in Wyoming, primarily due to the infiltrating water acting as a
solvent to leach constituents (e.g., sulfate salts, selenium) in the subsurface and transporting
them into groundwater [95,110].

Summary

In the PRB, several management options have been executed, including impoundment,
surface discharge, aquifer injection, road spreading, irrigation, and land application. The
discharge of CBM PW into surface streams is allowed in Wyoming. The CBM PW can
be injected into shallow aquifers through Class V wells, and no permit is required for
road spreading. The direct use of CBM PW for irrigation may result in soil salinity and
sodicity. The feasibility of using CBM PW for managed irrigation has been demonstrated
with appropriate soil physical/chemical amendments. The direct land application of CBM
PW does not meet irrigation water sustainability criteria and requires water, soil, and plant
management. The new land application permit in Wyoming contains much more stringent
requirements with a substantial number of water constituents.

The management of PW is three-fold in Wyoming, with WOGCC regulating activities
inside the O&G field, the WSEO supervising appropriation and distribution (quantity), and
the WDEQ managing the discharge and use of PW (quality).

3.2.4. New Mexico
PW Production, Disposal, and Management in New Mexico

New Mexico (NM) has more than 7% and 5% of the nation’s proved crude oil reserves
and natural gas reserves, respectively. It is the second-largest onshore oil-producing state
and accounted for more than 9% of the nation’s crude oil production [111]. In 2020, the total
oil production of NM reached 380 MMbbls, which has increased more than five-fold since
2009 (61 MMbbls). In 2020, NM was the eighth-largest gas-producing state and produced
more than 2.0 trillion cubic feet or about 5% of the U.S. gross withdrawals of natural
gas [111]. The Permian Basin, located in the eastern NM and western Texas (Figure 3), is
one of the most prolific petroleum-producing areas in the U.S. and the world [112].

Advanced drilling and oil recovery technologies have increased oil production in the
Permian Basin. However, the large amount of water used for HF, along with the large
volumes of PW generated during well production, has brought concerns in NM, a semiarid
state that suffers from chronic droughts and water shortage [113]. It is estimated that up
to 10 million gallons (38,000 m3) of water may be needed to frack one well, depending on
several factors, such as its location, well type, and the operator [114,115]. In NM, freshwater
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comes from either surface water or groundwater, e.g., the Pecos River and Ogallala Aquifer
in the Permian Basin. In order to reduce stress on NM’s water resources due to O&G
production, effective on 13 October 2020, OCD Rule 19.15.16.19(B) requires that producers
shall disclose water use (quantity for PW, freshwater, brackish water, and saline water) to
the OCD within 45 days after completion, recompletion, or other HF of a well. According
to the OCD Water Use Report Summary, as of 30 December 2021, the average freshwater
use for HF was reduced from 20% in 2020 to 10% in 2021.

In the Permian Basin, three to four times of PW may be generated for every barrel of
oil produced. In 2019, about 1203 MMbbls (191 × 106 m3) and 37 MMbbls (5.9 × 106 m3) of
PW were generated in the NM Permian Basin and San Juan Basin, respectively [115,116].
However, in 2019, only about 10% of all PW generated in NM was being reused or recycled
in O&G operations; eventually, all PW was treated as wastewater and was discharged
through permitted UIC wells for EOR or disposal by SWD wells [117]. No PW has been
permitted for use outside of O&G production activities in NM. With continued O&G
development, underground disposal practices are not sustainable and have been linked to
other environmental challenges (e.g., seismicity activities) [14]. Because freshwater supplies
are dwindling, the reuse of the billions of gallons of treated PW may significantly benefit
arid regions such as NM. One key factor that affects treated PW reuse is its quality, such as
TDS, pH, organic contaminants, metals, naturally occurring radioactive material (NORM),
chemicals added during HF, and toxicity [4]. The average TDS concentration varies based
on the location and place, but is typically about 100,000–120,000 mg/L.

Produced Water Regulation in New Mexico

Under the Oil and Gas Act (Chapter 70 NMSA 1978), the Oil Conservation Division
(OCD) within the Energy, Minerals and Natural Resources Department (EMNRD) regulates
the handling and disposal of PW within the O&G industry in NM. This includes UIC wells for
PW disposal, reuse through enhanced recovery operations, and recycling and reuse in O&G
drilling operations. The OCD encourages the recycling and reuse of PW within the O&G
industry by specifically exempting from permitting the disposition of PW for use in “drilling,
completion, producing, secondary recovery, pressure maintenance or plugging of wells.”

New Mexico House Bill 546 (HB 546), which includes the Produced Water Act, went
into effect on 1 July 2019. PW is defined in the Produced Water Act as “fluid that is an
incidental byproduct from drilling for or the production of oil and gas.” The Produced Water
Act addresses the reuse and recycling of PW and establishes that no water right is created
from PW. “Recycled produced water” is defined as “produced water that is reconditioned by a
recycling facility permitted by the oil conservation division of the energy, minerals and natural
resources department.” PW recycling within the O&G industry reduces the use of freshwater
for O&G applications. A key provision of HB 546 is that it removes obstacles related to the
recycling of PW in NW, and encourages recycling by the industry while minimizing freshwater
usage. Therefore, NM expects the volumes of PW recycled for oil production will increase
in the coming years. The Produced Water Act also specifically directs the Water Quality
Control Commission (WQCC) to “adopt regulations to be administered by the department
of environment for the discharge, handling, transport, storage, recycling or treatment for the
disposition of treated PW, including disposition in road construction maintenance, roadway
ice or dust control or other construction, or in the application of treated PW to land, for
activities unrelated to the exploration, drilling, production, treatment or refinement of oil or
gas.” The Act provides that the WQCC “may adopt regulations to be administered by the
department of environment for surface water discharges.”

Surface water discharges are currently regulated through EPA Region 6, and state-
certified by the New Mexico Environment Department (NMED)’s Surface Water Quality
Bureau because NM does not yet have primacy over the NPDES program. NMED’s Ground
Water Quality Bureau issues and manages discharge permits that have the potential to
impact groundwater. The Office of the State Engineer (OSE) has no authority over PW, and
no water right shall be established by the disposition of PW, recycled PW, or treated PW.
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All PW that is produced from an O&G well is the responsibility of and under the control of
the working interest owners and operators. However, a transferee shall have control of and
responsibility for the PW when it is transferred, sold, or conveyed. Thus, the control of and
responsibility of PW transfers with PW.

Implementation of Produced Water Act in New Mexico

To collect input from the public on the Produced Water Act, in the fall of 2019, NMED
initiated and conducted public engagement activities across NM in coordination with
EMNRD and OSE. The collected input is used to inform future regulatory and research
efforts related to NMED’s authority to regulate the treatment and use of PW outside of the
O&G industry. In total, NMED generated a public input catalog containing 2296 statements.
The public concern or opinion is roughly split between regulation needs (59%) and research
needs (41%). Most input (56%) generally expressed concern regarding the unknowns
surrounding PW use outside of O&G. The remaining (44%) either expressed direct support
(6%) or opposition (38%) to one or more PW topics [66].

The level of treatment necessary to protect human health and the environment depends
upon the intended end use of the treated PW. Emerging technologies to effectively treat PW
are potentially making the PW reuse inside and outside of the O&G industry possible with
targeted research and regulation. “Fit for purpose” research to support future regulations
will address the range of factors that vary based on the end-use. In 2019, NMED and New
Mexico State University (NMSU) launched the New Mexico Produced Water Research
Consortium (NMPWRC) to assist the state in filling scientific and technical knowledge
gaps necessary to establish regulations and policies for the treatment and reuse of treated
PW. The NMPWRC leads an extensive research program to explore desalination and other
technologies needed to adequately treat PW for potential fit-for-purpose reuse; characterize
physical, chemical, and biological properties of PW and treated PW; assess the technical,
societal, environmental, and economic effects of the use of treated PW, including risks and
toxicity to public health and the environment; and develop public outreach and education
programs to improve the public understanding of the potential impacts of using treated
PW on public and environmental health and safety.

Summary

Currently, most of the PW was disposed of through deep well injection in NM, and
no PW has been permitted for use outside of O&G production activities. However, to
encourage the O&G industry to reuse and recycle the PW instead of relying on limited
freshwater resources, the Produced Water Act was passed in 2019. The Produced Water Act
clarified ambiguity regarding jurisdiction over PW reuse, and assigned it clearly to OCD
when inside the O&G industry. The Act also clarified that the use of treated PW outside
of the O&G industry is subject to the state Water Quality Act and must comply with the
WQCC regulations administered by the NMED. The responsibility and liability for PW go
with the water when it is transferred, and PW does not come with, nor does it affect, water
rights. The NMPWRC was established to promote scientific research to fill scientific and
technical knowledge gaps, necessary to develop regulations and policies for the treatment
and reuse of PW.

4. Conclusions and Perspectives

This study analyzes the current regulatory framework for PW production, management,
and reuse in the major oil and gas production areas in the U.S., including Appalachian Basin,
California, Colorado, New Mexico, Oklahoma, Texas, and Wyoming. Most of the PW is
injected either for EOR or by disposal wells. States in the east of the 98th meridian reuse more
PW inside of the O&G fields due to the current U.S. EPA regulations. States in the west of
the 98th meridian have been planning to reuse treated PW outside of the O&G fields because
of the droughts and the exemptions from U.S. EPA regulations. Different states may need to
develop their own regulations pertinent to their unique geographic locations, state-specific
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practices and laws, and the differences between the PW quality and quantity. This review
summarizes the PW regulations, examples of PW reuse practices, water quality standards,
and risk assessment studies in different states, which can be used as guidelines and support
regulatory development for other states or countries with proper modifications.

Recently, more regulations on PW management and reuse have been established by
state regulators. Pennsylvania renewed the General Permit WMGR123 in 2021 to guide the
reuse of PW inside the O&G field. The Oklahoma Governor signed the “Oil and Gas PW and
Waste Recycling and Reuse Act” into law (S.B.1875) in 2020. The Act encourages the efforts
of PW recycling and reuses in Oklahoma by alleviating much of the uncertainty regarding
ownership of PW, which would reduce freshwater demand and lower saltwater injection
volumes. In 2021, the U.S. EPA approved Texas’ request to administer the NPDES program
for PW discharges within the state of Texas, and the Texas legislature passed HB 2771, which
transferred duties and authority to TCEQ upon NPDES delegation from the U.S. EPA for
issuing permits for the discharge of PW in 2019. NM passed HB 546 in 2019 to encourage the
treatment, reuse, and recycling of treated PW within and outside of O&G fields.

Reuse of treated PW for agriculture mainly happens in California and Wyoming
because of the “good” quality of the PW. Research from California suggested that the treated
PW with high quality or after blending can be used for irrigation. Colorado recognizes
the reuse of treated PW as a viable beneficial use, e.g., aquifer recharge. Currently, most
of the PW was disposed of through deep well injection in NM, and no PW has been
permitted for use outside of O&G production activities due to a lack of understanding
of the risks associated with the reuse of treated PW. The NMPWRC was established
to promote scientific research to inform future regulations and policies. A report from
Wyoming demonstrated the feasibility of using CBM PW for managed irrigation with
appropriate soil physical/chemical amendments. The feasibility of reusing treated PW for
irrigation in Colorado, New Mexico, and Texas is under intensive investigation.

The treatment effectiveness for removing the chemical constituents in PW needs to be
demonstrated to protect the environment and public health during beneficial use. Because
of varying levels of oil residues, salts, suspended solids, petroleum hydrocarbons, metals,
NORM, and other chemicals and potential toxins, PW must be treated to meet the water
quality requirements for fit-for-purpose uses. There are many PW pre-treatment and
treatment processes available that include modular and scalable components [118,119].
However, current treatment technologies are often not cost-competitive as compared to
the options of SWD well disposal or water reuse for HF. Advancements in water treatment
technology can create new and more cost-effective, energy-efficient opportunities to treat
and reuse PW, such as using innovative, high-performance materials and technologies;
selective removal and separation of constituents of concern; and the use of renewable energy
and waste heat to reduce energy consumption and greenhouse gas emissions [120–123]. In
addition, technologies are needed to achieve zero-waste-disposal and support the extraction
or recovery of specific minerals in PW or treatment residuals as commodities [124,125].

A significant concern of reusing treated PW is the chemical additives put down
wells during fracturing. Many chemical products are protected by patents that result
in restrictions on the manufacturer providing useful information regarding the chemical
formulation of the product. As manufacturers are unwilling to reveal key details about
the chemical additives due to trade secrets, it makes it difficult to identify these chemicals
and assess their associated risks during reuse. For risks and toxicology assessment, it is
imperative that the chemical additives be disclosed, as well as the volume and frequency
of their use. The CVRWQCB worked around this restriction by making it clear that
O&G operations must disclose the chemical formulation if they were to receive a permit
for discharging PW thereby providing the incentive to manufacturers for disclosing of
product formulations. However, this was only accomplished with the CVRWQCB agreeing
that they would review the formulations but that they also would maintain confidential
any information regarding the formulation. This is an important issue that needs to
be addressed by a standardized practice that will provide the required information to
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regulators and for risk assessment but also will protect the economic interests of the party
holding the product formulation patent, most likely the manufacturer.

It is also critical to investigate the chemicals’ breakdown products during fracking.
Chemicals are injected under high temperature and pressure into oil and gas reservoirs,
where they interact with other compounds in the formation and may be transformed into
other types of chemical constituents. Up to date, there are limited studies and no established
tools to monitor these unknown transformation compounds and understand the toxicity
effects of the chemical interactions during reuse applications. Currently, researchers and
the industry are identifying greener chemical additives in HF and minimizing the use
of chemicals with less-desirable environmental, safety, and health concerns. However,
the proposed alternative chemicals also need to be evaluated regarding their potential
impacts on public health and environmental risks, the efficacy and compatibility with other
naturally occurring formation chemistries, operating conditions, as well as commercial
availability and costs [126].

The U.S. EPA has developed the National Water Reuse Action Plan (WRAP) to support
water security, sustainability, and resilience. Actions in the plan are intended to drive
progress on reuse and address local and national barriers across a range of topics, including
technical, institutional, and financial. To address the challenges of reusing treated PW
outside of oil and gas fields, the U.S. EPA, in collaboration with partners in academia, state
agencies, and the industry, leads a national program to study the safety of PW and develop
cutting-edge analytical methods for evaluating the complex mixtures of contaminants, and
for predicting the potential toxicological effects of PW and treated PW intended for reuse.
The study includes targeted and nontargeted chemical analysis to identify the constituents
and correlate molecular targets to identified chemical constituents using gene expression
biomarkers and comparison with known targets examined in human cell lines. The study
aims to fill the knowledge gaps in detecting and assessing risks to human and ecological
health caused by chemicals in PW, and help identify fit-for-purpose reuse options outside
of the oilfield. The program will provide valuable information and data to inform future
permitting requirements by understanding the chemicals present and potential risks during
reuse applications.

The reuse of PW inside and outside of the O&G fields would benefit society and the
environment. However, the risks associated with reusing treated PW still require intensive
research. Given PW is a new, non-traditional water source, and the water chemistry is
complex with naturally occurring constituents and chemical additions during the well
stimulation process, water quality standards for different reuse applications should consider
the known and unknown chemicals and toxicological characteristics of PW and treated
PW. Intensive research is needed to provide scientific and technical knowledge to establish
science-based regulations and develop well-informed permitting programs for the safe
reuse of treated PW outside of the O&G fields.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/w14142162/s1, Table S1: General Permit WMGR123 Appendix A
(39 constituents) from Pennsylvania; Table S2: Alternative screening matrix for the produced water
reuse in Oklahoma, prepared by the Produced Water Working Group; Table S3: Cost estimates for ten
produced water use scenarios in Oklahoma, prepared by the Produced Water Working Group; Table
S4: Recommended Irrigation Water Risk-Based Comparison (RBC) Levels (mg/L) in California; Table
S5: Oil and Gas wells permitting in Colorado Division of Water Resources; Table S6. Groundwater
standards in Colorado; Table S7: Soil quality criteria for road spreading of produced water in
Colorado; Table S8: Regulatory guidelines for road application of waste and wastewater in Wyoming;
Table S9: CBM permitting guideline for discharges to irrigated drainages of the Powder River Basin,
Wyoming; Table S10. Wyoming Department of Environmental Quality parameter list for produced
water for beneficial use for land application.
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a b s t r a c t 

The data in this report are associated with “Characterization

of Produced Water and Surrounding Surface Water in the

Permian Basin, the United States” (Jiang et al. 2022) and in- 

clude raw data on produced water (PW) quality and Pecos

River water quality in the Permian Basin, which is one of

the major oil and gas producing areas in the U.S. The data

include 46 samples for PW and 10 samples for Pecos River

water. The data include wet chemistry, mineral salts, metals,

oil and grease, volatile and semi-volatile organic compounds,

radionuclides, ammonia, hydraulic fracturing additives, and

per- and polyfluoroalkyl substances. The PW samples were

collected from five different locations in the Permian Basin.

Twenty-four of the PW samples and the ten Pecos River sam- 

ples were analyzed by the authors. The information for the

rest of PW samples (22 samples) was provided by industrial

collaborators in the Permian Basin. Statistical analyses were

performed on the combined data to obtain Mean, Max, Min,
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25th percentile, 50th percentile, and 75th percentile of each 

analyte. 

© 2022 The Author(s). Published by Elsevier Inc. 

This is an open access article under the CC BY license 

( http://creativecommons.org/licenses/by/4.0/ ) 
Specifications Table 

Subject Water Science and Technology 

Specific subject area Produced water (PW) quality and surrounding river water quality related to 

unconventional oil and gas production 

Type of data Table 

How the data were acquired To identify the chemicals of interest (COIs), the authors reviewed current PW 

management practices with regulations and reuse scenarios in the major 

production areas in the U.S. up to 2021. The investigated production areas 

include the Appalachian Basin (Marcellus and Utica shale areas of 

Pennsylvania, Ohio, and West Virginia), Oklahoma, Texas, California, Colorado, 

Wyoming, and New Mexico. The investigated beneficial reuse options include 

on-site reuse in the O&G field, irrigation, wildlife and livestock drinking water, 

discharge to surface water, groundwater recharge, road spreading, and land 

applications. 

Information of treated PW reuse in the O&G field was collected from the 

Pennsylvania case study [2] . Information of PW reuse for irrigation was derived 

from studies conducted in California [3–5] , Colorado [6–8] , and Texas [9] . 

Information of PW discharge to surface water and reuse for wildlife and 

livestock drinking water was from Texas [9] , Colorado [10] , and Wyoming [11] . 

Information of PW reuse for road spreading and land application was from 

Colorado [12] and Wyoming [13] . To ensure the thoroughness of the COIs list, 

it is compared to the United States Environmental Protection Agency (USEPA) 

drinking water standards, New Mexico groundwater standards [14] , and New 

Mexico surface water standards [15] . The list of COIs was further reviewed by 

the New Mexico Produced Water Research Consortium. 

Gravimetric methods were used to measure total dissolved solids (TDS) and 

total suspended solids (TSS) concentrations. A Total Organic Carbon Analyzer 

(TOC-Vcsh, Shimadzu, Japan) was used to measure the concentrations of total 

organic carbon (TOC) and dissolved organic carbon (DOC). A benchtop 

multi-parameter meter (pH/con 300 Meter, Oakton Instruments, IL, USA) was 

used to measure pH. Hach COD test kits and alkalinity test kits (Hach, CO, 

USA) were used to measure chemical oxygen demand (COD) and alkalinity, 

respectively. A spectrophotometer (Hach DR60 0 0, Hach, CO, USA) was used to 

measure ammonia. Ion chromatography (IC; Dionex ICS-2100, Thermo Fisher 

Scientific, CA, USA) was used to measure major ions. Inductively coupled 

plasma optical emission spectroscopy (ICP-OES; Optima 4300 DV, PerkinElmer, 

MA, USA) and inductively coupled plasma mass spectroscopy (ICP-MS; Elan 

DRC-e, PerkinElmer, MA, USA) were used to measure metals and trace 

elements. An alpha spectroscopy system (Mirion Technologies, Inc.) was used 

for the total alpha spectra acquisition and analysis. The system was equipped 

with 72 Passivated Implanted Planar Silicon detector which is connected to an 

Apex-Alpha software system [16] . A gamma spectroscopy with a broad Energy 

Germanium detector (BeGe, Mirion Technologies, Inc.) was used to measure 

radium activities [16] . 

A spectrofluorometer (Aqualog-UV-800-C, Horiba Instruments, NJ, USA) was 

used to semi-quantitatively identify the organic compositions of PW with 

fluorescence Emission and Excitation Matrix (FEEM). A gas chromatography 

(GC, Agilent 6890) coupled with a quadrupole mass spectrometry (MS, Agilent 

5973) was used to measure volatile organic compounds (VOCs) and semi-VOCs. 

A GC (Agilent 5890) coupled with a flame ionization detector was used to 

measure total petroleum hydrocarbons (TPH) and organic acids. A GC (Agilent 

5890) coupled with an electron capture detector was used 

( continued on next page ) 
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to measure pesticides/herbicides. High performance liquid 

chromatography-tandem mass spectrometry (HPLC/MS/MS, SCIEX 5500) was 

used to measure per- and polyfluoroalkyl substances (PFAS). A high-resolution 

GC/MS (Thermo DFS) was used to measure Dioxins. 

ata format Raw 

Analyzed 

escription of data collection Samples for wet chemistry and inorganic analyses were collected in sterile 

plastic bottles. Samples for organic analyses were collected in method-specific 

bottles. All samples were stored at 4 °C after collection and transported under 

chain of custody. All sample preparation and analyses followed the USEPA 

guidance and standard practices. 

ata source location Institution: New Mexico State University 

Region: Permian Basin 

Country: United States 

ata accessibility Repository name: Mendeley Data 

Data identification number: DOI: 10.17632/pfrxnjd7mw.4 

Direct URL to data: https://data.mendeley.com/datasets/pfrxnjd7mw/4 

elated research article https://doi.org/10.1016/j.jhazmat.2022.128409 

ue of the Data 

These data provide the quality information of 46 PW samples and 10 Pecos River samples 

from the Permian Basin in New Mexico and Texas. These data are valuable for a better un- 

derstanding of PW and surface water quality in the Permian Basin. 

Beneficiaries of these data include researchers, engineers, oil and gas industry, water resource 

managers and regulators, and other stakeholders interested in PW and surface water quality. 

These data provide the first step for risk-based assessment and designing optimal methods 

for treatment and potentially beneficial use of treated PW within and outside the oil and gas 

industry in the Permian Basin. 

Data Description 

The data in “Produced water and Pecos River quality.xlsx” include five tabs: 

“1 Produced Water samples (PW)” includes the concentrations of 91 detected analytes in the 

46 PW samples and the statistical results (Mean, Max, Min, 25th percentile, 50th percentile, 

and 75th percentile). 

“2 Compounds not detected in produced water (PW)” includes the names of 218 analytes 

that were not detected in the PW samples. 

“3 Pecos River sample (RW)” includes the concentrations of 67 detected analytes in the ten 

Pecos River water samples and the statistical results (Mean, Max, Min, 25th percentile, 50th 

percentile, and 75th percentile). 

“4 Compounds not detected in Pecos River (RW)” includes the names of 242 analytes that 

were not detected in the Pecos River water samples. 

“5 PW Sampling points” includes the information of PW samples based on the sampling point 

in Fig. 1 . 

“6 RL and MDL” includes reporting limit (RL) and minimal detection limit (MDL) for the 

analytes in this study. 
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Fig. 1. Sampling points of produced water and Pecos River water [1] . Permian Basin County map is cited from [17] . 

Sampling points coordinates (estimated), Point 1: 32.83, -104.3; Point 2: 32.31, -104.0; Point 3: 32.10, -103.2; Point 4: 

31.49, -103.7; Point 5: 31.32, -101.1. 
2. Experimental Design, Materials and Methods 

TDS and TSS were measured at the same time based on EPA method 2540C and 2540 D, 

respectively. A water sample was first filtered through a weighed 0.15 μm glass fiber filter. The 

filter was dried to a constant weight at 103 to 105 °C; TSS was then measured by the increased 

filter weight. The filtrate was dried to a constant weight at 180 °C in a weighed dish; the dish 

weight increase was used to calculate TDS concentration. TOC and DOC analyses were based on 

EPA method 415.3. HCl was used to acidify the samples to pH < 2 to remove the inorganic car- 

bon (carbonate and bicarbonate). Then the samples were analyzed by a TOC analyzer. Samples 

were filtered by a 0.45 μm filter for DOC analysis based on the procedure requirement. Alkalin- 

ity, COD, and ammonia were analyzed by following the protocols that come with the Hach test 

kits, respectively. Radium-226 was determined directly by measuring the 186.2 keV gamma pho- 

topeak (3.28% abundance). Radium-228 was determined indirectly by measuring Actinium-228 

(t 1/2 = 6.1 h) using 911 and 969 keV gamma photo peaks [16] . EPA method 900.0. was used for 

Gross Alpha and Gross Beta counts. 

Organic analyses were performed by a commercial lab, Eurofins Test America. Unfiltered sam- 

ples were used for the analyses. VOCs and SVOCs were measured based on EPA method 8260C 

and 8270D, respectively. TPH and organic acid were analyzed based on EPA method 8015D. Pes- 

ticide/herbicides were analyzed based on EPA method 8081B. PAFS were analyzed based on a 

modified EPA method 537. Dioxins were analyzed based on EPA method 1613B. Quantification 

was performed by using blank samples and external/internal standard calibration. Isotopic dilu- 

tion was used for PFAS and dioxin quantitation. 

The results for each sample were calculated for charge balance and mass balance. Then all 

the water samples were compiled together for statistical analysis. Statistical analyses were per- 

formed by using Excel to get Mean, Max, Min, 25% percentile, 50% percentile, and 75% percentile 

values for each analyte. 
NMOGA_003337
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Abstract: Produced water is the largest byproduct of oil and gas production. Due to the complexity
of produced water, especially dissolved petroleum hydrocarbons and high salinity, efficient water
treatment technologies are required prior to beneficial use of such waste streams. Photocatalysis has
been demonstrated to be effective at degrading recalcitrant organic contaminants, however, there is
limited understanding about its application to treating produced water that has a complex and highly
variable water composition. Therefore, the determination of the appropriate photocatalysis technique
and the operating parameters are critical to achieve the maximum removal of recalcitrant compounds
at the lowest cost. The objective of this review is to examine the feasibility of photocatalysis-involved
treatment for the removal of contaminants in produced water. Recent studies revealed that
photocatalysis was effective at decomposing recalcitrant organic compounds but not for mineralization.
The factors affecting decontamination and strategies to improve photocatalysis efficiency are discussed.
Further, recent developments and future research prospects on photocatalysis-derived systems
for produced water treatment are addressed. Photocatalysis is proposed to be combined with
other treatment processes, such as biological treatments, to partially reduce total organic carbon,
break down macromolecular organic compounds, increase biodegradability, and reduce the toxicity
of produced water.

Keywords: photocatalysis; produced water; water reuse; water treatment; affecting factors;
future prospects

1. Introduction

Produced water, a byproduct of oil and gas production, is water in underground formations
that is brought to the surface during oil and gas production. The methods used for produced
water treatment include basic separation technologies designed for the removal of total suspended
solids, oil and grease, and advanced treatment technologies designed for the removal of dissolved
organic compounds, inorganic ions, and radioactive materials [1–10]. Phase separation underlies basic
separation technologies, such as flotation, media filtration, coagulation/flocculation, centrifugation,
and hydrocyclone. These basic separation technologies are in most cases incapable of producing an
effluent compatible with higher standards for beneficial water reuse [11,12].

The commonly used advanced technologies for produced water treatment consist of membrane
filtration, thermal distillation, adsorption, ion exchange, and advanced oxidation processes (AOPs).
Nanofiltration and reverse osmosis (RO) are employed for the removal of the majority of organic and
inorganic constituents from produced water with total dissolved solids (TDS) concentrations typically
below 40 g/L [13,14]. Other technologies such as thermal distillation are required for produced water
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with higher TDS, such as up to 200 g/L [3]. Sorption to activated carbon, biological treatments and
AOPs are used for the removal of dissolved organic carbon (DOC) and are often combined with
desalination processes to reduce fouling and polish water quality [15].

The removal of dissolved organic compounds in produced water using different treatment
technologies was recently reviewed and identified as a bottle-neck for produced water reuse because
the organic compounds were not eliminated efficiently [1,16,17]. For example, the biological treatment
is used to remove organic constituents, especially in the downstream oil and gas industry [18], yet the
efficiency of the bioprocess could be severely impeded with the presence of highly toxic recalcitrant
compounds, such as benzene, toluene, ethylbenzene, and xylene [19]. The complexity of produced
water and the diverse requirements for fit-for-purpose applications (e.g., for generation of high-quality
water for steam production, irrigation or aquifer recharge) mandate the development of a multi-step,
integrated treatment train, i.e., the combination of different processes, to remove a broad range
of constituents. These technologies include pretreatment involving basic separation technologies,
treatment using desalination processes, and post-treatment to further polish water quality with AOP,
sorption, or re-mineralization. The detailed description of treatment technologies, their advantages
and drawbacks, energy consumption and cost efficiency can be found in a number of reviews on
produced water treatment [1–3,20–23].

Reactive oxygen or free radical species represent strong oxidants that can initiate AOPs in order
to degrade pollutants to simple and nontoxic molecules. Free radical species are atoms or molecules
containing at least one unpaired electron, such as hydroxyl radical (HO•), and the superoxide anion
radical (O2−•), with the HO• radical having attracted the most attention in this area [24]. AOPs are
used in oil- and gas-produced water treatment for the removal of organic and some inorganic
compounds, disinfection and the removal of odor and color [3]. Commonly used oxidants include
ozone, hydrogen peroxide, chlorine, and Fenton’s reagent (combination of hydrogen peroxide with
ferrous iron). Produced water treatment technologies based on the combination of hydrodynamic
cavitation, ozonation, acoustic cavitation and electrochemical oxidation have been studied for the
removal of organic matter, bacteria and scalants, either for flowback reuse or as a pretreatment for
RO [25]. The choice of AOPs mainly depends on the characteristics of the hydroxyl radicals (•OH)
generated, as they are highly reactive and have high oxidation potential. This fact enables these species
to completely degrade DOCs into CO2 and water, or at least partially into less toxic compounds [26].
The destruction of organic contaminants is the main advantage of AOPs in contrast to other processes
such as active carbon, thermal and membrane technologies, which transfer the contaminants from one
phase to another [19].

Photocatalytic water treatment is a promising AOP for environmental remediation [27].
Compared to traditional oxidation processes, photocatalytic oxidation operates at ambient conditions
without a high temperature or high pressure, and many recalcitrant organic contaminants can be
degraded without the addition of chemical oxidants [28]. Moreover, photocatalysis has been proven
to be effective at transforming metallic ions and metalloids to less toxic species or species easier to
be separated from the system in a subsequent treatment step [29,30]. Since chemical consumption
and waste sludge production are one of the major concerns inhibiting produced water treatment,
photocatalysis is an attractive technology in comparison with other technologies. However, studies on
photocatalytic oxidation of produced water are quite limited, and there is lack of a comprehensive
critical review on this field.

For produced water treatment, the efficiency of photocatalysis can be impacted by the different
constituents present in a complex matrix composed by a high and heterogeneous concentration of
salts [16]. A comprehensive review is needed for further development of AOPs in produced water
treatment application. Therefore, this review focuses on evaluating the feasibility of photocatalysis on
produced water treatment and the impact of water chemistry. The objective of this work is to examine
the suitability of photocatalysis integrated in a multi-stage treatment train based on recent research
since 2010.
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2. Produced Water Characteristics, Treatment and Reuse

The United States produces an estimate of 890 billion gallons (3.37 billion m3) of produced water
annually, making it the largest waste stream associated with oil and gas activities [31]. The amount of
produced water generated every year keeps increasing with the expansion of unconventional oil and
gas development, which produced more than 50% of crude oil and natural gas in 2019 [32]. The oil
and gas production in the United States is mainly from seven key oil and gas basins: Appalachia
including Marcellus and Utica (Pennsylvania, Ohio, and West Virginia), Bakken (North Dakota and
Montana), Eagle Ford (South Texas), Haynesville (Louisiana and East Texas), Niobrara (Colorado and
Wyoming), and the Permian basin (West Texas and southeast New Mexico) [33]. Produced water flow
rate varies throughout the lifetime of an oil or gas well. Conventional oil and gas wells display little or
no produced water at the beginning, with the flow rate increasing over time. Most unconventional
hydraulically fractured wells display a high produced water flow rate initially due to the flowback
of fracturing fluids, followed by a decay in flow rate until it levels off at a relatively steady lower
level [34].

The physical and chemical properties of produced water vary considerably based on the geographic
location of the field, the type of hydrocarbon product being extracted, the extraction method employed,
and the minerals present in the bearing geologic formation. Since the water has been in contact with
hydrocarbon-bearing formations for millennia, it generally contains some of the chemical characteristics
of the formations and the hydrocarbons in those formations [35]. Produced water is typically saline
with high TDS, including calcium, chloride, magnesium, sodium, and sulfate. Organic compounds
are some of the main contaminants in produced water, including oil and grease (free, dispersed or
emulsified); volatile and semi-volatile organics, such as benzene, toluene, ethylbenzene, and xylenes
(BTEX); polycyclic aromatic hydrocarbons (PAHs); organic acids; and waxes. Contaminants in smaller
amounts include dissolved gases (e.g., ammonia and hydrogen sulfide), chemical additives used to
improve drilling and production operations, and naturally occurring radioactive materials leached from
some formations or precipitated due to water mixing. Additionally, heavy metals and transformational
byproducts that can form from the interaction between added chemicals and formation water have also
been found in produced water [9,34,36]. When collecting data for its 2016 hydraulic fracturing study,
the U.S. Environmental Protection Agency found literature reports of about 600 different chemicals in
some produced water samples [37]. The concentrations of some select constituents in produced water
are summarized in Table 1.

Table 1. Concentrations of select constituents in produced water [35].

Parameters Range Parameters Range

pH 4.3–8.9 Ca (mg/L) 18–132,687
TDS (g/L) 1.0–470.3 Mg (mg/L) 4–18,145

TSS (mg/L) 2–21,820 Na (mg/L) 316–134,652
DOC (mg/L) 3.4–5960 K (mg/L) 8.6–14,649

Alkalinity (CaCO3, mg/L) 6.1–2000 SO4 (mg/L) 0.5–7851
Total Ra (pCi/L) 0.2–18,045 Cl (mg/L) 1405–310,561

HEM (mg/L) 0.6–2000 HCO3 (mg/L) 1.9–7355
MBAS (mg/L) 0.01–54 Ba (mg/L) 0–22,400

HEM: Hexane extractable material; MBAS: methylene blue active substances (anionic surfactants); TOC: total
organic carbon; TDS: total dissolved solids.

Currently, approximately 45% of produced water generated from onshore activities in the United
States is reused within conventional oil and gas operations for enhanced recovery in conventional
oil and gas operations, and well drilling and hydraulic fracturing operations in unconventional oil
and gas production [34]. Enhanced recovery techniques include injecting water or steam into the
formation to maintain pressure and help sweep more oil to the production wells. Another approach
for produced water management is to reuse it outside of the energy sector, such as in irrigation,
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municipal, and industrial sectors, or to discharge treated produced water to surface water or to recharge
groundwater. Discharges for agriculture and wildlife propagation are taking place mainly in Wyoming
with limited treatment such as settling and/or skimming. In Pennsylvania, produced water usually
receives limited or no treatment prior to transfer to the publicly owned treatment works, while in
the Marcellus and Utica shale areas of Pennsylvania, Ohio and West Virginia, produced water is
disposed via centralized waste treatment facilities by receiving various levels of treatment, from simple
physical/chemical treatments to advanced treatment utilizing membranes or distillation [37].

Beneficial uses of produced water outside the energy sector will require much more intensive water
treatment than that required to support hydraulic fracturing where minimal treatment (clean brine
for hydraulic fracturing) is sufficient [35]. The selection of appropriate technologies should consider
the produced water quality, water quality requirements for reuse options, treatment economics,
and minimize impacts to environment, local water resources, and public health [10,38]. To optimize
produced water reuse, fit-for-purpose treatment will be essential to minimize costs.

3. Photocatalytic Treatment of Produced Water

Photocatalysis is a recognized AOP for a variety of pollution remediations. With the irradiation of
UV or visible light, a semiconductor (e.g., TiO2) can generate hydroxyl and superoxide anion radicals;
then, these radicals can mineralize a wide range of organic compounds [39–42]. Equation (1) displays
the general process for organic pollutant degradation by photocatalysis. It is generally accepted that
electron–hole pairs are generated on the catalyst (TiO2) upon light absorption with light energy higher
than its bandgap (Equation (2)). An electron (e−) in a conductive band and a positive hole (h+) in
the valence band are generated as described by Equation (3). After the dissociation of the exciton,
the photogenerated electron and hole migrate to energetically favorable positions. The equilibrium
of charge separation depends on diffusion and drift currents, and depends strongly on the rates
of charge carrier generation and recombination. Surface water molecules can catch the hole and
produce a reactive hydroxyl radical (OH·) and H+ that delocalizes on the nearby water molecules
(Equation (4)). Further reaction can lead to the creation of hydrogen peroxide (Equations (5) and (6)),
which also promotes the formation of hydroxyl radicals [43,44]. The hydroxyl radical and superoxide
radical anions (HOO·) are the primary oxidizing species that can lead to oxidation of the organic
compounds [45]. Moreover, the volatile constituents in produced water such as methane can be
oxidized by the generated hydroxide radicals, and the main product of the photo-induced methane
transformation is hydrogen [46]. Recent studies on photocatalysis treatment of produced water are
summarized in Table 2.

Organic pollutant + O2
semiconductor, hv

→ CO2 + H2O + inorganic ions/acids (1)

TiO2
hv
→ TiO2

(
e−, h+

)
(2)

TiO2
(
e−, h+

)
↔ TiO2 (e−) + TiO2

(
h+
)

(3)

h+ + H2O → OH·+ H+ (4)

e− + O2 + H+
→ HOO· (5)

HOO·+ HOO· → H2O2 + O2 (6)
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Table 2. Summary of recent studies on photocatalysis treatment of produced water.

Catalyst System Setup Test Solution Characterization Primary Results Ref.

Photolysis/without catalyst pH 5–9 UV
25 mL reactor

Synthetic PW Glutaraldehyde (0.1 mM)
0–300 g/L NaCl GC–FID TOC HR–MS � 52–85% glutaraldehyde removal in 1 h, but majority of TOC remain [47]

P25 TiO2
UVA pH 3 0.1–0.5 g/L

of P25

Synthetic PW: toluene (10 mg/L), xylene (10 mg/L),
naphthalene (3 mg/L), phenol (10 mg/L), acetic
(150 mg/L), malonic acids (10 mg/L), seawater

matrix (56 mS/cm), COD 262 mg/L, TOC 92 mg/L

TOC GC HPLC

� <16% TOC removal in 4 h
� No significant differences were observed in TOC removal with a higher
P25 concentration

[19]

rGO-TiO2
slurry system 0.5 L

UVA

Synthetic PW: acetic acid (150 mg/L), phenol
(10 mg/L), toluene (10 mg/L), (o, m, p)-xylenes

(10 mg/L) and naphthalene (3 mg/L)
TOC GC

� Best weight ratio of rGO-TiO2 is 10%; 22% TOC removal in 5 h
� Reaction rates: acetic acid < phenols < naphthalene < xylenes < toluene [48]

ZnO ZnO nanorod coated
glass substrate

Synthesized PW: 25–150 mg/L petroleum
hydrocarbons and partially hydrolyzed

polyacrylamide (HPAM)
viscosity HPLC

� The viscosity was reduced by 51% in 6 h treatment
� 68%, 62%, 56% and 45% removal of 25, 50, 100 and 150 mg/L HPAM were measured
by HPLC

[49]

TiO2
1.3 L UV pH 8–12 P25

3 g/L

Synthesized oil sands process waters: 100 mg/L
naphthenic acids, 110 mg/L dissolved silicate,

91 mg/L colloidal SiO2, 3920 mg/L NaCl
TOC � No difference from UV photolysis alone [42]

TiO2
500 mL UVC TiO2

0.1 g/L

PW: alkalinity 2.16 mg/L, PAHs 0.06 mg/L, Na
16.4 g/L, K 240 mg/L, Mg 417 mg/L, Ca 1.1 g/L, S

730 mg/L, pH 6.8, Turbidity 17.6 NTU, COD
1247 mg/L Synthesized solutions to simulate PW

GC–MS

� A strong improvement with the addition of catalysts but the enhancement of
photocatalysis was restricted by PW, particularly the aromatic compounds
� The degradation of PAHs with high molecular weights was more sensitive to the
variations of salinity and insoluble matter due to their lower solubility
� The aromatic compounds worked as UV photon absorbents and competed
with PAHs

[50]

Maghemite (γ-Fe2O3)
pH 3–7 0–0.25 g/L

catalyst 0–100 W UV
0–225 W visible light

synthetic PW: 600 mg/L BTEX COD

� pH has significant impact on COD removal, better performance at lower pH
� Under pH 3, best efficiency was 95% in 5 days with visible light, 97% removal in
90 min with UV light

[51]

PW: produced water, COD: chemical oxygen demand, TOC: total organic carbon, GC–FID: gas chromatograph–flame ionization detector, HR–MS: high-resolution mass spectrometric,
PAHs: polycyclic aromatic hydrocarbons, BTEX: benzene, toluene, ethyl benzene, xylene.
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3.1. Decomposition and Mineralization

In the last decade, the study on photocatalytic treatment of produced water was quite limited, and
most of the studies used synthetic produced water [19,42,47–50]. The target contaminants were focused
on the main groups of contaminants usually present in produced water, including glutaraldehyde,
toluene, xylene, naphthalene, phenol, acetic, etc. Some of them could be decomposed quickly, but
the mineralization rates of all constituents remained slow. Jimenez et al. [19] investigated different
AOPs (photocatalysis, Fenton, and ozonation) on synthetic produced water treatment. Among these
techniques, photocatalysis was found to be the less effective for the treatment of produced water, as
total organic carbon (TOC) removal was lower than 20% for the best scenario after 4 h treatment.
No significant differences were observed in TOC removal at a higher P25 TiO2 concentration. However,
analysis using gas chromatograph–mass spectroscopy (GC–MS) confirmed the total abatement of
smaller, volatile organic contaminants (i.e., toluene, xylene and naphthalene) and the decrease in
phenol content (up to 99%). Similar comparison was conducted by Liang et al., they observed no
significant reduction in TOC (for large molecular organic constituents such as oil and grease, and
natural organic matter) for both TiO2 photocatalysis and UV photolysis [42]. Graphene-like TiO2

nanocomposites (rGO-TiO2) exhibit higher photocatalytic activity than bare TiO2 in the treatment of
synthetic produced water containing high salinity levels and different compositions of recalcitrant
dissolved organic matter. The photocatalytic reaction rates increased in the order of acetic acid <

phenols < naphthalene < xylenes < toluene, but only 22% TOC removal in 5 h [48]. Partially hydrolyzed
polyacrylamide (HPAM) is a commonly used polymer for enhanced oil recovery. Al-Sabahi et al.
reported a new approach to use vertically aligned zinc oxide nanorods supported on substrates
engineered for improving their visible light harvesting capacity for effective solar photocatalytic
degradation of HPAM. After a 6 h treatment, 68%, 62%, 56%, and 45% removal of 25, 50, 100 and
150 mg/L HPAM, respectively, was reported. Mineralization was observed as 20% and 37% TOC
reduction after 7 h and 14 h reaction times, respectively.

In summary, photocatalysis is demonstrated to be effective at decomposing recalcitrant organic
compounds but not to achieve mineralization, which is consistent with other photocatalysis studies
on water and wastewater [44,52]. For produced water treatment, it is recommended that multiple
technologies be used in series operation to further reduce organic contaminants and intermediate
products of photocatalysis. More attention should be paid for toxicity and biodegradability because
these parameters significantly influence the design of subsequent treatment processes and overall
product water quality.

3.2. Toxicity

Different approaches for acute and chronic toxicity evaluation have been applied for photocatalytically
treated wastewater effluents such as bioassays with bacteria [53], seawater invertebrates [54], freshwater
invertebrates [55], microalgae [53], plants (phytotoxicity) [56], and mammalian cells (genotoxicity) [57].
As reported in the majority of the studies, photocatalytic treatment is effective at decreasing toxicity of
wastewater [44].

Even though the number of toxicity studies of photocatalysis increases, limited studies have
mentioned toxicity evaluation for produced water treatment. The toxicity test is usually measured on
the basis of the median effective concentration (EC50), which is the concentration of a substance in
an environmental medium expected to produce a certain effect in 50% of test organisms in a given
population under a defined set of conditions. Jimenez et al. used Vibrio fischeri as test organisms to
evaluate acute aquatic toxicity according to the basic test methodology. The results can be categorized
into four classes depending on their toxicity using EC50 values established by Calleja et al. [58]: class I
(very toxic), EC50 ≤ 25%; class II (toxic), when 25% < EC50 < 75%; class III (slightly toxic), EC50 = 75%;
and class IV (non-toxic), EC50 > 75%. The samples treated by photocatalysis ranged between 13 and
16%, which indicates that the effluent resulted somewhat less toxic than the initial produced water
(EC50 = 10%), in comparison with 40% for ozone and 57% for H2O2 [19].
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Batch ozone-photocatalytic oxidation using O3/UV/TiO2 was performed in a laboratory-scale
reactor to evaluate the efficiency of these processes in the degradation of contaminants and/or decrease
in the ecotoxicity of produced waters of petroleum refineries [59]. The bacterial luminescence inhibition
test using Vibrio fischeri and the fish toxicity test using juvenile guppies (Poecilia vivipara) were
conducted in the testing laboratory. Acute toxicity tests showed a high toxicity of the raw effluents
EC50 < 1.55%, lower toxicity toward bacteria (EC50 = 30.9%) after 60 min treatment but remained high
in fish (EC50 = 1.9%). This is because some toxics such as metals and ammonia compounds cannot be
eliminated by the photocatalytic treatment, and the treated wastewater samples have significant toxicity
toward the fish species, while the bacterial species was more tolerant to the photocatalytic-treated
wastewater samples. Post-treatment, such as the biological treatment or the sorption process, is required
for further removal of metals and ammonia compounds. Unfortunately, the study did not provide
toxicity tests with single photocatalysis, as it is hard to distinguish the effect of photocatalysis from
ozone, but it did demonstrate an efficient combination of photocatalysis with ozone to decrease
produced water toxicity. More research on toxicity of produced water and photoinduced toxicity is
needed to support the application of photocatalytic treatment technologies.

4. Factors Affecting Photocatalytic Performance

General factors affecting the photocatalytic activity, including pH, light wavelength and intensity,
catalyst dosage, temperature, and concentration of salts and target contaminants, have been
fully discussed in other photocatalysis reviews focusing on conventional water and wastewater
treatment [43,52,60,61]. These factors either depend on the target contaminants or rely on the catalyst
properties. Catalyst properties play a critical role for photocatalytic performance and, on account
of limited data, they will be discussed in future research prospects (Section 5.5). Factors such as
solution pH, catalyst dosage, temperature, and contaminant concentrations cannot be defined given
the complexity of produced water and limited removal efficiency (as discussed in Section 2). Moreover,
light wavelength and intensity are associated with the catalyst light absorption range and, in addition
to high UV absorption of the aromatic compounds in the produced water (as discussed in Section 4.2),
they further lower the impact of the light source on photocatalysis. Because the scope of the present
work is focused on the factors affecting photocatalytic performance on treating produced water,
we primarily discuss the factors that are associated with produced water chemistry.

4.1. Ionic Species in Produced Water

The presence of ionic species in produced water can affect the photocatalytic degradation [39,41].
Ionic substances such as chloride, carbonate, bicarbonate, nitrate, nitrite, and phosphate ions can affect
photoelectrons generation, electron–hole recombination, and hydroxyl radical scavenging. The reaction
of hydroxyl radical with chloride, carbonate and bicarbonate ions can be described in the following
equations [43]:

Cl− + HO· → Cl·+ OH− (7)

CO2−
3 + HO· → CO−3 ·+ OH− (8)

HCO−3 + HO· → CO−3 ·+ H2O (9)

Among these inorganic anions, chloride ions can play a detrimental effect on photocatalytic
treatment by scavenging holes and hydroxyl radicals, given rise to the generation of less reactive
chloride radical (Cl·) and dichloride radicals (Cl−2 ) (Equations (10)–(12)) [62].

Cl− + h+
vb ↔ Cl (10)

Cl− + HO· ↔ ClOH− (11)

Cl− + Cl· → Cl−2 (12)
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4.2. Organics in Produced Water

Organics are one of the prominent inhibitors for produced water treatment. Because photocatalysis
is a combined process of adsorption and degradation, the existence of organics in produced water
can affect removal efficacy of these two processes. The organic matter can prevent the breakdown
of contaminants through site blockage, hydroxyl scavenging, and light absorption [63]. Recalcitrant
compounds present in produced water, such as acetic acid and toluene, have a low reaction
rate with radicals, which makes them refractory and hard to decompose [19]. Studies treating
recalcitrant-to-OH-radicals components, such as acetic acid, phenol, and naphthalene, in produced
water, are scarce and the removal efficiencies were reported to be low [48]. Catechol, dihydroxy
benzenes, hydroquinone, and resorcinol were found to hinder severely photocatalytic reactions [64].
It was reported that some wastewater-derived organic matter could scavenge up to 95% of hydroxyl
radicals [65]. The effects of insoluble particulate matter and organic composition of produced water on
photocatalytic performance were evaluated by Liu et al. [50]. The organic composition was found the
more likely factor retarding the breakdown of PAHs. In addition, the aromatic compounds played a
key role in absorbing UV photons owing to their abundance and UV sensitivity. Moreover, the aromatic
species can compete with PAHs for adsorption sites and activated species during the photocatalytic
process. Hence, aromatic substances of high concentrations could significantly reduce the overall
photocatalytic activity.

5. Future Research Perspectives

As shown in Figure 1, interests in photocatalytic treatment of produced water are growing
remarkably, but only a few studies are employing photocatalysis into produced water treatment,
as summarized in Table 2. Hence, more research is required to evaluate photocatalytic performance in
produced water treatment. Future research directions are suggested in this section.Catalysts 2020, 10, x FOR PEER REVIEW 9 of 19 
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Figure 1. Number of publications mentioning photocatalysis and produced water. Data collected from
Google Scholar.

5.1. Biodegradability Improved with Photocatalysis

As discussed in Section 3.1, photocatalysis could not achieve complete removal of TOC from
produced water as a stand-alone treatment process. Photocatalysis can be coupled with other treatment
processes such as the biological treatment to increase the treatment efficiency of both processes [60,66].
The nonselective reactivity of radicals on the non-biodegradable water-soluble pollutants determines
that the photocatalytic process can be used effectively as a pre-treatment step to enhance biodegradation
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of recalcitrant organic pollutants prior to biological water treatment. Hence, future work should focus
more on demonstrating its efficiency in degrading a wide range of ambiguous refractory organics into
readily biodegradable compounds, instead of achieving mineralization to innocuous carbon dioxide
and water.

The biodegradability can be measured by the ratio of biochemical oxygen demand (BOD) and
chemical oxygen demand (COD), where a low ratio represents low biodegradability of the organic
compounds present in the solution. The BOD/COD ratio of produced water can be less than 0.1 [67],
indicating the non-degradability proprieties of the produced water and the requirement of advanced
treatment. The increase in biodegradability, i.e., a higher BOD/COD ratio, suggests macromolecular
and bio-refractory organic matter could have been degraded to smaller molecules and become
more biodegradable. The BOD/COD ratio can be used as a simple, straightforward indicator for
photocatalysis to exhibit a great contribution to the biodegradability improvement of produced water,
making the produced water more suitable for microbial growth.

5.2. Toxicity of Catalysts

The concerns regarding catalyst toxicity as engineered nanomaterials have risen in recent years
towards the potential risks and toxicology to human health and the environment. This is associated
with the fact that photocatalytic nanoparticles (e.g., TiO2 nanoparticles) have been widely used in
personal care products, such as sunscreens and chewing gums. There are increasing concerns regarding
the potential risks of the nanoparticles to human health due to the direct and repeated exposure [68].
Debates are further powered by complaints and warnings from toxicologist and researchers all over
the world that arise from the challenges related to the toxicity assessment of nanomaterials [68].
In addition, not all the synthesized materials have been considered in toxicity studies and the juvenility
of nanotechnology impedes realistic exposure scenarios.

In the last decade, the number of publications studying toxicity of nanomaterials has increased
continuously. TiO2 nanoparticles have shown a toxic effect on numerous organisms and cell lines,
including algae [69,70], bacteria [71–73], fungi [74], human keratinocytes [75,76], and water organisms
like Daphnia magna [77,78] and fish [79,80]. In most of the studies, toxicity relied on nanoparticle
concentration as well as irradiation intensity and duration. Phototoxicity was also reported on CuO [81],
ZnO [69], and CdSe/ZnSe quantum dots [82] when they were irradiated with UV-containing light.

Friehs et al. reviewed photocatalytically active nanoparticles extensively for numerous
environmental and energy related applications [68]. They summarized two main mechanisms
of phototoxic effect on living organism: the production of reactive oxygen species and the dissolution
of metal ions [83]. However, most phototoxicity studies are focused on TiO2, mainly P25, and there was
also a limited species diversity in nanotoxicity studies [84]. Only a small amount of the materials and
the respective doping, coatings or other modifications that alter their physicochemical properties have
been studied. Moreover, the high number of parameters that can influence the outcome of experiments
may lead to inconsistent and conflicting data [85], thereby not allowing meaningful extrapolation of
the conclusions to other nanomaterials. Therefore, toxicity of catalysts should be carefully investigated
to ensure safe application of photocatalysis and other AOPs to produced water treatment.

5.3. Photoinduced Intermediates

To evaluate the suitability and niche of photocatalysis in produced water treatment trains, there is a
great need to understand the toxicity of the intermediates generated during photocatalysis. Meanwhile,
the identification of key photoinduced intermediates can help fully elucidate the reaction mechanism.
The detection of intermediates can be achieved by conducting high-performance liquid chromatography
with tandem mass spectrometry (LC–MS/MS) analysis, which can qualitatively and quantitatively
determine the organic intermediates even at trace concentrations. Several research groups have
studied the photochemical and photocatalytic degradation of various organic contaminants, including
pharmaceuticals (e.g., ibuprofen, metoprolol) [40,86], insecticide (e.g., thiacloprid) [87], phenol [88],
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4-chlorophenol [89], etc. To the best of our knowledge, to date, there is no study on the detection of
intermediate products for produced water treatment.

Intensive attention has been devoted to the characterization of organic compounds in produced
water in recent years. There are several advanced analytical techniques for characterizing and
quantifying dissolved organic matter, including gas chromatography coupled with flame ionization
detector (GC–FID), thermal conductivity detector (GC–TCD) or mass spectrometry (GC–MS) and
liquid chromatography (LC) coupled with UV diode array detector (LC–UV), organic carbon detection
(LC–OCD) or mass spectrometry (LC–MS). GC-based methods are extensively used for analysis
of volatile and semivolatile compounds, including natural gas constituents (methane and ethane),
BTEX (benzene, toluene, ethyl benzene, xylene), and diesel-range semivolatile organics. LC-based
techniques are more suitable for non-volatile organic compounds, such as surfactants, fatty amines,
and high molecular weight ionic polyacrylamide friction reducers [90]. Mass spectrometry (MS) is the
most powerful detector to characterize complex fluids and has been extensively used for PW analysis.
It can provide qualitative and quantitative information about the analytes with the help of standards
or mass spectral libraries. Tandem high-resolution mass spectrometry (HRMS/MS) can provide crucial
information to elucidate the elemental composition and structure of the compounds in the sample.
The mostly widely used HRMS/MS includes quadrupole-time of flight mass analyzer (Q-ToF), orbitrap
mass analyzer, and Fourier transform ion cyclotron resonance mass spectrometry (FT–ICR–MS).

Nontarget analysis is a critical tool to identify the intermediates due to their “unknown” property.
Nontarget analysis heavily relies on HSMS/MS, such as Q-ToF, Orbitrap mass analyzer, and FT–ICR–MS.
This approach requires no prior information about the unknown chemicals in the sample. The basic
procedure for nontarget analysis is first to collect the mass spectra of unknown chemicals, and data
processing techniques are used to assign potential molecular formula [91,92]. Chemical structure
identification is achieved by database spectra-searching or matching the MS/MS spectra and retention
time with reference standards. HSMS/MS has been used to identify the degraded products of organic
compounds in produced water during hydraulic fracturing and biological treatments [93,94].

5.4. Photo-Detoxication of Heavy Metals

Photocatalysis has been demonstrated to convert the ionic species into their metallic solid form
and deposit them over the semiconductor surface or transform them into less toxic soluble species.
When a transformation to the zero-valent state is possible, this allows the recovery of the metal from
the water, with an economic return [29,30]. Produced water contains heavy metals such as mercury
and lead, as well as metalloids such as arsenic, in varied concentrations depending on formation
geology and age of the well [1,95]. Concentrations of heavy metals in produced water are usually
higher than those found in sea water; commonly studied metals include Ba, Cd, Cr, Cu, Pb, Hg, Ni, Ag,
and Zn [3,95,96]. Produced water contains other trace metals, including Al, B, Fe, Li, Mn, Se, and Sr.
Certain metals are of particular environmental concern as they may bioaccumulate and/or be toxic [96].
Although heavy metals are not primary contaminants of produced water, photo-detoxication of heavy
metals can reduce the toxicity of produced water and facilitate reuse applications.

Heavy metals such as hexavalent chromium (Cr(VI)) present the highest environmental threat
due to their toxicity for biological organisms together with their high solubility and mobility, while
Cr(III) is considered non-toxic or of very low toxicity, and their mobility is lower than those of
Cr(VI) [97]. The removal of Cr(VI) by photocatalytic-induced reduction reaction is highly efficient and
environmentally friendly. A number of studies have been published on the photocatalytic reduction in
Cr(VI) employing TiO2, modified TiO2, and other semiconductors, such as ZnO, CdS, ZnS, and WO3,
which have already been described in other reviews [98–100]. Another example of metalloids is arsenic,
which mainly comes from natural sources due to dissolution of minerals in surface or groundwaters
or volcanic processes [101,102]. Previous studies demonstrated that photocatalytic treatment is an
efficient approach to promote oxidation of arsenite(III) to arsenate(V) [103]. Transformation to As(V)
makes it easier to use conventional technologies, e.g., ion exchange and adsorption [30]. Nevertheless,
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to date, limited research on heavy metal treatment from produced water has been reported. The toxicity
of heavy metals in produced water is another concern for future produced water management.

5.5. Catalysts

As shown in Table 2, almost all photocatalytic treatments of produced water have been reported
to be low in efficiency and require a longer reaction time (e.g., in hours). Various strategies have
been adopted to improve the electron–hole pair recombination and narrow the band gap to widen
the absorbance from UV to visible light range. However, the main reasons for low photocatalytic
efficiency in produced water could be attributed to low efficiency of illumination and quick poisoning
of catalysts. Given the complex composition of produced water, light transfer could be limited by
the suspended solids and absorbing and scattering liquid to the catalyst. In addition, a large number
of constituents could accumulate on the catalysts surface and further reduce the light reaching the
catalysts, resulting in low efficiency and catalyst inactivation. Therefore, photocatalysis is not effective
when applied to raw produced water and requires a certain level of pre-treatment.

Another option is to enhance the surface area of catalysts that provides a larger illuminated
surface to absorb light. The suspended configuration is related to a high volumetric generation
rate of reactive oxygen species in proportion to the active sites of catalysts used in suspension [103].
Still, a supplementary system to separate catalysts from the treated water needs a new process to
overcome catalyst loss and its introduction into the environment. Immobilized configuration eliminates
the subsequent separation system, but the light reflection by the photocatalyst support and the reduced
amount of the active site together with the enlarged mass transfer limitation poses a serious concern
that needs to be addressed.

A third option is to eliminate the constraints associated with operating parameters. Since the
chemical composition and pH of produced water varies considerably from formation to formation and
well to well, efforts should be made in the area of catalyst modification for a wide range of operating
conditions, such as temperature, pH and contaminant concentrations. The impact of modification
methods on catalyst properties cannot be ignored. The hydrothermally prepared catalysts often
contain physiosorbed and lattice water, which may contribute to the efficiency of photocatalysts,
and lattice water may help the separation of the electron–hole pairs [104,105]. It has also been
reported that there are cationic impurities in the lattice on the electronic properties of synthesized
catalysts [106,107]. Practice reveals the controversial results of metal-doping catalysts, which can be
explained by the competing processes of photogeneration and recombination of electron and hole
pairs [104,108]. Additionally, research should also be conducted on semiconductor modifications
to achieve a self-cleaning capability. Modification of catalysts can optimize interactions of catalyst
particles and organic pollutants, thus resisting contaminant accumulation on the catalyst’s surface and
reducing the risk of catalyst poison.

6. System Integration

High concentrations of ionic species and recalcitrant organics in produced water require a
holistic treatment solution with the consideration of an integrated multiple processes approach.
Light absorption and scattering in produced water can significantly reduce the irradiation reception of
a catalyst. In order to enhance the photocatalytic performance in treating produced water, physical
separation processes, such as an oil–water separator, a coalescer or hydrocyclones, are required to
eliminate suspended solids, oil and grease [109].

After physical separation, biological processes can be employed to further reduce organic
constituents in produced water effluent [110]. However, due to the complexity of produced water,
some constituents are difficult to be removed biologically and often persist after a conventional
secondary biological treatment. Photocatalysis can breakdown residual compounds in many industrial
wastewaters that are hardly biodegradable [111]. Therefore, a combination of photocatalysis with

NMOGA_003350



Catalysts 2020, 10, 924 12 of 18

the biological treatment is suggested to minimize treatment costs and improve the overall treatment
efficiency, as shown in Figure 2.
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Although the combination of photocatalysis and biodegradation has been proved to be effective in
wastewater treatment [111–114], the application in produced water is still quite limited with only one
reported study thus far. Correa et al. investigated the efficiency of an ozone-photocatalyzed O3/UV/TiO2

oxidation process followed by biological remediation for produced water treatment. The result was
promising—after a 5 min O3/UV/TiO2 oxidation process, phenol concentration decreased by 99.9%,
sulfide by 53.0%, COD by 37.7%, oil and grease by 5.2%, and ammonia by 1.9%, while after 60 min of
oxidation treatment, the removal efficiency increased to 99.9% for phenols, 98.2% for oil and grease,
97.2% for sulfide, 89.2% for COD, and 15% for ammonia. The acute toxicity tests with the bacterium
Vibrio fischeri and the fish Poecilia vivipara revealed that produced water presented a high toxicity
(EC50 < 1.55% for both species). The combined oxidation and biological process showed a significant
toxicity reduction with EC50 = 89.2% for bacteria and EC50 = 85.7% for fish [59].

The concept of a physical separation (photocatalysis) biotreatment would not only improve the
activity of the biological treatment, but also improve the water quality of product water by toxicity
reduction. In addition, photocatalysis can be also used as a post-treatment to polish the product water
quality by degrading organic residuals. More research is required to further prove the feasibility of the
combined system for produced water treatment.

7. Conclusions

In order to meet the needs of environmental regulations as well as reuse and recycling of
produced water, extensive efforts have been devoted to investigating produced water treatment
technologies. In produced water treatment, no single technology can meet suitable water quality
requirements, therefore, multiple technologies have to be used to remove a wide range of contaminants.
Choice of the best technology depends on the chemistry of the produced water, cost effectiveness,
space availability, reuse and discharge plans, durable operation, and byproducts. Photocatalysis is
a promising destructive technology due to low or no chemical consumption and no waste sludge
production during the treatment. Studies on photocatalytic oxidation of produced water are quite
limited, and there is a lack of a comprehensive understanding of the applicability of photocatalysis
and the strategies to improve the treatment efficacy. The objective of the present work is to critically
review the feasibility of photocatalysis-involved treatment solutions and factors affecting produced
water treatment.

Photocatalytic activity can be significantly impacted by the aqueous chemistry of produced
water. Ionic substances, such as chloride, carbonate, bicarbonate, nitrate, nitrite, and phosphate ions,
can affect photoelectrons generation, electron–hole recombination and hydroxyl radical scavenging.
However, ionic strength caused by chloride, calcium, magnesium, and sulfate can change the type
and concentration of adsorption sites and the electrostatic interactions in the interface of a solution
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and catalyst. High organic contents are one of the prominent inhibitors for produced water treatment
through site blockage, hydroxyl scavenging, and light adsorption. In order to enhance the photocatalytic
performance in treating produced water, conventional physical separation processes are required to
eliminate suspended solids, oil and grease.

Research on photocatalytic treatment of produced water is very limited, and most studies used
synthetically produced water. The results revealed that photocatalysis was effective at decomposing
recalcitrant organic compounds but not for achieving mineralization. Therefore, photocatalysis can
be used as a pretreatment with other treatment processes such as biological treatments to partially
reduce TOC, break down macromolecular organic compounds, increase biodegradability, and reduce
the toxicity of produced water. Photocatalysis can be also used as a post-treatment to polish the
product water quality by removing contaminant residuals. In addition, there is a research need for the
modification of photocatalysts that are adaptive and flexible for a wide range of operating conditions,
with an improved specific surface area and self-cleaning capability.
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Abstract: Produced water is the largest volume of waste product generated during oil and natural
gas exploration and production. The traditional method to dispose of produced water involves deep
well injection, but this option is becoming more challenging due to high operational cost, limited
disposal capacity, and more stringent regulations. Meanwhile, large volumes of freshwater are used
for hydraulic fracturing. The goal of this study is to develop cost-effective technologies, and optimize
system design and operation to treat highly saline produced water (120–140 g/L total dissolved
solids) for hydraulic fracturing. Produced water was collected from a salt water disposal facility in
the Permian Basin, New Mexico. Chemical coagulation (CC) using ferric chloride and aluminum
sulfate as coagulants was compared with electrocoagulation (EC) with aluminum electrodes for
removal of suspended contaminants. The effects of coagulant dose, current density, and hydraulic
retention time during EC on turbidity removal were investigated. Experimental results showed that
aluminum sulfate was more efficient and cost-effective than ferric chloride for removing turbidity
from produced water. The optimal aluminum dose was achieved at operating current density of
6.60 mA/cm2 and 12 min contact time during EC treatment, which resulted in 74% removal of
suspended solids and 53–78% removal of total organic carbon (TOC). The energy requirement of EC
was calculated 0.36 kWh/m3 of water treated. The total operating cost of EC was estimated $0.44/m3 of
treated water, which is 1.7 or 1.2 times higher than CC using alum or ferric chloride as the coagulant,
respectively. The EC operating cost was primarily associated with the consumption of aluminum
electrode materials due to faradaic reactions and electrodes corrosions. EC has the advantage of
shorter retention time, in situ production of coagulants, less sludge generation, and high mobility for
onsite produced water treatment. The fine particles and other contaminants after coagulation were
further treated in continuous-flow columns packed with different filter media, including agricultural
waste products (pecan shell, walnut shell, and biochar), and new and spent granular activated
carbon (GAC). Turbidity, TOC, metals, and electrical conductivity were monitored to evaluate the
performance of the treatment system and the adsorption capacities of different media. Biochar
and GAC showed the greatest removal of turbidity and TOC in produced water. These treatment
technologies were demonstrated to be effective for the removal of suspended constituents and iron,
and to produce a clean brine for onsite reuse, such as hydraulic fracturing.

Keywords: produced water; beneficial reuse; filtration; electrocoagulation; chemical coagulation;
hydraulic fracturing
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1. Introduction

1.1. Challenges and Opportunities Associated with Produced Water

Produced water represents the largest waste stream generated during oil and gas production.
When petroleum hydrocarbons are extracted, formation water is brought up to the surface contributing
to produced water [1]. The composition of produced water varies considerably depending on the
geographic location of the field, the type of hydrocarbons being extracted, the extraction method
employed, and the minerals present in the bearing geologic formation [2–9]. Produced water is
typically saline with high total dissolved solids (TDS; e.g., Na+, Ca2+, Mg2+, Cl−, and SO4

2−).
Organic compounds are some of the main contaminants in produced water, including oil and grease
(free, dispersed or emulsified); volatile and semi-volatile organics, such as BTEX (benzene, toluene,
ethylbenzene, and xylenes); and PAHs (polycyclic aromatic hydrocarbons). Contaminants in small
amounts include dissolved gases (e.g., ammonia and hydrogen sulfide), and chemical additives used
to improve drilling and production operations. Additionally, heavy metals and naturally-occurring
radioactive materials (NORMs) can be found in produced water.

The most common methods to manage produced water consist of disposal into permitted salt water
disposal (SWD) wells within deep saline underground formations, or reinjection into conventional
reservoirs for enhanced oil recovery operations [3,10]. However, deep well injection has become more
challenging because of limited capacity and potential seismic hazard caused by anthropogenic fluid
injections [11,12].

Millions of gallons of water are used for hydraulic fracturing with the addition of a complex
mixture of chemical additives known as fracturing fluids that are injected to the ground to induce
and maintain fractures in the geological formation. Produced water can be treated and reused for
onsite hydraulic fracturing to reduce the use of fresh or brackish water for unconventional oil and gas
operations and decrease the need for the deep well injection of produced water. Fracturing companies
may have different water quality requirements depending on fracturing methods and chemical formula,
but in general it requires low in suspended solids, organic matter, and multivalent metals (in particular
Fe3+), and bacteria counts. Hydraulic fracturing can use brackish water for its operation [13]. Therefore,
desalination may not be needed or treated produced water can be blended with other water sources to
meet the TDS requirement for fracturing.

Coagulation-flocculation-sedimentation-filtration processes can significantly remove suspended
solids and colloidal particles from water. The most common chemical coagulants employed include
aluminum sulfate (alum), ferric chloride, iron sulfate, and calcium hydroxide (lime) [14]. Wang et
al. showed that flocculation of oilfield produced water using some of the most common coagulant
agents was effective for trapping and removing suspended solids [14]. Dastgheib et al. combined two
coagulants in different proportions to remove suspended solids in produced water with TDS values
around 100,000 mg/L [15]. High turbidity removal was achieved by combinations of coagulants such
as high alum–low lime, moderate alum–high lime, and moderate ferric chloride–low lime. When these
chemicals were combined, pH was not impacted drastically [15]. Younker and Walsh reported
a coagulation pretreatment employing ferric chloride reduced oil and grease concentration of produced
water from 100 mg/L to below 30 mg/L [16]. Ferric chloride was used at a 10 mg/L concentration,
and the salinity level of produced water was 32,000 mg/L. In the same study, Younker and Walsh also
used organoclay adsorption as pretreatment for produced water and found that disperse oil could be
greatly removed if the dose of organoclay increased up to 1000 mg/L and the mixing time was no less
than 45 min. When combining coagulation with organoclay adsorption for removal of oil and grease
from produced water, chemical coagulation played a significant role as pretreatment.

One of the main drawbacks of chemical coagulation (CC) is the large amount of residual sludge
formed at the end of the process, because counterions are added to the solution along with the metal
cations that serve to form the flocs. In addition, chemical coagulants contain very little coagulating
agent on a mass basis. For example, 1 ton of alum as Al2(SO4)3·18(H2O) contains only 81 kg of Al(III),
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while 1 ton of ferric chloride FeCl3·6(H2O) provides 210 kg of Fe(III). Therefore, chemical coagulation
requires the handling of larger amounts of chemicals and sludge.

Electrocoagulation (EC) utilizes sacrificial anodes to generate active coagulants to remove
contaminants by precipitation and flotation. The most common metals employed as electrodes for EC
are aluminum and iron, because these are easily available (abundant), have a low cost, and are not
toxic. The same metal is usually used for both the anode and cathode in an EC reactor. When electricity
is applied, the anode is oxidized into cations, while in the cathode water is reduced into hydrogen gas
and hydroxyl anions (Figure 1). The gas generated removes pollutants by flotation, and the coagulant
agents generated in the anode cause floc formation and precipitation as sludge [17]. EC produces
about half the sludge of CC.

EC is an attractive technology and has been used for treating different types of water and
wastewater, such as surface water; tannery and textile wastewater; pulp and paper industry wastewater;
oily wastewater; food industry wastewater; and other types of wastewater containing heavy metals,
cyanide, and other contaminants [18]. EC can be directly powered by solar photovoltaic [19].
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EC efficiency depends on the conductivity and ionic content of water. Salinity, one of the most
remarkable problems of produced water, can become an advantage for EC treatment [20,21]. EC has
been reported to be effective at removing organic matter, turbidity, trace metals, and boron in produced
water. Millar et al. demonstrated the treatment of coal seam produced water using EC with aluminum
electrodes arranged in bipolar mode [20,21]. Higher current density, longer contact time and elevated
pH in solution benefited better reduction of hardness, silica, barium, and iron. Flocs formed in EC were
porous and lighter than flocs formed by conventional CC treatments. Zhao et al. experimented the use
of EC as pretreatment for produced water obtained from an oil field in Saskatchewan, Canada [22].
They focused on the removal of hardness, oil and grease content in terms of chemical oxygen demand
(COD), and turbidity. At the operating conditions of pH 7.36, a reaction time of 31 min, and a current
density of 5.9 mA/cm2, the removal of hardness, COD, and turbidity reached 85.8%, 66.6%, and 93.8%,
respectively [22].

EC technology utilized in full-scale applications, such as the CleanWave® water treatment mobile
device (Halliburton, Houston, TX, USA), can treat up to 26,000 barrels (4100 m3) of produced water
per day with a low energy consumption. This equipment can reduce total suspended solids (TSS)
by 99% while bringing turbidity to <10 NTU. The TDS range in which the device is completely
functional is 100–300,000 mg/L [23]. Some studies show the feasibility of combining EC and biological
processes to treat produced water and specifically address organic contaminants such as total petroleum
hydrocarbons (TPH) [24].

Table 1 summarizes the operating conditions and parameters selected for EC reactors in laboratory
and pilot scale for produced water treatment. Although EC has been employed for produced water
treatment, there is limited knowledge regarding the optimal design and operating parameters during
treatment of highly saline produced water, so as to enable more economical full-scale applications [22,25].
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Table 1. Electrocoagulation technologies applied in produced water treatment: design parameters.

Ref. HRT
(min)

Experimental
Set up/Arrangement

Current Density
(mA/cm2) Produced Water Characteristics

[26] 4 Continuous flow goes 4 times through the
reactor (each time 1 min), Al and Fe electrodes 10 and 20 Conductivity 150–160 mS/cm,

COD 27 mg/L, 68% COD removal

45 Batch operation
PW 400 mL, Al and Fe electrodes 13.9 Conductivity 160–167 mS/cm,

COD 32 mg/L, 67% COD removal

[22] 30
Continuous flow, pilot scale

PW 80 L
Fe electrodes

5.56
COD 280 mg/L, Turbidity 135 NTU;
Max. turbidity removal 93.8% and

67% COD removal

[21] 1
Continuous flow at 1.14 L/min

Al electrodes
Coal seam PW

0.8

Turbidity 8.5 NTU, DOC 6.4 mg/L;
54% DOC removal

Significant removal in scale
formation species

[27] 15–90
Batch operation

PW 500 mL
Aluminum electrodes

1.2–3.6
TDS 15 g/L, boron 10mg/L

15 min removes 60% boron; 90 min
removes 98% boron

[28] 30–90
Batch operation,

Volume of oil sands PW 1.5 L
Al and Fe electrodes; AlCl3 added

6–30
TDS 1.7 g/L

TOC 475–720 mg/L
39% TOC removal

COD—chemical oxygen demand; DOC—dissolved organic carbon; HRT—hydraulic retention time;
NTU—nephelometric turbidity units; PW—produced water; TDS—total dissolved solids; TOC—total organic carbon.

A variety of media have been employed for produced water filtration to remove organic matter
and suspended solids. Dastgheib et al. [15] employed sand, anthracite coal, and walnut shell to filter
oilfield produced water. They found that the media with the greatest capacity to remove suspended
particles was sand, while the best to remove oil droplets was anthracite coal. Although walnut shell
showed the potential to remove particles and oil components, it had a lower adsorption capacity and
reached turbidity breakthrough faster than anthracite and sand. For the removal of dissolved organic
carbon (DOC), anthracite coal, walnut, and sand removed 70%, 60%, and 45% respectively after 15 h of
operation. These experiments proved the effectiveness of filtration for saline produced water with
a TDS concentration of 100,000 mg/L [15]. Zhang et al. also utilized walnut shell in a packed-bed
arrangement to filter produced water as a pretreatment prior to membrane distillation [29]. This study
showed ≥95% removal of organic compounds such as BTEX.

Adsorption is usually conducted using organoclay and granular activated carbon (GAC) as
adsorbent materials. The use of GAC is recommended over organoclay, because GAC has a greater
specific surface area which removes greater quantities of DOC from produced water [15,30]. Adsorption
technologies, including the use of a chitosan polymer extracted from shrimp shell, also showed
promising potential to remove oil from produced water [31].

The effective media such as GAC can be costly; developing innovative, low-cost filter media
is important to reduce the treatment costs for produced water reuse. These media may include
agricultural waste products, such as various woodchips, nut shells, biochar, and spent GAC from
drinking water treatment plants of which the adsorption capacity may be exhausted but can still be
used as a filter media for removal of suspended solids during produced water treatment.

1.2. Research Objective

It is critical to develop produced water treatment alternatives to reduce the amount of produced
water for disposal and reuse it as a valuable water resource. Innovative approaches are needed
to lower treatment costs and improve efficiency for produced water treatment. The objective of
this study is to assess different technologies to remove suspended solids, organic matter, and other
constituents in produced water, to generate a clean brine for the hydraulic fracturing operation of
unconventional oil and gas reservoirs. EC and conventional CC methods using alum and ferric
chloride as coagulants were compared in terms of removal efficiency and operating costs. EC has the
advantages of working effectively for saline produced water and creating coagulant species in situ
without the hassle of chemical transport, handling, and storage. Besides conventional GAC, innovative

NMOGA_003361



Water 2020, 12, 770 5 of 16

low-cost filter media were evaluated, including agricultural waste products (pecan shell, walnut shell,
and biochar), and spent GAC from a local drinking water treatment plant. This study aims to provide
recommendations and optimization of operating and design parameters for treatment of highly saline
produced water (~120–140 g/L salinity) in the Permian Basin for onsite reuse.

2. Materials and Methods

2.1. Produced Water

Produced water samples were collected from a salt water disposal facility in Jal, New Mexico.
This site has basic treatment to remove suspended solids that may clog disposal wells. The chemical
composition of the produced water collected from the Permian Basin is summarized in Table 2. The TDS
concentration of the produced water varied between 120 and 140 g/L with electrical conductivity
between 200 and 300 mS/cm. The major constituents in the produced water included Na+ (42,720
± 2093 mg/L), Ca2+ (4247 ± 752 mg/L), Mg2+ (727 ± 54 mg/L), K+ (805 ± 230 mg/L), Sr2+ (257 ±
20 mg/L), Cl− (65,800 ± 1600 mg/L), SO4

2− (1010 ± 9 mg/L), Br− (591 ± 16 mg/L), and SiO2 (32 ±
2 mg/L). The pH was 7.30 ± 0.21 with alkalinity of 2345 ± 329 mg/L as CaCO3. The total organic carbon
(TOC) concentration varied in the range of 83.1 ± 30.8 mg/L. The produced water also contained high
concentration of ammonia (655 ± 77 mg/L). The produced water tested in this study represents the
typical produced water quality in the Permian Basin, in which the TDS concentration varies from 20 to
300 g/L with an average of 90 g/L [2,4,7].

Throughout the study, electrical conductivity and pH were measured using an OAKTON meter
(Vernon Hills, Il, USA). Turbidity was measured using a HACTH 2100N Turbidimeter (Loveland, CO,
USA). Alkalinity was measured employing a HATCH Digital Titrator model 16,900, Method 8203
(Loveland, CO, USA). The major ions were analyzed by a DIONEX ion chromatography system model
ICS-2100 (Dionex, Sunnyvale, CA, USA). TOC was determined by the non-purgeable organic carbon
(NPOC) analysis using a Shimadzu TOC analyzer model VCSH (Shimadzu TOC-L, Kyoto, Japan).
The trace metals analysis was conducted employing inductively coupled plasma–optical emission
spectrometry (ICP-OES, Perkin Elmer Optima 4300 DV, Norwalk, CT, USA).

Table 2. Chemical characteristics of the produced water from the Permian Basin, Jal, NM.

Parameter Unit Value

pH 7.30 ± 0.21
Alkalinity mg/L as CaCO3 2345 ± 329

Electrical conductivity mS/cm 201.2 ± 13.3
Total dissolved solids g/L 129.3 ± 8.5
Total organic carbon mg/L 83.1 ± 30.8

Total phosphorus mg/L <0.1
Turbidity NTU 53.4 ± 5.0

Ammonium mg/L 655 ± 77
Arsenic mg/L 1.1 ± 0.0
Barium mg/L 1.0 ± 0.0

Bromide mg/L 591 ± 16
Calcium mg/L 4247 ± 752
Chloride mg/L 65,800 ± 1600

Iron mg/L 11 ± 9
Lithium mg/L 18.8 ± 0.3

Magnesium mg/L 727 ± 54
Manganese mg/L 0.66 ± 0.02

Nickel mg/L 0.02 ± 0.004
Potassium mg/L 805 ± 230

Silica mg/L 32 ± 2
Sodium mg/L 42,720 ± 2093

Strontium mg/L 257 ± 20
Sulfate mg/L 1010 ± 9
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2.2. Produced Water Treatment

2.2.1. Chemical coagulation (CC)

Standard jar testing was conducted using ferric chloride and alum as coagulant agents; both were
analytical grade and obtained from Fisher Scientific. Chemicals were added to produced water
in different concentrations ranging from 250 to 1321 mg/L. For the operational parameters of jar
testing, rapid mixing was performed 1 min at 100 rpm; the flocculation stage lasted 25 min at 40 rpm;
then 40 min settling prior to taking water samples for analysis. The parameters monitored were pH
and turbidity to determine and compare the removal capacity of each chemical.

2.2.2. Electrocoagulation (EC)

The EC unit included a set of eight aluminum plate electrodes (10.2 × 16 × 1.3 cm) assembled in
parallel. Electricity was applied to the electrodes by a direct current power supply LH110-3 (Sorensen,
San Diego, CA, USA). Electrodes were placed in a 2.5 L cylindrical reactor made of clear acrylic material.
The surface area of electrodes in contact with produced water was 379 cm2, and the distance between
each electrode was 2 cm (Figure 2).
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Figure 2. Schematic diagram of the continuous-flow experimental set up. The packed columns employed
different media, from left to right: walnut shell, biochar, pecan shell, new GAC, and spent GAC.

Batch EC experiments were designed to study the effect of current density and electrocoagulation
time (ECT) on turbidity removal from produced water. In this study, ECT was defined as the time
(in minutes) that produced water was in direct contact with the aluminum electrodes during an EC
batch experiment. Before every batch experiment, electrodes were gently polished using sandpaper to
remove deposits and smooth out any sharp spots [28].

To study the effect of current density applied during EC on turbidity removal, an electric
current ranged from 0.5 to 3.0 amperes (A) with 0.5 A intervals (equivalent to current density of
1.32–7.92 mA/cm2) applied to the electrodes in individual experiments. For each experiment, ECT was
set at 25 min with a sedimentation time of 40 min, and the volume of produced water treated was 2.5 L.
The optimal current density value obtained after these experiments was employed to study the effect
of ECT in further electrocoagulation batch experiments.

To determine an optimal ECT, six batch experiments were conducted at ECT of 3, 6, 9, 12, 15,
and 20 min. For each experiment, sedimentation time was 40 min and the volume of produced water
treated was 2.5 L. The optimal ECT was employed as hydraulic retention time (HRT) for the EC stage
during continuous-flow experiments.

In the EC cell, the fundamental oxidation and reduction processes occurring can be represented as
follows [27].
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Anode, aluminum is oxidized from solid metal (s) to ionic species in aqueous solution (aq):

Al(s)→ Al3+(aq) + 3e− (1)

Cathode, water is reduced to hydrogen gas and hydroxyl ions:

2H2O + 2e−→ H2(gas) + 2OH−(aq) (2)

After the oxidation of aluminum in the anode, different polymeric species form and eventually
transform into Al(OH)3(s), as shown in Equation (3) [27]:

Al3+(aq) + 3H2O→ Al(OH)3(s) + 3H+(aq) (3)

In produced water, Al(OH)3(s) flocs can capture particles and adsorb metals and organic
contaminants. Flocs can be further removed by hydrogen gas flotation or by sedimentation after
EC treatment.

The amount of aluminum generated during the EC operation can be calculated theoretically using
Faraday’s law. The mass of metal m is a function of the electrolysis time t and of the electric current I:

m = (M × I × t)/(z × F) (4)

where m is the mass in grams of aluminum generated at a specific current applied (I), amperes; M is
the atomic weight of aluminum, 26.98 g/mol; t is the operating time, s; z is the number of electrons
transferred per aluminum atom; and F is Faraday’s constant, 96,486 C/mol.

2.2.3. Filtration

Packed-column filtration experiments were carried out using 2-inch I.D. (5.1 cm) by 15-inch length
(38 cm) acrylic columns. Types of filter media used for experiments were walnut shells, pecan shells,
biochar, new and spent GAC. Walnut shells and pecan shells were obtained as agricultural wastes
from farmers in Las Cruces area, and biochar was obtained from Wakefield Agricultural Carbon LLC,
which was produced through thermal treatment of wood chips. Biochar, walnut and pecan shells
were sieved to obtain particle size of 1.68–2 mm. The specific surface area of biochar was measured
370 g/m2 [32]. The new GAC was FILTRASORB 816 from Calgon Carbon Corporation (Moon Township,
PA, USA). The GAC has an effective particle size of 1.2–1.3 mm, specific surface area of 900–1000 m2/g,
and iodine number of 900 mg/g. The spent GAC was the same type but had been used for nine years
in a conventional surface water treatment plant. The GAC was used for potable water production
and is deemed non-hazardous. The spent GAC can be either disposed of to landfill or returned to the
manufacturer for re-activation.

Prior to packing the columns, all the filter media (except spent GAC) were washed with distilled
water and dried overnight at 105 ◦C. To pack each column, a 2-inch thick gravel layer was set in the
base; then a 5.5-inch thick media layer was packed on top (Figure 2). For the operation of the columns
in continuous-flow mode, a Masterflex peristaltic pump was used to pump produced water through
the columns at a flow rate of 20 mL/min with an empty bed contact time (EBCT) of 19 min.

2.3. Continuous-Flow Experiments

Batch experiments were conducted for CC and EC to study and evaluate their performances.
Once the optimal conditions were defined, continuous-flow experiments were conducted.
The experimental set up was composed of EC stage as pretreatment for filtration. Produced water
flowed through the EC reactor at 208 mL/min rate based on the optimal ECT determined during
batch experiments.
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3. Results

3.1. Chemical Coagulation (CC)

Alum was demonstrated to have a higher efficacy than ferric chloride to remove suspended
solids from produced water (Figure 3a). While added in the same molar concentration, the turbidity
removal by Al(III) could be up to 1.5 times higher than by Fe(III). Over 80% turbidity was removed at
Al(III) dose of 2.6 mmol (71 mg/L), while 60% of turbidity was removed by Fe(III) at dose of 2.4 mmol
(135 mg/L). The consumption of alkalinity in produced water to form Al(OH)3 and Fe(OH)3 flocs was
the same, and the pH drop by using alum as coagulant exhibited the same trend as using ferric chloride
(Figure 3b).Water 2020, 12, 770 9 of 16 
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Figure 3. Turbidity removal (a) and pH change (b) during chemical coagulation of produced water.

Recently, Chang et al. [33] employed both alum and ferric chloride to coagulate flowback and
produced water. At an optimal dose of 900 mg/L, ferric chloride showed a greater capacity to remove
turbidity and organics. Alum exhibited a slightly inferior efficiency, which is different from the results
obtained in the current study. The difference, however, resides in the fact that Chang et al. [33]
compared the efficiency of the chemicals added in mg/L of the chemical molecules and not the molar
concentration of the metal itself. If the coagulant dose is converted to molar concentrations, Chang et
al.’s study reached the same conclusion as this study: that Al(III) coagulant outperformed Fe(III) for
better removal of turbidity.

Nadella et al. reported that the zeta-potential of colloids present in the raw produced water
collected in the Permian Basin was slightly negatively charged and near neutral owing to its high ionic
strength and the presence of high concentrations of multivalent cations, such as Mg, Ca, and Fe [34].
During coagulation, the positively charged metal coagulant is attracted to the negatively charged
colloids via electrostatic interaction. Flocs form during the charge neutralization process, and particle
collisions occur. Adding excess coagulant beyond charge neutralization results in the formation of
metal coagulant precipitates (e.g., Al(OH)3 or Fe(OH)3). Colloidal contaminants in produced water
were entrained or swept down by the precipitates as they settled in the suspension. This study showed
alum was more effective for charge neutralization and enmeshment/entrainment of colloidal particles
in produced water than ferric chloride.

Considering the current market prices of coagulants (US $500–$590/metric ton for alum and
US $460–$800/ton for ferric chloride), the use of alum as a coagulant for produced water represents
an economic advantage. For example, to achieve 60% removal of turbidity from the produced water,
it requires 36 mg/L Al(III) (444 mg/L Al2(SO4)3·8H2O) and 134 mg/L Fe(III) (650 mg/L FeCl3 ·6H2O) as
coagulant. Assuming the price for both coagulants would be $500/ton, the chemical cost of using Fe(III)
as coagulant ($0.325/m3 water) is 1.46 time higher than using Al(III) as coagulant ($0.222/m3 water).
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For a conventional CC, the energy consumption required for mixing in coagulation and flocculation
processes was estimated to be 0.4 kWh/m3 [35]. Assuming the electrical cost is $0.10 kWh, the electrical
power cost of CC is estimated to be $0.04/m3. The total operating costs for Al and Fe coagulation are
approximately $0.26/m3 and $0.37/m3, respectively.

3.2. Electrocoagulation (EC)

Aluminum electrodes were selected over iron electrodes for EC based on the CC test results and
because hydraulic fracturing requires low concentration of iron. Figure 4 shows the experimental
results to optimize Al(III) dose through changing current density and hydraulic retention time in
EC process. The optimal Al(III) dose achieved 74 ± 1.2% turbidity removal at current density of
6.6 mA/cm2 (1.8 volts). Further increase of current density levels did not have significant improvement
in turbidity removal.
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Figure 4. Effect of applied current density (a) and electrocoagulation time (b) during electrocoagulation
on turbidity removal. The error bars represent the variability of duplicate experiments.

Once current density was optimized, the effect of ECT on turbidity removal was studied,
as shown in Figure 4b. The optimal ECT was determined to be 12 min because turbidity removal
reached the highest at 70%. ECT longer than 12 min did not improve turbidity removal. Therefore,
for continuous-flow experiments, the design parameters were set at the current density 6.6 mA/cm2

and an ECT of 12 min.
pH dropped from 7.47 to 6.41 after 20 min of operation due to the consumption of hydroxyl anions

during the formation of aluminum hydroxide, which precipitates as flocs according to Equation (3).
The organic carbon concentration in the EC effluent was considerably variable, with a value of 26.78 ±
14.71 mg/L, representing a TOC removal of 53–78%. Due to relatively low pH during EC operation,
the removal of hardness was marginal: 6.4% ± 2.8% for calcium and 2.1% ± 0.5% for magnesium.

Based on the Faraday’s law, the theoretical amount of Al(III) generated from anode at optimal
conditions (i.e., 6.6 mA/cm2 and 12 min ECT) is estimated to be 67 mg/L of Al(III). The EC calculation
result is comparable with the optimal alum dose obtained from CC, where at Al(III) dose of 80 mg/L,
80% of turbidity was removed; in EC, 74% of turbidity was removed at the theoretical Al(III) dose
of 67 mg/L. Meanwhile, pH dropped to 6.4 in both coagulation processes. The actual consumption
of aluminum electrodes is higher than the theoretical value, due to electrochemical corrosion of both
the anode and cathode that contributes to the extra-faradaic aluminum dosing [36]. Picard et al.
demonstrated cathodic dissolution in the EC process due to chemical attack by hydroxyl ions generated
during water reduction [37]. The actual coagulant dose in Al-EC can be 1.2 to 2.2 times higher than the
calculated faradaic aluminum amount [36,37].

The unit operating costs for EC can be estimated by adding the electrical costs and the costs for
the sacrificial anodes. To achieve 70% turbidity recovery, the energy requirement was calculated to
be 0.36 kWh/m3 of water treated; this value is 2–10 times lower than other EC studies generating
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the same amount of aluminum dose during treatment of synthetic water and wastewater [35–37],
because higher salinity of produced water reduced the electrical resistance of the solution during EC.
Given an electrical cost of $0.10/kWh, the electrical power cost was estimated $0.036/m3. The current
market price for aluminum sheets (thickness 0.2 to 200 mm) varies in the range of $1000–$3000 per
ton. Assuming aluminum electrode cost is ∼$3.00/kg, and the actual blade consumption is two times
higher than the theoretical amount (i.e., 2 × 67 = 134 mg/L) due to electrode dissolution [35], the cost of
aluminum electrode consumed is estimated $0.40/m3 of treated water. Therefore, the total operating
costs for EC were estimated $0.44/m3 of treated water, which is 1.7 and 1.2 times higher than using alum
and ferric chloride as chemical coagulants ($0.26/m3 and $0.37/m3), respectively. The EC operating
costs can be reduced and comparable to CC by using low-cost aluminum electrodes. It should be
noted that the costs for chemical handling and waste disposal were not included in this preliminary
cost analysis.

3.3. Continuous-Flow Filtration

Filtration experiments were conducted for 60 h to evaluate the impacts of different filter media on
the removal of suspended solids and adsorption of contaminants. Samples were taken after 0.5, 1, 2, 4,
8, 12, 18, 24, 30, 36, 48, 54, and 60 h filtration, for turbidity measurement. Since the EC stage removed
about 70% of initial turbidity, the packed-columns had a turbidity of 14.1 ± 5.3 NTU. In addition to
turbidity, TOC analysis was conducted for samples from 0 to 36 h of operation, since all filter media
had reached turbidity breakthrough (defined as below 50% removal in this study) by around that point.
Figure 5 illustrates the removal of turbidity and TOC over time in different media filters.
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Removal of salts was negligible because the conductivity reduction was less than 4% in all media
filters. None of the filter media had a significant impact on pH, as all the columns reduced it to a range
where the lowest value was 6.92. This indicates that there was no significant consumption of alkalinity
or generation of chemical species that affected pH during filtration.

3.3.1. New and Spent GAC

New GAC removed 80% turbidity during the first 24 h of filtration and the removal dropped
to ~50% after 36 h (Figure 5a,b). Organic contaminants were reduced by 21% during the first 8 h
of filtration, and the removal increased to 47% after 36 h. The results obtained in this study are
similar to that Dastgheib et al. [15] reported; for GAC in a column experiment with EBCT of 6 min,
the greatest removal of organics occurred at 24 h of operation, reaching ~55% removal. The EBCT of
the GAC packed-column was designed and operated in this study for 19 min. When comparing these
EBCT time to general standards, they all fit to commonly applied values because according to the U.S.
Environmental Protection Agency (EPA), typical EBCT for water treatment applications of activated
carbon ranges between 5 to 25 min [38].

In addition to the use of new GAC, this study explored an innovative use of spent GAC. One of
the advantages of using this media is the low cost. When GAC is no longer useful for filtration in
conventional water treatment plants, it becomes a waste; therefore, there is no cost related to acquiring
spent GAC for filtration in this study.

According to the results obtained, the spent GAC demonstrated potential for produced water
treatment; it reached half turbidity breakthrough after 24 h of operation compared to 36 h for the new
GAC. Turbidity removal rates are acceptable at least in the first few hours of operation, since both new
and spent GAC achieved over 90% during the first 8 h of operation and maintained greater than 80%
after 18 h.

The main differences between new and spent GAC rely on their capacity to remove organics.
Because the adsorption capacity of the spent GAC was exhausted during 9-year filtration of surface
water, it barely adsorbed organic matter (5%) during the first 8 h of filtration. After 8 h it started
showing a TOC removal of 30%.

Leaching test was conducted to investigate the release of adsorbed contaminants into deionized
water from the spent GAC in comparison with new GAC. The conductivity of new GAC and spent
GAC leachates was 16.4 µS/cm and 57.6 µS/cm after 24-h shaking, respectively. Release of organics
from the GAC was 21-times of new GAC. The turbidity of new GAC and spent GAC leachates was
1.98 NTU and 6.72 NTU. The leaching experimental results imply that spent GAC was not as effective
as new GAC to remove organic matter.

3.3.2. Walnut and Pecan Shell

Walnut media had great turbidity removal capacity during the first 18 h of operation reducing
turbidity from 16.6 NTU to 0.49 NTU (Figure 5c,d). Turbidity breakthrough was reached after 24 h
of operation. In terms of organics, TOC increased in the filter effluent right after starting the column
operation due to the leaching of organic matter from the media. In contrast, literature reports that
walnut shell filtration can decrease produced water turbidity from 33 to 0.02 NTU and remain stable
for about 80 h of operation, with an average removal rate of organics of 60% [15]. This difference
may be related to the media particle size and EBCT. In this study, the particle size of walnut shell
was 1.68–2 mm and the EBCT was 19 min. Dastgheib et al. employed a particle size much smaller
of 0.30–0.42 mm and a greater EBCT of 47 min, which may be attributable to the different removal
results [15]. Smaller particle size and longer EBCT result in better removal but it increases the operating
cost of filtration. Longer operation time for the columns can also represent a disadvantage in larger
scale applications due to requirements of larger filters and footprint. Cost-benefit analysis should be
conducted before selecting operating parameters for walnut shell.
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There are limited studies reporting the use of pecan shell in produced water filtration. Although
it reached good turbidity removal during the first 4 h (from 16.6 to <1 NTU), the removal was not
maintained thereafter. In addition, pecan shell presented organic leaching during the first hour of
operation, increasing TOC concentration in the effluent (Figure 5d). The leaching was visibly observed
as the effluent from pecan shell had a light-yellow color during the first couple of hours of operation.
Pretreatment procedures for pecan shell would need to be researched and tested to reduce the organic
leaching and improve the TOC removal from produced water.

3.3.3. Biochar

Biochar was the filter media that took the longest to reach its best turbidity removal rate
(Figure 5a,b). It took 8–12 h to get to 93%, while other filter media like new GAC and walnut shell
removed the same percentage only after 1–2 h of operation. Biochar turbidity removal started to
decrease after 24 h and reached half turbidity breakthrough.

The greatest advantage of filtering produced water with biochar is its outstanding capacity of
removing organic matter. Biochar removed 74% TOC within the first 4 h of operation and maintained
the removal rate for 36 h. It was the best filter media to remove organics, since new GAC was the
closest to biochar and it only removed <50% of TOC. In this study, the adsorbent capacity of biochar
turned out to be the greatest for organic matter removal.

It has been reported some biochars have stronger adsorption and binding affinities to organic
contaminants than commercial GACs [39,40]. Our previous study investigated the factors affecting
the use of biochar as an alternative adsorbent to treat pharmaceuticals from desalination concentrate
in comparison with commercial GAC [32]. The adsorption capacity of biochar was comparable to
GAC and achieved higher removal for some organic chemicals. High salinity and electrolyte ions in
feedwater improved adsorption process due to neutralization of the negative charge of biochar with
cations and compression of electrical double layer near the surface. Also, divalent cations (Ca2+ and
Mg2+) in produced water can form complex compound with organics via O-, N-, S- donors—such as
carboxyl, hydroxyl, and phenolic functional groups, which benefits the interaction with a negatively
charged biochar (coordinates with carboxyl groups on the biochar surface). Although biochar has
a less-specific surface area than GAC, biochar achieved comparable turbidity removal and better TOC
removal. Further studies are needed to elucidate the mechanisms of contaminants removal from highly
saline produced water.

Moreover, biochar could be a low-cost alternative. The biochar used in this study is $287/m3,
which could be 5 or 6 times less expensive than GACs, and thus could significantly reduce water
treatment costs.

3.3.4. Removal of metals

The removal of metals was monitored in biochar and walnut column filters, given they showed
the best performance in TOC and turbidity removal, respectively (Table 3). Both biochar and walnut
filter media showed great potential of removing iron from produced water to the level below the
instrumental detection limit. These media also removed SiO2 to higher than 50% during filtration.
There was no removal of other metals in filters.

3.4. Potential for Onsite Produced Water Reuse

Hydraulic fracturing is a highly water intensive process that requires cross-linked gel fluids
for vertical wells and slick-water fluids for horizontally drilled wells. The cross-linked gel fluid
usually has a high viscosity to transport sand, ceramics, and other proppant materials to induce
fractures in the formation. The slick-water has lower viscosity but contains other friction reducers
and chemical additives. Despite their differences in composition and purposes within the fracking
process, both fluids can use brackish water [13] instead of freshwater for its operation, such as clean
brine. In this study, after EC and filtration, the turbidity of the treated produced water reached less
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than 1 NTU, and iron was not detected. With the advances in hydraulic fracturing, the high salinity in
produced water may not be a limiting factor for reuse. For example, Schlumberger tested the fluid in
a variety of mix waters with salinity levels ranging from 43,000 to 350,000 mg/L of TDS from formations
in the Marcellus Shale and the Permian Basin. Identical formulations showed improved performance
as the salinity increased [41].

Table 3. Metal concentrations in filtrate from biochar and walnut column filters.

Water Sample Time
(Hours)

As
(mg/L)

Ba
(mg/L)

Fe
(mg/L)

Ca
(mg/L)

Mg
(mg/L)

SiO2
(mg/L)

Na
(mg/L)

Filter influent 0 1.12 1.03 13.4 3799 529 34.7 33,190

Biochar
0.25 0.98 2.18 ND 2943 448 14.3 26,840
0.5 1.04 1.25 ND 3682 527 13.2 33,840
36 1.04 0.95 ND 3907 539 18.4 34,840

Walnut
0.25 1.03 1.29 ND 3807 555 16.9 33,990
0.5 1.15 1.01 ND 3837 550 13.7 34,310
36 1.01 0.94 0.3 3933 553 17.9 35,140

MDL 0.1 0.001 0.0287 0.016 0.24 0.015 0.0483

ND: non-detectable; MDL: minimum detectable level.

4. Conclusions

This study aims to generate a clean brine with low suspended solids, iron, and organic matter,
which can be reused onsite for hydraulic fracturing process. Reuse of produced water can significantly
reduce the current freshwater consumption during unconventional oil and gas exploration, and decrease
the volume of produced water for deep well disposal. This study evaluated different alternatives for
produced water treatment, including through a comparison between chemical and electro-coagulation,
and different low-cost filter media.

During chemical coagulation, alum exhibited higher removal of turbidity than ferric chloride at
the same molar concentration, resulting in lower chemical demand and cost. To achieve 60% removal
of turbidity from the produced water, it requires 36 mg/L Al(III) (444 mg/L Al2(SO4)3·18H2O) and
134 mg/L Fe(III) (650 mg/L FeCl3 ·6H2O) as the coagulant. The total operating costs, including the
electrical power cost and chemical cost for Al and Fe coagulation, were estimated approximately
$0.26/m3 and $0.37/m3, respectively.

EC removed 70% of turbidity and an average of 63% of TOC from the produced water under
optimal Al dose (current density of 6.60 mA/cm2 and EC treatment time of 12 min). The energy
requirement was calculated 0.36 kWh/m3 of water treated, which is much lower than EC treatment
of lower salinity water and wastewater. EC has the advantage of shorter retention time, no need for
additional chemicals, lesser sludge generation, and high mobility for onsite produced water treatment.
Assuming the aluminum electrodissolution yield of 200% due to faradaic reaction and electrode
corrosion, the total operating cost of EC was estimated $0.44/m3 of treated water, which is 1.7 or 1.2
times higher than CC using alum or ferric chloride as the coagulant.

After EC, media filtration contributed to further turbidity removal: up to 97% for walnut shell,
95% for new GAC, and 94% for biochar. In terms or organic removal, only biochar and new GAC were
considered effective. Spent GAC had very low organic matter removal rates, and walnut and pecan
shell leached out organics which caused an increase rather than a removal. All of these occur with
reasonable pH changes (reducing from 7.44 to 6.92). Regarding metals in filtrate from walnut shell and
biochar, iron was reduced to an undetectable level; SiO2 was reduced by 50%; and other elements,
such as calcium, sodium, and magnesium, were not significantly removed.

The use of agricultural waste products (e.g., pecan, walnut shell, and biochar) for packed-column
filtration represents a promising economic advantage. Although walnut shell had a greater contaminant
removal capacity compared to pecan shell, both can contribute to treating produced water into a clean
brine. The economic investment of applying these filter media would be minimal, as the costs related
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are energy (pumping water) and materials. Spent shells after useful lifetime could be landfilled or
used as fuels to generate energy.
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