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1. Introduction

Produced water (PW) is a large waste stream that develops in onshore oil and
gas exploration and production, where water is brought up from the reservoir
together with the oil/gas. This water is a mixture of formation water, injection
water, and small volumes of condensed water from gas production and aqueous
residues of treatment chemicals. PW also makes for the largest waste stream by
volume in oil and gas production operations on most offshore platforms [1] [2].
Produced water may account for 80% of the wastes and residuals produced from
natural gas production operations [3]. Currently, the output of PW exceeds oil
production at a volumetric ratio of estimated 2.4 globally, which interestingly is
a little less than reported in 2009 with a ratio of 3:1 at the time [4] and 10:1 in
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the US [4], with a total oil production worldwide of 95.2 million barrels (2019).
According to a 2020 report, PW production has reached 250 million barrels per
day [5], 40% of which is discharged untreated into the environment [6]. With
the maturation of oil fields, it is expected that the ratio produced water/extracted
oil will increase further [7] [8]. As oil and gas production volumes reflect the
overall economic market, economic downturns also lead to a decrease in PW
from oil and gas production. The era of COVID-19 is such a case in point. Thus,
in 2020 the amount of PW from on-shore oil production in the United States
suffered a decline of 4%, in comparison to 2019, to a little over 20 million bar-
rels, according to an IHS Markit analysis (IHS-Market analysis, 2020). Frack
water will decrease the most, by about 46% vs. 2019 numbers. This leaves a US
oilfield water market valued at 28 billion dollars [9]. In addition, one of the
world’s largest oil reserves, containing over 169 billion remaining barrels (27 x
10° m®) of recoverable bitumen, is located in the surface mined Athabasca oil
sands deposit northern Alberta, Canada [10]. Here, the extraction process results
in raw tailings at a 9:1 volume ratio to extracted oil [11]. Thus, the future of oil
sand exploration will also in part determine the amount and the nature of pro-
duced water in the future. Overall, the global produced water market is predicted
at 87.4 billion dollars by 2031 [12].

With this large amount of PW produced, it is of immense importance to
manage it, taking into account cost effectiveness and environmental sustainabil-
ity. In 2020, M. Gray published the results of a survey of 14 member companies
of IPIECA, the global oil and gas industry association for advancing environ-
mental and social performance, on which factors govern decisions regarding the
reuse of PW from their operations. The main factors that were identified were
economic, regulatory (permits, social and corporate policy) and infrastructure
[13]. In general, from an environmental standpoint, the principle of first em-
ploying technologies to minimize produced water production and of reusing and
recycling PW govern. If neither of these is practical, PW disposal is the final op-
tion [14] [15]. Management of PW involves an injection into deep disposal wells;
however, this technique may lead to induced seismicity, surface water and/or
subsurface fresh water aquifer contamination. Nevertheless, it is less costly,
therefore it is the most practiced strategy to date [16], with about 90% of pro-
duced water being reinjected into the subsurface for disposal or for enhanced oil
recovery [17].

Also in the Middle East, sustainable management of PW has been of great in-
terest for the past few decades. In the Arabian Peninsula, where three of the
Middle East’s major oil producing states are, concerns have been raised about
the impact of the currently implemented techniques for PW disposal. There are
four common PW disposal methods in the oilfields located in the Arabian Pe-
ninsula: seepage pits, sealed pits, effluent injection and recovery injection. Since
the discovery of oil in the region, the producers have focused primarily on

maintaining their high profitability by reducing their operational costs and un-
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necessary capital expenditure to the minimum. PW disposal was one of these
cost reduction plans, sometimes disregarding their environmental risks, which
were not given proper attention to on a global scale, either [18]. On the other
hand, the Arabian Peninsula is one of the areas in the world with the highest
water scarcity, with few permanent lakes and rivers, and reuse of PW in the re-
gion would be quite beneficial.

A number of reviews have been published to date on the treatment of pro-
duced water (PW) from oil and gas activities [7] [19]-[24]. Also, in 2018, T.C.M.
Nonato et al published a review of technologies treating PW, concentrating on
their economic viability [25]. This review will concentrate on the management
and the development of treatment methods of PW with an emphasis on the situ-

ation in the Arabian Peninsula.

2. Characteristics of Produced Water

Some of the typical PW constituents are salts (expressed as salinity, total dis-
solved solids (TDS), or electrical conductivity) (Table 1), oil and grease, BTEX
(benzene, toluene, ethylbenzene, and xylenes), PAHs (polycyclic aromatic hy-
drocarbons), organic acids, and phenols. In addition, chemical additives can be
found that come from the drilling, fracturing, or from operating the well. Some
of them may have toxic properties [26]. These include biocides, demulsifiers,
and scale and corrosion inhibitors from oil fields [22] [27] and methanol and di-

ethylene glycol from gas fields [23].

Table 1. Typical elemental content of PW (in mg/L). ND = not detectable; N/A = not available.

Element/complex anion Concentration (ppm) References

Antimony

Aluminum

Arsenic

Barium

Beryllium

Bicarbonate

Boron

Bromide

Cadmium

N/A

USEPA, 2000 [29]; Tibbetts et al, 1992 [30]; Cluff et al, 2014 [31]; Warner et

0.50 - 410 al., 2014 [32]; Gregory et al, 2011 [33]; Yeung et al, 2011 [34]; Utvik et al,

1999 [35], Alley et al, 2011 [36]; Khan et al, 2016 [37]
Fillo & Evans, 1990 [38]; USEPA, 2000 [29]; Tibbetts et al, 1992 [30]; Ekins et

0.004 - 151 al., 2006 [39]; Cluff et al, 2014 [31]; Warner et al, 2014 [32]; Gregory et al,

2011 [33]
Fillo & Evans, 1990 [38]; USEPA, 2000 [29]; Tibbetts et al, 1992 [30]; Cluff et

ND - 1740 al, 2014 [31]; Warner et al,, 2014 [32]; Gregory et al, 2011 [33]; Yeung et al,

2011 [34]; Utvik et al, 1999 [35], Alley et al, 2011 [36]; Khan et al, 2016 [37]

<0.001 - 0.004 Tibbetts et al, 1992 [30]

USGS 2002 [40]; Nasiri & Jafari, 2017 [41]; Adewumi, 2002 [42]; Cluff et al.,

ND - 14,750

2014 [31]; Warner et al, 2014 [32]; Gregory et al, 2011 [33]
Fillo & Evans, 1990 [38]; Tibbetts et al, 1992 [30]; Cluff et al, 2014 [31];
ND - 95 Warner et al,, 2014 [32]; Gregory et al, 2011 [33]; Yeung et al, 2011 [34];
Utvik et al, 1999 [35]; Alley et al, 2011 [36]; Khan et al, 2016 [37]
150 - 1149 Fillo & Evans, 1990 [38]; Wandera et al.,, 2011 [43]; Fillo et al, 1992 [44]

<0.005 - 1.21 Fillo & Evans, 1990 [38]; USEPA, 2000 [29]; Tibbetts et al, 1992 [30]
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Continued
USGS, 2002 [40]; Adewumi, 2002 [42]; Cluff et al, 2014 [31]; Warner et al,
Calcium ND - 74,185 2014 [32]; Gregory et al, 2011 [33]; Yeung et al, 2011 [34]; Utvik et al, 1999
[35]; Alley et al, 2011 [36]
USGS, 2002 [40]; Adewumi, 2002 [42]; Cluff et al, 2014 [31]; Warner et al,
Chloride 2 -254,923 2014 [32]; Gregory et al, 2011 [33]; Yeung et al, 2011 [34]; Utvik et al, 1999
[35]; Alley et al, 2011 [36]; Fillo & Evans, 1990 [38]
. Fillo & Evans, 1990 [38]; Tibbetts et al, 1992 [30]; Cluff et al, 2014 [31]
Chromium ND-1.1
Warner et al,, 2014 [32]; Gregory et al., 2011 [33]
Cobalt N/A
Copper <0.002 - 5 USEPA, 2000 [29]; Tibbetts et al,, 1992 [30]
Fluoride N/A
Todide 3-120 Neff et al,, 2011 [24]
Tibbetts er al. 1992 [30]; Fillo & Evans, 1990 [38]; Cluff et al, 2014 [31];
Iron ND - 1100 Warner et al,, 2014 [32]; Gregory et al, 2011 [33]; Yeung et al, 2011 [34];
Utvik et al, 1999 [35]; Alley et al, 2011 [36]
Lead 0.002 - 10.2 USEPA, 2000 [29]; Tibbetts et al, 1992 [30]
USEPA, 2000 [29]; Tibbetts et al,, 1992 [30]; Cluff et al, 2014 [31]; Warner et
Lithium 3-235 al., 2014 [32]; Gregory et al, 2011 [33]; Yeung et al, 2011 [34]; Utvik et al,
1999 [35]; Alley et al, 2011 [36]; Khan et al, 2016 [37]
USGS, 2002 [40]; Tibbetts et al., 1992 [30]; Cluff et al., 2014 [31]; Warner et
Magnesium ND - 46,656 al., 2014 [32]; Gregory et al, 2011 [33]; Yeung et al, 2011 [34]; Utvik et al,
1999 [35]; Alley et al, 2011 [36]
Tibbetts er al, 1992 [30]; Cluff et al,, 2014 [31]; Warner et al., 2014 [32];
Manganese <0.004 - 175 Gregory et al,, 2011 [33]; Yeung et al, 2011 [34]; Utvik et al, 1999 [35]; Alley
etal, 2011 [36]
Mercury <0.001 - 0.002 Tibbetts et al,, 1992 [30]
Molybdenum N/A
Nickel <0.08 -9.2 USEPA, 2000 [29]
Nitrogen, ammoniacal 10 - 300 Tibbetts et al,, 1992 [30]
Nitrate N/A
Palladium 0.008 - 0.88 Tibbetts et al, 1992 [30]; Ekins et al, 2006 [39]; Bhadja et al, 2012 [45]
. USGS, 2002 [40]; Cluff et al, 2014 [31]; Warner et al, 2014 [32]; Gregory et al.,
Potassium 0 - 14,840 ]
2011 [33]; Yeung et al, 2011 [34]; Utvik et al, 1999 [35]; Alley et al, 2011 [36]
Selenium 0.03 - 0.04 Hardi et al, 2019 [46]
Silver <0.001 - 7 USEPA, 2000 [29]; Tibbetts et al, 1992 [30]
Ricceri et al, 2019 [47]; Tibbetts et al, 1992 [30]; Adewumi, 2002 [42]; Alley et
Sodium 1 -150.000 al, 2011 [36]; Utvik et al, 1999 [35]; Yeung et al, 2011 [34]; Khan et al, 2016
[37]; Cluff et al, 2014 [31]; Warner et al, 2014 [32]; Gregory et al, 2011 [33]
Fillo & Evans, 1990 [38]; Tibbetts et al, 1992 [30]; Alley et al, 2011 [36]; Utvik
Strontium 0.02 - 6250 etal, 1999 [35]; Yeung et al, 2011 [34]; Khan et al, 2016 [37]; Cluff et al,

2014 [31]; Warner et al, 2014 [32]; Gregory et al, 2011 [33]
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Continued
USGS, 2002 [40]; Adewumi, 2002 [42]; Alley et al, 2011 [36]; Utvik et al, 1999
[35]; Yeung et al, 2011 [34]; Khan et al, 2016 [37]; Cluff et al, 2014 [31];
Sulfate ND - 14,900 Warner et al,, 2014 [32]; Gregory et al., 2011 [33]; Johnson et al,, 2008 [48];
Shepherd et al, 1992 [49]; Ayers and Parker, 2001 [50]; McIntosh et al, 2002
[51]; McIntosh and Walter, 2005 [52]
Tin ND-1.1 Fillo & Evans, 1990 [38]; Fillo et al., 1992 [44]
L Tibbetts et al, 1992 [30]; Cluff et al, 2014 [31]; Warner et al., 2014 [32];
Titanium <0.01-0.7
Gregory et al.,, 2011 [33]
Uranium N/A
Vanadium N/A
Tibbetts et al, 1992 [30]; Alley et al, 2011 [36]; Utvik et al, 1999 [35]; Yeung
Zinc 0.01 - 35 et al, 2011 [34]; Cluff et al, 2014 [31]; Warner et al, 2014 [32]; Gregory et al,

2011 [33]

The quantity and quality of PW highly depend on where, when and how hy-
drocarbons are produced. This leads to differences between PW samples and a
high variability from one sampling site to another. Salinity or salt concentration,
described as TDS, can vary in conventional oil and gas well produced waters
from 1000 - 400,000 mg/L [28]. Typical values for elemental ion content are
listed in Table 1.

Table 2 gives the contents and properties of a typically produced water sam-
ple from Kuwait. It shows that the ion concentration is on the higher side when
compared to typically produced water samples from around the world. High ion
concentrations in produced water limit the choice of treatment regime.

Oil and grease concentrations in PW can range from 2 to 565 mg-L™' [30]. Ta-
ble 3 shows the ranges possible for organic content in PW. In general, PW dis-
charges from offshore oil and gas platforms are a significant source of polycyclic
aromatic hydrocarbons (PAHs) released to the ocean. PAH content in opera-
tional discharges from the offshore industry is a constant worry as many of the
PAHs are both toxic and lipophilic so that they can be adsorbed by marine or-
ganisms and concentrate along the food chain. Already in 1996, it was estimated
that in Norwegian operation about 25 tons of PAHs were released into North
Sea waters [54]. In 2017, the number was given as 129 tons PAH discharge from
all oil and gas operations on the Norwegian continental shelf (NCS), which
makes up 0.306% of the total composition of the 1.3 x 10* m’> PW discharged on
NCS [55] [56]. Although PAHs are persistent organic pollutants (POPs), these
compounds tend to biodegrade in the marine environment, where biodegrada-
tion makes them less lipophilic and thus less likely to accumulate in the marine
food web [57]. Table 4 gives the breakdown of the PAH contents in PW from
offshore operations from the Gulf of Mexico and offshore operations from the
eastern and western regions of the North Atlantic [58].

Nonbiodegraded PAHs tend to concentrate in the sediments of water bodies.
Table 5 gives data on the PAH content in sediments in the Arabian Gulf (Qatar
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Table 2. Properties of an analyzed produced water sample from Kuwait.

Water API Analysis
TEST UNIT 1A 1B 2A 2B
Potassium (K) ppm 3805.22 3639.25 3942.65 3591.45
Magnesium (Mg) ppm 3519.39 3450.19 3628.65 3287.70
Sodium (Na) ppm 75,802.85  74,994.99  77,968.81 70,137.07
Calcium (Ca) ppm 19,465.16 18,964.52 19,664.55 17,807.94
Strontium (Sr) ppm 471.24 512.23 484.66 434.71
Barium (Br) ppm 3.31 3.28 3.34 2.86
Iron (Fe) ppm 0.47 0.46 0.57 0.52
Boron (B) ppm 30.37 30.95 30.46 28.69
Lithium (Li) ppm 7.01 6.71 6.88 5.92
Silicon (Si) ppm 2.75 3.07 2.52 2.63
Chloride (CI") ppm 153,037.65 152,854.36 149,487.52 150,038.46
Sulfate ( SO‘Z; ) ppm 380.00 380.00 390.00 390.00
pH 6.43 6.50 6.49 6.42
Bicarbonate
(HCO ) alkalinity ppm 113.90 92.50 88.80 92.50
Resistivity @ 25°C ~ ohmS/cm 2.44 3.28 12.11 12.08
Conductivity mS/cm 409.00 305.00 82.60 82.75
Salinity as NaCl ppm 252,000.00 254,000.00 257,000.00 258,000.00
TDS (calculated) ppm 173,518.28 172,854.57 170,165.80 168,810.65
Density @ 25°C gm/cm’ 1.00770 1.00780 1.01970 1.01950

Table 3. Typical organic content of PW (in mg/L).

Total organic acids <0.001 - 10,000 Neff et al, 2011 [24]; 2002 [53]

Total saturated hydrocarbons 17 -30 Neff et al., 2011 [24]; 2002 [53]
Total benzene, toluene, ethylbenzene,
0.068 - 578  Neff et al, 2011 [24]; 2002 [53]

and xylenes (BTEX)
Total pol li tic hyd b

Ot POLyCyCHC aTomatc HyCrocarbons 1 04-3.0  Neff etal, 2011 [24]; 2002 [53]
(PAH)
Total steranes/triterpanes 0.14 - 0.175 Neff et al, 2011 [24]; 2002 [53]
Ketones 1.0-2.0 Neff et al., 2011 [24]; 2002 [53]
Total phenols (primarily C0-C5-phenols) 0.4-23 Neff et al., 2011 [24]; 2002 [53]

and Kuwait) and the Red Sea (Saudi Arabia). The structural representation of
the most common PAHs released in offshore operations is found in Scheme 1.
Two-ringed PAHs such as naphthalenes and to a lesser degree three-ringed PAHs
as anthracenes and phenanthrenes (Scheme 1) can dissolve in water, making them

more available for biological uptake, but also making them more susceptible to
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Table 4. Breakdown of the PAH contents in PW from offshore operations from the Gulf
of Mexico and offshore operations from the eastern and western regions of the North At-
lantic.

Platform Platform North Sea  Grand Scotian
EB165A Gulf GCI19A Gulf Sampling  Banks Shelf
of Mexico of Mexico (Norwegian (Hibernia (Thebaud

Polycyclic aromatic
hydrocarbon
(conc. given in ug/L)

(1995) (1995)  sector, 1997) oil field) field)
Naphthalene 12.5 9.7 350 131 1512
Cl-naphthalenes 9.6 7.7 260 186 499
C2-naphthalenes 5.7 6.7 150 163 92
C3-naphthalenes 2.85 3.8 100 97.2 17
C4-naphthalenes 54.1 3.0
Acenaphthylene 0.09 0.0185 nd 2.3 1.3
Acenaphthene 0.009 0.038 1.8 nd nd
Biphenyl nd nd
Fluorene 0.135 0.23 8.9 16.5 13
Phenanthrene 0.135 0.25 16.4 29.3 4.0
Cl-phenanthrenes 20.3 45.0 1.30
C2-phenanthrenes 6.3 37.1 0.55
C3-phenanthrenes 7.9 244 0.37
Dibenzothiophene 0.079 0.265 2.5
Cl-dibenzothiophenes 0.19 0.5 5.7
C2-dibenzothiophenes 0.355 0.845 6.1
C3-dibenzothiophenes 0.365 0.87 3.2
Fluoranthene 0.001 0.009 0.4 0.51 0.39
Pyrene 0.014 0.017 0.7 0.94 0.36
Benz(a)anthracene 0.6 0.60 0.32
Chrysene nd 0.005 0.5 3.6 nd
Perylene nd nd
Benzo(b)fluoranthene 0.61 nd
Benzo(k)fluoranthene 0.2 nd nd
Benzo(a)pyrene nd 0.001 0.2 0.38 nd
Benzo(e)pyrene 0.83 nd
Benzo(g,h,i)perylene nd 0.0015 0.2 0.17 nd
Dibenz(a,h)anthracene 0.21 nd
Indeno(1,2,3-cd)pyrene nd nd
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Table 5. Data on the PAH content in sediments in the Arabian Gulf (Qatar and Kuwait)

and the Red Sea (Saudi Arabia).

Polycyclic aromatic
hydrocarbon in sediments at
different locations on the

Coastal sediments of the

Arabian peninsula

conc.
(conc. given in ng/L) (ng/L) max.
Naphthalene 3.6+7.7 310
1-Methylnaphthalene 1.3+28 112
2-Methylnaphthalene 21+49 199
Cl-naphthalenes 34+£7.6 311
C2-naphthalenes 7.6+£12.0 422
C3-naphthalenes 9.7+174 65.6
C4-naphthalenes 10.9 £32.8 132.2
Acenaphthylene 0.04+0.1 03
Acenaphthene 0.03+0.1 0.5
Biphenyl 13+£1.0 4.2
Fluorene 0.1+02 0.8
Phenanthrene 08+1.2 4.6
Cl-phenanthrenes/anthracenes 2.6 +6.6  25.1
C2-phenanthrenes/anthracenes 8.3 £ 25.1  99.2
C3-phenanthrenes/anthracenes 7.2 £ 20.2  77.5
C4-phenanthrenes/anthracenes 4.8 £ 13.3  51.5
Dibenzothiophene 03+07 28
C1-dibenzothiophenes 14+£39 153
C2-dibenzothiophenes 42+12.1 47.6
C3-dibenzothiophenes 13.4 £40.3 157.5
Fluoranthene 1.1+£1.7 6.6
Pyrene 1.0+14 50
Benz(a)anthracene 0.6+0.8 29
Chrysene 08+12 44
Cl-chrysene 07+15 55
C2-chrysene 1.1+21 78
C3-chrysene 07+12 42
C4-chrysene 04+06 1.8
Perylene 02+02 08
Benzo(b)fluoranthene 09+13 45
Benzo(k)fluoranthene 04+05 1.8
Benzo(a)pyrene 05+0.7 24
Benzo(e)pyrene 0.7+09 34
Benzo(g,h,i)perylene 08+1.0 3.7
Dibenz(a,h)anthracene 02+03 0.8

min.

0.3
0.1
0.2
0.3
0.3
0.0
0.0
0.0
0.0
0.5
0.0
0.1
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.1
0.1
0.0
0.1
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

Coastal

exclusive economic zone gediment near
(EEZ) of Qatar [59]

Shuaiba

Coastal
sediment

(ng/g), Jeddah,

harbor, Kuwait Saudi Arabia

[60]
0-4.38
nd
nd
0.04 - 5.23
0.06 - 16.69
0.-20.28
nd
nd
nd
nd
0-6.21
0.49 - 95.9
0-46.82
2.64 - 107.5
nd
nd
0-10.51
0.63 - 48.41
nd
nd
0.11 - 292.57
0.52 - 185.42
0.60
nd
nd
nd
nd
nd
nd

0-199.73

0-94.75
nd
nd
nd

[61]
8.8-60.3
nd
nd
nd
nd
nd
nd
12.5-86.3
38.0 - 142.0
nd
17.7 - 89.4
90.5-292.2
nd
nd
nd
nd
nd
nd
nd
nd
199.3 - 1066
268.7 - 788.7
39.0 - 184.6
286.0 - 710.7
nd
nd
nd
nd
nd
0.0 - 100.5
0.0 -27.7
104.0 - 476.7
nd
0.0 - 48.5
0.0

DOI: 10.4236/jwarp.2022.142009 149

Journal of Water Resource and Protection


https://doi.org/10.4236/jwarp.2022.142009

F. Salem, T. Thiemann

Continued
Indeno(1,2,3-cd)pyrene 0.6 +0.7 2.3 0.0 nd 0.0 - 16.5
Fluorene 0.1 +£0.2 0.8 0.0 0-0.62 17.7 - 89.4
Cl1-fluorenes 31+£84 339 0.0 nd nd
C2-fluorenes 53+14.6 585 0.0 nd nd
C3-fluorenes 89+269 1072 0.0 nd nd
Acenaphthylene Acenaphthene Anthracene Phenanthrene
Fluoranthene Pyrene Perylene Chrysene
Benzo[b]fluoranthene Indeno[1,2,3-cd]pyrene Benzo[k]fluoranthene Dibenz[ah]anthracene
Benzo[a]pyrene Benzo[e]pyrene Benz[a]anthracene Benzo[ghi]perylene
‘ S CHs
“ “ .
Fluorene Dibenzothiophene Biphenyl 1-Methylnaphthalene 2-Methylnaphthalene

Scheme 1. Structures of the most common PAHs released in offshore operations.
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degradation. On the other hand, four-ringed and five-ringed PAHs such as ben-
zopyrenes are not soluble in water, but they tend to biodegrade much more
slowly in the aquatic environment than less extended aromatic systems. Ben-
zo[a]pyrene (Scheme 1) leads to mutagenic metabolites and itself is listed as a
group 1 carcinogen by the International Agency for Research on Cancer. Ben-
zo(ghi)perylene is deemed to be mutagenic as well as a carcinogen. It accumu-
lates readily in aquatic organisms.

As produced water from oil and gas exploration may contain different types of
contaminants at various concentrations, various treatment technologies have
been proposed to deal with produced water. Often, up to 80% of the PW is
re-injected into the oil well in order to maintain the pressure in the well and to
manage large amounts of accumulating PW. In water-scarce regions such as on
the Arabian Peninsula, it would be attractive to utilize PW for irrigation. Again,
re-injection and utilizing PW for irrigation would necessitate different levels of
water purity and would result in different treatment regimes. The quality re-
quirements of the water used for re-injection depend on the permeability of the
oil reservoir; thus, in fractured oil reservoirs, the water can move more freely
leading to reduced clogging of the reservoir’s pores. On- and off-shore opera-
tions differ in that off-shore operations often have added space constraints and
need to deal with the fact that in many regions water discharged into the sea af-
ter treatment should have no more than 40 ppm non-water soluble hydrocarbon
content, with a further reduction seen in the future [23]. In fact, at the Oslo Paris
Convention (OSPAR) it was agreed that the maximum discharge is to be re-
duced to 30 ppm OIW (oil in water) and that the overall oil discharges in PW be
reduced by 15% from the levels found in 1999 [23]. In addition, more attention
is given to the more soluble organic compounds found in PW, some of which
show appreciable toxicity to the aquatic environment. This may lead to an even
higher focus on reinjection of produced water in offshore operations. Regardless,
produced water treatment on offshore operations allows for a smaller footprint
than onshore operations would do. Thus, overall, off-shore [62] [63] and on-shore
operations often favor different PW purification set-ups. For onshore opera-
tions, these can include physical, chemical and biological methods [64] and often
a combination thereof, while for offshore operations biological treatment processes
are often untenable due to their large environmental footprint [65]. Some of

these treatment methods are listed and discussed below.

3. Treatment Methods
3.1. Physical Methods

Physical methods include gravity separation, adsorption, the use of hydrocyclone

separators, membrane filtration-based techniques, including osmosis processes

and thermal evaporators [66].

3.1.1. Gravity Separation (as Primary Treatment)

Many of the most common treatment methods of PW rely on gravity to separate
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the oil from water. In fact, a general practice in use for PW treatment has been
gravity-based separation and discharge into the environment [23]. Already the
three-phase separator at the well head that separates the well fluid into oil, gas
and water works on gravity separation. Other gravity separation methods in-
clude the use of the API (American Petroleum Institute) gravity separator and
the corrugated plate interceptor (CPI)//parallel plate interceptor separators (PPI).
The operation of API gravity separators is based on the specific gravity differ-
ence between the oil and the wastewater. That difference is much smaller than
the specific gravity difference between the suspended solids and water. Sus-
pended solids will sink to the bottom of the separator, the oil will rise to the top,
and the wastewater will form the middle layer. API separators can then not be
used when the mean oil droplet size in the feed is less than 150 microns or the
oil density is greater than 0.925 kg/L. Corrugated plate separators contain a se-
ries of plates through which the contaminated water flows. This allows the oil
droplets in the water to coalesce on the underside of the plates, eventually form-
ing larger oil droplets which float off the plates and accumulate at the top of the
chamber. Therefore, these separators were also called plate coalescers. The first
CPIs had plates parallel to the longitudinal axis of an API gravity separator. Oil
droplets to be separated should not be smaller than 40 microns. The oil-water-
sediment separation can be enhanced by the use of ultrasound, microwaves, and
electric and temperature fields, leading to what now is called enhanced gravity
sedimentation [67] [68]. Continuous efforts are underway to optimize gravity
separators as to their size and structure, where internal components lead to a

further improvement of separation performance [69].

3.1.2. Hydrocyclones and Centrifugal Separators (as Primary Treatment)

A centrifugal separator separates oil and water by centrifugation. A cylindrical
container rotates inside a larger stationary container, where water as the denser
liquid accumulates at the periphery of the rotating container and is collected
from the side of the device, whereas the less dense oil accumulates at the rotation
axis and is collected from the center. In a hydrocyclone, PW coming from a
primary separator is fed tangentially under pressure into inlet ports and spirals
down a cylinder of reducing diameter. The ever more rapidly rotating oil-water
mixture separates under centripetal forces, with water being of higher specific
gravity collected at the lower outflow, and the oil, of lower specific gravity, being
collected at the upper overflow. PW necessitates a residence time of only a few
seconds in the hydrocyclone to be deoiled. This allows for a compact design of
the hydrocyclone, making it suitable for offshore operations. It must be noted
that in comparison to centrifugal separators hydrocyclones do not have moving
parts. Judd et al came to the conclusion that among typical advanced PW treat-
ment methods, hydrocyclone technology has the smallest area footprint, where
an individual hydrocyclone can process up to 440 m’/h of water per m* footprint
[65]. In recent times, a possible enhancement of the oil-water separation with

hydrocyclones in the presence of electric and magnetic fields has been studied
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[70] [71]. Hydrocyclones are also used as sand separators [72]. The use of hy-
drocyclones for water-oil separation and for sand separation is very much in
evidence in the Middle East [73].

3.1.3. Induced Gas Flotation (IGF, as Secondary Treatment)

In induced gas flotation (IGF), the removal of oil and other low density, hydro-
phobic contamination is realized by introducing gas bubbles into produced wa-
ter in a flotation tank. The suspended matter adheres to the rising bubbles, causing
it to float to the surface of the water, where it is removed by a skimming device.
Due to explosion risk, in the oil industry, IGF units use natural gas or nitrogen
instead of air that is usually used in normal wastewater treatment. IGFs are often
used in offshore operations as their area footprint is relatively small. In some
cases, an IGF unit follows the hydrocyclone oil-water separation, while in other
cases gravity treatment of PW is directly followed by IGF [74]. A closely related
separation technique is the dissolved gas flotation (DGF), where oil and water
are pre-saturated with gas and the pressure of the system is reduced. This leads
to the generation of smaller sized bubbles (10 - 100 um) than is the case with
IGFs (100 - 1000 um). Retention time of PW in the separators differs, with < 5
min retention time given for IGFs and 5 - 15 min given for DGFs [74]. Also, the
efficiency of oil-water separation differs, with IGFs usually having the better oil
removal efficiency [75]. For offshore operations, so-called compact flotation
units (CFUs) have been developed. These can operate in dual mode, after an IGF
type separation, the residual flotation gas is released in a secondary separation
stage, mimicking a DGF. Thus, oil droplets much smaller than 100 pm (DGF)
and oil droplets larger than 100 um (IGF) can be floated [76]. The CFUs have no
moving parts. Capacities can be 10 - 900 m*/h with residence times of 0.5 - 1 min
[74].

3.1.4. Adsorption Processes (as Secondary or Tertiary Treatment)

In principle, both metal contents as well as organic components, both BTEX and
oil of PW can be withheld by a solid adsorbent. When used, an adsorption
process is a unit within a treatment train rather than a stand-alone treatment
method. While adsorption process units can withhold over 80% of the heavy
metals [77] and can lead to virtually 100% water recovery [16], there are issues of
overloading the sorbent and the necessity of treatment of the spent sorbent ma-
terial. Regarding the first issue, adsorption units are often used as a polishing
step where the relative concentrations of contaminants are low. As to the treat-
ment of the spent sorbent, if a recycling/regeneration does not offer itself, it
needs to be disposed of as waste. Regeneration of the sorbent invariably leads to
liquid waste. Sorbents can be inorganic minerals such as clays, they can be
synthetic inorganic materials such as zeolites or alumina, they can inorganic-
organic hybrids such as organoclays or they can be activated carbons. One such
adsorbent is granulated activated carbon which can have surface areas of up to

1000 m*/g [16]. In fact, activated carbon still serves as the benchmark for the
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evaluation of other sorbents. Commercial activated carbon has been found to
adsorb 730 mg oil per g of sorbent [78]. Nevertheless, much research has been
devoted to the development of new sorbents for PW treatment [79] that include
zeolites [80]. This includes the use of sepiolite modified with surfactants (985 -
1013.5 mg oil/g adsorbent [81]), attapulgite (155 mg oil/g adsorbent [79]) and
bentonite (38.5 mg hydrocarbon/g adsorbent [82] [83]) for the separation of oil
from synthetic PW. Carbon based sorbents include biowastes such as pomegra-
nate [84] and banana peel [85] and date seeds [86] as well as chitosan [87] which
can be seen as waste from the shrimping industry. Often, nutshell filters have
been used as a polishing step [88], where typically walnut shell or pecan nut shell
are used [89]. Also, pyrolyzed wastes have been used as sorbents in these filtra-
tion steps such as wood biochar (114 - 148 mg OC/g sorbent [90]). These ad-
sorption techniques usually play out in form of filtration columns. Induced gas
flotation, coagulation-flocculation techniques and treatment of PW in constructed
wetlands have an adsorption component within their processes, but they are in-
troduced under separate headings under physical, chemical and biological me-
thods.

3.1.5. Membrane Filtration (as Secondary or Tertiary Treatment)

Membrane filtration is an important water purification technique used in waste-
water treatment and water desalination and is also started to be used in the treat-
ment of PW [91] [92] [93]. The water is pushed through porous membranes,
whereas particulate matter is filtered off. One has to distinguish among four es-
tablished membrane separation processes, namely microfiltration (MF), ultrafil-
tration (UF), nanofiltration (NF) and reverse osmosis, where the pore sizes of
the membranes become smaller in the order of MF (0.1 micron) > UF (0.01 mi-
cron) > NF (0.001 micron) > RO (0.001 micron). The smaller the pore size of the
membrane the higher is the operating pressure of the filtration process, from 1 -
5 bar for MF, 1 - 7 bar for UF, 5 - 10 bar for NF to 15 - 70 bar for RO. MF and
UF filtration is based on convective pore-flow mechanism (Darcy’s law), RO on
the solution diffusion mechanism (Fick’s law). In NF, both processes operate,
often side-by-side. Usually, NF membranes reject di- and multivalent ions such
as Mg?*, Ca**, AI**, and SO; , but let monovalent ions such as Na* and CI~ pass
through, while RO in principle rejects all charged particles. Then, within rea-
sonable cost, filtration operations are set in such a way that filtration through
larger pore membranes is followed by a filtration through smaller pore mem-
branes, to minimize fouling problems. Thus, micro-filtration (MF) and ultra-
filtration (UF) can be used as a pre-treatment to remove total suspended solids
(TSS) and oil/grease before (reverse) osmosis or other desalting processes [94]
[95]. A typical example is the pretreatment of oil sands process-affected water
(OSPW), where due to its complex composition, physical and physicochemical
pre-treatments are needed to remove suspended solids that include gravity se-
paration, centrifugal settling, granular media filtration, coagulation-flocculation-

sedimentation or microfiltration [96]. Here, low pressure membrane filtration,
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such as microfiltration (MF), has been forwarded to be advantageous because of
its relatively low cost and energy consumption and because of the high quality
effluent it delivers [97].

One of the first membrane setups used for the separation of oil from water
used ceramic membranes and polyacrylonitrile (PAN) membranes [98]. Nowa-
days, both ceramic [99] and polymeric (eg., made of polyolefins or of fluorinated
polymers [100]). MF membranes as well as composite membranes [101] are used
for the treatment of PW. Ceramic membranes offer advantages in that they are
little affected by acids, bases, oxidants and by the temperature of PW. A number
of studies have been carried out on ceramic membranes with synthetic samples
[102] [103]. In this regard, ceramic membranes of different compositions have
been tested in PW treatment, including silicon carbide-alumina membranes, made
by low pressure chemical vapor deposition using SiH,Cl, and C,H,/H, at 750°C [104],
mullite and mullite-alumina membranes, prepared from kaolin and a-alumina with
a calcination step at 1250° [105], and graphene oxide modified alumina mem-
branes [106]. In 2010, it was maintained that the industrial use of ceramic mem-
branes for oilfield produced water treatment was still limited, due to investment
cost and lack of operational experience on a large scale [107]. In 2015, Weschen-
felder approximated the operational cost and capital expenditure for a plant
capable of generating 1000 m*/h of permeate to be equal to US$ 0.27/m’ and
US$ 7.11 million, respectively [108]. Nevertheless, the use of ceramic membranes
in treatment of OSPW was formulated by Dong et al [109]. Also, nanofiltration
[110] and ultrafiltration ceramic membranes are being considered an improve-
ment for designing more efficient treatment processes for oil and gas PW, in-
cluding for new offshore installation units [111].

Weschenfelder et al. [111] have commented on the influence on ceramic mem-
brane performance of polymer additives that have been used to promote en-
hanced oil recovery by increasing the viscosity of the water injected into the re-
servoirs. Even at a concentration of 0.1 g polymer/L PW, the polymer has a sig-
nificant impact on the membrane flux, leading to a reduction of 84% from the
initial permeation flux after 40 min. of operation. It must also be noted that po-
lymer addition in EOR processes can cost $4 - 5 per m’ injected water and that
polymer consumption increases with the salinity of the injected water as the vis-
cosifying polymers are polyelectrolytes that interact with salts and ionic surfac-
tants. This is one more reason, why it is essential that the produced water is at
least partially desalinated, if it is to be reinjected.

Membranes can be operated in one of two ways, either as dead-end filtration,
in which the total feed is passed through the membrane as discussed above or as
crossflow filtration (tangential flow filtration). In a crossflow filtration, the ma-
jority of the feed travels tangentially across the surface of the filter, rather than
into the filter. The principal advantage of this is that the filter cake is for the
most part washed away during the filtration process, increasing the length of

time that the filter unit can be operational, leading to a continuous filtration
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process. A portion of the feed passes through the membrane as permeate; every-
thing else is retained on the feed side of the membrane as retentate. Crossflow
membrane filtration delivers treated water of consistent quality, but is deemed to
have a relatively large are footprint [65]. Also, VESP" (vibratory shear enhanced
filtration process) membrane systems have been used for PW filtration [112].
The pressure vessel moves in a vigorous vibratory motion, tangential to the mem-

brane surface. This creates shear waves, preventing membrane fouling [112].

3.1.6. Forward Osmosis (as Secondary Treatment)

(Forward) osmosis is the spontaneous net movement or diffusion of solvent
molecules, here water, through a semipermeable membrane from a region of low
solute concentration to a region of high solute concentration, leading at some
point to equalization of solute concentrations on the both sides. In produced
water treatment, forward osmosis (FO) offers itself then, when produced water is
in contact through a semipermeable membrane with an artificially produced
aqueous solution of high salinity, called the draw solution (DS). As the osmotic
separation proceeds, water leaves the produced water solution and starts diluting
the draw solution. This process concentrates the produced water solution. Then,
the draw solution is subjected to reverse osmosis, nanofiltration or membrane
distillation. This leads to the creation of purified water on the one hand and
re-concentrated DS on the other, which can be reused for further FO of PW. In-
itially, membranes for FO processes were produced of cellulose acetate (CA),
cellulose triacetate (CTA), polysulfone (PS), or polyethersulfone (PES), or they
were thin-film composite (TFC) membranes [113] [114]. These membrane ma-
terials possess some disadvantages, however, such as low permeability, low salt
rejection and poor chemical stability. As in reverse osmosis, more and more po-
lyamide based membranes are used nowadays. The search for the most appro-
priate salt for the draw solution (DS) is ongoing [115] [116]. Sodium chloride
(NaCl), sodium sulfate (Na,SO,), ammonium sulfate [(NH,),SO,], and magne-
sium chloride (MgCl,) are typically used for their low replenishing costs. Also,
ammonium bicarbonate (NH,HCO,) is an interesting choice as it decomposes
into ammonia (NH;) and carbon dioxide (CO,) at slightly elevated temperatures
(ie, at 60°C at atmospheric pressure [117]) and can thus be thermally recycled.
While FO consumes much less energy than membrane filtrations under pressure
and thermal purification processes, it must be kept in mind that significant
energy is needed to separate DS after the osmosis process into purified water and
recycled DS. This second process depends on the characteristics of DS used but
not on the quality of PW itself. As with many membrane processes, fouling can
be a problem [118].

3.1.7. Reverse Osmosis (as Tertiary Treatment)
Reverse osmosis (RO) involves a solvent diffusion across a semipermeable mem-
brane that is either nonporous or has pores up to 0.6 nm in size. The major re-

moval mechanism stems from the difference in solubility or diffusivity of the
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components, and the process is dependent on pressure, solute concentrations,
and other parameters. Typically, RO membranes can be composed of a thin film
composite (TFC) polyamide membrane consisting of three layers: a polyester
web as structural support (120 - 150 um thick), a microporous interlayer (about
40 pm) and an ultra-thin barrier layer on the upper surface (0.2 um) [119]. The
microporous interlayer is often made of polysulfone and is there to enable the
barrier layer to withstand the high pressure applied (15 - 70 bar) to operate the
system. The barrier layer then is made of an aromatic polyamide. The most ex-
tensively used design in RO desalination is the spiral wound membrane module
configuration, which has a high specific membrane surface area. Other advan-
tages of the spiral wound membrane are easy scale up, and low cost as it is the
least expensive module configuration to produce from flat sheet TFC mem-
branes [120]. So, it is not surprising that spiral wound polyamide membrane
modules are the most commonly found for RO/NF operations. Asymmetric cel-
lulose acetate (CA) hollow fiber membranes follow in second place [119]. Po-
lyamide spiral wound RO modules have been surface-modified with polydopa-
mine. Although originally intended to make the RO units more resistant towards
fouling, a higher and more stable salt rejection was seen with these surface-
modified RO units [95]. RO and also UF/NF processes have problems treating
produced water of very high salinity in contrast to some of the purification
methods using membranes such as electrodialysis, forward osmosis (FO), and
membrane distillation (MD). Additionally, membrane fouling including mem-
brane scaling decreases the membrane’s lifetime. Thus, in the case of using
RO to treat PW from oil fields, pretreatment of PW and regular replacement
of membranes add to the cost. Early studies have revealed that multistage pre-
treatment is also key to minimize the fouling of the RO membrane and that
nanofiltration is the most promising pretreatment method [121]. The costs of
treating brackish PW from Californian oilfields with RO combined with a suita-
ble pretreatment to a level that it can be used for beneficial purposes has been
calculated at $1.43/m’ - $1.46/m’. This may be compared with the current cost of
fresh water in California, which typically is in the range of $0.49/m’ - 0.92/m’
[122].

3.1.8. Electrodialysis (as Secondary Treatment)

Another technique has been studied in regard to the desalination of produced
water, namely electrodialysis (ED). In ED, ions are pushed from the feed stream
through ion exchange membranes to separate brine streams, the driving force
being an electric field that is set up by two electrodes. So, in this separation tech-
nique it is the ions that migrate through the membranes, cations towards the
cathode, anions towards the anode, rather than the water itself as is the case in
the other membrane separation techniques. Divalent cations and anions such as
Mg?", Ca**, and SO; are more easily separated than monovalent ions such as
Na* and CI” [123]. H. Yan et al have proposed a multi-batch ED system prior to
an evaporative crystallizer [124]. A significant advantage of ED is the relatively
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low energy consumption (7 - 15 kWh/m® water) versus some of the thermal me-
thods (20 - 25 kWh/m?® water for evaporative processes, ref. [125] and see be-
low). Sosa-Fernandez et al have looked at ED-based desalination and reuse, eg.
as injection water, of brackish polymer-flooding PW [126]. Concentration pola-
rization and fouling are two problems that need to be overcome with ED. So-
sa-Fernandez et al. have shown that this can be achieved in part by applying a
pulsed electric field [127]. ED systems have been combined with other treatment
units such as with an RO system and a low-temperature crystallizer [128]. It is
not sure whether ED can also be cost-effective for the treatment of concentrated
PWs [129].

3.1.9. Membrane Distillation (as Tertiary Treatment)

Membrane Distillation (MD) is a thermally driven, vaporization-based desalina-
tion technique that can even be applied for desalinating water containing TDS >
70 g/L [130]. That means it can still operate at TDS levels at which it would be
difficult for RO processes to function. Although membrane distillation (MD) has
historically resulted in lower permeate flux and high thermal energy consump-
tion relative to other systems, new developments can lead the process to con-
sume less energy than pressure-driven systems such as RO with lower fouling
rates [131] [132] [133] [134]. Direct Contact Membrane Distillation (DCMD) is
the most common MD-configuration, in which feed water, heated from an ex-
ternal source, is passed over a hydrophobic microporous membrane with cooled
and purified permeate water flowing on the opposite side [131] [132] [135].
When the system is operating, the temperature difference created between feed
and permeate waters manifests a trans-membrane vapor pressure gradient that
drives water vapor through the membrane to condense in the permeate channel
as pure water. The hydrophobic membrane only allows water vapor to permeate
the membrane pores, concentrating dissolved solids, non-volatile solutes, and
even radionuclides, in the liquid feed reservoir. Integrating MD operations into
industrial processes [136] can help bring down the energy costs. Also, omni-
phobic membranes made of polyvinylidene fluoride (PVDF) have been used for
the desalination of shale gas PW [137]. It is possible to use a solar absorber plate
above the feed channel [138] to provide supplementary heating along the mod-
ule length. Nanophotonics Enhanced Solar Membrane Distillation (NESMD) is a
desalination technology developed through the Nanotechnology-Enabled Water
Treatment (NEWT) program of the National Science Foundation that utilizes
100% renewable energy in the form of sunlight, to drive the distillation process.
NESMD functions as does MD, but it uses a hydrophilic, microporous, carbon
black nanoparticle-infused membrane coating on the hydrophobic membrane
that scatters sun light and generates highly-localized photothermal heat. This
helps vaporize water at the membrane interface, resulting in a reversal of tem-
perature polarization and a reduction in heat loss (conductive and dissipative) in
the feed water. The increase in the thermal efficiency of the NESMD configura-

tion overcomes the thermodynamic limitations of conventional MD and permits
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higher permeate fluxes at lower flow rates and with larger membrane surface
areas [139]. Said ef al [131] found that NESMD shows an excellent rejection
both of the dissolved organic carbon (DOC) and dissolved solids (TDS) in oil
produced waters. The hydrophilicity of the NESMD membrane Said ef al had
developed could be recovered after washing it with de-ionized water [131].

Highly contaminated waters like PW have a high potential to foul and scale
membranes, and for traditional porous distillation membranes, this can lead to
pore-wetting and complete salt passage. Wang et al have looked at the possibili-
ty to use a hybrid organic-ceramic hydrophilic pervaporation membrane, HybSi’
PVM-039, comprised of cross-linked organo-silane selective layer casted on an
a-ALO; tubular ceramic membrane support, for the separation of lab-prepared
saline and hypersaline waters, modeled after real oil and gas PWs. Pervaporation
is a hybrid distillation process, with the separation performance being a function
of the relative solubilities in the membrane of the components in the feed and
their boiling points [140].

3.2. Chemical Processes

Chemical treatment processes include coagulation-flocculation, advanced oxida-

tion processes and other disinfection procedures.

3.2.1. Coagulation Flocculation (as Secondary Treatment)

Coagulation flocculation is a purification technique that is used in general
wastewater treatment. Oftentimes, the suspension of fine particles or droplets in
water is quite stable as surface charges on the fine particles/droplets hinder these
to aggregate or coalesce. The addition of a coagulant leads to destabilization of
the system, partially through charge neutralization. This leads to aggregation of
the fine particles and the coalescence of fine droplets by van der Waals forces
that now supersede any remnant electrostatic repulsion between the particles. In
addition, both particles and droplets may adsorb to the coagulant. This leads to
the separation of the impurities from the aqueous phase, often through precipi-
tation together with the coagulant. This co-precipitation is seen to be more ad-
vantageous than the adsorption of contaminants of produced water on already
crystallized adsorbents as the contaminants become more easily entrapped in
freshly crystallizing solid. A typical example is the removal of boron as conta-
minant in PW in a co-precipitation with magnesium chloride [MgClL,]. Another
example is the addition of water soluble sodium silicate in the removal of con-
taminants from produced water stemming from a South Tunisian oil field. This
procedure involving a co-precipitation/adsorption process led to a removal of
organic matter and heavy metals of up to 97%, where the silica and calcium sili-
cate with the adsorbed contaminants were added to a landfill [141]. Typical coagu-
lants in general wastewater treatment are aluminum sulfate [Al,(SO,),-18H,0], so-
dium aluminate [Na,AlLO,], polyaluminium chloride (PAC) [Al;;(OH),,(SO,),Cl;;],
ferric sulfate [Fe,(SO,)], ferric chloride [FeCl;6H,0], ferrous sulfate [FeSO,7H,0]

and (hydrated) lime [Ca(OH),]. In regard to lime, coagulation processes are of-
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ten combined with lime-soda softening, where upon addition of Ca(OH), and
Na,CO; (soda ash) the hardness of the water is reduced by partial precipitation
of the little soluble CaCO; and Mg(OH),. Electrocoagulation is the electrochem-
ical variant of the general coagulation technique. Here, coagulant material can be
brought into treated water by a sacrificial anode, usually made of iron or alumi-
num. The electrocoagulation process distinguishes itself by its low cost, simple
operation, and low sludge generation, which is usually less than that found in
chemical coagulation/flocculation processes [142]. The anode can also partially
oxidize some of the organic components of PW [143]. Electrode passivation can
be an issue that limits the process [144], leading to increased power consump-
tion. The addition of chloride ions [145], the use of alternating current [146] and
of a polarity changing switch between the electrodes [144] [147] can mitigate
this problem. Thus, electrocoagulation is viewed as an emerging technology for
the purification of PW [148]. The influence of operating parameters in the EC
driven separation of oil and water in PW such as current density, electrolysis
time, pH, supporting and electrolyte concentration has been studied [149] [150].
The electrocoagulation process can be combined with further treatment pro-
cesses, such as reverse osmosis [151]. Electrocoagulation has been studied es-
pecially with PW from oil sands operations [152] and PW generally stemming
from fracking processes [151]. Also here cost plays a role. A.Z. Rodriguez et al.
[153] studied the use of PW gained from a salt water disposal facility in the Per-
mian Basin, New Mexico, USA, as water for hydraulic fracturing. Here, chemical
coagulation (CC) using ferric chloride and aluminum sulfate was compared as
treatment process with electrocoagulation (EC) using aluminum electrodes.
Aluminum sulfate was more effective as coagulant than ferric chloride. EC was
run with a current density of 6.60 mA/cm” and resulted in 74% removal of sus-
pended solids and 53% - 78% removal of the total organic carbon (TOC). The
energy requirement of EC was calculated at 0.36 kWh/m® of water treated with
the total operating cost of EC estimated at $0.44/m’ of treated water, 1.7 or 1.2
times higher than CC using alum or ferric chloride as the coagulant. After coa-
gulation, the water was treated further through filtration through agricultural
waste products (pecan shell, walnut shell and biochar) and/or through granular

activated carbon.

3.2.2. Advanced Oxidation Processes (AOPs) (as Tertiary Treatment)

Chemical oxidation of PW oxygenates and hydroxylates organic and inorganic
compounds, the contributors to the chemical oxygen demand (COD) of PW,
ideally to CO, and H,O in the case of organic contaminants and to more stable
inorganic compounds. Typical oxidants that have been looked at are hydrogen
peroxide (H,0,), ozone (O;), and metal hypochlorites [M(ClO),]. The oxidation
process depends on pH of PW, on the dose of oxidant and the contact time. In
simple oxidation procedures, COD values of PW diminish only slowly. Thus,
Shokrollahzadeh et al [154] have studied the oxidative removal of hydrocarbons
from gas-field produced water. Ozonation of PW for 1 h at pH 7.2 resulted in
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12% COD removal, hydrogen peroxide treatment at pH 7.2 led to 15% COD
removal, and the employment of calcium hypochlorite [Ca(ClO),] at 300 mg/L
PW resulted in a decrease of COD by 30%. Nevertheless, advanced oxidation pro-
cesses (AOPs) in PW treatment can be used as a polishing step, especially when
an appreciable residual amount of organic material resides dissolved in PW, af-
ter it has gone through other treatment regimes. AOP processes can be photoca-
talytic [155], they can be Fenton-based processes and or a treatment of PW with
ozone (O,). Photocatalytic oxidation often uses TiO, as photocatalyst. Hydroxyl
and superoxide anion radicals are produced by the in situ generated electron-
hole pairs on TiO, upon irradiation with light and play the part of the primary
oxidants of the organic components in the PW, which lastly mineralize. Fenton
reagent is the combination of iron (II) sulfate (FeSO,) and hydrogen peroxide
(H,0,). Hydrogen peroxide oxidizes iron (II) to iron (III). At the same time
hydroxyl radicals are produced. Iron (III) then reverts back to iron (II) upon
reacting with another molecule of hydrogen peroxide. In this case, a hydrope-
roxy radical is formed. In all, iron acts as a catalyst to disproportionate two mo-
lecules of hydrogen peroxide to one molecule of hydroxyl radical and one mole-
cule of hydroperoxy radical. Both free radicals oxidize carbon containing com-
pounds, with the hydroxyl radical being less selective. The photo-Fenton reac-
tion uses ferrous salts, hydrogen peroxide and UV irradiation. Photo-Fenton
oxidations of PW have been run with solar irradiation, also [156]. Ozonation is
used in wastewater treatment in general as a polishing step [157]. This includes
the ozonation of drinking water, where one of the main purposes is the destruc-
tion of harmful protozoa. The upside of ozonation is that in the absence of bro-
mides there are few if any by-products in the process. Ozonation, however, is
not cheap. Often, ozone is combined with hydrogen peroxide, catalysts and/or
UV irradiation in the actual treatment process. S. Jiménez et al. [158] have looked
at the effectiveness of different AOP regimes in reducing the TOC in synthetic
PWs, where toluene, xylene, naphthalene, phenol, acetic acid and malonic acid
had been added to a seawater matrix. The authors found that a combination of
ozone and hydrogen peroxide gave the best result in reducing TOC, with the
worst results coming from the photocatalytic reactions used. Acetic acid was
found to be one of the most recalcitrant compounds of PW [158].

1) New AOP methodologies for the treatment of produced water

A number of new laboratory methods have been tried to rid PW of PAHs
under oxidative conditions. T. Haneef oxidized PAHs with potassium ferrate
(K,FeO,) in PW samples that were collected from an oil and gas exploration site
in the South East Asia region [159]. The samples were loaded with a total PAH
concentration of 1.25 mg/L. The study showed that 89.7% of the PAHs could be
eliminated under the optimal conditions, Ze., with a ferrate (VI) concentration
of 19.35 mg/L, at pH 7.1, and with a contact time of 68.3 min.

3.3. Biological Treatment

The biological treatment of PW in oil and gas production mimics the biological
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treatment of wastewater and includes conventional activated sludge processes,
fixed-film reactors, membrane bioreactors and constructed wetlands. Although
biological treatment of PW is seen as a very cost-effective method to reduce the
organic content in PW, biological treatment of PW from oil and gas production

is not very common [160].

3.3.1. Microbial Treatment (as Secondary and Tertiary Treatments)

The microbial treatment of PW from oilfields has been reviewed previously
[161]. For microbial treatment of produced water in general, one can distinguish
between the conventional activated sludge processes (CASPs), which are exten-
sively used in municipal wastewater treatment plants, where microorganisms are
free to move in the water in self-made bioflocs, that are held together by poly-
saccharides and polyesters derived from the organisms themselves, and biologi-
cal aerated filters (BAFs), where the microorganisms are attached to a solid
support [162]. CASPs are usually less expensive to run, while BAF operations
can work with a wider range of bacterial organisms which show more resistance
towards the toxicity of the PW’s contaminants. CASPs systems would normally
need a settling tank to separate off the sludge. Work on the use of CASPs in PW
from oil and gas fields is still limited [154] [163] [164] [165] [166]. As seen
above, PW can have a wide range of salinity values. High salinity can have stark-
ly detrimental effects on the bioremediation of PW because of bacterial-membrane
disruptions, which can result in a decrease in biomass-respiration rates or settling
issues. Two possibilities present themselves here, either acclimatize the biomass
used in the aeration tank slowly to an increasing salinity or to work with halo-
philic organisms [167]. BTEX included in PW can be biodegraded under aerobic
conditions [168] [169]. A number of Pseudomonas species can utilize benzene
as sole carbon and energy source. Usually, oxygen is incorporated into the
aromatic ring system through the action of mono-oxygenases and dioxygenases,
leading to mono-hydroxylated and dihydroxylated aromatic compounds as the
initial products, respectively. Other pathways in the aerobic biodegradation of
BTEX have been described, also [170]. It must be noted that aerobic microbial
treatment of PW in CASP can lead to the volatilization of BTEX [171] [172].
The volatilization needs to be taken into consideration because of the toxicity of
BTEX, although it is not yet well studied [173]. Microbial treatment has been
combined with oxidative pre-treatments. For this, it is of importance to tailor
the oxidant to the microorganism used for the bioremediation. A typical oxidant

that has been used is ozone.

3.3.2. Membrane Bioreactor (MBR)

In a membrane bioreactor (MBR), a suspended aerated sludge tank can also be
combined with a membrane separation system rather than with a settling tank or
clarifier. The water funneling through the outlet of the sludge tank is subjected
to micro- or ultra-filtration, where either ceramic or polymeric membranes are

used, with ceramic membranes, while more expensive, being chemically more
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resistant. The membrane can also be immersed in the aeration tank itself. MBRs
have been used to treat petroleum wastewater [174], incl. PW from oil and gas
production. Scholz and Fuchs [175] have shown that treatment of PW with MBR
can lead to a better reduction in organic matter than treatment with classical ac-
tivated sludge processes (ASP) [MBR: 97% chemical oxygen demand (COD)
removal efficiency and 99% oil removal efficiency vs. ASP: 82% COD and oil
removal efficiencies]. However, studies with PW from a Qatari gas field have
shown lower MBR removal efficiencies, attributed in the study to a significant
fraction (approximately 40%) of highly recalcitrant organic compounds, pre-
sumed to be nitrogen-containing field chemicals [176]. Often, significant prob-
lems of fouling of the membranes still need to be overcome. The fouling of
membranes leads to additional costs incurred by frequent cleaning operations
[177] [178]. Nevertheless, hypersaline PW can also be treated with MBRs [179].

4. Typical Published and Studied Treatment Trains

M. Ebrahimi et al [180] studied the treatment of tank dewatering PW from
German BP AG, Oil Refinery, Emsland, Lingen, using ceramic MF, UF and NF
crossflow filtration in succession. UF filtration [UF-(AL,0,/TiO,)-0.05 pm] of a
PW feed with 565 ppm oil content led to 99% oil removal. The authors noted
that MF was a suitable pretreatment for subsequent NF and UF. A TOC removal
of 14% for a TOC feed concentration of 582 ppm was less successful [180]. A
follow-up study revealed that MF as pre-treatment led to 93% oil removal from
oily PW, while MF in combination with NF and UF made an oil removal of
99.5% possible [181]. These results are similar to those found by Mueller et al
[98] in the treatment of oily water from the Hueneme field in California, USA,
where cross-filtration on two ceramic membranes (of 0.2 and 0.8 um pore sizes)
led to 98% and 99% oil removal, respectively. Zhong et a/ [182] described a ce-
ramic membrane filtration (0.2 um ZrO,) combined with a flocculation using
35308, a derivative of polyacrylamide, as pre-treatment, a combination which
was suitable for the final effluent the reach the discharge standard. Zhang et al
developed a train for the effective treatment of shale oil and gas PW derived
from the Wattenberg field in NE Colorado, USA, which consisted of a precipita-
tive softening (PSO) and a walnut shell filtration (WSF) followed by membrane
distillation (MD) [183]. The boron and total BTEX concentrations in the MD
distillate met the regulatory requirements for irrigation and typical discharge
limits, respectively. Qiao et al [184] developed a hybrid membrane pilot-scale
plant to treat PW from an oilfield in Daging, China. After the addition of PAC
(polyaluminium chloride) and PAM (polyacrylamide) as demulsifying and coa-
gulant agents, respectively, the PW is moved to an aeration tank, where most of
the free oil is removed and sulfides are oxidized. Subsequently, it is subjected to
air flotation to remove the remaining fine oil droplets. Then, the water is filtered
over sand. Finally, it is subjected to UF through a PVC membrane [184]. The

treated water met the required standard for discharging or injection water. With
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synthetic PW, Piemonte et al [112] have studied the combination of a VSEP
membrane system (see above) and reverse osmosis. As primary treatment an
API oil separator was used, before coagulant was added to the PW, which was
subsequently subjected to a dissolved gas flotation. After addition of polyelec-
trolytes, metals were separated off in a settling tank. Afterwards, the water was
passed through a sand filter. Then, the water was sent to VESP® membrane na-
nofiltration system, which was able to completely reduce the TSS content of PW,
while BOD5, COD, and TOC contents were reduced up to 90%. However, the
VESP® membrane system was not able to reduce TDS reliably. RO units were
used downstream, where the VESP® membrane permeate either passed through
one or through two RO units. Here the TDS was reduced from 35,500 mg/L to
160 mg/L with one RO unit and from 160,670 mg/L to 160 mg/L with two RO
units [112]. The unit costs for the wastewater train were calculated at 0.6 €/m?
with one RO unit and at 5.0 €/m® with two RO units [112]. A process water
treatment train developed by Qatargas [185] for its LNG facilities in Ras Laffan
Industrial City, Qatar, includes a deoiler, a H,S removal unit, a walnut shell fil-
tration unit (WSF) and a membrane bioreactor (MBR). The effluent is used for
limited irrigation. Alternatively, the effluent is treated with a granular activated
carbon unit and then subjected to RO. The obtained permeate is used as boiler
feed. The RO concentrate is mixed with produced water (PW) and injected into
a disposal well [185] [186].

In more recent times, integrated membrane based systems have been devel-
oped such as combining electrodialysis, nanofiltration and membrane distilla-
tion (ED-NF-MD) for a highly efficient treatment of oilfield produced water
[187]. Thus, Zhao et al. created a ED-NF-MD system that could concentrate
produced water to high concentrations up to 373,000 mg salt/L with a water re-
covery as high as 99.8% without the addition of chemicals such as soda or an-

ti-scalants.

5. Water Management and Brine Disposal Methods in the
Middle East

In the past, PW management was not a serious matter in the Middle East. There-
fore, for some time, no large investments were made in new methodologies for
the treatment of PW. The traditional PW disposal methods were mostly disposal
pits, which are divided into two categories, sealed and unsealed (seepage) pits
[188]. For the sealed evaporation pits, a protective layer made out of asphalt or
lined plastic prevents the disposed fluid from filtering through and contaminat-
ing nearby free water aquifers [189]. These PW disposal pits were visible around
the oilfields as they are above the surface. There are two other disposal methods
that are underground, where the PW is injected into the subsurface through
effluent disposal/injection wells, partially to aid enhanced oil recovery (EOR).
Enhanced oil recovery methods reuse the PW to create greater pressure in

the producing reservoir by reinjecting the PW back into the production zone to
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drive more quantities of produced fluid to the production wells to be lifted or
extracted to the surface, unlike the effluent disposal wells, where the PW is
treated as a waste and disposed of in the subsurface without being reused [18].
Nevertheless, for some oil fields such as in Abu Dhabi, there still is not enough
injection water available so that seawater nanofiltration plants on the Arabian
Gulf provide the water that will be transported by pipelines to the oilfields in-
land.

As in many areas of the world, environmental laws on the Arabian Peninsula
became successively stricter. Thus, the Kuwaiti Environmental Law No. 12 of
2017 [190] states in article 17, concerning evaporation pits:

The oil and petroleum companies are to comply with the following regula-
tions in the process of disposing of polluted and produced water in the oil fields:

1) Terminate the current evaporation pits and provide KEPA (Kuwait Envi-
ronmental Public Authority) with the companies plan to remove such pits and
rehabilitate them according to a set timeline.

2) Initiate the rehabilitation program by preparing an environmental impact
assessment of the current situation including the treatment solutions and the
time required within the operational scope of each company in the oil sector.

3) Prohibit the constructing of new evaporation pits for newly developed oil
wells, and comply with the selection of the most efficient processes by installing
treatment units and recycling the produced water on site, and dispose of it in the
best manner according to the standards and specifications to use it after treat-
ment along with an environmental impact assessment to predict the environ-
mental gains of treating the produced water and efficiently disposing of it.

4) The oil and petroleum companies are to comply with the environmental
and engineering standards set by the Environmental Law No. 2 of 2017 and its
inclusive specifications concerning the oil and gas sector (KEPA).

The factors considered by the decision makers in Kuwait to comply with the
above regulations were

1) Cost: The total cost includes labor, machinery, and any required material to
be used in the disposal process. The total cost of each proposed method includes
the whole life cycle of the system such as the initial investment capital, opera-
tional cost, maintenance cost, and abandonment cost [18].

2) Pollution: The environmental effects were considered of each disposal sys-
tem according to international standards. The effects of each system on health
and safety and the possibility of polluting ground and surface water, the atmos-
phere, and green and domestic areas had to be taken into consideration, and
again the effects had to be within the specified environmental limits of the coun-
try [18].

3) Efficiency: The efficiency can be measured by being taken into account
operability, maintainability, accessibility, supportability, and life span of the
treatment and disposal system [18].

AlAnezi et al. [191] commented on PW management options in Kuwait and
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deemed that PW injection is the most expensive but also the most efficient me-
thod and the best for meeting environmental requirements. However, they also
mentioned that because of stricter environmental regulations, local water short-
ages, and bans on disposal via deep well injection, in the future PW will need to
be treated and eventually recycled and reused. However, Kuwaiti PW has very
high salinity (TDS ~ 200.000 mg/L) with high sodium, potassium, calcium and
magnesium contents [188] and a direct treatment by membrane processes is dif-
ficult to achieve [191]. Here, thermal treatment methods, although more costly,
may be an option. Momentarily, 75% of the Kuwaiti domestic wastewater is
treated to RO quality, of which 58% is reused. Only 19% of the water consumed
in the agricultural sector is recycled water [192], and there is room for im-
provement.

Also, in Qatar environmental regulations led to new commitments of Qatar
Petroleum and other producers towards the Ministry of the Environment, which
included cutting wastewater injection volumes by 50% in the North Field [186].

Often, when large amounts of PW in arid regions are involved, the usage of
such water for irrigation often presents itself then, when PW can be adequately
treated. Thus, in general brackish water desalination is becoming an important
source for water, in particular in areas that are remote from the sea. This is
backed by the fact that 23% of the installed world desalination capacity comes
from deep and shallow brackish water [193]. Since most of the hydrocarbon ex-
traction operations take place onshore in the Arabian Peninsula and particularly
in the Gulf Cooperation Council states of Kuwait, Saudi Arabia and the United
Arab Emirates, it is becoming increasingly important to utilize the PW that ac-
counts for the majority of the produced liquid on site, which is of a desert na-
ture. The importance of the maximum utilization of the extracted resources is
the subject of the least opposition. The technologies implemented and the im-
plications are the usual questionable points. Early desalination methods are the
multistage flash distillation (MSF) and the multiple effect distillation (MED).
Both methods are energy intensive and therefore costly, however, they allow for
installations with large throughput that have appreciable lifetimes often of over
20 years. Multi-effect distillation can be combined with ultrafiltration and with
reverse osmosis [194]. In general, over time, membrane processes such as ultra-
filtration and reverse osmosis have become more dominant [186]. Thus, the
treatment of produced water streams in two advanced wastewater recycle and
reduction (WRR) plants for LNG trains at Ras Laffan Industrial City in Qatar
include apart from a conventional deoiler and degasser, as well as walnut shell
and carbon filtration units, MBR and RO units as advanced treatment regimes
[185] [186].

The most significant challenge, as desalination is applied in increasingly larger
scale and varied locations, is the issue of concentrate disposal [193]. Studies in-
dicate that it can be in the order of 15% of the costs of desalination in the case of

inland sites, This is the usual condition at many inland installations which are
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located more than 80 km from the sea coast where disposal of concentrate to the
sea becomes economically prohibitive due to the unavoidable nor adjustable cost
of transportation [193]. Difficulties in disposing of the concentrate have been
named as one of the reasons of not installing inland desalination plants at many
locations in the United States, where desalinated water would be urgently
needed [125].

Often, brine concentrators are used to reduce the volume of the brine stream.
Many of the brine concentrators are based on mechanical vapor compression
(MVC) [195]. Here, the brine feed is preheated in heat exchangers utilizing the
heat content of the distillate product water coming out of the MVC unit. The
brine feed then is mixed with recirculating brine slurry stemming from the pre-
vious cycle. The mixture is fed to the top of the concentrator and flows in a thin
film along a bundle of heat transfer tubes. The water vapor that is produced col-
lects in the vapor compressor which brings the superheated compressed vapor to
the external surface of the heat transfer tubes, where the vapor condenses heat-
ing in return the brine feed (see above). MVC are energy intensive, with a con-
sumption of 20 - 25 kWh/m® feedwater [125], where higher values up to 39
kWh/m?® feedwater have been reported, also [125] [196]. The concentrated brines
are sent to either brine crystallizers or to evaporation ponds. While brine crystal-
lizers again are quite energy consuming (52 - 66 kWh/m® feedwater), evapora-
tion ponds can present an environmental hazard [125]. The water distillate from
the brine concentrator and from the brine crystallizer is clean water which can
be re-used, while the brine residue from the brine crystallizer either goes to the
landfill or is processed further to extract salts of commercial interest from it such
as lithium salts [197] [198] by precipitation as lithium phosphate or lithium

carbonate.

6. Potential Uses of Non-Reinjected Produced Water

For some time, it has been investigated whether PW can be used for irrigation of
non-food crops [199] [200] [201] and of landscape greenery [202]. In fact, Cali-
fornia [13], Montana, and Wyoming irrigate crops with PW from conventional
oil and gas sources. Nevertheless, a new study [203] has found that addition of
PW to irrigation water can affect the crop yield of plants such as spring wheat
(Triticum aestivum). Comparison with the effect of treatment with NaCl;, seems
to indicate that constituents in PW other than salt influence the crop health.
With wheat leaves inoculated with bacterial and fungal pathogens it has been
shown that use of PW in irrigation reduces PR-gene expression by reallocating
metabolic resources to fight abiotic stress than to fight pathogens [199]. The re-
sidual TOC of PW seems to affect the health of the plants in equal measure and
it has been suggested to keep the TOC concentration to less than 5 mg/L [204].
At any rate, it seems that for a prolonged use of PW for irrigation purposes it
should be pre-treated and diluted with clean water [205], where dilution is the

more important factor. Thus, 90% dilution of produced water with clean water
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has a greater effect than any water treatment investigated at 50% dilution. Irriga-
tion of sunflower (Helianthus annuus) and wheat ( Triticum aestivum) with high
proportions (50%) of raw or treated PW led to stunted growth of the plants, with
reduced height and leaf area [206]. The sunflower seed saw 100% yield loss
[206]. Also, in Oman, Yemen and Qatar irrigation experiments have been car-
ried out with PW. Thus, PW from an Omani conventional oilfield, treated by air
flotation and subsequent filtration over anthracite and activated carbon was used
to irrigate alfalfa, barley and Rhodes grass. In contrast to alfalfa, barley and
Rhodes grass were little affected by the irrigation with PW. However, the irriga-
tion with treated PW led to an increase in soil salinity and sodicity, even within a
relatively short time [207]. The fresh weight of alfalfa grown on PW from a con-
ventional gas field was significantly reduced as compared to alfalfa grown on tap
water under the same conditions [208]. All the above also limits the use of phy-
toremediation to purify PW [209], although the use of both constructed wet-
lands and rhyzofiltration for PW purification is not yet off the table [210]. A
treatment of produced water from oil production wells using a hybrid reverse
osmosis-constructed wetland treatment system was studied by Murray-Gulde et
al. [211]. The researchers found that the treated water was suitable for irrigation
or discharged to surface waters, except that additional treatment was necessary
to decrease the boron levels in PW, if the water was to be used for irrigation. A
pilot subsurface flow constructed wetland (CW) was constructed in the Liaohe
Delta, China to treat heavy oil-produced water [212]. In this regard, the NIMR
water treatment project in Oman [213] [214] must be mentioned, which is used
to manage 115.000 m*/day PW of the NIMR oilfield with 360 ha of surface flow
constructed wetlands and 500 ha of downstream evaporation ponds. Before the
PW reaches the constructed wetlands the majority of the oil is separated from
the water by a series of skimmers and passive hydrocyclone oil separators. Then,
the PW is distributed via a long inlet buffer pond over the wetlands and flows
into evaporation ponds. PW at the inlet has a TDS of about 7.000 ppm and con-
tains about 30 ppm hydrocarbons, with the effluent carrying < 0.5 mg OiW/L,
the remainder of the hydrocarbons having been biologically degraded [213]. The
wetland was initially built with common reeds (Phragmites australis), but a fur-
ther 4 local plant species (Typha domingensis, Schoenoplectus littoralis, Juncus
rigidus and Cyperus spp. were introduced at a later time. An earlier project with
PW from a conventional oilfield in Yemen treated in a constructed wetland
(reed bed) showed the possibility to grow cotton with the treated PW [215].
Meanwhile, also other countries in the Middle East such as Bahrain are contem-
plating to create artificial wetlands to treat produced water.

It is in the interest of the countries on the Arabian Peninsula to utilize PW
from oil- and gas fields for non-reinjection purposes such as for irrigation. For
this, new water management frameworks are being devised in Qatar [66] [216]
[217]. In addition, there is the GCC Unified Water Strategy (2016-2035), which
has as its goal a 90% reuse of treated wastewater in general by 2035 [218]. As the
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Arabian Gulf has the world’s highest density of desalination plants with potential
associated environmental consequences for the Arabian Gulf [219] and Red Sea
[220] in view of salinity and temperature increase, it is opportune to augment
the water gained by seawater desalination with treated PW from oil and gas op-

erations.

7. Conclusion

With the predicted increase of oil and gas extraction, at least over the next two
decades, and with the maturation of a larger number of oil fields, it is expected
that the volume of PW from oil and gas field operations will increase over the
next years. The passing of new, more stringent environmental laws will restrict
the disposal and use of PW even more than today. At the same time, resources of
clean water are diminishing worldwide at an alarming rate. In arid regions,
where many of the oil and gas fields are located, it would be opportune to use
treated PW for purposes normally reserved for clean or treated municipal waste-
water such as for irrigation. The requirement would be a cost-effective treatment
of PW that would give water of sufficient quality. With the development of new

PW treatment regimes, that goal can be within reach,
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