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Overview:

U Removal of dissolved organics is expensive

U Removal of dispersed oil is much less expensive

U Donot

remoyve

di

ssol

ved

organics

U  Most methods that remove dissolved organics will also
remove dispersed oil, at great expense, so remove the
dispersed oil first

U  To minimize the total cost, remove all of the dispersed oil
before removing the dissolved organics
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Topical Outline:

U  Analysis of the organic compounds in produced water is
necessary to develop a treatment strategy whenever
dissolved organics must be removed

U  Six classes of dissolved organic compounds:
U  Phenols (low to high MWt)
U Acids (low to high MWt)
iU BTEX
U  PAH (Polycyclic Aromatic Hydrocarbons)
Each has dramatically different properties and costs
associated with removal

U  Once the chemistry is understood, an optimum treatment
can be developed
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Discharge Quality Requirements:

Table 2. MAXIMUM PERMISSIBLE LEVEL OR CONDITION OF WATER

POLLUTANTS DISCHARGED INTO THE ENVIRONMENT

Water Pollutants Level or Condition
No. Parameters or Substances Inland Coastal Marine | Environmentally
Surface | Nearshore | Offshore Sensitive Areas
Water /Groundwater

| Temperature 35 40 45 NIAA

2 Hydrogen ion (pH) 6-9 6-9 6-9 6-9

3 Five day Biological Oxygen 30 50 100 10
Demand (BOD, at 20°C)

4 Chemical Oxygen Demand (COD) 250 250 250 60

5 Total Suspended Solids (TSS) 50 150 200 15

6 Total Oil and Grease (TO&G) or n- 10 ) 100 No discharge
Hexane Extractable Material (HEM)

7 Ammoniacal Nitrogen (as NH;-N) 10 10 10 0.01

N Total Phosphorus (as P) 5 5 5 0.1

Y Sulphide (as H,S) 1 | 1 0.2

10 Chloride (as CI') 250 NIAA NIAA NIAA

11 Total Residual Chlorine (as Cly) | | 2 0.2

12 Dissolved Hexavalent Chromium | 0.1 0.1 0.1 0.05
(cr")

13 Total Chromium (Cr) 0.5 0.5 0.5 0.1

14 Dissolved Iron (Fe) 39 b 1.5 1.0

15 Total  Petroleum  Hydrocarbons 25 40 80 No discharge
(TPH)

16 Total Nickel (Ni) 0.5 0.5 0.5 0.5

17 Total Copper (Cu) 0.5 0.5 0.5 0.01

18 Total Zine (Zn) 2 2 2 0.1

19 Total Arsenic (As) 0.1 0.1 0.1 0.01

20 Total Cadmium (Cd) 0.1 0.1 0.1 0.01

21 Total Mercury (Hg) 0.01 0.01 0.01 0,005

22 Total Lead (Pb) 0.1 0.1 0.1 0.05

23 Total Cyanide (as CN) 0.1 0.1 0.1 0.01

24 Phenolic Compounds (as phenol) 0.5 0.5 0.5 0.1

25 Radioactivity NIAA NIAA NIAA NIAA

26 Toxicity NATE NATE NATE NATE

NIAA: No Increase Above Ambient
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What is the Best Available Technology?:

TheBest Available Technologgpends on a number of factors.
The high level factors that contribute to the major design choices, and BAT are:

Parameter Range of Values

onshore / offshore: stranded / accessible;

Location constrained wt & space

Petrochemistry | API gravity; 6, CQ Total Acid Number; Sulfur

Water hydrocarbons; BTEX; phenols; acids; TSS; TDS;
Contaminants di- and multivalent cationsNORM; production chemicals

Effluent TOG; TPH; WSO; TOC; COD; BS®;, TDS; priority pollutant
Quality specific water chemistry
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The Role of Characterization and Effluent Quality in Selection and Design:

Fluid
Characterization

Equipment
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Chemical Composition of Produced Water Contaminants:

(i1l in produced water ( Yang 2006)
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Chemical & Phase Equilibria i General:

Gas Phase volatile compounds:

Il light HC, CQH,S, BTEX, acitimers

gas

Bulk Oil Phase (free oil)

Dissolved organics
Acid (HA) Chemical Equilibria

Dispersed QOil Drops:
assumed to have the
same chemical
composition as the bulk
oil phase

Note:
(a) the composition of dispersed oil drops is the same as the free oil phase;

(b) the concentration of organics dissolved in the oil or water phase depends on the
partition coefficient and does not depend on the amount of dispersed or free oil ;. g



Analysis of Contaminants:

There are two broad classes of analysis methods:

U  Extraction methods which assume the presence of free oil:
o EPA-1664 (Standard Method 5520-B)
0 OSPAR 2005-15
o ASTM D3921-2011

U  Direct methods which assume that there is no free oil present:

o TOC
o BOD
o COD
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Total Petroleum Hydrocarbon Measurement:

acidize

gas

HA

Heat

Hexane

Acid

hexane extract;
evaporate the hexane (85C);

HEM (hexane extractable material):

~

Sample +Acid + Hexane G
HEMSGT:
Hexane extract + Silica G&  weigh

weigh
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Total Organic Carbon Measurement:

Purified air

Cooling

Humidification

i3 - -
Acid

Sparging
Sample Process

Combustion

(CO2 created)

>

pH'i: 3
IC+POC

Catalyst + heating to 680°

schematic Diagram of NPOC Measurement

IC: inorganic carbon

POCpurgeableorganic carbon
NPOC: noipurgeableorganic carbon (TOC)

NDIR detection

TOC = mg C/L sample =ifmol CQ/L sample) x (12 mg CAmol CQ)
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Analysis of Contaminants:

Typical Produced Water Sample

olly
water

Types of contaminants that are detected

TOC | TPH
Free & adsorbed oil None | Most
Dispersed oll None | Most
Dissolved acids Most Few
Dissolved aromatics Most | Some

Free oil: the oil floating on the top of the water
Adsorbed oil: the oil that is attached to the side of the container
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Analytical Methods T What they Detect:

[Touron]
|\E/|Xettrr?§gg " - Only a fraction
(TPH) [pronots | of the dissolved
organics are
extracted 1
depending on

the partition
coefficient.

Direct i
Free &
Methods - adsorbed oil is
(TOC) not detected.
The purgeable

Fig. 22 Oil in produced water ( Yang 2006) contaminants
are not

detected.

Fig. 22 0Oil in produced water { Yang 2000)
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Analytical Measurements & OLI Stream Analyzer Model:

U Concentrations of different types of organic contaminants
U Composite information from several data points and an OLI model

1200
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© 400 |
o . I
0 B o M- S | :
dissolved dispersed dissulved pl::lar nonpnlar total
undetected undetected dispersed dispersed organics

undetected = not detected by extraction based methods

TOG (as detected by ERB64) is a small fraction of total organics

TOC will detect dispersed oil but not floating oil or oil adsorbed on container
Treatment system must target the chemical compounds that need to be removed
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Common Organic Molecules in Crude Oil & Produced Water:

Example Example

Classification Characteristics
Structure Name

Not soluble in water

Iso-octane Alkane Dispersed and free oil

Hs

Carcinogenic

HO Very soluble

phenol Alcohol Toxic

acetic acid Organic acid Very soluble

CH, CHj
c#—)\CH3
CHs3
Moderately soluble
@ benzene BTEX Volatile
O
3C)J\OH

H

Aromatic, NPD Somewhat soluble
naphthalene | (naphthalene, phenanthrene, | 0 1o v/ PAH

dibenzothiophene)

Not very soluble in
Polycyclic Aromatic water or hexane

0.0 fluorene Hydrocarbon (PAH) | (i.e.: SARA)

Carcinogenic




Shell Mars Reservoir-to-Reservoir Variation in Acid Content:

. . : Atomic S | ACID
Reservoir DEPTH | API Saturates | Aromatics | Resins | Asphaltenes Wt%) | No.
Pink 13,036 |(17.3) 21.0 61.6 14.0 3.4 27 [ 435 )
Lower o

16,287 | 31.5 40.9 47.6 9.5 2.1 1.8 0.34

Green
Ultra Blue 16,301 | 24.6 41.3 37.5 13.9 7.3 2.6
Orange 16,550 | 24.4 27.4 54.5 14.5 3.6 2.4 1.00
Upper 16,910 | 235 24.3 55.6 14.9 5.2 2.6
Green
Magenta 17,610 | 24.2 28.1 54.1 13.5 4.3 2.6 0.61
Violet Ic 18,419 | 22.5 25.0 59.3 12.6 3.1 2.7 1.20
Lower 18,476 | 27.6 30.8 51.8 15.1 2.2 2.2
Yellow
Terra 18,476 | 22.1 25.2 50.2 13.4 11.2 2.8 0.95
Cotta

Pink reservoir is heavily biodegraded

Total Acid Number (TAN) is typically reported in units of mg KOH/g oil.

To calculate mg/L of acid compounds, see next slide.

TAN is measured using the ASTM D-664 method.

s, ﬂ‘
i i 'SPE €
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Some Take Home Messages So Far:

TOG and TOC measure two different things. It is often useful to run both. Itis
also useful to run a combined TOG/TOC test. Make sure that you
understandhow to run these tests and what the resuéiee telling you.

In particular: in many cases it is not necessary to remove dissolved
contaminants in order to achieve TOG and TOC targets.

In those cases where the dissolved contaminants must be removed, the
selected system should be based on both the regulation target and the
contaminant composition. Detailed analytical determination of
composition is not required in most cases. Simple tests usually suffice.
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Treatment Options:

Treatment Options:
Acidification followed by Oil/Water Separation
Deep Removal of Dispersed Oil
Liquid-Liquid Extraction
Biotreatment
Oxidation

Consumptive Media (MyCelx, Clay, Carbon)
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Technology 1: Mineral Acid Treatment to Remove Organic Acids from Water:

Separator

well fluids T

e.g. Free Water Knockout

[
»

Gas

oil, water, gas /

>,

v

inject mineral
acid

transfer of
acid from
water to oil
phase

Oil w/
protonated acid

v

O

M

Oily Water

O

PN

Hee” ot + 41 —— H,e” oH

lonic,
water soluble,
not oil soluble

protons
from
mineral
acid

nonionic,
partitions
between oil &
water
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Mineral Acid Treatment to Remove Organic Acids:

Well fluids i
oil, water, gas

Gas

inject mineral
acid

\

FWKO

Oil

v

Oily Water

v

Injection of mineral acid: protonates the
organic acids which pushes them from
the water phase into the oil phase.

25.0 '_| —Modelresults ¢ Measuredresults I—
E% 20.0
s E
2c
58 Zom | )7
SE 100 /
/|
(5] 50 ol
€ addition of mineral acid
00 SIS T T
001020 3.040506.0708.09010.011.0
pH
Acid dose WSO w/ WSO w/
(mg/L) H,(HPO,) HCl
0 28 28
500 11
1000 4 2

Advantage:

U very simple

Disadvantages:
U acid is hazardous to handle

U acid is corrosive

WSO concentration (mg/L) with addition

of acid (WSO = HEM i HEMSGT)

U reduced effectiveness of water clarifiers

Data from: US 6695968, Hart (2004)
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Organic Acid Treatment to Remove Organic Acids from Water:

AHA: a-hydroxy acids (a-hydroxy-monocarboxylic acids)

O O O
HO + 1 —> HO
\)LGH HSC)J\O ! \/U\ )LOH
pKa = 3.83 pKa =4.76
AHA organic acid

The AHA is extremely water soluble and does not partition
into hexane and therefore does not contribute to TOG.

AHA dose WSO 0&G
AHA can be used alone (mg/L) (mg/L) (mg/L)
or in combination with 0 47 56
anionic polymers. 245 99 33

Data from: US 6695968, Hart (2004)
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Deep Bed Filtration (Nutshell Filter) for deep removal of dispersed oil:

= 250 100
5 S
= 200 - 80 >
=
°
o 150 60 &
9 )
£ S
@ 100 40
S S
= o
g 50 20 @
-]
=
L]

0 - 0

0 100 200 300
Feed Oil in Water Concentration (ppm\

A High separation efficiency at low OiW feed.
e.g. 1 feed: 50 mg/L, sep efficiency: 80 %, discharge is: 10 mg/L
A Separation efficiency drops rapidly with increasing OiW in feed.
e.g. 1 feed: 150 mg/L, sep efficiency: 50 %, discharge is: 75 mg/L
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CETCO Hi-Flow Coalescing Media for Deep Deoiling:

U Cartridge based media that provides deep removal of dispersed oll
U Consumption rate depends on fouling tendency of produced water
U Typical change-out time is several weeks to a few months

Example:

A GoM platform with effluent:
TOG = 320 mg/L
WSO = 154 mg/L

Hi-Flow outlet concentrations:

dispersed oil = 0 mg/L
dissolved oil = 9 mg/L
TOG = 9 mg/L
WSO = 9 mg/L

Overboard discharge = 9 mg/L

Note that outlet WSO = TOG upon application of Hi-Flow
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Hi-Flow Case No.5 Total Oil Removal
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WSO Concentration [ppm)

Hi-Flow No.5 Water Soluble Organics
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=
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Model Application to Field Data (case # 5):

700 700
600 ’ 600 it
s00 4y =1.8757x + 15793 | 500 -
= 400 = 400 - +*
o = »
E £
= 300 = 300 A
o (L]
2 200 S 200
y=2.0712x - 10.123
100 100 -
D T T T U " T T
0 100 200 300 400 0 100 200 300 400
TOG - WSO (mgiL) WSO (mg/L)
o1 1876
ol 15.793
a3 10123
pgo 660
1] = slope of Crog vs Croc — Cwso Mo 300
. aed 2.9
o2 = intercept of Crog vs Crog — Cwso
o3 = intercept of Crog vs Crso E“ :'lg‘;f
f o .
4 = Peo | M> kowC 4.529E+04
[Cw 7 955E-05
P
. . ¥ 'SPE W, Mc 5345 )
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Model Application to Field Data (case # 5):

non-

dissolved consumptive conns]lég:gtlve
9 mg/L process
T polar — WS0O=154
$  dispersed 5
S 145 mg/L —
- deep removal
S nonpolar removal of
. > of dissolved
dispersed dispersed oil
166 mg/L oil
TOG=320 mg/L TOG=9 mg/L

In this example, from the Gulf of Mexico, most of the WSO
content was in the dispersed oil phase. Deep removal of the
dispersed oil, to essentially zero, removed the WSO as well.

Society of Petroleum Engineers slide 27




Macro Porous Polymer Extraction:

Liquid extraction solvent is immobilized (by capillary force) in a porous polymer media.
Beads of this porous polymer are formed and packed into a bed.

The produced water flows through the packed bed and makes contact with the liquid
extractant in the porous polymer material.

Packed bed

of beads. Pores which would
be loaded with liquid
extraction solvent
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MPPE: stear

> > >
Extraction Y
A/
A 4
S S Condenser , /
i
Polxmer Polymer A v
4
A & N
y A i 7
=
A 3 v
(=3
A ® y
11
A & v
Y
v

|

Organics & Water [ I
Heavy Light Clean water

organics organics
for reuse for reuse

Condensate water recycle

Produced water is passed through a packed bed. The immobilized extraction liquid removes
the hydrocarbons in the produced water. Periodically in situ regeneration of the extraction
liquid is accomplished using low-pressure steam stripping. A typical cycle is one hour of

extraction and one hour of steam stripping. slide 29
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MPPE:

NAM (Shell / Exxon) offshore Netherlands
u 120 m3/day (750 BWPD)
U Virtually complete removal of BTEX and P/

slide 30
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Oxidation:

U Wet air oxidation

u Ozone

U Peroxide

U Chlorine dioxide
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Ozone Treatment:

100
s 80 1
H -+-0zone
S -B-0zone + UV
% 60 - ——UV
qE; —8—Oxygen (control)
@ 40 -
[=
8
[
o 90

Time (min)

Fig. 19. Ozonation of hexane-extractable materials (via fluorometry) from synthetic
produced water. Conditions: gas rate — 10 mL/min; ozone concentration — 38 mg/L.

HEM: hexane extractable material

Low concentrations used here
In general, ozone is extremely effective at removing a wide range of
alkane, aromatic and polar contaminants if operated properly.
Generally expensive. Very expensive if used to remove dispersed oil.
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Fig. 11. Effect of ozone concentration on destruction of ETEX by ozonation.

ORNL report (2002)
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Ozone Treatment:

U Ozone is an extremely effective oxidant
U Application in oil & gas industry has occurred but has been limited
U Has not made the transition from industrial water treatment to O&G

Example:

Ozone generating unit:
Corona discharge is most common
Performance can be enhanced by peroxide and/or alkali
Typical generation cost = 2,000 USD / (Ib O,/day)

If flow rate is: 10,000 BWPD
If COD is: 1,000 mg/L
Theoretical ozone demand: 4,000 Ib O4/day
Cost of generating unit: 8,000,000 USD

(purchase cost, not installed cost)
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Membrane Bioreactor Treatment of BTEX:

BTEX can be refractory in some installationsiofreatment. Howevet,
with properly cultured bacteria, BTEX can be removedibtreatment

100
A A & A & h
&% ‘l‘..l. & " & A
80 A - A
= A » "‘i"
]
-'-'éi: $ 'i
£ L
E 40 - *e
*
m Py .
20 .f
o _o* o 0
*
0 * odo anGoD?DDD 0P0 %o
0 ] 10 15 20 25 30
Days
# MEBR InOMER Out & % hiudggraded_

100

T 40

20

% Biodegraded

SPEL16209 (2006)

)
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MyCelx:

Standard polypropylene cartridge filters (4 inch diameter x 30 inch long) infused
with polymerized triglyceride (linseed oil) with a binder and solvent.

Kerosene range hydrocarbons and less polar organics dissolve in the amorphous
polymer.

Each cartridge has a capacity for oil of between 5 to 8 Ibs (average 3 kg/cartridge).
Contact time < 1 second, which reduces footprint.

Example calculation of cartridge capacity:
Feed oil concentration: 100 mg/L
Effluent: 10 mg/L
Oily water flow rate of 10,000 BWPD (1,598 day)
Daily oil removal (cartridge loading): 143 kg/day

Roughly 50 cartridges will be consumed per day (143 / 3 = 47.7 cartridges/day)

US 5437793; US 5746925; US 5961823
Parthasarathy Harikrishnan, World Oil(Dec 2009)
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CrudeSorb:

Society of Petroleum Engineers

120 % -

100 % 4

B0 % ~

60 %

40 %

Removal of EIF groups

20 % ~

0% -

e
CO-C3 C4-C5
phenols  phenols

— i remaoval
o— "Trad. Tech."
—e— CrudeSaorh
/ -
f&
Maphtha CB-CH 2-3nng 4-Bring
lenes phenols FAH FAH

Figure 12 — Aromatics removal by the Cetco CrudeSorb unit {inlet
oil content of 3,6mg/l and oil removal of 95%), compared to
“Traditional Technologies” - Ekofisk

Removal efficiency is somewhat selective.
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Granular Activated Carbon:

Deployed in bulk. Packaged in a deep-bed configuration.

Example calculation of bed capacity:

Capacity for hydrocarbon: 0.20 lbs HC/Ib media
Typical bed weight: 3,000 Ibs
Typical bed capacity: 600 Ibs (270 kg)

Feed oil concentration: 100 mg/L

Effluent: 10 mg/L

Oily water flow rate of 10,000 BWPD (1,590 m3/day)
Daily oil removal (bed loading): 143 kg/day

Roughly 1 bed will be consumed every two days (143/300 = 0.5 bed/day)

For comparison, if this media were containerized as a cartridge, each cartridge
would have a capacity of about 0.97 kg oil/cartridge. Compare this to MyCelx or
CrudeSorb which has a capacity of 3 kg/cartridge and which removes less
contaminant.
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Desalination of Produced Water:

Membrane Desalination:
Many examples: CSG/CBM Wyoming, Queensland AlArSBakA
Main challenge is pretreatment

Evaporation:
Mechanical Vapor (Re)Compression:

Many examples: Hydraulic Fracture Flow Back, heawusheizna
Oman, Alberta Canada, San Joaquin Valley CA

High capital cost, requires expert design and operation
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Take-Home Messages

Characteristics and Available Treatments for
Different Types of Contaminants:

WSO Class Characteristics Treatment

Phenols LowMW:t: highly water soluble; Remove dispersed ail,
do not typically extract into hexane. followed by media;
HigherMWt: partition into the dispersed oil CrudeSortor MyCelxfor
phase, extract into hexane higher MWHt, carbon for low
MWt
BTEX Highly volatile Gas stripping(via flotation);
B,T,Edo not typically contributdo TOG MPPE; Remove dispersed (
X: contributes to TOG then carbon for X
Acids Low MWt: do not typically extract into Mineral or AHA acid
hexane and are volatile do not typically treatment. Remove
contribute to WSO dispersed oil, followed by
Higher MWt: extract into hexane, main acic media.CrudeSorbMyCelx
contributor to WSO for higher MWt;carbon for
low MWt
PAH Poor water solubility; Moderate to poor Remove the dispersed all,
hexane solubility MPPEMyCelx CrudeSorb




Take-Home Messages

All things considered, deep removal of
dispersed oil is a sensible first strategy for
removing TOG and TOC.

If that is not sufficient, then other technologies

such as acid addition, solvent extraction,
consumptive media must be employed.

Society of Petroleum Engineers :




