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Topical Outline: 

1) Overview 
 
2) Organic chemistry 
 
3) Dissolved versus dispersed oil, TOG vs WSO 
 
4) Phase equilibrium 
 
5) Treatment Options 
 
6) Modeling 
 
7) Conclusions 
 

Water Treating ς 
Taking the Mystery out of Water  Soluble Organics 
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Overview: 

ü Analysis of the organic compounds is helpful in developing a 

strategy to treat WSO 

 

ü Six classes of water soluble organic compounds: 

ü Phenols (low MWt / high MWt) 

ü Acids (low MWt / high MWt) 

ü BTEX 

ü PAH (Polycyclic Aromatic Hydrocarbons) 

 

ü But WSO Í dissolved organic compounds 

 

ü Chemical & Phase equilibria is key to understand: 

a) what are WSO (WSO = HEM ï HEMSGT) 

b) the fate of WSO (dissolved, dispersed, vapor) 

 

ü How to treat produced water to eliminate WSO 

Chemical & Phase Equilibria ï General: 

oil 

oily 

water 

gas 

BTEX, NPD, PAH 

HAċČ  H+1 + A-1 

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

Bulk Oil Phase (free oil) 

Dissolved organics 
Acid  Chemical Equilibria 

Gas Phase ς volatile 
compounds, BTEX 

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. 
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Gas 

Hydrocyclone 

Oil 

to Dry 

Oil 

Tank 

TdeG 

Gas 

BOT FWKO 

Flotation 

Sampling & 

Analysis 

WOT 

Gas 

Primary 

HP / IP 

wells 

Oil 

to DOT 

wells 

Chemical & Phase Equilibria ï in the Process: 

oil 

water 

gas HA 

HAċČ  H+1 + A-1 

HA 

oil 

water 

gas HA 

HAċČ  H+1 + A-1 

HA 

oil 

water 

gas HA 

HAċČ  H+1 + A-1 

HA 

oil 

water 

gas HA 

HAċČ  H+1 + A-1 

HA 

Overboard 

Discharge 

Note: as fluids traverse through the 
system, P decreases which increases 
vaporization and which expels CO2 . 
This raises the pH, which ionizes the 
organic acids and pushes them into 
the water phase. 

oil 

water 

gas HA 

HAċČ  H+1 + A-1 

HA 

oil 

water 

gas HA 

HAċČ  H+1 + A-1 

HA 

oil 

water 

gas HA 

HAċČ  H+1 + A-1 

HA 

oil 

water 

gas HA 

HAċČ  H+1 + A-1 

HA 

oil 

water 

gas HA 

HAċČ  H+1 + A-1 

HA 

reservoirs 

PG

PIPE

Chemical & Phase Equilibria ï 

in Sampling & Analysis ï EPA1664: 

Acid Sample     + + Hexane Č 
heat 

weigh 

Heat 

 

Hexane 

 

Acid 

oil 

water 

gas HA 

HAċ H+1 + A-1 

HA 

WSO = HEM ς HEMSGT 
HEM: hexane extractable material 
HEMSGT: silica gel treated HEM 

HEM: 

HEMSGT: 

Hexane extract    +    Silica Gel Č weigh 
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Effect of Mineral Acid Addition in the Facility & 

Effect of Nitric Acid in the EPA-1664 Analysis: 

5ŀǘŀ ŦǊƻƳΥ WΦ aŎCŀǊƭŀƴŜΣ άaƻŘŜƭƛƴƎ ƻŦ ²ŀǘŜǊ {ƻƭǳōƭŜ hǊƎŀƴƛŎ /ƻƴǘŜƴǘ 
ƛƴ tǊƻŘǳŎŜŘ ²ŀǘŜǊΣέ hŀƪ wƛŘƎŜ bŀǘƛƻƴŀƭ [ŀō όнллпύ 

The addition of nitric acid 
(step 1 of EPA-1464) 
pushes a large fraction of 
the organic acids from the 
water phase into the 
hexane extraction phase. 
 
Likewise, addition of acid 
in the facility pushes the 
acid from the water phase 
to the oil phase. 
 

 slide 11 

y-axis: total acid (protonated and unprotonated) 

nonpolar 
dispersed 
166 mg/L 

dissolved 
 9 mg/L 

polar 
dispersed 
145 mg/L 

deep 
removal 

of 
dispersed 

oil 

removal 
of 

dissolved 
oil 

non- 
consumptive 

process 

consumptive 
media 

TOG=9 mg/L 

WSO=154 

Removing WSO by Removing Dispersed Oil: 

9 mg/L 

TOG=320 mg/L 

d
is

p
e

rs
e

d
 

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. 

 slide 12 
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Outline of Presentation: 

Next: 
 
Organic chemistry ς specific compounds 
 
Which potential WSO compounds are in: 
 

a) the crude oil 
 
b) the produced water 
 
c) the hexane extract of the produced water 

End of the Overview 

Common Organic Molecules in Crude Oil & Produced Water: 

Structure Name Classification Characteristics 

iso-octane Alkane 
Not soluble in water 

Dispersed and free oil 

benzene BTEX 

Moderately soluble 

Volatile 

Carcinogenic 

phenol Alcohol  
Very soluble 

Very toxic 

acetic acid Organic acid Very soluble 

naphthalene 
Aromatic, NPD 
(naphthalene, phenanthrene, 

dibenzothiophene) 

Somewhat soluble 

fluorene 
Polycyclic Aromatic 

Hydrocarbon (PAH) 

Not very soluble 

Not fully soluble in 

hexane 

Carcinogenic 
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Structure elucidation of all monofunctional acids in a particular crude oil, not including 
volatile fatty acids 
 
Numerical values are mg/L  (mg of acid/Liter of crude oil) for each class of acid shown. 
The total concentration of acids shown here is 3,750 mg/L 
 
The crude oil is California Midway Sunset 

{ŜƛŦŜǊǘΣ ά/ŀǊōƻȄȅƭƛŎ !ŎƛŘǎ ƛƴ tŜǘǊƻƭŜǳƳ ŀƴŘ {ŜŘƛƳŜƴǘǎέ όмфтрύ 

Detailed Acid Analysis: 

 slide 15 

Example ï Compounds in an Acidic Crude Oil: 

Acidic Crude Oils: 
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Sources of high acid content in the crude oil: 

 

a) original plant and animal organic matter (particularly heavy 

crude oil from geologically young formations) 

 

b) biodegradation 

 

c) bacteria themselves (cell wall of bacteria). 

Classification Range of 
Acid Content (wt %) 

Examples 

Low Nil to 0.1 Rangely CO; PA; Iraq 

Medium 0.3 to 0.7 
Lobitos, Peru; Balachany; 
Russia; Gulf Coast, USA 

High 1.2 to 3.0 
Lagunillas, Venezuela; 
Midway Sunset, CA; Romania 

High Acid Crudes, J. Speight 
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Reservoir DEPTH API Saturates Aromatics Resins Asphaltenes 
Atomic S 

(wt %) 
ACID 
No. 

Pink 13,036 17.3 21.0 61.6 14.0 3.4 2.7 4.35 

Lower 
Green 

16,287 31.5 40.9 47.6 9.5 2.1 1.8 0.34 

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 
Green 

16,910 23.5 24.3 55.6 14.9 5.2 2.6  

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 
Yellow 

18,476 27.6 30.8 51.8 15.1 2.2 2.2  

Terra 
Cotta 

18,476 22.1 25.2 50.2 13.4 11.2 2.8 0.95 

 

Mars Platform ï Biodegradation Example 

Mars Basin ï Mississippi Canyon, Deepwater Gulf of Mexico 

 

Pink reservoir is heavily biodegraded 

 

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

mg/L of acid compounds, multiply by roughly 2000. 

 

TAN is measured using the ASTM  D-664 method. 
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Reservoir-to-Reservoir Variation in Acid Content: 
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Total Acid Number vs Concentration of Acids in Crude Oil: 

Measured correlation between 

carboxylic acid content and 

Total Acid Number. 

 

e.g.  6,000 mg/g = 4,800 mg/L 

roughly equal to 2 mg KOH/g 
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Chemical Analysis of Produced Water ï Four N. Sea Platforms: 

Utvik, Chemosphere, v. 39 (1999) 

Organic acids: mostly C2 (acetic) to C4 (butyric). 

 

No extraction involved in the organic compound analysis. 

 

THC (Total Hydrocarbon Content) determined by old OSPAR (1997) protocol: 

Freon extraction, IR of aliphatic C-H stretch. Note that the sum of the organics >> 

THC due to the Freon extraction step. 

 

Organic 
Compound Class 

Concentration 
Range (mg/L) 

Organic acids 717 to 1,135 

Phenols 0.58 to 11.5 

BTEX 2.4 to 9.0 

NPD 0.9 to 1.6 

PAH 0.014 to 0.027 

THC 33 to 60 

Concentration of 

dissolved + dispersed oil. 

Freon extraction / IR 

Ғ тнл ǘƻ мΣмрл ƳƎκ[ 
Compare with THC 

16 ς caproic acid 14 ς valeric acid 

Gulf of Mexico Produced Water GC-FID Analysis: 

Hari, MyCelx, Produced Water Society meeting 

9 ς butyric acid 
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Organic acids in the hexane extract of produced water ï shallow GoM: 

Chemical Structure Chemical 
Mole % of 

extracted acids 

Hexanoic acid 5 

Heptanoic acid 14 

Octanoic acid 18 

Nonanoic acid 10 

Decanoic acid 3 

Unresolved GC peaks (higher MWt) 50 

Total percent of acid compounds 100 

Brown et al., ñProduced Waterò ed: J.P. Ray & F.R. Engelhart (1992) 
 slide 21 
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Wedge Diagrams: 

Plot of the concentration of individual component versus the 
dispersed oil content. 
 
Blue area: dissolved concentration, which does not depend on the 
amount of free or dispersed oil. 
 
Red wedge: contribution of the dispersed oil to the total 
concentration of the component 

SPE 90103 (2004) 
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SPE 90103 (2004)  slide 23 
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Learnings from Wedge Diagrams: 

SPE 90103 (2004) 

1) Convenient way to analyze the data and determine the 
partitioning coefficient. 
 

2) Most hexane extractable compounds partition into the oil 
phase of produced water. 
 

3) Those compounds that have high water solubility (e.g. 
phenols, low MWt acids) do not extract into hexane. 
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Outline of Presentation: 

What are WSO? 

Water Treating ς 
Taking the Mystery out of Water  Soluble Organics 

 slide 25 
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What are Water Soluble Organics? 

The term ñwater soluble organicsò is not defined in EPA ï 1664. 

 

What is defined is the following: 

 

HEM: hexane extracted material (mg/L) 

 

HEMSGT: hexane extracted, silica gel treated material (mg/L) 

  (HEM material that does not stick to the silica) 

 

 

The industry commonly refers to WSO as: 

 

    HEM  hexane extract 

 -  HEMSGT hexane extract that doesnôt stick to silica gel 

 ----------------- 

 = WSO  hexane extract that does stick to silica gel 

 

WSO = hexane extractable material that sticks to the silica (mg/L). 
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Sampling & Analysis ï EPA1664: 

The quantity of material in a sample that is measured as HEM or WSO 
is the result of a complex set of chemical and phase equilibria. 

Step Chemical & Phase Equilibria Compounds lost 

Nitric acid Protonate the acids which makes them 
more oil soluble 

Sample Vent volatile compounds BTEX 
Volatile organics 
Dispersed oil (if sample 
is not representative) 

Hexane 
extraction 

Leaves the highly water soluble 
compounds behind in the water 

Low MWt acids & 
phenols 

Evaporate 
the hexane 

Flashes off the volatile compounds BTEX 
Low MWt acids & 
phenols 

Treat with 
silica 

Adsorbs polar compounds Any compound with a 
polar group 

 slide 27 

TOG = Total Oil & Grease 
 = HEM (Hexane Extractable Material) 
 = material that is extractable by, and less volatile than hexane 
 
WSO = HEM ς HEMSGT (TOG minus the Nonpolar Material) 
 = dissolved + polar dispersed 

Important Distinction ï Dispersed, Dissolved, TOG, WSO: 

Notes: ǘƘǊƻǳƎƘƻǳǘ ǘƘƛǎ ǇǊŜǎŜƴǘŀǘƛƻƴ άǇƻƭŀǊέ ǎƘŀƭƭ ǊŜŦŜǊ ǘƻ ŎƻƳǇƻǳƴŘǎ 
that stick to silica gel. 
 
 Only if dispersed oil = 0 does WSO = dissolved oil. 
 

WSO Í dissolved organic compounds  slide 28 

Ref.: Yang, Chapter 2, Measurement of Oil in Water(2011) 
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Hydrocarbon Fingerprint Analysis (GC-FID) ï Organic Acids  

Fingerprint of Hydrocarbons in Water: 

Hari, MyCelx, Produced Water Society meeting  slide 29 

Different compounds go to different phases: 

dissolved 

 

 

dispersed 

 

EPA-1664 
TOG (HEM) 

WSO = 
 dissolved+ 

polar dispersed 

nonpolar 
dispersed 

hydrocarbon 

CH3CH2C 

O 

OH 

CH3CH2C 

O 

O 
-1 

+ acid 

Dissolved Oil, Dispersed Oil, TOG, & WSO: 

TOG = organics dissolved in water 
   + polar fraction of dispersed oil 
   + nonpolar fraction of dispersed oil 

WSO 

 slide 30 
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Alternative Tests ï North Sea GC-FID: 

Ming Yang ï Measurement of Oil in Produced Water 

Both of these North Sea test methods use a hydrocarbon solvent for 
extraction. The ISO method uses evaporation. The OSPAR method does 
not use evaporation.  Both allow reporting of individual compounds. 
 
Note: these are not routine offshore monitoring tests. Simple UV & IR 
methods, which must be calibrated, are usually used for monitoring as in 
the GoM. 

 slide 32 

Environmental Impact Factor: 

Group Compounds PNEC (ppb) 

1 BTEX 17 

2 Naphthalenes 2.1 

3 2-3 ring PAH 0.15 

4 4+ ring PAH 0.063 

5 C0-C3 alkyl phenols 2 

6 C4+ alkyl phenols 0.026 

7 Alkanes 40.4 

10 Organic acids not included 

Johnsen, SPE ï 61178 (2000) 

DREAM: Dose related Risk and Effect Assessment Model 

  total water volume for which PEC/PNEC > 1.0 

PEC: Predicted Environmental Concentration 

PNEC: Predicted No Effect Concentration 

(PNEC = NOEC / Assessment Factor) 
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Environmental Impact Factor for Statoil Fields: 

Faksness, et al., Marine Poll. Bulletin (2004) 

Utvik, SPE 73999 (2002) 

Note: production chemical, which can also contribute to WSO. 

Some Take Home Messages So Far: 

WSO are a narrow range of compounds that are nonpolar enough to extract 
with hexane and are polar enough to stick to silica gel. 

 
There is limited or no correlation in chemistry from one field to another, 

from one reservoir (or well) to another. 
 
For a given well or reservoir production configuration, there is a strong 

correlation between: 
a) dispersed and dissolved oil concentration 
b) HEM, HEMSGT, WSO 
c) chemistry in general  

 
If the production configuration changes, then these correlations will change 
as well. Thus, fluid characterization must be carried out at the level of 
individual reservoirs. 

 slide 34 
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Outline of Presentation: 

Treatment Options: 

 

Acidification followed by Oil/Water Separation 

 

Liquid-Liquid Extraction 

 

Consumptive Media  

 

Deep Removal of Dispersed Oil 

Water Treating ς 
Taking the Mystery out of Water  Soluble Organics 

H3C(CH2)n    O
-1 H3C(CH2)n    OH 

 slide 36 

Technology 1: Mineral Acid Treatment to Remove Organic Acids from Water: 

Separator 

e.g. Free Water Knockout Gas 
well fluids ï 

oil, water, gas 

Oil w/ 

protonated acid 

Oily Water 

inject mineral 

acid 

+ -1 

ionic, 
water soluble, 
not oil soluble 

+1 

protons 
from 
mineral 
acid 

nonionic, 
partitions between oil & water, 
also partitions into hexane phase 
of EPA-1664 test 

transfer of 

acid from 

water to oil 

phase 

H 
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Mineral Acid Treatment to Remove Organic Acids: 

FWKO 

Gas 

Well fluids ï 

oil, water, gas 

Oil 

Oily Water 

inject mineral 

acid 

Advantage: 

ü very simple 

Disadvantages: 

ü acid is hazardous to handle 

ü acid is corrosive 

ü reduced effectiveness of water clarifiers 

Injection of mineral acid: protonates the 

organic acids which pushes them from 

the water phase into the oil phase. 

addition of mineral acid 

Acid dose 

 (mg/L) 

WSO w/ 

H2(HPO3) 

WSO w/ 

HCl 

0 28 28 

500 9 11 

1000 4 2 

WSO concentration (mg/L) with addition 

of acid (WSO = HEM ï HEMSGT) 

Data from: US 6695968, Hart (2004) 

 slide 38 

Organic Acid Treatment to Remove Organic Acids from Water: 

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

pKa = 3.83 

AHA can be used alone or in 

combination with anionic 

polymers. 

Data from: US 6695968, Hart (2004) 

AHA dose 

 (mg/L) 

WSO 

(mg/L) 

O&G 

(mg/L) 

0 47 56 

245 22 33 

+ + 

pKa = 4.76 

-1 -1 

AHA organic acid 

The AHA is extremely water soluble and does not partition into hexane 

and therefore does not contribute to WSO. 
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Technology 2 ï Liquid/Liquid Extraction: 

Liquid extractant 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. 

Pores which would 
be loaded with liquid 
extractant 

Packed bed 
of beads. 

 slide 40 

Technology 2: 

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. 
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Technology 2: 

NAM (Shell / Exxon) offshore Netherlands 
ü 120 m3/day (750 BWPD) 
ü Virtually complete removal of BTEX and PAH 
 

 slide 42 

Technology 3 ï Consumptive Media: 

Standard polypropylene cartridge filters (4 inch diameter x 30 inch long) infused 
with polymerized triglyceride (linseed oil) with a binder and solvent. 
 
Hydrocarbons dissolve in the amorphous polymer.  
 
Each cartridge has a capacity for oil of between 5 to 8 lbs (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 (1,590 m3/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)  



8/20/2014 

22 

 slide 43 

Technology 4 ï Granular Activated Carbon: 

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

 

Example calculation of bed capacity: 

Capacity for hydrocarbon:  0.20 to 0.25 lbs HC/lb media 

Typical bed weight:  3,000 lbs 

Typical bed capacity:  600 to 700 lbs (270 to 320 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 0.7 kg oil/cartridge. Compare this to Technology 

2 which has a capacity of 3 kg/cartridge. 

 slide 44 

Technology 5 ï CETCO Hi-Flow Coalescing Media for Deep Deoiling: 

Cartridge based media that provides deep removal of dispersed oil 

Consumption rate depends on fouling tendency of produced water 

Typical change-out time is several weeks to a few months 

 

In order for this technology to be effective, the WSO must be mostly in the 

dispersed phase 

 

For example: 

 

A GoM platform with: 

 TOG = 320 mg/L 

 WSO = 154 mg/L 

 

Hi-Flow was applied: 

 dispersed oil = 0 mg/L 

 dissolved oil = 9 mg/L 

 TOG =  9 mg/L 

 WSO =  9 mg/L 

 (WSO = dissolved oil only when dispersed oil = 0) 

 Overboard discharge = 9 mg/L 
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1) Develop a model that captures the chemical and phase equilibria 
ƻŦ άǿŀǘŜǊ ǎƻƭǳōƭŜ ƻǊƎŀƴƛŎǎέ 
 

2) Apply the model throughout the process facilities and to the 
sampling, and analysis stages in order to confirm the ultimate fate 
of various WSO 
 

3) Apply the model to the different classes of WSO to determine the 
optimum strategy for removing them 

Modeling Objectives: 

The Model (in words): 

 
Chemical Equilibria: each acid-base reaction is governed by a chemical equilibrium 

constant which is a function of temperature. 
 
 
Phase Partitioning: the concentration of each component in each phase is governed 

by partitioning coefficients which are calculated from chemical 
potentials for each component in each phase.  

 
Material Balance: the total number of moles of any particular WSO component is 

the sum of the moles of that component in each phase. 
 
 The number of moles of each component in each phase is the 

product of the phase volume times the concentration of each 
component. 

 
 

 slide 46 
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At high pH the acid is unprotonated (A-1) and has zero 
solubility in the oil phase. 
 
At low pH the acid is protonated (HA) and partitions 
between the oil and water phases. 
 
 

First Application ï Organic Acid: 

C10 to C20 Acids: 

5ŀǘŀ ŦǊƻƳΥ WΦ aŎCŀǊƭŀƴŜΣ άaƻŘŜƭƛƴƎ ƻŦ ²ŀǘŜǊ {ƻƭǳōƭŜ hǊƎŀƴƛŎ /ƻƴǘŜƴǘ 
ƛƴ tǊƻŘǳŎŜŘ ²ŀǘŜǊΣέ hŀƪ wƛŘƎŜ bŀǘƛƻƴŀƭ [ŀō όнллпύ 

Field data example of 
concepts discussed in 
previous slide: 
 
At low pH, most of the acid 
becomes protonated and 
some of the  protonated 
acid partitions into the oil 
phase. 
 
C10 ς C20 acids 
 
y-axis: protonated and 
unprotonated acid 
 
y-axis: [HA]w + [A-1]w 

 
The parameters in the model (pKa and kow) were adjusted in 
order to match the experimental data.   

 slide 51 



8/20/2014 

25 

Second  Application: 
 
A polar aggregate component that partitions 
between the oil and the water phase, at fixed pH 
(e.g. aromatics, alcohols, acids). 

Second Application ï Polar Aggregate at Fixed pH: 

 slide 52 

TOG and WSO are calculated as a function of the dispersed oil concentration. 
 
Removal of dispersed oil also removes most of the WSO. 

Curves are calculated using 
the model 
 
TOG = ŘƛǎǇΩŘ + dissolved 
green = red + blue 

Model Application ï Polar Aggregate at Fixed pH: 

 slide 54 
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 slide 60 

Model Application to Field Data (case # 5): 

 slide 61 

Model Application to Field Data (case # 5): 


