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Sulfur — The Element

Periodic Table
of the Elements

B _IvB VB VIB VIB Vi 1B

Sulfur and Oxygen are in the
same Chemical Family with
similar oxidizing abilities

* Lanthanide
Series

+ Actinide
Series




Sulfur — Some Common Properties

Stable solid at ambient
conditions

Melts at 113°C
Sublimes readily

Soluble in many organic
solvents, particularly CS,

Broad range of oxidation
states (-2 to +6)




Sulfur Species Associated With Sour Produced Fluids

Total Sulfur

| * H,S (gas & liquid)
‘ e Mercaptans [R-S-H] (gas & liquid)
* Thioethers [R-S-R’] (gas & liquid)
* e Disulfides [R-S-S-R’] (gas & liquid)

e Molecular Polysulfides [R-(S),-R’]
(gas & liquid)

* lonic Polysulfides [H-(S),] (aqueous)

e Sulfates (aqueous)
eThiosulfates (aqueous)
*FeS (all phases)

S, (all phases)
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“Reactive” Sulfur

e Elemental sulfur [Sg]

e Di- and polysulfide linkages [R-S-S-R’]

These species contain sulfur atoms
bonded to other sulfur atoms
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Formation of Elemental Sulfur

e Condensation of H,Sat highP, T
17H,5 > H,S, + Sg + 16H,

* Thermochemical reduction of sulfate
8CaS0O, + 24H,S - 8Ca0 + 24H,0 +4S,

* Air oxidation of H,S
H,S +1/20, & H,0 + 1/8S,
e Dissociation of Sulfanes
H,S +S, € H,S,
e Decomposition of ionic polysulfides
H* + HSg! = H,S + S,
Dissolution of sulfur in hydrocarbon liquids
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Sulfur Transport Mechanisms

Sulfanes formed

under reservoir conditions — Water-soluble ionic polysulfide
. unstable at low pressure specie — often formed in the
' presence of HCO,
Geothermal
: Conditions: J Base (HCO. )
g HighP&T ' ase (ntUs Acid (H*)
H,S+S; > H,S, o > HSyt » H,S+ S,
Low Pressure Acid (HY)

Sulfanes are acidic: pKa’s
range from 3.5 to 5.0




Sulfur Species in Sour Systems — Transport Pathways

Gas Phase [ H,S.,

—

S

8(gaseous)
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H,S

2-9(gaseous)

. Hydrocarbon [h,s,,
Phase

Water Phase

S8(disso|ved)

. Dissolves

!

HZSQ(dissolved)

Solid or liquid
sulfur as Sg

Acid-base Reaction with HCO,1

3 (aq)

H,S, + HCO,1 > HS; 1, + H,0 + CO,
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Identification of Sulfur Species

e Solid sulfur - simple chemical spot test
(qualitative)

 Selective solubility (CS,) followed by solvent
evaporation

e GC/MS — organosulfur species

e HPLC — specific to elemental sulfur

e Triphenylphosphine (TPP/GC) — elemental
sulfur and polysulfides



Quantitative Determination of
Elemental Sulfur With TPP

S

Q1 s Q1
/S\S solvent /
Elemental Sulfur

S Triphenylphosphine Sulfide
Triphenylphosphine (Se) P yp(-rplfs)
(TPP)

S

©\

1. Reaction rapid and quantitative - TPPS volatile but thermally stable
2. Analysis by GC-PFPD (phosphorus mode) - very sensitive
3. No interference due to hydrocarbons or organosulfur compounds

P. D. Clark and K. L. Lesage, J. Chromatography Sci. 27, 259-261 (1989).
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Corrosion Implications

 When you see this, it’s time to start worrying...




Corrosion Implications

e Elemental sulfur is a powerful oxidant

 Wet elemental sulfur extremely
aggressive toward carbon steel

_* Corrosivity increases with presence
& of chlorides




Laboratory Evaluation

 Many companies have developed test procedures
that incorporate elemental sulfur in direct contact

with the metal

e Coupons are often pre-corroded to simulate pipeline
conditions with the presence of an FeS film




FeS Deposits Also Increase the
Likelihood of Pitting Corrosion

Unmitigated General and Pitting Corrosion Rates- mm/y

CGeneral corrosion Rates — mm/y
I Pitting Corrosion rates — mmy/y
F __I-
#
| 30
20
¥
1 Sour Salty Brine Sulfur added to
Only with No Added Salty Sour Brine ::::; ::";:I:f
Sulfur or FeS. with NO added FeS. Sour brine BLANK 1BKR-1
10 AN _ \ add 1g Sulfur and 1g FeS on day one 8x
"',4 : A . Corr. 7.6 mmfyr Pit. 39 mmfyr
* a4 -‘4
: N | Tl |
70,000 ppm 158,000 ppm chiorides Plus Sulfur 80,000 ppm chloride  Sulfur and Iron Sulphide
Brine Ont 50,000 ppm
rine Sy Salty Brine Composition chforides
Figure 5 —Unmitigated Corrosion Rates
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Corrosion Implications —
lonic Polysulfides

Acidification of Polysulfide Solution




Corrosion Implications —
lonic Polysulfides

Corrosion Coupon in Polysulfide Solution




Corrosion Rates: Impact of Sulfur & Polysulfides

1.6

70,000 ppm chlorides

130° C Massive Pittipg
i 1.2 7400 kpa \\
28% H,S

8% CO,

General Corrosion
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Salty Brine Only Brine + 2.9% lonic Brine + 1.0 wt. % Sulfur  Brine + 1.0 wt. % Sulfur +
Polysulfide 2.9% lonic polysulfide




| Sour Gas and Oxygen Ingress —
; The Double Whammy

 Oxygen is a powerful oxidant; air ingress into oil and gas
lines can lead to failures within days or weeks

 Recall that oxygen can react with sour gas to produce

elemental sulfur, another powerful oxidant
(H,S +1/20, = H,0 + 1/8S,)

e Sour water, in the presence of air, forms polysulfides

So, if one doesn’t bite you, the other one probably will...



Common Sources of Oxygen Ingress

 Casing vents

e Stuffing box

e Pig senders/receivers

e Dump valve packing

 Water storage tanks — not blanketed
e Vapor recovery units (VRU’s)

* Trucked in fluids

e Methanol

Compressors




Sulfur Species in Sour Systems — Transport Pathways

Gas Phase [ H,S.,
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Acid-base Reaction with HCO,1
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H,S, + HCO,1 > HS; 1, + H,0 + CO,
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Sulfur Dissolved in Hydrocarbon Liquids
(Field Condensate)

Dissolved Sulfur Concentration

(analyzed by ASRL) Comments
: 135 mg/L Collected in sample bottle
; 25 mg/L Collected in sample bottle
/ 215 mg/L Collected in pressure cylinder
17 mg/L Bottle broke in transit

Condensate was charcoal filtered and
analyzed in Baker Hughes’ Sugar

2 L .
6 mg/ Land Laboratory using a procedure
analogous to ASRL'’s
1,210 mg/L Collected in sample bottle




Laboratory Test Conditions —
Sulfur in Hydrocarbon Liquids

Parameter HSAT/Laminar Flow Tests
Temperature 75°C
Phas 200 psi
Pcoz 150 psi
Water/Oil 80/20
Coupon Metallurgy X52
e s -.




Laminar Flow Test

 Replicates low flow
conditions

e Stirring at 100 rpm

...+ Oil and water phases
do not mix

* |nterfacial effects can
be studied

Note the yellow
color from the
dissolved S,




Laminar Flow Test

~

Enables testing
of a related
series where
only one
variable is

changed J




Laminar Flow Tests — Blank Corrosion Rates
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General Corrosion Rate, mpy

0 25 50 100 200 1,000
Sulfur Concentration in H/C Phase, ppm



High Speed Autoclave Tests (Rotating Cage)

High Pressure
High Temperature

Replicates shear
stress conditions
in the pipeline or well




HSAT Test Results: S; Dissolved in the Hydrocarbon Phase

Particles of S; present under test conditions

\

140

\

120

100

80

All S¢ dissolved in the HC phase
under test conditions
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40 —
—  General
Corrosion

Corrosion Rate (mpy)
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[Ss=0]

Sulfur Content of the Hydr
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ocarbon Phase, ppm

[S;]=10,000




With So Many Sulfur Species and Pathways
That Increase the Likelihood of a Pipeline Failure,
What Can | Do?




Mitigation Options

Heightened awareness/analysis of solids from pig
barrels, chokes, valves, etc.

Increase the pigging frequency

Ensure that the current continuous injection and/or
batch inhibitors have been gualified to mitigate
corrosion in the presence of elemental sulfur

Increase the concentration of the continuous
corrosion inhibitor

Increase the batch frequency



Concluding Remarks

e Sour gas systems contain numerous sulfur species
that can increase the likelihood of internal corrosion

* Training
* Monitoring
 Sound production practices

 Corrosion mitigation programs incorporating
products that are qualified for service when
sulfur is present




Thank-you for Your Attention!
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