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EXECUTIVE SUMMARY

The original objective othis researchvas toinvestigate means of controlling materials ingested
into compressors in pipeline, refinery, gathering, and stosageices. After an initial industry
survey, it wasdetermined that “BlackPowder” (various forms of iron sulfidenixed with
contaminants) is the least understood and most promioatemination problem in pipelines and
their compression equipment.

The information documented #his reportwas gathered frontechnicalliterature, thelnternet,
researchers, expertpractitioners in the naturagas industry,field experience, and equipment
manufacturers’ publications. This search has determined that there is much expert knowledge in the
technical community concerning many aspects of the iron sulfide problem, however, there is only a
limited understanding by those in the gas industry that face the problem.

This reportdiscussesnformation gathered as a part of thesearch,ncluding a section with
references to retrievable literature used.
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1. INTRODUCTION

“Black Powder” is a catch-all term thdescribes anaterial that collects igas piping andreates

wear and reduced efficiency aompressors, clogastrumentation and valves and lead<ltov

losses in long pipelines. The material may be wet and have a tar-like appearangegnat be a

very fine powder, sometimes like smoke. Chemical analyses of the material have revealed that it is
any of severaforms of iron sulfide or iron oxide.Further, itmay be mechanically mixed or
chemically combined with any number of contaminasush as wateiiquid hydrocarbons, salts,
chlorides, sand, or dirt.

The original objective of this researalas to find a way t@ontrol oreliminate materialngested
into compressors in pipeline, refinery, gathering, and stasagaces. Annitial industry survey
indicated that the main problem component thas the leastunderstood irthe field was iron

sulfide. The searchwas then narrowed to finding an understanding and solutiontfe iron
sulfide problem. It was founthat iron sulfide has both ahemicaland a microbiakource in
pipelines. Microbiologically influenced corrosion (MIC) is a form of corrogiat is initiated by
microbes that find a habitable environment in natgea piping. Iron sulfide isot easily filtered
out of the flow stream, and it is pyrophoric (can catch fire) under some conditions.

The research has looked into measurement or detection of the material in thevpigitering it,
testing for and limiting the chemicals or conditighat allow it toform, cleaning it out ofpiping,
and safe handling and disposal of the material.

This investigation has also revealed that black powder (iron sulfide) is a lprolalam in mining
and watersystems. The samesubstancesare of interest in the investigation of meteorites from
space and Martian soil. Some forms of iron sulade of interest tgeologists and gemologists.
Such sources have contributed to the information discussed herein.

The information documented #his reportwas gathered frontechnicalliterature, thelnternet,
researchers, expertpractitioners in the naturagas industry,field experience, and equipment
manufacturers’ information. Itis only a representative samptkeeoinformation available ahat
might be identified by testing. This search has deterntimacthere is much expéthowledge in
the technical community concerning maagpects of theron sulfide problem, but it isnore
concentrated irresearch, service, and produngnufacturing companies than in thoseed
directly with the problem in thegas industry. Inlarge part, the value ofthis research is in
collecting, collating, and summarizing this information and makimyailable in concentrated but
digestible form for the engineers and other practitiomenking in the gas industry. Thiseport
aims to providethat summary. Although attempts have been made to gather informétem
reliable sources and interpret it correctly, this informasibauld only be used as a startpgnt;
refer to the references for more detailed facts.
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To date the research has not identified clear solutions or universal fixes to eliminate thdfide
problem, but a number of approaclaee indicated thathouldaid in controlling theproblem. A
few useful solutionsare known but not implemented insome companies due to perceived
economic limitations or general lack of information.

In the overall picture, some pipelinkave blackpowder problems and others dot. Itappears

that those lines that do not have the black powder problem belong to smaller companies who do not
cover a large area and whose operations are closer to the distribution end than to the gathering end
of the pipeline. Black powder is claimed to have occurred in both “dry” and imet. Even in

parallel lines, one can have the problem and the oiber Wehave not identified any pipeline to

date which has been able to eliminate the black powder problem once started.

In discussions witlpeopleworking in the naturalgas industry, it habeenobservedthat sound
economic judgment is nalwaysmixed with soundengineeringanalyses. Imanycasesplack

powder problems are considered a way of life that has no solution and therefocepted as one

of the problems and expenses of doimgsiness. Very few companies seem to have quantified

how much blackpowder problemsre costinghem. From this viewpoint, angxpenditurethat

might alleviate orsolvethe problem is considered additiomahintenance or capitalkpense, and

not weighed against the probable reduced cost of maintenance and operation gained by ameliorating
the problem. Example situations whemnomic analyseshould beapplied includgl) the cost

and effort of MIC testingss. the pipe pitting thatesults fromMIC corrosion andhe costs of
cleanup of the resulting blagdowder inthe pipeline orcompressors; (2he costs of compressor
repairs and cleanout due to fouling from iron sulfide #mel resultantloss in performance
compared against theost of abetter filter; (3), the costs oftesting and enforcingyas tariff
limitations on hydrogen sulfide, sulfur, and water content in gas bought/sold compared against the
cost of pipecorrosion andlack powderremoval anddisposal ancgquipment maintenan@msts;

(4) the economics of paying mor®r verifiably “cleaner” gas and less forcleanup and
maintenance5) the falsesavingsassociated with reducing routine pigging to remdolack
powder build-up.

The following sections discussformation gathered as a part of thissearch, followed by
references to retrievable literatuwrsed. In a few casespecific companies are mentioned with
technologies or capabilities appropriate to dealing with the black powder problem. This mention is
not intended as an endorsement of the company or produds it to saythat their technology is
exclusive. This iglocumentation of the route the investigatiook in gaining information and
recognizes their contributions to this body of knowledge.
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2. CHARACTERISTICS OF THE MATERIAL

Black powder isprimarily iron andsulfur in molecularcombination, but therare a number of
chemical forms. Although some are wetlderstood, othersave characteristics that awet fully
understood.

The fact that there are several molecular and crystatimnetures of iron and sulfur atributable
to the chemicaproperties ofsulfur. Itcan exist as neutral®Sas an anion (8 and as aation
(S*6). Numerous possibilitiesxist for hybridization with unpaired electrons the d orbitals.
The end result is a large numberstrfuctures and ratios ofietals tosulfur. Furthermore, sulfur
can exhibit covalent or metallic bonding or both. Sulfidessbrittle, whichcan result in shearing
of the patrticles to sub-micron size. General descriptions follow.

2.1 PYRRHOTITE

Pyrrhotite (Fe-xS, where 0 < x €.2) is avery commorsulfide. The uncommon formula for
pyrrhotite seems twiolate the definition of anineral, thatis, acrystal structure with aefinite
chemical composition.  Pyrrhotite is strange, that it is “non-stoichiometric’. Thenon-
stoichiometry results from cation vacancies whstlould beoccupied but ar@eot. This does not
mean that individual crystals have edgctricalchargesput ratherthat pyrrhotite as a mineral can
consist of different structural units, such as Fe$S§;deS10, and Fglslz.[z'”

The structure of pyrrhotite has two symmetries; when it is low in sulfur and the formula is closer to
FeSthe structure i©iexagonal. But when it is high sulfur, the structure igalled monoclinic.
Since both phases are present in the same crystal, it is treated as one mineral.

Pyrrhotite is weakly ferrimagnetic, meaning it has its omagneticfield. (Ferromagnetism refers
to materials that are attracted by a magmet can be magnetizede., iron.) It isthe most
common ferrimagnetic mineral next to magnetiteg(]&).[z'zl Magnetism is sometimes the only
way to distinguish pyrrhotite from other sulfides.

Pyrrhotite fractures easily anthevenly. It thus subdivides under shearaagon tovery fine
particles. It is described sometimes as bdikg smoke. Almost any material that can be
subdivided so that it has a high surface area to mass ratio is camslbystible. It is reportethat
pyrrhotite (sometimes referred to as iron sulfidefhimdry state can autgnite. Auto ignition is

unlike autocombustion, which is awuch more energetic and rapidaction. Pyrrhotite most
commonly smolders or flames. This research did mdEntify cases ofexplosionsrelated to
pipeline incidences, but such occasions are found in the mining industry. Even the name pyrrhotite
is derived from the Greek root wopgr meaning fire.
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2.2 TROILITE

The FeS form iscalled troilite and is also found as nodules in meteofft&s. It is
antiferromagnetic, which meatisat its magneticproperties depend updhe atomicordering and
whether the specimen is single or polycrystalline.

2.3 MACKINAWITE

There is also a variation feScalled mackinawitavhich is Fa+xS (x is approx. 0.05). This
phase is said to be formed by$icorrosion of steel.

2.4 PYRITE AND M ARCASITE

Another very common sulfide is pyrite (F8S This form is not as commonly found in piping, but

is themost widely occurring sulfide found inature -- the classitFool's Gold”. Pyrite is a
polymorph of marcasite, which mean$@sthe samechemistry, Feg but a different structure

and therefore different symmetry and crystal shapes. They are both diamagnetiwey are not
responsive to aagneticfield. Pyrite andmarcasite are difficult tdistinguish fromeachother.
Marcasite will more often have a distinctive sulfur smell. Marcasite is less stable and will gradually
disintegrate at elevated temperature or over long periods of time (decades).

2.5 FERRIC SULFIDE

There is a ferric sulfidenolecule of thdorm FeSz for which nocommon name or information

was found. It isextremely unstable and readily oxidized to hydrated ferric oxideetamdental
sulfur. It decomposes at high temperatures to a mixture of FeS and FeS

2.6 SMYTHITE AND GREIGITE

The sulfide Fg&4 has two forms and names, smythite and greigite and is strongly mé?gﬂetic.

2.7 HIGHER MULTIPLES OF IRON AND SULFUR

Higher multiples of iron andsulfur exist, such as F8g, F&Si0, and Fe1S12, but they may
actually be forms of pyrrhotitd=€1-xS) or perhaps mackinawite (F&S).
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3. SOURCES OF IRON SULFIDE IN PIPING

Black powder, at least the iron sulfides and oxides, are knowndacebted inside naturglas and
other similarwells and pipelines.The components and conditionscessary t@reate the mate-
rial(s) can be found at sonp®int in manypipelines. Some form of iron sulfide is known to be
created by either of two mechanisnk) chemical reaction ofonstituents present in thpgpeline,
usually hydrogen sulfidegand (2)microbial assimilation of chemicabnstituents in the pipe and
the production of both iron sulfides and pipe wall pitting. The iron oxadescreatedrom subse-
guent oxidation of the sulfides or by direct oxidation of the iron in piping.

3.1 CHEMICAL PROCESS IN THE PIPE

Iron sulfide, and apparently many of its variatiocen be quickly and efficiently created in a gas
pipeline fromthe chemicals naturally available in masystems. Hydrogesulfide (HS) easily
reacts with the iron in piping to form iron sulfide as in the formula:

H,S+Fel FeS+H, [3-1]

The presence of a small percentage of water (approximately 3 to 9 paidenthis reaction.
Under more oxidizing conditions, pyrite (Fg®nay form in accordance with the formula

2H,S+Fel FeS, +2H, 3-2]

In addition to hydrogen sulfide, sulfur can also react to form iron sulfides. Sulfur compounds are
present in relative abundance in gas and oil wells. Older fields might have sulfate rédatang
that have grown in the formation or have used chemical injection to increase well production.

The presence of water in the pipeline edso break loose parts tife iron sulfide coating on the
pipe wall and cause it to mow®mwn the pipe leaving the pipe wall aga@xposed for corrosion
attack. Iron sulfide, either attached to the wall @i, orcollected in the bottom of gipe, has

the negative effects of increasingughnessgdecreasinglow area, andncreasingpressuredrop.
Furthermore, ovetime its formation thinghe pipe wall and reduces the margin of safety against
compromise of the pressure boundary.

3.2 MICROBIOLOGICALLY |INFLUENCED CORROSION (MIC)

Microbiologically influenced corrosion (MIC) is a serious form of corrosion that can occur in pipe-
lines and produces black powder or iron sulfide. MIQiisng of the pipe wall as a result of the
activities of microbial communities in areas tipaobvide their required habitat. d¢an occur on
either the inside or outside of thge. Thisreport deals only with interndIC. The extent of

MIC and thecostsassociated with iare only recently beingrecognized. This habeen due
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principally to the lack ofawareness oMIC by many field personnel, asvell as the lack of
methods for conducting on-site investigations to identify possible cases of MIC.

The microbeghat cause pipeorrosionare basicallytwo families (1) sulfate reducingoacteria
(SRB), and (2)acid producingbacteria(APB). It hasbeenshownthat SRB microbes such as
Clostridium and Desulfovibrio desulfuricansonsume sulfates and produce hydrogeifide.
These anaerobic bacteriesse the reduction of sulfate as source of energy andxygen, in
accordance with reactions such as:

2H* +S0,2 +CH, O H,S+CO, +2H,0 3-3]

Methane isusedhere as an illustration only; the bacteria cansume moreomplicated organic
compounds.These bacteria sometimes have been assoagtiedhe formation of pyrite in geo-
logical formations. Hydrogen sulfide can react to form a number of metal sulfides, sugtiesting
there may not be any unique iron sulfide that forms as a result of bacterial E’C]ﬂvﬁgecent GRI
researcl®, however, has pointed out mackinawite, smythite, and greigite as indicator products of
MIC activity.

Whether the presence of hydrogen sulfide is sufficiemidate microbial activitydepends upon
whether these two sources of hydrogen sulficereally one and theame. There is aschool of
thought that believes hydrogen sulfide that comes from the underground oil formation and the well
is actually produced by microbial activity similar to thatich producesMIC corrosion in piping.
Even if microbes are theource ofall hydrogen sulfidethe presence of #6 in a gas does not
mean there are microbes in the pipeline --gbercemay also bethe producing wellsand proba-

bly is, particularly for gathering lines. In the case of transmission and distrittim&sn in which

the gas has been treated to remoy& Hts presence in amounts gredkat the maximum allow-
able is a likely indication ofmicrobes, although tould alsomean the failure of a treatment plant
has occurred. Similarly, the presence of FeS (op)He$iot necessarilindicative ofMIC. Low
molecular weight mercaptans maiso form iron sulfidesand some naturagjases (e.gWest
Texas, New Mexico fields) have high mercaptans content, which uswallyot removed because
they serve as an odorant for distribution (i.e., these gases contain natural odorants, soetis not
essary to add amuch mercaptan or othedorants tdhembefore going into distributiofines.)
Although the SRB directly produces$linstead ofeS, the conversion othe first to the second

is direct and prompt at the site of the microbial activity where iron is present.

In a dry or otherwise inhospitable environment, SRB can become largely dormant.inygbism
waters that are used for secondary recoveryffwer sources of watergnter the pipe or wefbr-
mation, massivactivation of these and other microbes oanur, plugginghe pores ofthe de-
posit, piping mechanisms, and instrumentation with both organisms and metal sulfide precipitates.
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APBs consume organic nutrients and produce short chain volatile fatty acids $uéi\psacetic,
formic, lactic, propioic, butyric, and valeric acids. Carbon dioxide and hydraggroduced by
organic fermentation. SRB consume VFA as a carbon source and pemdticeacidand carbon
dioxide in addition tohydrogen sulfide; thereforehe two microbial communitiesupporteach
other and frequently co-exist at favorablges. Although APB do not produce the blapkwder
componentsthey are ggoodindicator of the likelihood oERB which do produce irosulfide.
APB may form oxides, depending upon the pH of the liquids present.

Recentresearchi® ©*® has showrthat VFA arekey and natural components of resenfhirds
and can be present uery high concentrationd 0,000 ppm). It haslso beerfound that VFA
concentrations decrease as 8RB actionincreasesleading to sulfiddormation. The VFA are
also used byther reservoimicrobial species, if conditionsan be altered téavor their growth
instead ofSRB populations. Thiselective alteration of theservoirmicrobial population can be
used to produce “biocompetitive” exclusion technology.

3.3 BIOCOMPETITIVE EXCLUSION

There are recent discoveries and field experiments that have identified a means of combating SRB
growth with the competitive growth of more favorabicrobeg®? © 38l By introducing nitrates

into a reservoirthe environment can be changedawor indigenous denitrifyindpacteria(DNB)

such asThiobacillus denitrificans The DNB are moreoracious competitorfor the VFA and

thereby inhibit the detriment&8RB growth, whichcause the generation bydrogen sulfide and
subsequently iron sulfide. This process results in biocompetitive exclusion of SRB.

This alternate DNB population produces nitrogen instead of hydrogen sulfide. In the reservoir, the
transformed nitrogen hdke benefit of increasing weliressuraevhile the reduction of the SRB
population prevents reservoir plugging, both factors aid in the well's production. It is usually not
necessary to adehicrobial cultures to theeservoir sinceghe beneficialspecies of organism are
either indigenous to the formation, or they arrive at the damgeand means as tt##RB. By the
selective alteration of the composition of water with Mery concentrations of inorganic nutrient
formulations, which include nitrate and nitrite, the deleterious activity of SRB can be retarded.

The nutrients required to promote DNjBowth andretardSRB production consist of sodium or
ammonium salts of nitrate and nitrite. Molybdates have also prowvad theprocess if provided
in the rightproportions withnitrates and/onitrites. The process ofbiocompetitive exclusion as
applied to SRB is described and protected ukd&. patent 5,405,53And is assigned to Geo-
Microbial Technologies, Inc. doing business as The LATA Group in Ochelata, OK.

Papers published by the discoverers of the biocompetitive exctnnsr.imasg"‘1 36l Jescribe test-
ing thesystem inactivewells which havebecomesour sinceinitial production. Although batch
injections of nutrients are described, the laterk identifies thatcontinuousinjection atlow rates
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IS necessary to maintain positive effectihey also describe well monitoring in which itdeter-
mined that aveek to a month is necessdnyr the reduction ohydrogen sulfide tdake effect.
Similarly, the effects last for about that same period of time after injection is discontinued.

This treatmentprogram isapplicable toreservoirs and formations whetige residencdime of
chemicals and microbes can be long enough to have effect. It is unlikelyafipled directly in
gas piping where gagelocities allowshortresidenceimes. The referenced articles did retate
whether there were undesirable effects such as DNB wastes, new corrosion conderai$eais
on other treatment programs.



4. FILTERING

The most common and historical means of dealing with bfamkder is tdfilter it just before it
enters a&compressor, station, or processing plaRilters of various technologies and names are
usually specified and supplied as a part of the compressor gegigagevhenthe unit or piping

is installed. Sometimes purchasers spetfiifgr performance requirements in their bquest.
Sometimes the design requirements given are acamdtsometimes they are hardiyown. At
other times the conditions change after ithigal installation. The net result that regardless of
what is requested or promised, it is usually impossibtgetdield measurements to accurately de-
termine the performance of filteend separators at any one conditioithe only identifiable
measure of filter performance is an increasprgssure drop measured acrogsadicle removal
device, this indicates that it is collectingaterialand starting to clogip. It isdifficult to identify

the quantity and description of what gets through the filter. Ideally, filterdemaed out or back-
flushed at optimum points indicated Af?, to minimize flow resistance, penetration, or overfill.

A brief review of theindustryindicated that there arermimber of designs for removing solid or
liquid material from a gas pipeline. Many are designed to trap particular materiaddi; areigood
for every type of material or service.

The following are some general comments which should be considered in the design or selection of
a filter for iron sulfide. Along with the filtration ofiron sulfide,filters nearly always need to be

able to handle liquids because they are present either as watgrocarbons irmany systems.

Note that not all filtration systems are designed with these two components in mind.

1. In order to trap iron sulfide, a filter must be designed to remove sub-micron sized particles.
2. Totrap any significant volume of liquids, the filter must have a voltoneatching liquid
slugs, as well as a means of dropping out mist.

3. A backflushing method of cleaning filters witiake the filter lastonger betweerfilter
replacements. Although a mansggktemcan havesome value, aautomaticsensing and
actuating system is the best way to prevent the powder from caking so heavily that it cannot
be backflushed. An automatic system, however, is a maintenance item in itself.

4. A filter should have a means odensing pressure drop another indication of filter
effectiveness and fullness.

5. A self-cleaning system needs to be fitted with a means for removal of the black powder and
liquids. In view ofthe pyrophoric nature othe powder,the depositories fothe powder
and the filters should either be fire-proof or they should treat the material to remove its auto
ignition characteristic. (Se®ection 7.0



6. Simplicity of filter replacemenhust be designed intihe system. Considerations should
be given to ease of access into tlessel without compromisintipe pressure boundary
during normaloperation,minimum timerequired forremoval andreplacement ofilters,
and crew safety during work while the vessel is open.

The latter point could be implemented by using a design that includes a removalielfiléer A
secondfilter holder could be fitteavith newfilters outside the unit and once the filtezssel is
opened, the whole holder could be changed out quickly with a minimum of tool work.

From an overviewperspective of the blacgowder problem, it is our opiniothat filtering is
needed as a near-term solutionttie problem. However, undethe scrutiny of a root-cause
analysis and a permanesdlution,filtering is a superficial or locapot solution Filtering would

be lessdemanding andess expensive ithe source ofthe gas were to be properliyeated to
eliminate iron sulfide formation. For this reason, the direction of our investigation did not dwell at
length on filtering solutions.



5. SENSING THE PRESENCE OF PARTICLES IN THE GAS FLOW

As discussed isection 4.0 filtering could be performed better if vtere possible taletect the
presence of liquid or solid particles ihe gas flow stream. A portion dhe effortunder this
research task wadirectedtoward determining the availability oéxisting instrumentation or tech-
nologies possible for the development of sensors for particles flowing in a gas pipgdimeeed
to know the presence and characteristics of partildasng in apipeline is predicated on several
possible scenarios.

1. The need t&now the “normal”flow condition of thesystem in terms of particles is not
determined frongas composition sampling and testing. It woulchbipful toknow the
type of particles (solid diquid), the typicalnumber of particles as a functionaflume,
the size distribution o$olid particlesthe flow velocity of the particles separdt@m the
gas flow velocity, andhe differences in these statistics before and after filtration equip-
ment®¥ This information would be used to adjust designs aapécities of filtration and
compression equipment and to time maintenance of that equifomdumown capacities or
limitations. This type of measurement could be done for a very few select points in a pipe-
line. Although this mode of operatiomay not requireownership ofthe measurement
instrument, it wouldrequire installation of speciapool piece(s) or piping loops to
accommodate measurement.

2. The value oknowingthe changeshat occur in the above particle parametarsr time
would improve maintenance. Measuring particle counts and sizes would aid in determining
changes in gas sources, changes in atmospheeicvoonmentakonditions,development
of information on MIC orchemicalsources of iron sulfideand maturity of field condi-
tions. This type of information would allow adjustment of gjaatmenfacilities, provide
information for more preferential selection afas suppliersdetermine the effects of
changes in gas composition, and sigivaing for gas composition oparticle analysis
testing. These measurements should be taken at strategic points attiragutaervals of
a week to a year. Depending upon the frequency, this mode of testing could be performed
as an in-plant task or as a service.

3. The ability to monitorfor and detectupset conditions irthe pipeline as applies to the
movement of larger than normal quantitiessofids or liquids inthe pipewould reduce
damage. Knowledge about the presence or movement of such slugs in the pipthégfore
arrive at compression dittration locationswould allow the adjustment ofalves, filters,
and machines to handle the condition ontimimize thedeleteriouseffects. Comparing
these occurrences with process variables would allow the determination and control of con-

5-1



ditions that produce such undesirable situations. This measurement sobelchdoest be
done by continuous monitoring simultaneously at a number of places in a pipeline.

Necessary criteria for in-sigparticle measurement are that the wtk in anindustrial environ-

ment and that it not be “expensive”. Tawork in anindustrial environment implies that it
accommodatgaspipeline temperatures amulessuresnside the pipe as well as varied environ-
mental temperatureand moisture levels outside thge. Optical systemaneed to be eitheself-
cleaning or designed to handle/avthé dirty conditiongroduced by blacowder inthe pipe.
“Expensive” is relative, but $100,000laboratory grade instrument will not be riskectle field
environment. As in manthings, cheaper is moreesirable, but an instrumetitat gives good
information reliably and is easy to operate will raise the level at which return on investment can still
be achieved. Instruments under $29,000 to $30,00@ange fall into theealm of “normal ana-

lytical instruments” and will likely be accepted.

One of the concerns in measuriparticle sizeand counts is using sensorand methodhat does

not affect the accuracy of ttlsensing process. Te®ome extent, by-pass floand sample with-
drawal methods may reduce the number or size range of the pdhatlesach theensing head.
A second concern ithe range of particlsizesthat may need to bsensed. Arange of several
orders ofmagnitude is necessary tietect particles that may beom sub-micron size up to
1000 micrometers.The sensing of solidparticles versus liquids providesnother level of
challenge to instrumentation.

Research sponsored by tA6A hasinvestigatedsensingtechnologyfor particle measurement as
applied to scrubbefEY This work suggests that there are a number of technolbgiesould be
applied to advancing a solution ttee sensor problem.The AGA work recommended the laser
phase Doppler particle measurement systeithelsestpotentialfor particle measurement, but no
system was known to be commercialized for in-plant measurements.

A laser applied in dorward scatter counter method is built asdld by Insitec Measurement
Systems of San Ramon, CA, a division\dlvern Instruments of SouthborougMA. Referred

to as thePCSV (ParticleCounting, Sizingand Velocimetry), it is advertisethat the instrument

can be applied tsystems withparticle size 0f0.2 to 200 microngconcentrations of up to 10
particles per cifor submicron and up to 100 ppm by volume for supermicron particles, and with
velocities 0f0.1 to 400m/sec(0.33 101320 ft/secf>? *© > It is not ruggedized or otherwise
adapted to harsh industrial environments.

The Peerless Mfg.Co., which designs andnanufacturesscrubbers, has amstrument for
counting and sizing particles in a pressurized gas stream in industrial environfpplied to an
isokinetic sampling line rather than in the main flow pipe, it works under full pipetegsure and
temperature conditions. An isokinetic sampling probe is a tube curved at a right angle directly into
the flow path from the tube entering thiele of a pipe.Compared to a hypodermic-tippgdobe,
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this configuration provides a samlet isnot leaned of the larger particlesanops. The Laser
Isokinetic SamplingProbe (LISPM) can be applied t@ystems withparticle sizefrom 0.3 to

50 microns indiameter, concentrations of up to’l@articlesper cn® for submicron and up to

10 grams per mfor the supermicron range. Velocities of 0.1 to 4@8ec(0.33 to 1320 ft/sec)

can be measured with accuracies of +/- five percent of indisaed The system has to be setup

to detect eitheliquids orsolids, but it does not distinguishetween thawoP® An important
application of this system is to measure the size and concentration of particles entering and leaving
a scrubber or filter to define its efficiency. Peerless uses their laser system as a service to industry
and customers of its products. It has been used in five service jobs since development in 1994.



6. QUALITY AND TESTING

6.1 GAS QUALITY

Natural gas, by definition, is a mixture of hydrocarb@mnetimes with noncombustibheaterial
components which are in a gaseous state. The amount of each of the components istitbangas
can significantly affect measurement, operation, pipeline efficiency, and custeenerTherefore,
an acceptable quality specificationaissigned in transactions oéturalgas. Gasompanies use
many different quality specifications; a typical gas quality specification is given below.

Oxygen: The oxygen content shall not exceed 0.1 percent by volume, and the
parties shall make reasonable efforts to maintain the gasfrioee
oxygen.

Hydrogen sulfide: Thehydrogen sulfide content shall not exceed 0.25 grains per
100 cubic feet of gas.
Mercaptans: The gas shall not contain more than 0.25 grains of mercaptans per
100 cubic feet of gas.
Total sulfur: The total sulfur content, including mercaptans laydrogen sulfide,
shall not exceed 2 grains per 100 cubic feet of gas.
Carbon dioxide: The carbon dioxide content shall not exceed 2 percent by volume.

Liquids: The gas shall be free wfaterand other objectionable liquids at the
temperature and pressure at which the gas is delivered, and the gas
shall not contain any hydrocarbons which might condense toliffee
uids in the pipeline under normal pipeline conditions ahdll, in no
event, contain water vapor in excess of 7 pounds per 1 milfion ft

Dust/gums/solid matter: The gas shall be commercially free of dust, gums;fagyming
constituents, and other solid matter.

Heating value: The gas delivered shall contain a dailgnthly or yearly average
heating content of nokessthan 975 nor more than 117Btu per
cubic foot on a dry basis.

Temperature: The gas shall not be delivered at a temperatlesstifian 40°F, and
not more than 120 °F.

Nitrogen: The nitrogen content shall not exceed 3 percent by volume.

Hydrogen: Thegas shall contain no carbon monoxide, halogensyrmaturated
hydrocarbons, and no more than 400 ppm of hydrogen.
Isopentant: The gas shall not contain more than 0.20 gallons of isopentane or
heavier hydrocarbons per thousand cubic feet.
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6.2 EFFECTS OF COMPONENTS

There are a variety of components of natgad whichare: normal, abnormal, corrosive, inert,
dangerous, or useless. Classically, the objectivédbbas to maximize the heatinglue, but it is
also necessary tminimize the detrimentagffects, such as corrosion amddmage to pipeline
equipment. In manynstancesthe tracecomponentghat have negligible influence on heating
value cause the formation of iron sulfide (black powder) and the resulting equipment problems.

Of the generally desirable hydrocarbommponentsisopentane and heavier components aarp
out as free liquids at some point time range of normal operatirgpnditions. Liquids of any
source are not desirable because they cause equipment problems.

Other naturallyoccurring or frequenthfound componentsire hydrogen sulfide, sulfurcarbon
dioxide, waterand nitrogen. All of these components occupy space ahdorb energy to be
moved, thugeducing pipeline efficiency; they either do rsatpport combustion ahey absorb
energy whernthe naturalgas is burned. All of these players except nitrogen clomm acidic
compounds contributing to corrosion.

Hydrogen sulfide and sulfur are major subjects of this document. Some pipelines reportedly allow
as high as 1 grain of hydrogen sulfide per 100 cubic feet of gas.

Carbon dioxide is atrongacid former and can cause significant pipelc@rosion where water
dropout occurs. Allowable levels for this component may be as high as 3 percent by volume.

The effects of water are pointed out in thecussion of MIC. Wateralso causes corrosion and
equipment damage, and, in fact, corrosion cannot occur in the absence of liquid water.

Oxygen is not naturally occurring in natuggds, but can intrudehrough leaks idow pressure
systems. It can cause significant corrosion in wemall concentrations and combustion in larger
portions. Some companies reportedly allow as much as 1 perogregn. Evenwhen oxygen is
not in thefree, gaseous state,dan contribute to reactions if it is presentsmifates, nitrates,
water, or other oxygen containing molecules.

The interaction of oxygen, carbon dioxide, hydrogen sulfide, and water in combinatiaetsira

gas pipelines is discussed in detail by L[§il]é.This PRQ research concluddlat in the presence

of stagnant water inside pipelines transporting natasles with oxygeiconcentrations on the

order of 10 ppmuhere islittle effect on steelcorrosion,while 100 ppmv producefairly high
corrosion rates. Itecommends thatansmissiorpipeline companies considimiting maximum

oxygen concentrations to 10 ppmv. With regard to carbon dioxide content in natural gas pipelines,
oil andgas industryexperience indicates that significasdrrosion of steelgan occur at carbon
dioxide partial pressures as low apsi, oraboutl.4% by volume. Naninimum below which

pitting will not occur has been established. Normal carbon dioxide gas quality levels are about 2 to
3 percent. The research indicates that in the presermeygén, waterand carbon dioxide, high
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concentrations of hydrogen sulfide in excess of allgqyadity specifications (maximum of 1 grain
per 100 SCF) can retard corrosion, but this is naiaaticalconsideration. In thedests,carbon
dioxide seems to be a corrosion accelerat@ther combinations of these components were
investigated.

6.3 TESTING

There are severdaypes of testingthat can be conducted ongas pipeline to provideuseful
information on black powder formation. Among these are gas compositiber, contentesting,
powder composition, and location or origin testing.

Sulfate reducing bacter@roduce shorthain fattyacids, aswell as carbordioxide, hydrogen,
methane, and hydrogesulfide. Since thegases in thidist are also components in naturghs,
testingfor their presence caonly provide supportivevidence of microbial activity. Testing for

short chain fatty acids is indicative of current biological activity. These acids aetdmtedusing

a variety of methodsvhich include ion andgas chromatography and high pressligeid
chromatography, but these are expensive tests which must be performed by an experienced person,
and not likely in the field.

6.4 Gas Composition Testing

Gas composition testing involves collecting a sample of the gas from a specific location in the pipe
and testingor its constituentgases. Normallyljquids and particularlysolids are not collected,

even avoided. Many gas composition tests look only for hydrocarbons andothésveommon
constituents to verify compliance with heating vadpecifications. Arexampleanalysis includes

the following:
Methane Iso-pentane
Ethane Normal-pentane
Propane Hexanes
Iso-butane Nitrogen
Normal-butane Carbon dioxide

These components normally do make up 100 percent of the sample at levels down to hundredths of
a percent. Historically, gas composition analybase been performeébr the purpose of
calculating the heating value of tgas and it@average moleculaveight. These parameters are

useful in determining the horsepower needed to pump the gas and the amount of energy that can be
obtained from burning it -- important economic factors in selling and using the gas.

It is well-known intechnicalcircles, howeverthat sulfur, hydrogen sulfide, oxygemand water
vapor, some in parts per millionrgan be important in the formation abn sulfide and other
corrosion products. As discussed earlikie presence of these componentsvary small

guantities can provide:



« the constituents for chemical formation of iron sulfide;

» the environment for growth of sulfate reducing bacteriaamiproducingbacteria
whose metabolic processes result in the production of iron sulfide; and
» direct corrosion of steel by oxygen, carbon dioxide, or combinations of the two.

Therefore, it is important to test gas composition samplethése lessecomponents, tononitor

the likelihood of iron sulfide formation. Tie extenfossibletheir presenceparticularlywater,
hydrogen sulfidecarbon dioxide, andxygen, should beontrolled within the limitsdiscussed
(seeSection 6.2 and within the rationaléor limits that are beingought bycontinuingresearch.

Where sucHimits are specified in tariff restrictions they odurse should be enforced at custody
transfer points. Apparently this is not widely done at this time. This effort to identify and remove
the small quantities of these iron sulfide producing chemicals may be the most effective approach to
preventing the formation of iron sulfide and prevent the damage it causes. Again, the economics of
this effort should be weighedgainst the totaimpact of thepresence of iron sulfide and
microbiologically influenced corrosion in an entire piping system.

Even within the limits of these reasonable restrictions on trace components, ctresididowing
massbalance: Hydrogen sulfide at part permillion (ppm) (0.25 grainsper 100 cubicfeet is
4 ppm) in a continuous gas stream of 10 MMCFD, if all converted to iron s(R&k), will pro-
duce over 800 pounds of iron sulfide in a year. Téwengasmeeting many HS specifications
can produce large amounts of kefid higher quantities can make the situation much worse.

Sampling of naturafjas fromactive pipelinesfor compositiontesting is a straightorward and
conventional procedure which will not be described here.

6.5 Water Testing

Water is an important factor in tleipport ofenvironmental conditions necesséoy microbes to

thrive and multiply. It is also a factor in direct oxidation of the walls of carbon steel pipe and MIC
cannot occur in the absence of liquid water. As discussed earlier, most pipelines have some water
content, and changing atmosphdeamperature or other pipeline environmental temperatures can
cause water vapor to quickly condenseha pipe and gravitate to thewest point. Forthis

reason, Canadian gas transmission companies reportedly have lower alldwam@sr content

than companies in other countries, particularly in the more temperate zones. This investigation did
not have thepportunity todetermine whether thegiso have lowemcidence ofiron sulfide. If

water is not drained off frequently, it can cause the micrapates whichmay be dormant in the

pipe, to bloom grossly and rapidly and cause MIC.

SRB and APB prefer to exist at the interface between a water puddle and axehieFhey create
what is referred to as a biofilmThus, the mostlikely locations tofind MIC evidence is at low



places in piping where water is likely to exist and to collect. Avoidance or fregjuaimtation of
these sites is desirable to avoid pipe damage and iron sulfide creation.

Since the biofilm is the best site fimicrobial growth, it isalsothe bestmediumfor identification

of their existence. ldeally, the water should be sampled frpipedine withoutexposing it to air
and it should be tested before the microbe count has a chance to change significanityppli€kis
a sample tube or pipe that is small, to expose the water to as littlepaissalslecoming out of the
valve. The tube should fill the collection vessel from the bottom to overflowirtgasdhere is no
air space and then capped or valeéidimmediately. This nearly air-free samgeouldthen be
tested within thenour for SRB orAPB; more practically, the test is usually performed within
24 hours. Five to 10 milliliters ofwater is sufficienfor testingfor both aerobic and anaerobic
bacteria. A good sample vessel might be designed somewhat like a gas sample bottle with inlet and
outlet valves on opposite ends and sanitized andpheged with nitrogeror naturalgas prior to
being filled with the water sample.

Often, it is difficult or impossible to sample and test in the field with a high degree of detail. In this
case as much care psssible should b&aken to minimizeoxidation or contamination of the
sample and to reduce thime before it is tested. Some useful resutigy still be achieved from
samples collected and tested somewhat outside of these parameters.

The water sample should be tested for microbial content and the type determmétlifgy Such
tests should be done by cmalified laboratory. Howeverpn-site test kitsare commercially
available. They permit testing to be performed by tragesicompanypersonnel. Aeduced pH
of the water can indicate APB activity. (S®ection 6.4 Testing Equipment and Servjces

If there were no water in pipe, it wouldnot be necessary to test wafer evidence of the
problems it causes. Therefore, if there is a jpp@ce in the pipe that collecigater and there is a

way to get the water out there, it should be removed frequently to reduce the chances for corrosion,
microbial blooming, andbiofilm growth. Testingfor microbial contentshould be a secondary
effort. Therefore, all water should be removed whenever samples are taken for testing.

6.6 Powder Composition Testing

When black powder is found in piping, instrumentation, or compression equipment, it is
sometimes helpful to verify its composition lbiiemicaltesting to identify or verify itdikely
origin. The origin could be chemical combination or microbial corrosion. There arendtekals

that can occur from other materials or chemical reactions that may not be iron sulfide.

Certain forms of iron sulfide are pointers to MIC presence in a pipeline. As discuss®ec{see
3.0 Sources Offon Sulfide In Piping, mackinawite, smythite and greigite are considered to be
indicators of microbial activity ipiping. The most positive indication dfIC is the presence of
pits inthe pipewall. Another is testing to confirm the presenceSRB or APB. Normally a
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larger pit will have smaller individugpits inside ofit. In more developedases,the pits may
overlap each other. Striations and tunneling parallel to the pipe axis are also pointers to MIC, but it
canalso occur without thessigns. Sometimes thepits are covered by a nodule ohaterial
composed of the microbes and the material they consume and deposit. As pits deéeenrnaad

more numerous, individual pitting becomes less obvious.

The activity of acidoroducingbacteria(APB) can be identifiedrom the presence a$hort chain
fatty acidssuch asacetic, formic, lactic, butyric, and valeric acids. Due to thesymbiotic
coexistence of APB an8RB, if theseshortchain fatty acids areound, there isgood reason to
expect the presence of SRB.

Purely chemical formation of the iron sulfide is indicated by presence of iron sulfide and hydrogen
sulfide without the identification of short chain fatty acids or smythite, greigite, or mackinawite.

An easy test of blackowder toconfirm it is a form of iron sulfide is to acidify it by placing a
portion of thepowder in aube of hydrochloricacid (HCI). The hydrogen sulfidesmell (rotten
eggs) is proof of the presence of sulfide. Caution should be taken when performiagt thiilsce
hydrogen sulfide (bS) and hydrogechloride (HCI) are very toxic andshould not benhaled!
There are commercial test kits available to perform more quantitative determinations of sulfides.

Powderthat isred or partly red rather than completely blankst likely containsiron oxides.
Theseshould notexist in the anaerobic conditions gas pipelines, but iron sulfidean easily
oxidize after being removed from piping. Sulfides typically oxidize to sulfateteorentalsulfur.
The latter ispositive evidence obxidation. Iron sulfide samples stored filexible plastic
containers withair space in them will in ghorttime partially collapse the container due to the
conversion from sulfides to oxides causingagtial vacuum. Exposure of drglack powder to
sufficient oxygen may result in auto ignition as discusse&ertion 4.®f this report.

Once MIC is identified as a source of the iron sulfide, biocide treatment can be an aid. It is wise at
that point to select thbest biocide by confirming its effectiveness agathst specificsets of
microbes found irthe pipeenvironment. Seekid from the biocidesupplier orcertain qualified
independent testing lalier appropriateests. These tests usually involve samplitige pipeline

water as described fBection6.3.2 It should bekept in mind that there igsually not just one

type of microbe present when corrosion is taking place.

6.7 Location or Origin Testing
The above testing methods may be used creatively to aid in vectorisguiee ofMIC or sulfide
entry into the pipeline.

In cases where hydrogen sulfide or other sulfigleier a pipelinedirect chemicakonversion to
iron sulfide will likely take place. This problem occurs most commonly in gathering pipelines
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where gas comedirectly fromwells and numerous wellre added together before becoming or
being added to a major lomgn transmission line Oncesulfide enters the pipeline at apyint,
conversion to iron sulfide is prompt. The material can progress down the pipeline from that point.

In the case of MIC generat@wn sulfide, asimilar phenomenoonccurs. When the components
that promote microbial growth get together, a colony and a biofilncraeged. Blaclpowder can
migrate from such points to locations downstream in the pipeline.

When blackpowder is found at anpoint in thepipeline, such as filter or compressor, it is
helpful to be able to identify the source of thaterial inorder to beable to minimize or eliminate

it. Performing the above gas, water, or powder testing at accessible pbgspipe may provide
clues to the source by identifying where the powder is or is not and whetheMt@asgnatures

or not. If the ability exists to inspect inside the pipe wall, the existence of wall pitting is a positive
indication of a MIC source. If gasstingshows sulfides, it idikely that blackpowder exists or
will be formed soon downstream from that point in the pipe. Water testing shdidate either a
positive indication of MIC presence or the likelihood of near future formatioiaatpoint.
Finding iron sulfide powder at a location in a pipe, withatlier indicators, is nadefinitive as to
whether thepowder is forminglocally or hasmoved fromupstream. Identifying anpstream
location without blackpowder wouldhelp to vector to theource. It doesiot aid the vectoring
process ifthe powder isbeing formed at a number of sites ndélae gathering portion of the
pipeline. Appropriate sitefor performing gas collectionyater draining, or powdeinspection
and removal are nalways conducive teffective powder source vectoring. (See discussion on
pigging undeiSection 7.0Powder Removal, Handling, and Dispajal

If an operator should b#rtunate enough ttocate the/asource ofblack powder formation, it
should be possible taetermine whether itvas formed by MIC or chemistry andreated
appropriately. MIC should be physically cleaned, treated with biocide, and consideration given to
whether the pitting damagearrants repair or replacement. plssible, it would also be wise to

look at modifying the pipe design to prevent the collection of water and the formatiofihs.
Chemical formation of iron sulfide can leéminated by removal or reduction bjdrogen sulfide

or othergaseous sulfides frorthe gas. Although the resulting pipe wall thinning could be
damaging over the long run, it is more generally distributed than MIC damage.

6.8 TESTING EQUIPMENT AND SERVICES

There are a large number of comparieg canperform various aspects tie testing needed for
black powder characterization, water microbial testing, and gas compasiadysis. A few tests
can be performed in thieeld, but many yield bestesults when properlgampled in the field and
expeditiously tested by laboratoexperts. This igparticularly truefor microbial testing since the
sample may either increase or decrease in population between samplitestangd Acertain
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degree of biochemical knowledge is needed to effectively perform field sampliagtiog. This
is not to rule out the averagmsplant personnelput is a cautiorthat appropriatskills, training,
methods, and materials must be acquired and used.

Test sample kits were determined to be available from attieastompanies.Bioindustrial Tech-
nologies, Inc. of Georgetown, Texgmrticipated in aeries of projects funded hifie Gas Re-
search Institute (GRI) in the late 80s and early 90s concetfmniglentification of microbial influ-
enced corrosion (MIC) in gas piping. Agart of those researgrojects, a number déchnical
reports were issueithat are availabléor purchaséff'2 &4 Besideshe technical information on
MIC formation and treatment, they outlined testipgpcedures forfield identification of MIC
sources. The results of these investigations are MIKIT$e&iing and analysis and Figilides
for procedural instructions on sampling and testing. (S=tion 6.0 ReferencgsThekits allow
either field analysis, or the samples may be sent to their labs for analysis.

The following companies provide testing services and were intervidamrethformation: Dixie
Testing & Products, Inc. of Houston, TX and Geo-Microbial Technologies, Inc. of Ochelata, OK.



7. POWDER REMOVAL, HANDLING, AND DISPOSAL

Onceblack powder isgenerated in a pipelineemoving, handling, and disposing of it is a
necessargvil which must bedealtwith until the material igprevented fronforming. There are
reasons tdiave concerns abotmow this should belone. The blackpowdercan beloose or
adhered in thepipe, large or smallquantities, drylike smoke or wet and tar-like, possibly
pyrophoric, and a nuisance or a hazard. It is eerymonfor iron sulfide to form in gipe and
adhere to thesurface in thinayers. The presence or amount of coating on the pipe may not be
known inmany cases and is onfgvealedwhenthe line is repeatedlpigged orwashed. The
presence of black powder in a pipe taes effect of increasingurface friction andoughness and
increasing the horsepower required to move an amougaothrougtthe pipe. Obviously these
factors have negative economic implications.

7.1 REMOVAL

The most common methotbr the removal of blackpowder from apipeline is filtration at a
compressor stationThe purpose at this point, however, ha®re to do with protection of the
compressothan purely collection and removal of blapkwder. This subject isdiscussed in
Section 4.0 Filtration

Most iron sulfide tends to adhere to the metal (pipe wall) whdoenits. Insome cases it iseld
in place by arencrustation okalt. Another factor thatids in holdingthe powder inplace is
liquids. The powder adheres to wetted surfaces or collects in pools of water or hydrocarbon.

Factors that affect the movement of iron sulfide are dryness, changes natéoinduced byres-

sure changes, and abrasive actions that shear the powder off of pipe wallsledrhigy action is
accomplished by (1) abrasives moving throtighpipe, (2)water or othetiquids, particularly in

slugs, and (3) pigging. Although all of these mechanisamshappen incidentally as natural con-
sequences of pipeline operation, they are also created intentionally to remove black powder buildup
from a piping section. (Inspection pigging may be considered “incidental cleaning”.)

In somecases,mild abrasives such as nut shediee induced into a pipe section and retrieved
downstream withthe black powder they breakloose. Suchmaterials aremost common in
centrifugalcompressor sites whiatan tolerate the materigb®ssing through ancdeaning blades
and stators.

More commonly liquids are used to wash down piping and remove iron sulfide. Although water is
common andnexpensive, it is not good if any left in the pipe tosupportMIC growth and
oxidation. Diesel fuel or alcohol have been used as cleaning agents that will not procnolbél
growth andare relatively inexpensive ardisposable. Other cleaningagents are formulated by
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commercialsuppliersspecificallyfor cleaning piping of blaclowder. Typically these are more
expensive than water, diesel fuel, or alcohol, but have fewer side effects. In moshedisesd
is trapped as a slug between two pigs. This causefdilltttee pipe morecompletely, control the
liquid distribution, and provide better retrieval.

Pigging involves moving anbjectwith scrapingactionthroughthe pipe bygas pressure. The
cleaning action of the pig is fwush loosematerial ahead of but of the pipe as well as to scrape
the walls of the pipe to remove more adhered material.

The subject of pigging to remove blapkwder was discussed thie 1996 SGABIlack Powder
Summit. One of themore experienced companies indicated tigihg aheavy pigwas more
effective in breaking loose and moving black powder. Some indicated scraper pigs were effective,
while others had less faith in their capabilitieswdis noted that after aumber of pigs were sent
through a line, an intelligent pig passed through waladsh pick up much blacgowder. This is
apparently due to the fact that many iron sulfides magnetic, and after beibgoken loose from

the pipe wall into smalpieces,the fineiron sulfide particlesare attracted to the magnetic field
which exists around a smart pig.

Pigs are also helpful in removing water and other liqomkected inpiping. The pigpushes the
liquid down the pipe, sometimes causing it to combine with powder to faiodge. Thisvater
removal is advantageous in preventing the growth of microbes.

Sections of pipinghat areconstructed in such manner that they cannot pe&gged or otherwise
opened for cleaning and inspection are candidates for MIC growth to the extent of pipe penetration.
Collection of water insuch asection or deadleg is an even greater inducement to MIC and
oxidation corrosion.

One difficulty with inserting anything, solid or liquid, into the pipe for cleaning is that it haws

a means of getting in and likewise for being retrieved. $uedins and locatiostrongly limit the

ability to cleanpiping wherethat intentwas not designedn. This applies to pigging and liquid
washing. Construction of deadlegs, side branches, and unpiggable piping should be avoided from
the standpoint of black powder formatioikven design of instrumentation linssouldinclude a

means of isolating and cleaning out the line to prevent clogging and loss of signal.

None ofthe above methodshould be construed asfective in the total removal afon sulfides
from pipewalls. It igrue that largeamounts ofmaterial can becooped fronthe bottom of the
pipe, scraped fronthe walls, or washed loosdgut corrosion engineers veriffhat it is very
difficult to cleaniron sulfides down tdoare metal, even on steel piparrosion coupons. To do
this requires a hydrochloric acid wash and subsequaritalizationwith ammonia or bicarbonate
and then water wash to a neutral pH. This methiodld require a means to capture atidpose
of hydrogen sulfide released. Such a processbbasused inplant systems. Tapply this
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method to a corroded transmission pipe is surely more difficult, and practically the number of steps
must continue, to include removing any residual water as well.

7.2 HANDLING

Once black powder is removed from piping, whether by filter cleanout, pigging, or other access to
piping, compressor, or instrumentation internals, some attention must be given to the safe handling
of the black powder. The main hazard is associated with the pyrophoric nature of the material.

The greatest hazard seems to exist when the material is dry and irpaviider form. Collecting

the material iraggregates octhunks causes less risk of combusti@cause thesurface to mass

ratio is muchsmaller. Wet black powder,whether from water ohydrocarbons, is ledikely to
combust because the liquittrves as aeatsink. General practicénasbeen to wedown the
powder with water as it is removed from piping or filters to retamhbustion. The drawback to

this method, however, is that it is not permanent. At such time as the material dries out, the risk of
combustionreturns. Thignay occur in thdirst depositoryafter removal fromthe pipe, during
transportation where it may be exposed to forced draft which induces drying and oxygen exposure,
or it may not occur until thenaterial isdeposited into a landfill or other “permanesite. There

are several reports of black powder smoldering or catching fire in the back of a truck transporting it
to a landfill. Others repothat theystore removed filters in steelbox andkeep them there until

they have smoldered arslopped, thusonverting to iron oxide instead of ir@ulfide, before

taking them to a landfill.

7.3 NEUTRALIZING BLACK POWDER FOR SAFE HANDLING

There are several methodsailablefor the neutralization ofron sulfide. Thisinvestigation was
able to identify afew of them. These methods involvactual chemicatransformation of the
material. The concern #tis point isthe nature of the chemicabmponents produced by the
reaction(s). Itis possible to produce components less desirable than the iron sulfide.

The first method toneutralizeiron sulfide is naturabxidation. The oxidation ofiron sulfides is
somewhat complicated.The reaction equatiornfer the complete oxidation oFeS, Fe$ and
FeSz by oxygen are given in Equations 7-1 to 7-3.

2FeS+20, +2H,0 0 Fe,0, +2S0,° +4H" [7-1]
2FeS, +£0, +4H,0 0 Fe,0, +4S0,” +8H" [7-2]
Fe,S, +60, +3H,0 0 Fe,0, +3S0,% +6H" [7-3]



Complete oxidation of irosulfides inambientconditions mayonly occurfor FeS (both pyrite

and marcasite). Ferrous sulfide (FeS) is readily oxidized by mioigt form elementakulfur and

Fe304. At high temperatures, p@s3 is formed”™ Ferric sulfide (FgS3) is readily oxidized to a
hydrated ferric oxide and elemental sulfur. It decomposes at high temperatures to a mixture of FeS
and Fes."™ Wwe also knowthat sulfur dioxide (SQ) was foundafter dust fires inpyrite
minest”? Oxidation of S@ continues in the atmosphere to produce sulfuric acid, resultiagdn

rain.

A great number of reactions are possible in the black powder mixture of iron sulfides found in gas
pipelines, and the composition of products is going to depend hightyeomateriafound in the

black powder and orthe reactionconditions. It is possible for ehemist to determine the
equilibrium reactionproducts of iron sulfide compounds under differennhditions. Sulfide
compoundsgenerally are stablenly under very reducing conditions. Thizeans thatulfide
materials are usually only found in environments where there is a lot of organic material, such as in
coal beds. This also explains their stability in natugdspipelines and theiflammability in air.
Reacting iron sulfide-containing blaglowder with aracid under reducing conditions will form
hydrogen sulfide. Alternatively, a basic solution of strong oxidizer may encourage rapid
formation of sulfate before gas can evolve.

Potassium permanganate (KMg)@s reportedly unigue among oxidants that could be uséeab
iron sulfide. It is safe to usend easy to apply and usuatlisposable.When applied as &ess

than 4 percent solution, it is relatively harmless if it contacts the skin, requigsecial materials
of construction, and does not form harmful or potentially explosive by-products.

The reaction of potassium permanganate (purple colored) and iron sulfide produces a brown liquid.
When theiron sulfide iscompletely consumed,the excesspermanganate solution agaiarns

purple giving a positive visual indicatiomhenthe reaction is complete. The by product of the
reaction is manganese dioxide, which is biologically inert and can be discharged directly to a waste
water facility. Dependingiponthe originalcontaminantsthe solution may also contain oxidized
organics or iron oxides. Reducing agents such as sodium thiosulfate or citcamddused if it

is necessary to remove the manganese didkibe.

Another advantage of theotassium permanganatéeaning method is that it ifaster than the
multiple (more hazardous) steps of acidizing, thus reducing downtime. A unit argoigee filled
with the solution and eithasirculatedwith pumps oragitatedwith air, nitrogen, or steam. If the
color of the solution turns brown, more permanganate should be added. ctilor ispurple, the
reaction is complete and the unit can be drained and opened.

Potassiunmpermanganate is more expensive than other potential oxidizing agehtsas sodium
hypochlorite, or hydrogen peroxide, tamporary treatmeninethods such awater saturation.
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Current permanganatostsare $1.50 to $1.80per pound, while the alternative chemicals are
about 30 percent less amgter is considerabliess. The cost advantage comegencompared
against longetreatment timegdowntime), waste handling aniceatment, disposal problems and
equipment, lack of undesirable side reactions, and worker ga:f]ety.

7.4 DISPOSAL

Almost all iron sulfide formsappear innature, but in gipeline it may mixwith other liquid
hydrocarbons tonake the material hazardous waste, or raaterial thatmust be deposited in a
secure landfill. Since themge varieties oformulas for iron and sulfucombinations and &rge

number of other materials that could be combined with it, the classification of a hazaaterial

most likely must come from &est. The Toxic Characteristics Leachifyocedure (TCLP) test is
designed taletermine whether materials in thewder or sludgevill leach into thesoil to cause
problems. Thigest must be performed dypical samples to determine whether any component
has a hazardous flash point, is acidic or corrosive, flammable, etc. The pyrophoric nature of some
forms of iron sulfide may make it a substance that requires controlled disposal.



8. SUMMARY

Although this report is notomplete in dealingvith black powder, several important actions it
discusses can go a long way toward redutiegperational, maintenance, and econompacts
of the blackpowder on well, pipeline, storagand procesglant equipment. The following
actions should be considered:

Companies should review contract and tariff agreements with regacddptablemounts

of water, carbon dioxide, hydrogeaulfide, all other sulfur components, andxygen.
Acceptable quantitieshould be set as low @san bemeasured, tolerated, and enforced in
light of recent research and technology. Enforcement should be aggressive.

Companies should raise the awareness and train employees and contractors regarding MIC
and itsimpact on theisystem. Field andsupervisory personnel should teught about
monitoring and sampling procedures, as well as handling and treatment.

Water should be avoided, removed, purified, dmained at every opportunity avhen
encountered in plant and piping systems. This should be considered innyeatem into
wells, hydrotestingand cleaningpperations. Whenever water isitroduced the affected
areashould becleaned of moisture andhicrobes. Without water, microbiologically
influenced corrosion cannot exist.

Review operation and construction practiceavoid, eliminate, or chemically treat areas
that will trap and hold water andicrobes. This includedeadlegs, low flow areas, and
storage volumes; low points should have drains.

Continuously review company practices with respeatige andapplication ofbiocides,
pigging, and filtering technology.

The economic impacts aorrosion andblack powder should bevaluated and weighed

into technicaland operationatiecisions. Estimatedcosts of new equipment, testing, or
procedures should be balanced against avoided costs of @kessmowdermaintenance

costs. Improvements should be evaluated in terms of net expected value (benefit vs. cost).

Creative methods of testing, filtering, measuring, and chemical treating should be sought to
dealwith the blackpowder problems.There are no accepted or triadd true methods;
everything should be subjected to careful scrutiny.
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