Laboratory simulation of gas sweetening
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Abstract:

In this article, a new testing equipment and protac order to evaluation ¥ scavengers for direct chemical
injection into gas pipelines is described. Theinggprotocol address several shortcomings in previo
accepted tests which did not take into accounfdireation of a spray of the product, or testedgrauct in
its final formulation.

Introduction:

Sour oil and gas fields, those containing high lewé H.S, require expensive infrastructure in order to
maintain safe working standards for employees aitigate high corrosion risks [1, 2, Jjurthermore, sour
oil and gas receive a penalty at the refinery aamdle sold for considerably less per barrel contpre
sweet product, thus urging the need feglemoval. Increasingly more oil fields are turngayr. In the case
of offshore resources this is mostly due to thegmee of sulfate reducing bacteria, which are eitaeurally
present in the reservoir or have been introduceihglsecondary flooding. Onshore, particularlyhie tJSA,
the exploitation of new resources includes incregasumbers of sour fields [4]..H removal is an estimated

worldwide market consisting of US$500 million [5].

H>S scavenging refers to the introduction of a chahdich reacts non-reversibly with8, thus removing
it from the oil or gas stream, is an increasingyapway of dealing with this problem. The mainegmpof
scavengers available on the market are triazinep#@ticularly 1,3,5-Tris(2-hydroxyethyl)hexahydse-
triazine, hereafter MEA Triazine [7]. MEA Triazineacts rapidly with four equivalents of&lwhen it is the
only acid gas present to form 5 (2-hydroxyethyl¥dteydro-1,3,5-dithiazine [8]. MEA Triazine has fast
kinetics, works well across a broad temperaturgeaand can be manufactured cheaply. However, trere

some significant drawbacks to the use of TriaZihe high pH of the water based triazine soluticars lead



of carbonate scaling [9], and further reactionthefdithiazines form an insoluble polymer which &zad to

blockages [10]. For these reasons, many comparedatarested in developing new3Iscavengers.

There are several methods available for sweetiaglg® can be removed via a contact tower, or through
continuous direct chemical injection [11]pgistical challenges, and room for potential efmorunning a field
trial mean that pre-field laboratory evaluatiorpodducts are essential. There are several statataochtory
tests, such as the gas breakthrough test and thesBetor. Furthermore, there is increasing irgigireusing

sulfide detecting electrodes to measure the kiseticcavenging reactions [12, 13].

These tests are all able to assess the perfornagudceapacity of the 4 Scavenger by measuring the
depletion rate of bB6. Each of these tests has been developed asrattatycsimulation of a different field
applications. The gas breakthrough test is a sitionl®f a contact tower. The Parr reactor [14] Wi able
to assess the performance and capacity of scavahgkvated temperatures and pressures, provides
information about multiphase and downhole scavanditowever, in the case of direct injection therstill

a gap between laboratory prediction of scavengdopaeance and actual results from field use [15hiM/it
is known that the method of injection plays a largle in the distribution and thus performancehef t
scavenger [16], none of the laboratory based methaabrporate this function. Industry has recogmhite
need to better predict the field performance of/engers, particularly for direct chemical injectiamd this
has led to the development of simulation softwése being able to take into account flow conditionthe
pipe [15]. There are reports of several large sgaléce which have been developed to simulatereifite
types of oil and gas installations, covering amgilams such as sea floor pipelines [17] injectibeaavengers
into the multiphase [7] and gas pipelines loops B] which can evaluate the performance of scameng
However, each experiment involves considerable atsoof oil or gas and scavengers, which are alahot
insignificant cost so can only be considered ftg kiage development work. What is missing infibid is a
lab scale test, which incorporates the physicpaiygng chemicals, gas flow and mass transfer gsiog
involved in the direct injection treatment of sgas fields. In this article we describe the develept of such

a device and how it can be used to overcome theddems.
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Figure 1. Mass transfer processes involved for aqueous-based reaction where one reactant isa

gaseous species

In order to better understand the features beliedtavenging process, we consider the multippesste
involved in an absorption followed by reaction @sg. These are depicted in Figure 1. Within thidehdhe
different mass transfer processes, which needdordi=fore a reaction between thgSHhnd the scavenger
can take place, are illustrated. In the first step,gas phase reactant diffuses to the surfatteeafroplet. In
step 2, the reactant dissolves in the dropletiméxample water. Step 3 describes the diffusfahe
reactant inside the droplet until meeting a readerthe final stage, the reaction takes place.itattal to the
steps shown here, one should also keep in mindhbatacted products also diffuse within the drbphd
that over time a concentration gradient of reaptedluct forms [18], hindering the scavenging precé#is
adds additional mass transfer steps to the readieating further deviations from measured chelmica
kinetics.The kinetics of the chemical reaction is only ce¢ein the final step. We believe that kinetic
measurements of the reaction of the scavengeriyBhin dilute conditions, such as those made wigh th
sulfide detecting electrode [13] do not providéisient information to rank new scavenger produentsl
only covers part of the process in the field. pasticularly important to make tests on the fifmmulation of
the product, including any surfactants which maykesent in order to better predict the real scgeen

performance.

To this end we present, to the best of our knowdetlyy the first time, a simple laboratory methodrteasure
the effectiveness of 43 scavengers used in direct chemical injectionh&ie striven to capture the essential
physics of the direct injection process withoutraeenplicating the experimental protocol, leavingeaisy

interpretation of results.



Method:

A schematic presentation of the experimental sistdepicted in Figure 2. The experimental set-uginslar
to apparatus described for €€apture by amine solutions. [19, 20, 21]. A testérformed by first filling the
glass chambers withzNjas containing 1000ppm:8. Once a stable reading has been achieved on$e H
sensor, the pump is turned on and th8 Btcavenger solution begins to spray. After aagegeriod of time,
the reading on the 43 sensor reaches a new stable value and the stepzed. All pipes and the glass
chambers are cleaned with water, and 0.1 M citiid,and then dried between experiments. For naeiwa

based scavenger solutions the equipment is cleaitie@cetone and dried before rinsing again withewso
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Figure 2. Sketch of the gas phase scavenging apparatus

Real time computer readout

remove any solvent traces.

Prior to measuring with scavengers we first testimgbaseline absorption of water was determinedeaare

primarily working with water-based scavengers. tThamber was filled with 1000 ppm:&l gas with a rate of
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Figure 3. Measurement of the baseline of H>S absor ption when spraying water



40 L/min and then sprayed with demineralized watetO mL/min. The pH was measured to be 9. Thdtsesu

are displayed in Figure 3. The grey line indicateaing on of the pump and the beginning of spray.

What can be seen from the baseline measuremegte€R3) is, that there is some absorption £ By water.
Because all lines of the pump are primed with flimdthis case water, but in other cases scavesgeay
begins exactly the same time as turning on the péngvop in BS value from 960 to 920 ppm, or a 4%
reduction is observed. This result shows that gitigor is not a major factor in the.8 removal, and a large

dynamic range of the measurements in which to rdifféate scavengers is available.
Results and discussion:

In order to gain a more fundamental understandinfeoexperimental device initial experiments withM
NaOH as a cheap and non-toxic model scavengerpegfermedFirst, a parameter screening to identify
what the dominate influences are on product perfoice was performed. An example curve is shown in

Figure 4.
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Figure 4. Model experiment with Sodium Hydroxide as H.S Scavenger

A typical experimental curve is displayed in Figdrevherein the grey lines indicate the time atchtthe
pump was started and spraying commenced and thediéine indicates stopping of the spriys worth to
discuss some of the features in more detail. gjrgte buildup of HS concentration in the reaction chamber
can be observed as the air is slowly replaced.gbisds sampled from the top of the chamber, atiteat
beginning of the experiment the sampling linesadse filled with air. This results in the apparénte lag
between starting the spray, and the initial deeref$+S concentration. We also notice that on the repeat
experiment the maximum value of$iconcentration reached is slightly lower. Thistésesis comes from
the non-saturated scavenger solution which hasatelll at the bottom of the chamber, or dropletghvhi
remain on the walls. We can see this results ih@2e-reduction in the maximum concentration g&H
measured in the chamber. To remove this effeatag decided to completely clean and dry the appsrat

after each experiment.



Having clarified the negligible effects of adsogptiof just water spray, and established an expatahand
cleaning protocol, we now focused on identifying #ffects of physical features of the spray itd&é were
particularly concerned that differences in conaaitn and viscosity of different products would raak
comparisons difficult. To understand these effezttensive parameter screening using 0.1 M NaOH

solutions of different concentrations and viscesitivas performed.

The dominant factor is the ratio of scavenger 18 kegardless of droplet size, product viscosity,
concentration, gas flow, liquid flow rate etc., @llwhich will be discussed in the section beloworf this, it
can be concluded that a good mixing of productts&linside the reaction area is obtained. Therefiore,
order to compare the effectiveness of differentipods it is only necessary to keep the molar flomstant,

and dilution of the formulation in order to do thwdl not unduly skew results.

In Figure 5, it can be seen that under the sami@lidpsing conditions, increasing the gas flow dases the
percentage of ¥ removed. This is not surprising as the total athotiH.S passing through the system is

increased.
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Figure 5: Effect of gas flow rate on scavenging process

If we re-plot the same data in terms of the ratimoles of scavenger to moles of3Hwe can see that

irrespective of the gas or liquid flow rates usbe, most important factor is this ratio (shown igufe 6).
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Figure 6. The effect of the ration of the molar flux of scavenger to the molar flux of
H>S on the scavenging performance

As shown in Figure 6, the most important factortfar determination of the scavenger is simply tioéam
flux which is used. As long as we are using excésgavenger, it makes relatively little differentte
scavenger is diluted, or used at different flovesabr if the formulations have different viscasdtand
differences in the spray profile of the productefiéfore, in order to compare the performance déint
scavengers we dilute them to the same concentratidrspray them at the same flow rate. It is wtarthote
that while this ratio is the dominant controller the scavenging performance it is not possibleotopare
scavenging performance at different gas flow rdtesto different dynamics (i.e. diffusion speeds)tact

times).

To understand the effect of concentration, NaOHt8mis of different concentrations at differentiloates
were sprayed, so that the total molar flux remaihedsame. The spray pattern was characterized thsin
Malvern SprayTec[R2]. Spray patterns were measured using the ameates and same nozzles as used

in the scavenging experiments and the resultsnaheded in table 1.

Concentration 0.05 0.1 0.2
M]

Flow Rate 80 40 20
[mL/min]

Molar Flux 0,004 0,004 0,004
[mole/min]

d<50> spray profile 45 60 60
[um]

Table 1. Parameters used for the concentration study and the descriptors for the spray profile of the
different flow rates.
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Figure 7. Efficiency of NaOH as a scavenger using different flow rates and different concentrations,

but keeping the molar flux of NaOH constant

The results of the concentration study (Figuregwsho significant differences between the efficientthe
scavenger with regards to concentrations. It wasipusly thought that spraying a lower concentratd
scavenger at higher flow rates would result in $enaroplets with larger surface area. Contrary to
expectations there is even a slight increase oresger performance at higher concentrations andlmw
rates. The d<50>, the median droplet size, of phaysmeasured for each of these conditions shoats th
whilst at the highest flow rates we see a decreadee median spray size, there was no measureable
difference between droplet sizes at the lower ftates. This leads us to conclude that due to théve
small volume of the reaction chamber, and the baghrates leading to good mixing conditions theldto

size is not a limiting factor in the scavenger’'sfpenance in this test.

The nozzles we are using are scaled down versitimee typically found in the field, which are chjgaof
delivering 0.5L/min, compared to our 50mL/min ofgenger solutions. Measurement of the droplet sizes
produced with these larger nozzles varied betwe®®® = 60pum for the water solutions and d<50> =5
for water glycerin mixture (Viscosity = 18 mPagherefore we do not expect, also for larger scale

applications that droplet size differences dueisoasity will play a major role in Scavenger penfiance.

In order to determine the effect of viscosity oav@nging performance trials using different conceitns of
NaOH and glycerin solutions were made. The resuisshown in Figure 8. Again, the concentrationsewe
chosen so that the flux of NaOH (conc. x flow ratahained constant and only the viscosity, andldtop
sizes were varying.

Concentration [M] 0,1 0,115 0,145 0,145
Flow Rate [mL/min] 80 70 45 45
% Glycerin 0 50 66 75




Viscosity* [mPas] 0.89 2.5 17.7 35.5
1/viscosity [kg/ms] 0.001 0.0004 6x30 3x10°
Molar Flux [mol/min] | 0.008 0.008 0.008 0.007
d<50> spray profile 45 80 110 -

[um]

Table 2. Solutions of NaOH and glycerin used to determine the viscosity dependence of scavenging
performance
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Figure 8. Effect of NaOH solutions with different viscosity on scavenging performance.

What we again notice is that there is virtuallydifberence in overall scavenger performance witfares to
viscosity. Viscosity can affect the droplet sized ave do see increase in the median droplet site wi
increasing viscosity for the solutions we measurfég viscosity should also affect the diffusioresabf BS
and scavenger inside the droplets. Both theserfaate expected to contribute to a negative scawgng
performance. However, our results show virtuallydiféerence in scavenging performance, that is, all
differences are within the reproducibility margiihooir experiments. In this particular testing getwe can
conclude that these factors are minor effects.

Having established that droplet size, concentradimh viscosity do not play a major role in the nueed
scavenging process in this test, we are able te@rdailitions to our scavenger solutions in ordezdmpare

different products of the same concentration, ratifeen being restricted to testing only the firahfiulations
of commercial products.

! Values of viscosity glycerin-water mixtures takeonh literature [24].



Considering the four step model proposed for adsorfollowed by chemical reaction, we can identfych
of the steps with a physical-chemical parametéhefexperiment. Step 1, the diffusion to the dropid
depend on the gas flow rates. We do not expectdhdgffer by changing the product. Step 2, dissohuof
H.S into the droplet will depend onEl solubility, the mass transfer resistance, orfatéal properties and
the droplet surface area. We have observed thalrtpdet size, and thus surface area, does notguiay
observable role in the scavenging performanceigtést. Therefore, any difference occurring betwee
products at this step, can only be caused by clsainghe interface, i.e. addition of a phase tenshtalyst,
or H.S solubility. For the studies of water formulatedwenger solutions we do not need to consider the
impact of solubility as it remains constant for@lr formulations. The third step of the adsorpB8oavenging
process involves the diffusion of the reactantglmhe droplet. If this was a major factor we wbekpect
that as viscosity increases, and diffusion ratesedese the scavenging performance would also detrea
However, due to limitations of our pump, and inertb maintain a decent spray we are automatitaiijed
in the range of viscosities which could be used.dafe estimate using the Stokes Einstein relation fo
estimating diffusion constants that the differencethe diffusion rates of #$ between these samples is
proportional to 1/viscosity. These values spanawders of magnitude and are written in table 2. sy in

the range investigated, for our system this was iadg observed to be a critical factor.

This means within out test, the critical factorsethwe can examine are the mass transfer resistdribe

interface (step 2), and the kinetics of the scavangeaction (step 4).

In order to check the reliability/reproducibility our measurements, we performed the same tesgy timel

same conditions 4 times and compared the resuiey @re shown in table3.

Scavenger used: Liquid flow rate: Gas flow rate: 2Sifinal value
50% MEA Triazine 40 mL/min 40L/min 216

solution

50% MEA Triazine 40 mL/min 40L/min 228

solution

50% MEA Triazine 40 mL/min 40L/min 206

solution

50% MEA Triazine 40 mL/min 40L/min 234

solution

Table 3. Test reproducibility

From these measurements we obtain an average 08222 ppm, and an interval of uncertainty of 28
This means that only differences between measursnoéapproximately 50 ppm, or 5% of the dynamic
range of the measurement should be consideredrificsint. This relatively small level of uncertbjirallows

us to compare and rank different scavengers a@tyrat

Commercially available scavengers (MEA and MMA)akines were tested in the house testing set-up. The

comparative graphs, shown in Figure 9, show thiopaance of both triazines under the same condition
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Figure 9. Comparative testing of MMA and MEA Triazines in the devel oped gas phase test

It can be seen that at the same molar ratio,8ftd Scavenger the MEA scavenger is approximababetas
effective as the MMA scavenger. Here we recoversime results compared to traditional testing oaksth
such as the bubble tower test. We also observettbaime required for the MEA Triazine to estallibe
steady state, that is a constapBteoncentration is much shorter compared to the MiViAzine. Previously

published reactions rates show that the MEA Triahas faster reaction kinetics than the MMA var[asi.

Conclusions;

Using fairly simple principles we have been ablééoelop a novel test method for rankingskscavengers
intended for use via direct injection in the gaag# Unlike previous applications test, i.e. gaskthrough
test, or par reactors, this test combines foritisetime spray properties of different scavengeiith a

measurement of adsorption and reaction £8 With the scavenger.

We have determined, at least in the condition @idgmixing, that the chemical kinetics and masssfien
resistance are the two dominant factors determip@réprmance. Dilution or decreasing viscosity @b n
appear to be useful strategies to improve scavegregésrmance according to our test. For a givemuoba,
the most important factor for scavenging perforneaischow much of the chemical can be introducex at

given time.
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