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Abstract:

Crude oilnaphthenic acids can partition into the water phase doriqgoduction. Variations in
production parameteisuch agemperature, pressure, pH and water cut affect partitiomng.
previous article, a method has been developed to determine theopamdiio for mixtures of
naphthenic acids and tested on a commercial acid mixture. In this study, the method is
implemented on a naphthenic acid mixture extracted from an acidic crudeoaipositional
analysis of theextractedacid mixture reveals a brdastructural distribution consisting mainly of
saturated ring structures with 2 to 3 rings. Examination of the GC/MS method revealed a
distribution bias towards low molecular weight compounds and a correction method was explained
and appliedThe equilibrum partitioning as a function of pH for the acid mixture and molecular
mass ranges within the acid xtire was determined by GC/MS. Aaxtracted crude oiacid

mixture dissolved in toluene was used as oil phase and 3.5wt.% NaCl aqueous buffers were used
aswater phase. Dividing the acid mixture into molecular weight rarajesacterized by a single
partition ratioPwo allowed the oHwater partitioning to be successfully modell&tevariation of

the cologarithmof the partition ratiopPuwo with naphtheniacid molecular weighivascompared

with previously published experimental and simulated data. The presence of calcium reduced the
partitioning of the acid mixture at high g larger acid molecules. Analysis of the resulting oil
phase revealed a calciutontent consistent withil-solublecalcium naphthenate, in agreement

with results found for a commercial acid mixture.
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1. Introduction

Production of acidic crude oil is increasing both worldwide and in the North Béth expected
growth in deepseaand arcticproduction?, newsubsea separator designs are in development to
match the new requiremernits. It is thereforeneeded to have better tools to model the oil water
separation as well as the quality of Separated phasegariations in pressure and temperature
during productiorcan induce the partitioning @fude oil componentsuch asaphthenic acids

into the produced watefhe presence of these componentsateer the stability of water droplets

in oil as recently shown ®and oil droplets in watet This paper is the secommu a series of two
which will discuss and explore the composition and equilibrium partitioning of naphthenic acid

mixtures.

2.  Theory

2.1. Definitionand prevalence

Naphthenic acids are part of the resin group in crude oils. They are generally desctited\wy
formula CaH2n+202 8 with a molecular weight of around 2000 g/mol®. As with other crude oil
groups, naptimenic acidstructures areomplex. The analysis of somerude oil acids reveal that
more than half of thelentifiedacidic structures contained additional functional groups of oxygen,
nitrogen, aromatics or sulphur like alkyl sulphonic d€itf. A new term, naphthenic acid fraction

components (NAFC), was defined bieadley, et al® allows theencompassment of a large
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number of structures with functional grougmntaininghetero elementsxygen, sulphur, nitrogen,

aromatic rings and unsaturations in crude oil.

Naphthenic acids have been linked downstream corrosion?, emulsion formation*> 16

depositionon processing units’ and formation pore blockagé& Multiple authors havapplied

mass spectroscoplp characterize naphthenic aciels®'? 1927, Mass spectroscopy have some
limitations that need to eccounted farFor instanceClingenpeel, et af® andRowland, et al?®
analyzedsurface active compoundsncluding naphthenic acids1 bitumen and deasphalted
bitumen with FFICR MS. They stressed the importance of prior fractionation of the sample by
demonstrating that easily ionizable low molecular weight compounds hide the presence of less
ionizable and larger compound€lingenpeel, et af® also demonstrated that it was these larger
and previously hiddesurfaceactive compounds which contributed most to the emulsiorlistab
Ligiero ° studied the watesoluble compounds in resolved waters fromesalcrude oils with
ESFMS andsurprisingly foundhe crude oilvith the lowest TAN value (0.1) to gitee broadest
naphthenic aciddistribution in the resolved water, some of which had asphalli&re
characteristicsdouble bond equivalenDBE) > 0.46G,). However, the comparison involves only
three crude oils, and therefore needs to be extentféen exact molecular structure is not
essential simpler naphthenic acid analysis methods have been developed for standard GC/MS
instrumentation. Derivatization vt N-methytN-(t-butyldimethylsilyl) trifluoroacetamide
(MTBSTFA) produces stable ion fragment [M+57] where M is the molecular weight of the
naphthenic acid®. This method allows for crude classification based on carbon number and

hydrogen deficiency of naphthenic acids peaks within the unresolved GC/MS elution Rump

The partitioning of naph#mic acids to the water phase have been studied by several &itHors

31 Stanford, et al?® extracted crude oil acids with pH neutral water detectedvater soluble

acids up to @(~600 g/mol)with FT-ICR MS.Havre, et al*° found that thepartition ratiovaried
depending on the molecular weight of the acids and that naphthenic acids in crude oil water
systems had pKa around4.9. Celsie, et al®? simulatedthe effect of temperature on naphthenic
acidpartitioningand found that the partitiaatio goes towards unity upon increasing temperature.
This qualitatively correlates with the finding oBostick, et al33, studyingthe concentration of
differentwater soluble organics as a function of pH, salinity, pressure and temperature, who found

that increased temperature did not affect the total anafynatiar organics in the watehpse, but



increased the concentration 0fo>0 components while decreasing the concentrationse€
componentsOther factors like the presenceaaiicium has been shown to affect naphthenic acids
behavior in oil water systenis**38, In the presence of a@lim, dl-soluble calcium naphthenate

can form3® which can causeroblems in downstream pressing®. In order to combat the
naphthenate problem§ Dyer, et al** made a huge matrix of experimental results on the topic by
screening dozens of carboxylic acids in systems with various pH values, concentrations and water
phase compositions, before it was discedethata specific family of naphthenic acids named
ARN was the mairomponenbehindthe calcium naphthenapzoblems*.

This article willstudythe equilibrium partitioning of an extracted crude oil acid mixtdetermine
acidpartition ratie and present insight into at which gt¢phase change occurs.

2.2. Modellingof partition ratio with pH

A thermodynamic model for the partitioning v&phthenic acids applied in previous wdrk
Bertheussen, et df **is presentedAll concentrations are in mol/lunless otherwise stated

In an oilwater system, protonated acids would partition themselves between the oil and water

phase described by tf@lowing partition constant
0 E— 1)

where 00 represents the protonated acid concentration in the water pl@Se,represents

the acid concentration in the oil phase and;; represents the partition constant of the acid. As
described inpreviouswork “3 it was favored d usethe partition ratig 0 , instead toavoid
considering dimers ithe oil phasé®. Although the partition ratio is not a constant because of its
dependence on concentratidnis a practical term with regards to measurements. The partition
ratio of 4heptylbenzoic acid was shown to remain almost constant with concentf&titine

partitionratio accounts for the neonized compounds in each phase as seen in Equation 2.

0 (@)

h

Water phase dissociation of acids are described by the following dissociation constant



op — 3)
where 0 represents the concentration of dissociated acid in the water phase jand
represents the dissociation constant of the acid.

The following mass balance is valid for a system without precipitation.
VO w ™00 [ 0w 00/ W 4
where 00 ;; represents the initial concentration of acid in the oil phase, ‘@ |

represents the sum of dissociated and undissociated acids in the wateiTpbasemsw and

w denote the volume of the oil and water phase.

Combining equations 2, 3, and 4 gives expressions for the total acid concentration in the oil and

water phase.

= x

00 h (5)

00 h_ (6)

It is assumed that the deprotonated a&iflif canpletely insoluble in oil phas&he formation of

aggregatewas not taken into account in the model presented in Equations 5 and 6.

This study is expanding on and comparing with previous work performed on a commercial acid
mixture. In this studytwo crude oil acid mixtures will be characterized, mainly by GC/Mn

the equilibrium partitioning of an extracted crude oil acid mixture will be considered over the pH
range.The partition ratidPwo will be obtained through fitting Equations 5 and 6 with a constant
pKa of 5. The use of thipKavalue will be justified in sectiod.2 The effect of calcium on the
partitioning will be also be evaluatetihen thePwo obtained in this work will be comparedth

values from the literatureand withmeasuremestusing a modehaphthenic acidj-heptylbenzoic

acid.



3. Materials and methods
3.1. Chemicals

The chemica used to perform the partitioning experiments and GC/MS analysis have already
been presented in a part | article of this series. Additional chemicals were used in this new study.
They were used as received and not further purifigaton trifluoridemethanol (Sigma Aldrich,
14wt.%), 4heptyl benzoic acid (VWR, 99%), tridecanoic acid (Fluka, 99.7%), heptane (Sigma
Aldrich, >99%)and ultrapure water (MilliQ resistivity of 18.21q -cm millipore). The extracted

crude oil acid mixturesA andB, were provided b¥quinor The acids were obtained through the
Acid-IER method*’ performed aEquinorResearch Centre Rotvahd were delivered asnber
coloredl.5wt.% solutions in 1:1(wt.) toluene and isopropaibk crude oils used for extraction
come from the same North Sea reservoir, but from different visdtise dataarelisted inTablel.

The crude oil acid solutions were evaporated to a stable weight at 60°C under rmitnogection

to prepardoluene tock solutions. The color of the dried acidassark brown.

Tablel Characteristics of the extracted crude oil acids and their parent crude oil. Kaddy provided byEquinor.

Extracted crude oil acid mixture Extracted crude oil acichixture

A B
Average molecular weight 438 g/mol 454 g/mol
Extraction yield 90% 94%
TAN of theparent crudeil 17 31
[Mgkor/g]
Watercut wellat sampling time 58% 19%

**Average values calculated frotitration of the isolated acidsy assumingnonoprotic acidsis explained iMediaas, et al’

3.2. Characterization

A Bruker Avance nuclear magnetic resonance (NMR) spectrometer (400 MHz) was used to obtain
hydrogen 1 {H) NMR spectraon a 1% solution in CDGI The number of scans used wa3 e
Laboratory SGS Multilab (EvryFrance) determined thelemental composition by thermal
conductivity measurements for C, H, and N, by infrared measurements for O and S, by
mineralization and ICP/AES for Ca and Na and potentiometric titration for CI.



3.3. Equilibrium partitioning

The partitioning of napthenic aads were determined according to a procedure developed in
Bertheussen, et dt. The procedure is briefly recalled below.|gast 2parallels were performed

per condition tested.

3.3.1. In presence of monovalent catson

4 mL of 3.3 mM (1.4 g/L) for pH lower than 10, 1.65 mM (0.7 g/L) for pH higher thaextfacted

crude oil acid mixture A in toluene were mixed with 4 mL of aquenligtion containing 3.5wt.%

NaCl and a bufferTable2) for 1 day at 250 rpm. Aliquots of oil and aqueous phase were recovered
after centrifugation (1000 rpm, 30 minutes). The pH of the aqueous phase wasn@sured,

and 3 mL was adjusted to pH < 2. Then the, now protonated, naphthenic acids wenettzet&d

in toluene (3 mL, 24 h shaking). Note that, after centrifugation, the centrifugation tube used for
the samples prepared at pH 11 and pH 12 had a light brodareddayer along the tube wall in

the water phase.

3.3.2. In the presence afivalent cation C&*.

The procedure wdse the method described in part 3.3.1 with the following modification.

- In addition to NaCl 3.5wt.% and buffers, the aqueous phase altire@mh10 mM CaGl

- pH 11 samples were not buffered owing to the incompatibility between Nald@DCaCl.

This solution did not contain buffandthe initial pH was 11.50 obtain the correct equilibrium
pH.

- Tests were performed by washing the equilibrated oil phase with low pH buffer to determine
the influence of calcium naphthenate on the derivatization reaction, but results were similar as
without washing.

- Finally, it was not observed any brown layer oa tentrifugation tube wall when the water

phase contained CaCl



Elemental analysis of the resulting oil phase after high pH partitioning was performed. High
volumes (350 mL of both phases) were required to obtain enough dry s@mjylextracted crude

oil acid B was used in this experiment due to the limited amount of extracted crude oil acids
available (0.6 g of acid mixture A and 0.5 g of acid mixture B). Due taithéar origin and
statistically insignificanmassdistribution differencebetween acid mixtures A and B (s&tion
4.1.2.2 Figure6 andFigure7), elemental analysisesults obtained with extracted crude oil acid B
were assumed representatdeexplainpartitioningresults obtained with extracted crude oil acid

A. Likewise, due to thémited amounbof sample only one elemental analysis determination was

performed.

3.3.3. Model acid 4heptylbenzoic acid

The equilibrium partitioning for the model aciehéptylbenzoic acid was performed similarly as

in section 3.3.1, excephe concentration of this acid was 1 mM in toluene AddnL of each

phase were put into contadgqual volums of internal standardtridecanoic acid 0.5 mM in
tolueng was added to samplgsior to solvent evaporationnder nitrogen ab0 degreesDry
samples were derivatized by addition b5 mL 14vt.% Boron trifluoridemethanol solution
before stirring in a 60°C waterbath for 1 h. 2 mL heptane and 1.5 mL MQ water was added to the
sample vials before shaking for 30 min at 250 rpm. flied heptane phse was analyzed with
GC/FID atEquinorResearch Centre Rotvoll and quantitative results obtained by comparison with

calibration curves.

Table2 List of different aqueous buffers prepar€d3.5wt.% NaCl was also present in these buffers.

pH Buffers

4 0.1 M CHCOOH adjusted with NaOH
6-7.9 0.1 M KH:PQ; adjusted with NaOH
8.49 0.025 M Borax adjusted with HCI
9.510 0.025 M Borax adjusted with NaOH
11 0.05 M NaHCQadjustedwvith NaOH
12 0.01 M NaOH




3.4. GC/MSanalysis of the extracted naphthenic acids.

The GC/MS analysizwasdeveloped irBertheussen, et df. The procedurs briefly summarized.

3.4.1. Derivatization and analysis

270 mgof a0.23 mM capric acid in toluensolution (used as internal standamlas added t4.6

g of the sample to be analyze®.36 g of this solution was mixed with 0.04 g oftét-
Butyldimethylsily-N-methyltrifluoroacetamide  with 1%  teButyldimethylchlorosilane
(MTBSTFA + 1% TBDMSCI) and heated at 65°C for 30 minutes. Then the derivatized sample
was analyzed (injection volume Ink) on an Agilent GC(7890)/MS(5977). The separation was
performed on an Agilent J&W DBHT Non-polar, 100% Dimethylpolysiloxane, capijacolumn
(30mx0.25mmx0.10 um film thickness) in splitless mode and at a flow rate of 1 mL helium per
minute. The inlet temperature was 360°C and thagatperaturgrogram was the following. The
temperature was initially 100°C for 5 minutes, then increéase&50°C at a rate of 5/Qin. This

maximum temperature was finally held for 10 minutes.

3.4.2. Identification of naphthenic acid composition by GC/MS

Analysis were performed using the Masshunter Acquisition Data software. First mass spectra were
extracted from the chromatogram peak, with a height filter, relative height > 0.1% of largest peak.
Spectra from corresponding injection of blank solvents webéracted from the sample dafae

n, Z distribution of naphthenic acids was determined from m/z values using the following
procedure: First if m/z is comprised betweerl}X/ (included) and (x).7, then it is rounded to x.

For instance:

- m/z values of 23.4 or 237.6 would be rounded to 237.
- m/z values of 237.7 or 238.69 would be rounded to 238.

The integer m/z values then allow for the determination of n and Z using the table presented in the

supplementary information (Table S1).



3.4.3. Quantificationby GCMS

Different chromatograms could be obtained from raw data:

- Total ion chromatograms (TIC) represent the sum of all intensities for all m/z values included
in the mass scan.
- Extracted ion chromatograms (EIC) represent the sum of intensities for acspesf or mass

range.

EIC were obtained from TIC and used, after subtraction of solvent blanks and integration, to obtain
naphthenic acid concentration afteormalizationwith the peak of the capric acid (internal
standard) and comparison with a caltlma curve built beforehand. The calibration curves were

performed as advised by the manufacturer. This determination is further explained in section 4.2.

4. Results and Discussion

4.1. Characterization

4.1.1. Characterizatioby elementabnalysisand NMR

Theaverage molecular weight BifA mixturesA and Bwasreportedoy Equinoras438 g/mol and
454 g/mol respectivel@Tablel) by determining the TAN andh¢ mass of the extracted acifibe
average molecular weight of the extracted acids can be determined by TAN titration by combining

the two equationg and 8"

g 2 @) Yo 0 8)

into Equation 9

0 (9)
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where¢ 0 anda is the number of mole, average molecular weight and mass of the

extracted acid mixture respectively in the units moles, g/mol aid g. is the molecular mass
of potassium hydroxide in g/mab andw are the volume of titrant required to thguivalence
point for sample and pure solvent (blank) respectively, indnL. is the concentratioof the

titrant used, in mol/L, ant¥d Gs the total acid number in mgH/gsample

In houseTAN titration was not performedue to thdimited amount of sample. The elemental
composition of acidnixturesA and B arelisted in Table 3. Here it can be seen thdtet acid
mixtures contain almost naitrogenanda small amount o$ulphur By assuming an overarching

raw formula GH2n+zO2 for all acids in the sample the average molecular weight of the acid mixture
can be calculated by finding n and Z values which matchesdar rato betweencarbonand
hydrogenThe percentages of C, H, O indicate an average molecular weight of 373 g/mol for acid
mixture A and 395 g/mol for acid mixture Bssuming only monoacidsoth of which are lower

than the average molecular weights obtaingtitbation. As will be discussed in sectioh1.2.2

the difference between the molecular weight from titration and elemental analysis could come
from pollution by noracid compounds in the samplée difference in average molecular weight
between the two acids however,dsnsistenfor both methodsi.e. the average molecular weight

for acid mixture A is lower than for acid mixture B in both methods.

Table3 Elemental composition of thextractedcrude oilacid mixture

Element Symbol Composition [wt.%] acidnixture A Composition [wt.%] acidnixture B
Carbon C 79.5 80.1
Hydrogen H 11.0 11.2
Oxygen 0] 8.5 8.0
Sulphur S 0.56 0.60
Nitrogen N 0.09 0.09

11
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Figure1 'H NMR spectrunfor the extracted crude oil acid mixture A in CRCI

Figure 1 show the'H NMR spectrum condied on a 1wt.% solution afcid mixtureA. The
termination methyl groupgive peaks with chemical shifts lower than 1 ppm, while@téthylene
bridges have peakbetween 1.182.33 ppm*® % It appears that there are few aromatic groups in
theextracted crude oil acid mixtusince aromatic groups would register as peaks in-hepm
range>L. The absence of aromatic rings is a typical feature of crude oil naphthenictacids?
Saab, et al*! reported that based dii NMR on 1.8% of the analyzed crude oil acids were
aromatic Different theories havbeen suggestaggarding thesmall amount ofiromaticgroups
found in crude oikcids Tomczyk, et all! discussed this lack of aromatic ackissuggestinghe
higher polarity impeded migration from source rock to reser@ihrer authors discuss the role of
biodegradation Were aromatic hydrocarbons are less susceptible to biodegradatidtiowever

due to their plar nature, aromatic compounds are nun@minentin the water phasdpnes, et al.

54 found 30% ofoil sands procesaffected water (OSPWjcids to have aromatic structures and
Stanford, et al?®, comparinghe water soluble acid fractions to the acid i of their parent
crude oil, found aromatic groups to be more prominent in the water phaseCardequently, it

is possible thasmalleraromatic acids initially present in crude oil were partitioned into the

produced water prior to crude oil samglin
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4.1.2. Characterization by GC/MS

4.1.2.1. Assessment of derivatization efficiency

Through GC/MS analysis one informatiorabout the acid mixtureompositiors can be obtained.
Published mass spectraastide oil and bitumeacids reveal broad distributions walkraction of

large and noivolatile molecules® % %% Even If the GC is not able to analyze nalatile
molecules, theise of GC/MS is deemed valid for this wpdue to its focus on compounds with
partial water solubility, which mainly encompasses smaller acitie. derivatization agent
MTBSTFA convertshydroxyl, carboxyl, thiol groups and primary and secondary amines and
creates stable ion fragments [M+5Zsshown in a previous publicatiot, where M is the
molecular weight of the acitf. For clarity real molecular weighf acids will be denoted g/mol
while mass fragments of derivatized acids ([M+57]) will be denoted m/z. The category [M+57] is
used to denote all types of derivatized acids, even though molecules with variousdtional
groups technicallypecomes a [M+5#x-114] mass fragmeniTable S1 in the supplementary
material lists the masses for the isomgii£a+z02. As explained in section 3.4tRis table allows

the ascertainment afandZ from their molecular weightThe average unsaturation for naphthenic
acids structures can be described by the double bond equivalent (DBE) as described in Equation
10°’. The hydrogen deficienc¥is linked to the DBE as described in Equatidr?® .

06 0 —— (10)

) cO06 0O ¢ (11)

whereC andH are the number of carbon and hydrogen atoms in the forhiytogen deficiency

Zis used to assign cyclic or aromatic structures due to the absesikerafs in crude oftf.

A hydrogen deficiency of8 or lower in Table S1 could be attributed to either an aromatic ring or
a ring structures with 4 rings or mofgromatic acids have previously been discourfitech mass
distribution tables like Table $1 Larger aromatic acids have been reported in ®@@RW, crude

oil and bitumer?® 5* 8% Low molecular weight aromatic acids are however, reportedlgnesent

13



in petroleum acid extract, an absence which might be caused by losses to the produced water
during production prior to acids being extracted from the crud@@itover as diverse a range of
carboxylic acids as possible, this article has included aromatic ring corobsdi possible acid
structures in Table S1.

A previous articlé discussed the development of the GC/MS method for analysis of naphthenic
acid mixtures. Here it was found that all acid structuredyoced a dominant [M+5feak. Ftty
acidsproduced the most dominant ion peaks i.e. the low fragmentation, followed by alicyclic and

aromatic structures.

4.1.2.2. GC/MS analysis of thextracted crude odcid mixture

The extracted crude oil acid mixtgrevere analyzed by GC/MS to give the chromatogram
presented irFigure 2. As usual with complex acid mixturethe GC cannot separate all the
molecules presé¢randthe acids elute as an unresolved hump with one mode and fedefiakd
peaks.The peak at retention time 15 minutes belongs to the internal standprat acid.The

most distinct peakat 313 m/z and 341 m&orresponds to g and Gs aliphatic saturated acids,
shown to be respectively palmitic and stearic acids by comparison with the retention time of
standard sampleJhe weltdefinedpeakat 647 m/z atetention time44 min (Cao, Z=-2) gives
credibility to the methodsability to analyzerelatively high molecular weight moleculesA

response factor of 1 was assumed for all acids.

14
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Figure 2 Extracted ion bromatogram ofextracted crude oil acignixture A (159 m/z- 750 m/z) Subtracted by blank solvent
chromatogramThe peak at retention time 15 minutes corresponds to the internal standard capriiacdme rajor peaks

listed have stable ion fragments consistent with saturated fatty acids. Their carbon number is irdidatedigure Cis single
peakcorresponds to palmitic acigd€issingle pealcorrespond to steariacid, C24 double peaks presumed to correspond tBa

ringed acid, Go single peaks presumed to correspordan acid with one ring structur@here is an additional 316 mgpecieat

the same retention time asopeak assumed to be a fragment.

The chromatographic separation in a+paar column is based on boiling point i.e. the molecular
weight. Figure3 show the elution humpsf increasing EIC mass rangéss the mass of the acids
increase they elute successively and with broader gkek$o the increase in possible structural
isomer combiations®. The EIC mass range 159 m/233 m/z (covering the smallest acids in
Table S1)3oes not have an initial elution hump, but rater present a flat elution from retention time
18 - 60 minutes. These were deemed to be fragments of high molecular weight species and the
analysis starts at the next mass rangeZZB8l m/z or G The lack ofsmaller acidsapparent
absence of small acid moleculesve also been noted previousiyand carbe attributed to pre
sampling production conditions like wateut and pH.There aralsofewer possible structures for
lower molecular weight acids as seen in Table S1.

The exclusion of masses below 234 m/z is not enough to remove the influence of fraGiperds.

4 show the EIC for two mass rang@84 m/z- 258 m/z and 359 m/z383 m/z. Here it can be
observed that the small acids afteiiratial elution hump, reemerge with a flat second elution at a
retention time were larger acids eluteis assumedhat the initial elution hump for all EIC mass

ranges would represent the actual acids in that range whilst the second and flat elutiorhkater in t

15



chromatogram would baterpretedasfragments of higher miecular weight compoundsaused

by electron impact ionizatioor nonacid pollutantsFor instance, the acids in the mass range 234
m/zT 258 m/z elute from 12 min21 min as seen iRigure4. After 21 minutesignal responses
from this EIC mass range in the chromatogram were disregarded
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Figure 3 Extracted ion chromatograms (El@Jith increasing mass rares
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Figure 4 Chromatogram showing response for extracted ion chromatograms (EIC) with mass ranges-238 m/z and
359 m/z383 m/z. The response of the EIC with mass range 23258/m/ZArom minute21is considered as fragments.

Figure 5 displays the madsstribution of the entire elution hump of extracted crude oil aciticA

correct for the bias of fragmentation in the acid distribution the elution humps for different EIC
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mass ranges were al/|l given a time segment wh
segments the total chromatogram was split into time segméhtsiareasing minimum m/z cutoff
values as shown ihable4, before the intensity averages of each time segment were normalized
by the elution time angeand summed up to reconstruct the mass distribution for the whole
chromatogram.Consequently, the unwanted fragments are discarded from the distribution.
However, this action would skew the reconstructed distribution to higher molecular weight as the
false positives for low molecular weight acids are removEdyure 6 and Figure 7 show the
normalized mass distributidor extracted crude oil acid And B respectively. @npared tdhe
uncorrected distribution for thextracted crude odcid mixtureA shown inFigure5, many of the
registered naphthenic acids with carbon numbgrafd below are absent the normalized
distribution inFigure6. As shown previously*, the highethe molecular weight the more likely

it is that a fragment will have high enough mass to register as an acid in TableeStcted

crude oilacid mixtures containmany higher molecular weight compoundag)ich makes them
prone to fragmentation bias towards lower molecular weight in this method of low resolution
GC/MS and derivatizing with MTBSTFA. Although column bleed should be corrected éogth
subtractingblank chromatograms and spectra, this method with m/z cutoff also removes the
influence of column blee(®07 m/z and 281 m/for this column)which gets more prevalent at

higher temperatures (later retention times).

By applying the timesegment method, it is found that 34%f6the extracted chromatogram area
between 234 m/z andb@ m/z correspond to fragmen®hen the same method was applied to a
commercial acid mixturé®, fragmentsonly comprised 10% of thextractedchromatogram area
(209m/z- 600 m/z) As explained in the same work, fragments with masses high enougtety fals
register as [M+57] naphthenic acid masses are more likely obtained with higher molecular weight
and more hydrogen deficierf)(acids. As the commerciaktid mixture containdower molecular
weight acids with fewr ring gructures the difference ifinagment area compared to the fragment
area obtained with an extracted acid mixigreonsistentThe fragment area obtained extracted
acid mixturesis also consistent with the fragmentation observed in masgramdatained with
model acid$*, where for example the [M+57] peak abundance fdregtylbenzoic acid (G, Z=-

8) was 76%, behenic acid {£2Z=0) was 80%a n d-chdlénic acid (&, Z=-8) was 44%.
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Table4 Table showing how the chromatogram segmen
weresplit to ensure that fragments did not skew the ma
distribution in favor of lower molecular weight acids

Chromatogram segmer Minimum m/z cutoff

12min-21min 233
21 min- 25 min 258
25min - 29 min 283
29minT 32min 308
32minT 35min 333
35mini 38min 358
38 mini 40 min 383
40 mini 43 min 408
43 mini 45 min 433
45 mini 48 min 458
48 mini 50 min 483
50 minT 52 min 508
52 mini 54 min 533
54 mini 55 min 558
55 mini 60min 583
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0.00% 4

Figure 6 Normalized mass distribution ektracted crude oil
acid mixture A The effectof fragmentationwas reducedy
splitting up the mass spectrums with different mass re
(Table4) before recombination (see the text for dejai

Figure5 Non normalized mss distribution oéxtracted crude
oil acid mixture A

Figure 7 Normalized mass distribution of extracted crude
acid mixture B. The effect of fragmentation was reduced |
splitting up the mass spectrums with different mass range
(Table4) before recombination (see the text for details).

Figure6 andFigure7 showthat the naphthenic acid mixtereonsists of a broad mixtuneith
C11-Caoand Z varying from 0 tel2.Z = 0 corresponds to aliphatic acidsyalues betweet2 and

-6 corresponds to alicycliacids. Finally, & lower or equal ta8 would indicate the presence of

an aromatic ring or an acid with four or more ring structuBsssidering the obtained NRM
spectrum (Figure 1) indicatingan absence of aromatic structures, these acids are most likely
alicyclic ring structures witl-6 rings. Most peaksappeaiin the Gsi Cp7 and %3 alicyclic ring

range This is similar to the results obtained Bgmmingsen, et at®, who found two ringed acids
(Z=-4) to be the most abundant in his-FOJR MS experiments on a North Sea Crugen found

three ringed acidsZ( = -6) to be the most abundant in south American heavy crude.

The two mass distributions for the acid mixtusesms to be simila€lemente, et af? developed
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a statistical method to assélse similarities between twaaphthenic acidampledy dividing the

n, Zdistribution intogroups of differentarbon numberangesThe groups from each acid mixture
distribution are then compared with an indegemt twesample {test assuming equal variance
Thegroups are considered different if thev&ue is lower than 0.0%\pplying this method to the
two distributions indicate there is no significant difference between tfiesble S2 in
supplementary matets which is interesting atheir parent crude aslcome from the same field
but from different welland have different TAN value$his means the two crude oil acids differ

by their concentration and not their composition.

From the GC/MS masdistributions thecalculatednumber average molecular weight wa$ 34
g/moland 360 g/mol for acid mixtures A and B respectivélyesenumbes aresomewhat lower

the numbes obtained through elemental analysis, both of whichmarehlower than the average
molecular weight determined by acid number as seéfabie 5. Some explanations could be
proposed to explain this differendhe lower average molecular weight obtained through GC/MS
was expected due to the inability of the ®@nalyze the heaviest acid fraction and lower response
factor of higher molecular weight compounds. None of this holds true for the number derived from
the elemental composition howeyatthough the calculations are sensitive to measured oxygen
content. The number derived froPAN determinatioris found from the method and equations in

the article byMediaas, et al’’ (equations 7, 8 and 9\ pollution by norracid compoundsvould

give an aparent higher molecular weight andpide a possible explanatiofihis explanation is
strengthened by the data obtainadprevious work on a commercial acid mixtdrem Fluka

which show thathe average molecular weight obtained fralithree methodwere similar This

would mean that themethodology is correct and that the discrepancy between the method comes

from the composition of the extracted acid sample.
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Table5 Summary of results obtained by characterization ofttteactedcrude oil acidmixtures.

Average molecular Average molecular

weight weight
Method Acid mi?dureA Acid mi>g<tureB
[g/mol] [g/mol]
Elemental analysis 373 395
Titration 438* 454+
GC/MS 340 360

*TAN determinatioperformed at Equinor facilities

4.2. Determination of th@artition ratioin presence of monovalent cation

Extracted crude oil acid mixture A in toluene was shaken to equilibrium with aqueous buffers and
the separated phases were derivatized and analyzed with GOM¥Svalues reported are
measured after one day of shaking @meas assumed that equilibrium was reacladthough this

was not verifiedFrom the total ion chromatogram of the derivatized naphthenic acids, extracted
ion chromatograms (EIC) were created with masses between 233 m/z and 700 m/z (from Table S1
the mass range should have been 159 im790 m/z, however masses which registered as acids
below Giwere discounted based on their absence in their expected elution time as mentioned in
section4.1.2.2. The area under the chromatogram was used to build calibration curves with the
area of the internal standard pe&ke calibration curve allows the relationship between the elution
area of the internatandard and the elution areassampleto be linked to concentraticaas shown

in Equation12.

e (12

where®is the slope between the two fractiodgre concentrations refer to the concentrations of

the solutions prior tanixing sample and internal standard together and consequently before
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derivatization.This relationship allows unknown conceations in the oil phas® be calculated

with Equation13.

©

6t 0Qt 0D MAMDE 6 -9 (13)

For water the procedure is similar, except the volumes used for acidificatiamrganic solvent
extraction are taken into account to calculate the concentration in the water after equilibrium

partitioning.

Figure8 show the equilibrium partitioning for the acid mixture. At low pH values all the acids
have a low affinity for the water phase. Partitioning starts at pH 7.2 and at the highest pH value,
pH 11.5, around 65% of the acids remain in the oil phase. Only @DtB& total acids seems to

end up in the water phase at the highest studied pH value.
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Figure 8 Equilibrium partitioning of the 28 m/z- 700 m/z fraction given as a function of equilibrium pH. Data was fitted with
Equations 5 ad 6 assuming a single pk (pPwo=6.7, pKa=5). Thepartitioning was calculated by integrating the entire hump

from RT=12 minto RT=60 min. The values are the average of two or three measurements where the error bars represent the
range of obtained values. Some of the error bars are smaller than the symbols. The mass balance error bashare fat

clarity.
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Previous work on carboxylic acids and naphthenic acids indip&tegalues between 4 and®6
63,64 From more detailed study of previous resedféhwas concluded that it would be a useful
assumption to fixthepKain all calculations to a value of $he apparenpKag i.e. the point where
the acid(s) is/are equally distributed between the two phases, equal to thephwnasid pKa as
shown in Equatiori4, is used in the text or equations of several auttiots 6°

no /O NO (14)
From the partitioning of the total acid mixturepBuo of 6.7 is calculated by Equations 5 and 6
An apparenpKabof 11.7givesan indication of the small fraction of acids that are able to partition
into the water phas@&he fit is quite good however, a closer look of the MS data reveals that only
the naphthenic acids with a molecular weight lower than 327 /384l m/2 partition into the
agueous phase. Higher molecular weight naphthenic acids do not significantiprpatipH
values lower than 12. It was therefore decided to focus on the lower molecular weight naphthenic
acids. The equilibrium partitioning of these naphthenic asipesented ifrigure9. As expected,
these naphthenic acids present a more significant partitioning in aqueous phase than the whole
crude oil naphthenic acid mixture. Their equilibrium partitioning could not be fitted with a single

partitioning ratiopPuwo.
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Figure 9 Equilibrium partitioning of the 234 miz383 m/z fraction given as a function of equilibrium pHut®was fitted with
Equations 16 and 17The values are the average of two or three measurements where the error bars represent the range of obtained
values. Some of the error bars are smaller than the symbols. The mass balance error barstayeméor clarity

It was decidedo divide up the chromatogram into narrower molecular weight ranges using the
same metho as employed in previous wotkon a less polgisperse commercial acid mixture.
This method will also provide information on the variations of naphthenic acid properties with
their molecular weightTable6 summarizes the retentidimes and mass ranges of the different
fraction of the chromatogram. This table is consistent with the staraloie 4. The heavier
fractionswhich showed no quantifiable water solubilityere disregarded-or everymass range
considered inTable 6, a calibration curve was built, normalized by timernal standard.
Correlation index ¥ values arealso presented iffable 6 (automatically calculated from linear
regression fit) In the following sections the partitioning of every mass range is considered and
analyzed similarly téhe analysis of the commercialidenixture inBertheussen, et &t
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Table6Mass ranges considered for quantitative partition
extracted crude oil acignixture A and the elution time segment considered to be whole acids and not fragments.

2
EIC '

L linear range Chromatogram
mass fr?n%;r;]ent range* Integrated time interval of EIC 0.66 MM6.66 MM area %
0.28 g/l-2.92g/L
234700 12 mini 60 min 0.998 100%
234258 12 min- 21 min 0.997 1%
259283 16 min- 25 min 0.998 3%
284308 18 min- 29 min 0.999 3%
309333 19 mini 32 min 0.999 5%
334358 20 mini 35 min 0.999 6 %
359383 22 mini 38 min 0.999 6 %

*Masses included in the mass ranges are based on naphthenic acid masses [M+57] from Table S1 including their
isotope [M+57]+1.

The areas used for concentration determination for the different fraeionmpasse®4% of the
total chromatogram area spanning froB# 2n/z to 700 m/z. The remaining 76%orrespondo
higher masseshan 383 m/z(42%) which were not includediue to their negligible water

partitioning anchortrincluded fragment humpg84%)as described isectiond.1.2.2

FigurelOaandFigurelOb show theequilibriumpartitioning of the mass rang234 m/z- 258m/z
and259 m/z-283 m/z,corresponding to {z/Cizand G3/Cisacids respectivelysaseen irrable

S1 The EIC intensity of this fraction comprises 1% of the total chromatogramTdreacids in

the 234 m/z- 258 m/zmass range are completedyt-solublebelow pH 6 andchas analmost
completeransferto the water phase from pH 6 to 10. Equations 5 and 6 gives an adequate fit with
the data when thpPuo is 3.0, indicating that the molecular weight range isavarenough to be
modeled by a singlpPuwo. This is confirmed by the Rvalues calculateéfom Equation15 5 67

and reported inrable?.

Y op 3 (15)

Here'Y is the correlation indexpis the data point is the calculated value from the fitted

curve andw is the arithmetic average of alidata pointsThe apparenpKabindicates a phase
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transfer from pH 8.0The EIC intensity of the 259 m/283 m/z mass range fraction comprises
3% of the total bromatogram area. Equations 5 and 6 give a good fit with the data whawthe
is 3.8 (higher than the value found for the mass rang384n/z) which indicates a phase transfer
at the apparemKa00f 8.8.

The equilibrium partitioning of the mass ranges 284-808 m/z and 309 m/833 m/z are shown
in Figure 10c and Figure 10d. These mass ranges correspond 1§z acids and & acids
respectively and likewise comprise 3% and 5% of the total chromatogranfgreas of 4.6 is
obtained ér the massange 284 m/z308 m/z, givingan apparenpKas0of 9.6 as seen ifigure
10c. For the mass range 309 m&33 m/z, the obtainedPuo is 5.8 indicating a phase transfer
(apparenpKad at pH 10.8

Figurel0e andFigurel10f show theequilibrium partitioning of the mass ranges 334 8468 m/z
and 359 m/z-383 m/z. These mass ranges correspond @z acids and e/Cp1 acids
respectively and both comprise 6% of the total chromatogram Bnea to the incomplete
partitioning, Equations 5 an@ do not give a good fitwith the data for thesevo higher mass
ranges consistent with the Rvalues seen iTable7. The obtainegPuo values of 6.7 and 6.8

respectively does not accurately predict the system behavior at high pH.
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Figure 10 Equilibrium partitioning of the naphthenic acid mass fractions, of the extracted crude oil acid mixture A, given as a
function of equilibrium pH. a234 m/z 258 m/z, b) 259 m/283 m/z, c) 284 m£808 m/z, d) 309 m/833 m/z, e) 334 m{358

m/z, f) 359 m/z383 m/zData was fitted with Equations 5 and 6, assunpig=5, anda single pRo, a) 3.0, b) 3.8, c) 4.6, d)

5.8, e) 6.7, f) 6.8The values are the average of two or three measurements where the error bars represent the range of obtained
values. Some of the error bars are smaller than the symbols. The mass balance error barstavermdor clarity

As can be seen the mass bakadletermined for all the systemshigure 8 and Figure 10 are
generally close to 100%. One exception comes when higher molecular weight acids partition at
high pH Figure 10e andFigure 10f). Here themass balance is lower, most likely caused by the
light browncoloredlayer in the water phasethie centrifugation tube wall after centrifugation for
experiments with initial pH 11 and 12 (pH0.4 and 11.4). It was impossible to improve the

separationThis trend was also observed for high azidlecular weightst highpH in previous
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work 44, This loss of sample was attributed to the precipitation of sodium salt of naphthenate. The
precipitation isonly significant for the highstmolecular weight acids in their carboxylate form as
noticed previouslylt can be noticed ifrigure8, 10d and 10¢hat the mass balarsareslightly

higher than 100%. This is most likely due to uncertainties in flereint steps of the analysike
calibration curve buildupvater phasextractionand mass determinatiohhe error bars presented

in the different figuregoncern the reproducibility of the experiments.

Higher mass rangesalfove 383n/z), which corresponds to 42% of the total chromatogram area,
does not have sufficiemartitioning to the water phase to be considered with this meihia.
concentratiorof the watersoluble fraction of naphthenic adid oil and water can be determined

by the sumof every individual fraction in proportion to their ratios of the totater-soluble
fractionchromatogran{24%for masses 234 miz383 m/2 as seen in Equatior6land 7. Here

the] andd 5 are the chromatogram area fraction and partition ratio for each mass range

respectively.

00 B ] i (16)
F Rk o
‘00 5 B 7 — an

Figure9 shows thesummation model of the watspluble fraction of the extracted crude oil acid

mixture A. It can be seen that the model gives a good fit to the data.

A summary of the partitioningesults for the extracted crude oil acid mixture A, are summarized

in Table7. ThepPwoand consequently the apparphioincreases with thacid mass
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Table7 Mass ranges and equivalent molecular weight shown in a summary along with their regpReetosdculated
byimposing pKK=5 in Equations5 and 6. The area fraction of the elution humpaith mass range is also indicated.

pKa =5 imposed for naphthnéc acids in all mass ranges.

) Approximate Chromatogram aree . R? R?

Mass range  Molecular weight carbon numbers  PT® % K0 Oil phase  Waterphas&**
23471 258 m/z 1777 201 g/mol C1/C12 3.0 1% 8.0 0.98 0.97
2591 283 m/z 2027 226 g/mol C19/C1a 3.8 3% 8.8 0.99 0.96
2847 308 m/z 2277 251 g/mol Ci5/Cis 4.6 3% 9.6 0.97 0.85
30971 333 m/z 2527 276 g/mol Ciz 5.8 5% 10.8 0.86 -0.01
334 358 m/z 2771 301 g/mol Ci19/Cig 6.7* 6 % 11.7 0.92 -0.80
359 383 m/z 30271 326 g/mol Co/Ca 6.8* 6 % 11.8 0.94 -14.76

>384 m/z >327 g/mol 42 %
234700 m/z 177-643 g/mol 6.7 100%** 11.7 0.98 -2.30

*pPwo calculated on incomplete partitioning in water at high pH. ** Elution hump area do not add to 100% duénituuzd
fragment areas as can be seeRigure4. ***low degree of partitioning makes the denominator of the fraction term in Equation
15 small, which gives low or negative fRalues.

Figure 11 showthe linear relationship of theologarithm of thepartition ratioas a function of
molecular weight obtained for the extracted crude oil acid mixture A and previously obtained
results fo a commercial acid mixturgom Fluka®?. In this article we have assumegls, of 5,

based on previous work8 63 64 Even if this value seems the most likely, we have conducted a
smallsensitivity analysis on the influencepfa on pPuwo on the datan Figure10a. When thepKa

is increased or decreased with 1, o decreases or increases with 1 respectividlg. shape or
location of the predicted oil and water concentration curveggurel0aare also unchanged by a

change in the assumet.
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Figure 11 Graph indicating the linearity of the cologarithm of the ~ Figure 12 Graph illustrating the link between
partition ratio pRw Of acid mass ranges from the NA mixtures base Obtained partition ratio results for a commercial

on molecular weight. Commercial acid mixture data ffdnThe acid mixture*, extracted crude oil acids and
molecular weight indicated corresponds to the middle of the mass Equation B.
ranges.

4.3 Discussion about partition ratio variation with molecular weight

4.3.1 Thermodynamic explanation

Over the yearéibrariesof partition coefficients hae beengathered®® and different models has
been usedo estimatehe partitioning behavior of molecules based on struéfurithough the
most widely used partition coefficient, logRno refers to an octanaVater systeml_eo, et al %8
also presented solvent correlation to correct foritmaning coefficients between different
solventsMost of these models are dependent on more structural infornf&tlenwhat can be
obtained througlthe molecular weightlonedue to the impressiveumberof structural isomers
encauntered in organic moleculds should be mentioned that logRneis equal to thePwo used

in this work.

Data fromFigurell allows the determination of some thermodynamic parameters characterizing

the partitioning of naphthenic acids between aqueous solution and toluene.

Cratin "t demonstrated Equatior ivhich presents the variation of the partitioniagio with the

carbon number of homologue series.

i O - - 1 i—< (18)
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Where¥" stands for the free energhangeof one lipophilic group of a molecule when
the transfer occurs frowil to water ¥* stands for the free energy contribution of the

hydrophilic group of the molecule when the transfer occurs &ibio water € stands for the
numberof lipophilic groups® andw are the molar volumes of the solvent and wareand”Y
are the idelagas constant and the temperattiigure12 shows how the numbeof lipophilic
groups increasthe pPyo of crude oil acids.

From the slope of 0.46he free energy change per mole of methylene giup , when

the moleculas transferred from oil to watand the temperature is set to 25 @n be
calculated to 3 kJ/mole. The positiveumber indicates that this groapontaneously
partitions into the oil phase as expecterbm the intercept the contribution for the s

hydrophilic groupy* can be calculated by using molar volumes for toluene and water

to be-6.3 kd/mole.

A value of the free energy chanderingwater to heptanpartitionfor some long chains

saturated, linear fattgcidsof 3.5 kJ/mole of Ckigroup haseendetermined byukerjee’.

This value is significantly highehan the one determined in the present stedgn ifMukerjee

2 has noticed that the value decreases for the lotegtstl acidsTwo reasons can be pointed

out to explain this difference. First, the difference of polarity between the oil phases used in the
two study (heptane vs. toluene). Second, the presence of cycloalkyle rings in the commercial and

crude oil naphtenic acid mixtures. These differences are consistent with a ¥wer
compared with the system consideredviiykerjee’?.

Another interesting comparison to be perforrreedetween oilwater partition coefficient and
micellization. The free energy contribution per each Gtdup is generally considered to 430
kd/mol”® 4 The difference with the CHyroup contribution fothe partition of naphthenic acid

found in this article is mostly due to the same factors as previously mentioned i.e. oil phase

polarity and presenagf cycloalkyle rings in thenaphthenic acigtructure.
4.3.2 Comparison with model aciddeptylbenzoic acid
In previous workthe partitioning of the model ats phenyl acetic acid andhéptylbenzoic acid

between heptane and 3.5% NaCl water was mapped over the pH range. The small acid phenyl
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acetic acid was found to be almost completely water soluble even at low pH values and does not
lend itself to comparativebservations. The largerhptylbenzoic acid had a sharp phase change
around pH §p K i As discussed in previous wotk 4-heptylbenzoic acid would give a stable

ion mass fragment covered by the mass range 259 @83 m/z. This mass range indicated a
phase change at the appan@iidof 8.7 for the commercial acid mixture and 8.8 for the extracted
crude oil acids AHoweve, partitioning in*® was measured using heptane las ¢il phase. To

have a meaningful comparison, experiments were repeated in taeee .4heptylbenzoic acid

is partitioned in toluene as seerFigurel3, Equations 5 and 6 givep®uwo is 3.8, appareniKa0

of 8.8 which overlaps perfectly with the partitioning from the mass rangé 283 m/z in the two

acid mixturesThe fi gures also show the influtekexe of
place at a lower pH when the polarity of the organic solvent is lower. We can also notice that the
partition curve of deptylbenzoic acid in toluerie well-fitted by equations 5 anél contraryto
heptane. Other equilibria, naken into account biyne model presented in secti®12, might have

an influencan heptane

L i

w -

= 100% ] 5]

s

w .

= ] ® (il phase Toluene

= 80% -

= ] B Water phase Toluene

S i = = = Model Water Toluene

] 0

g 60% 1 = Mode]l Oil Toluene

E O Qil phase Heptane

[+ -

o 40% 1 O Water phase Heptane

:S = - Model oil Heptane

E- 20% _ °°°°°°° Model water Heptane

=
0% S . Ny o

0 2 4

Figure 13 Equilibrium partitioning of4-heptyl benzoic acid given as a function of equilibrium pH. The system had initial
concentration of 1 mM acids in tolueneheptanewith aqueous buffer (3.5 wt.% NaCl). Data was fitted with Equations 5 and 6.
(pPwo=3.43, pk=4.6 for heptane, pR=3.8, pKa=5 for toluene) Heptane data taken and replotted fr@artheussen, et &. The

values are the average of two measurements where the error bars represent the range of obtained values. Some of the error bar
are smaller than the symbols.
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4.3.3 Comparison of partition ratiaith literature

Zhang, etal””, using HPLC ESI/HRMS, reportgforoct ano

carboxylic acids from OSPW with increasirayison numbelit is interesting to note a large change
in partitioning with structure having increasing DBE number in the worKEleéng, et al’>. In
order to compare results from different studies, the reported data were convertpB.iio
toluene and the structure characterizeadandZ with the following relationshig data reported

in octanol were calculated in toluene according to thaticgiship bylLeo, et al.?® logRoluens
1.135logRctanci-1.777,distribution ratios were converted into partition ratios with equation 9 in
Bertheussen, et af® and DBE values are converted to Z number throliggfuation 11 As
explained in sectio.3.1 logPoctanor cOmmonly refers to an octanehter systemlogPouene

describes the partition coefficient using toluene as the organic solvent instead of octanol.

Experimental data are first compared and can foariéble8. In general the estimated numbers
from Zhang, et al’®, differ from the ones obtained for the acid mixtures analyzed in vir&n

the most hydrophobic structures reported -@=appears witlpPwo 1-2 orders ofmagnitudes
lower, indicating amverestimated war solubility. An argument could be made for theatiéhce

in source material.Eracted crude oil acids from a crude oil which has been in contact with water
as done in this worlgould contairdifferent acid structuressomerscompared toil sandgprocess

affected water (OSPWhs shown by the experiments $tanford, et al>.

Havre, et al2° studied naphthenic acid equilibrium partitioning between a 2wt.% acid content
crude oil ancaqueous bufferasing GC/MS Reported values for naphthenic acid partitioning is
listed inTable8. As apKa of 4.9+0.1 was given for the acids, this value was usedltulatethe
pKadvalues. It should be mentioned that geetition ratioin this instance was between crude oll
and water, which is compared .0 values obtained witlpartition ratiobetween toluenand
water. Crude oil is a different matrixvith thousands oflifferent saturates and aromatien
addition tothe presence of asphaltenBgspite this limitation, the reported values are very similar
to the ones obtained in this work for the acids listefable8. This speaks to the applicability of
the obtained results and method to describe crude oil acid mb&maviors for all crude oils. The
data obtained bidavre, et al®® show the influence of the number of alicyclic structur&s) @t

similar carbon number: The higher the carbon number the lowePtae The vales obtained in
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the present stydare average data for given mass raragekthe influence o on the partitioning

is therefore not visible.

Celsie, et al®? usedCOnductorlike Screening MOdel for Realistic SolvenBG@SMORS) to
model how pHwould affect naphthenic acid concentrations in water for 55 representative
naphthenic acidsScarlett, et al’® reported the partitioning for organic acids basedwantitaive
structure activity relationshipQSAR) models. A comparison between simulated data and
experimental data for some acids is shawmable8. All simulated déa have been corrected for
logPoctanol 10 10gRoikens 1N genergl the data simulated with COSMRS predict a more
conservative water concentratiomite thedata obtained with QSAR predict higher acid water
solubility compared to the experimental data obtained in this iodddition, COSMO-RSdata
assumes no salt in the water phase. From the salting out’éffaa¢ would assume salinity would
decrease the partitionimghich wasshownby Celsie, et al*?who calculated that salinity decreases
the partitioning of naphthenic acids slightljhis was also demonstrated on the synthatid
complextetraaciodBP10’8, made to mimic the properties of the ARN acid, where the partitioning
coefficientKwo between chloroform and water decreagten salinity increases.
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Table8 Table comparingipparent pké v afdr eabaxylic acidsalculated from simulated data, COSME5 byCelsie, et al.
32, QSAR bhyScarlett, et al’® andexperimentalzalues from this work and calculated values from experimeiatal reported by
Havre, et al3?andZhang, et al’®. LogP values have all been converted from octanol to toluene using the correlatien, st
al. 68 |OgPtquene: 1.135|Og|:?)ctanol-l.777. |OgPqueneiS equal to pRo.

Acids Apparentpkd val ues where phase transf
Simulations Experimental
Hydrogen | Molecular S Crude OSPW,
r?l?r;bt?enr deficiency | - weight COSMO QSAR* Aclld ml)/(tures oil/water PDMS
Z-value [g/mol] S 76 toluene/water partitioning partitioning
wx 32 partitioning*** L. Eyy
Z=0 172.3 8.5 7.7 - -
Cio 7.3
Z=-4 168.2 7.1 6.4 7.0 -
c Z=-2 184.3 114 7.6 7.4 -
" z=-4 182.3 8.5 6.8 8.0 7.3 -
Ci2 Z=-4 196.3 8.8 7.3 7.9 6.6
Cis Z=-4 210.3 12.2 7.9 8.8 8.5 6.7
c Z=-6 222.3 8.8 7.9 ' 8.5 6.7
14 z=-0 228.4 - 10.45 o7 - -
Cis Z=-6 250 11.6 - ' 9.6 7.2
Cis Z=0 284.5 - 12.0 11.7 - -

*As only log(P) was reportethe pK, wasassumed for all acids**Some reported pKvalues are much higher than 5, giving high apparegb pK
values***Average of results for matching naphthenic acid mass range obtained in this work and previously obtained results encéatanich
mixture* as referenced iRigure 11 **** Used reportegK,valueof 4.9 for all reportegartition ratiosby Havre; due to the use of crude oil as
oil phase solvent, no logP solvent correction was attempted.

4.3. Influence of divalent catioon partitioning

Adding a divalent cation like calcium to the water phase can affect the partitioning of naphthenic
acids as seen in previous wddk model acid$® andacommercial acid mixturé. In the case of

model acidscalcium only affected the larger of the two acid$ieptylbenzoic acid, by forming
calcium salt thaprecipitatel at pH values over 7.He smalleof the two acidsested phenylacetic
acid,was not affectedA similar trend was seen for the commercial acid mixftoe Fluka for

acids with 13 or more carbon atoms, but the mechanism was different: Instead of being due to the
formation of insoluble daium naphthenate, thdifference was shown to be caused by the
formation ofoil-soluble calcium naphthenatehis phenomenowaspreviously mentioned in the
literature3t 3% 7° To map how calcium would affect an acid mixture extracted from crude oil, the
same experimental setup presented in sedti@dnvas repeated with thdifferencethat 10 mM

CaCbk was added to the water phaskhis concentration is much smaller than the NaCl

35



concentration (~600 mM) and therefore the total ionic strength is similar to previous experiments
without calcium.Anotherdifferencewas that the final pH 11 was obtained through pure NaOH
addition insteadof the bicarbonate buffedue to CaC® incompatiblity. As mentioned the
separated water phases from the experiments with the two highest pH values in4s2ation
absence of Caglhad dight browncolored layer along the tube wall in the water phiadigating

the presence of particles. No such layer was observed in the partitioning experiments with calcium
The same effect was also observed for the commercial acid mi%tufée overall effect of
calcium on the whole acid mass range is showfigare14. Here it can be observéidat at high

pH, calcium has aaffect on the partitioning. Due to the low degree of overall partitioning for the
crude oil acid mixture, trends are not as well defined. Better mass balances are also obtained when
calcium is present, likely due to the clear oil and water phase obtdiaedentrifugation and no

light brownlayer.

120% 1
5 ]
= ] é A A
2 100% ] L é ;é f% A
S ] O
E 1 eO0il phase O
o 80% 1 A
= 1 mWWater phase
5y 1 °
= & 60% 4 A Mass balance
LI
20 1 ©OOil phase Calcium
2 40% - _
8 1 OWater phase Calcium
E. 20% 4  AMass balance Calcium
g "o
o 1 mn
< ] a® @

0% ""I""-""-"-'I'"'I""I""I
0 2 4 6 8 10 12 14

pH
Figure 14. Equilibrium partitioning of the 24 m/z- 700 m/z fraction given as a function of equilibrium pH. The values are the

average of two or three measurements where the error bars represent the range of obtained values. Some of the error bars are
smaller than the symbols. The mass balance error baraatrghown for clarity

The mass ranges were &wated individually as was done previouslysection4.2 Figurelda

show the partitioning of the acids in the mass r&2fdfe m/z- 258 m/z (G4/C12) in comparison
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with the partitioning in the system without calcium. islicated by thesimilar partitioning

smaller acids are largely unaffected by the presence of caloithve ivater phase, as was the case

for the same acid fraction of a commercial acid mixfdand the small model acid phenylacetic
acid®. Figure 14bcompares the partitioning of the maaage 259 m/z 283 m/z (G3/C14). Here

it can be observed that in the system with calcium the partitioning is reduced at pH values higher

than pH 9The large model acid-Bepylbenzoic acid, falls into this mass range.
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Figure 15 Equilibrium partitioning of the naphthenic acid mass fractions, of the extracted crude oil acid mixture A, given as a
function of equilibrium pH. a) 234 m/258 m/z, b) 259 m/283 m/z, c) 284 m£808 m/z, d) 309 m/833 m/z, e) 334 mt358

m/z, f) 359 m/Z383 m/z The values are the average of two or three measurements where the error bars represent the range of
obtained values. Some of the error bars are smaller than the syrRbolhie sake of clarity, figuresithout mass balances are
presented here, and figures with mass balances are presented in the Supporting Information.
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