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Abstract:  

Crude oil contains naphthenic acids that can partition into water. This phenomenon 

is a function of several parameters like the naphthenic acid composition, pH and 

water phase salinity. This article is a continuation of previous work regarding the 

partitioning between oil and water of model acids and bases in model systems with 

regards to pH and salinity. The present work will focus on a commercial naphthenic 

acid mixture from Fluka while the next work will deal with extracted naphthenic 

acids from a crude oil. The composition of the acid mixture was determined by 

GC/MS and it was found that the commercial naphthenic acid mixture is mostly 

composed of saturated acids with 0 to 3 ring structures. The partitioning of the 

commercial naphthenic acid mixture was determined. The equilibrium partitioning 

of acids with different molecular weight was determined over a large pH interval 

using toluene as the oil phase and 3.5wt.% NaCl aqueous buffers as the water phase. 

The partitioning of the naphthenic acid mixture with pH was successfully modelled 

by dividing the naphthenic acid mixture into narrow molecular weight range 

fractions characterized by a single partitioning ratio, pPwo. The variation of the pPwo 

of the fractions with molecular weight was found to be linear. In presence of calcium 

and high pH the partitioning of higher molecular weight acids was reduced, likely 

due to formation of oil soluble calcium naphthenates since no precipitation was 

observed. The partitioning of low molecular weight acids was not affected by 

calcium. 
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1. Introduction 
As the world energy demand continues to increase, energy companies prepare to 

utilize more complicated oil resources 1, 2. Biodegraded crude oil can be more 

difficult to produce due to its lower API gravity, elevated total acid number (TAN) 

and total base number (TBN) 3-5. These acids and bases in crude oil can partition and 

solubilize into the co-produced water phase, a tendency that is affected by 

parameters like pH, temperature and molecular weight.  

Subsea solutions for produced water discharge and achieving export quality crude 

oils subsea are close to becoming a reality 6. To predict how the oil and water quality 

will be affected by inlet conditions like the composition and properties of the well 

stream over the fields lifetime, more knowledge is needed about the partitioning 

behavior of crude oil components like naphthenic acids. This paper is the first in a 

series of 2 to discuss and explore the composition and equilibrium partitioning of 

naphthenic acid mixtures.  

 

2. Theory 

 

2.1. Definition and prevalence 

 

The term “naphthenic acids” has been used to describe all organic acids found in 

crude oil although the traditional definition describes a carboxylic acid with a 

naphthene ring. The weight percent in crude oil varies from 0 wt.% to 3 wt.% 7. As 
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with other crude oil components, naphthenic acids have large variations in size and 

structural conformations, however a good rule of thumb is that they have a molecular 

weight between 200-700 g/mol 8 and a structure described by the isomer CnH2n+ZO2 

9. So-called oxy-naphthenic acids CnH2n+ZOx isomer formulas have also been used 

to include naphthenic acids with added hydroxyl or acidic functional groups 10. In 

either case the n refers to the number of carbon atoms, while the Z is a negative 

integer referring to the hydrogen deficiency of the naphthenic acid molecule, the x 

refers to the number of oxygen atoms. This view of naphthenic acids however, might 

be too limiting as noted by Grewer, Young, Whittal and Fedorak 10 who reported 

that less than half of the peak abundancies in the acid oil extracts and commercial 

examined could be grouped into the CnH2n+ZOx isomer. Headley, et al. 11 defined the 

term naphthenic acid fraction components (NAFC) which allowed for more 

combinations with functional groups containing oxygen, sulphur, nitrogen and 

aromatic rings. Qian, et al. 12 in their identification of 3000 acids from a south 

American crude oil found that crude oil acids range from C15-C55. Several authors 12-

14, have concluded, after experimenting with crude oils from North, Central and 

South America, that less than half the acids are “true naphthenic acids”, while the 

rest consists of acids with one or more aromatic, nitrogen or sulphur groups like 

alkyl sulphonic acid. Hemmingsen, et al. 15 on the other hand, found acids from a 

North Sea crude oil to consists predominantly of conventional naphthenic acids i.e. 

molecules with one carboxyl group. 

Naphthenic acids are corrosive 16 although using TAN as an indicator for 

corrosiveness is  unreliable and researchers suspect a smaller subgroup of acids 

might be culpable 13. Naphthenic acids affect the stability of water in oil emulsions 

and oil in water emulsions 17, 18 and cause pipe or formation pore blockage through 

precipitation 19, 20. Some of the cyclic and aromatic naphthenic acids has been shown 

toxic and carcinogenic 21 which is why dissolved naphthenic acids are considered 

major contaminants in oil sands process-affected water (OSPW) 22. Produced water 

discharge from offshore installations also contains naphthenic acids which raises 

some environmental concerns 23.  

Mass spectrometry has been extensively used to characterize naphthenic acids in 

multiple studies 10, 12-14, 24-31. With high resolution MS, such as FT-ICR MS, the 

abundance of each isomer can be extracted from the mass spectra to obtain the 

composition of the naphthenic acids in the sample 32. However, this technique 

presents some pitfalls. For instance, Clingenpeel, et al. 33 performed FT-ICR MS on 
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fractions according to their hydrophobicity from acidic interfacial material isolated 

from a bitumen sample. They revealed that when analyzed unfractionated, the most 

ionizable compounds i.e. the least hydrophobic, low molecular weight monoacids 

masked the presence of larger compounds. Fractionation showed that the acid 

fraction that gave the tightest emulsion was composed of asphaltene-like acids with 

regards to size and aromaticity. Stanford, et al. 34 used FT-ICR MS to compare the 

composition of the polar components of nine crude oils to the surface-active material 

from the corresponding crude oil. They found that in general the DBE and carbon 

number distributions of the interfacial material overlaps with the polar components 

of the parent crude oil. For water soluble species however, the distributions of polar 

species do not match that of the parent oil. Less hydrophobic species like acids with 

aromatic ring structures would for example be relatively more abundant in the water 

phase 28.  

Jones, et al. 35 developed a GC/MS method for routine quantification of naphthenic 

acids in both light and heavy oils. Scott, Young and Fedorak 25 also describes a 

quantitative naphthenic acid detection method based on GC/MS 36, 37 which exploits 

the general absence of C13 acids in nature. When used in comparison with results 

obtained from FTIR, they found that in all but one case, the FTIR results showed 

higher concentrations than the GC/MS, often 2-4 times higher. This difference was 

attributed to hydroxy-naphthenic acids not being included in the GC/MS 

quantification. St. John et al. (1998) developed a GC/MS method which uses N-

methyl-N-(t-butyldimethylsilyl) trifluoroacetamide (MTBSTFA) to derivatize 

naphthenic acids to their t-butyldimethylsilyl esters. This derivatization method 

produces a stable ion fragment [M+57] where M is the molecular weight of the 

naphthenic acid. Through these characteristic ions, individual components eluting 

within the usually large, unresolved hump of naphthenic acids can be classified, 

providing the composition of the naphthenic acids based on Z and carbon numbers 
26. This method has later been applied by several authors 25, 26, 36, 38-40. On testing 

multiple derivatization agents on different model acid structures Shepherd, van 

Mispelaar, Nowlin, Genuit and Grutters 40 found MTBSTFA to give one of the best 

yields overall although recent research claim pentafluorobenzyl bromide (PFBBr) to 

be superior to MTBSTFA 41.  

Mass spectrums of commercially available NA mixtures and OSPW or crude oil 

extracts have been studied by several authors 8, 10, 13, 14, 36, 42-48 and Saab, et al. 49 

discusses various naphthenic acid extraction methods. In general researches found 
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commercial acid mixtures to contain more saturated and lighter acids compared to 

acids extracted from crude oil or oil sand. Caution should be used when comparing 

obtained results with previously published data as West, et al. 50 warns that different 

batches of commercially available NA mixtures from the same vendor might differ.  

 

2.2. Oil-water partitioning 

Some crude oil components have some solubility in water. Hydrophobic surface area 

is inversely related to the aqueous solubility 51. Alkyl chains increase hydrophobic 

surface area whilst branching, polar or aromatic groups decrease this area 28. 

Production alterations in pH, pressure, temperature also affect solubility 52, in effect 

changing the composition of the oil and water phase. The polarity of the crude oil 

acids makes them more water soluble than their non-polar counterparts. The 

partitioning of naphthenic acids between oil and water strongly depends on the pH 

of the aqueous phase. At low pH, naphthenic acids are neutral and their solubility in 

water is limited. As the pH increases naphthenic acids are ionized and, therefore, 

their partitioning in the aqueous phase increases. The ionization of acids is 

classically characterized by an acid constant, pKa. The pKa of short chain acids is 

close to 5. However, higher values have been reported for long chain acids53. 

Kanicky and Shah 53 have shown that pKa decreases with the concentration of acid 

and reaches values close to 5 at infinite dilution. This behavior was attributed to the 

presence of long chain acid premicellar aggregates, which at higher concentrations 

would influence acid-base equilibria. Upon extracting crude oil acids with neutral 

water, Stanford, Kim, Klein, Smith, Rodgers and Marshall 28 detected water soluble 

acids up to C41(600 g/mol). The extent of the partitioning depends on the structure 

(hydrophobicity) of the naphthenic acid.  In his study of naphthenic acid partitioning 

Havre, Sjöblom and Vindstad 42 found that naphthenic acids in crude oil water 

systems had a pKa of 4.9, which corresponds to the pKa range reported by Brient, et 

al. 54, and varying pPwo depending on the molecular weight of the acids. Different 

partitioning models are reported in literature. The most comprehensive one found 

was covered in Touhami, et al. 55 which includes most of the equilibria encountered 

in oil water systems, i.e. partitioning of indigenous polar compounds and added 

surfactants, dissociation, micellization and even metal naphthenate partitioning back 

into the oil phase. Based on previous models 42, 56, Hutin, et al. 57 developed a model 
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that could predict the final pH of a crude oil water system based on the TAN, TBN 

and initial pH.  

 

In this study, the equilibrium partitioning of a commercial NA( naphthenic acids ) 

mixture will be considered over the pH range. The goal is to determine the partition 

ratio for acids and obtain insight into how molecular weight influences the behavior 

of these compounds in two phase systems.  
 

 

2.3. Modelling of partition ratio with pH 

In this section a classical thermodynamic model for the partitioning of naphthenic 

acids is presented. This model has for instance already been applied by  Havre, 

Sjöblom and Vindstad 42, Nordgård, et al. 58, Bertheussen, et al. 59 and others in their 

work.  

In an oil-water system, the acids in their protonated form would partition themselves 

between the phases according to the following partition constant 

𝐾𝑤𝑜,𝐻𝐴 =
[𝐻𝐴]𝑤

[𝐻𝐴]𝑜
     (1) 

where [𝐻𝐴]𝑤 represents the protonated acid concentration in the water phase, [𝐻𝐴]𝑜 

represents the acid concentration in the oil phase and 𝐾𝑤𝑜,𝐻𝐴 represents the partition 

constant of the acid. This partition constant is independent of concentration, but 

varies with temperature and pressure. Due to dimer considerations discussed in a 

previous article 59 the partition ratio defined by Scherrer and Howard 60 will be used 

in the following models. The ratio accounts for the non-ionized compounds in each 

phase as seen in Equation 2. 

𝑃𝑤𝑜 =
[𝐻𝐴]𝑤

[𝐻𝐴]𝑜,𝑡𝑜𝑡
=

[𝐻𝐴]𝑤

[𝐻𝐴]𝑜+2[(𝐻𝐴)2]𝑜
    (2) 

In the water phase, the acids can also deprotonate/protonate as described by the 

following dissociation constant 

𝐾𝑎,𝐻𝐴 =
[𝐴−]𝑤[𝐻+]

[𝐻𝐴]𝑤
      (3) 

where [𝐴−]𝑤 represents the concentration of dissociated acid in the water phase and 

𝐾𝑎,𝐻𝐴 represents the dissociation constant of the acid. By introducing some new 

terms, the following mass balance can be applied to the system, 
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[𝐻𝐴]𝑜,𝑖𝑛𝑖𝑡 𝑉𝑜 = [𝐻𝐴]𝑤,𝑡𝑜𝑡𝑉𝑤 + [𝐻𝐴]𝑜,𝑡𝑜𝑡𝑉𝑜   (4) 

where [𝐻𝐴]𝑜,𝑖𝑛𝑖𝑡  represents the initial concentration of acid in the oil phase, and 

[𝐻𝐴]𝑤,𝑡𝑜𝑡 represents the sum of dissociated and undissociated acids in the water 

phase. The terms 𝑉𝑜 and 𝑉𝑤 denote the volume of the oil and water phase.  

The equation sets consisting of Equations (2, 3, 4) can be combined to form an 

expression for the total acid content in the water phase and oil phase as presented 

below. 

[𝐻𝐴]𝑤,𝑡𝑜𝑡 =
[𝐻𝐴]𝑜,𝑖𝑛𝑖𝑡 

[𝐻+]

𝑃𝑤𝑜,𝑎𝑐𝑖𝑑(𝐾𝑎,𝐻𝐴+[𝐻+])
+

𝑉𝑤
𝑉𝑜

    (5) 

[𝐻𝐴]𝑜,𝑡𝑜𝑡 =
[𝐻𝐴]𝑜,𝑖𝑛𝑖𝑡 

1+
𝑉𝑤𝑃𝑤𝑜,𝑎𝑐𝑖𝑑(𝐾𝑎,𝐻𝐴+[𝐻+])

𝑉𝑜[𝐻+]

         (6)  

It is assumed that the deprotonated acid [A-] is completely insoluble in oil phase.  

With divalent cations in the oil phase other phenomena like the formation of oil 

soluble naphthenates 61 and precipitation of metal naphthenates 62 can occur. Since 

the production problems with calcium naphthenates were first encountered in the 

1990’s 19, there has been much research on the effect of divalent cations on 

naphthenic acids in oil water systems 7, 8, 63-66 and therefore part of this article is 

dedicated to this effort.  

This article aims to assess how a petroleum cut commercial acid mixture partitions 

between the oil phase and the water phase. After characterization of the naphthenic 

acid and molecular weight mostly by GC/MS, the influence of molecular weight on 

oil-water partitioning will be determined. The partition ratio Pwo will be obtained 

through fitting Equations 5 and 6 with a constant pKa of 5. The effect of divalent 

cations on the partitioning behavior of the acids will be evaluated to determine if 

Ca2+ has specific interaction with the naphthenic acid mixture. This study will be 

extended for naphthenic acid mixtures extracted from crude oil in a part II article. 

Data obtained through these studies will be used as a basis for ongoing studies into 

the kinetics of acid partitioning. An acid mixture from Fluka was chosen as the 

commercial acid mixture in this study because it contains both aliphatic and alicyclic 

acids as previously shown in Lo, Brownlee and Bunce 46, Hindle, Noestheden, Peru 

and Headley 47 
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3. Materials and methods 

 

3.1. Chemicals 

The following chemicals was used as received from the manufacturer without further 

purification: Toluene (Sigma Aldrich Anhydrous 99.8%), deuterated chloroform 

(Sigma Aldrich, 99.96atom% D), n-tert-Butyldimethylsilyl-N-

methyltrifluoroacetamide with 1% tert-Butyldimethylchlorosilane (MTBSTFA + 

1% TBDMSCl) (Sigma Aldrich ≥95%), acetic acid (Sigma Aldrich, >99.99%), 

potassium dihydrogen phosphate (Merck, ≥ 99.5%), sodium tetraborate decahydrate 

(Sigma Aldrich, ≥ 99.5%), sodium chloride (Merck, 99.5%), sodium bicarbonate 

(Sigma Aldrich, 99.5%), calcium chloride dihydrate (Sigma Aldrich, 99%). A 

commercial naphthenic acid mixture from Fluka was used with specifications from 

manufacturer; density (𝑑 4
20) 0.95, acid number 230 mgKOH/g and it looks like a thick 

golden liquid. Different carboxylic acids were used to test the GC/MS procedure, 

their features are listed in Table 1.  
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Table 1. List of chemicals used as model acids, their molecular weight, supplier, purity, stable mass fragment after 

derivatization with MTBSTFA referred to as [M+57] where M is the molecular weight of the acid, the actual mass 

difference between the molecular weight of the acid and the stable ion fragment, the abundances of the stable ion 

fragments, mass of the isotope +2, abundance of the isotope +2. All abundances are calculated based on the sum of 

fragment intensities which match naphthenic acid masses (cut off 159 m/z) listed in Table S1. 

Acid (C number, Z number) 

Molecular 

weight 

[g/mol] 

Supplier 
Purity 

% 

Stable ion 

fragment after 

derivatization 

[M+57]*** 

[m/z] 

Mass 

difference 

[m/z] 

[M+57] 

abundance 

% 

[M+57]+2 

isotope 

[m/z] 

[M+57]+2 

isotope 

abundance 

% 

3-Cyclopentylpropionic acid (8,-2) 142 Aldrich 98% 199 +57 92 % 201 5 % 

Propyl benzoic acid (10,-8) 164 Aldrich 97% 221 +57 95 % 223 0 %** 

Cyclohexanebutyric acid (10, -2) 170 Acros organics 99% 227 +57 89 % 229 5 % 

Capric acid (10, 0) 172 Fluka 99% 229 +57 96 % 231 0 %** 

5-phenylvalerian acid (11,-8) 178 Aldrich 99% 235 +57 97 % 237 0 %** 

1-Naphthaleneacetic acid (12, -14)* 186 Sigma >95% 243 +57 92 % 245 0 %** 

trans-4-Pentylcyclohexanecarboxylic acid (12, -2) 192 Acros organics 98% 255 +57 91 % 257 5 % 

Tridecanoic acid (13, 0) 214 Fluka 99,7% 271 +57 89 % 273 6 % 

4-heptylbenzoic acid (14, -8) 220 Alfa Aesar 99% 277 +57 76 % 279 5 % 

Myristic acid (14, 0) 228 Acros organics 99.5% 285 +57 89 % 287 6 % 

Palmitic acid (16, 0) 256 Sigma Aldrich 99% 313 +57 87 % 315 6 % 

6-heptylnaphthalene-2-carboxylic acid (18,-14)*
†

 270 Chiron AS 99.9% 327 +57 61 % 329 5 % 

Stearic acid (18, 0) 284 Fluka 97% 341 +57 85 % 343 6 % 

Hexadecanedioic acid  (16, 0)* 286 Fluka 98% 457 +114+57 61 % 459 8 % 

Behenic acid (22,0) 341 Fluka 99% 398 +57 80 % 399 7 % 

5β-Cholanic acid (24, -8) 360 Sigma 99% 417 +57 44 % 419 4 % 

Docosanedioic acid (22, -0)* 370 Sigma Aldrich 95% 541 +114+57 52 % 543 9 % 

*Indicates a structure which does not match how this ion would be attributed on the mass distribution Table S1 which 

assumed only monoacids and Z ≤ 12. 1-Naphthaleneacetic acid (12, -14) would for instance be counted as a C=11, 

Z=0 acid while Docosanedioic acid would be counted as a C=33, Z=-10 acid. **Indicates that this value would not 

be counted as it does not fit into the naphthenic acid mass distribution table (Table S1) given in the supporting 

information.***For simplicity [M+57] is also used to describe stable ion fragment for diacids, even though it 

technically should be [M+57+114]. † Internal standard. Acid abundances do not add up to 100% due to the presence 

of other ion fragments. The isotope +1 is not included in calculations for this table as it does not fit into the naphthenic 

acid mass distribution table (Table S1) given in the supporting information 

 

3.2. Characterization  

 

Hydrogen 1 (1H) and Carbon 13 (13C) nuclear magnetic resonance (NMR) were 

obtained with a Bruker Avance NMR spectrometer (400 MHz). Naphthenic acid 

samples were prepared to a concentration of 1wt.% for 1H and 10wt.% for 13C in 

CDCl3. The elemental composition (C, H, N, O, S, Ca, Cl, Na) was determined by 

the Laboratory SGS Multilab (Evry, France) 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 Cl. The TAN values were 
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determined according to the D664-95 ASTM method on a Titrando unit (Metrohm) 

fitted with a 6.0229.100 LL solvotrode. 

 

3.3. Equilibrium partitioning 

 

3.3.1. With monovalent cations 

At least two parallels of oil water experiments from pH 2-12 were performed. 

Solutions of the commercial acid mixture in toluene were prepared at 2 different 

concentrations: 10 mM (2.3 g/L) and 4 mM (0.9 g/L). These concentrations 

correspond to TAN’s between 0.25 and 0.7 mgKOH/g.  3.5wt.% NaCl aqueous buffers 

listed in Table 2 were prepared with ultra-pure water (MilliQ resistivity of 18.2 

MΩ.cm millipore) as the water phase. Equal volumes of oil and water phase (8 mL) 

were shaken at 250 rpm for 24 h on a horizontal shaker (IKA® HS 501). Samples 

were then centrifuged at 11000 rpm for 30 min.  The pH was measured before 

contact with the oil phase and after centrifugation. The oil phase is directly analyzed 

as explained in section 3.4.1. while the naphthenic acids in the water phase are first 

extracted through the following procedure. 6 mL of the water phase was recovered 

and adjusted to pH<2 by adding between 0.6 to 3 mL of 1 M HCl in 3.5wt% NaCl 

solution depending on the pH of the aqueous buffer. Naphthenic acids present in the 

low pH water phase were back-extracted into a toluene volume equal to the 

recovered water before pH adjustment (6 mL) by shaking for 24 hours. The 

extraction yield was assumed 100% considering the pPwo and mass balances 

obtained in this work. To obtain a signal for the water phase in pH 2 experiments, 

200 mL of both phases were used and the oil from the back-extracted water phase 

concentrated through evaporation prior to analysis. After centrifugation the water 

phase of the experiments with the pH 11 and 12 buffers had a slightly opaque water 

phase.  

 

 

3.3.2. With divalent cations 

At least two parallels of oil water experiments were performed at pH: 7, 8.4, 9, 10, 

12. The conditions were like the ones mentioned in the paragraph above except here 

the aqueous buffers contained 3.5wt.% NaCl and 10 mM CaCl2.  Another exception 
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was that the results for pH 7 were obtained through using a high initial pH (10.6) 

unbuffered solution due to KH2PO4/CaCl2 incompatibility. Washing oil phase with 

low pH water was considered since calcium naphthenates would presumably be 

unavailable for derivatization, but this treatment was found to only affect the pH 12 

sample with regards to the internal standard peak. The post-centrifugation 

opaqueness of the high pH buffers mentioned in the previous paragraph was not 

observed in these experiments.  

To obtain enough dry sample for elemental analysis after equilibrium partitioning 

with calcium, higher volumes (450 mL of both phases) were used.  

Table 2 List of different aqueous buffers prepared 67  

pH Buffers 

2 0.01 M HCl 

4 0.1 M CH3COOH adjusted with NaOH 

6-7.9 0.1 M KH2PO4 adjusted with NaOH 

8.4-9 0.025 M Borax adjusted with HCl 

9.5-10 0.025 M Borax adjusted with NaOH 

11 0.05 M NaHCO3 adjusted with NaOH 

12 0.01 M NaOH 

 

3.4. GC/MS, 

3.4.1. Preparation and analysis of the samples 

 

0.7 g of 0.22 mM 6-heptylnaphthalene-2-carboxylic acid in toluene ( used as internal 

standard ) was added to 1.6 g of sample prior to derivatization. The criterium for the 

internal standard was an acid with elution time close to the hump of the acid mixture. 

6-heptylnaphthalene-2-carboxylic acid was selected to elute after the commercial 

acid mixture. 0.36 g toluene solutions with naphthenic acids and internal standard 

were added to a micro-insert inside a 1.5 mL glass vial along with 0.04 g of N-tert-

Butyldimethylsilyl-N-methyltrifluoroacetamide with 1% tert-

Butyldimethylchlorosilane (MTBSTFA + 1% TBDMSCl) giving a >30 times excess 

of derivatization agent. The glass vials were sealed with Teflon lined caps and the 

samples were heated in a water bath at 65°C for 30 min and weighed before and 

after. The weight did not change. GC/MS analysis was performed on an Agilent 

GC(7890)/MS(5977) equipped with an Agilent J&W DB-1HT Non-polar, 100% 
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Dimethylpolysiloxane, capillary column (30m×0.25mm×0.10 µm film thickness). 

The injection was run in split less mode. The helium carrier gas flowrate was kept at 

1 mL min−1. The inlet temperature and the GC/MS interface temperature were both 

kept at 330◦C. An initial temperature of 100 °C was held for 5 minutes before a ramp 

of 5 °C/min until a maximum temperature of 325 °C, which was held for 10 minutes. 

Solvent delay was set to 5 minutes. The GC/MS was operated in electron impact 

ionization mode with ion source temperature and quadrupole temperature at 230°C 

and 150°C respectively. This instrument was set to scan from m/z 42–600 with a 

scan rate of 5 scans/sec. An injection volume of 0.3 µL was chosen to ensure that 

saturation would not occur i.e. no m/z peak could exceed 8.5 x 10^6 counts. Every 

5 samples, pure solvent was run with the same method to serve as a blank. 

Chromatograms and spectra were acquired and analyzed using the Qualitative 

Analysis (Masshunter Acquisition Data) program.  

 

3.4.2. Mass chromatogram analysis 

Mass spectra were extracted from the chromatogram peaks with a height filter only 

considering peaks with a relative height > 0.1% of largest peak. Spectra from 

corresponding blank solvent runs were subtracted from the sample spectra. The m/z 

values obtained were used to determine the NA molecular weight, the carbon 

number and the hydrogen deficiency (Z). The procedure was the following: First the 

m/z values were rounded by setting the values between (x-1).7 and (x).7 to x since 

most atoms weight more than nominal mass. For example, both 237.7 m/z and 

238.69 m/z would be rounded to 238 m/z. Then the n and Z were determined using 

the matrix presented in Table S1 of the supporting information. This table S1 is an 

example of a matrix of the possible naphthenic acids within the carbon number range 

of 5–37, with 0–6 rings (Z =0 to −12), the masses shown are those of [M+ 57] ions. 

Some isomer combinations are excluded by on the rules set up by Holowenko, 

MacKinnon and Fedorak 26, for example nonexistent molecules with five carbons 

and 6 rings. Contrary to Holowenko, MacKinnon and Fedorak 26, aromatic structures 

were considered in this work. The shortcoming of MTBSTFA regarding steric 

hindrance 38 was not investigated. 

3.4.3. Quantification 
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The equilibrium concentrations of both phases were determined by GC/MS. Total 

ion chromatograms (TIC) are chromatograms which show the sum of all intensities 

for all masses registered by the detector over time. The extracted ion chromatogram 

(EIC) shows the sum of intensities for a specific mass or mass range registered by 

the detector over time. The total NA concentration and the concentration of NA of 

specific molecular weight ranges were determined using the following methodology: 

Extracted ion chromatograms (EIC) were obtained from total ion chromatograms 

(TIC). After subtraction of solvent blanks obtained during the same analysis session 

and integration of the peak, the naphthenic acid concentration was determined after 

normalization with internal standard peak area (6-heptylnaphthalene-2-carboxylic 

acid, retention time 33.7 minutes) and comparison with corresponding calibration 

curve.  

 

 

 

 

4. Results and Discussion 

 

4.1. Characterization 

4.1.1. Characterization by TAN, elemental analysis and NMR 

 

The total acid number of the commercial NA mixture was measured to 242 

mgKOH/goil through titration which indicates an average molecular weight of 231 

g/mol assuming monoprotic acids, in good agreement with the data provided by the 

manufacturer. The elemental composition of the commercial acid mixture is listed 

in Table 3. The acids in the commercial acid mixture contains almost no sulphur or 

nitrogen. Assuming pure carboxylic acids with isomer CnH2n+ZO2, the percentages 

of C, H, O are consistent with an average combination with n=14 and Z=-2 which 

indicates a molecular weight of 226 g/mol, similar to the molecular weight obtained 

by titration. The elemental analysis compares well to the one reported on the same 

commercial acid by Rudzinski, Oehlers, Zhang and Najera 14; 74.2% C, 11.23% H, 

14.5% O with negligible N and S. Consequently, the average molecular weight was 

also equivalent, although they did not round n to the nearest integer.  
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Table 3 Elemental composition of the commercial naphthenic acid mixture 

Element Symbol Composition [wt.%] 

Carbon C 74.1 

Hydrogen H 11.54 

Oxygen O 14.26 

Sulphur S <0.1 

Nitrogen N <0.05 

 

  
Figure 1 1H NMR spectrum for the commercial naphthenic 

acid mixture in CDCl3.
 

  
Figure 2  13C NMR spectrum for the commercial naphthenic 

acid mixture in CDCl3.
 

 

1H NMR and 13C NMR spectra of the commercial NA mixture are depicted in Figure 

1 and Figure 2. Figure 1 show the 1H NMR spectrum conducted on a 1wt.% solution 

of the commercial acid mixture. The peaks with chemical shifts lower than 1 ppm 

are related to termination methyl groups, while peaks between 1.15-2.33 ppm 

corresponds to CH2 methylene bridges with increasing proximity to the carboxyl 

group 68, 69. The absence of peaks at 7-8 ppm indicate that there are few or no 

aromatic groups in the commercial naphthenic acid mixture 49. The 13C NMR 

spectrum performed on 10 wt.% solution shown in Figure 2 concur with these 

findings by showing an almost negligible intensity hump at 130 ppm for aromatic 

carbons. As with the hydrogen spectrum, most of the signal is in the aliphatic 

(primary to quaternary) region from 5-60 ppm. The peak at 180-185 corresponds to 

COOH, and there are no  noticeable peaks from C-O bonds. Rudzinski, Oehlers, 

Zhang and Najera 14 in performing a 13C NMR analysis on a commercial acid mixture 

from the same vendor reported a composition of 7.1% aromatic carbons. However 

as argued by West, Jones, Scarlett and Rowland 50 commercial acid mixtures from 

petroleum cuts might differ, even when supplied by the same vendor. This might be 

attributed to shifts in crude oil stock or refinery strategies.   
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4.1.2. Characterization by GC/MS 

4.1.2.1. Assessment of derivatization efficiency 

More information about the composition of acid mixtures can be determined by 

GC/MS. Prior to the analysis of the commercial NA mixture, the performances of 

the chosen derivatization agent (MTBSTFA) was investigated using model acids of 

known structure (Table 1). MTBSTFA derivatizes hydroxyl, carboxyl, thiol groups 

and primary and secondary amines and creates stable ion fragments [M+57] where 

M is the molecular weight of the acid 70. To avoid confusion, mass fragments of 

MTBSTFA derivatized acids will always be denoted with m/z and the real molecular 

weights of acids will be denoted with g/mol. For simplicity [M+57] is used to 

describe stable ion fragment for acids with multiple functional groups like diacids 

as well, even though it technically should be denoted [M+57+114] for diacids (Table 

1). A table of masses for the isomer CnH2n+ZO2 is listed as Table S1 in the supporting 

information. This table allows the ascertainment of n and Z from their molecular 

weight as explained in section 3.4.2. 
  

The double bond equivalent (DBE) described in Equation 7 71 gives the average 

unsaturation for naphthenic acids structures. Double bond equivalents can be 

attributed  to hydrogen deficiency Z as denoted in Equation 8 72 .  

𝐷𝐵𝐸 =
 2𝐶+2−𝐻

2
     (7) 

 

𝑍 = −2𝐷𝐵𝐸 + 2     (8) 

where C and H are the number of carbon and hydrogen atoms in the formula. Since 

alkenes are typically not present in crude oil 73, hydrogen deficiency Z is used to 

assign cyclic or aromatic structures.  

Acids with aromatic functional groups have traditionally been excluded from the 

CnH2n+ZO2 isomer mass tables, either because they fall outside the traditional 

definition 26 or because low molecular weight aromatic acids are present in very low 

concentrations in petroleum acid extracts 35. Larger aromatic acids are however 

present in both oil sands and petroleum 74, 75 and this article has included aromatic 

ring combinations as seen in Table S1, to cover as diverse a range of carboxylic acids 
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as possible. Indeed, Z can be lower or equal to -8 in Table S1 which could match 

molecules containing one aromatic ring. 

A mixture of model acids from Table 1 was derivatized with MTBSTFA and 

analyzed with GC/MS. As can be seen in Figure 3 the derivatization method 

produces a single dominant mass fragment for different acid structures, like 

saturated, diacids, aromatic and polycyclic. It appears that the dominance of the 

single ion fragment is more evident for saturated acids and single ring acids 

compared to aromatic and polycyclic acids. This is also evident when evaluating the 

acid fragmentation findings by Clemente and Fedorak 39 who wrote a comprehensive 

analysis about GC/MS analysis of naphthenic acids derivatized by MTBSTFA. Their 

method compares how the acid fragments would be interpreted by the mass 

distribution matrix given in Table S1 in the supporting information (note that the 

isotope [M+57]+1 would not be counted in this matrix). In general, the ion 

abundance of the stable mass fragment [M+57] declines both with molecular weight 

and hydrogen deficiency. Larger acids can also give a false presence of another acid. 

For example, as can be seen in Table 1, around 9% of the real Behenic acid (C22 

Z=0) peak would appear as a C23 Z=-12 acid due to the isotopes of carbon and silicon. 

However, this isotope bias in the determination of the naphthenic acid distribution 

is statistically insignificant as shown by Clemente and Fedorak 39. 

The mass spectra of 5-phenylvalerian acid, propyl benzoic acid and 1-

naphthaleneacetic acid present a higher fragmentation which is consistent with their 

aromaticity. However, the intensity abundance of the stable [M+57] peak indicated 

in Table 1 is very high (respectively 97%, 95% and 92%). This discrepancy comes 

from the fact that the fragments from these compounds are too small to be counted 

as naphthenic acids in Table S1. 

The excessive fragmentation of compound with higher molecular weight, aromatic 

rings or polycyclic structures would create a distribution bias towards low molecular 

weight acids and should be considered when making mass distributions of 

naphthenic acids mixtures. The opposite effect where smaller acids appear to be 

larger acids can also occur in the situation when for example two methyl silyl groups 

are grafted onto a diacid. The results obtained in Table 1 show that the base peak for 

derivatized diacids (hexadecanedioic acid, docosanedioic acid) corresponds to 

[M+57+114] i.e. both acid groups have been derivatized but only one has been 

subsequently ionized. This was also noted by St. John, Rughani, Green and 
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McGinnis 24 on the diacid camphoric acid. As a result, docosanedioic acid 

(C22H42O4) would appear as a monoacid with C33 and Z=-10 in our analysis. Similar 

conclusions were drawn by Bataineh, et al. 76 for hydroxylated acids. Some diacids 

are nevertheless doubly ionized, [M+57+57]/2 (242 m/z peak for docosanedioic acid 

in Figure 3 and 200 m/z peak for hexadecanedioic acid, not shown). As the doubly 

charged species for both diacids tested have even m/z numbers, doubly charged ion 

peaks do not influence the distribution as they are not counted as naphthenic acids 

according to Table S1. However, this is a mere coincidence, as it can easily be 

demonstrated that every other diacid produces an uneven doubly charged peak which 

would influence the naphthenic acid distribution. For instance, the diacid C9H16O4 

with molecular weight 188 g/mol, would give a doubly charged ion peak at 151 m/z.  

 

 

Figure 3 Mass spectrums of chromatogram peaks and structures for a) trans-4-pentylcyclohexanecarboxylic acid, b) docosanedioic 

acid, c) 5β cholanic acid, and d) 4-heptylbenzoic acid after derivatization with MTBSTFA. 
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4.1.2.2. GC/MS analysis of the commercial naphthenic acid mixture 

 

The commercial NA mixture was analyzed by GC/MS to give the chromatogram 

presented in Figure 4. The chromatogram elutes as an unresolved hump with two 

different modes and several well-defined peaks. This means that the Fluka NA 

mixture is so complex that GC cannot separate all the molecules present. The well-

defined peaks appear to have a hydrogen deficiency of 0 and it can therefore be 

speculated that they correspond to linear saturated fatty acids of different molecular 

weight. Their carbon numbers are indicated in Figure 4. It can be observed that 

saturated acid peaks elute roughly consecutively until C12 (retention time 19 min). 

at longer retention saturated C13, C14 and C15 acids can be identified. As there are 

several peaks corresponding to C13 and C14, it must correspond to different isomers, 

and consequently non-linear saturated carboxylic acids are most likely present. The 

second mode at retention time 25 min corresponds to molecules in C19.The mass 

spectrum averaged over the entire elution hump was analyzed with regards to the 

stable mass ion fragments for naphthenic acids listed in Table S1 in the supporting 

information to yield a distribution shown in  Figure 7. A response factor of 1 was 

assumed for all acids. 
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Figure 4 Chromatogram of the commercial NA mixture. The peak at retention time 33 minutes corresponds to the internal standard 

6-heptylnaphthalene-2-carboxylic acid. Major peaks listed have stable ion fragments consistent with saturated fatty acids. Their 

carbon number is indicated on the figure. 

The separation in GC fitted with nonpolar column is based on boiling point i.e. 

molecular weight for a given class of molecule. To check consistency of results, a 

visualization of increasing EIC mass ranges is shown in Figure 5. These EIC mass 

ranges revealed that part of the mass range 209 m/z – 233 m/z corresponding to small 

acids elute later in the chromatogram where acids of much larger molecular weight 

elute, as seen in Figure 6. These were thought to be either fragments of higher 

molecular weight compounds as seen in Figure 3 or non-acid pollutants. The 

obtained distribution also indicated a high amount (9% of the intensities 

corresponding to naphthenic acids in Table S1) of low molecular weight acids with 

stable mass fragments from 159 m/z - 208 m/z. Upon closer examination of the EIC 

for the mass range 159 m/z - 208 m/z, it was observed that these compounds do not 

elute early with a mass specific elution hump in the start of the chromatogram, but 

rather elute on low intensity over the entire hump. These were deemed to be 

fragments of high molecular weight species, hence Figure 7 starts at the next mass 

range 209-233 m/z or C9. As can be seen in Table S1, the mass ranges below 209 

m/z contains few possible acid structures and small molecules also have fewer 

structural isomers 47. St. John, Rughani, Green and McGinnis 24 noted that it was 
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difficult to find masses below 200 m/z using the MTBSTFA technique on acid 

mixtures due to the presence of other fragment ions. The same article also argues 

that 97% of naphthenic acids have nine carbon atoms or more. As was seem in 

previous work 59, low molecular weight acids are preferably water soluble even at 

low pH values. Much of the reported results from the literature could be skewed in 

this regard as smaller acids could have been lost from the oil to the produced water 

or desalter water before entering the refinery.  

 
Figure 5 Chromatograms showing the EIC with mass range 

209 m/z – 600 m/z and shorter mass ranges.  

 

 
Figure 6 Chromatogram showing response for extracted ion 

chromatograms (EIC) with mass ranges 209 m/z-233 m/z and 

333 m/z-358 m/z. The response of the EIC with mass range 209 

m/z-233 m/z at minute 25 is considered as fragments.  

 

There are larger fragments (≥209 m/z) as well, as shown in Figure 6. From the EIC 

mass ranges (Figure 5), it was determined that the elution of increasing acid masses 

starts and completes at specific times. As an example, in Figure 6 the acids in the 

mass range 209 m/z - 233 m/z were found to elute from 7.5 min - 17 min. 

Consequently, all signal responses from this mass range above 17 minutes were 

disregarded as small fragments from larger acids or as non-acid molecules. Based 

on the elution humps for different EIC mass ranges shown in Figure 5, the total 

chromatogram was split into time segments with increasing minimum m/z cutoffs 

shown in Table 4, before the intensity averages of each time segment was normalized 

and summed up to reconstruct the mass distribution for the whole chromatogram. 

The mass distributions did however, end up looking similar, which indicates that 

most fragments were found in the mass range 159-208 m/z and that the commercial 

NA mixture contains mainly low molecular weight acids that when derivatized with 
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MTBSTFA do not produce high amounts of fragments with higher mass than 209 

m/z.  

Table 4 Table showing how the chromatogram segments 

were considered to ensure that fragments did not skew the 

mass distribution in favor of lower molecular weight acids 

Chromatogram segment Minimum m/z cutoff 

7.5 min - 17 min 209 

17 min - 22 min 233 

22 min - 24 min 258 

24 min – 27 min 283 

27 min – 29 min 308 

29 min – 32 min 333 

 

 

Figure 7 Mass distribution of commercial NA mixture. An attempt to reduce the effects of fragmentation was performed by splitting 

up the mass spectrums with different mass ranges (Table 4) before recombination (see the text for details). Untreated distribution 

was not significantly different. 
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Figure 7 shows that the commercial naphthenic acid mixture consists mainly of 

aliphatic (Z = 0) and alicyclic structures (Z > -8). The distribution is narrow with 

regards to carbon numbers and hydrogen deficiency, with C9 – C19 and 0-3 ring 

structures. Indeed, there are nearly no acids with Z=-8 which is the hydrogen 

deficiency corresponding to a single aromatic ring or 4 ring structures. This result is 

consistent with the NMR spectra in Figure 1 and Figure 2. The biggest proportion of 

peaks seems to fall in the C9 – C15 and 0-2 ring range, although a second mode at C19 

can be observed, in agreement with the chromatogram presented in Figure 4 . The 

peaks seen at Z = -12 are most likely a measurement artifact. Indeed, it can be seen 

in Table 1 that due to the isotopic composition of C and Si, peaks at [M+57]+2 are 

present in the mass spectrum with an intensity around 5-9% of the stable ion 

fragment peak [M+57]. Consequently, owing to the periodic structure of Table S1, 

the peaks at Z = -12 could just correspond to [M+57]+2 isotopes of  [M+57] species 

with Z = 0. The number average molecular weight calculated from the GC/MS mass 

distribution was 210 g/mol. A comparison of average molecular weight determined 

by different methods show that this number is lower than the average molecular 

weight determined by elemental analysis or acid number as seen in Table 5. This 

could be attributed to lower response factors of higher molecular weight compounds. 

It must be mentioned that different separation conditions were tested by varying the 

GC temperature program which all provided similar NA distributions. A well-

defined double peak at 387 m/z (C22 Z=-10) was observed in the chromatogram. This 

compound would partition into water at any pH, including acidic ones. 

Consequently, it is thought that this compound is not a carboxylic acid although it 

likely contains some functional group which reacts with MTBSTFA since it 

disappeared when the commercial NA mixture was injected without derivatization 

agent. By taking the total intensity as the sum of all intensities from 209 m/z to 600 

m/z the masses in Table S1 representing the isomer CnH2n+ZO2 accounted for 80% 

of the total intensities registered. Using another table with [M+57]+1 m/z due to the 

isotopes of silicon and carbon accounts for 18% of the total intensities. The 

remaining 2% falls outside the masses in Table S1 and was considered either an 

uncertainty or a contribution from phenols 50 or molecules containing oxygen, 

nitrogen or sulphur groups which do not react with MTBSTFA. It should be 

mentioned that matching nominal masses could encompass a large amount of 

different structures, as seen in Table S1 every other mass is counted as an acid when 

above 259 m/z. This would exclude some naphthenic acids, nitrogen combinations 
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as these would get an even nominal mass. However, the larger proportion of 

naphthenic acids with added oxygen, sulphur or other nitrogen functional groups 

would get odd stable mass fragments so close to the ones in Table S1, that they could 

not be distinguished with the available precision. However, with the low values for 

sulphur and nitrogen from the elemental analysis and the assumption that 

commercial acid mixtures contains few O3 and O4 species 10, we still presume to 

compare our results with the findings of more precise MS analysis on the same 

commercial NA mixture. Lo, Brownlee and Bunce 46 and Rudzinski, Oehlers, Zhang 

and Najera 14 examined a commercial NA mixture from Fluka by ESI-MS without 

prior fractionation to obtain a mass distribution with a large presence of unsaturated 

compounds filling out hydrogen deficiency columns up to Z = -12, much different 

from the distribution shown in Figure 7. On the other hand, Hindle, Noestheden, 

Peru and Headley 47 using HPLC TOF HRMS obtained a completely different 

distribution from the two previous studies, which does seems to completely overlap 

with the distribution in Figure 7. This discrepancy in distributions is most likely due 

to the aforementioned differences between commercial acid mixtures of the same 

vendor, although part of it could be attributed to the differences seen in analysis with 

and without chromatographic separation prior to the MS detection 77. Merlin, 

Guigard and Fedorak 36 analyzed a commercial NA mixture from the same vendor 

with GC/MS and MTBSTFA. The article reported the abundance of three mass 

fragments C13 Z=-4 m/z = 267, C13 Z =−6 m/z = 265 and C14 Z=−6 m/z = 279 with 

abundances of 9%, 1% and 1% of total ions respectively. As can be seen in Figure 

7, our results show abundances of 6%, 1% and 1% of the same mass fragments which 

is consistent with Merlin, Guigard and Fedorak 36.  

Table 5 Summary of results obtained by characterization of the  

commercial NA mixture. 

Method 
Average molecular 

weight 

Elemental analysis 226 g/mol 

Titration 231 g/mol 

GC/MS 210 g/mol 
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4.2. Determination of the partition ratio 

 

Commercial NA mixture in toluene were shaken in presence of aqueous 

buffers and the separated phases were derivatized and analyzed with GC/MS. The 

partition ratio of naphthenic acids was studied using toluene as the oil phase solvent. 

Choice of the model solvent is not trivial since different equilibria such as 

dimerization78 are influenced by the polarity of the solvent. Aromatic solvents have 

been used in numerous studies as model solvent for crude oil to study compounds 

like asphaltenes and resins  79 80, 81. The extracted ion chromatograms(EIC) between 

209 m/z and 600 m/z of derivatized naphthenic acids were extracted from the total 

ion chromatograms (originally the mass range 159 m/z – 600 m/z was chosen as this 

correspond to the smallest acids listed in Table S1, however as mentioned in the 

previous section the masses which registered as acids below C9 were thought to be 

smaller fragments due to their constant elution over the entire acid hump). The area 

under the chromatogram was used to build calibration curves after recombination 

with the area of the internal standard peak.  

 

Figure 8 Equilibrium partitioning of the 209 m/z - 600 m/z fraction given as a function of equilibrium pH. The total concentration 

of the commercial NA mixture was 10 mM or 4 mM for pH higher than 9. Aqueous buffers (3.5wt.% NaCl) were used as water 

phase. Data was fitted with Equations 5 and 6. 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 bars are not 

specified for clarity’s sake. 
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The equilibrium partitioning for the commercial acid mixture is shown in Figure 8. 

At low pH values all the acids have a low affinity for the water phase. At pH 6 

partitioning starts and at the highest pH value, pH 11.5 around 8% of the acids 

remain in the oil phase. The pH at which 50% of the naphthenic acids are in water 

and 50% of the naphthenic acids are in the oil phase is close to 8.4. As pKa for 

carboxylic acids and naphthenic acids have been found to have a pKa between 4 and 

6 42, 54, 82, the pKa in these calculations has been fixed to a value of 5. From the 

partitioning equations offered in several papers 59, 60, 83, it can be deduced the 

apparent pKa’, i.e. the point where the acid(s) is/are equally distributed between the 

two phases, is equal to the sum of pPwo and pKa as shown in Equation 9.  

𝑝𝐾𝑎
′ = 𝑝𝐾𝑎 + 𝑝𝑃𝑤𝑜     (9) 

Headley, Peru, McMartin and Winkler 31 in researching how pH affected solid phase 

extraction (SPE) recoveries of naphthenic acids from water, agitated a commercial 

NA mixture from Fluka in various aqueous buffers. The extraction recovery by SPE 

was reported to 100% at pH 3, 63% at pH 7 and 50% at pH 9, which matches the 

results obtained in Figure 8 assuming close to 100% of the acids in the water phase 

are dissociated.  

Equations 5 and 6 predicts a pPwo of 3.4 which gives an apparent pKa’ of 8.4, which 

technically is the point where phase transfer is predominant. However, compared to 

sharp phase transfers of single compounds 59 the phase transfer of a polydisperse 

acid mixture happens on a much wider pH range. Consequently, Equations 5 and 6 

does not give an accurate fit for the partitioning as a function of pH with a single 

pPwo.   

To obtain an equation to model the partitioning of the polydisperse mixture, it was 

decided to divide the chromatogram into range fractions to obtain narrower 

molecular weight ranges. This strategy is similar to the one adopted to obtain the 

commercial NA mixture carbon numbers and hydrogen deficiency distribution in 

Figure 7. Indeed, the distribution of the naphthenic acids present in the water phase 

after partitioning at pH 8 (Figure S1) shows that the lowest molecular weight acids 

are preferentially partitioned into the aqueous phase. The retention times and the 

mass range of the different fractions are summarized in Table 6. It must be pointed 

out that this table is consistent with Table 4. A calibration curve was built for every 

fraction considered in Table 6, normalized by the internal standard. The signal 
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obtained from mass ranges above 358 m/z were small and did not yield accurate 

enough data. Although individual response factors were not used the data should still 

be regarded as quantitative, as separate calibration curves were built for every 

fraction, reducing the impact of lower response factors with molecular weight. 
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Table 6 Mass ranges considered for quantitative partition analysis of extracted ion chromatograms(EIC’s) of the 

commercial NA mixture and the elution time segment considered to be whole acids and not fragments.  

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

isotope [M+57]+1. 

 

 

In total the areas used for concentration determination of the different fractions 

encompassed 90% of the total chromatogram area spanning from 209 m/z to 600 

m/z. The lacking 10% can be attributed to non-included fragment humps as seen in 

Figure 6 and masses above 358 m/z.  

The equilibrium partitioning of the mass range 209 m/z - 233 m/z is shown in Figure 

9. As seen in Table S1 this mass range corresponds to C9/C10 acids. The EIC intensity 

of this fraction comprises 16% of the total chromatogram area. The acids in this mass 

range are completely oil soluble below pH 6 and transfer completely to the water 

phase from pH 6 to 9. Equations 5 and 6 gives an adequate fit with the data when 

the pPwo is 2.3, indicating that the molecular weight range is narrow enough to be 

modeled by a single pPwo. However, the mass balance is quite noisy in this mass 

segment. The apparent pKa’ indicates a phase transfer from pH 7.3.  

The equilibrium partitioning of the mass range 234 m/z - 258 m/z, corresponding to 

C11/C12 acids, is shown in Figure 10. The EIC intensity of this fraction comprises 

26% of the total chromatogram area. Equations 5 and 6 give a good fit with the data 

when the pPwo is 2.9 (higher than the value found for the mass range 209-233 m/z) 

which indicates a phase transfer at the apparent pKa’ of 7.9.  

 

EIC 

mass fragment range* 

[m/z] 

Integrated time interval of EIC 

R2  

linear range 

0.4 mM-15 mM 

0.092 g/L-3.4 g/L 

Chromatogram 

area % 

209-600 7.5 min – 32 min 0.998 100% 

209-233 7.5 min - 17 min 0.997 16 % 

234-258 10 min - 22 min 0.999 26 % 

259-283 14 min - 24 min 0.999 21 % 

284-308 12 min – 27 min 0.999 12 % 

309-333 15 min – 29 min 0.997 5 % 

334-358 18 min – 30 min 0.995 9 % 
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Figure 9 Equilibrium partitioning of the 209 m/z - 233 m/z 

fraction given as a function of equilibrium pH. The total 

concentration of the commercial NA mixture was 10 mM or 

4 mM for pH higher than 9. Aqueous buffers (3.5wt.% 

NaCl) were used as water phase. Data was fitted with 

Equations 5 and 6. 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 bars are 

not specified for clarity’s sake. 

 

 
Figure 10 Equilibrium partitioning of the 234 m/z - 258 m/z 

fraction given as a function of equilibrium pH. The total 

concentration of the commercial NA mixture was 10 mM or 4 mM 

for pH higher than 9. Aqueous buffers (3.5wt.% NaCl) were used 

as water phase. Data was fitted with Equations 5 and 6. 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 

bars are not specified for clarity’s sake. 

 

The equilibrium partitioning of the mass ranges 259 m/z -283 m/z and 284 m/z -308 

m/z are shown in Figure 11 and Figure 12. These mass ranges correspond to C13/C14 

acids and C15/C16 acids respectively and likewise comprise 21% and 12% of the total 

chromatogram area. A good fit with a pPwo of 3.7 is obtained for mass range 259 m/z 

-283 m/z which gives an apparent pKa’ that indicates a phase transfer at pH 8.7 as 

seen in Figure 11. Equations 5 and 6 gives a good fit with the data for mass range 

284 m/z -308 m/z when the pPwo is 4.7 indicating a phase transfer at pH 9.7.  
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Figure 11 Equilibrium partitioning of the 259 m/z - 283 m/z 

fraction given as a function of equilibrium pH. The total 

concentration of the commercial NA mixture was 10 mM or 

4 mM for pH higher than 9. Aqueous buffers (3.5wt.% NaCl) 

were used as water phase. Data was fitted with Equations 5 

and 6. 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 bars are not specified for 

clarity’s sake. 

 

 
Figure 12 Equilibrium partitioning of the 284 m/z - 308 m/z 

fraction given as a function of equilibrium pH. The total 

concentration of the commercial NA mixture was 10 mM or 4 

mM for pH higher than 9. Aqueous buffers (3.5wt.% NaCl) were 

used as water phase. Data was fitted with Equations 5 and 6. 

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 bars are not specified for clarity’s sake. 

 

The equilibrium partitioning of the mass ranges 309 m/z -333 m/z and 334 m/z -358 

m/z are shown in Figure 13 and Figure 14. These mass ranges correspond to C17 

acids and C18/C19 acids respectively and likewise comprise 5% and 9% of the total 

chromatogram area. An adequate fit with a pPwo of 5.2 is obtained for mass range 

309 m/z -333 m/z which gives an apparent pKa’ indicating a phase transfer at pH 

10.2 as seen in Figure 13. Equations 5 and 6 do not give a good fit with the data for 

mass range 334 m/z -358 m/z due to incomplete partitioning. The obtained pPwo of 

6.7 does not accurately predict the system behavior at high pH. The pPwo values will 

be further discussed in Figure 16. 

The mass balances were systematically determined for all the systems tested and 

reported in Figure 8 to Figure 14. This mass balance is generally close to 100 % 

except in two specific situations.  

First, at high pH and for higher molecular weight (Figure 13 and Figure 14), the 

mass balance is lower than 100 %. Here incomplete mass balances at high pH values 

can be observed which contribute uncertainty to model predictions. Two 

explanations can be attributed to this loss. The surface activity of naphthenic acids 

increases with pH as shown by Havre, Sjöblom and Vindstad 42 with interfacial 

tension studies on the same commercial acid mixture used in this article. The 
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increased surface activity means more naphthenic acids are present at the interface. 

However, the surface between oil and water is low (a few cm2) and therefore the 

mass present at the interface should represent a negligible part of the total mass of 

naphthenic acids in the system. Another explanation can be attributed to the slightly 

opaque water obtained after centrifugation in experiments with initial pH 11 and 12 

(pHf=10.4 and 11.4), where this opaqueness is suspected to be the cause of the 

sample loss. It was impossible to improve the separation. It was attempted to 

dissolve 4 mM of pure commercial NA mixture in 3.5wt.% NaCl at pH 12 

(pHf=11.4) by shaking overnight. Part of the naphthenic acid mixture did not 

solubilize and therefore the turbidity seen at high pH in partitioning experiments are 

most likely attributed to sodium naphthenate particles, which is consistent with the 

low mass balance. This precipitation of sodium naphthenate is not predicted in the 

model tested in this article. This should be considered in the prediction for high 

molecular weight naphthenic acids at high pH for better prediction.  

Secondly, the mass balance could be higher than 100 % at intermediate pH (ca. 8) 

as seen in Figure 9 and Figure 10. Multiple experiments including the testing of 

different solvents for the back-extraction procedure, building up the calibration 

curve several times, testing the repeatability, were performed to obtain a better mass 

balance, but these attempts were unsuccessful. We do not have explanation 

concerning this discrepancy but we can notice this only concern a few points. This 

point should be investigated further to improve the accuracy of the method.     
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Figure 13 Equilibrium partitioning of the 309 m/z - 333 

m/z fraction given as a function of equilibrium pH. The 

total concentration of the commercial NA mixture was 10 

mM or 4 mM for pH higher than 9. Aqueous buffers 

(3.5wt.% NaCl) were used as water phase. Data was 

fitted with Equations 5 and 6. 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 bars are not specified for clarity’s sake. 

 

 

 
Figure 14 Equilibrium partitioning of the 334 m/z - 358 m/z 

fraction given as a function of equilibrium pH. The total 

concentration of the commercial NA mixture was 10 mM or 4 

mM for pH higher than 9. Aqueous buffers (3.5wt.% NaCl) were 

used as water phase. Data was fitted with Equations 5 and 6. 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 

bars are not specified for clarity’s sake. 

 

 

The mass ranges above 358 m/z correspond to only 3% of the total chromatogram 

area and do not appear to partition into the water phase.  

The total naphthenic acid concentration in oil and water can be determined by doing 

the summation of every individual fraction in proportion to their ratios of the total 

chromatogram area as seen in Equation 10 and 11. Here the 𝜔𝑖 and 𝑃𝑤𝑜,𝑎𝑐𝑖𝑑,𝑖  are 

the chromatogram area fraction and partition ratio for each mass range respectively. 

[𝐻𝐴]𝑤,𝑡𝑜𝑡 = ∑ 𝜔𝑖
[𝐻𝐴]𝑜,𝑖𝑛𝑖𝑡 

[𝐻+]

𝑃𝑤𝑜,𝑎𝑐𝑖𝑑,𝑖(𝐾𝑎,𝐻𝐴+[𝐻+])
+

𝑉𝑤
𝑉𝑜

𝑛
𝑖=1     (10) 

[𝐻𝐴]𝑜,𝑡𝑜𝑡 = ∑ 𝜔𝑖
[𝐻𝐴]𝑜,𝑖𝑛𝑖𝑡 

1+
𝑉𝑤𝑃𝑤𝑜,𝑎𝑐𝑖𝑑,𝑖(𝐾𝑎,𝐻𝐴+[𝐻+])

𝑉𝑜[𝐻+]

     𝑛
𝑖=1   (11)  

 

This summation model fits the partitioning data of the entire commercial NA 

mixture perfectly as seen in Figure 15. 
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Figure 15 Equilibrium partitioning of the 209 m/z - 600 m/z fraction given as a function of equilibrium pH. The total concentration 

of the commercial NA mixture was 10 mM or 4 mM for pH higher than 9. Aqueous buffers (3.5wt.% NaCl) were used as water 

phase. Data was fitted with Equations 10 and 11. 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 bars are not 

specified for clarity’s sake. 

The findings for the partitioning of the commercial NA mixture are summarized in 

Table 7. Here the pPwo and apparent pKa‘ can be seen to progressively increase with 

the size of the acids. With few or no aromatic groups in the acid mixture this size 

increase can only increase the hydrophobic surface area, lowering the water 

solubility 28, 51. The increasing molecular weight of acids in the water phase with pH 

is also found in the experimental findings of Hemmingsen, Kim, Pettersen, Rodgers, 

Sjöblom and Marshall 15. This can also be observed in Figure 16, where the linear 

relationship between molecular weight and pPwo seen before in Reinsel, et al. 84 and 

Havre, Sjöblom and Vindstad 42 work is expanded. The meaning of the pPwo, the 

variation with molecular weight, and their comparison with model components will 

be discussed in the part two article of this study.  

Havre et al have determined the CMC of a commercial NA mixture from Fluka at 

pH = 11.3 and found a value of 0.8 mM. This means that micelles could be formed 

in some of our systems if the concentration of acids in aqueous phase is higher than 

this value. The formation of micelles is not considered into the model presented in 

Equations 5 and 6. By considering the small chromatograms areas of the lowest 

concentrations considered in the calibration curves, partitioning experiments with 

similar concentrations under the CMC were deemed unreliable.   
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Table 7 Mass ranges and equivalent molecular weight shown in with their respective pPwo calculated by imposing  

pKa =5 in Equations 5 and 6. The area fraction of the elution hump of each mass range is also indicated. * pKa = 5 

imposed for naphthenic acids in all mass ranges. ** pPwo calculated on incomplete partitioning in water at high pH. 

*** Elution hump area do not add to 100% due to fragments registering as naphthenic acids as can be seen  

in Figure 6.  

Mass range Molecular weight Approximate carbon numbers pKa* pPwo 
Chromatogram area 

% 
pKa’ 

209 – 233 m/z 152 – 176 g /mol C9/C10 5 2.3 16 % 7.3 

234 – 258 m/z 177 – 201 g/mol C11/C12 5 2.9 26 % 7.9 

259 – 283 m/z 202 – 226 g/mol C13/C14 5 3.7 21 % 8.7 

284 – 308 m/z 227 – 251 g/mol C15/C16 5 4.7 12 % 9.7 

309 – 333 m/z 252 – 276 g/mol C17 5 5.2 5 % 10.2 

334– 358 m/z 277 – 301 g/mol C18/C19 5 6.6** 9 % 11.6 

>359 m/z >302 g/mol >C19 
No partitioning 

at pH 12 
3%  

209-600 m/z 152-543 g/mol  5 3.4 100%*** 8.4 

 

  

 

Figure 16 Graph indicating the linearity of the partition ratio pPwo of acid mass ranges from the commercial NA mixture based on 

molecular weight. The molecular weight indicated corresponds to the middle of the mass ranges.  

4.3. Influence of divalent cation on partitioning 

As seen in previous work 59 addition of 10 mM divalent cation like calcium to the 

water phase affected the partitioning of the larger tested acid 4-heptylbenzoic acid 

with the precipitation of calcium naphthenate CaA2 at pH 7 and higher, whereas no 
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significant difference was seen for the partitioning of the small tested acid, 

phenylacetic acid. To map how calcium would affect the partitioning of a 

polydisperse mixture of acids, the same experimental setup used in section 4.2 was 

repeated with the exception that 10 mM CaCl2 was added to the water phase. As 

mentioned the separated water phases from the experiments with the two highest pH 

values in section 4.2 in absence of CaCl2, were slightly opaque indicating the 

presence of colloids such as emulsions or particles. No opaqueness in the separated 

oil or water phases was observed in the partitioning experiments with calcium. In 

Figure 17, we see the overall effect of calcium on the whole acid mass range from 

209 m/z – 600 m/z. It can be observed that at lower pH values the acid partitioning 

seems unaffected, whereas a reduction in partitioning can be observed at higher pH 

values. As the aqueous and oil phase at this pH were not turbid, the presence of 

precipitated calcium naphthenate can be ruled out. Influence of calcium on high pH 

oil water mixtures was also reported by Dudek, et al. 85 where it was found to exert 

a stabilizing effect on oil in water emulsions. This is believed to be caused by 

calcium complexes or oil soluble calcium naphthenates. Oil soluble calcium 

naphthenates are discussed by 56, 61, 86.  

 

Figure 17. Equilibrium partitioning of the 209 m/z - 600 m/z fraction given as a function of equilibrium pH. The total concentration 

of the commercial NA mixture was 10 mM or 4 mM for pH higher than 9. Aqueous buffers with 3.5wt.% NaCl or 10 mM CaCl2 

and 3.5wt.% NaCl were used as water phase. 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. For clarity figures without mass 

balances are presented here. Figures with mass balances are presented in the supporting information.  
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To study this in more detail the mass ranges were considered individually to see how 

calcium affected different naphthenic acid sizes. As seen in Figure 18 and Figure 19 

which present the partitioning of the mass ranges 209 m/z-233 m/z (C9/C10) and 234 

m/z-258 m/z (C11/C12), the smaller naphthenic acids are largely unaffected by the 

presence of calcium as was the case for the small model acid, phenylacetic acid 

(which would have a stable mass fragment of 193 m/z) in a previous article59.  

 
Figure 18 Equilibrium partitioning of the 209 m/z - 233 m/z 

fraction given as a function of equilibrium pH. The total 

concentration of the commercial NA mixture was 10 mM or 

4 mM for pH higher than 9. Aqueous buffers with 3.5wt.% 

NaCl or 10 mM CaCl2 and 3.5wt.% NaCl were used as 

water phase. 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. For clarity figures without mass balances are 

presented here. Figures with mass balances are presented 

in the supporting information. 

 
Figure 19 Equilibrium partitioning of the 234 m/z - 258 m/z 

fraction given as a function of equilibrium pH. The total 

concentration of the commercial NA mixture was 10 mM or 4 mM 

for pH higher than 9. Aqueous buffers with 3.5wt.% NaCl or 10 

mM CaCl2 and 3.5wt.% NaCl were used as water phase. 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. For clarity figures 

without mass balances are presented here. Figures with mass 

balances are presented in the supporting information. 

 

Figure 20 a-d compare the acid partitioning with and without calcium present for the 

remaining mass ranges 259 m/z - 283 m/z (C13/C14), 284 m/z - 308 m/z (C15/C16), 

309 m/z - 333 m/z (C17) and 334 m/z - 358 m/z (C18/C19). At low pH values calcium 

still does not affect the partitioning. At higher pH values the partitioning is reduced 

as the molecular weight of the acids increases. A stable mass balance (as can be 

observed in Figure S2 in the supporting information) also indicates little or no loss 

of sample due to precipitation of calcium naphthenate particles, as confirmed by 

visual inspection of the samples after centrifugation, no visible turbidity or particles. 

The difference in partitioning between systems with and without calcium could 

come from either a salting out effect from CaCl2 or the presence of oil-soluble 

calcium naphthenates. Indeed, it has been previously recorded that calcium 

preferentially forms oil soluble calcium naphthenate with higher molecular weight 

acids 86.  
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Figure 20 Equilibrium partitioning of the fractions (a) 259 m/z - 283 m/z, (b) 284 m/z - 308 m/z, (c) 309 m/z - 333 m/z, (d) 334 

m/z - 358 m/z given as a function of equilibrium pH. The total concentration of the commercial NA mixture was 10 mM or 4 mM 

for pH higher than 9. Aqueous buffers with 3.5wt.% NaCl or 10 mM CaCl2 and 3.5wt.% NaCl were used as water phase. 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. For clarity figures without mass balances are presented here. Figures with mass 

balances are presented in the supporting information. 

To determine which explanation is the most likely, the elemental composition, 

especially calcium content of the oil phase after evaporation of toluene was 

determined at three different pH values (2, 10 and 12) as seen in Table 8. The 

samples were all prepared in duplicates and analyzed. The table shows that the 

compositions are slightly different between the two parallels, but the trends are 

reproducible. The composition at low pH is relatively like that of the commercial 

NA mixture since negligible partitioning takes place at this pH. At higher pH the 

percentage of oxygen decreases which could be attributed to an increase of the 

molecular weight of the naphthenic acid in oil phase. This increase is consistent with 

the variation of the pPwo with molecular weight. At high pH the carbon over oxygen 
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ratio indicated a high average carbon number varying C33 to C66 depending on the 

pH and the parallel, i.e. bigger than the largest molecule present in the Fluka 

naphthenic acid mixture (see Figure 7). These surprising values are difficult to 

explain, and could result from the possible presence of neutral impurities present in 

the Fluka naphthenic acid samples, these impurities would be more preponderant in 

the elemental analysis at high pH because most of the naphthenic acids would have 

partitioned into the water phase.  

The ratio between the moles of oxygen and calcium was calculated to determine the 

number of calcium atoms per carbonyl group. The results show that around pH 10 

only half of the carbonyl groups in the oil are bound to calcium (note that 2 RCOO- 

are needed per Ca2+), while at higher pH all the carbonyl groups in the oil phase are 

bound to calcium. This effect is likely caused by higher degree of acid dissociation 

at higher pH.  

Table 8 Elemental composition of evaporated oil phase acids after shaken to equilibrium with pH 2, 10 and 12 buffers with 3.5% 

NaCl and 10 mM CaCl2. The / bar separates the results of the analysis of two independently prepared samples. 

Final pH Carbon [%] Hydrogen [%] Oxygen [%] Calcium [%] Sodium [%] Chlorine [%] 

Mol 

Calcium 

Mol COO- 

pH 1.94 75.3/77.1 11.5/12.1 13.1/10.9 <0.01/<0.01 <0.01/<0.01 <0.4/<0.4 0 

pH 9.8 78.6/82.0 12.4/13.2 6.25/3.31 1.6/0.87 0.03/0.01 <0.4/<0.4 0.21/0.21 

pH 11.5 76.4/78.2 11.9/12.5 6.2/4.2 3.7/2.5 0.02/0.02 <0.4/<0.4 0.48/0.46 

 

In summary, it seems that from the mass range 209 m/z - 258 m/z (C9-C12), calcium 

does not seem to affect the acid partitioning. On the contrary in the mass range 259 

m/z - 358 m/z (C13-C19), calcium reduces the partitioning at high pH, most likely by 

forming oil soluble calcium naphthenates which is consistent with the composition 

of calcium in the oil phase.  
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5. Conclusion 

Model acids and a commercial naphthenic acid mixture from Fluka was analyzed by 

low resolution GC/MS. The derivatization agent produced a dominant stable mass 

fragment ion for all model acid structures tested. Other ion fragments from 

predominantly aromatic acids, polycyclic acids and high molecular weight acids in 

general, would influence the analysis of the commercial naphthenic acid mixture. A 

method to analyze mass spectra was developed to avoid this pitfall, consisting 

mostly by dividing up the chromatogram into different mass range fractions. The 

GC/MS analysis show that the commercial naphthenic acid mixture contains 

exclusively saturated acids with up to 19 carbon atoms and hydrogen deficiencies 

from 0 to -6 or 0 to 3 rings structures. The partitioning of the commercial naphthenic 

acid mixture versus pH was analyzed with GC/MS. The acids had an almost 

complete partitioning over the pH range 6-12. A model with one partition ratio for 

the polydisperse acid mixture did not manage to represent the experimental results 

of the entire naphthenic acid mixture. Consequently, a new method was developed 

consisting to analyze narrow molecular weight ranges (width: 25 g/mol) to 

determine their partition ratio pPwo. By summing up contributions from each mass 

range a model was made which predicted the partitioning of the entire naphthenic 

acid mixture perfectly. Low mass balance for high molecular weight naphthenic 

acids indicated the possible precipitation of sodium naphthenate, not considered in 

the model. Adding calcium to the water phase did not affect partitioning at low pH 

and reduced the partitioning at high pH. Elemental analysis indicated the likely cause 

was the formation of oil soluble calcium naphthenates. Calcium seemed to 

increasingly reduce the partitioning of high molecular weight acids while the 

partitioning of the smaller acids seemed unaffected. This work has given valuable 

insight into acid partitioning which will be further explored in the examination of 

extracted crude oil acids. Future work could include the comparison of the data 

obtained in this article with pKa of the naphthenic acids partitioned into water 

determined by potentiometric titration.  
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