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Abstract
In well stimulation treatments using hydrochloric acid, undesirable water-in-oil emulsion and acid sludge may produce and 
then cause operational problems in oil field development. The processes intensify in the presence of Fe(III), which are from 
the corroded surfaces of field equipment and/or iron-bearing minerals of the oil reservoir. In order to understand the reasons 
of the stability of acid emulsions, acid emulsions were prepared by mixing crude oil emulsion with 15% hydrochloric acid 
solutions with and without Fe(III) and then separated into free and upper (water free) and intermediate (with water) layers. 
It is assumed that the oil phase of the free and upper layers contains the compounds which do not participate in the forma-
tion of acid emulsions, and the oil phase of the intermediate layers contains components involved in the formation of oil/
acid interface. The composition of the oil phase of each layer of the emulsions was studied. It is found that the asphaltenes 
with a high content of sulfur, oxygen and metals as well the flocculated material of protonated non-polar oil components are 
concentrated at the oil/acid interface. In addition to the above, in the presence of Fe(III) the Fe(III)-based complexes with 
polar groups of asphaltenes are formed at the acid/oil interface, contributing to the formation of armor films which enhance 
the emulsion stability.

Keywords  Acid emulsions · Ferric cations · Acid/oil interface · Asphaltenes · Resins · Waxes · Oil paramagnetic particles · 
Fe(III)-based complexes

1  Introduction

During well operations, reservoir porosity and permeability 
of bottomhole rock deteriorate as a result of clay swelling, 
mineral scaling, asphaltene and wax deposition, formation of 
high viscosity water-in-oil emulsions, etc. To improve well-
to-reservoir connectivity and restore rock permeability in the 
bottomhole formation zone, well stimulation treatments with 
various acids are used. However, the use of acid is accom-
panied by a number of negative consequences (Fredd and 
Fogler 1998). During acid treatment there is an interaction of 

acid with the rock, in which significant quantities of soluble 
and insoluble inorganic products capable of precipitating 
and clogging the reservoir pores can form, thereby reduc-
ing the rate of production wells and the intake capacity of 
injection wells. In addition, a serious danger is also posed by 
the products of the direct interaction of acidic formulations 
with petroleum fluid. The interaction of the acid with crude 
oil is accompanied by the formation of stable water-in-oil 
emulsions and/or asphaltic sludge. The formation of water-
in-oil emulsion and asphaltic sludge may cause operational 
problems in field development such as permeability reduc-
tion, increase in fluid viscosity and formation wettability 
alteration from water wet to oil wet (Shirazi et al. 2019).

The operational effective factors affecting the acid oil 
emulsion and sludge formation are compiled by Shirazi 
et al. (2019) and are: acid type and strength, additives, tem-
perature, iron concentration particularly ferric, exposure 
time, mixing rate and acid mixture ratio. In addition, it is 
shown that such crude oil properties as acid number and 
base number, hydrogen sulfide content, crude oil sample 
aging, density, viscosity, acid-oil interfacial tension and iron 
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adsorption capability from the acid phase also affect emul-
sion and sludge formation.

It is generally believed that the formation of stable water-
in-oil emulsion is caused by the adsorption at the oil/water 
interface the surface-active compounds, such as asphaltenes, 
resins and naphthenic acids present in the oil.

As to asphaltenes, there is evidence that only the most 
self-associated (least soluble) asphaltenes with increased 
aromaticity (Rocha et al. 2018), decreased alkyl side chain 
lengths, and reduced chain branching (Khadim and Sarbar 
1999), act as emulsion stabilizer. Yang et al. (2014, 2015) 
suggested that the most interfacial active asphaltene (IAA) 
subfraction having higher molecular weight and higher 
contents of heteroatoms, oxygen-containing functional 
groups, in particular the high-polarity sulfoxide groups 
(Qjao et al. 2017), concentrates at the oil/water interface. 
It is assumed that IAA molecules self-associate in solvent, 
and as supramolecular structures with a porous network 
are concentrated at the oil/water interface. Rojas-Ruiz and 
Orrego-Ruiz (2018) showed that the ratio between oxygen- 
and non-oxygen containing compounds may determine the 
surfactant character of asphaltenes at the oil/water interface. 
Muller et al. (2009) detected that asphaltenes together with 
high amounts of distinctive mono- and diprotic naphthenic 
acids and sulfur- and oxygen-containing aromatic molecules 
predominate in interfacial material.

Resins, although quite surface-active, have not been 
found to stabilize water-in-oil emulsions significantly. How-
ever, resins tend to solvate asphaltene aggregates and lower 
their surface activity, thus decreasing the emulsion stability 
(Abdel-Raouf 2012; Spiecker et al. 2003; Sedghi and Goual 
2009; McLean and Kilpatrick 1997). Naphthenic acids have 
an amphiphilic structure and at certain conditions they can 
either enhance the stabilization of emulsions (Brandal and 
Sjoblom 2005) or “soften” the rigid interface and promote 
flocculation (Gao et al. 2010).

An enhanced activity of oxygen- and nitrogen-containing 
compounds in stabilization of emulsions of highly paraffinic 
crude oils was found by Pereira et al. (2014).

As mentioned before, it is generally assumed that sludge 
is asphaltenic in nature. However, crude oils that contain 
little or no asphaltenes can produce sludge too (Shirazi 
et al. 2019; Rietjens 1997). This type of sludge is referred 
to as non-asphaltenic sludge. Rietjens (1997) showed that 
all Bronsted acids (HCl, acetic, etc.) have a similar effect 
on sludge formation, the amount of sludge being a function 
of the acidity function Ho in the water phase only, the total 
amount of phase-transported acid in oil is proportional to 
the base content of the crude oil (Rietjens and Haasterecht 
2003).

The role of Fe(III) in stable emulsion and sludge forma-
tion is not yet fully understood. However, it is well known 

that these processes are greatly enhanced in the presence 
of ferric cations, the sources of which are the corroded 
surfaces of field equipment and iron-bearing minerals of 
the oil reservoir. On the one hand, it is assumed (O’Neil 
et al. 2015) that Fe(III), especially in form of the complex 
HFeCl4 facilitates acid transfer to the oil phase, increas-
ing the acid concentration in the oil; this assumption is 
confirmed by an insignificant iron content in the precipi-
tate (sludge) and by similar chemical structure of precipi-
tates formed with and without participation of iron. On 
the other hand, it has been shown (Antipenko et al. 1994) 
that Fe(III) participates in complexation with the aromatic 
cores of asphaltenes, causing them to flocculate into large 
asphaltene clusters that are unstable to deposition. The 
centers of localization of the bonding of iron ions with the 
organic matrix in these complexes are heteroatomic units 
of the molecules, free stable radicals, and vanadyl ions.

It should be noted that the presence of other solids 
like crystalline waxes, clays, corrosion products and min-
eral scales may also lead to the formation of very stable 
oil–water emulsions and sludge (Hadabi et al. 2016; Poin-
dexter and Marsh 2009; Sullivan and Kilpatrick 2002). 
An increase in solid concentrations leads to an increase 
in the emulsion stability while the decrease in solid sizes 
leads to a more stable emulsion. The irreversible adsorp-
tion of solids has a major consequence on the long-term 
stability (Umar et al. 2018). Besides, the variety of acid 
additives (anti-sludging agents, corrosion inhibitors, and 
iron reducing agents) is used to prevent the sludging and 
emulsion forming problem. However, their effectiveness 
is limited by the need to obtain a compatible combination 
of additives and a lack of understanding of the complex 
chemistries involved in the precipitation reactions (Fredd 
and Fogler 1998).

Scientific approach to the development of the emulsion 
destruction technologies is based on an in-depth study of 
the composition of interfacial layers of emulsions depend-
ing on the natural emulsifiers—asphaltenes, resins, waxes.

The aim of this work is to identify the effect of hydro-
chloric acid as well as additive of ferric chloride solu-
tion on the formation of stable oil emulsions. For this 
purpose, the features of redistribution of asphaltenes and 
waxes (which are the natural interfacial active components 
responsible for emulsion stability) in acid emulsions with 
and without ferric cations are studied. The conclusions are 
based on the assumption that the oil phase of the free and 
upper layers of acid emulsions after settling and centrifu-
gation correspondingly contains the compounds which do 
not participate in the formation of acid emulsions, and the 
oil phase of the intermediate layers (bottom layer after 
centrifugation), on the contrary, contains components 
involved in the formation of oil/acid interface.
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2 � Experimental section

As an object of this study, the crude oil emulsion pro-
duced from the Romashkino field (Tatarstan, Russia) 
was selected. The free water from the crude oil emulsion 
was removed by settling. The contents of adsorbed gases, 
retained water and mechanical impurities (clays, corrosion 
products and mineral scales) in crude oil emulsion were 
12.3 wt%, 24.6 wt% and 2.4 wt% respectively.

Acidic oil emulsions were prepared on the basis of set-
tled crude oil emulsion using two types of acid formula-
tions: 15% HCl solution and 15% HCl solution + 5000 ppm 
of Fe(III). The acid formulation with 5000 ppm Fe(III) 
was prepared by adding 2.5 mL of 48.3 wt% solution of 
FeCl3· 6H2O in distilled water to 50 mL of a 15% solution 
of hydrochloric acid.

To make an acidic oil emulsion, 50 mL of the acid for-
mulation of interest was poured into a hermetically seal-
able glass container. A mark corresponding to the upper 
boundary of the liquid level was made on the outer wall 
of the container, and the height of the liquid in the con-
tainer, H1, was measured with a ruler. Then 50 mL of the 
emulsion, thoroughly agitated by shaking for 3 min, were 
added to the vessel. The resulting mixture was stirred in a 
paddled impeller with a nonmetallic blade for 1 min at a 
speed of 500 rpm. The level of the lower (aqueous) phase, 
H2, was measured after 5, 10, and 30 min of thermostat-
ing. After 30 min, the resulting acidic oil emulsion was 
analyzed. The degree of separation of the acidic oil emul-
sion into phases (Φ,  %) was calculated by the formula: 
� = (H

2
∕H

1
) × 100%.

The resulting acidic oil emulsions did not separate into 
layers for 30 min (Φ = 0) but a thin black layer of sepa-
rated oil appeared on the surface after a day as a result 
of gravity segregation. This oil layer was drained and 
examined; hereinafter it is called “free”. The remainder 
of the acidic oil emulsion (after draining the free oil layer 
separated in a day) was placed in a flask and centrifuged 
at a speed of 3000 rpm for 1.5 h. Centrifuging resulted in 
separation into the “upper” (water-free) and “intermedi-
ate” (water-containing) layers (Fig. 1). It should be noted 
that the release of free water from acidic oil emulsions 
did not occur.

The determination of water content in samples was car-
ried out using a Dean-Stark method (ASTM D4006). The 
dehydration of samples was carried out using CaCl2.

The oil composition was determined according to stand-
ard methods. Gasoline fraction (oil fraction with boiling 
point temperature < 200  °C) was isolated from dewa-
tered oil by the atmospheric distillation method (GOST 
2177-99). Asphaltene was precipitated by a 40-fold vol-
ume excess of n-heptane, followed by washing with hot 

n-heptane within 8 h in a Soxhlet apparatus. The deas-
phalted oil (maltene) was separated into lube oil and res-
ins by liquid–solid adsorption column chromatography 
on activated wide-pore silica gel ASK with successive 
elution using n-heptane + carbon tetrachloride (3:1) (elu-
ate: lube oil), benzene (eluatenon-polar resin); isopropyl 
alcohol + benzene (1:1) (eluate— polar resin).

Wax was isolated from the lube oil. A sample of the lube 
oil was dissolved in a tenfold volume of benzene with heat-
ing until the complete dissolution of the sample if necessary. 
To precipitate wax, a tenfold excess of acetone was added. 
The resulting mixture was placed in a cooling bath at −20 °C 
for 30 min and then filtered through a glass filter, which was 
subsequently rinsed with an ice-cold mixture of benzene and 
acetone. The wax remaining on the filter was washed into a 
separate flask with hot benzene. The product was dried until 
the complete evaporation of the solvents.

The composition of waxes was studied by gas–liquid 
(GL) chromatography using a Chromatec Kristall-2000 M 
chromatograph with a flame ionization detector, a DB-1 
capillary column of 15 m in length and 0.32 mm in inner 
diameter, and linear temperature programming from 150 to 
320 °C at a rate of 20 °C/min. The sample size was 1 mL 
with a 1:20 dilution in CCl4.

The elemental composition (C, H, N, S) in asphaltenes 
was performed with Elemental Analyzer EuroEA 
3028-HT-OM Eurovector S.p.A. The oxygen (O) and 
metal (Me) content was determined by difference 
100% − (w

C
+ w

H
+ w

N
+ w

S
) , where w

C
 , w

H
 , w

N
 , w

S
 are 

the mass content of C, H, N, and S. respectively.
Electron spin resonance (EPR) spectra of asphaltenes 

were recorded on a Radiopan SE/X-2544 EPR spectrometer. 

Free layer

Upper layer

Intermediate layer

Fig. 1   Separating the acidic oil emulsion into layers after gravity seg-
regation (free layer) and centrifugation (upper and intermediate lay-
ers)
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The concentration of free stable radicals (FSR, IR.) was 
evaluated by the amplitude of the line width-corrected FSR 
signal. The concentration of vanadyl (IVO

2+) complexes was 
determined from the amplitude of the most intense down-
field line next to the single line of the FSR. The measured 
intensities of the corresponding EPR lines were normalized 
to the mass of the sample to obtain the values of R· and VO2+ 
concentrations in relative units.

Benzene, n-heptane, carbon tetrachloride, isopropyl 
alcohol and acetone solvents were 99% + pure. HCl–chemi-
cal purity, GOST 3118-77 and FeCl3·6H2O–purity, GOST 
4147-74.

3 � Results and discussion

3.1 � Composition of free, upper and intermediate 
layers of acid emulsions with and without Fe(III)

The prepared acid emulsions were divided into three layers 
(Table 1): a free layer separated during the day as a result 
of gravity segregation, the upper and intermediate layers 
separated during centrifugation (Fig. 1). The free and upper 
layers are free of water. However, there is water in the inter-
mediate layers. The release of free water from acid oil emul-
sions after gravity segregation and centrifugal separation 
did not occur.

As mentioned above, it was assumed that the oil phase of 
the free and upper layers contains the compounds which do 
not participate in the formation of acid emulsions, and the 
oil phase of the intermediate layers, on the contrary, contains 
components involved in the formation of armor films at the 
oil/acid interface.

Acid emulsion without Fe(III) is more stable to separa-
tion. After gravity segregation, only 2.8 vol% of free oil is 

released from it, and after centrifugal separation, the upper 
layer is 20.0 vol%. In the acid emulsion with the Fe(III), 7.4 
vol% of free oil is released during gravity segregation, and 
29.6 vol% does in the centrifugation process. The intermedi-
ate layer of acid emulsion without Fe(III) is almost 14 vol% 
more than in the acid emulsion with Fe(III).

The dynamics of oil phase release from acid emulsions 
with and without Fe(III) during centrifugal separation was 
studied (Fig. 2). During centrifugation for 1.5 h in an acidic 
emulsion without Fe(III) a monotonic release of the oil 
phase occurred. As to acid emulsion with Fe(III), a slightly 
different trend was observed: first, there was rapid oil phase 
release—almost 26 vol% for the first 40 min, and then slow 
oil release—during remaining 50 min only about 4 vol%.

The water content in intermediate layers of acid emul-
sions was defined (Table 2). Water dominates and is 69.0 
wt% and 76.3 wt% in acid emulsions without and with 
Fe(III) correspondingly. In addition, the intermediate layer 
of acid emulsion with Fe(III) is characterized by enhanced 
content of mechanical impurities. Thus, in an acidic emul-
sion with Fe(III), the intermediate layer occupies a smaller 
volume but retains more water. In this regard, it can be 
assumed that in the presence of Fe(III), finely dispersed 

Table 1   Volume fraction of layers in emulsions after gravity segrega-
tion and centrifugal separation

Notes All the crude oil emulsions mentioned in the following were 
settled to remove free water before use

Sample Acid emulsion Volume fraction of layers,  %, separated 
as result of

Gravity 
segrega-
tion

Centrifugal separation

Free Upper Intermediate Water

1 Crude oil emul-
sion + HCl 
(15%)

2.8 20.0 77.2 0.0

2 Crude oil emul-
sion + HCl 
(15%) + Fe(III)

7.4 29.6 63.0 0.0
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Fig. 2   Dynamics of upper layer release from acid emulsions during 
centrifugal separation

Table 2   Composition of intermediate layers of acid oil emulsions

Sample Acid emulsion Content, wt %

Water Oil Mechani-
cal impuri-
ties

1 Crude oil emul-
sion + HCl (15%)

69.0 30.8 0.2

2 Crude oil emul-
sion + HCl 
(15%) + Fe(III)

76.3 22.5 1.2
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emulsion with stronger armor films at the oil/acid interface 
is formed.

3.2 � Composition of oil phase of different layers 
of acid emulsions with and without Fe(III)

The composition of the oil phase of different layers of acid 
emulsions (Table 3) was studied and compared.

As can been seen from Table 3, the composition of the 
free and upper layers of acid emulsions without Fe(III) is 
almost the same and coincides with the composition of the 
oil phase of initial crude oil emulsion taken for preparation 
of the acid emulsions, except for the waxes. In these layers, 
the content of waxes is noticeably lower. Perhaps, this is due 
to a change in the solvent ability of oil in relation to waxes in 
the presence of acid. The free and upper layers of acid emul-
sions with Fe(III) are characterized by reduced content of 
non-polar resins compared with initial crude oil emulsion. In 
the presence of Fe(III), waxes are distributed evenly between 
free and upper layers. Intermediate layers of both emulsions 
are characterized by reduced content of non-polar resins and 
enhanced content of asphaltenes. In the presence of Fe(III) 
the content of asphaltenes at the interface almost doubles. 
Thus, the oil/acid interfaces are enriched with asphaltenes 
and depleted by non-polar resins.

It is well known that asphaltenes are defined as the heavi-
est components of petroleum fluids that are insoluble in light 
n-alkanes such as n-pentane or n-heptane but soluble in aro-
matics such as benzene or toluene. These polydisperse mol-
ecules consist mostly of polynuclear aromatics with differ-
ent proportions of aliphatic and alicyclic moieties and small 
amounts of heteroatoms (such as oxygen, nitrogen and sul-
fur) and heavy metals (such as vanadium and nickel which 
occur in porphyrin structures). In petroleum the asphaltenes 
are in the form of supramolecular assembles of different 
hierarchies (nanoaggregates, clusters, flocs) (Mullins 2010). 
The structure and composition of resins are similar to ones 
of asphaltenes but resins do not aggregate. And this is their 

main difference from asphaltenes. It is believed that the res-
ins in the oil are in the molecular state, and do not flocculate 
in adding the low molecular weight n-alkanes. However, as 
it was shown by Rietjens et al. (2001), in acidic conditions, 
the picture can change. It was found that in the presence of 
HCl, the aggregation of nonpolar oil components occurred 
as result of their protonation. In the presence of Fe(III) this 
process was enhanced. The resulting aggregates were simi-
lar in size to flocculated asphaltenes (Rietjens 1997). Thus, 
it can be assumed that in the acidic emulsion as result of 
redox reactions the protonation of non-polar resins and their 
subsequent flocculation are possible. This makes non-polar 
resins similar to asphaltenes in acidic condition. That’s why 
we observe a decrease in the content of non-polar resins and 
an increase in the content of asphaltenes in the intermediate 
layers (Table 3). In the presence of ferric cations there is pro-
tonation not only of non-polar resins, but also components 
of the lube oils: in the intermediate layer of the acid emul-
sion with Fe(III), the content of the lube oils is significantly 
reduced. Asphaltenes and flocculated material which results 
from aggregation of protonated non-polar oil components 
(non-polar resins and lube oils) concentrate at the acid/oil 
interface and stabilize the emulsion.

It is interesting to compare the composition of waxes and 
asphaltenes isolated from oil phase of different layers of acid 
emulsions.

3.3 � Hydrocarbon composition of waxes in different 
layers of acid emulsions with and without Fe(III)

Waxes of different emulsion layers were investigated 
by gas–liquid (GL) chromatography (Fig. 3). There are 
n-alkanes with the number of carbon atoms from C11 to 
C36 in waxes. The waxes of different layers of acid emul-
sion without Fe(III) are characterized by the same dis-
tribution of n-alkanes—the maximum is in C25–C26. The 
distribution of n-alkanes in the upper layer of acid emul-
sion with Fe(III) is much the same as for emulsion without 

Table 3   Composition of the oil phase of different layers of acid emulsions

Sample Layer Content, wt %

Lube oil/Content of 
waxes in them

Resin Asphaltene Resin-asphal-
tene compo-
nentsNon-polar Polar

Crude oil emulsion Oil 74.4/9.1 17.0 4.1 4.5 25.6
Crude oil emulsion + HCl (15%) Free 72.7/6.3 17.2 5.4 4.7 27.3

Upper 75.9/6.4 15.3 4.6 4.2 24.1
Intermediate 75.9/6.9 13.5 4.8 5.8 24.1

Crude oil emulsion + HCl (15%) + Fe(III) Free 75.1/10.6 14.8 5.5 4.6 24.9
Upper 77.4/7.8 14.3 3.5 4.8 22.6
Intermediate 72.8/9.3 13.4 4.3 9.5 27.2
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Fe(III)—the maximum is in C24–C25. However, in waxes 
from the free and intermediate layers of the acid emul-
sion with Fe(III) n-alkanes with lower molecular weight 
(C20–C24) dominate. Thus, it can be assumed that in the 
presence of Fe(III) the paraffin hydrocarbons redistribute 
between the different layers of the acid emulsion not quan-
titatively (Table 3) but qualitatively (Fig. 3).

3.4 � Composition of asphaltenes in different layers 
of acid emulsions with and without Fe(III)

The composition of asphaltenes was characterized by ele-
mental composition (Table 4) and content of paramagnetic 
particles according to electron paramagnetic resonance 
(EPR) spectroscopy (Table 5).
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Fig. 3   GL chromatogram of waxes of oil phases from different layers of acid emulsions
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In asphaltenes the contents of C, H, N, S, and O and 
metals (Me) (by difference) were determined (Table 4). 
In asphaltenes from the initial crude oil emulsion the con-
tents of C, H, N, S, and O + ME are 81.8%, 7.4%, 2.1%, 
2.5%, and 6.3%, respectively; the mass ratio of C to H is 
11.1. As can be seen from Table 4, asphaltenes from the 
free and upper layers of the acid emulsion without Fe(III) 
are almost the same by elemental composition, depleted 
in sulfur and characterized by almost the same C/H mass 
ratio in comparison with asphaltene from the initial crude 
oil emulsion. Large part of sulfur-containing compounds 
(2.6%) and compounds, containing O and Me (14.1%), 
concentrates in asphaltenes of the intermediate layer. 
Thus, it can be noted that in the acid emulsion without 
Fe(III) at the oil/acid interface, asphaltenes with a high 
content of sulfur, oxygen and metals are concentrated.

In an acidic emulsion with Fe(III), the distribution of 
elements is more even, but even here it can be seen that 
asphaltenes with a high content of O and Me are concen-
trated at the interface. In addition, it can be observed that 
in the acid emulsion with Fe(III) asphaltenes of the upper 
layer are enriched with hydrogen (C/H mass ratio: 10.4), 
and the asphaltenes of the intermediate layer are depleted 
with hydrogen (C/H mass ratio: 12.2) in comparison with the 
corresponding asphaltenes from the acid emulsion without 
Fe(III) and from initial crude oil emulsion.

In order to study the distribution of paramagnetic fer-
ric cations in the emulsions and their interaction with 
intrinsic paramagnetic particles of oil (FSR and vanadyl 
ions), asphaltenes of different emulsion layers were stud-
ied by EPR spectroscopy. It is well known that petroleum 
asphaltenes exhibit significant paramagnetism, which is 
expressed through two types of EPR signals (Fig. 4): a 
symmetric signal of free stable radical (FSR) (g = 2.003) 

Table 4   Elemental composition of asphaltenes of different layers of acid emulsions

Sample Layer Elemental composition, wt% C/H mass ratio

C H N S O + Me (by 
difference)

Crude oil emulsion Oil 81.76 7.38 2.07 2.52 6.27 11.1
Crude oil emulsion + HCl (15%) Free 82.70 7.32 2.49 0.75 6.74 11.3

Upper 81.06 7.18 2.06 0.83 8.87 11.3
Intermediate 74.59 6.78 1.93 2.57 14.13 11.0

Crude oil emulsion + HCl (15%) + Fe(III) Free 82.48 7.41 2.04 1.98 6.09 11.1
Upper 79.40 7.61 1.89 3.95 7.15 10.4
Intermediate 75.81 6.21 1.74 3.01 13.23 12.2

Table 5   EPR spectroscopy data of asphaltenes of acid emulsions (in relative units)

Sample Layer Concentration of free stable 
radicals, lgIR.

Concentration of vanadyl 
complexes, lgIVO

2+
Lg(IR./IVO

2+)

Crude oil emulsion Oil 2.3 1.2 1.1
Crude oil emulsion + HCl (15%) Free 2.3 1.1 1.2

Upper 2.4 1.2 1.2
Intermediate 2.1 1.0 1.1

Crude oil emulsion + HCl (15%) + Fe(III) Free 2.0 1.0 1.0
Upper 0.2 0.1 0.1
Intermediate – – –

FSR

300

VO2+, H� z

VO2+, H �� z

320 340

Magnetic field, mT

360 380 400

Fig. 4   EPR spectrum of asphaltene
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and a multicomponent hyperfine structure (two groups 
of lines, eight in each, corresponding to the complexes 
of tetravalent vanadium, the axis of symmetry of which 
is oriented parallel (Hǁz) and perpendicular (H┴z) to the 
direction of the external magnetic field H) due to paramag-
netic VO2+ ions involved mainly in porphyrin complexes 
(Yen et al. 1962; Unger and Andreeva 1995; Tayeb et al. 
2015). It is considered that FSRs in asphaltenes arise due 
to the delocalized π-electron of polycondensed aromatic 
core. The concentration of FSRs in asphaltenes is usu-
ally associated with their aromaticity (Yen et al. 1962). 
Vanadyl porphyrins bear an unpaired electron localized 
in the surroundings of VO bond. The content of VO2+ is 
directly related to the vanadium content in petroleum and 
depends on the age and conditions of petroleum reservoir 
formation (Tayeb et al. 2015). Vanadyl porphyrins play an 
important role in asphaltene aggregation (Dechaine and 
Gray 2010, 2011).

The composition and content of paramagnetic particles 
in asphaltenes of different layers of both emulsions were 
studied.

Asphaltenes from free and upper layers of the acid emul-
sion without Fe(III) are similar to asphaltenes from the ini-
tial crude oil emulsion by yield (Table 3) and the content of 
the FSRs and vanadyl ions (Table 5). A minor decrease in 
the concentration of both FSRs and vanadyl ions occurs in 
the intermediate layer in saving the ratio of lg(IR·/IVO

2+). This 
and an increased content of asphaltenes in the intermedi-
ate layer (Table 3) indicate the appearance of diamagnetic 
impurities in the asphaltenes. For example, it has previously 
been shown (Ganeeva et al. 2011) that the co-precipitation of 
waxes with asphaltenes leads to a proportional decrease in 
the concentration of FSRs and vanadyl ions in asphaltenes. 
Taking into account the decreased amount of no-polar res-
ins (Table 3) and enhanced amount of S and O and Me 
(Table 4) it can be assumed that part of diamagnetic particles 
in asphaltenes are flocculated material of protonated non-
polar resins and sulfur- and oxygen-containing compounds.

The effect of high-spin ferric cations on the paramagnetic 
composition of asphaltenes of different layers of acid emul-
sion more pronounced. Indeed, in all EPR spectra, together 
with the signals from FSRs and vanadyl ions in the inter-
val 341–345 T, there are signals from ferric cations with 
g-factors are 2.0 and 4.2 (Fig. 5, left). It has been suggested 
(Antipenko et al. 1994) that wide line with g-factor of 2.0 is 
due to Fe(III) in loosely bound octahedral complexes with 
a small axial deformation of cubic symmetry. In addition, 
absorption in this region may be due to the exchange inter-
actions between Fe ion clusters. Absorption in the region 
of g-factor of 4.2 is due to Fe(III) bound into octahedral or 
tetrahedral complexes with high rhombic symmetry.

In our case, in asphaltenes from free, upper and interme-
diate layers the ratios of ferric cations with g-factor of 2.0 

are 2:8:9, and ones of ferric cations with g-factor of 4.2 do 
1:2:4 correspondingly.

Asphaltenes of the free layer are characterized by a low 
content of ferric cations and reduced content of intrinsic 
paramagnetic particles (FSR and vanadyl ions) in saving 
the ratio of lg(IR·/IVO

2+) (Fig. 5, Table 5). In the asphaltenes 
of the upper layer, the content of ferric cations increases 
and only the traces of intrinsic paramagnetic particles are 
recorded. In this case, judging by the low value of lg(IR·/IVO

2+), 
the content of the FSRs decreases to a greater extent. The 
most ferric cations is found in the asphaltenes of the inter-
mediate layer of acid emulsion with Fe(III). At that, the 
intensity of the lines due to free stable radicals and vana-
dyl ions dramatically decreases (Fig. 5, right). Taking into 
account that amount of asphaltenes in free and upper lay-
ers is almost the same as in initial crude oil, the decreased 
content of FSRs and vanadyl ions in them can be due to 
appearance in asphaltenes of some Fe(III)-based complexes 
formed as a result of binding some amount of ferric cati-
ons, transferred to the oil phase from aqueous, with polar 
groups of asphaltenes. Previously it was reported (Antipenko 
et al. 1994) that under interaction of FeCl3 with asphaltenes, 
polycondensed aromatic hydrocarbons, carboxylic acids the 
formation of insoluble in aliphatic hydrocarbons complexes 
occurred and was shown that the centers of localization of 
ferric cations were molecular moieties containing heter-
oatoms, free stable radicals, and vanadyl ions.

Almost two times higher content of asphaltenes in the 
intermediate layer (Table 3) along with increased content 
of ferric cations and dramatically decreased number of 
paramagnetic particles of FSRs and vanadyl ions can be 
explained by the appearance in the asphaltenes of a large 
number of Fe(III)-based complexes. Possible reactions for 
the formation of divalent metal-based complexes in emul-
sions were described by Brandal et al. (2004), Brandal and 
Sjoblom (2005) and in our case we can also assume several 
stages of Fe(III)-based complex formation:

(1)	 Diffusion of Fe(III) into the interface acid/oil.
(2)	 Electrostatic attraction between the ferric cations and 

polar groups of resin-asphaltene compounds across the 
interface.

(3)	 Formation of stable Fe(III)-based complexes as result 
of donor–acceptor interactions (Fe(III) as electron 
acceptor, polar groups in resin-asphaltene compounds 
as electron donors).

These complexes along with the flocculated material of 
protonated non-polar oil components concentrate at the acid/
oil interface and contribute to the formation of armor films 
which enhance the emulsion stability.

Apropos, the observed predominance of low molecular 
weight paraffin hydrocarbons in the upper and intermediate 



Petroleum Science	

1 3

ua ,ytisnetnI

Magnetic field, TMagnetic field, T

0 0.1 0.2 0.3 0.4 0.5 0.6

-0.8

-0.6

-0.4

-0.2

0

0.338 0.340 0.342 0.344 0.346 0.348
-0.6

-0.5

-0.4

-0.3

-0.2

-0.1

0

ua ,ytisnetnI

Intermediate layer

-0.1 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

-0.8

-0.7

-0.6

-0.5

-0.4

-0.3

-0.2

-0.1

0

0.1

ua ,ytisnetnI

Magnetic field, TMagnetic field, T

0.338 0.340 0.342 0.344 0.346 0.348
-0.6

-0.5

-0.4

-0.3

-0.2

-0.1

0

ua ,ytisnetnI

Upper layer

0 0.1 0.2 0.3 0.4 0.5 0.6

-0.8

-0.7

-0.6

-0.5

-0.4

-0.3

-0.2

-0.1

0

ua ,ytisnetnI

Magnetic field, T Magnetic field, T

0.338 0.340 0.342 0.344 0.346 0.348

-3

-2

-1

0

1

2

ua ,ytisnetnI

Free layer

Fig. 5   EPR spectra of asphaltenes of free, upper and intermediate layers of acid emulsion with Fe(III): on the left–broad band of magnetic field 
0–0.6 T, on the right–narrow band of magnetic field 0.338–0.348 T, where signals from FSR and VO2+ have to appear
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layers of acid emulsion with Fe(III) (Fig.  3) can be 
explained by their capture by the Fe(III)-based complexes.

4 � Conclusions

The quantitative and qualitative redistributions of 
asphaltenes and waxes in acid emulsions were investigated 
by mixing crude oil emulsion with 15% hydrochloric acid 
solutions with and without Fe(III). The experimental results 
show that the acid emulsion with Fe(III) is more easily strati-
fied in comparison with the acid emulsion without Fe(III), 
but the water remaining in it is more strongly retained. 
The acid/oil interface is enriched with asphaltenes with a 
high content of sulfur, oxygen and metals, and depleted by 
non-polar resins. It is assumed that the stabilization of acid 
emulsions occurs when the strong-polar asphaltenes and 
flocculated material of protonated non-polar resins are con-
centrated at the acid/oil interface. In the presence of Fe(III), 
stable organometallic complexes are composed of ferric 
cations and polar groups of asphaltenes. These complexes 
along with the flocculated material of protonated non-polar 
oil components are concentrated at the acid/oil interface and 
contribute to the formation of armor films which enhance the 
emulsion stability. It is possible that these organometallic 
complexes have the ability to capture low weight molecular 
alkanes, that may also have an effect on the stabilization of 
emulsions.

The results obtained allow to describe in more detail the 
processes at the oil/acid interface depending on the presence 
or absence of ferric ions and oil composition. This under-
standing enables to justify the selection of acid compositions 
and technological solutions, which will decrease a possibil-
ity of the emulsion and sludge formation on the contact with 
crude oil.
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