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a b s t r a c t

Most heavy crude oils underwent biodegradation and generated a significant amount of naphthenic
acids. Naphthenic acids are polar compounds with the carboxylic group and are considered as a major
factor affecting the oil viscosity. However, the relationship between the molecular composition of
naphthenic acids and oil viscosity is not well understood. This study examined a “clean” heavy oil with
low contents of heteroatoms but had a high content of naphthenic acids. Naphthenic acids were frac-
tionated by distillation and caustic extraction. The molecular composition was characterized by high-
resolution Orbitrap mass spectrometry. It was found that the 2- and 3-ring naphthenic monoacids
with 15e35 carbon atoms are dominant components of the acid fractions; the caustic extraction is
capable of isolating naphthenic acids with less than 35 carbons, which is equivalent to the upper limit of
the distillable components, but not those in the residue fraction; the total acid number of the heavy
distillates is higher than that of the residue fraction; the viscosity of the distillation fraction increases
exponentially with an increased boiling point of the distillates. Blending experiments indicates that there
is a strong correlation between the oil viscosity and acids content, although the acid content is only a few
percent of the total oil.
© 2022 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This

is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Heavy and extra-heavy crude oils account for more than 70% of
total petroleum reserves worldwide, are more energy-intensive to
produce and transport due to their high viscosities (Hart, 2014; Guo
et al., 2016). To be more competitive to conventional crude oil and
remain viable in a low carbon economy, heavy oil producers face
many urgent challenges to reduce production costs and energy
used (Hart, 2014; Santos et al., 2017). Reducing oil viscosity has
been a technical issue that has received tremendous attention.

China has more than 20 billion tons of heavy oil reserves located
in Liaohe, Tahe, Shengli, Karamay, and Henan Oil Fields (Yang et al.,
2019). Naphthenic hydrocarbons are considered as the high-quality
y Elsevier B.V. on behalf of KeAi Co
components of petroleum, which are raw materials used in the
production of lubricating oil, extremely cold-resistant oil, high-
grade transformer oil, special grade asphalt, and many high
value-added products (Wang, 2013). High-quality naphthenic
heavy oils are defined as heavy oils with more than 50 wt% naph-
thenic hydrocarbons, which account for 0.15% of total world pe-
troleum reserves (Zheng and Qin, 2008). Xinjiang Oilfield produces
a high-quality naphthenic heavy oil which has 69.7 wt% naphthenic
hydrocarbons, and high viscosity, acid number, density, and resin
content, but low asphaltene content (Li and Zhang, 2004). Naph-
thenic acids are complex mixtures of alicyclic carboxylic acids
(Reinardy et al., 2013). Generally, the term of “naphthenic acids”
refers all acidic compounds in crude oils (Headley et al., 2011). In
this paper, naphthenic acids refer the separated acidic fractions or
acidic compounds in the oils.

High oil viscosity is commonly attributed to the presence of
asphaltenes (Luo and Gu, 2007; Ghanavati et al., 2013; Liu and Long,
mmunications Co. Ltd. This is an open access article under the CC BY license (http://
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Fig. 1. Extraction procedure for acidic component separation. For the residue, n-hex-
ane solvent was replaced by dichloromethane.

Table 1
Yields and the cumulative yield of distillate fraction of Fengcheng heavy crude oil.

Boiling point, �C Yield, wt% Cumulative yield, wt%

IBPe110 0.63 0.63
110e220 1.46 2.09
220e260 1.86 3.95
260e300 3.53 7.48
300e340 3.73 11.21
340e380 3.35 14.56
380e420 0.49 15.05
420e460 9.81 24.86
460e500 10.49 35.36
> 500 63.75 99.11
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2018), heteroatoms (Zhu et al., 2004; Larter et al., 2008;Wang et al.,
2010; Alomair and Almusallam, 2013), condensation of polycyclic
arenes, and long-chain aliphatic and naphthenic hydrocarbons.
Among them, the mechanism of the latter is due to the inter-twine
of long-chain aliphatics and naphthenics causing high oil viscosity
(Muraza, 2015). Carboxylic groups in naphthenic acids are known
to cause hydrogen-bond interactions (Zhu et al., 2018). They are
also interfacial active substances and have a major impact on oil-
water interfacial tension (Garcia-Olvera et al., 2016).

The common separation methods of petroleum acids include
acid-base extraction (Liu et al., 2015), solid phase extraction
(Rowland et al., 2014), and ionic liquid extraction (Shi et al., 2008).
The acid-base extraction method is simple and commonly applied
in the separation of petroleum acids. However, due to the emulsi-
fication of petroleum acids, the separation yield is usually lower
than the actual value. Solid phase extraction method is quick and
convenient, and the recovery of petroleum acids is high. However,
contacting the sample with the stationary phase may introduce
impurities, and the volume of the treated sample is very small, so it
is only suitable for the preparation of small amounts of petroleum
acid. The ionic liquid extraction method is similar to the acid-base
extraction, but without an emulsification problem. However, the
acid yield is also not high and the toxicity of ionic liquid may be an
eco-environmental concern (Shi et al., 2008).

Electrospray ionization source (ESI) combined with Orbitrap
high-resolution mass spectrometry is one of the advanced tech-
niques for analyzing complex polar organic compounds in heavy
petroleum products (Schmidt et al., 2018; Pan et al., 2020). ESI
ionization sources could selectively ionize very low concentrations
of acidic compounds in complex hydrocarbon matrices (Headley
et al., 2011), while Orbitrap mass spectroscopy (MS) provides
high resolution and mass accuracy for accurate analysis of the
molecular composition of compounds (Zubarev and Makarov,
2013).

In this study, the crude oil was fractionated into various narrow
fractions by true boiling point distillation. Petroleum acids were
separated by acid-base extraction and characterized by high reso-
lution mass spectrometry. The contribution of petroleum acids on
the oil viscosity of various distillation fractions of a high naphthenic
heavy oil will be investigated.

2. Experimental

2.1. Samples and regents

The heavy crude oil sample was obtained from Fengcheng area
of Karamay Oilfield in Xinjiang province, China. Ten kilograms of
crude oil were distilled by atmospheric and vacuum distillation in a
true boiling point distillation apparatus (i-Fisher, Germany) ac-
cording to ASTM D2892 and D5236 methods. A total of eight
distillate fractions (< 110 �C, 110e220 �C, 220e260 �C, 260e300 �C,
300e340 �C, 340e380 �C, 380e460 �C, 460e500 �C) and a 500 �Cþ

residue fraction were obtained.
The chemicals used in this study, the analytical (AR) grade so-

dium hydroxide, potassium hydroxide (KOH), aqueous solution 37
wt% hydrochloric acid, 25 wt% ammonia, and HPLC grade organic
chemicals ethanol, n-hexane, dichloromethane (DCM), and toluene
were purchased from Beijing Chemical Reagents Company. The
solvents were purified by distillation before use.

2.2. Acidic component extraction

Acidic components in distillate fractions greater than 200 �C
were separated by liquid extraction using sodium hydroxide, as
shown in the separation process flow scheme in Fig. 1. The distillate
1226
fractions were diluted by hexane, except for the residue fraction
which was dissolved in dichloromethane before the extraction.
Total acid numbers (TAN) of the crude oil sample, distillate frac-
tions, their acidic components, and acid-free fractions were deter-
mined according to the Chinese GT/B 7304 standard method using
KOH potentiometric titration.



Table 2
Yields of acid-free oil and acids of distillate fractions and their TANs.

Distillate fraction, �C Acid-free oil, % Acids, % Yield, % TAN of fraction, mg KOH/g TAN of acid-free oil, mg KOH/g Acids-removal*, %

220e260 94.62 0.10 94.73 0.63 0.06 90.99
260e300 97.03 0.47 97.50 1.25 0.08 93.79
300e340 94.77 1.64 96.41 3.36 0.44 87.58
340e380 91.59 2.77 94.36 6.65 0.09 98.76
380e420 90.52 3.45 93.96 4.60 0.09 98.23
380e460 91.18 2.81 93.99 4.98 0.09 98.35
460e500 91.63 2.35 93.97 5.61 0.09 98.53
＞500 93.93 0.09 94.02 3.98 0.21 95.04

* Acids removal ¼
�
1 � Yield of acid � free oil � TANr

TAN

�
� 100%, where TANr and TAN were the TAN of the acid-free oil and the distillate fraction, respectively.
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2.3. Orbitrap MS analysis

The test samples, including the crude oil sample, narrow
distillate fractions, residue fraction, and their acid fractions, were
dissolved in toluene at 10 mg/mL, and then diluted with toluene/
methanol (1:3, v/v) to 0.02 mg/mL (equivalent to 0.005 mg/mL for
acid fractions). Ammonium hydroxide (NH4OH, 15 mL) was added
into one 1 mL sample solution to enhance the negative ion ESI
ionization efficiency (Lu et al., 2016). The MS characterization was
carried out using an Orbitrap mass spectrometer (Orbitrap Fusion,
Thermo Scientific, USA). The test samples were injected directly
into the ESI source at 12 mL/min through an injection pump. The
sheath, auxiliary, and sweep gas flow rates were 8.0, 3.0, 0.1 arbi-
trary units, respectively. The ion transfer tube temperature was at
300 �C. Themass resolutionwas 500,000 atm/z 200. The ions in the
range fromm/z 150 tom/z 1000 were recorded in a 1 min detection
period. The MS data analysis was carried out using Qual Browser of
the Thermo Xcalibur software, which has been reported elsewhere
(Chen et al., 2018; Pan et al., 2020).
2.4. Mixing experiment of petroleum acids with acid-free oil

To examine the effect of petroleum acids on oil viscosity, the
acid fraction separated from the 380e460 �C distillate fraction was
added into the acid-free oil at various concentrations: 0.29, 0.59,
Fig. 2. Distribution of TAN in the distillate fractions and the acids yield of the
extraction.

Fig. 3. (a) Negative-ion ESI Orbitrap mass spectrum of the crude oil sample, (b)
relative abundance of assigned class species assigned from the mass spectrum, and (c)
ion relative abundance plot of double bond equivalent versus carbon number of O2
class species.
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0.92, 1.24, 1.57, 1.82, 2.01, 2.11, 2.39, 2.67, and 2.72 wt% acids in the
oil, respectively. The viscosities of the mixed oil samples were
determined using a rotary viscometer according to the Chinese SY/T
0520e2008 standard method at 50 �C and 20 �C at 100 s�1 shear
rate.
3. Results and discussion

3.1. Characterization of petroleum acids in various distillate
fractions of Fengcheng crude oil

The sulfur content and TAN of Fengcheng crude oil were 0.28wt%
Fig. 4. Ion relative abundance plots of DBE as a function of carbon number of O2 class specie
(dark cyan), acids (pink) and “acid-free” oils (light cyan) of the 460e500 �C distillates and
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and 5.46 mg KOH/g, respectively, which were similar to other heavy
oils fromKaramay Oil field (Zhang et al., 2021). The yields of distillate
fractions were shown in Table 1, indicating it was a heavy oil with 64
wt% 500 �Cþ residues. The yield of 380e420 �C distillate fractionwas
abruptly decreased, due to switching from atmospheric to vacuum
mode distillation operation.

Table 2 shows the yields of acid-free oil and acids of distillate
fractions and their TANs. Fig. 2 shows the distributions of TAN and
acids yield of distillate fraction, indicating the TAN exhibited a
bimodal distribution with two peak TAN values of 6.65 and 5.61 at
340e380 �C and 460e500 �C fractions, respectively. The finding
was consistent with those reported by Tian (2005), indicating the
s assigned from the negative-ion Orbitrap mass spectra of the distillates and the residue
the residue.
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bimodal TAN distribution was common among 13 high-TAN heavy
oils from various geological origins. Whereas, the distribution of
acids yields of distillate fraction exhibited a normal distribution
with a wide range of yield from 0.10% to 3.45%. The distribution of
TAN of distillate fraction was not correlated to that of acids yield of
distillate fraction. Theoretically, the acids yield of an oil sample is
expected to be correlated to its TAN from the calculation of TAN
based on the average molecular weight and molecular composition
of naphthenic acids in the oil. Clearly, the acids yields of distillate
fractions shown in Fig. 2 were much lower compared to the TAN
values. This could be attributed to the oil loss in the extraction and
the low recovery of large molecular acids. To obtain a high purity of
the acid fraction, a proportion of the oil which attached on the glass
wall of the extraction apparatus was not recovered in the operation.
This also led to a low extraction yield, as shown in Table 2. Another
reason for the low yield of acids was themolecular selectivity in the
extraction. Lu et al. (2008) reported that the base extraction was
effective only for low molecular acids; large molecular naphthenic
acids, especially those in the residue, cannot be extracted from the
oil. This is consistent with the results in Table 2, indicating a very
low yield of acids (0.09%) for the 500 �Cþ residues, although it had a
high TAN value of 3.98.

The data in the last column of Table 2 showed that the caustic
extraction method was effective in removing acid compounds from
the oil samples (90% acids removal). Emulsification during the
separation process results in partial loss of acids.
3.2. Molecular composition of naphthenic acids

Fig. 3 (a) shows the negative-ion ESI Orbitrap mass spectrum of
the crude oil. Ten class species, such as N1 (molecule has one ni-
trogen atom), N1O1, N1O2, O1, O2, O3, O4, O1S1, O2S1, and O3S1
were assigned from the mass spectrum based on the exact mass
values. Among them, the O2 class species have the highest relative
abundance, as shown in Fig. 3 (b). Fig. 3 (c) shows the ion relative
abundance plot of double-bound equivalent (DBE) as a function of
the carbon number of O2 class species. The high relative abundance
O2 class species with 3, 4 and 5 DBEs are corresponding to 2, 3, and
4 ring naphthenic acids, respectively. These abundant O2 class
species were distributed in a carbon number range of 15e35, in
which C20 was the maximum.
Fig. 5. Viscosity of the distillate fractions with and without naphthenic acids.
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Fig. 4 shows relative abundance plots of DBE as a function of
carbon number of O2 class species assigned from the negative-ion
Orbitrap mass spectra of the distillates. The ranges of carbon
number of O2 class species in the atmospheric distillates (left col-
umn)were narrow, whereas those in the vacuum distillate fractions
(middle column) were wider. This is expected, since operating the
laboratory distillation unit at the vacuum mode has fewer theo-
retical plates than at the atmospheric mode, and the heavy frac-
tions have more complex molecular composition. The upper
boundary of high relative abundance O2 class species was around
C35 for the distillates.

The extracted acids from 460 to 500 �C distillate and residue
fractions were subjected to negative ESI Orbitrap MS analysis. The
results showed that the O2 class species in 460e500 �C distillate
were the same as those in the extracted acids from 460 to 500 �C
distillate; similar range of carbon numbers. As for the residue
fraction, the O2 class species in the extracted acids were different
with the O2 class species in the residue (in Fig. 4, > 500 �C acids and
> 500 �C “acid-free” oil have different range of carbon numbers).
The results suggested that naphthenic acids with more the 35
carbons are not readily separated from the heavy oils by the
extraction method.

3.3. Viscosity contribution of the naphthenic acids

Fig. 5 shows the viscosities of oil fractions at 50 �C before and
after naphthenic acids removal. As expected, oil viscosity increased
dramatically with its boiling point. In order to describe the viscosity
reduction after the removal of acids, we defined the viscosity
reduction parameter as the ratio of viscosity reduction to acids
yield. The viscosity decreased 35% on average after acids were
removed, even though the acids accounted for less than 3.5 wt% in
each oil fraction. The acids enhance hydrogen bonding and acid-
base interactions, making molecules more likely to polymerize,
thus increasing viscosity.

To examine the effect of acids content on oil viscosity, the
extracted acids from the 420e460 �C distillate fraction were
blended in various concentrations with their acid-free oil fraction.
Fig. 6 shows the oil viscosity as a function of acids content in
420e460 �C fraction. The viscosities of the initial and endpoints (0
and 2.82 wt%) were acid-free oil and distillate fractions, respec-
tively. The results indicated that oil viscosity was strongly
Fig. 6. Viscosity as a function of the mass fraction of naphthenic acids in the
420e460 �C distillate.
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correlatedwith the acids content, as shown by the goodness of fit of
oil viscosity-acids content correlation equation.

4. Conclusions

Naphthenic acids in a Chinese heavy crude oil were fractionated
by distillation and caustic extraction. The molecular composition
was characterized by high-resolution Orbitrap MS. The 2- and 3-
ring naphthenic monoacids with 15e35 carbon atoms were the
dominant components of the acid fractions. The caustic extraction
is capable of the separation of naphthenic acids with less than 35
carbon atoms, which is also the upper limit of the distillable
component. The TAN of the distillation residue was lower than the
heavy distillates but still in a high value, however, the acids in the
residue cannot be extracted from the oil by the caustic extraction.
The viscosity of the distillate fraction increased exponentially with
the increased distillation temperature. A small amount of petro-
leum acid could provide a large contribution in viscosity of the oils.
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