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ABSTRACT

Surfactants have been the widely used agents to alter the wettability of carbonate rocks to more water-wet and
enhanced oil recovery (EOR). As one of major EOR methods, an effective surfactant huff-puff application design
requires comprehensive guidelines about where, how, and when this method could be applied. In order to
construct such guidelines, a dataset including 338 effective surfactant imbibition tests is established by collecting
information from nearly 50 publications. Based on this dataset, descriptive statistical analysis methods are used
to conduct data analysis, including three main parts. The first part establishes the application guidelines for
surfactant huff-puff treatments which displays suitable application ranges of critical parameters regarding rock,
oil, and water. Results show that surfactants can be effectively applied in wide ranges: porosity from 3.1 to
51.7%, permeability from 0.04 to 1458 mD, starting oil saturation from 37.7 to 100%, temperature from 20 to
100 °C, average contact angle from 55 to 180°, oil gravity from 22 to 75.2 °API, oil viscosity from 0.3 to 23 cp,
acid number from 0 to 4.5 mg KOH/g oil, base number from 0 to 1.83 mg KOH/g oil, asphaltene concentration
from 0 to 10.7 wt%, salinity of connate water and imbibition water from 0 to 263.7 g/1, divalent cations con-
centration of connate water and imbibition water from 0 to 24.6 g/1. The second part discusses several aspects
about design of surfactant huff-puff treatments. Results show that anionic, cationic, and nonionic surfactants
have been applied in 83% of tests. Among them is cationic surfactants which have the most frequency. Surfactant
concentration is suggested to be remained close or above a critical concentration to obtain the best performance.
It is shown that 97% of tests are conducted with surfactant concentration less than 2.0 wt%. In addition, blends of
different surfactants and usage of additives could enhance the effectiveness of surfactants. The last part evaluates
the performance of surfactant imbibition tests. Results show that surfactants are capable to improve oil recovery
either from secondary phase or tertiary phase. In general, the range of oil recovery from secondary phase and
tertiary phase are similar, which covers from 1.0 to 93%. However, the average oil recovery from secondary
phase is 39.1% which is higher than 32.2% from tertiary phase. Based on this, it is recommended that the
treatment timing should be considered in the design of treatments.

1. Introduction

Addition of proper surfactants to water is capable to alter the
wettability of carbonate rocks from oil-wet towards more water-wet.

It has been documented that at least 80% of carbonate reservoirs are
characterized as oil-wet to neutral-wet [1-4]. Besides, carbonate reser-
voirs often tend to be naturally fractured. In this way, waterflooding is
not regarded as being efficient in carbonate reservoirs. The injected
water is not likely to be imbibed into rock matrix to displace oil because
of low or negative capillary forces. The injected water tends to follow
fractures and bypass rock matrix, which gives rise to early breakthrough
and low sweep efficiency. As a result, around 80% of original oil in place
(OOIP) is not recovered [5].
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The ultimate oil recovery can be substantially improved as illustrated
by an extensive work. In 1957, a U.S. patent was proposed by Graham
et al. [6], where the imbibition process of water in sandstones was
enhanced with usage of surfactants. A later U.S. patent was reported in
1988 by Craig [7], in which surfactants were illustrated to promote
imbibition recovery process via wettability alteration in oil-wet car-
bonate rocks from West Texas. A successful surfactant huff-puff treat-
ment in a production well located in West Texas field was included in
this patent. This treatment was found to increase oil production by 650
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barrels within five days. Few years later, an extensive work has been
reported in the subject of wettability alteration with surfactants in car-
bonate reservoirs. Information of several field applications are available
in literature: Yates field in Texas, USA [8], Cottonwood Creek field in
Wyoming, USA [9], Mauddud reservoirs in Bahrain [10], Semoga field
in Indonesia [11], Akanskoe field in Tatarstan [12], northern field of
Oman [13], and a Chinese oilfield [14]. As indicated in Fig. 1, a typical
surfactant huff-puff treatment includes three stages: the injection stage
(huff), the soaking stage, and the production stage (puff). Surfactant
solutions are injected into the target formation through the well in the
injection stage. In the soaking stage, the well is shut-off for a certain
period to allow a complete reaction between surfactant solutions and
hydrocarbon. During the soaking period, surfactant molecules diffusion
occurs, and surfactant molecules interact with active materials adsorbed
on carbonate rocks surface. As a result, the wettability of carbonate
rocks is altered to more water-wet. The suggested interactions and
wettability alteration mechanisms have been summarized in our
recently published review paper [15]. The imbibition of water is pro-
moted and much more oil is produced from matrix to highly permeable
factures. The well is then returned to open in the production stage. Due
to the driving force generated by the pressure drop, the oil is produced
with water from a further location of the reservoir to the wellbore.

At the same time of aforementioned field cases, a great deal of lab-
oratory work has been performed on the spontaneous imbibition tests.
Up to now, laboratory work is still being reported in literature. Imbi-
bition tests are easily performed and helpful to enhance understanding
of wettability alteration via surfactants. Also, imbibition tests data can
reflect the recent developments of wettability alteration with surfac-
tants. Apart from that, they are economic tools to evaluate the effec-
tiveness of surfactant huff-puff treatments before implementation in
field scales. Based on laboratory results, the oil recovery behavior, and
the influence of important factors in target carbonate reservoirs can be
investigated using suitable upscaling models [16]. So far, multiple types
of surfactant systems have been proved effective to alter wettability in
laboratory study, including cationic, anionic, nonionic, zwitterionic (or
amphoteric), gemini, and combination of them. The interactions be-
tween surfactant molecules and carbonate rocks surface, as well as un-
derlying wettability alteration mechanisms of aforementioned

Fig. 1. Schematic of surfactant huff-puff process, modified after Rilian
etal [11].

Fuel 310 (2022) 122110

surfactant systems have been reviewed in our recently published paper
[15]. However, surfactant huff-puff treatments are not always effective.
It is observed that the oil recovery from some treated wells and treated
cores is not increased. Therefore, it is essential to explore applicable
conditions of surfactant huff-puff treatments.

Screening guidelines or criteria is an appealing form to illustrate
specific conditions where a certain EOR method could be implemented
effectively. The conditions include both reservoir characteristics and
fluid (oil and water) properties [17-19]. Screening guidelines serve as
the first term to assist in petroleum engineers screening a feasible EOR
method for a given candidate reservoir [17,20-22], which is crucial to
the starting of an EOR project. Most commonly, they are developed on a
combination of effective applications of EOR methods and expert
knowledge. The information of effective applications can be from suc-
cessful field cases and experimental results. Screening guidelines can be
presented in tabular or/ and graphical form [17,19,23]. In the tabular
form, the applicable range obtained from statistical analysis of effective
applications data for each important parameter is given. In the last four
decades, several screening guidelines have been reported and updated
by different investigators for surfactant EOR. The information is sum-
marized in Table 1. However, it is to note that current guidelines are
mainly established for sandstone reservoirs, where the main function of
surfactants is to lower the oil/water interfacial tension (IFT). Applica-
tion guidelines for surfactant treatments in carbonate reservoirs are
rarely found. Weiss and Xie explored the importance of permeability and
surfactant concentration in surfactant huff-puff treatments with imbi-
bition tests data [24]. It was shown that both imbibition rate and in-
cremental oil recovery were higher from cores with higher permeability.
In addition, no more oil was recovered from cores with permeability less
than 1 mD. In view of this fact, 1 mD was determined as the lower limit
for effective surfactant huff-puff treatments. Besides that, the surfactant
loss resulted from adsorption on large mineral surface was regarded as
one possible factor for the failure of surfactant huff-puff treatments.
Hence, surfactant concentration needs to be remained above a limit to
ensure enough surfactant molecules are active in altering wettability.

In fact, an extensive surfactant imbibition tests have been imple-
mented effectively in global fields. A large amount of data is available in
literature, which makes it feasible to construct guidelines. The purpose
of this study is to provide comprehensive guidelines for wettability
alteration with surfactants in carbonate rocks. The structure of this
paper is as follows. Section 2 introduces the process of high-quality
dataset construction and general dataset information. Section 3 illus-
trates descriptive statistical analysis methods applied in this work.
Following Section 4 gives application guidelines where wettability
alteration via surfactants can be effectively implemented. In addition,
design considerations and performance evaluation of effective imbibi-
tion tests are discussed in Sections 5 and 6, respectively. Lastly, con-
clusions are summarized in Section 7.

2. Dataset construction and description
2.1. Data collection and pre-processing

Data of wettability alteration with surfactants are stored in different
publications with various formats. This fact makes it a challenging task
to create a comprehensive dataset to include information from global
projects related with this topic. Dataset in this study is composed of
wettability alteration information published from 1996 to 2020 in
several data sources, namely published technical papers, project reports,
book chapters, and student theses [5,16,24,31-72]. In total, information
of 402 surfactant imbibition tests from nearly 50 publications are
collected in the dataset. 338 imbibition tests are considered effective,
where oil recovery is always improved by means of surfactants. Because
the objective of this study is to provide instructive guidelines for
wettability alteration with surfactants, only effective imbibition tests are
considered in data analysis stages. Possible reasons for ineffective



Table 1
Previous guidelines for surfactant EOR.
EOR methods Formation 0il Porosity Average Temp Depth Net Gravity Viscosity Oil compositions Salinity Divalent References
types saturation permeability thickness cations
% PV % mD °C ft ft °API cp g/1 g/1
Surfactant/ Sandstone >30 >20 <79.4 <8000 >10 >25 <30 Light to <20 <0.5 Taber and
polymer preferred intermediates Martin. [17]
flooding (desirable)
Surfactant flooding ~ Sandstone >40 <93.3 <40 <100 Bailey and
Curtis. [25]
Surfactant/ Sandstone >30 >20 >40 <93.3 <9000 N.C. >25 <40 Light to <100 Goodlett et al.
polymer preferred intermediates [26]
flooding (preferred)
Micellar/polymer Sandstone >35 >10 <93.3 <9000 N.C. >20 <35 Light to <20 <0.5 Taber et al.
flooding preferred intermediates [27]
Surfactant/ >35 >50 <70 <150 <50 <1.0 Al-Bahar. [28]
polymer
flooding
Alkaline/ Sandstone 43.5-53, 14-16.8, 50-60, 50-68.3, 5300-6250, N.C. 22-29, 15.6-2.63, Al Adasani
surfactant/ Avg. 49 Avg. 15.6 Avg.56.7 Avg. 52.4 Avg. 3406 Avg. 31.8 Avg. 7.1 and Bai. [29]
polymer
flooding
Surfactant flooding ~ Sandstone >30,Med. >10,Med. 152 <93.3, N.C.,Med. N.C.,Med. <35,Med. <50, <0.1 Sheng. [30]
40 Med. 25.6 1808 36.5 5.8 Med. 39
Surfactant flooding ~ Sandstone 20 475 35 5740 44.3 5 Zhang et al.
[20]
Note:

N.C. is not critical.

Avg. and Med. are average and median value for surveyed projects.
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imbibition tests are discussed in the section of performance evaluations.
The constructed dataset consists of five categories, including rock
properties, fluid properties, surfactant properties, operational condi-
tions, and performance evaluations indicators. The research targets vary
in different reports, which gives rise to incomplete information for
above-mentioned parameters. As a result, the frequency varies among
various parameters in data analysis stages. Apart from missing data,
integrating data from varied data sources could result in ununiform data
and duplicate data. Analysis results from dataset which is not carefully
screened for such problems could be misleading. Following criteria are
applied to ensure high quality of dataset.

The ununiform data problem is ascribed to that an identical
parameter can be presented in different manners and different units.
Some parameters especially for permeability and contact angle are often
given in a range rather than a precise figure. To eliminate this problem, a
mean value is computed in data analysis. On the other hand, minima of
several parameters could be provided in literature. This situation is
common for pH of anionic surfactant solutions and aging time interval
required for restoring rock to oil-wet state. The pH of anionic surfactant
solutions is commonly kept above zero point of charge (ZPC) of car-
bonate rocks to reduce surfactant adsorption [16,40,45,52]. For these
parameters, a minimal value is utilized in subsequent data analysis.
Aside from different manners, units of parameters could be various in
different data sources. For example, temperature is presented as either
°F or °C, salinity is given in part per million (ppm), wt. % or g/1, etc. In
this case, each parameter in this dataset is formatted with one defined
unit.

Duplicate data arises in the process of establishing application
guidelines. Guidelines are formed on important parameters of rock and
fluid, and these parameters are often kept constant in surfactant imbi-
bition tests. While other parameters could be changed for various
research targets, including surfactant properties, the ratio between
surrounding solution volume and rock volume, and performance in-
dicators. For example, given same parameters of rock and fluid, the
surfactant concentration is varied to study the impact of surfactant
concentration on wettability alteration. As a result, the same rock and
fluid parameters are included in the dataset several times, which causes
duplicate data problem. If we do not remove the duplicate data, the
established guidelines can be biased towards the rock and fluid condi-
tions with more frequency. To eliminate this issue, the policy “one rock/
fluid condition, one sample” is utilized to clean duplicate data, where
only one sample is chosen to construct guidelines with same rock and
fluid properties. Consequently, 290 samples are remained in the stage of
establishing application guidelines.

2.2. Worldwide data distribution

Fig. 2 summarizes the number of rock samples in different regions
and rock types. The carbonate rock samples included in the dataset are
mainly from 5 countries or regions. They are the USA (173), Denmark

13
Middle East 20,6%
132,
Indonesia 5 39% 186,
55%
France
9
Not given Dolomite Limestone
Denmark
69
USA 122
51
Frequency

Fig. 2. Distribution of carbonate rock samples based on regions and rock types.
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(69), Middle East (13), France (9) and Indonesia (2). Limestone and
dolomite are major types of carbonate rocks. The fractions of limestone
and dolomite among effective imbibition tests are 55% and 39%,
respectively. Most dolomite samples are provided in the USA. They are
obtained from Fuhrman-Masho field in Texas, Cottonwood Creek field in
Wyoming, Thornton Quarry field in Illinois, Dagger Draw field in New
Mexico, Lustre field in Montana, and Copper Ridge field in Ohio. In
contrast, the Stevns Klint near Copenhagen, Denmark provides the
largest fraction of limestone samples. Meanwhile, limestone from Texas
Cordova cream limestone, Poitou region in France and Wakamuk field in
Indonesia are applied to prepare rock samples.

3. Data analysis methods

After dataset construction, descriptive statistical analysis is utilized
to implement data analysis. This technique could provide both summary
statistics and simple graphs to describe the dataset [19,73]. In general,
the detailed methods are summarized as follows: (1) A combination plot
consists of stacked histogram and line plot is created to better illustrate
information (e.g., Fig. 4). The purpose of stacked histogram is to display
distribution patterns and identify suitable ranges of important parame-
ters in limestone and dolomite. Cumulative percentage curve is used to
show the percentage of imbibition tests conducted in a certain param-
eter range. In addition, the gap between cumulative percentage curves
of limestone and dolomite could clearly indicate the difference between
these two rock types. (2) A boxplot is utilized to detect outliers or special
cases for each parameter. The five-number summary includes minimum,
first quartile (Q1), median, third quartile (Q3), and maximum values.
The lower limit and upper limit are determined by [Q1 — 1.5%(Q3-Q1)]
and [Q3 + 1.5*(Q3-Q1)]. All points outside this range are plotted as
outliers and regarded as special cases. All special cases are checked
carefully and corrected from relevant data sources if needed. Fig. 3 in-
dicates a typical boxplot with each element labelled. (3) Different from
histogram, a bar chart is a graphical display of categorical parameters (e.
g., Fig. 9). It compares distribution among discrete categories. (4) A
scatter plot is applied to display values of two parameters, or three pa-
rameters if one parameter is colored or shaped (e.g., Fig. 5). It is
preferred to reveal the correlations between parameters.

4. Application guidelines
4.1. Rock properties

Porosity. Wettability alteration induced by surfactants has been
implemented effectively in both limestone and dolomite. Yet there are
noticeable differences between distributions of porosity between them
(see Fig. 4a). The porosity of dolomite is smaller than 40%, where almost
all porosity is less than 30% as indicated from cumulative percentage
curve. The range from 10 to 20% is the peak range, which accounts for
more than 60% of imbibition tests. On the other hand, a more symmetric
distribution is observed in limestone. Most of imbibition tests fall into

Lower limit Upper limit
Ranges exclude outliers
Outliers | | Outliers
i i
o o0 o i —A — io o
i i
i i
Minimum Minimum Q1 Median Q3 Maximum Maximum
value observation observation  value
above lower below upper
limit limit

Fig. 3. Schematic of boxplot with outliers.
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bution difference between limestone and dolomite.

ranges from 20 to 30%, and 40 to 50%. Moreover, the number of
imbibition tests in these two ranges are very close. It is of interest that
limestone with porosity larger than 40% is chalk, which is gathered from
the Stevns Klint close by Copenhagen, Denmark [51,62,64,65,67,68].
Permeability. Permeability can be measured through gas or liquid
methods. Most permeability values in this dataset are obtained with gas

method, hence gas permeability is selected in the next analysis. Weiss
and Xie proposed that the permeability should be kept larger than 1 mD
to improve oil recovery [24]. While the minimal permeability in the
updated dataset is low as 0.04 mD, which is from dolomite in Lustre
field, Montana [70]. As indicated in Fig. 4b, the permeability covers a
broad range from 0.04 up to as high as 900 mD, and the great variation is
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Fig. 5. Relationship between porosity and permeability in (a) limestone, and (b) dolomite.

thought to be mainly attributed to natural fractures in carbonate rocks.
The distribution is much similar between limestone and dolomite.
Overall, more than 80% of imbibition tests are implemented with
permeability smaller than 200 mD. The permeability is relatively high in
carbonates from Middle East [54] and Fuhrman-Masho field, Texas, USA
[24]. By contrast, the permeability of chalk provided from Denmark is
often less than 10 mD [64,65,68].

The correlation between permeability and porosity of carbonate
rocks is indicated in Fig. 5, which shows a complex relationship. In
general, the permeability is positively correlated with porosity in both
limestone and dolomite. Yet there are carbonate rocks which present
high porosity but low permeability, or vice versa. For example, the chalk
collected from Denmark has porosity in the range 40-55% and perme-
ability in the range 1-10 mD. This material is utilized to represent the
Ekofisk formation in the North Sea, which is a typical chalk reservoir
with characteristics of oil-wetness, low permeability, and high porosity
[51,62]. As stated by Bohnsack et al., the relationship between perme-
ability and porosity showed dependency on stratigraphy, lithology, and
facies [74]. The complexity of the relationship has been thought to be
caused by sedimentary and diagenetic environment [75-77].

Starting oil saturation. Generally, carbonate rocks could be saturated
either with 100% initial oil saturation or with connate water saturation.
For each type of saturation status, surfactant imbibition tests are
implemented in either secondary phase or tertiary phase. Fig. 4c illus-
trates the distribution of oil saturation when surfactant imbibition tests
are started. The oil saturation covers from 30 to 100%, and the range
between 70 and 80% is observed with most frequency. The maximal oil
saturation indicates surfactant imbibition tests are conducted with
100% oil-saturated carbonates in secondary phase. In contrast, the
minimal oil saturation shows surfactant imbibition tests are conducted
with carbonates with initial water saturation in tertiary phase.

Temperature. Many properties of surfactants show considerable
relevance with temperature, including critical micelle concentration
(CMCQ) value, surfactant diffusivity, surfactant adsorption on rock sur-
face, and thermal stability. Nonionic surfactants are especially sensitive
to temperature, which could start to phase-separate and become cloudy
at temperature higher than their cloud points. It is shown that the
wettability tends to be more water-wet at increasing temperature. The
trend results from mixed mechanisms, which includes the change of IFT,
the reduction in oil viscosity, the change of fluid density, as well as
thermal gradient [78]. As illustrated in Fig. 4d, surfactants are capable
to alter wettability in a wide temperature range from 20 to 100 °C, and
40-50 °C as the peak range. The lowest temperature is close to room
temperature, which is set to model a reservoir temperature [40]. On the

other hand, the highest temperature is mainly applied to screen prom-
ising surfactants at high-temperature carbonate reservoirs. It is chal-
lenging to design effective surfactant systems in this type of carbonate
reservoirs. Moreover, the criterion of high temperature keeps on
increasing. It has increased from 70 to 90 °C [45], higher than 90 °C [5],
to 100 °C or above [48]. The target carbonate reservoirs are mainly
located in Middle East region [34,79].

Average contact angle. In literature, multiple techniques have been
applied to measure or describe the wettability of carbonate rocks. A
comprehensive review of these techniques has been included in our
recently published review paper [15]. The contact angle is applied to
quantify the wettability in this paper because it is the most widely used
indicator. The average contact angle covers the range from 55 to 180°.
Although the available data is limited, peak distributions are found in
the range 60 — 80° and 160 — 180° (see Fig. 4e). The average contact
angle in the range 60 — 80° is measured on mineral plate surface, which
is mainly aimed to improve wettability alteration efficiency in Ekofisk
chalk formation in the North Sea [44,56,65,68]. The average contact
angle in the range 160 — 180° is measured on either mineral plate surface
or core plug surface, which is to study wettability alteration in Cordova
cream limestone (Texas) [43,45-47], Guelph dolomite (Ohio) [5], and
Silurian dolomite (Illinois) [5,50,52].

4.2. Oil properties

Dead oil, simulated oil and commercial oil have been applied to
model crude oil in imbibition tests. Based on constructed dataset, the
fractions of these three categories of oil are 62%, 33% and 5%, respec-
tively. Dead oil is defined as oil where gas and volatile hydrocarbons are
removed. Simulated oil could be made from dead oil by dilution with
light organic components. Heptane and low equivalent alkane carbon
number (EACN) hydrocarbon are often served as light components in
literature [5,48,65,69]. On the other hand, commercial oil consists of
organic compounds, which includes aliphatic hydrocarbons
[37,62,64,65,71], carboxylic acids dissolved in heptane [62], and
naphthenic acids dissolved in decane [47,72]. Since the composition is
different among them, the properties vary as well. First, the oil API
gravity increases generally in the order, dead oil < simulated oil <
commercial oil (see Fig. 6a). Second, oil viscosity measured at experi-
mental temperature presents an opposite trend to gravity (see Fig. 6b).
Third, acid number is a good indicator to quantify fractions of fatty acids
and carboxylate anions in oil, and it has been utilized to denote oil-
wetness degree [80]. A higher acid number can induce a more oil-wet
state [81-83]. As indicated in Fig. 6¢, most dead oil and commercial
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Fig. 6. Distribution of (a) gravity, (b) viscosity, (c) acid number, (d) base number, and (e) asphaltene concentration based on oil types.

oil samples have acid number smaller than 1.0 mg KOH/g oil, while
simulated oil samples mainly fall into the range from 1.0 to 1.5 mg KOH/
g oil. Fourth, the basic compounds could react with acidic compounds to
form acid-base complexes, which has been indicated to prevent acidic
compounds adsorbing on carbonate rocks surface. A higher base number
could induce a more water-wet state [84]. As shown in Fig. 6d, simu-
lated oil and commercial oil are found with lower base number than
dead oil. Fifth, polar components from asphaltenes have been

documented to show high surface activity in rendering carbonate rocks
surface to oil-wet [85-88]. For some oil samples, asphaltene concen-
tration shows a positive correlation with acid number [64]. Simulated
oil and commercial oil are found with less asphaltene than dead oil (see
Fig. 6e). As the oil API gravity increases, the oil solvency to asphaltene
becomes poorer and the amount of asphaltene in oil decreases. A
negative correlation has been revealed between oil API gravity and
asphaltene concentration in Fig. 7.
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Fig. 8 indicates both histogram and cumulative percentage curve for
key oil properties in regard to rock types. They could assist in revealing
distribution of oil properties in limestone and dolomite.

Oil gravity. Based on the classification of oil by Meyer et al., light oil
and medium oil are characterized with API gravity larger than 25° and
20 to 25° inclusive [89]. As shown in Fig. 8a, the least oil gravity is
larger than 20 °API, imbibition tests are therefore implemented with
light to medium oil. In terms of rock types, the distribution in limestone
differs greatly from dolomite. The oil gravity in dolomite is distributed
in the range from 20 to 50 °API, while the range extends to 20 and 80
°API in limestone. The content of imbibition tests with oil gravity greater
than 50 °API is about 10%, where commercial oil is applied.

Oil viscosity. As presented in Fig. 8b, oil viscosity is less than 25 cp.
This finding is consistent with criteria proposed by Taber and Martin,
where surfactant EOR is suggested to apply with low-to-medium viscous
oil [17]. Compared with oil gravity, a more even distribution is observed
in oil viscosity.

Acid number. Nearly all imbibition tests are observed to have acid
number smaller than 1.5 mg KOH/g oil (see Fig. 8c). Only one imbibi-
tion test is implemented in limestone, where the saturated oil has an acid
number 4.5 mg KOH/g oil [72]. Moreover, cumulative percentage
curves in limestone and dolomite are close, which indicates the distri-
bution in such two types of rocks are comparable. The range from 1.0 to
1.5 mg KOH/g oil has the most frequency in both limestone and
dolomite.

Base number. There are large differences between the distributions of
base number in limestone and dolomite (see Fig. 8d). The base number
in limestone is lower than 1.25 mg KOH/g oil, and the range with the
most frequency is lower than 0.25 mg KOH/g oil. On the other hand, the
base number in dolomite is mainly in the range from 1.75 to 2.0 mg
KOH/g oil.

Asphaltene concentration. In general, the distribution of asphaltene
concentration is likewise with acid number. The asphaltene concentra-
tion of almost all imbibition tests ranges from 0 to 3 wt%, while two
imbibition tests are conducted with oil where the asphaltene concen-
tration is 10.7 wt% [37]. In addition, the range between 0 and 1 wt% is
found as the peak range.

4.3. Water properties

In surfactant imbibition tests, there are two categories of water and
functions of them are various. Connate water herein is utilized to satu-
rate carbonate rocks to serve the role of formation water. On the other
hand, imbibition water is used to prepare surfactant solutions which
could be imbibed into porous media to displace oil. Fig. 9 compares
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water types distributed in connate water and imbibition water. Syn-
thetic water, formation water and deionized water have been applied as
connate water. On the other hand, imbibition water is composed of five
categories of water, namely deionized water, formation water, produced
water, seawater, and synthetic water. Synthetic water is the peak water
type which occupies about 94% of imbibition water samples. This trend
is observed in connate water as well. Produced water and seawater have
been applied as imbibition water while not as connate water [53]. The
synthetic water consists of synthetic formation water, synthetic pro-
duced water, synthetic seawater, and electrolytes solution. Among them,
synthetic formation water is appealing substitute for formation water,
and it has the most frequency in both imbibition water and connate
water to simulate reservoir conditions. In general, imbibition water can
be either remained same or different from connate water. In view of
established dataset, imbibition water is kept same with connate water in
60% of imbibition tests, while differs from connate water in 40% of
imbibition tests.

Salinity. It has been proved that the CMC value, surfactant adsorp-
tion, aqueous stability of surfactants, phase behavior of surfactants,
contact angle, and oil/water IFT are considerably dependent on salinity.
Thus, salinity is a crucial water parameter for surfactant huff-puff
treatments. Fig. 10 shows the distribution of salinity in connate water
and imbibition water. The salinity of connate water covers a wide range
between 0 and 225 g/1, where more than 90% of connate water samples
fall into the range less than 125 g/1. This indicates imbibition tests are
implemented effectively in both low salinity and high salinity carbonate
rocks. The lowest salinity of connate water is 0 g/l, which is from
deionized water [31,67,72]. The highest salinity of connate water is
approximate 214 g/1, which is from either formation water or synthetic
formation water. These investigations are conducted to improve
wettability alteration efficiency at high salinity carbonate reservoirs.
However, in these investigations, the imbibition water is prepared by
seawater, produced water, and synthetic water, where the salinity is in
the range from 57 to 68 g/1 [49,53,54]. Compared with connate water,
the salinity range narrows to 0 and 125 g/1 in imbibition water, and
more than 80% of imbibition water samples fall into the range less than
50 g/L.

Divalent cations concentration. Divalent cations often refer to calcium
(Ca2+) and magnesium (Mg“) ions. The content of divalent cations
determines the hardness of water. Water becomes harder with increase
of divalent cations concentration. The water hardness is of particular
importance to select suitable types of surfactants. Anionic surfactant
molecules are reported to react with divalent cations, as a result, the
amount of active surfactant molecules in wettability alteration is
decreased [5,50]. A similar distribution is found in divalent cations
concentration with salinity. As indicated in Fig. 11a, the divalent cations
concentration in connate water covers from O to 22.5 g/1, and the range
less than 5 g/1 accounts for more than 90% of connate water samples.
The minimal divalent cations concentration in connate water is from
deionized water [31,67,72] and electrolytes solution including NaCl
(aq), KCl(aq), NayCOs(aq), NaCl & NayCOs(aq) [33,36,37]. The
maximal divalent cations concentration in connate water is close to 22
g/l, which is from synthetic formation water with high hardness.
However, the corresponding divalent cations concentration in imbibi-
tion water is close to 3 g/l [49,53,54]. In general, divalent cations
concentration in imbibition water is in the range between 0 and 5 g/1.

It is worthy to mention that a synthetic formation water with salinity
263.7 g/1 and divalent cations concentration 24.6 g/1 has been used as
connate water [34]. This research is to screen effective surfactants at
high temperature, high salinity (HTHS) carbonate reservoirs located in
Middle East. Yet the detailed carbonate rock type is not given in
literature.

A summary of application guidelines for wettability alteration with
surfactants constructed on statistical analysis is given in Table 2. Rock
types, important rock, oil, and water properties are contained in these
guidelines. For each parameter, summary statistics information includes
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mean, minimum, median, and maximum are listed. Apart from that, an
applied range developed from boxplots is provided to detect outliers or
special cases. It is worth paying attention to a new datum if it is beyond
this range. The new datum can be either special rock/fluid case or a
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Fig. 8. Distribution of (a) gravity, (b) viscosity, (c) acid number, (d) base number, and (e) asphaltene concentration based on rock types.

newly applicable condition for surfactant huff-puff treatments. The
analysis results are the first application guidelines for wettability

alteration with surfactants in literature.

5. Design considerations for surfactant huff-puff treatments

5.1. Surfactant systems

It has been documented that anionic, cationic, nonionic, zwitter-
ionic, and gemini surfactants have been utilized to alter the wetting state
of carbonate rocks. Either single surfactant or mixture of several sur-
factants could be applied. Fig. 12 summarizes the distribution of various
surfactant systems based on rock types. In terms of single surfactant,
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anionic, cationic and nonionic surfactants have the most frequency,
which accounts for 83% of imbibition tests. Anionic surfactants often
contain sulfates or sulfonates as hydrophilic groups. The commonly used
cationic surfactants include quaternary ammonium salts, phosphonium
salts, and alkyl amines. Yet the frequently applied nonionic surfactants
are polyoxyethylene alcohol, ethoxylated alcohol, and non-
ylphenoxypoly (ethyleneoxy) ethanol. Cationic surfactants are favoured
by many researchers, and they have been applied as wettability alter-
ation agents in 36% of imbibition tests. In addition, cationic surfactants
are mostly used in both limestone and dolomite. The appealing features
of cationic surfactants include strong and irreversible wettability alter-
ation effect, high thermal and aqueous stability, excellent tolerance to
hard brines, and low adsorption [5,43,52,65,90]. On the contrary, 4% of
imbibition tests have been implemented with zwitterionic surfactants.

10

This can be ascribed to the high cost of zwitterionic surfactants which
limits their wide applications [91]. Gemini surfactants are relatively
new and show desirable prospects in wettability alteration applications.
Gemini surfactants present advantages over conventional surfactants in
several ways, including lower CMC value and adsorption on rock surface
[92,93], high performance in obtaining ultralow IFT [94], together with
better wetting, solubilizing and rheological properties [95]. Yet only few
applications with gemini surfactants are available in literature, and the
fraction is about 1%.

For imbibition tests with blends of surfactants, the fraction is about
12%. The blends consist of several surfactants which are from either
same type or different types. The blends are capable to improve wetta-
bility alteration performance and extend applicable conditions of indi-
vidual type of surfactants. First, blends composed of several anionic
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Table 2
Guidelines for wettability alteration with surfactants in carbonate rocks.
Parameters Rock types Ranges exclude special cases Mean Minimum Median Maximum
Porosity, % Dolomite 5.6-30.6 16.7 5.6 16.1 30.6
Limestone 3.1-51.7 33.8 3.1 29.5 51.7
Overall 3.1-50.0 25.1 3.1 22.9 51.7
Permeability, mD Dolomite 0.04-360.0 132.3 0.04 86.5 887.0
Limestone 0.2-106.0 53.2 0.20 4.5 775.0
Overall 0.04-364.0 120.4 0.04 31.2 1458.0
Starting oil saturation, % Dolomite 40.9-99.2 75.2 37.7 74.9 99.2
Limestone 55.0-100.0 81.5 55.0 74.9 100.0
Overall 37.7-100.0 77.3 37.7 74.4 100.0
Temperature, °C Dolomite 20.0-100.0 50.5 20.0 40.0 100.0
Limestone 22.0-92.0 49.0 22.0 40.0 92.0
Overall 20.0-100.0 52.4 20.0 40.0 100.0
Average contact angle, ° Dolomite 132.6-180.0 138.2 68.0 133.0 180.0
Limestone 55.0-173.0 112.9 55.0 78.0 173.0
Overall 55.0-180.0 120.8 55.0 133.0 180.0
Oil gravity, °API Dolomite 27.1-30.4 31.6 22.0 30.0 44.8
Limestone 27.1-61.4 39.2 27.1 41.7 75.2
Overall 22.0-61.4 35.0 22.0 30.4 75.2
Oil viscosity, cp Dolomite 9.9-12.4 10.3 1.4 10.0 22.5
Limestone 0.3-23.0 10.7 0.3 9.9 23.0
Overall 0.3-23.0 9.6 0.3 9.9 23.0
Acid number, mg KOH/g oil Dolomite 0.20-1.04 0.79 0.20 1.00 1.04
Limestone 0.00-1.04 0.67 0.00 1.04 4.50
Overall 0.00-1.04 0.71 0.00 1.00 4.50
Base number, mg KOH/g oil Dolomite 1.83-1.83 1.75 1.17 1.83 1.83
Limestone 0.00-1.17 0.42 0.00 0.01 1.17
Overall 0.00-1.83 0.68 0.00 0.13 1.83
Asphaltene concentration, wt.% Dolomite 0.23-2.3 1.13 0.23 1.00 2.3
Limestone 0.00-1.09 0.72 0.00 0.23 10.7
Overall 0.0-2.3 0.91 0.00 1.00 10.7
Salinity of connate water, g/1 Dolomite 0.0-118.1 41.9 0.0 30.8 118.1
Limestone 0.0-100.0 55.4 0.0 44.9 213.6
Overall 0.0-118.1 58.8 0.0 44.9 263.7
Divalent cations concentration of connate water, g/1 Dolomite 0.0-4.0 2.1 0.0 1.8 4.0
Limestone 0.0-6.2 4.6 0.0 4.4 21.5
Overall 0.0-6.2 4.4 0.0 3.4 24.6
Salinity of imbibition water, g/1 Dolomite 0.0-77.9 29.7 0.0 30.8 77.9
Limestone 8.0-66.9 38.5 0.0 35.5 106.0
Overall 0.0-90.0 36.8 0.0 32.3 263.7
Divalent cations concentration of imbibition water, g/1 Dolomite 0.0-3.4 1.7 0.0 1.0 3.4
Limestone 0.0-4.4 2.1 0.0 1.8 4.4
Overall 0.0-5.3 2.1 0.0 1.8 24.6
surfactants have been observed to show advantages in multiple aspects: surfactants are appealing agents to lower IFT. Cationic-anionic surfac-
enhance aqueous stability in hard brines [46]; tune optimal salinity to tant system is designed to acquire a synergy between wettability alter-
achieve lowest IFT at target conditions [96]; as well as make up the ation and IFT reduction. It has been shown that the oil recovery from this
quality variety arises in production process [97]. Second, cationic sur- mixture is higher than those from cationic or anionic surfactants alone
factants are appealing agents to alter wettability while anionic [52]. Third, the CMC value and IFT from blends of different cationic
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surfactants are lower than those from individual surfactant alone [51].
Hence, the wettability of carbonate rocks can be altered to more water-
wet and higher oil recovery can be achieved. Fourth, the application of
nonionic surfactants in high temperature conditions is mainly limited by
their cloud points. It has been documented that addition of cationic
surfactants to nonionic surfactants solution can enhance thermal toler-
ance [49]. In combination with good performance of nonionic surfac-
tants in high salinity conditions, this nonionic-cationic system has been
regarded as good candidate for HTHS carbonate reservoirs. Fifth, in
practical applications, co-surfactants could be necessary to improve
properties and effectiveness of main surfactant solutions. The roles of co-
surfactants include reducing IFT, adjusting hydrophilic-lipophilic bal-
ance (HLB) and assisting in forming microemulsion [98]. For example,
nonionic surfactants have been served as co-surfactants in zwitterionic
surfactants solution as indicated by Han et al [53]. Lastly, conventional
surfactants could be applied together with gemini surfactants to gain
synergistic effects. Cationic-gemini surfactant system has been docu-
mented by Qi et al [54], and zwitterionic-gemini surfactant system has
been investigated by Ghosh and Mohanty [99].

Table 3 summarizes the application guidelines for anionic, cationic,
and nonionic surfactants. This table reveals several important findings
for screening a feasible surfactant type for a given candidate reservoir.
First, the average temperature where nonionic surfactants are applied is
lower than anionic and cationic surfactants. Furthermore, a temperature
higher than 60 °C is detected as a special case for nonionic surfactants,
while the limit is increased to 75 and 100 °C for cationic and anionic
surfactants, respectively. The cloud point is a key factor which limits the
thermal stability of nonionic surfactants in high temperature conditions.
Second, the imbibition water salinity for nonionic surfactants is gener-
ally higher than anionic and cationic surfactants, which is reflected in
the mean, median, maximum, and upper limit to detect special cases.
The aqueous stability of ionic surfactants needs to be evaluated in high
salinity conditions. Third, anionic surfactants should be applied with
caution in high divalent cations concentration conditions. It is shown
that the average divalent cations concentration where anionic surfac-
tants are used is 0.7 g/1, whereas the value is increased to>2.0 g/I for
cationic and nonionic surfactants. Besides that, the upper limit to detect
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special divalent cations concentration for anionic surfactants is 2.2 g/1,
while the limit is increased to 3.4 and 4.4 for nonionic and cationic
surfactants, respectively.

5.2. Surfactant concentration

Surfactant concentration is of great interest to the design of surfac-
tant systems. Extent of wettability alteration, imbibition rate and
improved oil recovery show correlations with surfactant concentration.
A critical surfactant concentration is expected to exist where the best
performance is observed. Below this critical concentration, more water-
wet state, higher imbibition rate and improved oil recovery are observed
with increase of concentration. The effect of concentration becomes
weak when the critical concentration is exceeded. The critical concen-
tration has been reported to be higher than CMC, hence concentration
above CMC is favorable in practical applications. This setting is
rewarding in multiple ways: maximal content of surfactant monomers,
lowest IFT, and compensation for surfactant loss caused by adsorption.
Fig. 13 gives a clear distribution of surfactant concentration with respect
to limestone and dolomite. A wide range is observed, which covers from
near 0 up to 5.0 wt%. Nearly all imbibition tests fall into the range<2.0
wt%, and the peak range is<1.0 wt%. The lowest concentration is 0.01
wt%, where a cationic surfactant with a low CMC is utilized as wetta-
bility alteration agent [70]. On the other hand, concentration>2.0 wt%
is mainly from surfactants with comparatively high CMC [31,32,36,65].
It is worthy to mention that the highest concentration is far higher than
CMG, and it is set to study the influence of concentration on oil recovery
[65]. The imbibition rate is faster at 5.0 wt% than 1.0 wt%, whereas the
ultimate oil recovery is much similar in both cases.

5.3. Additive information

In practical applications, additives can be applied to improve the
efficiency of surfactants. Table 4 provides an overview of reported ad-
ditives in literature. Based on mechanisms of additives, additives can be
categorized into chelating agents, pH control agents, and co-solvents.
First, chelating agents are commonly applied in anionic surfactant
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Table 3
Guidelines for wettability alteration in carbonate reservoirs based on surfactant types.
Parameters Surfactant types Ranges exclude special cases Mean Minimum Median Maximum
Porosity, % Anionic 3.1-29.7 21.7 3.1 22.2 44.9
Cationic 5.6-51.7 32.1 5.6 42.3 51.7
Nonionic 3.7-31.3 17.7 3.7 16.3 31.3
Permeability, mD Anionic 0.2-236.0 86.1 0.2 74.6 236.0
Cationic 0.2-74.2 63.6 0.2 4.5 1320.0
Nonionic 0.3-181.0 102.3 0.3 18.4 887.0
Starting oil saturation, % Anionic 61.6-87.4 77.3 55.0 73.0 100.0
Cationic 40.9-100.0 82.7 40.9 82.0 100.0
Nonionic 40.9-100.0 83.9 37.7 82.4 100.0
Temperature, °C Anionic 20.0-100.0 57.4 20.0 40.0 100.0
Cationic 20.0-75.0 46.8 20.0 40.0 100.0
Nonionic 20.0-60.0 42.4 20.0 40.0 100.0
Average contact angle, ° Anionic 132.6-180.0 155.6 55.0 165.0 180.0
Cationic 68.0-78.0 86.9 55.0 75.0 165.0
Nonionic 133.0-173.0 131.3 55.0 133.0 173.0
Oil gravity, °API Anionic 22.0-45.2 32.8 22.0 28.2 62.1
Cationic 22.0-47.6 39.8 22.0 41.7 75.2
Nonionic 27.1-30.4 29.6 27.1 27.7 44.8
QOil viscosity, cp Anionic 2.9-23.0 11.9 2.9 10.0 23.0
Cationic 0.3-12.4 8.5 0.3 12.3 12.4
Nonionic 9.7-12.4 9.7 1.4 9.9 23.0
Acid number, mg KOH/g oil Anionic 0.08-1.04 0.5 0.08 0.2 4.5
Cationic 0.0-1.04 1.1 0.0 1.0 4.5
Nonionic 0.2-1.0 1.4 0.2 1.0 4.5
Base number, mg KOH/g oil Anionic 1.2-1.2 0.9 0.0 1.2 1.2
Cationic 0.0-1.8 0.8 0.0 0.01 1.8
Nonionic 1.2-1.8 1.4 1.2 1.2 1.8
Asphaltene concentration, wt.% Anionic 1.1-1.1 1.5 0.0 1.1 10.7
Cationic 0.23-0.23 0.7 0.0 0.23 2.3
Nonionic 1.0-1.09 1.2 1.0 1.0 2.3
Salinity of connate water, g/1 Anionic 0.0-118.1 59.4 0.0 79.4 118.1
Cationic 0.0-62.8 37.4 0.0 44.9 213.7
Nonionic 0.0-118.1 55.4 0.0 77.9 263.7
Divalent cations concentration of connate water, g/1 Anionic 0.0-6.2 3.0 0.0 4.0 6.2
Cationic 0.0-4.4 3.2 0.0 3.7 21.5
Nonionic 0.0-6.2 3.2 0.0 2.6 24.6
Salinity of imbibition water, g/1 Anionic 0.0-66.9 35.8 0.0 31.8 106.0
Cationic 0.0-58.0 31.1 0.0 30.8 100.0
Nonionic 0.0-77.9 42.7 0.0 35.5 263.7
Divalent cations concentration of imbibition water, g/1 Anionic 0.0-2.2 0.7 0.0 0.0 4.4
Cationic 0.0-4.4 2.7 0.0 3.4 4.4
Nonionic 0.0-3.4 2.1 0.0 1.8 24.6
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Fig. 13. Distribution of surfactant concentrations.

solutions to avoid divalent cations binding with surfactants. EDTA
(ethylene diamine tetraacetic acid) and NaPA (sodium polyacylate) have
been reported as chelating agents [5,50,52]. With appropriate usage of
them, wettability alteration efficiency and improved oil recovery could
be greatly enhanced. Second, the amount of surfactant loss resulted from

13

adsorption on rock surface remains challenging [100]. It is a critical
factor in regard to determination of surfactant concentration and eco-
nomic evaluation of surfactant projects. Among all types of surfactants is
anionic surfactants which have a relatively high tendency to adsorb on
rock surface. This tendency is mainly caused by the electrostatic
attraction force between positively charged rock surface and negatively
charged surfactant groups. The pH control agents provide an efficient
way to mitigate adsorption problem. On the basis of constructed dataset,
NapCOs and NaBOy are mainly served as pH control agents. With
addition of alkali into surfactant solutions, brine pH can be increased
across ZPC of carbonate rocks. Consequently, rock surface becomes
more negatively charged and the amount of surfactant molecules
adsorbed on rock surface is reduced. Nap,COs is suitable for soft brines
with low concentration of Ca>" and Mg?t [40]. In contrast, NaBO,, is
efficient in hard brines where CaCO3 and MgCO3 cannot be precipitated
[45]. Third, pH control agents and chelating agents have been applied
jointly in anionic surfactant solutions as indicated by Kathel and
Mohanty [16]. Lastly, because certain surfactants are hardly soluble in
aqueous phase, co-solvents are required to improve solubility. EGBE,
ethanol and isopropanol are documented as effective co-solvents
[31,35,51,68].

5.4. Water information to prepare surfactant solutions

As aforementioned in Fig. 9, surfactant solutions can be prepared
from deionized water, formation water, produced water, seawater, and
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Table 4
Information of additives in surfactant solutions.

Rock
types

Additive types Surfactant systems Count  References

Chelating agents
EDTA Chen and
Mohanty. [5]
Chen and
Mohanty. [52]
Chen and
Mohanty. [5]
Chen and
Mohanty. [50]

Anionic Dolomite 5

NaPA Anionic Dolomite 4

PH control agents
Na,CO3 (In soft
brines)

Dolomite 3
Limestone 41

Anionic Tabary et al.
[371

Hirasaki and
Zhang. [40]
Seethepalli et al.
[41]

Adibhatla and
Mohanty. [42]
Gupta et al. [43]
Gupta et al. [45]
Gupta and
Mohanty. [46]
Gupta and
Mohanty. [47]
Chen and
Mohanty. [5]
Chen and
Mohanty. [52]
Hirasaki and
Zhang. [40]
Gupta et al. [45]
Gupta and
Mohanty. [46]
Gupta et al. [45]

Na,CO3 (In soft Dolomite 2

brines)

Anionic + Anionic
Limestone 4

NaBO, (In hard
brines)

Anionic Limestone 2

Chelating agents and pH control agents

EDTA + Anionic Limestone 6 Kathel and
NayCO3 Mohanty. [16]
Co-solvents
EGBE Anionic Dolomite 2 Sagi et al. [35]
Ethanol Cationic, Anionic, Dolomite 3 Valluri et al.
Anionic + Cationic [31]
Isopropanol Cationic + Cationic ~ Dolomite 8 Strand et al. [68]

Standnes and
Austad. [51]

Limestone 4

synthetic water. Among them is synthetic water that has the most fre-
quency. It is also noticed that Nap;COs (aq) and synthetic seawater have
relatively high frequency in imbibition water. Na;COs (aq) is frequently
used as pH control agents in anionic surfactant solutions to decrease
surfactant adsorption. Furthermore, the presence of alkali could
improve the performance of surfactants. Alkali could release OH™ which
reacts with acid components present in crude oil to produce in-situ
surfactants to assist in lowering IFT [101]. Also, alkali is capable to
ionize organic acids in crude oil, which increases their hydrophilicity
and partitioning in water phase [102]. Synthetic seawater contains
S04%, Mg?*, and Ca®", and the ratio of their concentrations is favorable
to wettability alteration. Much attention has been paid to individual
component and symbiotic interactions among aforementioned ions
regarding their wettability alteration effects [80,103-108]. Based on
this, several researchers studied the influence of SO42', Mg2+, and Ca?"
on the efficiency of surfactants [5,68,106]. Also, the combined wetta-
bility alteration effect between surfactants and synthetic seawater has
been reported [38,71,109].

As surfactant solutions are imbibed into porous matrix, a new issue
needs to be noticed. The surfactant solutions are expected to be diluted
by connate water, which can reduce the concentration of surfactants and
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additives. Apart from dilution, changes could be arisen in salinity,
divalent cations content, pH, etc. given that imbibition water properties
are not remained consistent with connate water properties. Hence sur-
factant systems should be carefully designed such that mixed systems
are remained active in wettability alteration and IFT reduction espe-
cially in the front of imbibition profile. A full assessment of changes in
aforementioned parameters is demanded [40]. As proposed by Chen and
Mohanty, the ratio of surfactant solutions volume to connate water
volume is a good indicator to fulfill above demand. If the volume ratio is
kept high in imbibition tests, changes to designed surfactant systems is
not obvious [50].

6. Performance evaluation

Wettability alteration and IFT reduction often occur simultaneously
in surfactant imbibition tests. Their effects on oil recovery can be
influenced by each other. Oil recovery is affected by the coupled effect
between wettability alteration and IFT reduction, and it is hard to
quantify their contributions to oil recovery [110]. Wettability alteration
reverses the direction of capillary force and thus initiates imbibition
process. Besides, higher extent of wettability alteration can increase
capillary force and enhance the imbibition process [45,52]. On the basis
of wettability alteration, the effect of IFT reduction on oil recovery be-
comes complicated. Lower IFT could weaken the imbibition process
since capillary force is decreased. Given that IFT is significantly reduced,
the importance of wettability alteration can be limited, and gravitational
force becomes more important in driving water phase into rock matrix
[38]. The imbibition process controlled by gravitational force is
observed to be slower than that controlled by capillary force [45,66].
Yet lower IFT can weaken capillary entrapment, which is beneficial in
mobilizing residual oil [66,111]. The coupled effect between wettability
alteration and IFT reduction on oil recovery has not been clearly re-
ported in literature. In this paper, we comprehensively evaluate the
performance of currently effective surfactant imbibition tests, including
wettability alteration, IFT reduction, and oil recovery. We are also
studying the coupled effect between wettability alteration and IFT
reduction on oil recovery using data analysis methods, and the results
will be illustrated in the next paper.

6.1. Wettability alteration and IFT reduction

The extent of wettability alteration can be estimated with comparing
the contact angle before and after surfactant addition. It is important to
note that contact angle has a relevance on multiple factors not limited to
surfactants. In this section, only contact angle measured in the condition
where other factors are remained same is used to analyze the effec-
tiveness of surfactants. The reason for this principle is to eliminate the
influence of other factors, and to ensure the change of contact angle is
caused by surfactants. This principle is applied to IFT data as well. Based
on this principle, the amount of data for comparison of contact angle and
IFT is markedly decreased.

Fig. 14a illustrates the distribution of contact angle before and after
surfactant addition. All data points are located below the diagonal line,
which shows the contact angle is decreased and thus the wettability is
altered to more water-wet. Because target carbonate reservoirs are
different, the initial contact angle varies as well, which is reflected in
disperse data points in the horizontal direction. Given the same initial
contact angle, several data points fall into a vertical line. This trend
indicates that the wettability alteration degree is not kept constant
among different tests. This variation is caused by the changes of sur-
factant properties, which is mainly determined by the research purposes
of different reports. These purposes include comparing the wettability
alteration efficiency of different surfactant systems, screening surfac-
tants from identical surfactant system, studying the effect of surfactant
concentration on wettability alteration, improving the performance of
surfactants with additives. The influence of surfactant properties on
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Fig. 14. Change of (a) contact angle and (b) IFT caused by surfactants.

wettability alteration for various surfactant systems has been discussed
in detail in our recently published review paper [15]. In general, the
contact angle after surfactant addition is in the range from 7° to 144°.
The small contact angle is mainly obtained via cationic surfactants,
which presents strong and irreversible wettability alteration effect [65].

The comparison of IFT is indicated in Fig. 14b, which shows that IFT
is reduced with the usage of surfactants. The initial IFT is mainly related
with oil properties, water properties, and temperature. The changes of
these factors could result in variations on the initial IFT. The initial IFT
covers a range between 6.0 mN/m and 55.4 mN/m. Likewise with
contact angle, the degree of IFT reduction varies among tests. This
variation can be caused by the changes of surfactant systems, surfactant
structures, surfactant concentrations, and additives. The additives
herein are alkali, which could react with acid components present in oil
to produce in-situ surfactants to aid in reducing IFT [101]. The IFT after
surfactant addition covers a wide range from the ultralow IFT (~107
mN/m) to 29 mN/m. The ultralow IFT is beneficial in reducing capillary
entrapment and thus improving oil recovery. In literature, the ultralow
IFT is often achieved from middle phase microemulsion, which is formed
by optimizing water salinity [33,37,40,41,48,52]. Anionic surfactants
are appealing agents to achieve ultralow IFT because of their strong
potential in reducing IFT [52]. On the other hand, due to the relatively
weak function to reduce IFT, cationic and nonionic surfactants are often

applied to obtain high IFT [32]. The highest IFT with 29 mN/m is from a
study, which is aimed at investigating the influence of IFT on oil re-
covery. Both high and low IFT are set in this study [71].

6.2. Oil recovery

Surfactant imbibition tests can be conducted either in secondary
phase or tertiary phase. In secondary phase, most imbibition tests are
conducted directly with surfactants, while fewer water imbibition tests
are separately established as baseline cases. The number of surfactant
imbibition tests and water imbibition tests are 201 and 28, respectively.
In tertiary phase, surfactant imbibition is conducted after water imbi-
bition is ceased. In this way, the number of water imbibition tests equals
to the number of surfactant imbibition tests. The number is 115. In this
part, the distribution of oil recovery from two phases is discussed.

Secondary phase. Fig. 15a and b show the distribution of oil recovery
from water imbibition and surfactant imbibition in regard to limestone
and dolomite. Several important conclusions can be revealed in these
figures. First, it is interesting to note that the majority of water imbi-
bition and surfactant imbibition tests are implemented with limestone.
In water imbibition, only one imbibition test is documented with dolo-
mite. In surfactant imbibition, the number of imbibition tests in lime-
stone and dolomite are 161 and 40, respectively. Second, the oil
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recovery from water imbibition is<25%, with an average of 7.1%. On
the other hand, oil recovery from surfactant imbibition is located in a
wide range from nearly 1% to over 90%, with an average of 39.1%. On
average, the oil recovery from surfactant imbibition is remarkably
higher than that from water imbibition. Also, the wide range of oil re-
covery implies that the performance of surfactant imbibition varies
greatly. The variation is not only caused by surfactants but also relies on
properties of rock, oil, water, as well as experimental conditions. The
changes of one or more of them can contribute to the alteration of final
performance. At last, the peak range of oil recovery from water imbi-
bition is between 0 and 1%, whereas a more even distribution can be
found in oil recovery from surfactant imbibition. Nevertheless, it seems
that the range from 30 to 70% has relatively more frequency in lime-
stone and dolomite.

Tertiary phase. Opposite to secondary phase, most imbibition tests in
tertiary phase are implemented with dolomite. The number of imbibi-
tion tests in dolomite and limestone are 92 and 23, respectively. As
shown in Fig. 16a, oil recovery from water imbibition covers 0-34.2%,
with 4.5% on average. The range from 0 to 1% has the most frequency in
dolomite and limestone. Oil recovery higher than 13.5% is detected as
special cases from boxplots. As indicated by Standnes and Austad, the
abnormal value can be partly related with moldic pore structure of
carbonates, inhomogeneous wetting state at the outermost layer of the
core, and thermal expansion of fluid [64,67]. Fig. 16b illustrates the
incremental oil recovery by surfactant imbibition. It depicts that sur-
factant imbibition is capable to increase oil recovery by 1.1-92.9%, and
27.7% on average. Furthermore, big difference is found between

Fuel 310 (2022) 122110

limestone and dolomite. For limestone, more imbibition tests fall into
the range from 40 to 70%. For dolomite, the range between 0 exclusive
and 40% accounts for 80% of imbibition tests. To find the reason for
such weak response from dolomite, the data source is carefully exam-
ined. It is documented that nearly 70% of dolomite data in the range
from 0 exclusive to 40% is collected from the same institution [24,70].
The dolomite materials are collected from Cottonwood Creek field
(Wyoming), Dagger Draw field (New Mexico), and Fuhrman-Masho field
C zone (Texas). Aside from that, oil recovery from a fraction of cores is
not increased. Such materials include dolomite from Fuhrman-Masho
field B zone (Texas) and limestone from Eagle Creek field (New
Mexico). As stated by Weiss and Xie, two factors possibly resulted in this
ineffectiveness [24]. One is low permeability, and the other one is high
amount of surfactant loss caused by adsorption on rock surface. Thus,
permeability and rock mineralogy are suggested as significant factors for
the design of surfactant huff-puff treatments. However, three samples
with incremental oil recovery higher than 90% are dolomite cores with
high permeability (101-352 mD) from West Texas. Fig. 16¢ depicts ul-
timate oil recovery which is defined as the sum of oil recovery from
water imbibition and incremental oil recovery in this paper. Due to the
oil recovery from water imbibition is often low, ultimate oil recovery
presents a similar distribution with incremental oil recovery. The ranges
with more frequency in limestone and dolomite are 40-70% and from
0 exclusive to 40%, respectively. The average of ultimate oil recovery is
32.2%.

The performance of oil recovery is summarized in Table 5. Given a
certain rock type, comparison of oil recovery between secondary phase
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Table 5
Summary of oil recovery in terms of rock types and recovery phases.

Fuel 310 (2022) 122110

Rock types Recovery phases Count  Oil recovery from water imbibition, %  Count  Oil recovery from surfactant imbibition, % Count  Ultimate oil recovery, %
Limestone Secondary 27 0-6.9-20.3 161 1.2-38.3-91.1 - -
Tertiary 23 0-1.3-13.8 23 1.3-39.2-71.6 23 1.79-40.5-71.6
Dolomite Secondary 1 14-14-14 40 6.3-44.8-80 - -
Tertiary 92 0-3.3-34.8 92 1.1-25.8-92.9 92 1.5-29.0-92.9
Overall Secondary 28 0-7.1-20.3 201 1.2-39.1-91.1 - -
Tertiary 115 0-4.5-34.8 115 1.1-27.7-92.9 115 1.5-32.2-92.9
Note:

Range is presented with minimum - mean - maximum

and tertiary phase could assist in studying the effect of treatment timing
on oil recovery performance. For limestone, the average oil recovery
from tertiary phase is slightly higher than those from secondary phase.
For dolomite, an opposite trend is observed. In addition, the difference
of average oil recovery between two recovery phases is much larger than
the difference in limestone. In general, the secondary phase is more
favorable to produce oil from surfactant huff-puff treatments. The
treatment timing is suggested to be taken into consideration for the
design of surfactant huff-puff treatments.

7. Conclusions

In this study, a comprehensive dataset for wettability alteration with
surfactants in carbonate rocks is constructed, which contains 338
effective surfactant imbibition tests published from 1996 to 2020.
Ununiform data and duplicate data are eliminated to provide a high-
quality dataset. Descriptive statistical analysis methods are used to
conduct data analysis, and the following conclusions can be drawn:

e The application guidelines for surfactant huff-puff treatments in
carbonate reservoirs are established. The guidelines indicate that
surfactants can be effectively applied in wide ranges: porosity from
3.1 to 51.7%, permeability from 0.04 to 1458 mD, starting oil
saturation from 37.7 to 100%, temperature from 20 to 100 °C,
average contact angle from 55 to 180°, oil gravity from 22 to 75.2
°API, oil viscosity from 0.3 to 23 cp, acid number from 0 to 4.5 mg
KOH/g oil, base number from 0 to 1.83 mg KOH/g oil, asphaltene
concentration from 0 to 10.7 wt%, salinity of connate water and
imbibition water from 0 to 263.7 g/1, divalent cations concentration
of connate water and imbibition water from 0 to 24.6 g/1.

e Anionic, cationic, and nonionic surfactants are applied in 83% of
imbibition tests, and cationic surfactants have the most frequency.
The application ranges for these three types of surfactants are sum-
marized: salinity of imbibition water (anionic 0-106 g/1, cationic
0-100 g/1, nonionic 0-263.7 g/1); salinity of connate water (anionic
0-118.1 g/1, cationic 0-213.7 g/1, nonionic 0-263.7 g/1); divalent
cations concentration of imbibition water (anionic 0-4.4 g/l,
cationic 0-4.4 g/1, nonionic 0-24.6 g/1); divalent cations concen-
tration of connate water (anionic 0-6.2 g/I, cationic 0-21.5 g/1,
nonionic 0-24.6 g/1); temperature is in the range 20-100 °C for three
types of surfactants.

e A critical surfactant concentration higher than CMC is reported to

exist where surfactants could achieve the best performance. Surfac-

tant concentration is recommended to be kept near or higher than
this critical concentration. Data analysis results show that surfactant
concentration ranges from 0.01 to 5.0 wt%, where 97% of tests are
conducted with concentration<2.0 wt%. Besides that, the
range<1.0 wt% is observed as the peak range, which accounts for

75% of tests.

Mixture of various surfactants and approximate usage of additives

are useful strategies, which could improve surfactant solutions

properties, extend applicable conditions, and enhance the effec-
tiveness of surfactants.
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e Surfactant solutions have been prepared from deionized water, for-
mation water, produced water, seawater, and synthetic water. About
94% of surfactant solutions are prepared from synthetic water, which
is composed of synthetic formation water, synthetic produced water,
synthetic seawater, and electrolytes solution. Among them, synthetic
formation water has the most frequency.

Surfactant huff-puff treatments can be conducted either in secondary
phase or tertiary phase. The range of oil recovery from secondary
phase and tertiary phase are similar, which covers from 1.0 to 93%.
While the average oil recovery from secondary phase and tertiary
phase are 39.1% and 32.2%, respectively. Therefore, the treatment
timing is suggested to be considered in the design of treatments.
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