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IFT of  crude  oil-brine  system  was
measured  in  the presence  of selected
DESs.
The  IFT decreases  with  increasing
temperature  and  DES  concentration.
DES  or  its constituents  affect  the IFT
similarly  and  are  potential  surfac-
tants.
Molecular  interactions  in  DESs  were
examined  by 1H  NMR  and  2D  NMR
analysis.
The  addition  of more  than  25  wt%
H2O  breaks  the  DES’  hydrogen  bonds.
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a  b  s  t r  a  c  t

We investigated  the  potential  use  of choline  chloride/urea  and  choline  chloride/glycerol  deep  eutectic
solvents  (DESs)  and their  individual  constituents  (the  salt  and  the hydrogen  bond  donor)  as  surfactants
for  enhanced  oil recovery.  The interfacial  tension  (IFT)  between  Saudi  medium  crude  oil and  different
concentrations  of these  DESs  (and  their  individual  components)  in  10  wt%  NaCl  aqueous  solutions  were
measured  as  a function  of temperature.  Results  showed  that  the  IFT  values  decreased  with  the  increase
of both  the  DES  concentration  and  temperature.  The  effect  of adding  the salt  and  the hydrogen  bond
donor  (HBD)  separately,  without  forming  the  corresponding  DES,  on  IFT values  was also  explored.  It
was  found  that,  in  most  cases,  adding  the DES  or  its  corresponding  constituents  separately  has  the  same

1

nterfacial tension
urfactants
nhanced oil recovery

effect on  the  IFT.  Furthermore, H  NMR  and different  2D  NMR  analysis  (NOESY  and  HOESY)  were  used
to  examine  the  nature  of  mole
interactions.  It  was  found  that
ponents  become  weak.  Howev
interactions  between  the  HBD

Abbreviations: AMNS, alkylmethylnaphthalene sulfonates; BTBAC, benzyltributylamm
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 while  the  content  of  water  is  below  25  wt%  the interactions  of  DES’  com-
er,  the  addition  of  50 wt%  water  breaks  the hydrogen  bonding  so  that  no

 and  the  salt  were  observed.
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. Introduction

The appetite for global energy is increasing steadily due to rapid
rowth in world’s population. Rising energy demand becomes the
ain reason for applying different technologies to improve the effi-

iency of petroleum production [1]. The laboratory and field study
evealed that only 30–50% of oil can be recovered after water injec-
ion from original oil in place [2]. To extract remaining oil, it is
ecessary to incorporate efficient techniques. Enhanced oil recov-
ry (EOR), also called tertiary oil recovery, is the one gaining more
nterest [3].

There are three major techniques for EOR: (i) thermal recovery,
ii) gas and (iii) chemical injections [4]. (i) Thermal recovery meth-
ds are generally used to recover viscous and heavy oil. In such
ethods, thermal energy is injected into the reservoir to raise its

emperature [5]. The major aim of such techniques is to reduce the
iscosity of crude oil and thereby improve its mobility within the
eservoir. The common thermal recovery methods include in-situ
ombustion, hot fluid injection and cyclic steam [6]. (ii) The gas
njection technique consists of pumping different hydrocarbon or
on-hydrocarbon gases into reservoirs [7,8]. Injected gases typi-
ally include nitrogen, carbon dioxide or natural gas. (iii) Chemical
ooding techniques are considered as the best EOR techniques used

7,9–12]. They could be divided into three main processes: (a) alka-
ine flooding, (b) polymer flooding and (c) surfactant flooding [2].
lkaline flooding method is not as efficient as other techniques;
lthough, it is the cheapest one [13]. The relative lower capital cost
as made the polymer flooding one of the most attractive EOR pro-
esses for the researchers in recent years [14]. In this technique,
ater-to-oil mobility ratio is reduced by employing polymers in

rder to guarantee the considerable oil displacement front.
Among several chemical EOR methods, surfactants represent an

mportant class to recover crude oil [2,7,15–17]. In this technique,
he residual oil mobility is enhanced through reduction in interfa-
ial tension (IFT) by introducing a surface active agent (surfactant)
18,19]. Moreover, the reduced IFT between oil and water lowers
he capillary pressure and thereby improves the sweep as well as
isplacement efficiency [20]. The oil characteristics as well as, the
eservoirs’ conditions play a significant role in selecting the suitable
urfactant [21–28]. As a rule, increasing the electrolyte concentra-
ion will result in greater adsorption and a lower IFT of an ionic
urfactant even at the air/water interface. This is due to a decrease in
ebye screening length with increasing electrolyte concentration.

In 2008, Gong et al. [29] measured the dynamic IFT
etween hydrolyzed polyacrylamide (HPAM)/sodium oleate
C17H33COONa) solution and crude oil. They studied the effects of
odium halide (NaF, NaBr, NaCl or NaI) on the dynamic IFT and the
iscosity of the mixed solution. Results showed that the IFT can
e reduced to 10−4 mN/m in a very short period of time. It was
lso found that among different precipitants of sodium halide, the
eduction in the IFT between HPAM/C17H33COONa solution and
rude oil is more dominant in the presence of NaI. Zhang et al. [30]
ynthesized hydrophobic modified sodium humate surfactants
Cn-HANa) with varying chain lengths. The experimental spin-
ing drop analysis results revealed that ultra-low IFT value was
chieved at the oil/water interface from the solution of n-propanol,
a3PO4·12H2O and the surfactant. Ko et al. [15] investigated the
hase behavior of dodecyl alkyl sulfate and selected crude oil
amples. They studied the effects of branched and linear dodecyl
lkyl sulfate and reported that the branched chain surfactant was
ore efficient than the linear surfactant. They used both light and

eavy crude oils with various salinity concentrations during the

hase behavior test.

Microemulsion systems can also be used to attain the ultra-
ow IFT between crude oil and water. Bera et al. [31] measured
he IFT between surfactant solutions, oil and brine and mircoemul-
sicochem. Eng. Aspects 487 (2015) 221–231

sion, and showed that microemulsion system has substantial role in
reducing the IFT. The effect of alkylmethylnaphthalene sulfonates
(AMNS) based surfactants on the dynamic IFT between crude oil
and the solution of surfactants and the surface tension of surfactant
aqueous solution was investigated by Zhao et al. [32]. They found
that these surfactants have great potential in lowering the surface
tension and IFT values and become more efficient in the presence
of NaCl. A mixture of polyoxyethylene tert-octylphenyl ether (TX-
100) and Tyloxapol in brine solution and in the presence of HPAM
with cetyltrimethylammonium bromide (CTAB) was analyzed at
the interface between crude oil and water by Zhu et al. [33]. Results
showed that CTAB has better capability and efficiency in reducing
IFT compared to the nonionic surfactant. It is also worth mention-
ing here that all surfactant mixtures yield ultra-low IFT values in
the presence of HPAM.

Several publications have been reported in the last decade that
investigated the influence of ionic liquids (ILs) on the IFT of crude
oil/water system [2]. Benzagouta et al. [2] used a special class of
ILs called “Ammoeng” as a surfactant for the applications of EOR.
They investigated the effects of these ILs on the IFT in the presence
of NaCl solution as a function of temperature. Results showed that
the increase in the concentration of ILs causes reduction in the IFT
values. The lowest IFT values were achieved by using Ammoeng 102
IL (tetraalkyl ammonium sulfate) which gave lower IFT values than
the commercial surfactant: Triton X-100. The authors also studied
the synergic effect of using a mixture of Triton X-100 and Ammoeng
102 and they found that the total concentration of surfactant and IL,
the temperature and the mass ratio of surfactant to IL play a major
role in decreasing the IFT.

Hezave et al. [3] used 1-dodecyl-3-methylimidazolium chloride
([C12mim-Cl]) IL as a surfactant for EOR. They performed a paramet-
ric analysis by investigating the effects of NaCl solutions, salinity,
temperature and concentration of IL on dynamic IFT between IL
solution (water + IL) and heavy crude oil. It was found that the
increase in temperature reduces IFT of the ILs solution/crude oil
system. Sakthivel et al. [34] used eight aliphatic ILs for the investiga-
tion of IFT between crude oil and water and surface tension of water.
The synergic effect of ILs in the presence of NaCl was  also examined.
Both IFT of oil/water system and surface tension of water decreased
in the presence of NaCl, as well as by increasing the temperature,
the ILs’ concentration and the alkyl chain length of the cation of
the IL. The effect of two different families of ILs, namely pyridinium
and imidazolium on the IFT of crude oil/water system was inves-
tigated by Hezave et al. [35]. In their study, they used four ILs
including 1-dodecyl-3-methylimidazolium chloride ([C12min][Cl]),
1-octyl-3-methylimidazolium chloride ([C8min][Cl]), 1-dodecyl
pyridinium chloride ([C12Py][Cl]) and 1-octyl pyridinium chloride
([C8Py][Cl]). They studied the influence of temperature and con-
centration of NaCl and ILs on IFT values, and they revealed that,
unlike conventional surfactants, these four ILs are more efficient in
the presence of NaCl to reduce the IFT.

Some researchers have also used different ammonium and
phosphonium salts as surfactants to reduce IFT. Wei  et al. [36] mea-
sured the dynamic interfacial tension (DIT) between n-octane and
aqueous solution of 3-alkoxy-2-hdyroxypropyl-trimethyl ammo-
nium chloride (RnHTAC) by using a spinning drop method. Their
study revealed that the increase in the concentration of surfac-
tant reduces the DIT. Fu et al. [37] also used the spinning drop
method to measure the DIT between aqueous solutions of n-haxane
and 3-dodecyloxyl-2-hydroxypropyl trimethyl ammonium bro-
mide (R12HTAB). The results showed that the DIT decreases and
adsorption barrier gets higher in the bulk aqueous phase with

increasing the concentration of surfactant while the increase in the
temperature of the solution reduces the DIT. Lim et al. [38] stud-
ied the influence of cationic surfactants having multi ammonium
and hydroxyl groups on the dynamic surface tension and IFT. It
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Fig. 1. IFT as a function of temperature for DES1 having diffe

as reported that the critical micelle concentration of the aque-
us surfactant solution increases by increasing the hydrophobicity
f a surfactant. Very low values of surface tension were achieved
y using cationic surfactant, which consists of a mono-ammonium
roup and two hydroxyl groups. A maximum bubble pressure ten-
iometer was used to measure the dynamic surface tension. IFT
as measured between n-decane oil and 1 wt% surfactant solu-

ion at 25 ◦C using a spinning drop tensiometer. The IFT dropped
o an equilibrium value over a time period of about 10–15 min. For
xample, the equilibrium value of N,N-bis-(3-(3-n-dodecyloxy-2-
ydroxypropyl-N′,N′-dimethylammonium)-2 hydroxypropyl) di-
ethyl ammonium dichloride methyl sulfate was  0.162 mN/m.

heoretical and experimental studies were performed by Pons-
iménez et al. [39] to investigate the influence of the cationic
urfactant docecyltrimethylammonium chloride (C12TAC) on the
nhancement of the oil recovery factor (ORF). They determined
nteraction energies between C12TAC and the fractions present in
eavy oil. This theoretical analysis was based on Density Functional
heory. They observed the reduction of oil viscosity from the molec-
lar interactions between C12TAC and either of some molecules
resent in oil. Based on experimental analysis, Fourier trans-

orm infrared (FTIR) spectroscopy and nuclear magnetic resonance
NMR) spectra were performed on the heavy crude oil. Due to the
ddition of C12TAC surfactant into the brine solution, a noticeable
ncrease in the ORF was  observed. Müller and Dörfler [40] studied
dsorption and inhibition behavior of homologous phosphonium
romides using different techniques. The experiments were carried
ut in ethanol/water solutions. Results showed that the inclusion
f homologous phosphonium bromides in ethanol/water solutions
auses reduction in the IFT values between homologous phospho-
ium bromides and ethanol/water electrolytic solutions. Finally,
ang et al. [41] prepared cationic surfactants having two  hydropho-
ic groups and two quaternary ammonium ions. FTIR, HNMR

nd fast atom bombardment mass spectrometry techniques were
tilized for the characterization purpose of the surfactants. The

nterfacial properties including critical micelle concentration, sur-
ncentrations in 10 wt% NaCl solution and Saudi medium oil.

face tension, and interfacial tension between oil and surfactant
solution, foam stability and contact angle were measured.

Nevertheless, the huge market demand for surfactants is cur-
rently satisfied by synthetic petroleum-based chemicals which may
bio-accumulate and which by-products and production processes
can be environmentally hazardous [42]. However, due to the envi-
ronmental issues and restrictive laws, biodegradable and non-toxic
surfactants are inevitable. In addition, it is well known that surfac-
tant systems are sensitive to high temperatures and high salinity,
leading to requirements for developing surfactant systems that can
withstand such conditions [25].

DESs are a low-cost alternative of ILs and have emerged as new
generation of green solvents. A DES is obtained by mixing a com-
plexing agent (generally a hydrogen bond donor) with a salt at a
specific molar ratio forming a eutectic with a melting point lower
than that of each individual component. Depression of freezing
point is related to the interaction between the components of the
mixture, generally of hydrogen bonding nature. The salt used for
the synthesis of DESs consists of a large quaternary ammonium
or phosphonium cation, combined with a halide anion. An exam-
ple of a common DES is the combination of choline chloride (ChCl)
with urea, which forms a eutectic mixture when 1 mole of ChCl
is mixed with 2 moles of urea [43]. In addition to be non-volatile,
DESs have several advantages compared to traditional ionic liquids
since they are: (1) simple to synthesize; the materials can be eas-
ily mixed and ready to be used without further purification, (2)
less expensive, and (3) are generally biodegradable and non-toxic
based on the wise choice of their constituents [44]. Mohsenzadeh
et al. investigated the effectiveness of choline chloride: glycerol
(1:2) and choline chloride: urea (1:2) DESs in enhancing Omani
heavy oil recovery [45]. Effects of the two DESs diluted with brine
on emulsification, wettability, spontaneous imbibition, surface and
interfacial tensions were reported at different temperatures. The

results showed that the two  DESs increased the IFT of oil-brine
system. In addition, the two DESs altered the wettability of the
sandstone rock surfaces from liquid-wetting towards interme-
diately air-wetting conditions at oil-air-rock interface. The core
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Fig. 2. IFT comparison between DES1 and its components (added separately) in 10 wt% NaCl brine solution and medium crude oil at different temperatures.

Fig. 3. IFT measurement of DES2 and its components in 10 wt% NaCl brine and saudi medium oil at different temperatures.
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Fig. 4. IFT comparison of 5000 ppm DESs and selected salts having 10 wt% NaCl solution and medium Saudi oil at different temperatures.
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Fig. 5. Effect of the salt or hydrogen bond donors’ concentration in

ooding runs at different temperatures showed high potential of
sing these DESs for enhancing heavy oil recovery. They concluded

hat wettability alteration and reduction of viscous forces were the

ain mechanisms of enhancing the heavy oil recovery by DESs
njection. It should be noted that Mohsenzadeh et al. used 50 vol%
% NaCl aqueous solution on the IFT with Saudi medium oil at 70 ◦C.

of DES which is an extremely high concentration compared to the
values reported in the literature for other surfactants.
In the present work, the potential application of selected deep
eutectic solvents and their individual components as surfactants
was investigated. The IFT behavior between crude oil/brine and two
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lear overhauser enhancement spectroscopy (NOESY) in DMSO.
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Table 1
IFT measurements for selected binary systems: Comparison between our results and
data  published in the literature [46].

Temperature (◦C)

25 35 45

This work [46] This work [46] This work [46]
Benzene–water 29.0818 32.50 26.5214 31.14 25.877 29.74
Fig. 6. 2D NMR  spectra of ChCl:glycerol (1:3): 1H–1H-nuc

ifferent DESs was measured at atmospheric pressure and different
emperatures and concentrations.

. Materials and methods

Pure grade compounds sodium chloride and choline chloride
ere purchased from Acros Organics (Belgium), urea from Winlab

England) and glycerol from Panreac (Spain) and were of 99% purity.
ll chemicals were used without any further purification.

Two different DESs: ChCl:glycerol (1:3) and ChCl:urea (1:2)
ere prepared according to the method described by Abbot et al.

43]. These are denoted as DES1 and DES2, respectively. ChCl
as mixed with the hydrogen bond donor (Urea or glycerol)

n screw-capped bottles. The bottles were then placed in an
ncubating-shaker at a temperature of 100 ◦C and a rotational speed
f 200 rpm until a clear liquid was formed.

10 wt% NaCl solution in deionized water was used to represent
he typical condition of brine which exists in most petroleum reser-
oirs in Saudi Arabia. The unit used for the concentration of the
ESs, the salt solution or the surfactant is ppm, based on weight
f materials used. The Saudi medium crude oil used in this work
as characterized by determining its viscosity (12 cP) and spe-

ific gravity (0.886). All the parameters were measured at King

bdul-Aziz City for Sciences and Technology (KACST). PerkinElmer
400 series II CHNS/O Analyzer was used to measure the com-
osition of the sample: hydrogen = 9.13 wt%, carbon = 81.29 wt%,
itrogen = 0.70 wt% and sulfur = 2.56 wt%.
Toluene–water 36.641 34.62 35.983 33.39 34.901 32.16

The IFT measurements were taken using Kruss Pendant Drop
apparatus DSA100 (Germany). The reported accuracy of the mea-
sured IFT is ±0.01 mN/m.  This equipment is capable of measuring
surface tension and IFT at various conditions of pressure and tem-
perature. To test the equipment and procedure used, IFT values
between water and three standard hydrocarbons (n-hexane, ben-
zene and toluene) were measured at three different temperatures
(25, 35 and 45 ◦C). Good agreement was  obtained between our mea-
surements and those reported in the literature [46] as shown in
Table 1. Subscript numbers represent the experimental uncertain-
ties (for example 29.0818 means 29.08 ± 0.18).

Moreover, in order to highlight molecular interactions involved
in the DES in the presence of water, nuclear magnetic resonance
spectroscopy (NMR) was used. 1H NMR  spectra, 2D NOESY and

HOESY spectra were recorded using a JEOL RESONANCE spectrome-
ter ECX-500 II. Dimethyl sulfoxide (DMSO) was  used as solvent. The
ChCl:glycerol (1:3) DES was prepared and then water was added. A
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Fig. 7. 2D NMR  spectra of ChCl:glycerol:water (1:3:25 wt%): 1H–1H-nu

Table 2
Density (g/cm3) of studied DESs at different temperatures.

Temperature (◦C)
25 40 50 60 70 80 90

DES1 1.2003 1.1919 1.1862 1.1806 1.1781 1.1724 1.1669
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trations, individual components (ChCl and glycerol) yields lower
DES2 1.2010 1.1928 1.1873 1.1820 1.1738 1.1686 1.1634
Brine 1.0680 1.0616 1.0561 – 1.0455 – 1.0319

ample of 40 mg  was diluted in 1 mL  of NMR  solvent. The spectrums
ere carried out at 24 ◦C.

. Results and discussion

The IFT behavior for medium crude oil/brine with two  differ-
nt DESs, ChCl:urea (1:2) and ChCl:glycerol (1:3) was  investigated.
he IFT measurements were conducted at atmospheric pressure
nd different temperatures. Table 2 lists the density of the two
ESs at different temperatures. As expected, the density decreases
ith increasing temperature at a constant composition. It could be

learly seen that there is a good agreement between the density
alues reported here and that published in the literature [47,48].

Fig. 1 illustrates the effect of temperature and composition on
FT for solutions of DES1 (ChCl:glycerol (1:3)) in 10 wt%  NaCl brine

olution and medium Saudi crude oil. It is clear from the figure
hat the IFT decreases with the increase of DES concentration.
rine/medium crude oil mixture gives higher values of IFT with-
ut any DES as surfactant, reaches up to 24.11 mN/m as shown in
clear overhauser enhancement spectroscopy (NOESY) in DMSO.

the figure. With the addition of only 5000 ppm DES1, the IFT value
decreases to as low as 0.072 mN/m.  Moreover, increasing the tem-
perature causes additional reduction in the IFT. Similar results were
reported by Shahbaz et al. [49], Ye et al. [50] and Hezave et al. [3].
The effect of temperature is attributed to the fact that the viscos-
ity of crude oil reduces drastically as the temperature increases
from 25 ◦C to 90 ◦C. In addition, the rise in temperature causes a
reduction in the cohesive forces between molecules at the inter-
face resulting in a lower intrinsic liquid/air interfacial tension. IFT
reduction is important in chemical EOR because it enhances oil pro-
duction by reducing the capillary forces. Zhang et al. reported that
large amount of oil is trapped in the reservoirs due to the capillary
forces [51].

In order to check if the reduction in IFT is due to the pres-
ence of the DES or because of its constituents, i.e., choline chloride
and glycerol, we investigated the effect of the addition of choline
chloride and glycerol without forming a DES on the IFT of brine
solution (10,000 ppm NaCl) and medium Saudi oil. The results are
shown in Fig. 2 and Table 3. Again, subscripts represent the exper-
imental uncertainties, for example, 24.11030 = 24.110 ± 0.030. The
common behavior in all cases in Fig. 2 is that the IFT values decrease
with increasing temperature. Fig. 2(a) and (b) illustrate that DES1
gives slightly smaller values of IFT as compared to the individual
components at lower concentrations. However, at higher concen-
IFT values, Fig. 2(c). Fig. 2(d) shows IFT values for solutions of pure
ChCl and glycerol in brine/crude oil system at different concentra-
tions. Fig. 2(d) shows that IFT for pure ChCl having concentration
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Fig. 8. 2D NMR  spectra of ChCl:glycerol:water (1:3:50 wt%): 1H–1H-nuclear overhauser enhancement spectroscopy (NOESY) in DMSO.

Table 3
Comparison of IFT (mN/m) between 5000 ppm aqueous solution of DES1 and the equivalent of ChCl and glycerol in 10 wt.% NaCl and Saudi medium crude oil.

Temperature (◦C)
25 40 50 70 90

Brine (10 wt%) 24.11030 23.25040 20.11030 17.08050 12.93010

DES1 (200 ppm) 16.10040 10.32010 9.56020 8.04020 6.06040

Glycerol (133 ppm) and ChCl (67 ppm)a 16.0601 11.35020 10.38030 8.12020 6.12020

DES1 (500 ppm) 9.40020 9.19030 8.0201 6.14030 5.10080

Glycerol (332 ppm) and ChCl (168 ppm)a 10.64020 10.3801 8.5601 6.47050 5.34030

DES1 (5000 ppm) 0.3501 0.1631 0.09303 0.07903 0.0722

Glycerol (3322 ppm) and ChCl (1678 ppm)a 0.3391 0.1241 0.0841 0.0317 0.0211

Glycerol (3322 ppm) 0.6802 0.65014 0.6405 0.5803 0.2201

ChCl (1678 ppm) 0.6371 0.6081 0.5991 0.5446 0.1434

Glycerol (5000 ppm) 0.415 0.401 0.291 0.225 0.086
0

5
o

t
b
1
o
p
t
D
t
t

1

ChCl (5000 ppm) 0.3601

a The salts and the hydrogen bond donors were added separately.

000 ppm in brine/oil mixture is much smaller than that for any
ther pure component.

Then, we have applied the same test with DES2 but only for a
otal concentration equal to 5000 ppm. Indeed, Fig. 3 depicts IFT
ehavior of DES2 and its components at different temperatures in
0 wt% NaCl brine and medium Saudi crude oil. The lowest values
f IFT were achieved by using 5000 ppm DES2 or when its com-
onents, choline chloride and urea, were added separately with

otal concentration of 5000 ppm and in the same molar ratio in the
ES, i.e., 1:2. It can be clearly seen that the decrease in IFT in the

wo cases is approximately the same. This prompted us to inves-
igate the effect of different salts and different complexing agents
1 1 1 7

.2775 0.2372 0.1642 0.0691

and hydrogen bond donors on the IFT when used separately, i.e.,
without forming a DES. Table 4 illustrates that the IFT (mN/m)
between 5000 ppm aqueous solution of DES2 in 10 wt% NaCl and
Saudi medium crude oil was  0.321 mN/m at 25 ◦C and reduced to
0.011 mN/m by increasing the temperature to 90 ◦C.

At the same time, we have also examined the effect of
other ammonium- and phosphonmium-base salts, namely benzyl-
tributylammonium chloride (BTBAC), benzyltrimethylammonium

chloride (BTMAC) and methyltriphenylphosphonium bromide
(MTPPBr), on the IFT values between 10 wt%  NaCl solution and
Saudi medium crude oil. The concentration of the salt in each
case was  taken equal to 5000 ppm. The results are illustrated in
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Table  4
Comparison of IFT (mN/m) between 5000 ppm solution of DES2 and the equivalent of ChCl and urea in 10 wt% NaCl brine and Saudi medium crude oil.

Temperature (◦C)
25 40 50 70 90

DES2 (5000 ppm) 0.3211 0.1181 0.0800 0.0462 0.0110

Urea (5000 ppm) 0.4652 0.4011 0.2892 0.1931 0.13815

ChCl (5000 ppm) 0.3602 0.2775 0.2372 0.1642 0.0691

Urea (2312 ppm) and ChCl (2688 ppm) a 0.3241 0.0831 0.0674 0.0243 0.0191

a The salts and the hydrogen bond donors were added separately.

Table 5
Comparison of IFT (mN/m) between ammonium and phosphonium salts in 10 wt%
NaCl brine and Saudi medium crude oil.

Temperature (◦C)
25  40 50 70 90

BTBAC (5000 ppm) 0.3611 0.2755 0.2330 0.1672 0.0651

BTMAC (5000 ppm) 0.3370 0.2581 0.2191 0.1481 0.0561

MTPPBr (5000 ppm) 0.3281 0.2511 0.2213 0.1061 0.0231

Table 6
IFT values (mN/m) for different salts and hydrogen bond donors in 10 wt%  NaCl
aqueous solution and Saudi medium oil.

Salt Conc. (ppm) Temperature (◦C)

25 40 50 70 90

MTPPBr 1000 6.24010 5.75020 5.29010 2.29010 1.63060

2000 5.51040 5.15030 4.73020 1.33050 1.16010

3000 0.3191 0.2592 0.2121 0.1061 0.0401

5000 0.3192 0.2512 0.2102 0.1053 0.0391

10,000 0.3182 0.2471 0.2092 0.1041 0.0231

15,000 0.3161 0.2451 0.2061 0.1034 0.0291

Glycerol 1000 6.77080 6.20050 5.42070 2.34030 2.05020

2000 6.58020 5.91030 4.90050 2.06010 1.84080

3000 0.4181 0.4061 0.2921 0.2291 0.0929

5000 0.4151 0.4011 0.2911 0.2251 0.0867

10,000 0.4105 0.4013 0.2862 0.2131 0.0761

15,000 0.4073 0.3984 0.2833 0.2121 0.0634

Urea 1000 5.11020 4.83070 3.56010 2.59020 2.30010

2000 4.95040 4.41010 3.03020 2.35010 2.02030

3000 0.4611 0.3971 0.2972 0.2051 0.1212

5000 0.4652 0.4011 0.2892 0.1931 0.13815

10,000 0.4501 0.3982 0.2812 0.1916 0.1381

15,000 0.4491 0.3971 0.2791 0.1862 0.1382

ChCl 1000 6.59020 5.88010 5.09010 2.25060 2.05010

2000 5.93040 5.43070 4.78020 2.34010 1.89010

3000 0.3621 0.2791 0.2401 0.1661 0.0711

5000 0.3601 0.2775 0.2372 0.1642 0.0691
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Table 7
IFT measurements (mN/m) of neat DES2 and its solutions in 10 wt%  NaCl brine and
Saudi medium oil.

Temperature (◦C)

25 40 50 70 90

Pure DES2 0.259 0.106 0.233 0.084 0.006
10,000 0.3472 0.2602 0.2271 0.1681 0.0463

15,000 0.3471 0.2541 0.2181 0.1643 0.0302

ig. 4 and Table 5. The best result was obtained by using MTPPBr.
nce again, it is obvious that IFT values in all cases decreased with

ncreasing temperature. Fig. 4 also displays the IFT comparison of
ome selected surfactants having same concentration (5000 ppm)
t different temperature in 10 wt% NaCl solution. The IFT values
ecreased with increasing temperature for all surfactants. Overall,
he best results were achieved by using DES1, DES2 and MTPPBr.

In order to find the optimal concentration of the salt or the
ydrogen bond donor required to obtain the minimum IFT value,
e reduced their concentration in the solution and we measured

heir effect on the IFT value. Table 6 and Fig. 5 show the correspond-
ng results where it is clear that the optimum concentration is about
000 ppm. Higher concentrations caused negligible decrease in IFT.

It is obvious from the above discussion that the addition of the

elected DESs or any of their individual constituents resulted in
he decrease of IFT. This contradicts with the results reported by

ohsenzadeh et al. [45] who reported that the used DES increased
he IFT between the brine and Omani oil. It should be noted here
1 2 1 1 1

50% DES2 and 50% Brine 0.2603 0.1111 0.0950 0.0411 0.0061

25% DES2 and 75% Brine 0.2622 0.1111 0.0951 0.0420 0.0064

that the DES concentration used by Mohsenzadeh et al. (50 vol%)
was much higher than that used in this work. However, in order
to make a fair comparison we  measured the IFT of neat DES2 and
high concentration of it in brine and Saudi medium oil, Table 7. The
results showed that IFT decreases with the addition of the DES for
all concentrations. Moreover, the IFT between neat DES2 and Saudi
medium oil is very small.

3.1. Molecular study of the water effect on the DES structure

In order to have an economical EOR using DESs, the DESs must be
dissolved in brine solution with optimum concentration, 3000 ppm.
Since the components of the used DESs were combined by H-
bonding, it was very important to explore the effect of water on the
interaction forces between the salt and the hydrogen bond donor
forming the DES.

The existence of hydrogen bonds in DES was observed in sev-
eral systems including DES and natural deep eutectic solvents
(NADES) by using 1H NMR  and different 2D NMR (NOESY and
HOESY) [44,52,53]. In this study, we have investigated the nature
of molecular interactions that occur in DES1 (ChCl:glycerol) and
how water affect these interactions. The NOESY spectrum revealed
the existence of strong interactions between the protons of methyl
group of ChCl and both the protons of methylene and the pro-
tons of hydroxyl groups (connected to methylene group) from
glycerol. These protons also interact with hydroxyl group of ChCl
(Fig. 6). These observations suggest that hydrogen bonds were
formed between hydroxyl groups of glycerol and chloride ion from
ChCl. To study the effect of addition of water on hydrogen bonds
formed in ChCl:glycerol DES two dilutions were chosen (25 wt%
and 50%). The NOESY analysis of DES diluted with 25 wt% shows
strong interactions between water and both ChCl (methyl groups)
and glycerol (methylene and its hydroxyl groups), Fig. 7, and a
weak interaction between methyl groups from ChCl and hydroxyl
groups from glycerol, implying that water formed hydrogen bonds
between both ChCl and glycerol but the DES system still exists. This
observation was  confirmed by HOESY analysis (provided as Supple-
mentary material, Fig. S1) which confirm the interaction between
carbon atoms of methylene from glycerol and protons of methy-
lene group connected to hydroxyl group from ChCl. With 50% of
dilution of DES, only interactions between water and both ChCl
and glycerol were revealed and no interaction between DES itself

was observed. This clearly shows that all hydrogen bond inter-
actions in the DES were broken by the addition of water, Fig. 8.
These observations were confirmed by 1H NMR  analysis, also pro-
vided as Supplementary material (Table S1, and Fig. S2). Indeed, by
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dding water, the peaks of all hydrogen atoms contributing in the
ES hydrogen bonds showed a different field shift, except hydro-
en atoms of the methylene groups because those atoms have no
ontribution even in the pure DES hydrogen bond interactions. A
ontinuous significant up-field shift of all hydroxyl groups from
lycerol (4.49 ppm, 4.62, 4.74 for protons of hydroxyl groups con-
ect to methylene and 4.55 ppm, 4.66, 4.77 for proton of hydroxyl
roup connect to methyl group) and HDO signal (from 3.83 ppm to
.99) with water ratio increasing was observed and signal of methyl
roups from ChCl was moved to downfield shift. The reason for
hese modifications of field shifts is that water destroys the hydro-
en bonds in ChCl:glycerol DES and forms a new one with chloride
holine and glycerol. This phenomenon was also observed in ChCl-
lycerol (1:2) and ChCl:urea (1:2) DES mixtures and, recently, in
,2-propanediol:ChCl:water mixture as NADES by Gutiérrez et al.
52] and Dai et al. [54]. This result show that ChCl:glycerol (1:3)
ES conserves its structure despite dilution in DMSO, and while

he content of water is below 25% the interactions of components
f DES become weak. However, the addition of 50% water breaks the
ydrogen bonding between the salt and the hydrogen bond donor
o that no interactions between glycerol and ChCl was observed.

. Conclusion

The effect of the addition of two DESs, choline chloride/urea
nd choline chloride/glycerol, on the IFT of 10 wt% NaCl brine and
audi medium oil at different concentrations and temperatures
as investigated. It was found that both choline chloride/urea and

holine chloride/glycerol DESs reduced the IFT to a large extent. In
ddition, it was found that the increase of temperature and concen-
ration of the DES decreased the IFT. The effect of the addition of the
alt and/or the hydrogen bond donor of the DES, without forming
he corresponding DES, on IFT values was also investigated. It was
lso found that, in most cases, the effect of the addition of the DES
r its corresponding constituents on the IFT is the same.

Furthermore, 1H NMR  and different 2D NMR  (NOESY and
OESY) were used to investigate the nature of molecular inter-
ctions that occur in studied DESs and how water affects these
nteractions. It was found that while the content of water is below
5 wt% the interactions of components of DES become weak. How-
ver, the addition of 50 wt% water breaks the hydrogen bonding
etween the salt and the hydrogen bond donor so that no interac-
ions were observed.
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