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ABSTRACT

Cocogem surfactants are synthesized based on the neutralization reaction of higher monocarboxylic acids
(octanoic acid, nonanoic acid, decanoic acid, undecanoic acid, dodecanoic acid, tetradecanoic acid, hex-
adecanoic acid, heptadecanoic acid, octadecanoic acid) and 2:1 mol of N,N’-bis(propyl-2-ol)ethylenedia
mine). Krafft temperatures of these surfactants and colloidal chemical properties of their aqueous solu-
tions were determined by using tensiometric and conductometric measurements. Surface activity param-
eters of cocogem surfactants, critical micelle concentration (CMC), counter-ion binding degree (B), the
surface tension reduction effectiveness (mcvc), excess concentration of surface (I'nax), as well as area
per molecule at the interface (Apn), Gibbs free energy (AG,q and AGn,;c) values of adsorption and micellar
formation processes are calculated. The size of the aggregates formed by anionic cocogem surfactants in
an aqueous solution was determined by the DLS method. It was defined that cocogem surfactants have
antibacterial properties against SRB, which is considered to be the most dangerous for the oil industry.

© 2022 Egyptian Petroleum Research Institute. Production and hosting by Elsevier B.V. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Gemini surfactants are substances, the head groups are located
at a certain distance and consist of two amphiphilic parts con-
nected by a spacer group. Gemini surfactants have two hydrophilic
groups and two hydrophobic groups [1]. Hydrophilic or hydropho-
bic groups are joined by a spacer chain. Gemini surfactants have a
myriad of special features. These features make them superior to
their single-chain counterparts. For instance, significantly lower
CMCs; super efficiency in case of reducing surface tension; unusual
aggregation morphologies; and better wetting, solvents, foaming,
etc. features make them potentially useful in many applications
[2]. In general, gemini surfactants have higher efficiency that’s
why they can be considered environmentally preferable and more
cost-effective compared to typical surfactants [3]. A class of surfac-
tants is also counter-ion coupled gemini (cocogem) surfactants.
These types of substances are sometimes called pseudo-vessel sur-
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factants [4]. There is the main source of information about coco-
gem surfactants in the literature. Cationic cocogem surfactants
are substances based on alkyl amines and dicarboxylic acid deriva-
tives. There is mainly a dicarboxylate anion group of dicarboxylic
acid acting as a spacer in this type of cocogem surfactant [5]. It
has been synthesized cocogem surfactant based on adipoyl chlo-
ride and N,N-dimethylhexadecylamine. M.S. Alam et al. noted, that
the obtained cocogem surfactant has good antibacterial and very
weak toxic properties. Y. Tang et al. [6] had synthesized various
surfactants, based on the cetyl-trimethyl-ammonium bromide
and dicarboxylic acid sodium salt. It has been found, that increas-
ing the (CH;) length of the alkyl chain between carboxyl groups
decreases the value of CMC in dicarboxylic acids. These types of
cocogem surfactants can foam, emulsify, and act as anticorrosive
surfactants [7,8]. Cationic cocogem surfactants can be obtained
from renewable resources. Cocogem surfactants, that are synthe-
sized based upon sugars can reduce surface tension at the water-
air boundary. Anionic cocogem surfactants, on the other hand,
are obtained based on higher monocarboxylic acids and diamines
[9,10]. Diamines play the role of a spacer in represented cocogem
surfactants. In the presence of propyl-2-ol derivatives instead of
diamines, the CMC and ycvc values of the obtained cocogem sur-
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factants are lower [11]. In certain circumstances , cocogem surfac-
tants have been synthesized, using alkyl benzenesulfonates (or
SDS) instead of higher monocarboxylic acids, and jeffamine instead
of diamines (or ether diamines) [12-14]. Protic ionic liquid surfac-
tants are obtained by the interaction of higher monocarboxylic
acids with amines at room temperature [15,16]. If diamines are uti-
lized contrary to amines, cocogem surfactants are obtained. There-
fore, this type of cocogem surfactants can also be called protic ion
liquid surfactants. All types of microorganisms (bacteria) lead to
corrosion. The most harmful is the sulfate-reducing bacteria
(SRB). These bacteria release H,S into the environment as a final
product by using sulfate ions. The large amounts of H,S under
the influence of these bacteria causes great environmental and eco-
nomic losses in large-scale industrial plants [15]. One of the most
affected areas by SRB bacteria is the oil industry. Thus, SRB bacteria
is one of the reasons, that cause corrosion of the equipments in the
oil industry [16,17]. In addition to their ability to inhibit the
growth of SRB bacteria [18] surfactants have many advantages
such as high efficiency as corrosion inhibitors, low cost, easy pro-
duction and low toxicity.

The presented research work is devoted to the synthesis of new
anionic cocogem surfactants by the interaction of Cg-C;g monocar-
boxylic acids with N,N-bis(propyl-2-ol) ethylenediamine, the study
of their surface activity, and exploring antibacterial properties
against SRB bacteria.

2. Experimental section
2.1. Reagents and instruments

All monocarboxylic acids C,H3,+;COOH (purity >97 %, Sigma-
Aldrich), epoxypropane (purity 99 %, Alfa Aesar), ethylenediamine
H,N(CH,),NH, (purity 99 %, Alfa Aesar). The surface tension of the
aqueous solutions of the synthesized cocogem surfactants was
determined with a KSV Sigma 702 (Finland) tensiometer [19], the
specific electrical conductivity was determined with an ANION-
410 (Russian production) conductometer, and the size dimensions
of the aggregates were determined with a Particle Size Analyzer
(HORIBA LB-550, Japan) device.

2.2. Synthesis of N,N-bis(propyl-2-ol)ethylenediamine

It has been obtained N,N’-bis(propyl-2-ol)ethylenediamine
from the reaction of ethylenediamine and epoxypropane in a
1:2 mol ratio. 0.2 mol ethylenediamine and 0.4 mol epoxypropane
were added to a round-bottom flask to start the reaction. Epoxy-
propane was added in slight excess to ensure about the conversion
of ethylenediamine was complete [19].

2.3. Synthesis of cocogem surfactants

There were executed reactions of N,N’-bis(propyl-2-ol)
ethylenediamine with carboxylic acids in the ratio of 1:2 for obtain
cocogem surfactants. The process was carried out at the tempera-
ture of 55-58 °C by using alcohol as a solvent. During the reaction,
N,N’-bis(propyl-2-ol) ethylenediamine is converted to the ammo-
nium group of ethylenediamine and the carboxyl group to the car-
boxylate anion. The common scheme of the reaction is described
below:
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there is R = C;H;5 (Cg-E-Cs); CgHy7 (Co-E-Co); CoH1g (C10-E-Cio);
CioH21 (€41-E-C11); Ci1Haz (Ci2-E-Cq2); Ci3Ha7 (Cia-E-Cqgq); CisH3y
(C16-E-Cy6); Ci6H33 (C17-E-Cy7); Ci7H3s (C18-E-Cig).

2.4. Biocidal properties of surfactants against the Desulfovibrio
desulfuricans

The sulfate-reducing bacterium used in this study is Desulfovib-
rio desulfuricans (ATCC 27774). Bacterial cells were pre-cultured for
three days at 37 °C within a medium that consisted of 3.00 g triso-
dium citrate, 2.50 g sodium lactate, 1.0 g yeast extract, 0.20 g
MgS0,, 0.30 g (NH4),Fe(S04),-6H20, 0.50 g KoHPO,4, 0.05 g NH4(CI,
0.01 g CaCl,-2H,0 in 1000 ml of distilled water. The bacterial cul-
ture was performed under the anaerobic condition at pH 7.2-7.5
[20]. The effect of the synthesized surfactants on SRBs was tested
at three concentrations (50, 100, and 150 mg/1). There was realised
the growth of bacteria is about 102 cells/ml, in the tested aqueous
medium.

3. Results and discussion
3.1. Characterization and synthesis of the anionic cocogem surfactants

As can be seen from the IR spectrum of anionic cocogem surfac-
tants, the absorption bands of the COOH group at 1700 cm ™! disap-
peared, and the absorption bands of symmetric and asymmetric
vibrations of the COO group formed at 1560-1580 and 1370-
1420 cm™!, respectively. The absence of any peak in the region
after 10 ppm in the 'H NMR spectrum, and the shift of the peak
belonging to the C=0 group in the '>C NMR spectrum, confirm
the conversion of the carboxyl group to the carboxylate group.
Referring to this, we can conclude that the neutralization reaction
is almost complete (see Figs S1-S3 in Supporting Information). The
Krafft temperature of surfactant cocogem based on monocar-
boxylic acids Cg-Cyg is less than 0 °C, surfactant cocogem based
on monocarboxylic acids C{1-Cy4 is less than 25 °C (Cy1-E-Cy; for
5 °C, Cy2-E-Cq5 for 14 °C and Cy4-E-Cy4 for 20 °C) and Cy¢ are higher
than 25 °C (C]s-E-C16 for 27 °C, C17-E-Cy7 for 26 °C and Ci8-E-Cqg for
32 °C). In cocogem surfactants based on adipoyl chloride and ter-
tiary amines, alkyl chain elongation also increases in the Krafft
temperature [7]. There is a deterioration in the water solubility
of other cocogem surfactants based on dicarboxylic acids [13,21-
23].

3.2. Measurement of surface tension

Surface tension values at the boundary with air (at 25 °C) of
aqueous solutions of anionic cocogem surfactants with Krafft tem-
perature below 25 °C were determined. Based on the gotten out-
comes , the concentration dependence of the surface tension was
plotted. (Fig. 1). As evident the surface tension isotherms, the sur-
face tension values of the cocogem surfactants are stabilized due to
the complete formation of micelles after a certain concentration.
The concentration at which the surface tension value stabilizes is
equal to the CMC value. Table 1 lists the CMC values of anionic
cocogem surfactants. As can be seen from the table, the CMC values
of the synthesized anionic cocogem surfactants vary within 0.16-
10.80 mM, and it decreases by increasing the alkyl chain. The
CMC values are approximately-two times less than those of coco-

+ +
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Fig. 1. The plot of the surface tension versus the natural logarithm of the concentration of cocogem surfactants based on caprylic acid (1), pelargonic acid (2), capric acid (3),

undecylic acid (4), lauric acid (5) and myristic acid (6).

Table 1

Surface activity parameters of the synthesized cocogem surfactants (25 °C).
Gemini surfactants CMC* x 103, CMC® x 103, B Timax x 1010, Amin x 10%, pCa0 Yeme Temer AGmic, A Gaq,

mol-dm—3 mol-dm—3 mol-cm—2 nm? mN-m~! mN-m~! kJ-mol~! kJ-mol~!
n=2 n=3 n=2 n=3

Cs-E-Cg 10.80 104 0.42 1.86 1.24 89.4 1341 3.22 24.7 47.3 —-19.48 —24.15
Co-E-Co 4.06 6.40 0.45 1.99 1.33 83.5 125.2 3.61 240 48.0 -22.41 —26.89
C10-E-Cio 1.40 1.33 0.52 2.02 1.45 82.2 123.4 3.98 25.0 47.0 —26.76 -31.11
Cq1-E-Cq1 0.91 1.15 0.61 215 1.44 771 115.7 425 23.8 48.2 -30.30 —34.52
Ci2-E-Cq2 0.43 0.78 0.63 3.26 2.17 50.9 76.4 4.46 240 48.0 -32.95 —36.01
Ci4-E-Ci4 0.16 0.175 0.66 3.42 2.28 48.6 72.9 5.14 26.2 45.8 —36.66 —39.53

2 The CMC is determined by the surface tension method.
b The CMC is determined by the electroconductivity method.

gem surfactants obtained based on N,N’-bis(propyl-2-ol) hexam-
ethylenediamine with a similar structure [11].

The maximum adsorption of cocogem surfactants is calculated
at the water-air interface - I'max (in mol m~2) and the minimum
surface area occupied by the hydrophilic group (Amin) applying
the following formulas [24].

1 . dy
Prax = —rr M dine (1)
Amin = 10" /NaT max (2)

Na is the Avogadro constant. “n” depends on the sum of
adsorbed particles at the interface. It is arduous to determine the
“n” value directly for cocogem surfactants. However, even if the
value applied for “n” affects the calculated values of I'.x and Amin,
it does not affect the change in the values of I'\,.x and A, and the
number of carbon atoms in the (CH;)x chain. Thereby, in our study,
the value of “n” was taken as 2 and 3 [25]. The synthesized coco-

17

gem surfactant is somewhat higher, so we can assume that n = 3
is more accurate. Table 1 shows the values of I',.x and Amin. As
can be seen, with an elongation in the (CH,) length of the alkyl
chain, I'jax increases, and A, decreases. Thus, the elongation of
the alkyl chain leads to rising in the packing density of the coco-
gem surfactant. This is because the process of adsorption at the
air-water interface proceeds better as a result of increasing in
the hydrophobicity of the surfactant molecule with elongation of
the alkyl chain. The same situation is also observed in structurally
similar cocogem surfactants [11]. The negative logarithmic value of
the anionic cocogem surfactant concentration required to reduce
the v by 20 mN/m (pCyp) and it is called the adsorption efficiency.
The Table 1 provide information about the adsorption efficiency of
the synthesized anioinic cocogem surfactants.

As can be seen from the table, the pCy values in the cocogem
surfactant change in the range of between 3.22 and 5.14. The
pCyo value made up with the length of the alkyl chain in cocogem
surfactants. The pC,o values of the synthesized cocogem surfac-
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tants are higher compared to the cocogem surfactant with the
same length of spacer chain n = 6 as the (CH,), one [11]. The values
of surface pressure of cocogem surfactant are calculated according
to the following formula:

Tleme = Yo — Veme

where 7, is the surface tension of the aqueous solution without
surfactant at the border with the air, and ycymc is the value of the
surface tension of the surfactant at the CMC. Table 1 are given
the values of mtcpc synthesized cocogem surfactants. As can be seen
from the table, the values of mtcyc obtained anionic cocogem sur-
factants are high enough.

3.3. Specific electrical conductivity of anionic cocogem surfactants

The values of the specific electrical water solution‘s conduc-
tance of the obtained anionic cocogem surfactant were deter-
mined. Dependence graphs of the specific electrical conductance
of water solutionsin various concentrations are given in Fig. 2. As
can be seen from the figure, the curve of conductivity depending
on concentration consists of a straight line with two different
slopes. The intersection point of these lines is equal to the CMC
value. The CMC values determined by the conductometric method
are shown in Table 1. As can be seen from the table, the CMC values
determined by the conductometric method differ somewhat from
the values determined by the tensiometric method. This is because
cocogem surfactants are organic molecules with a large molecular
weight of the opposite ion [5,26]. The ratio of the slope (S2) of the
dependence line at high concentrations from CMC to the slope (S1)
of the dependence line at low concentrations from CMC is equal to
the dissociation degree of the counter-ion:

o=S5,/5 3)

The counter-ion binding degree (B) is computed using the given
formula:

p=1-0 (4)

The values of counter-ion binding of the obtained cocogem sur-
factants are given in Table 1. As can be seen from the table, the
degree of counter-ion binding of the surfactants increases with
the increasing (CH,)x length of their alkyl chain. Therefore, increas-
ing the length of the alkyl chain complicates the dissociation abil-

Egyptian Journal of Petroleum 32 (2023) 15-21

ity of counter-ions in the cocogem surfactants. Surfactants with a
similar structure based on N,N’-bis(propyl-2-ol) hexamethylenedi-
amine also distribute an increase in B the (CH,)x length of the alkyl
chain elongation from Cq to Cqg4.

3.4. Aggregates values of surfactants

The diameters of the aggregates formed by the obtained anionic
cocogem surfactants in water solution were studied by dynamic
light scattering (DLS). For this, there were prepared solutions in
two different concentrations above the CMC values and the dimen-
sion of anionic cocogem surfactant aggregates formed in them,
were has been identified (Figs. 3-5). As shown in Fig. 3 (a), as
the concentration of Cg-E-Cg had a growth from 0.05 % to 0.1 %,
the diameter of the aggregate changes a little, increasing from
9 nm to 10 nm. The bimodal peak is observed both in 0.05 % and
0.1 % solutions (Fig. 3 b) in C;9-E-C10. There are formed aggregates
with a diameter of 260 nm and 3000 nm in a 0.05 % solution. When
the concentration is doubled, the diameter of both aggregates
increases to 300 nm and 3400 nm. With an increase in concentra-
tion, the proportion of large-diameter aggregates also increases
several times. The average diameter of the aggregates of C;,-E-
Cq2 is 3400 nm in a 0.05 % aqueous solution. As the concentration
of the solution increases, the monomodal peak is replaced by a
bimodal one. There are formed polydisperse aggregates of a smal-
ler diameter (150 nm), although the diameter of the aggregates
does not change. There are formed aggregates with a diameter of
4500 nm in a 0.05 % solution of Cy4-E-Cy4 and aggregates with a
diameter of 5100 nm in a 0.1 % solution. With increasing concen-
tration aggregates increase in size and monodispersity increases.
As can be seen from Figs. 3-5, the average diameter of the units
is increased by the (CH,) length of the alkyl chain of cocogem
surfactants.

3.5. Thermodynamic parameters of the anionic cocogem surfactants

Gibbs standard free energy of micellization process (AGp;c) val-
ues for synthesized cocogem surfactants can be computed from Eq.
(5) [24].

AGic = RT(0.5 + B) InXcyc — (RT/2)In2 (5)
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Fig. 2. The plot of the specific electrical conductivity versus the concentration of cocogem surfactants based on caprylic acid (1a), pelargonic acid (2a), capric acid (1b),

undecylic acid (2b) lauric acid (3b), and myristic acid (4b).
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where Xcyc is the CMC in mole fraction units [i.e., CMC/
(CMC + 55.5)].

Standard Gibbs free energy change of adsorption process (AG,q)
of the obtained anionic cocogem surfactants are using Eq. (6) [24].

(6)

where, Acuc is in A2/molecule, and meyc is the surface pressure at
CMC in the air/water interface (mN m~'). The standard values of
the change in the Gibbs free energy for the process of micellization
and adsorption are showed in Table. 1. It is easy to conclude that the
processes of micellization and adsorption are spontaneous since all
data are negative. Both the AG,q and AGp,;. values diminish with
the increasing CH, length of the hydrophobic chain of the anionic
cocogem surfactants, due to rising in the interaction between the
alkyl chain processes of adsorption and micellization. The AG,q val-
ues in cocogem surfactants are lower than AGy,., indicating that
the micelle formation process predominates over adsorption at
the air/water interface.

AGud = AGmiC — 0~6023TECMCACMC

3.6. Antibacterial properties of obtained anionic cocogem surfactants

SRB is one of the main bacteria that accelerates the corrosion of
metals. These batteries cause increased corrosion of metals, espe-
cially in petroleum processing and oil production. One way to pro-
tect metal equipment from SRBs is to use bactericides, which can
prevent bacterial growth. There were studied (Table 2) the antibac-
terial properties of the obtained cocogem surfactant against SRB
bacteria. As can be seen from Table 2, the obtained anionic coco-
gem surfactants have antibacterial properties against SRB bacteria.
Although this property is weak at low concentrations, the effi-
ciency increases at high concentrations.

The surfactants based on lauric acid have the highest effect.
Cocogem surfactant based on caprylic acid also has high antibacte-
rial action. With an increasing value in the (CH;)x chain starting
from Cg, the antibacterial properties first weaken and then
increase. The antibacterial properties of the cocogem surfactant
based on muyristic acid are relatively weak. The antibacterial prop-
erties of surfactants depend on their electrostatic interaction with
bacteria and the adsorption ability of the alkyl chain. For high bac-
tericidal ability, the adsorption capacity of the surfactant on the
cell membrane must be high [27]. An increase in the (CH;) length
of the alkyl chain of surfactants improves their adsorption proper-
ties. One of the main reasons for its effective biocidal properties is
its high adsorption capacity [27]. In some cases, with an increased
CH, chain in the alkyl group [28] the electrostatic interaction
decreases because of growing dissociation degree in the surfac-
tants. The aggregate dimensions of surfactants are also considered
one of the main factors affecting their antibacterial properties [29].
Thus, if the aggregates are large, they cannot be evenly distributed
in the bacterial environment. Therefore, it is impossible to com-
pletely stop the growth of bacteria due to their weak contact. There
were observed that the antibacterial properties are weakened, due

Table 2
Antibacterial effect of the obtained anionic cocogem surfactants against SRB.

Gemini surfactants Concentration of cocogem surfactants, mg/

1

50 100 150
Cs-E-Cg 103 102 10
Co-E-Cqo 10° 10* 10%
Cy0-E-Cqo 107 108 10°
Cy1-E-Ciq 104 102 10
Ci2-E-Cyo 10° 10 Nil
Ci4-E-Cig 10° 10* 103

20

Egyptian Journal of Petroleum 32 (2023) 15-21

to the large size of the cocogem surfactant aggregates based on
surfactants derived from myristic acid, despite the high adsorption
capacity.

4. Conclusions

There have been synthesized cocogem surfactants with various
alkyl chains based on N,N’-bis(propyl-2-ol)ethylenediamine and
(Cg-Cyg) monocarboxylic acids. There have been determined the
Krafft temperatures of cocogem surfactants and the colloid-
chemical parameters of compounds with Krafft temperatures
below 25 °C by tensiometric and conductometric methods in their
aqueous solutions. It has been established, that by rising in the
length of the (CH,)x chain of the cocogem surfactants, the values
of CMC, Amin, AGag, and AGp,c decrease, in contrast the values of
I max B, PCap increase. It has been determined by DLS that, the size
of micellar aggregates, which formed by the anionic cocogem sur-
factants in water increases sharply with an elongation in the length
of the (CH;)x chain. It was found that the bactericidal effect of coco-
gem surfactants based on lauric acid is higher than other anionic
cocogem surfactants.
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