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Abstract The design, synthesis and interfacial behaviors of
six asymmetric carboxyl betaine surfactants (BC,,_,, m,
n=28,10, 12, or 14, m # n) derived from s-triazine, which
were prepared from cyanuric chloride, aliphatic amines, N,N-
dimethylpropane-1,3-diamine, followed by the reaction with
sodium chloroacetate, are reported. The structures were con-
firmed by MS, '"H NMR and FT-IR. Compared with sym-
metric surfactants (BC,,_,,,n = 8§, 10, 12, or 14) we previously
synthesized, the asymmetric series show superior surface
activity. The ycwmce of surfactants BCg_g, BCjo_g, BCi4_g
and BC;,_¢ is all below 30 mN/m. The minimum alkane
carbon number of these ten surfactants is determined to be
between 10 and 14. The interfacial behaviors between the
alkanes and the solutions of triazine carboxyl betaine surfac-
tants show that surfactants with a total carbon number in
hydrophobic chains between 16 and 22 exhibit the ability to
reduce the interfacial tension to an ultra-low value (1073 mN/
m). The surfactants with longer hydrocarbon chains display
strong affinity to the alkanes with longer chains.

Keywords Triazine - Betaine surfactant - Minimum
alkane carbon number - Interfacial tension

Introduction

Carboxyl betaine is a kind of attention-grabbing surfactant.

Due to the decisive advantages of carboxyl betaine surfactants
over general surfactants, such as the reduction in skin and eye
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irritation, salt tolerance, good biodegradation, and tempera-
ture resistance, it has been applied more and more in cosmetics
[1, 2], detergents [3], fiber process agents [4], etc. Carboxyl
betaine has also been concerned in enhanced oil recovery
(EOR) in recent years [5—7]. Sulfonate surfactants, showing
excellent interfacial tension properties and relatively lower
cost, were studied for many years [8—11]. However, the
underground experimental studies of heavy alkyl sulfonates
by Daqing Oil Field, China, have shown serious undesired
effects, such as blocking of small pores in porous rocks and
pipelines in injection systems, due to the formation of insol-
uble precipitates by the reaction of a strong alkali with ions in
connate water and sandstones [ 12—14]. The strong demands of
petroleum energy motivate people to study other kinds of
lower alkali or alkali-free surfactants in addition to sulfonates.

As is well known, surface/interfacial properties are very
important for surfactants. To mobilize residual oil saturation,
the primary requirement is a sufficiently low interfacial ten-
sion (IFT) to give a capillary number large enough to over-
come the capillary forces [15]. Accordingly generating an
ultralow interfacial tension in the reservoir to eliminate cap-
illary trapping becomes the most challenging to develop for
EOR [16]. Jean-Louis Salager et al. carried out a review of
almost 40 year’s work since the 1970s about attaining ultralow
interfacial tension and three-phase behavior with surfactant
formulation for EOR [17, 18]. The minimum interfacial ten-
sion occurrence is discussed at so-called correlations for
optimum formulation to be related to the interfacial curvature.
Capillary number theory [19, 20] also indicates that the
ultralow interfacial tension between the displacement fluid
and crude oil will enhance oil recovery greatly.

Carboxyl betaine surfactants carrying s-triazine possess
distinctive surface properties and interfacial activities
between the water and oil phases [21-23]. Single chain and
double-chain symmetric s-triazine surfactants [24-27] can
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Scheme 1 Synthesis of BC,,_,

show a lot of outstanding properties by virtue of different
hydrocarbon chains. Generally, the branched hydrocarbon
chain surfactants show lower surface/interfacial tension
[28], but there are few studies of asymmetric s-triazine
surfactants [21, 22]. Triazine carboxyl betaine surfactants
are mild and friendly to the environment, and could be used
in many fields. Furthermore, triazine carboxyl betaine
surfactants will overcome the occurrence of damage and
erosion of equipment if used in surfactant flooding with a
weak alkali or alkali-free system for EOR.

Herein, we designed and synthesized six novel carboxyl
betaine surfactants derived from s-triazine and investigated
their physico-chemical properties such as surface tension
(Yemce), critical micelle concentration (CMC), the mini-
mum average area per surfactant molecule (A,;,), the
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BCrn.m, n=8, 10, 12, 14, m#n

alkane carbon number for the minimum interfacial tension.
Scheme 1 shows the synthesis route of novel surfactants
BC,,_,.. The three chlorines of the cyanuric chloride react
with —NH, step by step with a high yield, and the synthesis
is simple and easily controllable. It is anticipated that these
surfactants could perform better in the absence of alkali
when interacting with the crude oil.

Experimental

Materials and Equipment

Octylamine, dodecylamine, tetradecylamine, and N,N-
dimethylpropane-1,3-diamine were obtained from Jiangsu
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Feixiang Chemical Co., Ltd., China and had a purity of
98.0 %. Decylamine (Beijing Xudong chemical plant,
China) and chloroacetic acid (Tianjin Huchen chemical
plant, China) were of analytical grade and had a purity of
99.0 and 99.5 %, respectively. Cyanuric chloride (Shang-
hai Hengdailao Trade Co., Ltd., China) has a purity of
97 %. Sodium hydroxide, chloroform, ethanol and metha-
nol were of analytical grade. Deionized water was used in
all measurements. The symmetric double chains carboxyl
betaine surfactants BC,_,, (n = 8, 10, 12, 14) were pre-
pared previously in our laboratory [23].

The mass spectrum was obtained with liquid chromato-
graphy/quadrupole time of flight tandem mass spectrometer
(Micromass Britain, LC/Q-TOF-MS) and high performance
liquid chromatography/mass selective detector (HP, Amer-
ica, HP1100LC/MSD). '"H.NMR spectra were recorded
on a Bruker 400 MHz instrument (Bruker, France, Model
AVANCEIT400 MHz). Infrared spectroscopy was performed
with a FT-IR spectrometer (Thermo 60Nicolet, America,
Model NEXUS). The surface tensions were measured by
tensiometer (Bowing Industry Corporation, America, Model
TX-500C) by the spinning drop principle. Melting points
were measured with a Micro-melting point apparatus
(Ningbo Yongxin Optical Co., Ltd., China, Model X-4). The
interfacial tensions (IFT) between the aqueous solutions of
the surfactants and alkanes were measured with TX-500C
full range tensiometer (Bowing Industry Corporation, USA).

Synthesis

The six asymmetric carboxyl betaine surfactants were
synthesized in four steps, as shown in Scheme 1. Herein,
the series of alkyl-monosubstituted trizine are defined as
ST, (n =8, 10, 12, or 14), where n represents the hydro-
carbon chain lengths. The series of alkyl-disubstituted tri-
zine are defined as AT,,_,, (im,n = 8,10, 12, or 14, m # n),
where m and n represent different hydrocarbon chain
lengths, respectively. The series of intermediate which are
obtained by substitution of N,N-dimethylpropane-1,3-dia-
mine from AT,,_, are defined as BA,,_,,. Correspondingly,
the target surfactants obtained by quaterisation of BA,,_,, by
sodium chloroacetate are defined as BC,,,_,,.

Here we describe the synthesis process using the syn-
thesis of N-(4-dodecyl amino-6-decylamino-1,3,5-triazine-
2-yl)-N'-carboxymethyl-N’, N'-methyl propane-1,3-dia-
mine (BC,_;o) as an example.

Synthesis of 2-Dodecylamino-4,6-dichloro-1,3,5-
triazine (ST,)

Dodecylamine (0.01 mol, 1.85 g) in chloroform (20 mL)
was added dropwise to a solution of cyanuric chloride

(0.01 mol, 1.84 g) in chloroform (20 mL), and then 8§ mL
aqueous solution of 5-10 % (wt%) sodium hydroxide was
added to keep the pH at 7-10. The mixture was stirred for
3040 min at room temperature. After removal of the
solvent, the resulting white crude product was recrystal-
lized from chloroform/methanol (1:5, by vol) and purified
(3.09 g, yield 92.7 %) 2-dodecylamino-4,6-dichloro-1,3,5-
triazine (ST;,) was obtained as a white solid.

Synthesis of 2-Dodecylamino-4-decylamino-6-chloro-
1,3,5-triazine (ATo_10)

Decylamine (1.46 g, 0.00927 mol) in chloroform (20 mL)
was dropped into a 20-mL solution of ST, (3.09 g) in
chloroform followed by adding the aqueous solution of
5-10 % (wt%) sodium hydroxide to maintain the pH at
7-10. The reaction was continued for 12 h at room tem-
perature. After that, the solvent was removed via rotary
evaporation and the resulting white solid crude product was
recrystallized from chloroform/methanol (5:1, by vol) to
give 3.90 g (yield 92.6 %) 2-dodecylamino-4-decylamino-
6-chloro-1,3,5-triazine.

Synthesis of N-(4-Dodecylamino-6-decylamino-1,3,5-
triazine-2-yl)-N',N'-dimethyl-1,3-propanediamine
Triazine (BAj2_10)

N, N-dimethyl-1,3-propanediamine (20 mL) was added to
AT5_10 (3.90 g) under stirring and heating. AT;,_;o was
dissolved at ca. 60 °C and the mixture was allowed to react
for 6-7 h at 89 °C. Thereafter the excess N,N-dimethyl-
1,3-diamine was evaporated under reduced pressure. The
remaining yellow product was transferred into a beaker
with 50 mL deionized water, refrigerated, precipitated, and
filtered. The filter cake was washed with deionized water
three times until the pH of washing water was 7-8. Then
the filter cake was dissolved in chloroform and dried with
anhydrous Na,SO, overnight. After filtration, the mixture
was concentrated in vacuo to yield N-(4-dodecylamino-6-
decylamino-1,3,5-triazine-2-yl)-N',N’-dimethyl-1,3-pro-
panediamine (BA,_1¢, 3.61 g 80.9 %) as a white powder.

Synthesis of N-(4-Dodecylamino-6-decylamino-1,3,5-
triazine-2-yl)-N'-carboxymethyl-N’,N’-dimethyl-1,3-
propanediamine (BCy,_1¢)

Sodium chloroacetate (0.97 g, 0.00834 mol) aqueous
solution (15 mL) was added to the solution of BAj,_o
(3.61 g) in 40 mL ethanol under stirring. The mixture was
stirred for 12 h under reflux, then the water was removed
by freeze-drying after removing the ethanol. The white
residue was dissolved in 20 mL ethanol and the unreacted
sodium chloroacetate was removed via centrifugation.
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After removing the solvent, the collected upper ethanol
solution gave a yellow residue which was purified via
column chromatography (CHCl3/MeOH (1:1, by vol)).
3.29 g N-(4-dodecylamino-6-decylamino-1,3,5-triazine-2-
yI)-N'-carboxymethyl-N',N’-dimethyl-1,3-propanediamine
(BCy2_10) was obtained as a white power (yield 82.0 %).

BC>_10: TOF-MS (positive): m/z 578.5 [M + H]",
600.5 [M + Na]™. '"H NMR (400 MHz, CDCls, 25 °C,
TMS): 6 = 0.86-0.89 (z, 6H, 2CH;CH,), 1.26 [m, 32H,
CH;(CH,),CH,, CH;(CH,)oCH,], 1.49 (s, 4H, CH5(CH,),
CH,CH,, CH5(CH,); CH,CH,), 1.92 [s, 2H, (CHj),
NCH,CH,CH,NH], 3.16-3.45 [s, 6H, (CH5),N(CH,);NH],
3.54-4.13 [m, 10H, (CH;3),NCH,(CH,),NH, OOCCH,
(CH;),NH,, (CH3),NCH,CH,CH,NH, CH;(CH,)sCH,NH,
CH;(CH,),oCH,NH]. FT-IR (film): VN-H 3,296.23 cm™'
(s), vC-H 2,919.25 cm™"' (s), 2,850.46 cm™' (s), vC=N
1,531.01 cm™', vC=0 1,631.78 cm™" (s), SN-H 1,579.44
em™!, vC—0 1,367.97 cm™", 8CH, (n > 4) 721.33 cm™" (m).

BCi4_g: yield 86.6 %, m.p.137-138 °C, MS: m/
z 578.7153 [M + H]™, 1,156.4218 [2M + H]". 'H NMR
(400 MHz, CDCl5, 25 °C, TMS): § = 0.86-0.90 (r, 6H,
2CH;CH,), 1.26 [m, 32H, CH;(CH,)sCH,, CH;(CH,);
CH,], 1.53 (s, 4H, CH;(CH,),,CH,CH,, CH;(CH,)sCH,
CH2), 2.03 [S, 2H, (CH3)2NCH2CH2CH2NH], 3.54.0 [S,
6H, (CH;),N(CH,);NH], 3.0-3.5 [m, 10H, (CH;),NCH,
(CH,),NH, OOCCH,(CH3),NH,, (CH;),NCH,CH,CH,
NH, CH;5(CH,)¢CH,NH, CH;(CH,);»CH,NH]. FT-IR
(film): VN-H 3,283.63 cm ™' (s), vC-H 2,955.81 cm™" (s),
2,852.87 cm™ ' (s), vC=N 1,523.36 cm™ !, vC=0 1,631.97
em™! (s), SN-H 1,566.48 cm™!, vC-O 1,364.66 cm ',
SCH, (n > 4) 720.96 cm ™' (m).

BCi4_10: yield 84.5 %, m.p.167-168 °C, MS (positive):
mlz 6065 [M+ H]", 629.5 [M + Na]™, 'H NMR
(400 MHz, CDCl5, 25 °C, TMS): ¢ = 0.86-0.90 (1, 6H,
2CH;CH,), 1.26 [m, 36H, CH;(CH,),CH,, CH;(CH,);;
CHz], 1.53 (S, 4H, CH3(CH2)1]CH2CH2, CH3(CH2)7CH2
CH,), 1.49 [s, 2H, (CH;),NCH,CH,CH,NH], 2.94, 3.5-4.0
[s, 6H, (CH5),N(CH,);NH], 3.19-327 [m, 10H,
(CH;),NCH,(CH,),NH, OOCCH,(CH3),NH,, (CH;),
NCH,CH,CH,NH, CH;(CH,)sCH,NH, CH;(CH,);,CH,
NH], FT-IR (film): VvN-H 3,300.66 cm '(s), vC-H
2,955.86 cm™ ' (s), 2,850.37 cm™ ' (s), vC=N 1,526.69
em™ !, vC=0 1,629.46 cm™' (s), 8N-H 1,575.06 cm™ !,
vC-0 1,368.39 cm™', 3CH, (n > 4) 721.03 cm™" (m).

BCi4_1»: yield 82.1 %, m.p. 177-178 °C, TOF-MS
(positive): m/z 634.8009 [M + H]™, 1,268.5796 [2M +
HI", 'H NMR (400 MHz, CDCl;, 25°C, TMS):
5 =0.86-0.89 (1, 6H, 2CH;CH,), 1.26 [m, 40H,
CH;(CH,)oCH,, CH3(CH,);;CH,], 1.48-1.92 (s, 4H,
CH;(CH,),;CH,CH,, CH;(CH,)oCH,CH,), 3.17-3.26 [s,
2H, (CH;),NCH,CH,CH,NH], 3.86-4.17 [s, 6H, (CH3),N
(CH,);NH], 3.0-3.5 [m, 10H, (CH;),NCH,(CH,),
NH, OOCCH,(CH3),NH,, (CH;),NCH,CH,CH,NH, CH;
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(CHz)gCHzNH, CH3(CH2)12CH2NH], FT-IR (ﬁlm) vN-H
3,309.10 cm™' (s), vC-H 2,955.69 cm™' (s), 2,849.78
em™ ! (s), vC=N 1,527.56 cm™ ', vC=0 1,629.06 cm™" (s),
SN-H 1,577.04 cm™', vC-O 1,368.28 cm™!, 8CH,
(n>4)721.28 cm™' (m).

BCi_g: yield 83.4 %, m.p.121-123 °C, TOF-MS
(positive):  m/z  550.5778 [M + H]T, 1,100.1472
[2M + H]™. '"H NMR (400 MHz, CDCl;, 25 °C, TMS):
5 = 0.85-0.89 (¢, 6H, 2CH;CH,), 1.25 [m, 28H, CH,
(CH,)sCH,, CH3(CH,)oCH,], 1.49 (s, 4H, CH;(CH,)oCH,
CH,, CH;(CH,)sCH,CH,), 1.92 [s, 2H, (CH3),NCH,CH,
CH,NH], 3.17-3.27 [s, 6H, (CH;),N(CH,);NH], 3.54-4.13
[m, 10H, (CH;),NCH,(CH,),NH, OOCCH,(CH;),NH,,
(CH3),NCH,CH,CH,NH, CH;(CH,)¢CH,NH, CH;(CH,)o
CH,NH]. FT-IR (film): VN-H 3,291.84 cm™' (s), vC-H
2,955.84 cm ™ (s),2,852.44 cm™ ! (s), vC=N 1,524.94 cm™ !,
vC=01627.00 cm™"' (s), 8N-H 1,565.54 cm~', vC-O
1,362.96 cm ™', 8CH, (n > 4) 721.19 cm ™! (m).

BCio_s: yield 80.5 %, m.p. 103-104 °C, TOF-MS
(positive): m/z 544.1287 [M + Na]*, '"H NMR (400 MHz,
CDCls, 25 °C, TMS): 6 = 0.85-0.89 (r, 6H, 2CH;CH.,),
1.25 [m, 24H, CH;(CH,)sCH,, CH5(CH,),CH,], 1.49 (s,
4H, CH;(CH,);CH,CH,, CH;(CH,)sCH,CH,), 1.91-1.99
[s, 2H, (CH;),NCH,CH,CH,NH], 3.95-3.59 [s, 6H,
(CH5),N(CH,);NH], 3.21-3.26 [m, 10H, (CH;),NCH,
(CH,),NH, OOCCH,(CH3),NH,, (CH;),NCH,CH,CH,
NH, CH;(CH,)¢CH,NH, CH;(CH,),(CH,NH]. FT-IR
(film): VN-H 3,300.70 cm ™! (s), vC-H 2,956.83 cm ™! (s),
2,853.52 cm™ ! (s), vC=N 1,525.01 cm™!, vC=0 1,628.64
em™ ! (s), SN-H 1,563.85 cm™!, vC-O 1,356.49 cm™ ',
8CH, (n > 4) 721.80 cm™' (m).

Measurements
Determination of CMC, ycme and Ay,

The surface tensions of the aqueous solutions of the six
surfactants were measured by tensiometer at 25 £ 0.1 °C
until the error between two successive measurements was
within 0.2 mN/m. The aqueous solutions were sonicated
for 1 h for getting homogeneous and clear solutions
before measurement and the pH of the solutions were at
7-8. The curves of surface tension versus logarithm of
surfactant concentrations (y-lgC) were plotted and the
CMC values were determined from the break points. The
surface tensions at CMC (ycmc) were also obtained from
the curves of y-1gC. The maximum surface excess, ['pax,
at the air—water interface was calculated by Gibbs
adsorption equation [29]:

-1 d
Iﬂmax = ! (1)
2303nRT |d1gC|,
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where the value of n (a constant determined by the number
of species constituting the surfactant and adsorbed at the
interface) is taken as 1, R is the gas constant
(8.314 ] mol ! K_l), T is the absolute temperature (K),
and dy/dlgC is the slope below the CMC in the surface
tension plots.

The minimum average area occupied by per surfactant
molecule A, (nm?) at the air/water interface at saturated
adsorption was calculated using Eq. (2), where N, is
Avogadro’s number.

1014
Amin = 2
NArmaX ( )

Interfacial Tension Measurement

The surfactant solution as the outer phase was injected into
the centrifuge tube by syringe, and 1-2 pL alkane as the
inner phase was injected into the surfactant solution. Then
the centrifuge tube was put into the TX-500C full range
tensiometer with a specific rotation speed (5,000 rpm) at
45 °C. The interfacial tension was obtained from Eq. (3):

7 =3.425 x 1077 (p, — pg) @*D*, L/D>4 (3)

where 7 is the oil-water interfacial tension in mN/m, o is the
angular speed inrad/s, py, pqis the density of outer phase and
inner phase in g/cm?, respectively, D is the oil drop width
(diameter) and L is the length of the oil drop in mm.

Results and Discussion
Equilibrium Surface Tension

The surface tensions of the aqueous solutions of the six
surfactants BC,,_,, were measured by tensionmeter at
25 £ 0.1 °C, shown in Figs. 1, 2, 3, 4. Table 1 lists the
values of CMC, Yeme, and A, of BC,,_ ..

Obviously, the CMC, ycwmce, and Ay, variation of
asymmetric triazine carboxyl betaine surfactants are con-
sistent with classic interface theory. A, increases as the
length of hydrocarbon chains increases, which indicates
BC,,_, packs loosely at the interface resulting from that the
long hydrophobic chain is more likely to coil [30]. For
surfactants BC,,_g, with the growth of m CMC and ycmc
decrease. For surfactants BC,,_;o, with the growth of the
m, the CMC decreases, too, while ycpc increases with
m increasing from 12 to 14. This can be attributed to the
fact that the hydrocarbon chains of BCy4_¢ are too long,
which generates the small steric hindrance between the
long hydrocarbon chains of BC4_;o. The long hydrocar-
bon chains rotate freely and easily, thus possibly cover
each other. Some methyl groups may cover other methyl
groups, and more methylene groups expose to air. As a
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Table 1 Physico-chemical properties of BC,,_,

Surfactants  CMC/ Yemc! I/ Anmin/
BC,,_, (molL™1) (mN/m)  (107°mol cm™) (nm?)
BCio_s 631 x 107 254 3.57 0.465
BCis_s 501 x 107 232 3.24 0.513
BCi4_g 3.16 x 107 223 2.98 0.557
BCis_10 3.98 x 107* 24.1 3.15 0.527
BCia_1o 2.82 x 107* 302 2.89 0.575
BCis_12 251 x 107* 340 2.76 0.602

consequence, the ycyce of BCiy_jo is larger than that of
BC;,_1 as the surface energy of methylene group is larger
than that of the methyl group. For the surfactants BC,,_,
and BC,,_14, with the growth of m, the CMC decreases,
whereas Ycmc increases. The water solubility of these two
series of surfactants at 25 °C is dependent on the hydro-
carbon chain length, which affects the regularity of the
surface tension. With the increase of m, the water solubility
of BC,,_1» and BC,,_;4 decreases, which leads to the
decrease of CMC and increase of ycpc. Compared to the
symmetric surfactants, these asymmetric surfactants show
better surface properties which mainly reflect in that the
largest ycpme of asymmetric surfactants can reach 34 mN/m
while that of symmetric surfactants can reach 43.1 mN/m
[23]. Double asymmetric hydrophobic chains cross each
other and arrange themselves at the air—water interface
more closely. Furthermore, branched surfactants usually
inhibit micellization and give low ycpmc. Consequently, the
surface properties of asymmetric surfactants are superior to
that of the symmetric ones. The ycymc of BCg_g, BCio_10,
BCio_g, BCi>_g, BCi4_g and BC;,_;o are all below
30 mN/m. It is surprising that these surfactants show better
surface properties, although the total carbon numbers in
hydrocarbon chains are as high as 16-22.

&\ Springer ANOCS &

Alkane Selectivity and Minimum Alkane Carbon
Number

The minimum alkane carbon number of a surfactant, as an
important index of the interfacial properties, means the
carbon number of an alkane which gives minimum IFT
against the aqueous surfactant solution. Minimum alkane
carbon number of surfactants relates to the concentration,
structure of surfactant and other factors. To determine the
minimum alkane number of each surfactant, the interfacial
tensions between a series of alkanes and an aqueous
solution of surfactant at 0.1 % by weight were measured,
respectively. The interfacial properties between the alkanes
and water are presented in the Figs. 5, 6, 7, 8. Table 2
summaries the minimum alkane carbon number 7,,;, for the
synthesized triazine carboxyl betaine surfactants.

From Figs. 5, 6, 7, and 8, the triazine carboxyl betaine
surfactants BC,,_,, can be divided into two groups. Namely,
the first group of surfactants include BCg_ g, BCjo_g,
BC12_8, BC12_10, BCIO—IO and BC14_8, with a total carbon
number of hydrocarbon between 16 and 22. The interface
tension versus the corresponding alkane number exhibits a
minimum close to or in 10~> mN/m order of magnitude at
the preferred ACN; whereas the minimum interfacial ten-
sion of the second group of surfactants, BCj,_15, BCi4_14,
BCi4_1» and BC4_10, all with a total carbon number of
hydrocarbon more than 22, is merely close to 0.1 mN/m.
The results can be used to predict the IFT behavior between
the surfactants solutions and crude oils: the first group of
surfactants may perform better than the second group of
surfactants.

From Table 2, the n,,;, of these triazine carboxyl betaine
surfactants increases from 10 to 14 as the carbon number of
hydrocarbon chain increases from 8 to 14. The datum
corroborates the results of correlations studies [31, 32] that
the more hydrophobic surfactant prefers the alkane of

7~
£
Z o1
E ]
=
.2
w
o
(]
=
=
Q
<
& 001 —BCss
8 Y] —e—pCI08
= —a—BCI2-8
—v—BCI4-8
T T T T T T T T T T T
6 8 10 12 14 16

Alkane Carbon Number

Fig. 5 Interfacial tension versus ACN curve for BC,,_g
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Table 2 The minimum alkane carbon number (n.,;,) for 1,3,5-tri-
azine betaine surfactants

0.1 -

Surfactants Nmin Surfactants MNmin
BCg_g 10 BCiy_10 12
BCio_g 10 BCis_10 13
BCir_g 12 BCi_1n 13
BCi4_g 12 BCis_12 14
BCio-10 10 BCis-14 14

Interfacial Tension (mN/m)

0.01 -
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Alkane Carbon Number

Fig. 6 Interfacial tension versus ACN curve for BC,,_q
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longer hydrocarbon chains, like alkyl benzene sodium
sulfonates [33, 34]. In the system containing relatively pure
SOW (surfactant/oil/water) components and in the absence
of alcohol, the increase of correlations ¢ can decrease
lower IFT between water and alkane for a given ACN
(6 = —In $* + K ACN) [17].

Acknowledgments We greatly appreciate the support (DQYT-
0508003-2011-JS-362) of the Petro China Daqing Oilfield Co., Ltd.

References

1. Jacob SE, Amini S (2008) Cocamidopropyl betaine. Dermatitis
19:157-160
2. Florence T, Hines M (2013) Cosmetic formulation. US Patent
20130209504 A1l
3. Matsue Y (2008) Detergent composition comprising a mixture of
two anionic, a nonionic, and an amphoteric surfactant. US Patent
7582599 B1
4. Shao X (2013) Bacteriostatic flax fiber softener comprises e.g.
ditallowoylethyl hydroxyethylmonium methosulfate, silicone
defoaming agent, thickening agent, potassium oleate, sesame oil,
betaine, octadecyl trimethyl ammonium chloride and deionized
water. CN Patent 102877294 A
5. Aoudia M, Al-Shibli MN, Al-Kasimi LH, Al-Maamari R, Al-
Bemani A (2006) Novel surfactants for ultralow interfacial ten-
sion in a wide range of surfactant concentration and temperature.
J Surf Deterg 9:287-293
6. Cui ZG, Du XR, Pei XM, Jiang JZ, Wang F (2012) Synthesis of
didodecylmethylcarboxyl betaine and its application in surfac-
tant-polymer flooding. J Surf Deterg 15:685-694
7. Wang D, Liu C, Wu W, Wang G (2010) Novel surfactants that
attain ultra-low interfacial tension between oil and high salinity
formation water without adding alkali, salt, co-surfactants, alco-
hol and solvents. In: Proceeding of the SPE EOR Conference at
Oil and Gas West Asia 2010, OGWA-EOR Challenges, Experi-
ences and Opportunities in the Middle East, 11-13 April 2010
8. Cayias JL, Schechter RS, Wade WH (1977) The utilization of
petroleum sulfonates for producing low interfacial tensions
between hydrocarbons and water. J Colloid Interface Sci
59:31-38
9. Doe PH, Wade WH, Schechter RS (1977) Alkyl benzene sulfo-
nates for producing low interfacial tensions between hydrocar-
bons and water. J Colloid Interface Sci 59:525-531
10. Salager JL, Bourrel M, Schechter RS, Wade WH (1979) Mixing
rules for optimum phase-behavior formulations of surfactant/oil/
water systems. Soc Petrol Eng J 19:271-278

Fig. 8 Interfacial tension versus ACN curve for BC,,_14

11.

Hirasaki GJ, Miller CA, Puerto M (2008) Recent advances in
surfactant EOR. Paper SPE 115386. In: Proceedings of the

&) Springer AOCS &



J Surfact Deterg

12.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

International Petroleum Technology Conference, Kuala Lumpur,
Malaysia, 3—5 December 2008

Zhang LH, Xiao H, Zhang HT, Xu LJ, Zhang D (2007) Optimal
design of a novel oil-water separator for raw oil produced from
ASP flooding. J Petrol Sci Eng 59:213-218

. Zhao ZK, Bi CG, Qiao WH, Li ZS, Cheng L (2007) Dynamic

interfacial tension behavior of the novel surfactant solutions and
Dagqing crude oil. Colloids Surf A 294:191-202

Han M, Zhang XD, Zhang J, Xiang WT (2006) Progress in EOR
by means of surfactants. China Offshore Oil Gas 18:408—412
Stegemeier GL (1976) Mechanisms of oil entrapment and
mobilization in porous media. In: Proceeding of AICHE Sym-
posium on improved oil recovery by surfactant and polymer
flooding, Kansas City, Missouri, USA, 12-14 April 1976

Shah DO, Schechter RS (eds) (1977) Improved oil recovery by
surfactant and polymer flooding. Academic, New York

Salager JL, Forgiarini AM, Bullon J (2013) How to attain ultra-
low interfacial tension and three-phase behavior with surfactant
formulation for enhanced oil recovery: a review. Part 1. Optimum
formulation for simple surfactant-oil-water ternary systems.
J Surf Deterg 16:449-472

Salager JL, Forgiarini AM, Marquez L, Manchego L, Bullon J
(2013) How to attain an ultralow interfacial tension and a three-
phase behavior with a surfactant formulation for enhanced oil
recovery: a review. Part 2. Performance improvement trends from
Winsor’s premise to currently proposed inter- and intra-molecular
mixtures. J Surf Deterg 16:631-663

Ye ZB (2000) Principles of enhanced oil recovery. Petroleum
Industry Press, Beijing

Abrams A (2003) The influence of fluid viscosity, interfacial
tension, and flow velocity on residual oil saturation left by
waterflood. SPE Reprint Series 56:64-74

Qiao W, Li J, Peng H, Zhu Y, Cai H (2011) Synthesis of single
and double long-chain 1,3,5-triazine amphoteric surfactants and
their surface activity. Colloids Surf A 384:612-617

Qiao W, LiJ, Zhu Y, Cai H (2012) Interfacial tension behavior of
double long-chain 1,3,5-triazine surfactants for enhanced oil
recovery. Fuel 96:220-225

Qiao W, Peng H, Zhu Y, Cai H (2012) Synthesis and surface
activity properties of symmetric double chains alkylbetaine sur-
factants derived from s-triazine. Colloids Surf A 405:45-50
Wang HS, Zhang TT, Hu ZY, Xue CL, Cao DL (2012) Synthesis
and physicochemical investigation of novel quaternary ammo-
nium salt cationic gemini surfactant derived from cyanuric
chloride. J Surf Deterg 15:457-462

Xie ZF, Feng YJ (2010) Synthesis and properties of alkylbetaine
zwitterionic gemini surfactants. J Surf Deterg 13:51-57

Li X, Hu ZY, Zhu HL, Zhao SF, Cao DL (2010) Synthesis and
properties of novel alkyl sulfonate gemini surfactants. J Surf
Deterg 13:353-359

&\ Springer ANOCS &

27. Xue C, Zhu H, Zhang T, Cao D, Hu Z (2011) Synthesis and
properties of novel alkylbetaine zwitterionic gemini surfactants
derived from cyanuric chloride. Colloids Surf A 375:141-146

28. Xiao JX, Zhao ZG (2003) Application principle of surfactants.
Chemical Industry Press, Beijing

29. Rosen MJ (1989) Surfactants and interfacial phenomena. Wiley,
New York

30. Ao MQ, Xu GY, Zhu YY, Bai Y (2008) Synthesis and properties
of ionic liquid-type gemini imidazolium surfactants. J Colloid
Interface Sci 326:490-495

31. Salager JL, Vasquez E, Morgan J, Schechter RS, Wade WH
(1979) Optimum formulation of surfactant-water-oil systems for
minimum interfacial tension and phase behavior. Soc Petrol Eng J
19:107-115

32. Anton RE, Garces N, Yajure A (1977) A correlation for three-
phase behavior of cationic surfactant-oil-water systems. J Dis-
persion Sci Technol 18:539-555

33. Barakat Y, Fortney LN, Schechter RS, Wade WH, Yiv SH (1983)
Criteria for structuring surfactants to maximize solubilization of
oil and water. II. Alkyl benzene sodium sulfonates. J Colloid
Interface Sci 92:561-574

34. Doe PH, El-Emary M, Wade WH, Schechter RS (1978) Surfac-
tants for producing low interfacial tensions: II. Linear alkyl
benzene sulfonates with additional alkyl substituents. J Am Oil
Chem Soc 55:505-512

Author Biographies

Lishuai Jing is a Master’s student at the School of Chemical
Engineering, Dalian University of Technology, China. His research
deals with the synthesis and the properties of surfactants.

Weihong Qiao is a professor at the School of Chemical Engineering,
Dalian University of Technology, China. She received her Master’s
and her Ph.D. degrees in applied chemistry at Dalian University of
Technology. Her research interests include the interfacial behavior of
surfactants, the application mechanism of surfactants, synthesis and
application of surfactants for EOR and development of functional
surfactants.

Limei Luo is currently an engineer at the Chemical Analysis Testing
Centre, Dalian University of Technology, China. Her research
interests deal with molecular spectral analysis.

Huan Peng is a Master’s student at the School of Chemical
Engineering, Dalian University of Technology, China. His research
deals with the synthesis and the properties of surfactants.



	Design and Surface/Interfacial Properties of Asymmetric Triazine Carboxyl Betaine Surfactants
	Abstract
	Introduction
	Experimental
	Materials and Equipment

	Synthesis
	Synthesis of 2-Dodecylamino-4,6-dichloro-1,3,5-triazine (ST12)
	Synthesis of 2-Dodecylamino-4-decylamino-6-chloro-1,3,5-triazine (AT12minus10)
	Synthesis of N-(4-Dodecylamino-6-decylamino-1,3,5-triazine-2-yl)-Nvprime,Nvprime-dimethyl-1,3-propanediamine Triazine (BA12minus10)
	Synthesis of N-(4-Dodecylamino-6-decylamino-1,3,5-triazine-2-yl)-Nvprime-carboxymethyl-Nvprime,Nvprime-dimethyl-1,3-propanediamine (BC12minus10)

	Measurements
	Determination of CMC, gamma CMC and Amin
	Interfacial Tension Measurement

	Results and Discussion
	Equilibrium Surface Tension
	Alkane Selectivity and Minimum Alkane Carbon Number

	Acknowledgments
	References


