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ABSTRACT: A series of amide quaternary ammonium surfactants
with the formula CnH2n+1CONH(CH2)2N+(CH3)3·CH3CO3

− (n =
9, 11, 13, 15) were synthesized using a fatty acid, N,N-
dimethylethylenediamine, and a green reagent dimethyl carbonate.
A comparative study of the four surfactants in terms of surface
activity, aggregation characteristics, and foam properties was
conducted. The results show that these amide quaternary
ammonium surfactants reduce the surface tension of water to a
minimum value of 23.69 mN·m−1 at a concentration of 1.55 × 10−4

mol·L−1 and self-assemble spontaneously into aggregates, which are
mostly vesicles. Furthermore, with increasing the alkyl chain length,
their critical micelle concentration (CMC) values and surface
tension values at the CMC (γCMC) decrease and then increase, and
the degree of counterion binding (β) decreases. It is also found that these amide quaternary ammonium surfactants exhibit excellent
foam ability and foam stability.

1. INTRODUCTION
Quaternary ammonium cationic surfactants have attracted
more and more attention due to their excellent properties, such
as the ability to reduce surface tension, allowing to enhance the
wettability of the interface and surface, low toxicity, a wide
range of biological activities, chemical stability, and good
solubility in water.1−6 As emulsifiers, bactericides, detergents,
antistatic agents, fabric softeners, phase transfer catalysts,
corrosion inhibitors, dispersants, wetting agents, foaming
agents, etc., they are widely used in various fields of life,
such as agriculture, medicine, biotechnology, food industry,
and so on.1,2 Quaternary ammonium cationic surfactants also
play an important role in the development of high technology
and the preparation of nano and intelligent materials.7

However, most of the surfactants used are nondegradable in
nature, and their use have caused serious water pollution and
environmental safety problems.8,9 It has been reported that the
biodegradability of surfactants can be improved by introducing
various cleavable groups such as ester, amide, carbonate, etc.,
which are susceptible to chemical/enzymatic hydrolysis, into
surfactant molecules.9,10 In addition, it was also found that the
insertion of amide groups into surfactant molecules would lead
to significant changes in their surface activity and micelliza-
tion.10−12 The study of Hoque et al. showed that the amide
functionality increases the surfactant aggregation tendencies
compared to the surfactants without an amide bond, and the
aggregation properties of the gemini surfactants containing
amide groups are closely related to the position and number of
amide bonds.10

At present, most of the methylating agents for the synthesis
of quaternary ammonium surfactants are methyl halides
(CH3X, X = I, Br, Cl) and dimethyl sulfate, which are toxic
and corrosive chemicals.9,13−17 In addition, the reaction usually
requires a stoichiometric amount of alkali and produces some
inorganic salts that need to be treated. Dimethyl carbonate
(DMC) is a well-known nontoxic reagent and an environ-
mentally benign substitute for methyl halides and dimethyl
sulfate.18−20 Moreover, the reaction, using DMC as the
methylation reagent, does not produce inorganic salts, and
the leaving group methyl carbonate decomposes to produce
only methanol and CO2 as byproducts.18 With the increasingly
serious environmental problems, the concepts of green
chemistry, sustainable development, and environmental
protection have been paid more and more attention.21

DMC, as a “green” methylating reagent, incorporates several
of these fundamental aspects of green chemistry, such as
avoiding the use of toxic and dangerous chemicals, being more
atom-efficient, and so on. Herein, to develop safe, efficient, and
environmentally friendly surfactants, a new series of quaternary
ammonium surfactants containing amide bonds are synthe-
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sized using DMC as the methylating reagent. Their surface
activity, microstructure, and aggregation properties are studied.
Their foam properties are also determined.

2. EXPERIMENTAL METHODS
2.1. Materials. N-Decanoic acid (99%), lauric acid (98%),

myristic acid (99%), palmitic acid (97%), N,N-dimethylethy-
lenediamine (98%), dimethyl carbonate (99%), and sodium
lauryl benzene sulfonate (LAS, 95%) were analytical pure and
purchased from Shanghai Maclean Biochemical Technology
Co., Ltd. Toluene (99.5%) and anhydrous methanol (99.5%)
were analytical pure and provided by Sinopharm Chemical
Reagent Beijing Co., Ltd. The high-purity water (ρ = 18.25
MΩ·cm−1) was supplied by a Milli-Q ultrapure water
purification system.
2.2. Synthesis of Alkyl Amide Ethyl Trimethyl

Ammonium Carbonate. These amide quaternary ammo-
nium surfactants are prepared via a two-step synthetic route,
which is shown in Scheme 1.

First, 0.1 mol N, N-dimethylethylenediamine and 0.15 mol
fatty acid (N-decanoic acid, lauric acid, myristic acid, palmitic
acid) were added to a 250 mL round-bottomed flask equipped
with a magnetic stirrer, then an appropriate amount of toluene
as a solvent was added. The reaction mixture was heated at 125
°C with agitation for 5 h and then cooled to room temperature.
After the reaction, the solvent toluene was removed by rotary
evaporation to obtain the light yellow paste solid alkyl amide
ethyl dimethyl tertiary amine. Alkyl amide ethyl dimethyl
tertiary amine (0.05 mol), DMC (0.25 mol), and an
appropriate amount of methanol as a solvent were added to
a 500 mL stainless steel autoclave reactor. The reaction
mixture was stirred for 8 h at 423.15 K and 1.4 MPa. After the
reaction, methanol and the excess DMC were removed by
vacuum rotary evaporation. Then, the products were extracted
in the water layer through a two-phase extraction with water
and ethyl acetate. Finally, water was removed by lyophilization
to give the pure brown powder product alkyl amide ethyl
trimethyl ammonium carbonate (compounds a−d).
2.3. Structure Characterization. Mass spectrometry

(MS) analysis was performed using an AB SCIEX API3200
liquid chromatography tandem mass spectrometer. 1H NMR
and 13C NMR spectra were obtained on a Bruker AVANCEIII
HD proton nuclear magnetic resonance spectrometer with
CD3OD and DMSO-d6 as solvents. Fourier transform infrared
(FTIR) spectra were recorded on a Nicolet is 10 infrared
spectrometer.
2.4. Krafft Temperature Determination. The aqueous

solutions of these amide quaternary ammonium surfactants
with a mass fraction of 1% (above the CMC) were prepared

respectively and then were heated under stirring until they
were clear and transparent. After that, the aqueous solutions of
these surfactants were cooled on an ice−water bath until there
was solid precipitation, and the corresponding temperature,
namely, Kraft point, was recorded. All of the above
experiments were repeated three times. In addition, Krafft
temperature was also measured by the conductivity method.
The prepared 1% surfactant aqueous solutions were kept in a
refrigerator for 10 h at about 0 °C. Then, the conductivity of
these surfactant aqueous solutions was measured via a DDS-
307 conductivity meter (cell constant: 0.997 cm−1) with the
temperature ranging from 0 to 20 °C. Each temperature
gradient was measured three times.
2.5. Surface Tension Measurements. At 298.15 K, the

surface tension of the amide quaternary ammonium surfactant
aqueous solution was determined using the Delta8 surface
tensiometer of Kibron, Finland, via the Wilhemy plate method
within a concentration range of 1 × 10−7−1 × 10−2 mol·L−1.
Three measurements were performed on each solution sample.
Surface tension was an average of triplicate measurements, and
the standard deviation was less than 0.02.
2.6. Conductivity Measurement. The conductivity of

these surfactant aqueous solutions within a concentration
range of 1 × 10−5−1 × 10−2 mol·L−1 was measured using a
DDS-307 conductivity meter at 298.15 K. Each sample was
measured three times to determine the average value with the
standard deviation less than 0.016 μS·cm−1.
2.7. Steady-State Fluorescence Measurements. Using

pyrene as a probe, a HITACHI F-4500 fluorescence
spectrometer was used to determine the CMC and the
aggregate micropolarity of the surfactants. Surfactant solutions
within a concentration range of 1 × 10−6−0.1 mol·L−1 were
prepared with a saturated aqueous solution of pyrene as the
solvent, in which the concentration of pyrene was 1 × 10−6

mol·L−1. The surfactant solutions were first vibrated by
ultrasound for 1 h, then stored in 60 °C water bath for 2 h,
and finally stored in 40 °C water bath overnight. The
fluorescence emission spectra were measured at 298.15 K
with the excitation wavelength of 335 nm, the excitation slit
width of 5 nm, the emission slit width of 2.5 nm, the scanning
wavelength of 350−450 nm, and the scan speed of 60 nm·
min−1. The fluorescence intensities of the pyrene in peaks λ1
(372 nm) and λ3 (384 nm), i.e., I1 and I3, from the emission
spectrum at each concentration, were recorded. According to
the ratio of I1/I3, the CMC and the surfactant aggregate
micropolarity were determined.
2.8. Dynamic Light Scattering (DLS) Measurements.

DLS measurements were made using a Malvern Zetasizer
Nano ZS instrument at 298.15 K with a solid-state He−Ne

Scheme 1. Synthesis of Alkyl Amide Ethyl Trimethyl Ammonium Carbonate (Compounds a−d)
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laser as the light source (22 mW output power, λ = 632.8 nm).
The detection angle was 173°. The surfactant solution with a
concentration of 5CMC was introduced into a light-trans-
mitting cuvette through a 0.45 μm filter membrane and then
equilibrated for 3 min before measurements. Each solution
sample was measured at least three times with a standard
deviation of less than 0.002. The distribution of the solute
diffusion coefficient (D) was obtained based on analyzing the
correlation function of scattering data via the CONTIN
method. Then, the apparent equivalent hydrodynamic radius
(Rh) can be calculated according to the Stokes−Einstein
equation Rh = kT/6πηD, where k is the Boltzmann constant, T
is the absolute temperature, and η is the solvent viscosity.
2.9. Transmission Electron Microscopy (TEM) Meas-

urements. TEM micrographs were obtained by the negative-
staining method with 2% uranyl acetate solution as the staining
agent. A drop of surfactant aqueous solution with the
concentration of 5CMC was put on a clean sealing film;
after that, the porous carbon support film (260 mesh) was
inverted on the droplet for 6 min and then was dried in a
vacuum dryer for at least 12 h. Subsequently, a drop of 2%
uranyl acetate was put on another clean sealing film; then, the
adsorbed carbon support film was inverted on the droplet and
dyed for 35 s and then was dried in a vacuum dryer for at least
12 h. Finally, TEM images were recorded on an OXFORD X-
MAX JEM-2100 electron microscope operating at an
accelerating voltage of 120 kV.
2.10. Foam Measurements. The foam properties were

determined using a foam scanner (FoamScan IT Concept,
Teclis Co., Lyon, France) through the bubble method at 25,
35, and 45 °C, respectively. Surfactant solutions (40 mL) with
a concentration of 0.01 mol·L−1 were injected into the
instrument, and then, N2 was supplied at a gas flow rate of
40 mL·s−1 to blow foam. The time required for the generated
foam volume to reach 130 mL was used to express the foaming
ability. The gas supply was stopped when the foam volume
reached 130 mL. After 1000 s, the remaining foam volume was
used to evaluate the foam stability. For comparison, the foam
properties of LAS solutions at the same concentration were
analyzed.

3. RESULTS AND DISCUSSION
3.1. Synthesis and Characterization. These synthesized

amide quaternary ammonium surfactants were characterized by
their MS, 1H NMR, 13C NMR, and FTIR spectra. For the
details of these spectral characterizations, see the Supporting
Information. In a word, the structures of all of these
compounds are confirmed.
3.2. Krafft Temperature. The amide quaternary ammo-

nium surfactant solution did not show any sign of precipitation
after standing in an ice−water bath for 24 h. So, the Krafft
temperatures for all of these amide quaternary ammonium
surfactants are assigned to be below 0 °C. In addition, the
conductivity (κ) versus temperature plots of these surfactant
aqueous solutions are shown in Figure S18. The migration of
counterions in salt-free systems will affect the conductivity
value.22 When the temperature rises to the Krafft point, the
conductivity value increases sharply because the improvement
of solubilities can increase counterion density. Therefore, the
Krafft temperature can be determined by the turning points of
the plot of the conductivity versus temperature. As seen From
Figure S18, no turning points are observed owing to their low
Krafft temperature (<0 °C) over the examined temperature

range. So, it can be safely concluded that the Krafft
temperature for these surfactants is below 0 °C, which
indicates that these surfactants have good water solubility.
The amide linkage in the quaternary ammonium surfactant
molecules can form a hydrogen bond with water molecules,
which leads to a significant improvement of the solubility. The
low Krafft temperature and good hydrophilicity make these
amide quaternary ammonium surfactants have wide usage
temperature range, broadening their fields of application.
3.3. Surface Activity and Surface Property Parame-

ters. The surface tension (γ) values of these amide quaternary
ammonium surfactant aqueous solutions against the concen-
tration (c) are plotted in Figure 1. As is seen in Figure 1, the

surface tension of aqueous solutions initially decreases with an
increase in the concentration of these amide quaternary
ammonium surfactants and then reaches a plateau, which
means the formation of micelles. The CMC values are
determined from the intersection point of the surface tension
curve. The CMC values and the surface tension value at the
CMC (γCMC) are listed in Table 1. It can be found that the
CMC values of these amide quaternary ammonium surfactants
are 1.55 × 10−4−5.08 × 10−3 mol·L−1, lower than those of such
typical cationic surfactants as alkyl trimethyl ammonium
bromides and alkyl dimethyl ethyl ammonium bromides with
the same alkyl chain length.23,24 This may be because the
presence of amide groups in these surfactants facilitates
enhanced aggregation through intermolecular hydrogen
bonding and the hydrophobic interaction10 and also probably
facilitates intermolecular association among surfactants
through hydrogen bonding interactions in organized assem-
blies,11 thus leading to the lower CMC. Another reason may be
that the weak hydrophilicity of the CH3CO3

− counterion of
these surfactants is conducive to micellization,25 resulting in
the lower CMC. Further, compared with the CMC values of
some quaternary ammonium surfactants that have been
reported,26,27 these values are still lower, which demonstrates
that the surface activities of these amide quaternary
ammonium surfactants are superior, indicating an excellent
micelle forming ability. In addition, as is seen in Table 1, the
γCMC values of these surfactants are between 23.69 and 28.08

Figure 1. Plots of surface tension (γ) versus the concentration (c) of
compounds a, b, c, and d at 298.15 K.
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mN·m−1, lower than those of some reported quaternary
ammonium surfactants, which are usually greater than 30 mN·
m−1.26,27 It indicates that these synthesized surfactants have
higher surface activities. Table 1 also shows that the values of
CMC and γCMC of these quaternary ammonium surfactants
gradually decrease with increasing the alkyl chain length from
10 to 14 due to the enhanced hydrophobic interaction between
the longer alkyl chains. However, as the alkyl chain length
increases from 14 to 16, the values of CMC and γCMC increase.
This may be because, with the further increase of the alkyl
chain lengths, the aggregations of self-coiling or premicellar
(such as dimer and trimer), which show little or no significant

surface activity, are formed at concentrations below the
CMC.28,29

The maximum surface excess concentration (Γmax) and the
minimum surface area (Amin) of each surfactant molecule at the
air−water interface are calculated using the Gibbs adsorption
equation as following30
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Table 1. Surface Active Properties and Parameters of the Micellization for compounds a, b, c, and d at 298.15 K

compound

CMC γCMC

pC20 CMC/C20

Γmax Amin ΔGm
θ ΔGads

(mol·L−1) (mN·m−1) (10−10 mol·cm−2) (nm2) (kJ·mol−1) (kJ·mol−1)

a 5.08 × 10−3 28.08 3.306 10.283 2.024 0.821 −23.05 −44.76
b 3.30 × 10−4 26.11 4.465 9.621 2.278 0.730 −29.83 −50.00
c 1.55 × 10−4 23.69 4.578 5.866 3.171 0.524 −31.70 −46.95
d 1.82 × 10−4 24.90 4.770 10.717 2.361 0.704 −31.30 −51.27

Figure 2. Plots of conductivity (κ) against the concentration (c) of compounds a, b, c, and d at 298.15 K.
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In this article, we take the value n = 2.31 The adsorption
efficiency pC20 represents the negative logarithm of the
surfactant concentration required to reduce the surface tension
of pure water by 20 mN·m−1. The ratio of CMC/C20 reflects
the tendency to form micelles relative to the tendency to
adsorb at the air/water surface.32 In addition, the Gibbs energy
of adsorption (ΔGads) and the standard Gibbs free energy of
micellization (ΔGm

θ ) is calculated according to the Rosen
method33

i
k
jjj y

{
zzzG RT ln

CMC
55.5m =

(3)

G G A6.023( )ads m 0 CMC min= (4)

The values of pC20, CMC/C20, Γmax, Amin, ΔGm
θ , and ΔGads are

also listed in Table 1.
As shown in Table 1, the values of Γmax of these surfactants

increase and the Amin values decrease with increasing the alkyl
chain length from 10 to 14, indicating that the surfactant
molecules with the longer hydrophobic chains pack more
closely at the air−water interface due to a stronger interaction
between the hydrocarbon chains. But, as the alkyl chain length
increases from 14 to 16, there is an abnormal change in the
values of Γmax and Amin. A possible explanation is that the super
long hydrophobic chain is more prone to bend at the air−
water surface and makes compound d pack more loosely
compared to compound c, resulting in the increase of the Amin
value and the decrease of the Γmax value.34

The pC20 values, used as a characterization of surfactant
efficiency, increase with increasing the alkyl chain length,
suggesting an increase in the efficiency of surfactant
adsorption. The CMC/C20 ratio decreases with the increase
of the hydrophobic alkyl chain length from 10 to 14, suggesting
that the surfactant with a longer alkyl chain is more inclined to
aggregate in a water phase and its adsorption is inhibited more
than micellization.

In addition, all values found for ΔGads and ΔGm
θ are negative

(Table 1), so it can be safely concluded that both adsorption
and micellization of these surfactants are spontaneous at 25 °C.
Furthermore, the values of ΔGads are more negative than those
of ΔGm

θ , which indicates that the adsorption of these surfactant
systems is probably preferential than micellization.27

3.4. Thermodynamic Properties of Micellization. To
further study the micellization behavior of these surfactants in
aqueous solution, the conductivity was measured. Figure 2
demonstrates the plots of the conductivity (κ) versus the
concentration (c) for compounds a−d at 298.15 K. As shown
in Figure 2, the CMC values of the surfactants are determined
by the sharp break points in the plots of κ versus c.35 The
degree of counterion dissociation (α) is determined from the
ratio of slopes of the linear portions after and before the break
point at CMC.36 The degree of counterion binding (β) equals
1 − α. ΔGm

θ is calculated by the following equation37

i
k
jjj y

{
zzzG RT x RT

1
2

ln
1
2

ln 2m CMC= +
(5)

In the equation, xCMC is the unit mole fraction of the
surfactants in the liquid phase at CMC, which can be
approximated by CMC/55.5, where 55.5 represents the
number of moles per liter of water at 298.15 K, and CMC is
the values determined by the conductivity method. The values
of CMC, β, and ΔGm

θ are listed in Table 2.

As shown in Tables 1 and 2, the CMC values of the four
surfactants determined by the conductivity method are very
close to those found by the surface tension method. The
results also show that the values of CMC obtained by the two
methods follow the similar trend. Moreover, there is also an
excellent agreement among the ΔGm

θ values obtained by the
two methods. In addition, it is obvious that the β values
decrease with increasing the alkyl chain length. This can be
attributed to the decrease in surface charge density of the
micelles. Surfactants with longer alkyl chains are conducive to
aggregation in bulky structures, in which the ratio of surface to
volume is relatively smaller. It means that the polar head
groups are packed more tightly and bound by more
counterions.26

3.5. Microenvironment and Aggregation. The shape
and intensity for the photoluminescence spectra of pyrene,
especially the fluorescence intensity ratio I1/I3, are very
sensitive to its microenvironment at the site of fluorophore
solubilization. So, fluorescence spectroscopy is a useful and
convenient technique for studying the micropolarity of
surfactant aggregates. The variations of the pyrene polarity
ratio I1/I3 with the change of the surfactant concentration (c)
are shown in Figure 3. The CMC values of the surfactants,

which are listed in Table 3, are determined by the center
between initial and final horizontal asymptotes of the sigmoidal
curve.38 From Tables 1−3, we can see that the CMC values
obtained by surface tension, conductivity, and steady-state
fluorescence methods are very consistent.

As shown in Figure 3, when the surfactant concentration is
low, the I1/I3 ratio maintains in a high value and changes
slightly, suggesting that pyrene has no interaction with the

Table 2. Parameters of the Micellization of Compounds a, b,
c, and d at 298.15 K

compound CMC (mol·L−1) β ΔGm
θ (kJ·mol−1)

a 5.26 × 10−3 0.467 −23.15
b 3.51 × 10−4 0.453 −29.28
c 1.59 × 10−4 0.438 −30.57
d 1.64 × 10−4 0.415 −29.56

Figure 3. Variation of the pyrene fluorescence intensity ratio I1/I3
with the surfactant concentration (c) for compounds a, b, c, and d.
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surfactant at the outset. With increasing the surfactant
concentration, the I1/I3 ratio decreases rapidly, indicating
that the pyrene is sensing a more hydrophobic environment
due to the formation of micelles. Then, the I1/I3 ratio reaches a
roughly constant value, suggesting that the aggregate structures
are compact and the microenvironment does not change. The
I1/I3 ratios at final horizontal asymptotes of the curves, which
reflect the final micropolarity of the surfactant aggregates, are
also listed in Table 3. As shown in Table 3, the I1/I3 ratio of
these surfactants is low, indicating that the pyrene is solubilized
in the palisade layer near the polar head groups.39Table 3 also
shows that the I1/I3 ratios of these surfactants decrease from
1.18 to 1.07 as the alkyl chain length increases from 10 to 14,
suggesting that the stronger hydrophobic interaction of the
surfactants with longer alkyl chains leads to tighter aggregation
in aqueous solutions and provides a more hydrophobic

microenvironment. However, the I1/I3 ratio changes abnor-
mally as the alkyl chain length increases from 14 to 16. One
possible reason is that the super long hydrocarbon chain of the
surfactant is more likely to curl up and forms looser aggregates,
thus leading to the entrance of water molecules and resulting in
a weaker hydrophobic microenvironment.34

3.6. Rh Distributions and Morphology of the
Aggregates. The size and distribution of aggregates formed
by these surfactants in 5CMC aqueous solution were examined
by DLS (Figure 4). It is obvious that Rh distributions of these
surfactants appear double peaks and are closed with each other,
which are between 10 and 1000 nm. Furthermore, with the
increase of the carbon chain length, Rh distributions of these
surfactants in the range of 10−1000 nm have a little backward
trend, that is, they tend to form aggregates with larger particle
sizes. According to the DLS measurement results, these
surfactant molecules form different aggregate types in aqueous
solution, and the average Rh of the aggregates is 10−40 and
100−400 nm. This may be because the amide group in the
surfactant molecular structure is prone to form intermolecular
hydrogen bonds, which promotes molecular aggregation and
forms different aggregate types.40

Correspondingly, the morphologies of aggregates of these
surfactants in an aqueous solution of 5CMC are further carried
out on TEM measurement, which are shown in Figure 5. It can

Table 3. Parameters of the Micellization of Compounds a, b,
c, and d at 298.15

compound CMC (mol·L−1) I1/I3

a 4.88 × 10−3 1.18
b 3.80 × 10−4 1.10
c 1.73 × 10−4 1.07
d 2.32 × 10−4 1.29

Figure 4. Rh distribution of compounds a, b, c, and d in aqueous solution with a concentration of 5CMC.
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be found that spherical vesicles with different sizes are formed
in surfactant aqueous solutions. The size (inner diameter) of
the vesicles ranges 10−400 nm, which is basically consistent
with the results of DLS. Because we cannot measure the
thickness of the vesicle wall, it is difficult to confirm if they are
monolayer or multilayer vesicles. The formation of vesicles
may be due to the presence of amide groups in the molecular
structure, which are prone to form intermolecular hydrogen
bonds and promote the aggregation of rigid bilayer

structures.41 The hydrogen bonding interactions near the
head group region can minimize the repulsive interactions
among the cationic N+ groups, thus favoring vesicle
formation.42

3.7. Foam Properties. Figure 6 presents the foam
properties of these amide quaternary ammonium surfactants
and LAS. Figure 6A shows that the foam ability of the four
surfactants and LAS increases gradually with increasing the
temperature from 25 to 45 °C. It is thought that the Brownian

Figure 5. TEM micrographs of aggregates of compounds a, b, c, and d in aqueous solutions with a concentration of 5CMC.
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motion is the main reason for this phenomenon. In the
Brownian motion, the kinematic velocity of the ions increases
with the increase of temperature and leads to more frequent
collisions between the ions, thereby increasing the foam
ability.43 From Figure 6A, we can also see that, with the
increase of the carbon chain length, the foam ability of the four
surfactants increases and then decreases at the same temper-
ature, which is in contrast to the change trend of their γCMC.
This may be because the surfactant solution with a low surface
tension forms a thick liquid film, which is conducive to the
formation of foam.44 A comparison of the data in Figure 6 also
shows that the time required for compounds b and c to
generate 130 mL of foam is shorter than LAS at 35 and 45 °C,
which means that compounds b and c are more prone to foam
than LAS. From Figure 6B, we can also safely conclude that the
foam stability of the four amide quaternary ammonium
surfactants is best at 25 °C. The results can be explained as
follows: at lower temperature, the gas diffusion rate, which
peaks at 20−30 °C, may influence the foam stability, while
with the increase of the temperature, the surface viscosity is
thought to be the main influence, resulting in faster and faster
liquid discharge. Thus, the foam stability is relatively lower at
higher temperatures.43Figure 6B also shows that, at the same
temperature, compound d exhibits the best foam stability,
followed by b, c, and a, and the foam stability of compounds b,
c, and d is better than that of LAS. It can be interpreted from
the following aspects. The foam stability is relative to the
surface viscosity of the liquid film. The interface configuration
of the surfactant with a low surface tension and long
hydrophobic carbon chain is more compact, which increases
the strength of the liquid film, thus preventing the liquid from
coming out of the liquid film, delaying the foam crumbling,
and improving the stability of foam.45

4. CONCLUSIONS
In this work, four amide quaternary ammonium surfactants,
which possess excellent surface activities, are synthesized using
a green reagent DMC. Studies have shown that, with increasing
the alkyl chain length from 10 to 14, the values of CMC, γCMC,
and Amin decrease, and the Γmax values increase, indicating that
the surfactant molecules with longer hydrophobic chains have
higher efficiency and pack more closely at the air−water
interface, while with an increase of the alkyl chain from 14 to

16, there is an abnormal change in these four values, probably
due to the occurrence of self-coiling or the formation of
premicellar aggregates. Furthermore, the ΔGads values are more
negative than those of ΔGm

θ , suggesting that the adsorption of
these surfactant systems is probably preferential than
micellization. It is concluded from the β values that the
increase of the chain length reduces the surface charge density
of aggregates and weakens the electrostatic attractions between
head groups and counterions. DLS and TEM results indicate
that these synthesized surfactants self-assemble spontaneously
into the aggregates with Rh distributions of 10−1000 nm,
which are mostly vesicles. These surfactants are also found to
exhibit excellent foam ability and foam stability.
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