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Abstract Viscoelastic fluids based on surfactant self-

assembled wormlike micelles have been in focus over the

past decade. In this work, we report wormlike micellar

solutions formed in situ by simply mixing two non-surface-

active compounds, N-(3-(dimethylamino)propyl)palmita-

mide (C16AMPM) and salicylic acid (HSal), without spe-

cialized organic synthesis of a surfactant. In the absence of

HSal, C16AMPM is poorly soluble in pure water; after

introducing HSal, C16AMPM is protonated into quaternary

ammonium, behaving like a cationic surfactant with a low

critical micellar concentration (0.25 mM) and a small area

per molecule, which favors the formation of long cylin-

drical wormlike micelles. Above the overlapping concen-

tration (*28 mM), the wormlike micelles formed entangle

each other into viscoelastic networks, enhancing the vis-

cosity by several orders of magnitude. In contrast to the

worms formed by a single ultra-long-chain surfactant, the

current system shows the advantages of a smaller flow

activation energy and end-cap energy, simpler formulation

and lower cost, which make it more suitable for practical

use.

Keywords Wormlike micelles � Viscoelastic fluids �
Rheology � Surfactant � Salicylic acid

Introduction

Surfactant self-assemblies are of particular interest in

numerous industrial processes. Above a critical micellar

concentration (CMC), surfactant molecules generally form

small globular micellar aggregates in aqueous solution, and

may continuously grow uniaxially into very long and

highly flexible wormlike micelles under some favorable

physico-chemical conditions [1–3]. Typically, these thread-

like micelles have a diameter of 2–5 nm and contour length

ranging from several nanometers up to several micrometers

[4, 5]. Above a threshold overlap concentration (C*), these

linear micelles entangle into a dynamic transient network,

displaying macroscopically remarkable viscoelastic prop-

erties reminiscent of polymer solutions. However, much

unlike polymer chains connected by covalent bonds

between monomers, wormlike micelles are held together

by weak non-covalent hydrophobic interaction, constantly

breaking and recombining, thus are also called as ‘‘living’’

or ‘‘equilibrium’’ polymers [6].

Over the past decades, considerable attention from both

a theoretical viewpoint and industrial applications has been

focused on wormlike micelles, due mainly to their unique

aggregate microstructures and rheological responses [7].

From a fundamental perspective, wormlike micelles are

particularly intriguing since they are models of ‘‘living

polymers’’ [2, 8] for complex polymer systems. On the

practical side, these viscoelastic fluids are good candidates

for applications in the oil industry [9–12] including oilwell

drilling, sand control, cleaning fracturing, self-diverting

acidizing, and tertiary oil recovery, and show great
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potentials in biomedicine [13, 14], drag reduction [15, 16],

home and personal care [17], to name but a few. So far,

wormlike micellar solutions have been formulated with a

wide variety of surfactants such as cationic [18–20],

anionic [21, 22], zwitterionic [23, 24], and nonionic [25]

species, as well as mixed formulations such as cationic–

anionic [26], ionic–nonionic [27], ionic–zwitterionic [28],

and nonionic–zwitterionic [29] systems. To the best of our

knowledge, all the viscoelastic fluids mentioned above

were formulated utilizing synthetic surfactant self-assem-

blies, few efforts have been put into the production of

viscoelastic wormlike micelles through directly mixing two

or more compounds of originally non-surface active agents.

Among the most popular wormlike micelles reported so

far, those formed from the common cationic surfactant ce-

tyltrimethyl ammonium bromide (CTAB) and a hydrotrope

which is the most popular way. According to Hofmeister

sequence [30], with increasing the binding capacity of

counterions, the persistence length (lp) of micelles decreases,

and then the micellar flexibility increases. In other words, the

counterions with strong binding capacity favor the formation

of wormlike micelles. In contrast to non-organic counteri-

ons, organic ones are generally better at inducing the growth

of micelles because they not only screen the electrostatic

repulsion between charged hydrophilic headgroups of ionic

surfactants, but also plug into the aggregates of surfactants

owing to their strong binding ability. From what has been

reported to date, it is confirmed that aryl-organic salts more

readily induce the self-assembly of CTAB into elongated

rod-like micelles than other hydrotropes [18–20]. However,

few attempts have been made to fabricate viscoelastic fluids

in situ utilizing non-surface-active aryl acid and a long-chain

amphiphilic molecule.

Thus, here we have developed a wormlike micellar

system by simply mixing two non-surface-active precur-

sors: salicylic acid (HSal) and N-(3-(dimethylamino)pro-

pyl)palmitamide (C16AMPM) originated from natural

palmitic acid, and examined the solubility, surface activi-

ties, as well as macroscopic rheological properties of a

binary mixture in pure water.

Experimental Section

Materials

Palmitic acid (Chengdu Kelong Chemical Reagent Factory),

N,N-dimethyl-1,3-propanediamine (DMPDA) (Rhodia Fei-

xiang Specialty Chemicals), salicylic acid (HSal, Sinopharm

Chemical Reagent Co., Ltd.) were used without further

purification. All other chemicals used were of reagent grade,

and were used as received. Triply distilled water by a quartz

water purification system was used in all the measurements.

Synthesis of N-(3-(Dimethylamino)Propyl)Palmitamide

(C16AMPM)

50 mmol (12.82 g) palmitic acid, 75 mmol (7.66 g)

DMPDA and 0.15 g NaF were put into a three-necked

flask. The reaction mixture was refluxed 10 h at

155–160 �C under a N2 atmosphere, during which the by-

product H2O was absorbed continuously by Al2O3. The

excess of DMPDA was removed and the residue was

washed with cold acetone (150 ml 9 2) (each time 10 ml

water was added to remove NaF), followed by drying under

a vacuum at -45 �C to obtain 15.8 g C16AMPM (yield

93 %) with a purity of 99.90 % (HPLC).
1H NMR (300 MHz, CD3OD), d/ppm: 0.89 (t, J =

6.18 Hz, 3H), 1.26 (m, 24H), 1.60 (s, 2H), 1.71 (m, 2H),

2.16 (m, 2H), 2.20 (s, 6H), 2.40 (t, J = 7.68 Hz, 2H), 3.18

(t, J = 6.81 Hz, 2H).

Characterizations

1H-NMR spectra of the C16AMPM, HSal and C16AMPM–

HSal were recorded on a Bruker Avance 300 spectrometer

at 300 MHz in CD3OD at room temperature. Chemical

shifts are expressed in ppm downfield from TMS as an

internal standard. HPLC analysis was performed on a

Waters HPLC system equipped with All-tech 2000 ELSD

detector using a reverse phase (C18) column.

Preparation of Solutions

Different concentrations of mixture solutions were

obtained by dissolving a specific amount of C16AMPM

and HSal in triply distilled water with gentle agitation at

25 �C, and then the sample solutions were left for at least

24 h to reach equilibrium prior to measurements. The

molar ratios of all the solutions were fixed at 1:1 unless

otherwise stated, and the concentration of the solutions is

given as the concentration of C16AMPM.

Surface Tension Measurement

Surface tension (c) of the sample solutions was measured

with a Krüss K100 tensiometer by the automatic Du Noüy

ring model at 25 ± 0.1 �C, and a cover was used to min-

imize water evaporation. A set of measurements to obtain

a stable surface tension was repeated until the change

was \0.03 mN m–1 every 3 min.

Rheology Measurement

Rheological properties of mixture solutions were deter-

mined on a Physica MCR 301 (Anton Paar, Austria) rota-

tional rheometer equipped with a concentric cylinder
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geometry CC27 (ISO3219), with a measuring bob radius of

13.33 mm and a measuring cup radius of 14.46 mm.

Samples were equilibrated at the experimental temperature

for not \20 min prior to the experiments. Dynamic fre-

quency spectra were conducted in the linear viscoelastic

region, as determined from prior dynamic stress sweep

measurements. All measurements were carried out in the

stress-controlled mode, and CANNON standard oil was

used to calibrate the instrument before measurements. The

temperature was controlled by a Peltier device, and a sol-

vent trap was used to minimize water evaporation during

the measurements.

Results and Discussion

Phase Behavior

There is no doubt that solubility or homogeneity of the

mixture solutions is the primary consideration for further

examination. Under a neutral or alkaline state, C16AMPM

is hardly soluble in water due to its long hydrophobic tail

and non-ionic headgroup, and behaves as a waxy solid at

low temperatures or an oily paste at high temperatures,

floating on the water surface. Nevertheless, the terminal

tertiary amine groups in C16AMPM molecules can be

protonated into quaternary species by the H? ionized from

HSal (pKa = 2.98) [31] in aqueous solution, which

improves the solubility of C16AMPM.

As shown in Fig. 1a, the quantity of HSal is initially too

excessive to be completely dissolved, thus one can observe

that the aqueous phase of the binary mixture solution and

the solid phase (HSal crystal) coexist in the system. For

example, when at CC16AMPM/CHSal = 0.1:1, the pH of the

mixture suspension is 2.70. In this case, the solubility of

HSal in water at 25 �C is about 15 mM [31], which is

sufficient to protonate 10 mM C16AMPM molecules.

Upon increasing C16AMPM content, the residual HSal

content decreases and thus the pH value of the solutions

increases slightly (Fig. 1b), indicating more and more that

HSal molecules have been consumed through the proton-

ation of C16AMPM. When the molar ratio of CC16AMPM/

CHSal goes up to 0.75:1, the HSal solid almost disappears

from the bottom of the test tube, and the pH value starts

rising rapidly (Fig. 1b). The solutions become homogenous

when the molar ratio ranges from 0.75:1 to 1.5:1. If the

C16AMPM concentration is further increased, phase sep-

aration occurs because of excessive C16AMPM. Hence,

the molar ratio of CC16AMPM/CHSal for the following

experiments was fixed at 1:1 to ensure homogeneity of the

solutions for further measurements.

1H-NMR Confirmation of C16AMPM Protonation

by HSal

To verify the protonation of C16AMPM in the presence of

HSal, comparative 1H-NMR studies were carried out on

C16AMPM, HSal and the mixture of C16AMPM–HSal in

CD3OD, respectively. As exhibited in Fig. 2, for the mix-

ture ‘‘C16AMPM–NaSal’’, the chemical shifts of the pro-

tons around tertiary amine group show an obvious

downfield shift compared with C16AMPM alone, from

1.68 (peak ‘‘f’’), 2.24 (g) and 2.38 ppm (h) to 1.90 (f1), 2.86

(g1) and 3.09 ppm (h1), respectively, implying the pro-

tonation of tertiary amine group along C16AMPM [32, 33].

Whereas, the chemical shifts of the protons of Sal-1 remain

Fig. 1 a Snapshots of and b pH variation of binary mixture solutions with varied molar ratios of CC16AMPM/CHSal, where CHSal was fixed at

100 mM
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unvaried by contrast with HSal alone. In other words, the

addition of HSal leads to the ionization of C16AMPM,

transforming it into a cationic surfactant with anionic Sal-1

as the counterion.

Surface Activity

The surface activities of C16AMPM–HSal, HSal and

C16AMPM were measured for comparison to further

confirm the conversion of non-surface-active C16AMPM

into a surfactant. Figure 3 shows the variation in surface

tensions of C16AMPM–HSal, HSal and C16AMPM

against their concentrations in pure water at 25 �C,

respectively. For C16AMPM or HSal alone, the surface

tension nearly maintains constant with increasing concen-

tration, and the value is comparable to that of pure water,

suggesting that C16AMPM or HSal alone are non-surface-

active. On the contrary, the surface tension of C16AMPM–

HSal exhibits an evident drop with increasing concentra-

tion, and then reaches a plateau of 34.86 mN m–1. The

break point between the slope and plateau, generally taken

as the CMC, is 0.25 mM, which is less than 1/3 that of

CTAB (0.92 mM) [34]. This suggests that C16AMPM–

HSal is surface active, which can dramatically decrease the

surface tension of water with a small dose of C16AMPM–

HSal.

The amount of adsorbed surfactant (C) at the air–water

interface can be calculated using the Gibbs adsorption

isotherm C ¼ � 1
nRT

oc
o ln C

� �
, and the area occupied (A) by a

surfactant molecule at the air–solution interface can be

obtained from the saturated adsorption A ¼ 1
N�CCMC

[35],

where R is the gas constant (8.314 J mol–1 K–1), T is the

absolute temperature (K), C is the surfactant concentration

(mol L–1), oc=o ln C refers to the slope below the CMC in

the surface tension plot, N is Avogadro’s number, and

CCMC is the maximum surface excess concentration at

CMC. The value of n that stands for the number of species

at the interface was taken as 2 for cationic surfactants [35].

Thus, the obtained value of CCMC is 1.25 9 10–3 mM,

about half of that reported for CTAB [34], while the A is

1.33 nm2, which is 3 times larger than that reported for

Fig. 2 Comparison of the 1H-

NMR spectra for C16AMPM,

HSal and C16AMPM–HSal

using CD3OD as the solvent

Fig. 3 The variation of surface tension with concentration at 25 �C
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CTAB [34]. This difference could be accounted for by the

much larger counterion Sal–1 for C16AMPM–HSal since

their hydrophobic tail length is the same. Compared with

Br–1 in CTAB, the Sal–1 in C16AMPM–HSal has a bigger

steric hindrance, concomitantly resulting in a looser

adsorption layer at the air–water interface, i.e., a smaller

CCMC and a bigger A should obtain in this case.

Concentration Dependence on Rheological Behavior

The shape and size of the micelles rely not only on the

geometry of the surfactant, but also on its surfactant concen-

tration. Shown in Fig. 4 are the steady rheograms of

C16AMPM–HSal solutions with different concentrations but

at a fixed molar ratio of 1:1. As displayed in Fig. 4a, when the

concentration of C16AMPM is \25 mM, the apparent vis-

cosity of the mixture solutions is as small as that of water

(*1 mPa�s), and remains constant regardless of the shear rate,

indicative of a typical Newtonian fluid. When CC16AMPM–HSal

is increased to 50 mM, the C16AMPM–HSal solution still

behaves as a Newtonian fluid, but its apparent viscosity

increases slightly, up to *10 mPa�s, suggesting that the

spherical micelles in the solution have evolved into short rod-

like ones. Nevertheless, the dynamic network structures are

not formed yet because the lengths of the rod-like micelles are

still too short to entangle with each other. On further

increasing the concentration to 75 mM, the C16AMPM–HSal

solution displays a distinct rheological response, in which both

Newtonian fluid behavior and the shear-thinning response are

shown in low- and high-shear-rate regions, respectively,

which are normally attributed to the formation of flexible

wormlike micelles [3, 36]. In the initial low-shear-rate regime,

the applied shear stress or strain is not big enough to impart

any effect on the network entanglements, thus Newtonian

behavior appears; whereas in the high-shear-rate region, the

applied shear stress or strain is strong enough to cause the

network entanglements to undergo a structural change when

exceeding a critical shear rate at which shear-thinning starts to

shift to lower values, rendering the alignment of long micelles

along the flow direction, exhibiting shear-thinning behavior

macroscopically.

When CC16AMPM–HSal is continuously increased, the

viscosity of C16AMPM–HSal solutions is further enhanced

due to the increasing network entanglement density and

the critical shear rate decreases. However, when

CC16AMPM–HSal goes up to 150 mM, the apparent viscosity

continuously increases, but the variation is no longer as

dramatic as that in the concentration range of 50–100 mM.

Zero-shear viscosity (g0) of C16AMPM–HSal solutions,

obtained by extrapolation of the shear viscosity along the

Newtonian plateau to zero shear rate, is plotted as a

function of CC16AMPM–HSal to check the dependence of

CC16AMPM–HSal on viscosity. One can see in Fig. 4b that the

g0–C curve is made up of two parts with a clear break-

point, i.e., a critical overlapping concentration C*. Below

C*, g0 increases linearly in accordance with the Einstein

equation [7, 29].

g0 ¼ gwaterð1þ KCÞ ð1Þ

where K is on the order of unity; at this moment, the

average micellar length usually increases with surfactant

concentration following a simple power-law model with an

exponent of *1/2 [29]. Above C*, g0 increases exponen-

tially by several orders of magnitude following the scaling

law [7, 29].

g0 / Cp ð2Þ

where p is the power-law exponent. This implicates that the

wormlike micelles in the solutions start entangling with

each other, forming a dynamic transient network, and then

substantially imparting viscoelasticity to the solutions.

As shown in Fig. 4b, C* of the C16AMPM–HSal sys-

tem appears at around 28 mM, which is much higher than

Fig. 4 Effect of C16AMPM–

HSal (molar ratio = 1:1)

concentration on a steady

rheology and b zero-shear

viscosity g0 of C16AMPM–

HSal solutions at 25 �C
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those of the wormlike micellar solutions formed from

longer chain surfactants, docosyl dimethyl carboxylbetaine

(DDCB *0.68 mM) [23] or sodium erucate (*8 mM)

[21]. This moderate C* of the C16AMPM–HSal worm

solutions can be ascribed to its relative shorter hydrophobic

tail to that of DDCB or sodium erucate. In the semi-dilute

regime (C [ C*), the power-law exponent of g0 against

C16AMPM–HSal concentration is 6.2, slightly higher than

the value predicted by the theoretical model for cationic

worm solutions [37].

The shear frequency dependence of the storage and loss

moduli (G0 and G00) on the concentration of the

C16AMPM–HSal solutions is depicted in Fig. 5a. For all

the solutions in the concentration range of 100–250 mM,

G0 crosses and prevails over G00 when exceeding a critical

shear frequency (xc). Namely, at low shear frequencies, the

solutions show an evident viscous behavior, while a typical

elastic response at high shear frequencies, implying that the

C16AMPM–HSal solutions are viscoelastic and their

relaxation times sR (*1/xc) are finite. Furthermore, when

CC16AMPM–HSal is increased from 100 to 250 mM, the

plateau modulus G0 (storage modulus at high frequencies)

increases accompanied with decrease in xc, reflecting that

the viscoelasticity at high concentrations is more pro-

nounced than that at low concentrations.

The viscoelastic behavior of wormlike micellar solu-

tions at low shear frequency often follows the Maxwell

model with single relaxation time, which can be usually

described by a semicircular shape of the Cole–Cole plots

[29]:

G002 þ G0 � G0

2

� �2

¼ G0

2

� �2

ð3Þ

in which the imaginary part G00 is plotted against the real

part G0. As shown in Fig. 5b, for the Cole–Cole plots of

C16AMPM–HSal solutions, G0 and G00 have been nor-

malized by the plateau modulus G0. At low frequencies,

they fit the semicircle well over a majority of frequencies

and deviations occurring at high frequencies owing to non-

repetitive effects [38, 39]. This suggests that the dynamic

rheologic behavior of the C16AMPM–HSal solutions can

be described by the single-mode Maxwell constitutive

equation over a frequency range, indicative of the forma-

tion of wormlike micelles [37]. Moreover, the radius of the

Fig. 5 Effect of surfactant

concentration on a dynamic

rheology, b Cole–Cole plots and

c G0 and sR of C16AMPM–

HSal solutions at 25 �C
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semicircle and consequently the shear modulus increase

steadily with concentration, which is generally attributed to

the increase in G0 and viscoelasticity [29].

To gain insight into the wormlike micelles formed by

C16AMPM–HSal, the rheological parameters, G0 and sR

(estimated via 1/xc), were further investigated as a func-

tion of CC16AMPM–HSal. From the results shown in Fig. 5c,

one can see that G0 and sR both rise steadily with

increasing CC16AMPM–HSal, and both display power-law

behavior as G0 * Ca and sR * Cb with a = 2.2 and

b = 1.0, respectively, very close to the theoretical forecast

values 2.25 and 1.25 for entangled linear wormlike

micelles [1, 6]; the power-law exponent of G0 is also

comparable to the value obtained for wormlike micelles of

DDCB (2.1) [23].

According to Cates et al. [1] reptation or diffusion of

wormlike micelles along their own contour network con-

forms to the stress relaxation mechanism. Thus the mag-

nitude of G0 is related to the density number of

entanglement or mesh size in the network, and only

depending on the surfactant concentration, whereas sR is

linked with the average length of the wormlike micelles,

which is relevant to the concentration of both surfactant

and hydrotrope. In the present system, only the surfactant

concentration of C16AMPM–HSal varies. Hence, the

increase in these rheological parameters with increasing

CC16AMPM–HSal can be interpreted as the growth in the

length of the wormlike micelles [40]. As C16AMPM–HSal

concentration increases, the length and flexibility of the

micelles rise concomitantly, and then the elongated

micelles promote the increase of g0 and sR. Furthermore,

the growth of the micelles leads to an increase in the

density number or mesh size of the aggregates, and thus the

G0 increases with increasing surfactant concentration.

Effect of Temperature on Rheological Behavior

As temperature also plays an important role in the practical

applications of wormlike micellar solutions, it is necessary

to investigate the influence of temperature on the micellar

system formed by C16AMPM and HSal. Plotted in Fig. 6a

is the temperature dependence of the steady rheological

behavior of C16AMPM–HSal solutions with a fixed con-

centration of 150 mM. Within the temperature scope of

25–70 �C, the C16AMPM–HSal solution exhibits the

coexistence of Newtonian fluid behavior at low shear rates

and shear-thinning behavior at high shear rates, and the

critical shear rate shifts to higher values and g0 decreases

monotonically with increasing temperature. Upon further

increasing the temperature (80–90 �C), the shear-thinning

behavior of the C16AMPM–HSal solution disappears in

the shear rate range investigated here, and g0 continues to

decrease monotonically.

Additionally, a similar temperature effect is also

observed for the oscillatory spectra of the C16AMPM–

HSal solution (Fig. 6b). With increasing temperature, the

critical shear frequency xc at which G0 starts to cross and

prevail over G00 shifts to higher values. In other words, the

relaxation time of the solution deceases with increasing

temperature, and thus the reversible breaking–recombining

process of wormlike micelles becomes faster. However, the

plateau modulus G0 remains nearly constant since it is

independent of temperature, as is usually found in worm-

like micellar solutions [39].

Generally, the key rheological parameters such as g0 and

sR of the C16AMPM–HSal solutions can be empirically

described by the Arrhenius equation [1].

g0 ¼ G0AeEa=RT ð4Þ

sR ¼ AeEa=RT ð5Þ

where Ea is the flow activation energy in J mol–1, and A is a

pre-exponential factor. According to Eq. (4), G0 is inde-

pendent of temperature, which is also confirmed by the

experimental results shown in Fig. 6b. However, the plots

of g0 and sR against 1,000/T both lie on straight lines with

nearly the same slope (Fig. 7), indicative of Arrhenius

behavior. Thus the Ea can be obtained from the temperature

dependence of either g0 or sR, and was found to

95 kJ mol–1, which is comparable to that of wormlike

micelles formed from CTAB–KBr (113 kJ mol-1) [19],

but is far less than those of wormlike micelles based on

C22-tailed surfactants (160–198 kJ mol-1) [22, 39].

According to Granek and Cates [38], if the entanglement

length le is known, the micellar contour length L can be

estimated from rheological results through the following

equation [38].

G
00
min

G0

� le

�L
ð6Þ

where G
00

min is the value of G00 at its minimum. As displayed

in Fig. 6b, with increasing temperature, G
00
min also increases

while G0 maintains constant, signifying the increase in

G
00

min/G0, or equivalently, the decrease of L/le with tem-

perature. Since G0 is relatively independent of temperature,

which is also confirmed by the experimental results

(Fig. 6b), the mesh size and hence the entanglement length

le are also independent of temperature [39]. Thus, as

expected, the contour length L decreases with increasing

temperature, and the variation in L with temperature can be

quantified utilizing the mean-field theory [1].

L�u1=2eEc=2kT ð7Þ

where u is the volume fraction of surfactant, Ec is the end-

cap energy (J mol-1) that is the energy required to create
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two end caps by breaking a micelle, k is Boltzmann con-

stant, 1.38 9 10-23 J K-1.

Thus, Ec can be readily obtained from the slope of a

semilogarithmic plot of G0/G
00
min : L/le vs 1/T, even

without knowing the precise values of L. From the results

shown in Fig. 8, one can find that the plot of L/le against

1,000/T falls on a straight line as well, thus the Arrhenius

relationship for L is confirmed, and the slope yields a value

for Ec of 91 kJ mol-1, which is more close to the Ec

obtained for wormlike micelles formed from C16-tailed

surfactants (ca. 50 kJ mol-1) [19], but rather low compared

to those reported for ultra-long-chain surfactant worms

(160 kJ mol-1) [39] or gemini surfactants systems

(98–170 kJ mol-1) [41].

The low Ec value denotes low energy cost for micellar

scission; that is to say, the length of micelles is readily

influenced by heating, leading to an exponential decrease

in rheological properties such as g0. Whereas within a low

temperature range (25–40 �C), the wormlike micelles are

presumably still long enough to entangle with each other so

that the volume fraction of the giant entanglements remains

constant, this is why G0 remains constant throughout

temperature increases.

Conclusions

Although it is well known that surfactants can self-

assembly into wormlike micelles under appropriate con-

ditions, displaying a viscoelastic response analogous to

polymer solutions, most of the surfactants are obtained by

organic synthesis prior to the experiments. Here, in

Fig. 6 Effect of temperature on

a steady rheology and

b dynamic rheology of 150 mM

C16AMPM–HSal solution

Fig. 7 Zero-shear viscosity g0 and relaxation time sR plotted as a

function of the inverse of temperature for the 150 mM C16AMPM–

HSal solution

Fig. 8 The ratio of contour length L and entanglement length le,

plotted as a function of the inverse of temperature for the 150 mM

C16AMPM–HSal solution
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contrast, we developed a wormlike micellar system sim-

ply by mixing C16AMPM and HSal. Before introducing

HSal, C16AMPM is non-surface-active and poorly soluble

in water. However, in the presence of HSal, C16AMPM is

protonated into quaternary ammonium, behaving like a

cationic surfactant with an anionic counterion Sal-1. Due

to a strong electrostatic screening capacity and binding

ability of such a counterion, C16AMPM–HSal has a

lower CMC and a smaller area per molecule than those of

CTAB, and this favors the formation of long cylindrical

wormlike micelles. With increasing concentration above

C* (*28 mM), the viscosity jumps by several orders of

magnitude due to the formation of entangled wormlike

micellar networks. Compared to ultra-long-chain surfac-

tant worms, the current system shows some advantages

such as lower Ea and Ec, simpler formulation and lower

cost, which enable it to be an attractive candidate for

some special applications particularly in oil and gas

production.
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