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“Worm"-containing viscoelastic fluids formed by single C,,-tailed surfactants have attracted special
interests over the past decade due to their unique rheological response. Here, a viscoelastic wormlike
micellar solution of erucyldimethyl amidopropyl amine oxide (EMAO) was first reported and investigated.
Upon increasing concentration, EMAO can self-assembly into micelles at a very low concentration, and
then these micelles grow into long threadlike worms, which further entangle with each other in the
semi-dilute region (>0.55 mM), enhancing the viscosity by several orders of magnitude. EMAO worms
exhibit a smaller sensitivity to pH at room temperature than those of short-chain counterparts, but show
evident pH responsiveness at high temperature due to the presence of multiple hydrogen bonds and

cloud point, which is barely observed for short-chain amine oxide surfactants. The hydrogen bonds and
Received 21st December 2014 loud int al It th _thickening behavi . tain t t
Accepted 10th February 2015 cloud point also result in an uncommon thermo-thickening behaviour in a certain temperature range.
Compared with short-chain amine oxide worms, EMAO worm possesses stronger thickening ability,
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Introduction

Over the past decades, surfactant-based viscoelastic fluids
originating from wormlike micelles (shortened to “worm” in the
following text) have been a key focus of research mainly due to
their unique micellar structures and distinctive rheological
response, and thus have potential applications in various
industrial fields.””® Worms are a kind of long flexible surfactant-
based aggregate resulting from one-dimensional micellar
growth, with a diameter of several nanometers and length of
thousands of nanometers. These long micellar aggregates
entangle with each other to form a dynamic transient network,
exhibiting remarkable viscoelastic properties similar to those of
semi-dilute and concentrated polymer solutions, but with an
important difference that these worms are in dynamic equilib-
rium consisting of a forward (scission) reaction and a reverse
(recombination) reaction. Worm-containing viscoelastic fluids
thus are also termed as “living” or “equilibrium” polymers.*>"

Since worm-containing fluids were first discovered in
mixtures of cetyltrimethylammonium bromide and KBr by light
scattering,” these viscoelastic fluids have been extensively
studied and reviewed.' Up to date, the overwhelming majority
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of worm-containing fluids are confined to cationic surfactants
bearing a Cy, tail, in which the hydrotropes are usually indis-
pensable for depressing electronic repulsion of ionic head-
groups. Recently, more and more attentions have been shifted
to the worms formed by ultra-long-chain surfactants,'®” espe-
cially of erucic-derivatives, such as erucyldimethyl amidopropyl
carboxylbetaine (EDAB),'**® hydroxy sulfobetaine (EHSB)" or
sulfobetaine  (EDAS),**  N-erucamidopropyl-N,N,N-trimethyl
ammonium iodide (EDAI),** erucyl bis(hydroxyethyl)methyl
ammonium chloride (EHAB)** or chloride (EHAC),*? and
sodium erucate (NaOEr).>** Compared with their short-chain
counterparts, these erucic-based amphiphiles display stronger
self-assemble ability owing to their stronger hydrophobic
interaction, and can form viscoelastic threadlike worms by
themselves without incorporating specialized hydrotropes
inside. However, to the best of our knowledge, no report on
erucic-based amine oxide surfactant worms has appeared so far,
and whether it could cluster into worm-containing viscoelastic
fluid is unknown for the lack of such a surfactant.

Amine oxide surfactant is a particularly class of zwitterionic
surfactants,”® largely because of its small but highly polar
headgroup, and the ability to tune this headgroup between
nonionic or cationic states by changing pH, rather than anionic
or cationic states of betaine or amino acid based surfactants. It
is inevitably reasonable to expect that amine oxide surfactant
features some distinct characters, including pH or thermal
sensitivity.
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The studies from different research groups all revealed that
amine oxide surfactants possess the characteristics of the low
toxicity, low irritation to the skin and readily biodegradable,***
and have been applied in detergency,*® as micellar catalyst of
reaction,®"** gel cleaner,* just to name a few. From what has
been reported, it is not difficult to find that amine oxide based
surfactants reported to date and used in practical applications
are commercial available dodecyldimethylamine oxide
(C12DAO) or other short-chain fatty amine oxides bearing
hydrophobic chains less than C,5, and the attentions are mainly
put on their surface activity,**** detergency,****** phase behav-
iour*** and compatibility performance.*>** Only a few reports
were devoted to the viscoelasticity of amine oxide surfactants
solutions, such as p-dodecyloxybenzyldimethylamine oxide
(pDoAO),**  tetradecyl/hexadecyl/oleyldimethylamine  oxide
(C14DMAO/C,,DMAO/ODMAO),** C,;,DMAO or ODMAO in
NaCl solution.***® Nevertheless, these systems displays poor
viscosity-enhancement capacity due to weak hydrophobic
interaction arising from short tails, suggesting high surfactant
concentration or the additives are needed to obtain viscoelastic
worm-containing fluids, consequently leading to the increase in
the cost or the complexity of system. Additionally, according to
Garcia,? amine oxide surfactants bearing soft amide group in
their hydrophobic tail show better biodegradability and lower
eco-toxicity than those fatty amine oxides.

Thus, this paper reports a worm-containing viscoelastic fluid
formed by single zwitterionic surfactant erucyldimethyl ami-
dopropyl amine oxide (EMAO, Scheme 1), which was prepared
from a simple two-step process similar to that of ultra-long-
chain beatine based surfactants?® from natural unsaturated
fatty acid, erucic acid. Its unsaturated C,,-tail provides a strong
drive for the growth of self-organized aggregates, and amide
group assures the eco-friendliness. Whilst the presence of cis
unsaturated double bond and soft amide group impart good
water solubility to the molecule. Of special importance is that
EMAO solution shows interesting pH control thermo-
thickening behaviour which is never observed in other ultra-
long-chain surfactant worms and may be used as a good
candidate for oil recovery. Properties of aqueous solutions of
EMAO were investigated with rheology, UV-vis, fluorescence
spectroscopy, freeze-fracture transmission electron microscopy
(FF-TEM).

Experimental section

Materials

Erucic acid (97.5%, Sipo Chemical Co. Ltd., China), N,N-
dimethyl-1,3-propanediamine (Rhodia Feixiang Specialty
Chemicals), sodium fluoride (AR, Shanghai Chemical Co. Ltd.,
China), and H,0, (30%, Shanghai Chemical Co. Ltd., China)

Q
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Scheme 1 Molecular structure of the erucyldimethyl amidopropyl
amine oxide surfactant (EMAO).
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were used without further purification. All other chemicals used
here 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-erucamidopropyl-N,N-dimethylamine (EMA)

50 mmol (16.93 g) erucic acid (EA), 75 mmol (7.66 g) N,N-di-
methyl-1,3-propanediamine (DMPDA) and 0.15 g NaF were
introduced into a three-necked flask. The reaction mixtures were
refluxed 10 h at 155-160 °C under N, atmosphere, during which
the by-product of H,O was absorbed continuously by Al,O;. The
excess of DMPDA was removed and the residue was washed with
cold acetone (150 mL x 2) (each time 10 mL water was added to
remove NaF), dried under vacuum at —45 °C to obtain EMA
22.86 g with the purity of 99.90% (HPLC), yield 92%.

IR (neat): # = 2926.8, 2851.5, 1585.6, 1393.9, 1243.6, 1113.4,
1058.9 cm™!; 'H NMR (300 MHz, CD;0D), 6/ppm: 0.89 (t,] = 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, /] = 6.81 Hz, 2H).

Synthesis of erucyldimethyl amidopropyl amine oxide
surfactant (EMAO)

50 mmol (21.10 g) EMA was dissolved using 80 mL ethanol in a
250 mL three-neck flask equipped with a pressure-equalizing
addition funnel, an agitator and a thermometer, and 60 mmol
(6.80 g, 30 wt% aqueous solution) H,0, was added dropwise at
55-60 °C over thirty minutes. The reactants were refluxed at
79 °C for about 12 h, then cooled to room temperature and
desired Na,SO; was added to consume the unreacted H,O,,
followed by filtering to remove the salt. The filtrate was evapo-
rated off under reduced pressure, then mixed with ethyl acetate
and filtered. The filter cake was repeatedly washed with ethyl
acetate to obtain the white power EMAO 21.51 g, yield 93%.

IR (neat): # = 3323.4, 2919.6, 2851.3, 1585.1, 1380.3, 1257.1,
1065.9, 812.3, 690.4 cm ™~ *; 'H NMR (300 MHz, CD;0D, Fig. 1),
é/ppm: 0.90 (t, ] = 6.60 Hz, 3H), 1.30 (s, 28H), 1.60 (d, ] = 6.15
Hz, 2H), 2.04 (m, 6H), 2.18 (m, 2H), 3.16 (s, 6H), 3.32 (m, 4H),
5.35 (m, 2H).

Characterizations

"H NMR spectra of EMA and EMAO were recorded on a Bruker
Avance 300 spectrometer at 300 MHz in CD;OD at room
temperature. Chemical shifts are expressed in ppm downfield
from TMS as internal standard. Fourier transform infrared
(FT-IR) spectrum of EMA and EMAO were obtained from FT-IR
spectrophotometer (FTLA2000-104, ABB Inc., Canada) using a
KBr disk containing 1% finely ground sample.

Measurement of pK, of EMAO

A solution of EMAO was titrated with standardized 0.1 M HCI
solution, with continuous pH measurement with a Sartorius
basic pH-meter PB-10 (£0.01) at 30 £ 0.1 °C. The equivalence
point was taken as the peak of the first derivative, and the pK,
was taken as the pH at half that volume.

This journal is © The Royal Society of Chemistry 2015
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Determination of Krafft temperature or cloud point

The Krafft temperature (Tk) or cloud point (7)) of EMAO was
determined with a Unico UV/vis-4802 spectrophotometer
following a previously reported procedure.”” The transmittance
was measured at a fixed wavelength of 600 nm, and the
temperature of the measured solution in the cell compartment
was controlled by an external Julabo circulating bath.

Critical micellar concentration (cmc) measurement

The critical micellar concentration (cmc) of EMAO was
measured using a Varian Cary Eclipse spectrometer (Varian Inc.
USA) with a Neslab circulating water bath using pyrene as
fluorescent probe. The fluorescence emission spectra were
recorded from 350 to 500 nm. The excitation wavelength was set
at 335 nm, and the excitation and emission slit widths were set
to 10 and 2.5 nm, respectively.

Rheology

Rheological properties of solutions were performed on a Phys-
ica MCR 302 (Anton Paar, Austria) rotational rheometer equip-
ped with concentric cylinder geometry CC27 (ISO3219). Samples
were equilibrated at experimental temperature for no less than
20 min prior to the experiments. All measurements were carried
out in the stress-controlled mode, and CANNON standard oil
was used to calibrate the instrument before the measurements.
High-temperature rheology measurements were carried out
with CC25/PR-STD system.

Freeze-fracture transmission electron microscopy (FF-TEM)

The FF-TEM investigation was carried out with a freeze-fracture
apparatus (Leica, EM BAF060) on a nitrogen-cooled support and
a transmission electron microscopy (JEOL Model JEM-2100).
The procedure is composed of the following main steps:
sample preparation, freezing of the specimen, fracturing about
30 min at high vacuum of 107> Pa from —115 to —95 °C,
replication of the fracture face with Pt-C vapor, and finally
transmission electron microscopic investigation of the replicas.

Results and discussion
Phase behaviour

When considering its practical use, water solubility, generally
characterized by Krafft temperature (T%) for ionic surfactants or
cloud point (T¢) for nonionic ones, represents the primary
criterion, especially for ultra-long-chain surfactants. Fig. 1A
shows temperature dependence of optical transmittance for
1 wt% EMAO aqueous solution at three different pH values.
When pH is 7.0 or 12, with increasing temperature the light
transmittance at a fixed wavelength, 600 nm, maintains a
constant value above 85% at first, but decrease drastically to a
minimum value in a narrow region between two critical
temperatures, then it changes negligibly when the temperature
is further increased. Therefore, one may take the average value
of two critical temperatures as the T¢, see, 37.5 °C. In other
words, EMAO acquires nonionic character at neutral or high

This journal is © The Royal Society of Chemistry 2015
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Fig.1 (A) Temperature dependence of optical transmittance for 1 wt%
EMAO aqueous solution at various pH values. (B) Snapshots of EMAO
solution at different temperature.

pH's and exhibits evidently cloud point phenomenon, which
generally does not present for aliphatic amine-N-oxide surfac-
tants within the range 20-100 °C as it is commonly found for
nonionics.” Nonetheless, the introduction of the long hydro-
phobic chain most likely lowers T¢ sufficiently into a readily
accessible temperature range. Tolle et al.*®* demonstrate that
20 wt% of N,N-dimethyloleylamine-N-oxide (DONO) in phos-
phate buffered saline does exhibit a cloud point of 93 °C. For
current erucic-base amine oxide, T is further lowered to 37.5 °C
without any aid of the additives, only because the extended
hydrophobic tail. Instead, when pH is 1.7 the optical trans-
mittance retains above ~85% throughout the entire tempera-
ture range from 20 to 95 °C (parts of experimental data were
plotted in Fig. 1A). Namely, EMAO at acidic condition behaves
like a cationic surfactant with excellent water solubility as that
of other ultra-long-chain cationic surfactants such as EHAB,*
EHAC?* and EDAL* As shown in Fig. 1B, homogeneous and
transparent micellar solutions are observed at 30 and 35 °C for
all three different pH values; when temperature is increased to
40 °C, the sample of pH 1.7 still appears to be homogeneous
and captures bubbles for a long time, but both of pH 7.0 and

RSC Adv., 2015, 5, 19135-19144 | 19137
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12 start to become opaque, even separate out, in which the
lower phase (the inset photograph in Fig. 1B) is transparent and
high flowing.

To ensure good solubility of EMAO, the temperature chosen
for the following studies is thus fixed at 30 °C unless otherwise
specified.

Effects of concentration on rheological behaviours

Due to strong hydrophobic interaction between C,,-tails, it is
immensely reasonable to speculate that EMAO with appropriate
concentration could self-assembly into viscoelastic worms
without specially addition of hydrotropes, as well as other ultra-
long-chain surfactants. The rheological behaviours of EMAO
aqueous solution (pH = 7.0) with different concentration was
firstly systematically studied in the following subsections.

As shown in steady rheology spectrum (Fig. 2A), the apparent
viscosities of 0.25 mM and 0.5 mM EMAO solutions show typical
Newtonian fluids, and the viscosity values are just above that of
water, which is significant characteristic of spherical micellar
solution. When EMAO concentration is increased to 1 mM, the
sample starts to exhibit shear-thinning above a critical shear
rate, marking the onset of wormlike micelles entanglement,**®
responsible for the viscosity-enhancement. With further
increasing EMAO concentration, the apparent viscosity has a
dramatic rise and the critical shear rate at which shear thinning
starts to shift to lower values. Such rheological behaviours are
normally ascribed to the transient three-dimensional network
formed from surfactant self-assembly worms. When a shear
stress is applied on the concentrated sample, initially the giant
entanglement of worms can effectively balance the stress
through the dense network, keeping a constant viscosity, thus
Newtonian behaviour appears; whereas over a critical shear
rate, the applied stress is large enough to cause the entangled
micelles to undergo a structural rearrangement of long micelles
along the direction of flow, i.e., shear-thinning behaviour. The
higher the EMAO concentration, the denser the wormlike
micellar network, the stronger the ability of withstanding stress,
reflecting a bigger apparent viscosity and a lower critical shear
rate. It is worth noting that the viscosity curves at high
concentration show obvious inflections, and the shear stress
curves (Fig. S21) display an abrupt decrease, both of which may
suggest the occurrence of shear-banding.*

Extrapolating the viscosity curve along the Newtonian
plateau to zero shear rate can yield the zero-shear viscosity (7).
When plot the 7, against concentration (Fig. 2B), one can see
that 7, slowly increases and shows a linear correlation of EMAO
concentration in initial stage, which is accordance with the
Einstein equation 7y = water(1 + KC) (Where K is on the order of
unity),>** indicating a low growth rate of the average micellar
length; when above a threshold, 7, exponentially climbs up by
several orders of magnitude following scaling law 7, ~ CP
(where p is the power-law exponent),>'* rendering that the
wormlike micelles start entangling with each other, forming a
dynamic transient network, imparting substantial viscoelas-
ticity to the solutions. Such a break-point in the 1,—C curve is
usually defined as critical overlapping concentration C*.
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Fig. 2 Steady-state rheological behaviour of EMAO solution (pH =
7.0) at 30 °C. (A) Viscosity—shear rate curve and (B) zero-shear
viscosity—concentration relationship.

Generally the low C* signifies the strong thickening ability.
For current EMAO system, the C* is only ~0.55 mM, which is
just a little below that of other unsaturated C,,-tailed zwitter-
ionic surfactant-based worms, such as EDAS (~1 mM),** EHSB
(0.77 mM) and EDAB (0.74 mM),"” but far lower than that
reported for C;,DMAO (ca. 100 mM).** This sufficiently show
that the importance of hydrophobic tail in the formation of
worms. In the semi-dilute regime (C > C*), the power-law
exponent of 7, against EMAO concentration is 2.8, very close
to the values of 2.90-2.98 reported for EDAS, EHSB and EDAB."

Rheology measurements under oscillating dynamic condi-
tions were carried out on 10, 25, 50 and 100 mM EMAO solu-
tions, respectively, and results are depicted in Fig. 3. Obviously,
all the samples exhibit typical behaviour of viscoelastic mate-
rial, i.e. the storage modulus (G’) owns pronounced plateau and
in this region their values are larger than those of the loss
modulus (G”). At low concentration (10 mM), G’ crosses and
prevails over G” when exceeding a critical shear frequency (w.)

This journal is © The Royal Society of Chemistry 2015
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Fig. 3 Dynamic-state rheological behaviour of EMAO solution (pH =
7.0)at 30 °C. (A) Storage modulus G/, loss modulus G” —shear frequency
curve and (B) plateau modulus G, relaxation time tg—concentration
relationship.

at around 0.05 rad s~ '. That is to say, at high shear frequencies,
the sample is elastic; while at low shear frequencies, it appears
an evident viscous behaviour. If fit the plots of G’ and G” using
the Maxwell model of viscoelastic materials described by eqn (1)
and (2):

" (L)Z’L'RZG()

O W
1" WTR GO

G'(0) = [ @

(where G, is plateau modulus (storage modulus at high
frequencies), w is the angular frequency of the applied oscillator
stress, and 1y is the relaxation time obtained by g = 10/G,) it
can be found that the experimental data of G’ and G” fall well on
the imaginary solid line (Fig. 3A) in a very narrow frequency
window, respectively, indicative of a typical viscoelastic fluid
behaviour, i.e., the presence of threadlike worms;'**” while the
G” shows an evident deviation from the Maxwell model in the
higher frequency region, which is regarded as another

This journal is © The Royal Society of Chemistry 2015
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characteristic feature of threadlike micelles.*>* This fully
embodies the fact that viscoelastic worms are ‘living polymer’,
in which break and recombination are simultaneously and
rapidly happened.

Nevertheless, for high concentration EMAO solution
(>10 mM), G’ exceeds G’ over the whole angular frequency
window, and is independent of angular frequency, appearing
gel-like behaviour. Upon increasing surfactant concentration,
both G, and ty, rise steadily from ~0.26 to 34 Pa and from ~10 to
54 s (Fig. 3B), far higher than those of short-chain amine oxide
worms,*>** and display power-law behaviour as G, ~ C* and 1y
~ C? with @ = 2.12 and § = 1.19 (Fig. 3B), respectively, very close
to the corresponding theoretical forecast values 2.25 and
1.25 for entangled linear wormlike micelles.*>* This means that
the increase of surfactant concentration favors the growth of
micelles, and then promotes the increase of 7, and 13, in turn
leading to the increase of mesh size of the aggregates, and thus
the increase of G,.

Effects of temperature on rheological behaviours

The effects of the temperature were examined in a range
25-60 °C on the solutions of 50 mM EMAO at pH 7.0 (Fig. 4).
Within the studied temperature scope (25 to 60 °C), steady-state
measurement of EMAO solutions throughout exhibits the
coexistence of Newtonian plateau and shear-thinning regime
(Fig. 4A), and oscillation experiment shows typical viscoelastic
response (Fig. 4B), both of which were attributed to the pres-
ence of threadlike worms. However, two abnormal phenom-
enon must be pointed out: one is that G, shows a little decrease
other than invariant above 40 °C; and another one is that the
variation of 7, with temperature is non-monotonic. As illus-
trated in Fig. 5, no, undergoes an initial enhancement from
40 000 mPa s to 860 000 mPa s by nearly 21 folds with
increasing temperature (25-35 °C), and then subsequently
decreases according to the Arrhenius equations:** 7, = Gode™*”
(where E, is the flow activation energy in ] mol ", and 4 is a pre-
exponential factor, R is the gas constant, T is the absolute
temperature K) upon further raising temperature (35-60 °C).
Such a thermo-responsive thickening behaviour in low
temperature regime is also observed in other worms of EDAS,*
which both bearing an amide group in hydrophobic tail. Thus it
is speculated that thermally-induced thickening is closely
related with hydrogen-bonding interaction, and would be dis-
cussed in the following section. For high temperature regime,
we can obtain the activation energy E, of 198 k] mol ", which is
very close to that reported for other erucic-based surfactant
worms: 181 k] mol™* for 50 mM EDAB,*® and 198 k] mol " for 60
mM EHAC-sodium salicylate,> but more than two times than
that of 100 mM C14,DAO in 100 mM NaCl (89 kJ mol~").*® This
signifies that EMAO-based worms must overcome a big energy
barrier in order to fusion or breaking.

To further gain insight of the temperature influence, FF-TEM
was employed to investigate the microstructures in EMAO
solutions. Just as exhibited in Fig. 6A, there were local dense
network structures of entangled worms in the 35 °C solution,
located at the viscosity peak in Fig. 5, responsible for the
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Fig.4 Effects of temperature on (A) steady rheological behaviours and
(B) dynamic rheological behaviours of 50 mM EMAO solution.

strongly gel-like behaviours. In the case of the 60 °C solution,
clearer threadlike worms were observed since the decrease of
network density with temperature. The worm was approxi-
mately 5-15 nm in diameter and 800-1000 nm in length, and it
is difficult to identify where they begin and end (Fig. 6B). The
ratio of length and diameter is at least larger than 50. Certainly,
the existence of some short worms with a length of 50-100 nm
were also evidenced, suggesting that the increase in tempera-
ture leads networks to become looser, even shorten the length
of worms.

Effects of pH on rheological behaviours

As a zwitterionic surfactant, EMAO also behaves different
charge characteristics with tuning pH. Fig. 7 exhibits the effects
of pH on the rheological properties of 50 mM EMAO aqueous
solution at 30 °C. Under either acidic or alkaline or neutral
conditions, typical shear-thinning behaviour always presents in
the steady-state rheology of EMAO solution. Their 7, follows a
sequence: 1, (pH 7.0) > no (pH 1.7) > o (pH 12). The gap in 7,
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Fig. 5 Zero-shear viscosity 5o plotted as a function of 1000/T for
50 mM EMAO solution.

between that of pH 7.0 and 12 or 1.7 is about 25 000 mPa s, less
than one order of magnitude, but these samples are still
viscoelastic. Namely, the influence of pH is small at ambient
temperature compared with that of short-chain counterpart
worm,*>** meaning that EMAO solution is low pH-sensitive.
However, in some practical applications such as hydraulic
fracturing in oil recovery process, high-temperature and high
shear must be concerned. Therefore, 50 mM EMAO solution
was performed under simulated fracturing conditions: 170 s *
of shear rate and above 100 °C of temperature. Fig. 8A shows
the change of apparent viscosity at 170 s~ " (1,70) as tempera-
ture is increased from 25 °C to 130 °C. At neutral or alkaline
environment, 7770 of 50 mM EMAO remains approximately
constant below 35 °C, and then climbs up in a range of
35-55 °C, followed by a subsequent decrease, which is closely
related with the double hydrogen-bonding interaction present
in EMAO sample (discussed in the following section). When
temperature is increased to 100 °C, 717, is as small as that of
water, indicating the absence of worms. Whereas, at acidic
condition, though 7,5, is little lower than that of neutral or
alkaline condition at initial temperature range, maintains at

Fig. 6 Freeze-fracture transmission electron microscopy of 50 mM
EMAO solution at 35 °C and 60 °C.
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Fig. 7 Effects of pH on rheological behaviours of EMAO solution at 30
°C. (A) Steady rheology and (B) zero-shear viscosity—pH curve.

60 mPa s over the entire experimental temperature scope,
which is enough for carrying sand in fracturing fluids.
Comparison of these viscosity-temperature curves at three
different pH values, it can be found that the thermo-
thickening properties of EMAO solution is controlled by the
pH, ie., pH-control thermo-thickening. Furthermore, the
circular shear experiment (Fig. 8B) demonstrates that
apparent viscosity can still re-back to its initial value without
any attenuation even after circular shear at 10 s~ and 170 s™*
for 2 hours. Such a worm-containing viscoelastic fluid is shear-
reversible, and can be used as a candidate for clear fracturing
fluids at high temperature. More importantly, it provides two
methods: pH and temperature, to trigger the viscoelasticity of
worm-containing fluid.

Hydrogen-bonding interaction

Such a pH-control thermo-thickening property is related to the
molecular species. EMAO is one kind of amine oxide based

This journal is © The Royal Society of Chemistry 2015
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Fig. 8 (A) Temperature dependence of apparent viscosity of 50 mM
EMAO solution at 170 s~ (B) The variation of apparent viscosity of
50 mM EMAO solution with alternate shearing at 10 s~ and 170 s™*.

zwitterionic surfactant featuring an unsaturated C,,-tail, which
can show different charged characters with the change of pH.
The pK, of EMAO is 6.80 (Fig. S31). According to Henderson-
Hasselbalch equation® pK, = pH — Ig([EMAO]/[EMAQ"]), the
protonation degree of EMAO can be obtained with pH and pK,.

If EMAO is directly dissolved in water, the obtained solution
with pH of 7.0 consists of 38.70% cationic EMAO" and 61.30%
nonionic EMAO. As a result, there are four possible hydrogen
bond types in the solution: hydration of the cationic headgroup
(Fig. 9A) or nonionic one (Fig. 9B), and intermolecular hydrogen
bond between two amide groups (Fig. 9C) or between head-
groups of EMAO" and EMAO (Fig. 9D). It is the short-range
attractive interaction between the headgroups of the nonionic
(deprotonated) and the cationic (protonated) species that
results in a maximum in zero shear viscosity (Fig. 7B) at neutral
pH,* confirming the excellent synergistic effect of amine oxide.

As is well known, the increase in temperature disfavors the
hydrogen bond formation, reflecting a positive effect for the

RSC Adv., 2015, 5, 19135-19144 | 19141
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Fig. 9 Possible hydrogen bond types present in EMAO solution.

micellization; while it also causes the increase in breakdown of
the structured water surrounding the hydrophobic alkyl group,
which is a negative effect for the micellization. At pH 7.0, the
positive effect of hydrogen bond precedes the negative effect of
hydrophobic tail in the initial stage, and thus the cmc decreases
from 0.0083 mM (25 °C) to 0.0032 mM (35 °C) with increasing
temperature (Table 1), denoting a strengthen in self-assembly
ability, i.e., viscosity climbs up for the increase in the degree
of entanglements (Fig. 5). This is consistent with previous
reports,® and can be corroborated from dense network micro-
structures in FF-TEM image (Fig. 6A). However, if the temper-
ature increases further, the negative effect of the hydrophobic
groups begins to exert an influence and finally predominates as
the cmc reaches a minimum value and then increases with
temperature from 0.0032 mM (35 °C) to 0.035 mM (50 °C) by one
order of magnitude. In addition, the cloud point behaviour of
61.30% nonionic EMAO at high temperature also causes a false
appearance of cmc enhancement. Under the combination of the
negative effects of hydrophobic group and cloud point, the self-
assembly ability of EMAO drastically slopes, and consequently,
the onset of micellization occurs at higher concentrations as the
temperature increases, which is in concert with the decrease in
no (Fig. 5). At the same time, parts of these nonionic EMAO
molecules losing hydrogen bond would be solubilized in the
hydrophobic interior of micelles owing to the increasing of
lipophilicity with temperature, and finally lead to swelling and
disrupting of worms. The solution thus loses the viscoelasticity
rapidly and transforms into low viscous spherical micelles at
high temperature (Fig. 8A).

Note that the change trends with temperature are similar for
cme, 1o and 7,5, but the variation of 7,5, with temperature
(Fig. 8A) is obviously behind those of cmc (Table 1) and 7,

Table 1 The variation of critical micellar concentration of EMAO with
temperature

cme (10° mM)

25 °C 30 °C 35°C 40 °C 45 °C 50 °C

pH=17 3.8 7.2 19 29 35 —
pH=7.0 8.3 4.5 3.2 9.1 20 35
pH = 12.0 15 9.3 4.5 21 25 —
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(Fig. 5). This may be ascribed to insufficient equilibration time
in the online high-temperature shear experiment.

When pH is 1.7, nearly 100% EMAO have been transformed
into quaternary ammonium salt, i.e., cationic surfactant, and as
a consequence only two hydrogen bond types in the solution:
hydration of the cationic headgroup (Fig. 9A) and intermolec-
ular hydrogen bond between two amide groups (Fig. 9C). In a
comparable temperature range the negative effect of hydro-
phobic groups dominate over the positive effect of hydrogen
bond of amide group, and consequently, the cmc has a
progressive increase from 0.0038 mM (25 °C) to 0.035 mM
(45 °C) as the temperature increases (Table 1). This signifies
that micellization tends to occur at higher concentrations.
Nonetheless, this does not bring remarkable influence on the
apparent viscosity (170 s—*) of EMAO solution (Fig. 8A), which
may be ascribed to the longer relaxation time and high activa-
tion energy E, of EMAO worm compared with short-chain
counterparts.

Conversely, at alkaline pH 12, almost all the EMAO molecules
exhibit nonionic character, and also two similar hydrogen bond
types present in the solution (Fig. 9B and C) as that of acidic pH's.
Because of the absent of ionic species, hydrogen bond interac-
tion is the main factor that influences the solubility of surfactant.
The increase in temperature causes the decrease in hydrophi-
licity of the surfactants owing to the smaller probability of
hydrogen bond formation at higher temperatures, and then leads
to an initial decrease in cmc from 0.0152 mM (25 °C) to 0.0045
mM (35 °C) (Table 1) and a strengthen of self-assembly ability.
Nevertheless, if further increasing temperature above T, EMAO
would be gradually separate out from the solution, resulting in a
cmce enhancement (Table 1) and viscoelasticity drop (Fig. 8A), as
well as those of pH 7.0. Similarly, at pH of 12, viscoelastic EMAO
solution would transform into water-like fluid at high
temperature.

In a word, the hydrogen bond interaction results in the
thermo-sensitivity of EMAO on cmc and rheology, but the pH
value of the solution regulates the intensity of the hydrogen
bond interaction.

Comparison with worm-containing fluids formed by other
amine oxide surfactants

It is also instructive to compare EMAO-based worm with those
formed by its shorter-chain counterparts, such as pDoAO,"
C14DAO,®*¢ C;,DAO* and DODA.**™* Just as listed in Table 2,
for the same concentration amine oxide solution, the values of
Go, Tr and 7, all exhibit a downward tendency as the hydro-
phobic chain length becomes shorter. That is to say the longer
the chain length, the stronger the intermolecular hydrophobic
interaction, and the stronger the thickening capacity. If want to
increase the viscoelasticity of short-chain amine oxide worms,
two ways can be considered. One is incorporating an additive,
like NaCl.*® Another is inserting a special molecular block in the
hydrophobic tail to reinforce the intermolecular interaction,
like benzyl.”” The former may increase the complexity of
system, impeding it practical use, such as tertiary oil recovery
where “chromatographic fractionation” always occurs from

This journal is © The Royal Society of Chemistry 2015
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Table 2 Comparison the rheological parameters of 100 mM EMAO and the literature data
G, (Pa) r (8) o (Pa s)

100 mM EMAO at 30 °C 34 54 2000

100 mM ODAO at 25 °C (ref. 43) 28 7 200

100 mM C;4DAO at 25 °C (ref. 43) 18 0.2 4

100 mM C,,4DAO at 25 °C (ref. 43) — — 0.0015
100 mM pDoAO at 25 °C (ref. 42) 16 13 208

100 mM C,,DAO-100 mM Nacl at 25 °C (ref. 46) 20 0.1 2

multi-component displacing fluids,* while the later may lead to
higher cost since the cumbersome organic synthesis and low
yield. By comparison, EMAO can be readily prepared through
two simple synthetic steps with a high yield, and the raw
materials, erucic acid, are natural and renewable. Second,
EMAO itself can self-assembly into viscoelastic threadlike
worms, without introducing any additives, simplifying the
system. Third, ultra-long hydrophobic tail brings stronger acid/
alkaline resistance to the rheological properties of worms than
the short hydrophobic chain.***® Generally, in short-chain
amine oxide solution, the change of pH causes a completely
transition from viscoelastic fluid to water-like solution, reflect-
ing a transformation in aggregate structure. But this is not
observed in C,,-tailed EMAO system. Additionally, the presence
of soft amide group endows EMAO with better biodegradable
and lower toxicity than common fatty amine oxide. In a word,
from the points of simplicity and environment-friend concerns,
EMAO shows more appealing potential for applications in gel-
cleaner, oil industry, etc.

Conclusions

Although worm-containing viscoelastic fluids formed by single
C,,-tailed surfactants™?** have been studied recently, no
report to date has focused on amine oxide based surfactant
worms. This paper first reports the worm-containing visco-
elastic fluid formed by the zwitterionic surfactant erucyldi-
methyl amidopropyl amine oxide (EMAO). EMAO can acquire
cationic character at acidic pH, and nonionic species at natural
or alkaline conditions accompanied with a cloud point
phenomena, which is barely observed for short-chain amine
oxide surfactants. Driven by the intermolecular hydrophobic
interaction originating from unsaturated C,,-tail, EMAO self-
assembly into micelles at a very low concentration, and then
these micelles grow into long threadlike worms, which further
entangle with each other above C* (0.55 mM), forming worm-
containing viscoelastic fluid. Due to the presence of multiple
hydrogen bonds and cloud point, EMAO worms at natural or
alkaline pH's exhibit thermo-thickening behaviour in a narrow
temperature range. It is the nonionic EMAO that results in a
maximum in viscosity for pH 7.0 owing to the synergistic effect
of cationic species and nonionic ones. Whilst, it is also the
nonionic EMAO that leads to the swelling and disruption of
worms at high temperature, losing the viscoelasticity. In
contrast with short-chain amine oxide surfactant systems,

This journal is © The Royal Society of Chemistry 2015

EMAO worm possesses stronger thickening ability, simpler
system, better biodegradable and lower toxicity, making it
richer prospective for using as gel cleaner, clean fracturing
fluid, etc.
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