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Abstract

Some quaternary cationic surfactants, when mixed with a counterion, are known to self-assemble into threadlike micelles in water. Suct
behavior causes drastic changes in rheological properties of even very dilute solutions, allowing them to be used as drag reducing agen
(DRA) in turbulent pipe flow circulating systems, such as district cooling/heating systems. Surfactant self-assembly is a physicochemical
phenomenon whose character depends on surfactant nature and concentration, nature of the solvent, temperature and type and concentra
of counterions. This study investigates drag reduction (DR) and rheological properties of two cationic surfactants, Ethoquad O/12 (oleyl
bis(hydroxyethyl)methylammonium chloride) and Ethoquad O/13 (diesyghydroxyethyl) ammonium acetate), with excess salicylate coun-
terion (NaSal), in mixed solvents containing 0 to 28 wt% ethylene glycol (EG) and water. The addition of EG to the solvent had greater
effects on solutions’ DR ability, shear viscosity, apparent extensional viscosity and viscoelasticityCah2h at~0°C. Cryo-TEM images
show threadlike micelle in these systems. DR at low temperatures in solutions containing moderate amount of EG can be utilized in a nev
approach to energy saving in district cooling systems using EG—water based mixtures as the cooling fluids.
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1. Introduction Surfactant drag reduction is a promising technology for
energy saving in DHC systenfis]. Small amounts of surfac-
tants or high polymers added to a turbulent flow significantly
niques for energy saving. Water is temperature-controlled in "éduce the pressure drop over arange of turbulent flow rates.
a central station and circulated through a district to heat or to 11iS Phenomenon is called drag reduction (DR). Polymer
cool buildings in a concentrated area, eliminating the need drag reducing additives (DRA) have been applied to reduce
for individual heating or air conditioning systems in each Y more than 70% the pumping energy in the transportation
building. A central station provides higher energy efficiency of hydrocarbon fluids over the past 25 yefitk However,

with lower cost for maintenance than the sum of many fur- polymers degrade permanently in high shear regions "_SUCh
naces for heating or air conditioners for cooling. The elim- &S PUmps and contractions. Surfactant DRAs have the virtue

ination of these units also frees up space in the buildings, ©f "écOVering their DR ability after mechanical degradation
reduces local maintenance and can minimize peak electricalby self—assembllng mtp the threagjhk(_a.mmelle structures re-
load periods. However, the pumping energy for water recir- sponsible for DR. Their self-repairability makes surfactants

culation takes up about 15% of the total energy cost. more appropriate as additives for energy saving in recircula-
tion systems such as DHC.

In conventional district cooling systems, water is cooled
* Corresponding author. Fax: +1-614-292-3769. to about 3C at the outlet of a central station and returns
E-mail address: zakin.1@osu.ed(.L. Zakin). at about 15C after exchanging heat with buildings in the

District heating/cooling (DHC) systems are useful tech-
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district. A new approach to energy saving is to replace the  Only two studies of surfactant DR in co-solvent mix-
water cooling medium with 20% ethylene glycol in water tures have been reported. The Gullfaks South field in the
(20% EG/W) solution, so that the outlet temperature can be North Sea has been successful in using a zwitterionic sur-
reduced to—5°C, doubling the temperature difference be- factant DRA to achieve over 50% increase in the heating
tween the inlet and outlet of the distribution systems, using medium (17% EG/W) flow during a 9-month testing pe-
the same returning temperature of°Ta Doubling the tem- riod [13]. Hellsten and Oskarssdth4] also showed the DR
perature difference reduces the mass of the cooling fluid by ability of zwitterionic/anionic surfactant mixtures in 5-35
about 50% for the same cooling capacity. By using surfac- Wt% EG/water from 30 to 80C, as measured by their ability
tant DRAs in 20% EG/W medium, another 50% to 70% in to inhibit vortex formation in a swirling flow.
savings on pumping energy requirements could be achieved. Smith et al.[15] reported that cationic surfactant Etho-
Accordingly, we have investigated the DR effectiveness of quad O/12 (oleyl bis(hydroxyethyl)methylammonium chlo-
two cationic surfactant/counterion systems in EG/water.  fide) (EO12) with excess NaSal is DR effective in water
Cationic quaternary ammonium salts are the most widely in & wide temperature range from 2 to 0. Lu [16] re-
studied surfactant DRAs. With excess binding counterions Ported similar DR behavior of Ethoquad O/13 (oley! tris-
such as salicylate (in the sodium salt, NaSal), the surfac- (hydroxyethyllammonium acetate) (EO13). The low tem-
tants, at concentrations as low as a few millimoles, self- Perature DR effectiveness in water makes them promising
assemble into long cylindrical micelles, which can grow into candidates as effective DRAs in 20% EG/W. In this study,
giant “wormlike” or “threadlike” structures under the proper W€ investigated the effects of 0 to 28% EG on the DR ability

conditions. These structures undergo constant scission andf ® MM EO12 solutions with excess NaSal, their rheologi-
recombination processes with the surfactant and counterionCal ProPef“eS and m!celle microstructures, and similarly we
molecules exchanging rapidly between the states of “bound” Studied S mM EO13 in 0-20% EG/water.

to the micelle and “free” in the bulk solvef@,3]. Thread-
like micelles (TLMs) form in many surfactant systems and
are believed to be responsible for the solutions’ DR abil-
ity. In turbulent flow, the micelles are aligned along the flow
direction, interacting with the growth and bursts of small tur-

bulent eddies and vorticd4]. Cationic threadlike micelles The commercial cationic surfactant, Ethoguad O12

are very sensitive to a number of factqrs such as the con-(E012)’ donated by Akzo Nobel, is a 75% active solu-
centrations of surfactant and of counterions, their molecular _. . : :

structures, temperature, nature of solvent, ionic strength andtlon of oleyl bis(hydroxyethyl)methylammonium chloride
shear forc,es P ' ' 9 in isopropyl alcohol. The sample of 50% active Ethoquad

. . 013 (EO13), oleyl tris(hydroxyethyl) ammonium acetate,
The presence of EG in water has complicated effects on;. isopropy! alcohol was also provided by Akzo Nobel.

surfactant self-assembly, and therefore on their DR abiIities.Sodium salicylate (NaSal) 9996 pure was purchased
EG is less polar than water with a smaller degree of hydro- from Aldrich, USA and used as received. Ethylene gly-

gen bonding, and is considered to be a less efficient solvent.col (EG) technical grade (999%) was purchased from
Ray [5] found that nonionic surfactants do form micelles  agpjand’ Distribution Company and used without further
even in pure EG. Sjoberg et 46,7] observed higher crit- o ification. Deuterated solvents were used for NMR exper-
ical micelle concentration (CMC) and smaller aggregation jments. Deuterated water §D) 99.98% pure was purchased
number for cationic surfactants with increasing fractions of om Fisher Scientific. Deuterated ethylene glycol (EG-d6)
EG in water. Al-Sherbini et al[8] attributed the increase  gg atom% D was purchased from C/DIN Isotopes Inc. The
in CMC of sodium dodecyl! sulfate (anionic surfactant) with  -gncentrations of EO12 and EO13 were 5 mM in all exper-
the addition of EG to the lower polarity, the lower dielectric jments and the molar ratio of NaSal to surfactantwas
constant and the larger hydrophobic surface of the co-solventyaried between 1 and 2.5. The appropriate amounts of ac-
molecules. However, the effect of dielectric constant is de- tive surfactant, NaSal, EG and distilled water were mixed
batable. Because the ionic strength mainly affects the inter-together at room temperature and stirred for more than 6 h.

actions between surfactant headgroups, whose contributiona|| experiments were conducted after the solutions had been
to the free energy of micellization is negligible compared equilibrated for more than 24 h.

to the hydrophobic interactions of alkyl chains, Nagarajan

and Wang9,10] claimed that the low EG-hydrocarbon in- 2.2, Methods

terfacial tension, instead of the low dielectric constant of

EG, accounts for the increased CMC and decreased aggre2.2.1. Surfactant drag reduction

gation number. Theoretical studies of co-solvent effects on  Drag reduction was measured in a closed flow loop. The
micelle formation have been mostly limited to the low sur- test section was a stainless tube with a length of 1.22 m and
factant concentration range, where spherical micelles forman inner diameter of 6 mm. Flow rate was measured by a
[11,12] Rosemount 8100 magnetic flow meter. The pressure drop

2. Experiments

2.1. Materials
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was measured by a Validyne pressure transducer. The fric-2.2.3. Cryo-TEM experiments

tion factor, f, was calculated from the pressure drop and  All cryo-TEM images were taken at Technion—Israel In-
compared with the friction factor of the solvent (water or stitute of Technology. Cryo-TEM sample preparation was
EG/W), fs, at the same solvent Reynolds number. Drag re- conducted in a temperature-controlled chamber at 100% rel-
duction at different temperatures was calculated from the ative humidity. A small drop of the studied solution was

following equation over a Reynolds number range af 80 applied on a perforated carbon film supported by an elec-

to 3 x 10°: tron microscope grid. The drop was then blotted by a spe-
cial filter paper into thin films with thickness of about 100

%DR = fs—f x 100, (1) to 300 nm, and plunged into liquid ethane at its freezing
fs point (~90 K). The process was rapid enough to vitrify the

More details on the drag reduction measurements can be"qUid' The ima_ges_ of the vitrified sample were taken ar_ld
found in previous publicationd 6,17} recorqied at objective Ie_ns_underfocus o_f about 2 pm with
a Philips CM120 transmission electron microscope operated
at 120 kV, using an Oxford CT 3500 cooling holder operated
at about—180°C. More recent developments of the tech-

nigue are described by Talm¢io].

2.2.2. Rheological measurements
Shear viscosity was measured with a Couette cell
mounted on a Rheometrics RFS Il rheometer. The bob of the Cryo-TEM images in 20% EG/W were taken at coun-

_Couette o.d. was 32 mm, it; length 24 mm, and the cup hadterion concentrations of 7.5 mME (= 1.5) and 12.5 mM
i.d. of 34 mm. Shear viscosity at room temperature°@p (€ = 2.5) and also at 25 and“T to identify the effect of

and low temperature (L for water and-2°C for EG/W)  tgmperature on the micelle structures at rest.
was measured over a shear rate range of 0.1-1000 s

Apparent extensional viscosity was measured with an op- 5 5 4 g rface tension measurements

posing jet fluid analyzer, Rheometrics RFX. The test solu- g rface tensions of EO12 in water and 20% EG/W at
tion was temperature-controlled at 25 and at a low tem- 5o temperature were measured in the SensaDyne bubble
perature close to @ in a jacketed beaker, and sucked by grface tensiometer (PC500-LV Serial #470, manufactured
two syringe pumps into two vertical tubes through a pair py sensabDyne Instrument Div., ChemDyne Research Corp.,
of opposing nozzles. The distance between the two n0z-pesa, AZ). The tensiometer uses a patented maximum dif-
zles was adjusted to be the same as their tip diameter S0 agerential bubble pressure method. Two probes with different
to generate a symmetric flow field with a stagnant point at yyifice sizes were immersed in the test solution with nitro-
the center, at which the fluid was subjected to a pure ex- gen gas emerging from the tubes and thus forming bubbles
tensional stress. The resistance to the pulling of the syringejn the solutions. Pressure differential between the bubbles
pumps running at various speeds was measured by a torques directly proportional to fluid surface tension. Instruments
transducer and translated into apparent extensional viscoSyyere calibrated using two standards of known surface ten-

ity. At the same pump speed, smaller nozzle size generatession values, deionized water and alcohol.
higher extensional rates. Two pairs of nozzles with tip sizes

of 1 and 2 mm allowed extensional viscosities to be mea- 225 1H NMR experiments

sured from 20 to 200078. All experimental results are an IH NMR experiments for the EO12 in4D and 20 wt%

average of two repeated runs. Extensional viscosities mea-£G-d6 in DO systems were performed with a Bruker DRX-

sured by this method are approximate due to shear in theggo MHz (14.14 T) NMR spectrometer with a BUT 3300

tubes, fluid inertia and strain history between consecutive digital temperature control unit at the Ohio State Campus

measurements, which may affect the estimated extensionalChemical Instrument Center. In each solvent, tHeNMR

viscosity. However, RFX is an efficient method of measur- spectra for pure EO12 (5 mM) and pure NaSal (5 mM)

ing elongational viscosities of dilute fluids. It can distin- were obtained. NaSal was added to 5 mM EO12 at the

guish most non-Newtonian solutions with high extensional NaSal/EO12 molar ratios of 0.1, 0.2, 0.4, 0.6, 1.0, 1.5, 2.0

viscosity from water. The extensional measurements in theand 2.5. All samples were prepared in bothDsolution

present work are reported as apparent extensional viscosi-and in 20% EG-d6/BPO solution in standard NMR tubes.

ties. 1H NMR spectra of all samples were obtained aP25in
First normal stress differenceV() was measured in a  both solvents and 2C in D,O and—2°C in EG-d6/B30.

50 mm cone-plate fixture with a cone angle of 0.04 rad,

mounted on a Rheometrics RMS 800 rheomeaér.val-

ues at a constant shear rate were recorded as the equilibriun3. Results and discussion

value. The measured readings were corrected for inertial ef-

fects according to Macoskd8] and plotted against shear 3.1. Drag reduction

rate from 20 to 1000st. N1 measurements at low temper-

ature were not possible due to a lack of temperature control  Fig. 1 shows the DR properties of the system 5 mM

for that apparatus. EO12/12.5 mM NaSal in water, in which %DR was plot-
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Fig. 1. DR effecti f5 mM EO12/12.5 mM NaSal in water.
'9 etiectiveness of>m mivi Rasalin water Fig. 2. DR effectiveness of 5 mM EO12/12.5 mM NaSal in 20% EG/W.

ted against Reynolds number (Re) at different temperatures.
The temperature range within which the solution has a DR
greater than 50% is defined as the DR effective temper-
ature range. At each DR effective temperature tested, the The low t ture limits for DR extend to below®
%DR first increased with Re and reached a maximum. At € low temperature lims tor L extend 1o Helow
higher flow rates, the %DR decreased with further increasefor systems with EG addition, |nd|cat|_ng threadlike m|c_elles
in Re, presumably due to the high wall shear stresses break 2" for_m at sub-zero.temperatures with up to _2,8% EG inwa-
ing up the threadiike micellef20]. The wall shear stress ter. This may_be attrl_buted to Fhe good solubility of the sur-
beyond which DR starts to decrease is called the critical wall factants studied, which contain two or three hydroxyethyls

shear stressic). Generally, systems with long and flexible N the headgroup and a double bond at the mid point of
threadlike micelles have highyc. Theé = 2.5 system in wa- its alkyl tail. Both features increase the hydrophilicity of

ter had a wide temperature range from 2 t¢8&nd DRyax the surfactant, which increases its solubility at low tempera-
values around 65%. ture. For EO12 systems, thgc values at low temperatures

Fig. 2 shows the DR results for the system 5 mM EO12/ decreased with EG addition. For EO18+ 2.5) systems,
12.5 mM NaSal in 20% EG/water, which had an upper tem- addition of 20% EG leads to a decrease in low temperature
perature limit of 50C and DRnax values around 60%. The maximum %DR. Their poorer DR effectiveness in EG/W
lowest temperature tested was@. At this temperature, ~Mixed solvents indicates less well developed threadlike mi-
when fluid viscosity was high, the maximum Re we could Ccelles as EG concentration increased (see Se8t@)n

and weaker counterion binding in EG—water mixtures than
in pure water. However, the EG solutions are intended for
low temperature use.

achieve was only 3 x 10%, at which DR was 58% and ris- Increasing counterion concentration increases the upper

ing. temperature limit in both water and 20% EG/W solutions. As
Table 1lists the tested DR effective temperature range, § increased from 1.5to 2.5, thg, values of EO12/water so-

the DRnax at 20°C and at a low temperature close 6@, lutions at near 0 and at 2@ both increased by about 35%.

the twc at 20°C and at low temperature of the 5 mM EO12 However, the maximum DR% at 2€ and at low temper-
solutions at different values in water, 15% EG/W, 20% ature did not show significant increase. The same increase
EG/W and 28% EG/W. For the EO13 systems, DR was mea-in & led to a more than threefold increase in the low temper-
sured até = 2.5 in water and at = 1.5 and 2.5 in 15% atureryc for the EO12/15% EG/W solution, and an increase
EG/W and in 20% EG/W. The addition of EG decreased the of maximum DR% from 50 to 63 at low temperature. For the
upper DR temperature limit of EO12 & 2.5) from 80°C EO12/20% EG/W, EO13/15% EG/W and EO13/20% EG/W
for the water solution to 50C for the 20% EG/W, and to  solutions, ther,c values and DRax at both temperatures
30°C for the 28% EG/W. A similar decrease in the upper also increased with.

temperature limit for DR was observed for EOX3=£ 2.5) Therefore, at the surfactant and counterion concentrations
as 20% EG was added to water. The loss of DR at high studied, DR threadlike micelles do form with up to 28% EG
temperature is a result of breakdown of the large thread- added to water but they tend to be shorter than those formed
like micelles into shorter lengths, which is mainly caused in water. The suppressive effect of EG on micelle formation
by counterion dissociation under thermal motj@d]. The inthe EO12 and EO13/NaSal systems agrees with earlier ob-
observed decrease of high temperature DR with the addi-servations of smaller aggregation numbers and higher CMCs
tion of EG indicates shorter threadlike micelles in EG so- for pure surfactant solutions (without counterions) in EG/W
lutions, which may be caused by a weaker solvophobicity solventd6,7].
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Table 1

Summary of DR effectiveness of 5 mM Ethoquad O12 and O13/NaSal systems

Surfactant g2 Solvent DR temp. Teritical, Pa Teritical, Pa Max %DR Max %DR
range,°C (20°C) (low temp.) (20°C) (low temp.)

EO12 1 Water 5to-40 160 165 57 50

EO12 15 Water <2to>50 >120 165 66 66

EO12 25 Water <210 80 166 220 68 68

EO12 15 15% EG <—1to>15 - 50 - 50

EO12 25 15% EG <—1to>15 - >150 - 63

EO12 15 20% EG <310 30 55 40 57 44

EO12 25 20% EG <0to 50 135 >115 62 60

EO12 25 28% EG <—-51t030 20 40 70 75

EO13 25 Water 2t0 80 135 160 70 70

EO13 15 15% EG 0to>15 - 57 - 55

EO13 25 15% EG <0to>15 - 160 - 62

EO13 15 20% EG 0to>15 - 63 - 51

EO13 25 20% EG <—21050 120 160 61 58

2 &: molar ratio of NaSal to surfactant.

3.2. Rheological properties
100

T=25°C
*\VWater
m 15%EG
A20%EG
® 28%EG

3.2.1. Relative shear viscosities

The ratio of solution viscosity to solvent viscosity is de-
fined as relative shear viscosity, which is mainly contributed
by the microstructures:ig. 3a shows relative shear viscosi-
ties of 5 mM EO012/12.5 mM NaSal in 0-28 wt% EG/W so-
lutions at 25°C. The water solution and the solutions in 15%

e Shear Viscosity

and 20% EG/W all have similar relative shear viscosities and 5 *te
. . . . . &
shear thinning behaviors at low shear rates. The viscosity & Tdag,, Mggeec® *t00eas, ‘e .
of the agqueous solution _sho_ws a local increase p_eaking atg faaalid ! fiTegua2lilny .
a shear rate of 307$, which is caused by a shear-induced & 1y, Ty
L1

structure (SIS), resulting from the rearrangement of thread-
like micelles in flow[22]. The aqueous solution also shows
a second SIS peaking at a shear rate of 20Qwith a larger .
viscosity increase than the previous one. The 15% and 20%
EG/W both showed only one SIS peaking at a shear rate 1 . .
around 100 s, with only a small increase in viscosity. The 1 0 earRae et 1000
viscosity of the 28% EG/W solution has Newtonian-like be- @ '
havior and is much lower than those of the lower EG concen-
tration solutions, probably because of less effective micelle
formation in this solvent. The relative shear viscosities at ™0
high shear rates~1000 s!) decrease with the addition of i u, ::";jjneErG
EG. N A20%EG
Fig. 3 shows the relative shear viscosities of EO4.2( » 28%EG
2.5) in 0-28% EG/W solutions at a low temperature around
0°C. The low-temperature shear viscosity of the water solu-
tion also shows two SISs (peaking at 6 and 6%)swith a
larger magnitude of viscosity increase at the low shear rate
than at 25C (Fig. 3a). The relative shear viscosities of the
15% and 20% EG/W solutions are close to each other at both
room and low temperatures, and are shear thinning with one
SIS. The shear rate at which this SIS peaks-arcC de- 1 . .
creases te-10 s, however. While the 28% EG/W solution 1 % shearRate, st °° 1000
is Newtonian-like at 28C, it shows shear thinning prop- ®)
erties at ®C with one SIS starting at 30°$. The relative
viscosities at high shear rates{000 s%) of all solutions at  Fig. 3. Relative shear viscosity of 5 mM EO12/12.5 mM NaSal in 0-28%

low temperature also decrease with the addition of EG to the EG/W at (a) 25 C and (b) at low temperature ¢Z for water and-2°C
solvent. for solutions containing EG).
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Fig. 4. Critical shear stress for SIS at room and low temperatures (5 mM EO12/12.5 mM NaSal in 0-28% EG/W).

The relative shear viscosities of EO12 solutions at room
and at low temperatures are plotted against shear stress in

Shear Stress, Pa

Fig. 4 Each solution has higher relative shear viscosities at 350
low temperature than at room temperature. While the shear | Room Temperaure

. . . 3007 swater ®15%EG
rates at which SIS occurred decreases with decreasing tem-

4 20%EG = 28%EG -

perature, the shear stresses for SIS are less dependent on 250 1 _y
temperature. For the EO12 & 2.5) water solutionFig. 4) 200 | I
which has two SISs, the first SIS corresponds to a shear o N *
stress around 0.1 Pa and the second at around 1.0 Pa for both 150 7 Tt
temperatures. The 15% and 20% EG/W solutidrigg. 4ii 100 4 . .
and 4ii) have only one SIS at both temperatures at a shear N ¢
stress of about 0.5 Pa. The 28% EG/W solutibiy( 4iv) 50 1 . . e
has one SIS at around 1.0 Pa at low temperature. It did not 0 132230 *
show any SIS in the stress range measured at room temper- 5 10 100 1000

ature, possibly due to poorly developed threadlike micelle
structures at this temperature. There is an upward trend at a
shear stress of about 3 Fad. 4iv) but no significant rise in

Shear Rate, s

@

viscosity is observed ifig. 3a.

These results suggest a relationship among SIS, shear
stress and temperature. The addition of EG increased the
shear stress for SIS to occur. While the shear rates for SIS de- 350 4
creased with decreasing temperature, shear stresses for SIS
for the EO12 systems were insensitive to changes in temper-
ature.

450

250 4

M1, Pa

150 4

3.2.2. Viscoelasticity
Many DR solutions are non-Newtonian with strong vis-
coelasticity, indicated by higlv1, and with high ratios of

Room Temperature
» Water
m 15%EG
A 20%EG -

L}
- >
l. QO.
-
IR S B
L =

extensional viscosity to shear viscosity ). However, Lu et

&3

Fy
100 4

1
al.[23] and Lin[24] observed nonviscoelastic systems with %0
good DR properties. While threadlike micelles are neces-
sary for DR effectiveness, other structures such as vesicles

Shear Rate, 5™

(b)

and branched micelles in the quiescent state can transfornFig. 5. Ny of 5 mM E012/12.5 mM NaSal (a) and 5 mM EO13/12.5 mM
to TLMs under shed25-27] NaSal (b) in 0-28% EG/W at room temperature.



702 Y. Zhang et al. / Journal of Colloid and Interface Science 286 (2005) 696—709

1000 — 1000
. . T=25C T=25°C
i . + e,
"oe L MR AR .
A l : + + u m N A * b + &
LI n
o' All::: :;‘li "Eag m "
" i b "y 1 a by
c] + * © oo
100: .. . . . “‘a“‘an
L3 -» ‘
. * i A
+ Water = 15%EG *water
. 4 20%EG « 28%EG R1S%EG
A 20%EG
10 : E— e 1 i
10 100 1000 10 100 1000
ShearRate, g1 Shear rate, &'
(@ ()
1000 1000
T=0°C
T=0"C surater
m18%EG
* . A20%EG
-* +*
i ., . .l
] + * :
© 1m0 - * _Tz_l_l.
4 A - EER * = ¢ A A A A \
4 A 4 A & A 1
kL4
+«Water wm15%EG
4 20%EG *28%EG
10 t 10 . ey
10 100 1000 10 100 1000
Shear Rate, &' Shear rate, 57

(®) (b)

Fig. 6. Ratio of extensional viscosity to shear viscosi®y) (of 5 mM

EO12/12.5 mM NaSal in 0-28% EG/W at (a) 25 and (b) at low tem- Fig. 7. Ratio of extens_ional viscosity to shear viscosi§y) (of 5 mM
perature (2C for water and-2 °C for solutions containing EG). EO13/12.5 mM NaSal in 0-20% EG/W at (a) 25 and (b) at low tem-

perature (2C for water and-2 °C for solutions containing EG).

The first normal stress difference#/s) of the 5 mM low rates, which increase with extensional/shear rate to a
EO12/12.5 mM NaSal in 0-28% EG/W solutions at room maximum of 100 at 300%, then decrease with further in-
temperature are shown Fig. 5a. The 28% EG/W solution  crease in the rate. At low temperatuFed. 60), however, all
had near zerdv; values, even though it showed modest DR four systems with 0-28% EG show high values (around
at room temperature. Surprisingly, the 15% and 20% EG/W 100), correlating with their effectiveness in DR. Addition of
solutions had higheN; than the aqueous solutioRig. 5b EG had less effect on the solutio@svalues at low temper-
showsN; values for the EO13¢(= 2.5) systems in 0-20%  ature.

EG/W. Here, againy1 increases as EG is added to the aque-  Figs. 7a and 7lshow® values for the EO13 systems at
ous EO13 solution up to 15% EG/W. The 20% EG/W solu- 25°C and at low temperature. At 2&, @ decreases with
tion has near zer®/; in the shear rate range tested. the addition of EG. While both the water and 15% EG/W so-

Figs. 6a and 6bshow the ® values of the 5 mM lutions have® values greater than 100, theof 20% EG/W
EO12/12.5 mM NaSal in 0-28% EG/W solutions at°Zb solution is low at low extensional rates and increases to an
and at low temperature. At room temperature, the 0-20% equilibrium value around 100 at about 70's At low tem-
EG/W solutions all have very higw values, which de-  perature, th® values are less dependent on the EG addition
crease with extensional/shear rate and equilibrate at a valueas shown inFig. 7b but are generally lower than those at
around 200. The 28% EG/W solution has l@évvalues at 25°C. As shown by the rheological measurements, 20% EG
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Fig. 8. Cryo-TEM images of 5 mM EO12/7.5 mM NaSal in water and in
20% EG/W (inset) at 28C. The arrowheads point to spherical micelles and
the black arrows point to the crossover of two threadlike micelles. White ar-
row points to a rare branching point. The contrast in the EG solution (inset)
is very weak; the micelles are indicated in the inset by black arrows.

has greater influence on the EO13 surfactant than the EO12
surfactant. The EO13 20% EG solution has rheological prop-
erties much closer to the Newtonian solvent (low relative
shear viscosity (not shown here), low¥q and lower®) Fig. 9. (a) Cryo-TEM image of 5 mM E012/12.5 mM NaSal in water at
than the water and the EO13 15% EG/W systems, while 25°C. The arrows point to branching points of threadlike micelles and
large differences in rheological behaviors were observed for the arrowheads point tq loops of threadlike micelles. (b) Vitrified 5 mM
the EO12 systems only in 28% EG. Surprisingly, for both E?lggf_'gETANIinT;S:IOPSZS:ﬁ Eg‘ﬁ,i;?;ﬂﬂ“ﬁaes;ﬂ:a;g;: e;éeﬂr,'v
surfactants, a maximum iv; was observed as EG was  quenched from 6C. Threadlike micelles are better developed as compared
added, although DR and other rheological properties showedto those at 25C in 20% EG/W.
monotonic decreases with EG addition.

Fig. 9c shows the TLMs in the 5 mM EO/12.5 mM NaSal
3.3. Cryo-TEM images in 20% EG/W at 0 C. Comparing-igs. 9b and 9ahe TLMs

at 0°C seem to be better developed.

Fig. 8 shows cryo-TEM images of 5 mM EO12/7.5 mM The microstructures shown by cryo-TEM suggest that ad-
NaSal in water and in 20% EG/W at 28. Long and entan-  dition of EG shifts the phase diagram of the surfactant sys-
gled threadlike micelles are seen in the water solution coex- tem. In water, the micelles grow with the addition of counte-
isting with a few spherical micelles. Fewer TLMs formed in  rion from cylindrical micelles coexisting with spherical ones
the 20% EG/W solution at this temperature. The EG/W solu- at 7.5 mM NaSal to threadlike micelles with branched net-
tion gives much poorer contrast in the cryo-TEM images as works at 12.5 mM NaSal. Such counterion-induced micelle
seen in the inset dfig. 8 Increasing the NaSal concentra- structure development is hampered by the addition of EG,
tion to 12.5 mM favors micelle formation at 2&, both in in that micelle growth is less favored. Bath= 2.5 systems
water and in 20% EG/W, as shownhigs. 9a and 9For the are good DRAs with the water system being higher in maxi-
water solution, increase in the NaSal concentration resultsmum DR, higher inr,c and has a higher upper temperature
in much more branching in the TLMs effectively forming a limit for effective DR. The TLMs formed in the water system
network. For the 20% EG/W solution, increase in counte- até = 1.5 are similar to those in the 20% EG/W system at
rion concentration causes the formation of well developed & = 2.5, being long and entangled with no apparent branches
TLMs with some branching points, but fewer than in the orloops. The similat,c and DRyax values of these two so-
aqueous solution at the same counterion concentration andutions at both room and low temperatures nicely show the
fewer loops. Note the reduced image contrast in this casecorrelations between micelle microstructures and DR. DR
too. effectiveness for the 20% EG/W system is lowek at 1.5
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as would be expected from the cryo-TEM images. Increasing
the counterion concentration §éo= 2.5 promotes branching 75 4
of TLMs in water. The highet, values and higher DiRux ¢
of the& = 2.5 water solution compared to ti§e= 1.5 water g 7074
system suggest that branched TLM networks are more resis-&
tant to shear stress than dilute TLMs. This may be explained g

by the free movement of branching points along the cylin- @ &0 -
drical body which can release the stresses of the micelles as-
suggested by Appell et &28]. The high maximum %DR & 551
of the 28% EG/W system both at 2C and at low temper- 3
ature is accompanied by low, at both temperatures and ‘e

low upper temperature limit for DR. This suggests that there 45 4 SR AR S DU SO
may be an optimum configuration of TLMs for their ability

to reduce drag which is different from the optimum con-  “° ' '
. X . . . 0.00 5.00 10.00
figuration to resist mechanical shear break-up. This would [Ethoquad 012], mM
lead to a separation of DR effectiveness into the ability to (@

depress energy dissipation, as represented by the maximum
DR%, and resistance to break-up by shear stress and also b
temperature rise. With excess penetrating counterions, short
threads can grow into long and entangled TLMs with better 53
DR effectiveness, but not optimum resistance to break-up 5
under shear. Conversely, surfactant systems of branched mi-£ 60 1
celle networks, while more resistant to shear degradation, do =
not necessarily give the highest DR%.

c

a0 *

15.00

n
h
L

3.4. Surfacetension results

Surface Tension, D
i
=
+*

Figs. 10a and 10lshow the surface tension decreasing ) b aurs
with increasing concentration of EO12 in water and in 20%
EG/W, respectively. When the surfactant concentration is
higher than a critical value, above which the surfactant mole- T

. X . 0oo 500 10,00 15.00 2000

cules self-aggregate into micelles in the bulk solvents, the [Ethoquad 012], mM
surface tension does not change anymore. This critical con- (b)
centration for micelle formation is called CMC. Lower CMC
indicates stronger self-assembling ability of a surfactant in Fig. 10. Surface tension with increasing concentration of Ethoquad 012 at
the solvent. 25°C in water (a) and in 20% EG/W (b).

Because EO12 is a mixture of oleyl bis(hydroxyethyl)-
methylammonium chloride and isopropyl, the surface ten- cationic surfactant hexadecyltrimethylammonium bromide
sion did not reach the equilibrium abruptly at the CMC, but increased with the addition of EG in wai{éi.
gradually leveled off with further addition of the surfactant,
as shown irFigs. 10a and 1QiHowever, the CMC in both 3.5, 1H NMRresults
solvents can be estimated by extrapolating the first-order re-
gressions at low and high surfactant concentration ranges. Figs. 11-14how the'H NMR spectra of NaSaHigs. 11
The crossover concentrations of the extrapolated lines areand 13 and of EO12 Figs. 13 and 1¥in the solution of
about 3.4 mM in water and 5.4 mM in 20% EG/W. The 5 mM EO12 in DO and in 20% EG-d6/BO, at 25°C
equilibrium surface tensions in both solvents are close at (Figs. 11-14a), 2°C (Figs. 11 and 13b) and—2°C (Figs.
about 45 dyricm, while the surface tension of pure wa- 12 and 14b), respectively. The bottom spectrakigs. 11
ter (72 dyrcm) is higher than that of 20% EG/W (64.3 and 12are of 5 mM NaSal in the solvents alone, while those
dyn/cm). Therefore, it is expected that the area per head-in Figs. 13 and 14re of 5 mM pure EO12 in the solvents.
group of a EO12 molecule is about the same in the two The counterion to surfactant concentration raipranged
solvents. The higher estimated CMC in 20% EG/W than in from 0.1 to 2.5 for the upper spectra (0.5 to 12.5 mM NaSal
water suggests weaker self-assembly in 20% EG/W than inwas added to 5 mM EO12 solutions). The resonance peaks of
water, which may be due to decrease in the interfacial ten- the aromatic protons on Sal- shift when Sal ions are bound
sion between surfactant alkyl tail and the bulk solvent upon to the micelles as compared to Sal— in the solvegt-atoo.
the addition of the less polar EG. This is consistent with the The peak identifications were determined from basic NMR
results of Sjoberg et al., who demonstrated that the CMC of principles.
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Fig. 11.2H NMR spectra of aromatic proton of salicylate in EO12/NaSaloystems at (a) 25C and (b) 2C. & denotes counterion to surfactant molar
ratio. The bottom spectrum is 5 mM NaSal in© alone. From bottom up, 0.5, 1, 2, 3, 5, 7.5, 10 and 12.5 mM NaSal was added to 5 mM EO12 solution in
D,0.

Since the exchange of Sal ions in the bound and un- concentration, the 3-, 4- and 5-proton peaks begin to shift
bound states is faster than the time scale of the NMR mea-back to lower magnetic field. This is because wi§en 1,
surements, the observed location of the counterion protonthe micellar surface is nearly saturated and unbound coun-
peaks are an average of spectra peaks for the populationserions are left in the bulk solvent phase as in pure NaSal
bound to the micelles and those in the solvent. When go- solution and the peak location is an average of them.
ing from pure counterion to the = 0.1 system, the 3-, 4- In addition to the shifting of aromatic proton peaks in
and 5-protons of the Sal ion significantly shifted upfield the spectra of NaSal, also observed is the resonance line
(lower ppm) while the 6-proton shifted downfield (higher broadening of EO12 with the addition of NaS&lids. 13
ppm) Figs. 11 and 1R This reflects the change in environ- and 14. The band broadening in these systems is caused by
ment when the Sal ions are transferred from the bylloD  inhibition of the end-over-end tumbling motion of thread-
phase to the micelle interface with the 3-, 4- and 5-protons like micelles[29]. Micelle growth slows down the tumbling
inserted into the less polar hydrophobic interior, while the motion and longer threadlike micelles give rise to broad-
hydrophilic -COO", —OH and the 6-proton lie in contact ening. Significant band broadening occurséaicreases
with solvent[29—-31] With NaSal concentration increasing from 0.4 to 0.6 in RO, whereas the similar broadening
to £ = 0.6, only slight additional upfield shifts of 3 and 5H in the peaks does not appear uritireaches 1.0 in 20%
and 4H were detected. With further increase of counterion EG-d6/D,O. Also, compared with that in water, the broad-
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Fig. 12.1H NMR spectra of aromatic protons of salicylate in EO12/NaSal-20% EG-B/&ystems at (a) 25C and (b)—2°C. & denotes counterion to
surfactant molar ratio. The bottom spectrum is 5 mM NaSal in 20% EG-@B/one. From bottom up, 0.5, 1, 2, 3,5, 7.5, 10 and 12.5 mM NaSal was added
to 5 mM EO12 solution in 20% EG-d64AD.

ening of the salicylate proton resonances is much weakerproperties and micelle microstructures of two cationic qua-
in 20% EG-d6/BO at room temperature, indicating smaller ternary ammonium surfactants EO12 and EO13 with excess
size of the aggregates, or shorter threadlike micelles, in thesalicylate counterions. Effective DR in such solvents at low
co-solvent system. However, decreasing temperature greatltemperatures is desired for a new approach to energy sav-
enhanced the resonance broadening in the co-solvent sysing in district cooling systems. However, the addition of EG
tem, as can be seen Fig. 12, indicating the growth of inhibits micelle formation as indicated by higher CMC.
micelles as temperature decreases (sedradsn 9a—9% Al- Understanding the relationships among surfactant molec-
though a similar trend was also observed in water, careful ular structure, micellar microstructure and macroscopic be-
inspection ofFigs. 11a and 11Bhows that the role of de-  haviors would allow one to select or synthesize surfactant
creasing temperature in promoting micelle growth is greater additives with appropriate chemical characteristics to pro-

in 20% EG-d6/BO than in 0. vide desired turbulent flow properties for specific applica-
tions.
SIS has been proposed to correlate with drag reduction
4. Discussion [32-34] The addition of EG increased the critical shear

rate for SIS in EO12 solutions but the critical shear rates
In this study we investigated the effects of a polar non- were smaller at lower temperature. However, the shear stress
aqueous solvent, EG, on the DR properties, rheological for SIS formation was independent of temperature for each
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Fig. 13. 1H NMR spectra of protons of EO12 in EO12/NaSapDsystems at (a) 25C and (b) 2C. ¢ denotes counterion to surfactant molar ratio. The
bottom spectrum is 5 mM EO12 inJD alone. From bottom up, 0.5, 1, 2, 3, 5, 7.5, 10 and 12.5 mM NaSal was added to 5 mM EO12 soluti@n in D

EG/water system indicating that formation of SIS is related shear stress and high temperature. Cryo-TEM and NMR re-
more closely to shear stress than to shear rate. Howeversults indicate that the size of the TLMs decreases with the
DR systems with no detectable SIS in the shear rate rangesaddition of EG. Larger micelles and branched micellar net-
tested, as in this study, have been repof8ij36], so cor- works have higher resistance to shear stress and can sustain
relation between SIS and DR is uncertain. However, it is higher temperatures. TLMs with shorter length give good
generally believed that long, flexible threadlike or wormlike %DR but cannot sustain high shear stresses (high Re) and
micelles resembling high polymer chains are responsible for dissociate at moderate wall shear stress and moderate tem-
surfactant DR. Such structures have been observed in manyerature.
effective DR surfactant systems by modern cryo-TEM imag-  For the two surfactant systems studidd, first increases
ing [37]. However, unfortunately, it is not possible at the and then drops to near zero with the addition of EG. The
current state of the technique to obtain cryo-TEM images higher N1 observed with modest EG addition is accompa-
of microstructures in turbulent flow. nied with a change of TLM structures with less branching,
The high DR% but lowr,c and low upper temperature  suggesting TLM networks with branching give lower solu-
limit for DR observed for the EO12%(= 2.5)-28% EG/W tion viscoelasticity than TLMs without branching.
system indicate that micelle structures in this solvent, which  The effect of EG on micelle formation is also related to
are most effective in reducing drag, may not sustain high the surfactant chemical structure. For EO$2<2.5) sys-
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Fig. 14.1H NMR spectra of protons of EO12 in EO12/NaSal—20% EG-g@iBystems at (a) 25C and (b)—2 °C. & denotes counterion to surfactant molar
ratio. The bottom spectrum is 5 mM EO12 in 20% EG-dffDalone. From bottom up, 0.5, 1, 2, 3, 5, 7.5, 10 and 12.5 mM NaSal was added to 5 mM EO12
solution in 20% EG-d6/RO.

tems, up to 20% EG addition has only modest effect on ing enhances the hydrophilic interactions of the surfactants,
the surfactant solutions relative shear viscosMy,and ® which favors formation of larger micelles and works against
at room temperature, whereas addition of 28% EG causedthe headgroup steric effect. While the headgroup steric effect
significant decreases in the relative shear viscosity and vis-hardly changes with solvent, the strength of intermicellar H-
coelasticity. However, in the EO13 & 2.5) systems, addi-  bond is diminished with the addition of E[38]. Thus, the
tion of EG over 15% affectd/; and® at room temperature.  micelle size of EO13 shrinks more than EO12 at the same
This difference may be due to the different headgroup struc- EG content. This explains why EG addition is more effec-
tures of the two surfactants. EO13 has three hydroxyethylstive in reducing the relative shear viscosity and® of the

on the headgroup, thus the headgroup is larger and more hyEO13 systems compared to the EO12 systems.

drophilic than that of EO12 with two hydroxyethyls and one

methyl on the headgroup. Larger headgroup favors forma-

tion of smaller (more curved) micelles. On the other hand, 5. Conclusions

the headgroup hydroxyethyls can form hydrogen bonds with

water molecules, and possibly with the carboxylate groups In this paper, we demonstrated that DR can be achieved
on the salicylate ion$17]. Intermicellar hydrogen bond- in 0-28% EG/W at~0°C with selected cationic surfactant
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DRAs. For the first time, TLM microstructures directly ob-
served by cryo-TEM in EG/W can be well correlated with
the solutions’ DR, rheological properties alid NMR spec-
tra.

The addition of EG as a co-solvent inhibited the self-
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in CMC. In the surfactant solution with excess counterions,

the addition of EG caused poorer development of TLMs as

shown in cryo-TEM images antH NMR results suggest-
ing smaller micelle size. As a result, both EO12 and EO13
systems showed lower DR effectiveness in EG/W than in

water, as manifested by the decrease in the upper DR tem-

perature limit, the values of,,c and the maximum %DR.
Our cryo-TEM and'H NMR results also showed that in-

creasing counterion concentration and decreasing tempera-

ture favor micelle formation in the EG/W solvent mixtures.
TLMs formed in those EG/W solvents are long enough to be
DR effective and can sustain fairly high wall shear stresse
at temperatures below°@. The diminishing effect of EG
with lowering temperature was confirmed by rheological
properties of EO12 and EO13 at0°C, which are much
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