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ABSTRACT: Poly(acrylamide/sodium acrylate/N-dodecyl acrylamide)s [poly(AM/NaAA/C;,AM)s] with different hydrophobic microblock
lengths (Np/s) were prepared by the micellar copolymerization of acrylamide and sodium acrylate with a low amount of N-dodecyl
acrylamide (0.2 mol %), and the molecular structure was characterized by Fourier transform infrared spectroscopy, 'H-NMR, and static
light scattering. A combination of experiments involving viscosity measurement, fluorescence, and conductometry was applied to investi-
gate the effect of N on the interaction strength and binding capacity between poly(AM/NaAA/C;,AM)s and C;,H,5SO,Na [sodium
dodecyl sulfate (SDS)]. The viscosity, I/I; (the intensity ratio of the third vibrational band to the first band of pyrene molecules), and
conductivity of the mixed system of copolymers with SDS all had different variation trends with the concentration of SDS. The binding
capacity of the copolymers with SDS was calculated according to quantitative differences between the critical micelle concentration of
the pure SDS solution and the mixed system. All of the results show that the interaction strength of SDS with the copolymers rose, and
the binding capacity decreased with increasing Np;. © 2014 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2014, 131, 40633.
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Because the hydrophobic interactions and association of hydro-
phobic groups transitory three-
dimensional network structure, these polymers can effec-
tively increase the hydrodynamic volume of the polymer chain
in solution. Therefore, HAPAMs own many unique properties
compared with conventional HPAM; these include a significant
viscosity enhancement,”**®  time-dependent effects,”>* a
marked viscoelasticity,”™>!

INTRODUCTION

can build a reversible
6,9,24,25

Over the past few decades, partially hydrolyzed polyacrylamide
(HPAM) has been widely applied in chemical flooding technol-
ogies for enhanced oil recovery (EOR) because of its better
resistance to biodegradation and its ability to enhance viscosity
compared to biopolymers.'™® The viscosity of the HPAM solu-
tion increases with its increasing molecular weight. However,
the HPAM solution shows a tremendous viscosity loss and is
extremely sensitive to the physicochemical conditions (shear
rate, ion content, temperature, pH, etc.) in the field applica-
tion.”™"" So, HPAM has great limitations, and other polymers
that provide excellent properties must be developed to meet
application requirements.

shear thinning and thickening,32 and
excellent shearing/temperature/salinity stability.'>”* In addition,
HAPAMs can interact with small-molecule surfactants®>°
through the hydrophobic chains along the molecular skeleton to
form polymer/surfactant binary systems owning special micro-
structures and rheological properties in aqueous solutions.””*
In these cases, HAPAMs convey a huge potential for EOR appli-

Nowadays, water-soluble hydrophobically associating polyacryl-
amides (HAPAMs) with a small number of hydrophobic groups
have attracted extensive attention in both academic and indus-
trial laboratories, and they have been investigated as a possible
substitute for HPAM polymers in EOR applications.''™*

© 2014 Wiley Periodicals, Inc.
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cations. At present, some HAPAMs have been successfully
applied for mobility control in EOR.*"** However, the solubility
of HAPAMs is an important consideration in oilfield applica-
tions because the poor solubility will impact the injectivity and
lead to formation damage. The solubility can be improved
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through the introduction of hydrolyzing amide groups (e.g.,
sodium acrylic acid) or sulfonate-containing monomers to
increase the ionic character.'®'?

In general, HAPAMs can be classified into two main classes:
one is the telechelic type, in which the linear chains are nor-
mally end-capped with hydrophobic groups;*** the other is the
multisticker type, which is composed of one or more hydropho-
bic monomer molecules forming tiny segments and distributing
as isolated units or small blocks on the polymer main
chains.'>***¢ The rheological properties of both types have
marked differences that are affected by the structural character-
istics (the content, nature, and distribution of hydrophobes;
block length; molecular weight; etc.).!®"” Partially hydrolyzed
hydrophobically  associating  polyacrylamides
(HMBHAPs) are typic multisticker associating polymers. The
synergistic or noncollaborative interaction between HMBHAPs
and surfactants can cause much variation in the structural per-
formance, viscosity, and so on.** Some surfactants, whose con-
centrations are appropriate, are favorable for polymer/surfactant
systems in many aspects, such as increasing the viscosity**>°
and improving the rheological behaviors.’®”' On the other
hand, other surfactants and the lower or higher concentration
of surfactant all have adverse effects on the system performances
and cause, for instance, poor viscoelasticity’’ and unstable solu-
tion properties. As for the HMBHAP/surfactant system, a
hydrophobic microblock length (Np) is often required to obtain
a best match and design to guarantee good solution properties.
For the aforementioned reasons, the study of the effects of Ny
on the interaction strength and binding capacity between sur-
factants and HMBHAPs has a very important significance in the
effective regulation of the performance of polymer/surfactant
systems and for providing a favorable theoretical basis for prac-
tical applications through the enhancement of the positive syn-
ergetic effects and the reduction of negative impacts.

microblock

There have been a wide variety of studies on the binding inter-
action of surfactants with nonassociating polymers or telechelic
associating polymers in the past few decades, and excellent
review articles are available that describe the interactions
between nonionic and ionic surfactants with polymers.”* >
Many physicochemical techniques involving fluorescence,
electromotive force, potentiometry,”°**"*7 isothermal titration
microcalorimetry,”®°>®"%*  differential scanning calorimetry,
light scattering,’® conductometry,® surface tension,”®”° dialy-
sis,>* rheological measurement,*®”" turbidity and NMR self-dif-
fusion,**”? and small-angle neutron scattering®**“**’? have
been involved in these studies. The interaction mechanisms of
polymers and surfactants have been given and discussed. For
example, Bystryak,® Sovilj,”> and Wang et al.®® investigated the
poly(ethylene imine)/sodium dodecyl sulfate (SDS), the hydrox-
ypropyl methyl cellulose/SDS (HPMC/SDS), and the branched
poly(ethylene imine)/SDS systems, respectively, by conductome-
try. They obtained similar results; that is, there was an initial
linear increase in conductivity with increasing SDS concentra-
tion, and two break points gradually appeared. Then, an evident
decrease existed in the slope between the two points, and there
was the same slope as for SDS without the polymer above the
second point. The consequences were explained by the depletion

65,66
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of free ions of the surfactant from solution or cluster formation
with the polymer on account of binding interactions. When all
of the binding sites on the polymer were saturated with SDS
molecules, the free micelles of surfactants began to form.

However, so far there have been no reports on the variation of
interaction strengths between HMBHAPs and surfactants from
the perspective of the binding capacity as studied by conduc-
>340 and the study of the effect of Ni; on the interac-
tion and binding capacity has not been carried out. In this
study, we synthesized different microblock terpolymers of acryl-
amide (AM), sodium acrylate (NaAA), and N-dodecyl acrylam-
ide (C;,AM) by micellar polymerization and investigated the
effects of Ny on the interaction strength and binding capacity
of the terpolymers with SDS by combination experiments of

tometry,

viscosity measurement, fluorescence, and conductometry. The
results show that the interaction strength was enhanced and the
binding capacity decreased with increasing Ny.

EXPERIMENTAL

Materials

AM was purchased from Jiangxi Changjiu Biological and Chem-
ical Corp. (China). The synthesis and purification of C;,AM
were described elsewhere.”* NaAA was made by the mixture of
sodium hydroxide with filtered acrylic acid at a certain molar
ratio (1:1) and the repeated filtration of the reaction solution.
SDS (C,,H,5S0,Na; Chengdu Kelong, China, 98%) was double-
recrystallized from ethanol. Pyrene (Acros Organics, 98%) was
recrystallized from ethanol and sublimed twice. Ultrapure water
was made in an ultrapure water purification system. Microblock
hydrophobically associating poly(acrylamide/sodium acrylate/ N-
dodecyl acrylamide)s [poly(AM/NaAA/C;,AM)s] was initiated
to polymerize by 2,2’-azobis(2-methyl propionamide) dihydro-
chloride. The specific methods of synthesis and purification are
given later. AM and 2,2’-azobis(2-methyl propionamide) dihy-
drochloride were used without further purification.

Polymerization

In the previous 2 decades, the Francoise Candau research group
(France, CRM) achieved a leading position in the synthesis of
multisticker polymers by micellar polymerization. Candau, Selb,
and coworkers’>™®> showed that in the micellar polymerization
process, hydrophobic monomers solubilized within surfactant
micelles, whereas hydrophilic monomers were dissolved in the
aqueous continuous medium. Because of the high local concen-
tration in the micelles, hydrophobic monomers were randomly
distributed as small blocks in the hydrophilic backbone. More-
over, Candau and coworkers’®* assumed that the length of
hydrophobic blocks corresponded roughly to the number of
hydrophobes per micelle (Ny). Therefore, in this case, Ny was
calculated from eq. (1):8%8¢

CH M

Ny=__ ~HM
" (Cs—cmc)/Nygg

(1)
where Cpy, is the molar concentration of the hydrophobic
monomer, C, is the molar concentration of the surfactant, cmc
is the critical micelle concentration of the surfactant, N, is the
micellar aggregation number of the surfactant. Because the sur-
factant concentration is always well above the cmc in the
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Table I. Polymerization and Structural Parameters of the HMBHAPs
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Polymerization parameter

Structural parameter

AM NaAA C12AM SDS [ M, M.,
Sample N2 (g 415wt %) (g;28.66 wt %) (g 100 wt %)  (g; 100 wt %)°  (mL/g) (x10%)  (x109)
N1 1.02 49.84 31.85 0.19 14.88 1520.75 7.62 5.91
N2 2.49 49.84 31.85 0.19 5.81 1179.55 5.54 3.93
N3 3.72 49.84 31.85 0.19 4.02 1023.51 4.64 3.29

[n], intrinsic viscosity; M,, viscosity-average molecular weight.

@With an aggregation number of 60 and a cmc value of 9.2 x 102 mol/L for SDS at 50°C.

®The cmc values for SDS were 5.6, 2.2, and 1.5.

micellar polymerization, when the cmc is ignored, eq. (1) can
be approximately equal to eq. (2):

— Nagg

C. 8" MR

2

where SMR is the molar ratio of surfactant to hydrophobic
monomer. In this article, microblock hydrophobically associat-
ing poly(AM/NaAA/C;,AM)s were prepared by the aqueous
micellar copolymerization of AM, sodium acrylate, and a small
fraction (0.2 mol %) of C;,AM (the polymerization parameters
are shown in Table I), where the SMR value was changed to
adjust NH.6’37’76’87,88

The calculated amounts of AM, NaAA, SDS, ultrapure water,
and hydrophobic monomer (C;,AM) were added to the beaker;
the mixture was homogenized by stirring and degassed for 30
min with nitrogen at 50°C. Then, 3 mL of water-soluble 2,2’-
azobis(2-methyl propionamide) dihydrochloride (1 wt %) was
added as an initiator, and nitrogen was continually bubbled for
10 min. After 2 h, the reaction was terminated by the removal
of the copolymer gels and cooling to room temperature. The
products were washed and precipitated repeatedly in ethanol
before they were vacuum-dried for 24 h at 50°C to eliminate
residual moisture. As a result, poly(AM/NaAA/C;,AM)s with
increasing Ny were obtained and were abbreviated as Nj, Ny,
and Nj (they are collectively referred to as the HMBHAPs);
their molecular structures and structural parameters are shown
in Figure 1 and Table I. The total monomer concentration was
20 wt %, and the content of hydrophobic monomers was 0.2
mol %. All of the copolymer samples examined here were pre-
pared during a single copolymerization reaction.

Characterization
The HMBHAPs were characterized by Fourier transform infra-
red (FTIR) spectroscopy, "H-NMR, and static light scattering.

*[»CHZ—CHH CHZ—CHHCHi—CH~]~
| m | n I X
(|3=0 C=0 C=0

ONa NH, NH

CiaHas
Figure 1. Molecular structure of the HMBHAPs.
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The results confirm the existence of the hydrophobic monomer
in the copolymers. FTIR (Figure 2) measurements were per-
formed on a Nicolet 6700 FTIR spectrometer (Thermo Fisher)
with the KBr tablet method. '"H-NMR (Figure 3) experiments
(400 MHz) were conducted on a Bruker AV-IIT NMR spectrom-
eter (Bruker BioSpin, Switzerland), and chemical shifts in D,0O
are quoted as 0 values in parts per million and the coupling
constants are listed in hertz. The following abbreviations are
used to indicate the magnitude or multiplicity: w = weak, m =
moderate or multiplet, s = strong or singlet, d = doublet, and
t = triplet. The Zimm plots (Figure 4) were obtained from a
BI-200SM laser light scatterometer (Brookhaven) equipped with
a 515 chromatograph, BI-MWA multi-angle laser light
scatterometer, BI-DNDC differential refractometer, and analog
thermostat. Finally, the value of the weight-average molecular
weight (M,,) is listed in Table 1.

IR (cm™ ', KBr, v): 3580 [s; v.(N—H)], 3182 [s, v(N—H)],
2929 [m, v, (C—H)], 1680 [s, vs(C=0)], 1560 (s), 1413 [m,
v(C—N)], 1327 (w), 1119 (w). "H-NMR (400 MHz, D,0, 9):
4.66 (s, 2H, D,0), 3.49-3.50 (d, J = 8 Hz, 2H, —CH,NHR),
2.39 (m, 1H, —CH), 2.07 (s, 1H, —CHCOR), 1.49 (d, ] = 7.5
Hz, 2H, —CH,), 1.01-1.04 (t, ] = 7 Hz, 3H, —CH,). J is the
coupling constant.

The measurement conditions and pretreatment of the Zimm
plots of the HMBHAPs from static light scattering: solvent,
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Figure 2. FTIR spectrum of the HMBHAPs.
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Figure 3. "H-NMR spectrum of the HMBHAPs.

-1.5

formamide, and pure water (volume ratio = 1:1) in 1 mol/L
NaCl solution (the refractive index increment dn/dc = 0.161
mL/g), and the solution was filtered with a 0.25-um membrane
to dust before the test.

Generally speaking, if a hydrophobe bears a chromophores such
as phenyl or other aromatic groups, the hydrophobe content of
a copolymer can be determined accurately by UV spectros-
copy.”*”>®1 TH-NMR is also generally accurate for determining
the hydrophobe content if the hydrophobic level is above 1 mol
% or the hydrophobe contains two terminal methyl groups as
N,N-dihexyl acrylamide.”®”®” However, in our case, the hydro-
phobic monomer consists of alkyl chains; no accurate results
could be obtained by these methods because the extremely low
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amount of hydrophobes (0.2 mol %). As a result, we implicitly
assumed that the actual level was equivalent to the initial feed
content as some authors mentioned.”*”>® In addition, there
was no significant difference among the M,, values of the
HMBHAPs (shown in Table I), so a meaningful comparison of
their solution properties was made, as shown later.

Solution Preparation

1. Dry powder of the HMBHAPs were mixed with ultrapure
water with stirring to make a 5000 mg/L mother liquor, and
this was left still for more than 24 h before use.

2. The stoichiometric SDS was predried for 3 h at 80°C,
weighed accurately, and added to a 500-mL flask with 400
mL of ultrapure water. The flask was placed in an ultrasonic
cleaner to oscillate for 5 min. Then, the stock solution (5 X
107% mol/L) was obtained by the addition of water to the
mark line.

3. At a fixed HMBHAP concentration, as a function of the SDS
concentration, the copolymer mother liquor (5000 mg/L) and
the SDS solution (5 X 102 mol/L) were diluted and made
up of the mixed solutions of HMBHAPs (3000, 3500, and
4500 mg/L) and SDS (a series of concentration).

4. With ethanol as the solvent, 0.0202 g of pyrene was weighed
precisely and added to a 100-mL flask. Then, we made a
solution in which pyrene concentration was 1 X 10~ mol/L
by marking the line. Furthermore, the solution was diluted
to 1 X 10™* mol/L as a reserve.

5. With a pipette, 0.6 mL of a pyrene solution (1 X 10~* mol/L)
was placed in a beaker and diluted to 30 mL with the previous
mixed solutions (prepared in step 3) after the ethanol

8.031¢-06, Ny
Kc/ARg
_mol
[
& 0 11
: sin®(8 / 2)*68301c :
Zimm plot
N3

6.624¢-06 N
L Y }l id
! I 111171
x| A O i O v
! T r1 11777
L T ri 111
5 =
o sin’( / 2°68301¢
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Figure 4. Zimm plots of the HMBHAPs from static light scattering: K, optical constant; ¢, solution concentration; 0, scattering angle; Ry, Rayleigh ratio.
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Figure 5. Variation of the zero-shear viscosity as a function of the concen-
tration of SDS for the HMBHAP/SDS mixed systems at a concentration
of 3000 mg/L.

completely volatilized. Thus, HMBHAP/SDS mixed solutions
labeled by pyrene (concentration = 2 X 10~° mol/L) were
obtained.

6. Before the measurements, all samples were mixed by a mag-
netic stirrer and left still for at least 2 h.

Viscosity Measurement

The stress—sweep viscosity curves of the HMBHAP/SDS mixed
system were obtain on a physical MCR301 rheometer (Anton
Paar) with the functionality of an automatic data record and
storage at 30°C. The measuring system was the cone-and-plate
geometry system (CP75-1, 2° angle, and 75-mm diameter), and
the stress was 0.001-10 Pa. The zero-shear viscosity (170) was
calculated according to the Carreau—Yasuda rheological model
[eq. (3)], and the variation plots of 1, versus the SDS concen-
tration were made from the data:*’

7= (00— Yin) * (14 (7% %)]T +yint 3)

where y is the viscosity input data, x is the shear rate input
data, A is the characteristic relaxation time, a is the Carreau
constant, n is the Carreau index, y, is the zero-shear viscosity,
Yinf 1s the infinite shear viscosity, and y, is always greater than

)’ inf*

Table II. Tackifying Amplitudes and Intervals of the Different HMBHAP/
SDS Mixed Systems

WILEYONLINELIBRARY.COM/APP

Initial Maximum  Tackifing Tackifing
viscosity  viscosity amplitude interval
Sample  (Pas) (Pa s) (%)? (1072 mol/L)°
N1 55.80 98.75 176.97 0-6
N2 75.02 158.43 211.18 0-5
Nz 112.51 34551 307.09 0-4

#Percentage of the maximum viscosity and initial viscosity.
®SDS concentration range in which the viscosity is always higher than
the initial viscosity.
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Figure 6. Variation of I5/I; as a function of the concentration of SDS for
the pyrene-labeled HMBHAP/SDS mixed systems at a concentration of
3000 mg/L.

Fluorescence Study

The fluorescence spectra were recorded on a Cary Eclipse fluo-
rescence spectrophotometer with a Czemy—Tumer monochro-
mator (resolution = 1.5 nm, accuracy = 1 nm). The excitation
wavelength was 335 nm, and the excitation/emission slit was 5
nm in all of the experiments. Pyrene-labeled HMBHAP/SDS
mixed solutions were added to 1-cm quartz cells for the meas-
urements. The emission and excitation spectra of the solutions
were recorded with front-face detection. The emission spectra
were not corrected.

Conductivity Determination

The conductivities of the SDS solution and the mixed system of
HMBHAPs with SDS were determined on a DDS-307A conduc-
tivity meter equipped with a platinized platinum electrode at
30°C. Curves of the specific conductance alternated with the
SDS concentration were also plotted from the data.

RESULTS AND DISCUSSION

Zero-Shear Viscosity Analysis

As shown in Figure 5, the zero-shear viscosity of the mixed sys-
tems of the copolymers with SDS passed through a maximum
with increasing SDS concentration (SDS concentration ~ 2 X
107> mol/L) and reached a minimum where the concentration
of SDS was around 8 X 10~ mol/L (cmc of SDS). These effects
were ascribed to the result of two opposing processes: one was
the formation of mixed micellar-like aggregates containing alkyl
chains belonging to the surfactant molecules and copolymers by
crosslinking and bridging patterns, and the other was the
replacement and collapse for micellar-type aggregates by uni-

. . 38,39,48,50,91-97
functional aggregates and pure surfactant micelles.

However, what we must emphasize is that the increasing rates
of viscosity were enhanced slowly at first and then showed a
steep increase before the maximum viscosity point. This result
was correlated with two issues: one was the number of mixed
micellar aggregates, and another was their lifetimes. It is well
known that the hydrophobic groups of copolymer chains can
associate to form intramolecular and intermolecular crosslinks.
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Figure 7. Conductivity versus concentration in the SDS solutions.

When SDS was mixed with HMBHAPs, the hydrophobic units
extended into the crosslinks to make the many hydrophobic
groups of HMBHAPs exposed. Thus, some associations changed
from intramolecular to intermolecular association or many
intermolecular mixed micellar junctions whose lifetimes were
stronger began to form or the number of junctions increased.
Piculell et al.** found that the lifetimes of the mixed micellar
junctions formed by hydrophobically modified hydroxyethyl cel-
lulose (HMHEC) with nine anionic and cationic surfactants
(excluding SDS) increased across the viscosity maximum,
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whereas the number of mixed micellar junctions decreased.
However, this conclusion is not necessarily applicable to the
HMBHAP/SDS system. To that end, the factor that played a
dominant role needs to be further studied with other feasible
methods, such as rheological measurement?®*+>%%8
cence study.”*'%

and fluores-

In addition, as shown in Figure 5 and Table II, the increasing
rates and amplitudes of viscosity increase with increasing Ny
on the contrary, the tackifying intervals decrease. These phe-
nomena can be interpreted to mean that HMBHAPs with lon-
ger Ni/s have more hydrophobic moieties on each hydrophobic
microblock of the copolymer molecular chains so that there are
more intermolecular association structures instead of intramo-
lecular associations. With the addition of SDS, the strength (i.e.,
lifetime) or the number of intermolecular association structures
increases pronouncedly. However, what the main factor is still
needs to be clarified. Furthermore, the rule of viscosity changing
with the concentration of SDS at the HMBHAP concentration
of 3500 or 4500 mg/L was same as 3000 mg/L, so the plots are
not given, and this is discussed further.

Fluorescence Analysis

From the pyrene emission spectra, an intensity ratio was calcu-
lated: the intensity ratio of the third vibrational band (at 383.5
nm) to the first band (at 373 nm; I;/1;).°>'" There was a consist-
ent law of IL/I; changing with the concentration of SDS in
pyrene-labeled HMBHAP/SDS mixed solutions (shown in Figure
6). Above all, Li/I; steeply increased with the concentration of

1000 1000
N, N
900 900-
y=30.212x+555.89
< 800 7 R-09852 + 800 =™ y=302627x+548.729
8 g R2=0,9947
%'mo- $ 7001
y=43.314x+481.6 y=42.342x+480.2
6001 © Ri09988 600 RZ=0.9966
2 4 6 8 10 12 14 16 2 4 6 8 10 12 14 16
The concentration of SDS/(10-3 mol-L'!) The concentration of SDS/(10-3 mol-L™)
1000
Ny
m_
¥=30.229x:+555.41
Sl - R%-1
3
2 700 4
6004 y=41.2x+482.2
R%=0.9943
500 r T T T T T
2 4 6 8 10 12 14 16

The concentration of SDS/(107 mol-L"})

Figure 8. Variation of the conductivity as a function of the concentration of SDS for the HMBHAP/SDS mixed solutions at a concentration of 3000 mg/L.
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Figure 9. Variation of the conductivity as a function of the concentration of SDS for the HMBHAP/SDS mixed solutions at a concentration of 3500 mg/L.

SDS, then increased at a relatively slow rate, and ultimately
reached a plateau above a certain concentration. In addition, with
increasing Ny, L/I; increased, and the plateau occurred at a lower
concentration of SDS. The concentrations of SDS corresponding
to the break points of the plateaus, respectively, were 2 X 107>
mg/L (N}), 1.5 X 107> mg/L (N,), and 1 X 107> mg/L (N3).

These results could be interpreted such that in the presence of
SDS in solutions, SDS could interact with HMBHAPs to form
mixed micellelike aggregates, where there were many hydrophobic
microdomains enriched by SDS molecules. As a result, the com-
pactness of the hydrophobic domains increased, and the average
micropolarity of the solution decreased; this enable more pyrene
molecules to solubilize in hydrophobic domains and caused I/I;
to increase.””'%>19%1% The structure of the hydrophobic domains
was basically stable at a certain concentration of SDS so that L/
reached a stable value. This interpretation suggests that the inter-
action strength of the HMBHAPs with SDS gradually increased
with the SDS concentration before it reached stability.

Although the inconsistent increase of I3/I; before the stable
value was related to the different increase degrees (caused by
the SDS molecules) for the compactness of hydrophobic
domains, when SDS was mixed with HMBHAPs initially, a cer-
tain number of SDS molecules interacted with the HMBHAPs
to cause an obvious enhancement in the lifetime of mixed
micellelike aggregates in a certain concentration range of SDS,
whereas more SDS molecules only caused a slow increase in the
lifetime outside the range. Meanwhile, when the Np; was longer,
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the I;/I; was greater, and the SDS concentration corresponding
to the platform was lower; this indicated that the tightness of
the hydrophobic domains was larger, and the number of SDS
molecules needed to form a steady structure was lower with ris-
ing Np. Undoubtedly, this also showed that the interaction
strength between the HMBHAPs and SDS increased with Nz
this demonstrated that the increase in the lifetime was one of
main factors in the previous results obtained from the viscosity
measurements. The same trends were seen for the other mixed
systems, where the concentrations of HMBHAPs were 3500 or
4500 mg/L, and the results are not discussed further in detail.

Conductivity Analysis

Specific conductance is a parameter representing the conductive
performance of materials, such as metals, semiconductors, and
electrolyte solutions. When the conductivity is greater, the con-
ductive performance is stronger. The temperature, doping level,
and anisotropy are the main factors affecting conductivity. For
electrolyte solutions, the conductivity (k) can be calculated on
the basis of eq. (4).

K= Gi =G-K (4)
A

where G is the conductance, [ is the conductive length, A is the

conducting cross-sectional area, and K is the electrode constant.

Because K is a constant for a fixed electrode, x is only related

to G, whereas G depends on the solution concentration, the dis-

sociation coefficient, and the migration rate of ionic in
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Figure 10. Variation of the conductivity as a function of the concentration of SDS for the HMBHAP/SDS mixed solutions at a concentration of

4500 mg/L.

solution.'®* Therefore, when the temperature and other external
conditions were invariable, x also relies on these three factors.

cmce is the lowest concentration at which surfactant molecules
aggregate to form free micelles in solution.'®™'*” It is an impor-
tant feature of surfactants: as the cmc decreases, the concentra-
tion required to make the micelles free and to reach saturated
surface (interfacial) adsorption decreases. In the presence of
HMBHAPs, the SDS molecules liaisoned with hydrophobe units
to constitute a hydrophobic domain where SDS was incorpo-
rated; this resulted in the variation of the cmc of SDS in the
mixed system. Therefore, the method, the measurement of the

(ﬂ [N

SDS

Figure 11. Segment-fitting slopes k;; and ky, for the conductivity curves of

cme of SDS in pure and mixed solutions, respectively, could be
used to investigate the effect of Ny on the interaction strength
and binding capacity between HMBHAPs and SDS.

SDS cmc

The curve of conductivity alternating with the concentration in
SDS solutions was plotted from the data. A significant inflection
point occurred, so the piecewise linear fit was made on the
curve (shown in Figure 7).

According to Figure 7, the slopes of the fitting curve before and after
the turning point could be denoted, respectively, as k; and k.

(®)

EmsDs BN BN, BN

3000

SDS 3500

4500

the HMBHAP/SDS system with different copolymer concentrations (3000,

3500, and 4500 mg/L) as a function of the SDS concentration: (a) k; (white column) and k;; (other columns) and (b) k, (black column) and k,, (other

columns).
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Table III. Binding Results for SDS with the HMBHAPs

WILEYONLINELIBRARY.COM/APP

CIENC

Copolymer SDS cmc in Binding

concentration SDS cmc Cq the mixed system: concentration Molar ratio
Sample (mg/L) (1073 mol/L) (1073 mol/L) C- (1072 mol/L) (1073 mol/L) (SDS/hydrophobes)
N1 3000 7.98 7.00 9.00 1.02 13.10:1
N2 3000 7.98 7.00 8.50 0.52 6.67:1
Nz 3000 7.98 7.00 8.20 0.22 2.81:1
N1 3500 7.98 7.00 9.20 1.23 13.51:1
N2 3500 7.98 7.00 8.70 0.72 7.92:1
Nz 3500 7.98 7.00 8.50 0.52 5711
N1 4500 7.98 7.00 9.50 1.53 13.09:1
N2 4500 7.98 7.00 9.00 1.02 8.74:1
Nz 4500 7.98 7.00 8.70 0.72 6.16:1

ky was greater than k,; this illustrated that the variation
amplitude of the conductivity was inconsistent as a function
of increasing concentration in the SDS solutions. That is, the
dissociation coefficient and the ionic migration rate were
greater before the point. This result was related to the reach-
ing of the cmc of SDS at the break point at which the SDS
molecules formed free micelles to reduce the dissociation
degree of SDS. Consequently, the concentration (7.98 X 107’
mol/L) corresponding to the inflexion was the cmc of SDS at
room temperature. This cmc was consistent with the values
reported (8.00 X 107> and 8.08 X 107> mol/L) in the litera-
ture by conductivity.**'%®

Binding Interaction of HMBHAPs with SDS

As shown in Figures 8-10, there was very good agreement on
the conductivity conversion with the concentration of SDS in
the HMBHAP/SDS mixed solutions at room temperature. Two
break points, namely, C; and G,, existed on the curve. Thereby,
the curve was made into a linear segment fit to obtain the dif-
ferential slopes, which were denoted as k;; and k,,. The conduc-
tivity increased linearly with the concentration of SDS below C;
and above C,, and k;; was greater than k,,. However, the con-
ductivity aggrandized nonlinearly between C; and C,, and the
amplitude decreased and even leveled off. It was apparent that
the dissociation coefficient and the migration rate of ions in the
mixed solutions were different at each various stage.

In addition, as depicted in Figure 11, k;; of the mixed system
was below the k; of the pure SDS solution; this suggested that
the pure SDS solution made a greater contribution to the con-
ductivity than the combination system at a common concentra-
tion of SDS. In terms of the HMBHAP/SDS mixed system, the
small number of hydrophobic groups on the HMBHAPs molec-
ular backbones formed mixed micelles with the SDS molecules
through hydrophobic interactions. The k,, of the mixed system
was practically similar to ky; this showed that when the SDS
concentration of the mixed system exceeded C,, the contribu-
tion to the conductivity made by the mixed system was consist-
ent with the pure SDS after cmc. This suggested that the
combination of HMBHAPs with SDS was saturated, and normal
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surfactant micelles formed free in the system. As mentioned in
the literature,””'” the mixed micelles formed by hydrophobi-
cally modified polymers with SDS have a higher degree of
charge delocalization than those of a regular SDS micelle. Thus,
the concentration corresponding to C, could be theoretically
regarded as the cmc of SDS in the HMBHAP/SDS system, and
the saturation binding capacity of the copolymers with SDS was
located between C; and C,.

On the other hand, k;; decreased with ascending Ny at the
same concentrations of HMBHAPs. There was no doubt that
the ionic strength of the mixed solutions decreased and made
less contribution to the conductivity. So, the HMBHAPs with a
longer microblock had more close-knit combinations with SDS;
this led to the drop of the dissociation ability of the solutions
and the ionic migration rate. This result also further confirmed
the preceding interpretation for the viscosity measurements and
fluorescence experiments. However, the reason why the increas-
ing conductivity amplitude decreased and even leveled off was
not demonstrated, and further discussion needs to be conducted
in other works.

15

22N NN, =N,

124

Z2 MUY
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Figure 12. Binding molar ratios of SDS with the HMBHAPs at different
copolymer concentrations (3000, 3500, and 4500 mg/L) as a function of

0

&
8

the SDS concentration.
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Binding Capacity of HMBHAPs with SDS

The previously obtained saturation binding capacity of SDS
with HMBHAPs should have been between C; and C,, but the
value was not accurately calculated. Therefore, it could be
acquired via the deduction of the cmc of the pure SDS from
the cmc of SDS in the HMBHAP/SDS system. The results of
the combination are shown in Table III and Figure 12. They
show that the longer Ny was, the smaller the binding capacity
was. This consequence could be interpreted as follows; the
mixed micelle aggregation number in the solutions was com-
posed of the hydrophobic side chains along the HMBHAPs
backbones and the hydrophobic units of SDS. The aggregation
number was fixed at a certain concentration of copolymers and
SDS. When N was longer, the hydrophobic side chains con-
tained in each block were much greater, and the hydrophobes
of SDS required to saturate the mixed micelles were less. This
demonstrated the interpretation for the lower SDS concentra-
tion corresponding to the I3/I; platform with longer micro-
blocks. The combination regimes were similar to the results
reported in the literature,”® where the binding capacity of the
hydrophobically modified HEC with SDS at the maximum solu-
tion viscosity was 4:1 (the molar ratio of SDS and hydro-
phobes); this was obtained by the analysis of the combination
viscosity, fluorescence, and NMR self-diffusion data. Last but
not least, the binding capacity increased with the concentration
of HMBHAPs when Ny was longer (N, and N3). This phenom-
enon presented a consistent trend with the segment fitting slope
ky; for the same HMBHAPs. So, this may have been due to the
salt effect caused by the electrostatic interaction of carboxylate
ions of copolymers, but this needs to be confirmed by other
studies.

CONCLUSIONS

Hydrophobically associating poly(AM/NaAA/C;,AM)s with Ng’s
were prepared by micellar copolymerization, and the molecular
structure was confirmed by FTIR spectroscopy, 'H-NMR, and
static light scattering. Then, the interaction strength and bind-
ing capacity of the copolymers with SDS were investigated by
viscosity measurement, fluorescence, and conductometry. The
results obtained by the viscosity measurement show that the vis-
cosity of the mixed systems of the copolymers with SDS passed
through a maximum (concentration of SDS ~ 2 X 102 mol/L)
with increasing SDS concentration and reached a minimum at
the cmc of SDS. More particularly, the increasing rates and
amplitudes of viscosity increased with increasing Np; on the
contrary, the tackifying intervals decreased. From the fluores-
cence study, it was shown that in the pyrene emission spectra,
the ratio of the third vibrational band to the first band (I/I;)
significantly increased with increasing SDS concentration and
stabilized above a certain SDS concentration. The I3/I; of differ-
ent copolymer/SDS systems increased and stabilized at a lower
SDS concentration with increasing Ny In the conductivity
experiments, all of the conductivity plots of the copolymer/SDS
systems had two break points, and the conductivity increased
nonlinearly between the inflection points. All of the results indi-
cate that the interaction strength between the copolymers and
SDS increased with Ny. Furthermore, we compared the cmc of
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SDS in the copolymer/SDS mixed systems with the cmc of the
pure SDS solution, and the binding capacity was calculated
from the difference. The results show that the binding capacity
slightly decreased with increasing Ny The conductometry
needed to determine the binding capacity of SDS with copoly-
mers was provided with a certain feasibility. However, the
explanations for the nonlinear increase or platform of conduc-
tivity between break points C; and C, and the increase in bind-
ing capacity with increasing copolymer concentrations were not
accurately given and needed to be discussed further.
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