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Abstract

Complete removal and substitution of non-renewalille renewable
surfactants in consumer products is often not ptessiithout the reduction of
desirable properties (solubility, wetting, deterggretc.). The synergetic
relationship in mixtures might prove advantageouseducing the
environmental footprint and increasing the biocotitplgy of consumer
products that use surfactants. Binary aqueous neixtof (1) alkyl
glucopyranosides (glycosides), (2) alkyl maltopysides (maltosides), or (3)
alkyl N-methyl glucamines with (1') sodium alkyl sulfat@s(2’) sodiumn-
alkyl carboxylates were investigated in an efforevaluate physiochemical
properties for mixtures of surfactants from renelabsources. Through
surface tension and nuclear magnetic resonance (NMgeriments solutions at
various concentrations and mixture ratios wereweatall to determine critical
micelle concentrations (CMCs). The greatest radngh CMC was found for
surfactants with long and intermediate hydroph@mgths. In agreement with
other studies, an increase in hydrophilic group siad flexibility decreased the
electrostatic repulsion of ionic-nonionic mixed glles as evidenced by a more
negative Rubingh’g parameter. However, at low hydrophobe length,
carboxylate and glycoside headgroup mixtures predunixed micelle
interactions displaying synergism at low nonionicfagctant mole fractions and

slight antagonism at high nonionic mole fractioflse asymmetry in interaction



produces an S-shaped CMC curve and demonstratab¢hane-parameter
Rubingh model is insufficient in describing botmeygism and antagonism for
this binary mixture. The analysis of NMR data rdeda stepwise mechanism
of micelle formation for 1:9 sodium sodium alkylfsties and alkyl
glucopyranosides mixtures.

In addition, agueous solutions of sodinralkyl carboxylates sodium
tetradecanoate (S14C) and sodium dodecanoate (S&#t€)used to evaluate
complicated precipitation zones and to monitorefiects of bulk pH
adjustments on surface tension and CMC determimétion surface tension
plots. Issues with solubilities of pure sodiuralkyl carboxylates in solution
near the critical micelle concentration (CMC) héwesn reported previously
many times. In this study, some solubility isseesountered with solutions
prepared from vendor-supplied S12C were resolvexlgh additional
purification. As sodium alkyl carboxylates presshin the literature are
commonly used as received from the manufactureowttadditional
purification, the wide range of reported CMC valasswell as solubility issues
for S12C are likely due to impurities as well. Haeg solubility for S14C
solution concentrations near reported CMC value®wet resolved through
additional purification of purchased material. Watiéve that CMC values
reported in the literature for C14S should be remered, as breaks in surface

tension relationships are likely caused by the &irom of precipitate not



micelle aggregation. In addition and in agreemait wther studies, solution
pH adjustments revealed an optimum surface terfsramaximum solubility

near S14C pKvalues.
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Chapter |

Surfactant Background

1.1 Structural and Chemical Properties

Surfactants are organic compounds possessing gdtbghobic and
hydrophilic motieties. Figure 1.1 displays théeamatic representation of a
surfactant. These amphiphilic molecules are saréative agents that reduce

interfacial tensions.
Hydrophilic
. )
Hydrophobic
(Tail)
Figure 1.1 Schematic representation of surfactant.

(Head)

Dissolved in water, surfactants hydrophobic grodigtort the structure
of water and therefore increase the free enerdglyeo$ystem. To minimize free
energy, at low concentrations surfactant molecobesentrate at the surface,
orienting hydrophobic groups away from the solvénthigher concentrations
when the surface nears surfactant saturation,sdative molecules aggregate
with their hydrophobic groups directed towardsititerior resulting in micelle
formation [1]. Micelle formation is an importanthh@nomenon in interfacial
interactions such as detergency and solubilizd&2prFigure 1.2 provides a

schematic of the processes described above.
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Figure 1.2 Schematic of surfactant behavior in aqueous saiutio
Due to their simple intrinsic properties and cheahwersatility surfactants have
been heavily utilized in the following consumer gwots: detergents, cleaning

products, cosmetics, facial cleaners, shaving csesmd deodorants [3-5].
1.2 Commercial Applications

Initially utilized as a cosmetic hair pomade by Gauls more than 3000
years ago [6], it has only been within the last@ @@ars that surfactants have
been used as a general purpose cleaner. Multicoempsgstems were first
introduced by Germany in the 2@entury and were used as laundry detergents
and were “self-acting” for routine washing of tée$. Improvements and
selective enhancements of multicomponent systems fuether achieved with
the introduction of synthetic surfactants and waisegally accepted worldwide

with the introduction of Tide by Proter & Gamblel@46 [7]. However, due to



the low biodegradability and environmental toxictgused by branched
tetrapropylenebenzenesulfonate (TPS) containinguddations of the 1950,
replacement with more rapidly and effectively deigiale linear
alkylbenzenesulfonates, nonylphenol ethoxylatésyl sulfates and sodium
alkyl carboxylates have been promoted sociallyamfdrced legally [7].

Recently an increased interest and use of surftsctaade from
renewable resources has arisen in order to givermnial surfactants a
favorable environmental “green” image. Biosurfatseare surface active
molecules that contain head and tail groups pradibgea variety of
microorganisms mainly bacteria, fungi and yease fl@newable headgroup
components can also be chemically tethered to Ipetrobased linear
hydrocarbon tails or renewable linear hydrocarbmmstituents produced from
locally available resources (ie. grasses and whBaijurfactants are often
prepared under harsh chemical conditions with geeai environmentally
unfriendly polar solvents [8, 9]. An exception e tmanufacture adlkyl
polyglucosides (APGs) which are produced under maéttion conditionsTo
further reduce environmental hazards and decréasearbon footprint made by
biosurfactants the use of enzymes in surfactanufaaturing has increased
[17].

As displayed in figure 1.3 surfactants are commatfdssified into four

categories based on the formal charge presentbeimlyophobic headgroup



and are as followed: anionic (negatively chargeabionic (positively charged),
nonionic (uncharged) and amphoteric (zwitterionstaming both positive and

negative charges at defined pH).
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Figure 1.3Common surfactants used in consumer formulations.



Modern consumer formulations are comprised of 2@ore ingredients
depending on what benefits the product is meaptduide [6]. For the
household industry, the most common anionic suafastare those with a
sulfate, sulfonate, or carboxylate headgroup [A@]onic salts are sensitive to
low pH and electrolytes in solution, producing watesoluble fatty acids. As
precipitation generally renders the surfactantfeative in solution, the task of
effectively and efficiently combining additives fmleal performance has proven
quit difficult due to the complexity of the cleagiprocess and the large
variations in particulate matter and substrate.

For optimum product performance it is importanutalerstand and
describe molecular and bulk interactions of sudgatg in solution such as
micelle formation [11, 12], adsorption at interfag&3], wetting [14],
emulsification [15], detergency [7], foaming anditmaming [16]. However, to
date we do not have the ability to completely accbgately describe all the
interactions presented above. To minimize molecaar bulk interactions
experienced in real world product applicationsptidm-up approach is used in
this study to evaluate pure surfactants in solusiod binary mixed surfactant
systems. The study will present surface tensionnarctear magnetic resonance
(NMR) spectroscopy experimental data used to detereritical micelle
formation (CMC) for pure and binary (anionic-non@rsurfactant systems, as

well as the mixing behavior according to Rubingbre parameter model for



selected binary systems. In addition surface tengiots of selectedodium n-
alkyl carboxylate are collected and used to evaleamplicated precipitation
zones. The presented studies will ultimately assishprovement of current
theoretical tools or the development of novel tie&oal tools needed for the
optimal selection and evaluation of amphiphilic salles used in scientific,

commercial and industrial research and development.



Chapter Il
Experimental

2.1 Materials

The followingalkyl sulfates and sodium alkyl carboxylates were
purchased from Sigma Aldrich (St. Louis, MO, USA)dium dodecyl sulfate
(S12S), sodium decyl sulfate (S10S), sodium tetrageate (S14C), sodium
dodecanoate (S12C) and decanoic acid (S10H). Tdieracsurfactant salt
sodium decanoate (S10C) was prepared by neutmlinencorresponding acid
from Sigma Aldrich with an equimolar quantity ofdsem hydroxide. After
refluxing for 2 hr in a 3:1 ethanol/water solutidine salt was crystallized from
cooled solution to 4C, washed with anhydrous acetone, and dried under
vacuum. Nonyl-, octyl- and heptyl-glucopyranosj@N#, where #=9, 8, 7
respectively), nonyl- and octyHD-maltopyranoside (2GPN#, where #=9,8
respectively), as well as decyl-, nonyl-, and ofyinethylglucamine (MEGA#,
where #=10, 9, 8 respectively), were purchased #o@trace (Affymetrix-
Santa Clara, CA, USA). All surfactants were reediat greater than 99%
purity and used as received without further puaificn for experiments
conducted in Chapter lII.

The S14C and S12C used in Chapter IV were receit/gceater than

99% purity and further purified through recrystadliion techniques. Vendor-



supplied surfactant powders were dissolved in ath@nol and water solvent
solution at 60°C. The solute was allowed to slowdgl to room temperature and
then filtered through #1 Whatman® filter paper gsinBuchner funnel and
suction. The isolated and purified powders weaslved with cool 4:6 ethanol
and water solution, and vacuum dried. The S12CH@tC materials were
recrystallized in this manner three times priouse. Glassware used in this
study was cleaned using Nochroftlx Molecular structures of surfactants
used in this study are shown in Figure 2.1.

ﬁ O Ma'
~ H,e 7N 4
@ 5= 0a! :
HyC o ||

Q
[o] : ; CH
Sodium Alleyl Sulfate (S(n+15) Sodium Alkyl Carboxylate (S(n+23C)
=011 n=5,10,12
Anionic Surfactants
HO o

HO
OH
CH. OH oH
OH = 0
(4] M o
HyC n oH H
HaC @O OH o o OH oH H,C " O OH
OH OH
Alkyl glucopyranosides (GPH(n+1)) Alloyl M-methylglucaming (MEGA{n+1)) Alloyl polyglcosides (2GPN(n+1))

n=G7 8 n=7 89 n=7 .8

Nonionic Surfactants

Figure 2.1 Molecular structures of anionic and nonionic sudats.



2.2 Methods

All solutions in chapter Il were evaluated at a 19 (except where
specified) in 18 M) deionizedwater using freshly prepared solutions &t@5
Pure S12C and S14C experiments were carried awbaadjusted pH regimes
of 7.2-7.5 and 10.5 with all other experimentalditions as stated above. pH
adjustments were made via sulfuric acid$By) or sodium hydroxide (NaOH).
Different pH’s were required because of insolupitf vendor supplied S12C
and S14C at concentrations near the CMC &€28d a pH 8.0. Solution pH
adjustments in chapter IV were made for every steifg concentration
evaluated in part of the experimentation; in soases the pH was not adjusted.
pH was adjusted via sulfuric acid {60;) and/or sodium hydroxide (NaOH)
and monitored with an Oakton (PC 100) pH meter gdeills, IL, USA).

A Wilhelmy Plate method with a silica plate prokas used to

determine surface tensiop)( In this method, the plate is oriented perpendicu

to the interface and the force excreted on it iasunead as displayed in Figure

2.2.

Figure 2.2 lllustration of Wilhelmy Plate method with a sdiplate probe



The surface tension for all solutions were deteaadias described in equation

il 21
Y_E'CDSB )

where(] is the wetted perimeter of the plate, F is thedoof gravity and® is

the contact angle between the liquid phase anc.pata in Figure 2.3 is a
representative example of data obtained from thHen@CA and was analyzed
to determine CMC, surface tension at CMC and sarfemsion reduction

efficiency (pGo) as shown on the figure.

S0 . I . .
= ]((fs) C'MC Determination
2o -
< V1T ~< S12C-GPNS8 (4:6)
E G0 - R* -
E o0 - ..:‘ -~ e
= yS—ZO mN/m E ~®
S 40 A ' e
o ' ~
¢ oq 1 cmMc=55mm
s 20 Temp=25°C :
E 10 - Surface tension of siolvent (s
e |
\lI/
HOHHHH i HlHH c i HlH CMCH IH Hl
0.00001 00001 o 0001 0.0l 0.1

Concentration (M)

Figure 2.3 Representative surface tension - log C plot tavshow (CMC) and
(pC0) were determined which shows the data qualitytiese experiments.
Dashed lines are fits to data based on a leastesgjggterion, where diamonds

are data.
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All CMC values were determined through linear regren fits done
using Excel Solver. There are two linear relatiopstobserved in the surface
tension - log C plots, one below and one aboveQREC. The concentration
region below the CMC is described by the Gibbshson [1], which is the
region where added surfactant still lowers theamgftension. To find the CMC
first Excel Solver was used to determine the lineagression fit from
experimental data collected in the Gibbs Isothesgian. A second linear
regression fit was then resolved for data pointkected at concentrations above
the Gibbs Isotherm. The intersection of the twoepehdent lines was then

solved to determine the CMC of the given solution.

The selection of surfactant concentration reginoesdgions within and
above the Gibbs Isotherm was not trivial. In thigly surfactant concentration
selection was based on visual preference whichaidably introduced bias.
However, the effect of selection bias in this stu@s shown to be limited as
CMC data from each hydophobe grouping low, intenadedand high was found
to have a standard deviation_di.®3,#0.12 and ©.2 respectively when
averaging 3 visually selected fits. For future Cl€lermination it is suggest
that if a CMC change greater than 20% is obserneehvwising averaging
criteria presented above, rejection or reconsiamratf observed fits should be

considered.

11



All non-linear regression fits of CMC data to deta@re f were done
using Excel Solver and an original Visual Basicgsean. Equations 3.2 and 3.3
require micellar compositions, which were alscefitt An iterative routine was
used, where first the micellar composition (X), @hen the beta parameter were
fit. To determine the former, Equations 3.2 ar®l\Bere used independently to
calculate CMG,and the least squares difference between the twG,giMas
minimized. Theng was fit to minimize the least square differenceveen the
average calculated CMgvalues from the first iteration and the measured
CMC,;, values. The number of iterations was determmleen the fitted beta
parameter did not change by more than one parthowsand. For
determination of, the relative standard deviations were assumée to
identical for all samples and were calculated bgraging values for 4 samples
that were repeated at least three times eBashed lines in Figures 3.1-3.4
correspond to +/- 10% variation to the fitted bed@ameter. Surface tensions
were measured with a CAHN 322 DCA (Madison, WI, USvich is displayed

in Figure 2.4.

12



Figure 2.4CAHN DCA-322
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Chapter Il
Mixtures of Nonionic Surfactants with Alkyl Sulfates and
Sodium n-Alkanecarboxylates: Comparison of Mixing Bhavior
using Rubingh’s Treatment

3.1lintroduction

Due to the increasing consumption of non-renewpbteoleum based
products and the high price of oil, a growing dethéor “green” surfactants,
that is surfactants from renewable resources, tssna Criteria for the use of
surfactants from renewable resources in consuneglupts such as shampoos,
toothpaste, etc. consist of low CMC, fast wettimngekics, high biodegradability,
and an ability to be produced in large volumes [I8pwever, these properties
are limited due to the significant synthetic changisonstraints placed on
renewable surfactant production. Alkimethyl glucamines (MEGA) and alkyl
glucopyranosides (glycosides/GPN) are two renewatitgonic sugar-based
surfactants synthesized from locally produced reatemals.

Molecularly similar sugar-based alkyl maltosideyglycosides (2GPN)
have been found to be both highly biodegradablehave low toxicity [17, 18].
However, nonionic surfactants are often not inctlsheconsumer products as
primary surfactants due to low foaming capacitgsistable foam, and hardness

of their detergency [10]. Instead, in many cansuproducts, nonionic

14



surfactants are mixed with ionic surfactants, ncashmonly anionic
surfactants. Though anionic salts are used agrtimary surfactant in many
consumer formulations, toxicology studies have ghtvat concentrations of
sodium alkyl sulfates as low as 0.5% could caug@tion and concentrations of
10-30% cause skin corrosion and severe irritatignlh addition, increased
aphthous ulcer formation caused by surfactantssidcdum lauryl sulfate
contained in toothpaste have been reported [2, 3].

Anionic sodium n-alkyl carboxylates have show tddss irritating and
have equivalent physical properties (at a moreomaooncentration regime then
sodium lauryl sulfate), but due to low hardnessrace (i.e. resistance to
precipitation induced by calcium or magnesium icarg] solubility issues
caused by pH sensitivity they have been used iswoer formulations in a
lesser extent then sodium lauryl sulfates. Du@tosiased reports of adverse
effects (skin irritation, skin corrosion and/or #pbus ulcer formation ) caused
by anionic surfactants, formulations containinghiygbiocompatible surfactants
with low toxicity like nonionic alkyl glycosides dmmaltosides, as well as the
broader molecular weight distribution analogueygloicosides, will be in
higher demand.

Synergism in surfactant mixtures has been obsarvadionic-cationic,
anionic-nonionic, cationic-nonionic, and even namienonionic mixtures [19].

In this study, alkyl sulfates and sodiumalkyl carboxylates are used as anionic

15



surfactants in mixtures with nonionic MEGA, GPN &@PN surfactants.

The anionic surfactants are made from either naturpetroleum feedstocks,
while the hardness tolerance (i.e. resistancedoiitation induced by calcium
or magnesium ions) for these surfactants is qaite IPure anionic surfactants
have significant electrostatic self-repulsion wiglee nonionic surfactants have
weak steric self-repulsion and both reduce themyiforce to form micelles [2].

However, after mixing, the electrostatic self-regpoih of the ionic
component is reduced by shielding from the nonitv@adgroups in the mixed
micelle at low nonionic concentration. When nondsurfactants are the major
constituent in mixed micelles, the smaller anidm@dgroups reduce steric self-
repulsion of the nonionic headgroups. Self-repuml$ar nonionic surfactants is
caused by steric interactions of its bulky hydrdipfor hydrophobic headgroups
[20]. In addition van der Waals interaction betwégdrophobic groups [21],
and possible hydrogen bonding between hydrogerpsmcand donor
groups[22] limit the degrees of freedom of the aatdint aggregates increasing
self-repulsion.

Specific surfactant pairing was based on CMC-matghie. a particular
anionic surfactant was paired with a particularianit surfactant based on the
criterion that the CMCs of the pure materials wegsproximately equivalent.
This type of matching allows symmetric evaluatidrsynergism within the

system; i.e. the CMC vs. mole fraction curve isragpnately symmetric. The

16



relative reduction in CMC vs. the lowest pure CMfnponent of the binary
system under investigation is also more pronoumtegstems where the CMCs
are matched. A low, medium and high grouping wefshéd with pure CMCs

of approximately 10, 20 and 75 mM respectively. I&dalar or hydrophobe size
could have been equally valid in terms of a sedectriterion; however,
symmetry of the CMC curve would not be possiblef@sthese surfactants,
matching either of these criteria would not hawktteroughly equivalent
CMCs.

From a previous study by our group [23], promigingperties and
interactions (lower CMC) have been observed in uneg of nonionic
renewable surfactants with non-renewable aniorkigl sulfates. Due to the
expected growing importance and demand of highdgdimnpatible nonionic
surfactants from renewable resources and the impogtof anionic/nonionic
mixtures commercially, we have continued our inigegions of these mixtures
with respect to their ideality of mixing accorditmjRubingh’s one parameter

model for the CMC.
3.2 Theoretical Background

Theoretical understanding of the mixing behaviomafed surfactant
systems was first described by the pseudophaseasiepamodel, which treated
micelles as a separate phase with ideal (i.e. gictamly) mixing of the binary

system [27, 28]. The pseudophase separation modslmbt predict or fit data

17



to synergetic or antagonistic behaviors, but reltéte chemical potential to
determine the CMC of the mixed surfactant systedeumvestigation [29]:

ML = ”fL'\ _g_ﬂ-; 1
oA Memc,/ O cmMc?

(8
[

wherea is the total mole fraction of surfactant 1 (inahsdsurfactant 1 in
solution and in micelles), CM& CMC,, and CMG are the critical micelle
concentrations of the mixed surfactant, pure stafgcl and pure surfactant 2
respectively. Though this approach has proven sstwevhen describing
surfactant mixtures of similar molecular propertisl structure, molecularly
dissimilar surfactant mixtures deviate from ideatimy.

To account for non-ideal mixing, Rubingh’s treagnused in this
study builds upon the pseudophase separation rbgdetroducing the
interaction parametet [30]. If f= 0 an ideal solution is assumed and surfactant
behavior follows regular solution theory and indésapure entropically-driven
mixing. A negatives parameter indicates mixing that is more altermptivan
random; i.e. the two different surfactants woulidhea be next to each instead of
being located next to a similar surfactant. Withefined as the mole fraction of
surfactant one in mixed micelles, the CMC of thaaly solution (CM&,) is

shown in the following two equations [16]:
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CMC, + 1—X)?
cMLcl::{"“ 1 exz[ﬁ‘( X2 35

emc,, = (1= CMC; explBX])
‘ (1-a)

3.3

The conditions for synergy to exist can be deteadiby independently
solving Equations (1) or (2) with the conditionattlictMG, < CMGC; and that
dCMCy/da = 0 at a point of maximum synergism. The condgifor synergy
to exist are [20] :

1. B must be negative
2. [1In (CMG/CMC,)[] < [1B[]

If the individual CMCs of the two surfactants idgn are similar (i.e. In
(CMC4/CMC,) ~ 0), any negativg parameter will represent synergism, #nd
will represent a reduction in CMC and favorablesrattion between surfactant.
Adjustments of this interaction parameter have pced well defined fits with
experimental CMC data in many previous studies 21,4 values can be
explained qualitatively when comparing the chempzzakntial of pure A or B
surfactant solution to the chemical potential @éBamixture. Wherg =0 the
chemical potential of pure A or B is equal thaaofAB mixture. However, a
positive or negativg values represents an increase or decrease resheati

chemical potential of the mixed system relativéh pure systems.
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Other more complicated model such as Maeda [3Bluewvada and
Blanckschtein [34] could be applied to the micelbenposition. However, such

models have no inherent advantage over that ofgRubi

3.3Results and Discussion

Table 3.1 shows the CMCs found in this study fopate surfactants as
well as various values measured in the literat8felC and S12C were partially
insoluble at pH 8.0; solubility was restored byussting pH of the surfactant
solutions. We found pH and solubility regimes $pecific S12C and S14C
concentrations; solubility occurred for a small pH7.1-7.5) as well as at pH
10.5 for all concentrations (0.01-100 mM) evaluatsidpH 7.1-7.5 the CMC
for S14C and S12C was evaluated to be 3.2 andniBl3espectively, while for
pH 10.5 CMCs were 5.5 and 22.1 respectively. \aheported in Table 3.1
and used in least square fittings for S14C and S4&@ determined from
interpolated values at pH 8.0 as 4.0 and 17.3 otisedy.  For mixtures of
anionic and nonionic surfactants, no anionic suafatcinsolubility was found at
pH 8.0 likely because the concentration of monoc&uirfactant was lowered
due to the formation of mixed micelles.

Although this topic will be fully explored in chagtlV, it is important to
note that a number of authors have also reporsecsswith the solubility of

pure S12C and S14C solutions. Lucassen [20] anttKevska et al. [21]
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previously described the degree of pH sensitivitg different zones of
precipitation for sodium n-alkyl carboxylates sadut that result in the
formation of neutral-soap, acid-soap and alkancid erystallites. For S12C
and S14C, an increased concentration and dissolutiovater is accompanied
by an increase in pH due to protonation (hydro)ysfshe oxygen connected to
the carbonyl leading to turbidity of the soap solui35]. We also observed a
depression in surface tension as a result of isex&S0O, or NaOH
concentrations , a trend also described in thealiiee [36, 37]. The wide range
of CMC values for S12C presented in the literatsiéely related to the lack of

control of surfactant purity (see Table 3.1).

21



Table 3.1Chemical name, abbreviation, molecular formulaletwalar weight,
CMCs from literature and CMCs measured from thislgt The triple lines
separate the table into low, medium and high CMlQesa

) CMC from**° CMC found?
Chemical* Molecular Molecular . R
Name Abbr. Formula Weight Literature in this study
(mM) (mM)
7.9
Sodium Dodecyl 8.0°20°C), 77
Sulfate S12S C12H25504Na 288.33 S.ZST,8.4MP
[38-41]
Sodium 4.0F6.9°7 4.0
Tetradecanoate S1aC GaHoNaG, 250.35 [42, 43]
n-Nonyl--D- 6.5 6.2
Glucopyranoside GPN9 GsHsoOs 306.4 [44]
n-Nonyl-5-D- 6.0 8.2
Maltopyranoside 2GPN9 GiHaOu 468.5 [45]
DecanoylIN- 5.0,4.87.0 71
Methylglucamide MEGAL0 Gi7HsNOs 349 [46-48]
. 26.9 21.3
Sodium Decyl Sulfate| S10S Ci0H24SONa 260.33 [45] :
14.37
(20°C),9.87(30°)
Sodium 28.6°(20°C),26.1F
Dodecanoate St2¢c GaHzaNal, 222.3 (30°C) 17.3
23.0,25.7,28.1°
[43, 49-52]
n-Octyl-5-D 232" 19.4
-Octyl-4-D- GPN8 GaH2606 292.4 26.0(22°C),24.5 :
Glucopyranoside [44, 53, 54]
n-Octyl-4-D- 19.5 24.9
Maltopyranoside 2GPN8 GoHagOu 454.4 [45]
n-NonanoyIN- 16.0,25.0°
methylglucamide MEGAI CreHasNOs 3355 [47, 48] 18.7
. 85.¢F,
Digg'n“(gte s10C G:H10:Na 194.25 95.57106.¢, 776
116(20C)"MR
[43, 55-57]
Heptyl$-D- 70.0° 30.0
Glucopyranoside /GPN GaHzeOs 2784 [45]
OctanoyIN- 51.3,54.87 324
Methylglucamide | MECGA8 CasHauNOs 3214 [47, 58]

1. Molecular structures of the compounds in thel@abe provided in Fig. 1.

2. All literature CMC values reported were collectt 25C and pH 8.0,unless otherwise stated.
3.5"CMC was obtained by Surface Tension data.

4. “CMC was obtained by Electrical Conductivity data.

5."CMC was obtained by fluorescence.

6. "CMC was obtained by photometric assay.

7MRCMC was obtained by chemical shift coefficientsrathyl group protons.

8. EPRCMC was obtained by evaluation of electron paramatigmesonance

9.MPCMC was obtained by membrane potential studies.
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Data for MEGAS in Table 3.1 was very different thtaat of reported
literature values. Our value for the CMC of MEG334 mM, seems in line
with the measured value of MEGA10 and MEGA9. Simd#C values as
reported in this paper were found in a previoudy{@3] by our group with
MEGAS8 purchased from the same distributor althotlnghsame bottle was not
used for this study. Examination of the trend of CMith increasing chain
length shows the addition of one carbon unit tony@rophobe length tends to
reduce the CMC by a factor of 2-3. The underlyimgrmodynamic process is
based on the additional methylene group’s abittgdd water molecules near
the hydrophobic chain, producing an increase inopgtupon release due to
transfer of the surfactant from bulk solutionlte &ir-water interface and is
often termed the Traube rule [59]. This trend hesnbwell established
previously and shown to be valid for several horgoles series of anionic,
cationic, and nonionic surfactants [60-64].

Table 3.2 display parameters for all mixtures evaluated in this study
Thep parameter indicates the mixing behavior of birmrgfactants systems;
where a positive or negatiyevalue indicates an antagonistic or synergistic
behavior respectively given the fact that the CNiM@se approximately

identical.
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Table 3.2Effects of hydrophobe length and flexibility of nonic surfactant on

mixed micelle interaction

Anionic-nonionic System | |in (CMC /CMC ) I* p Parameter’
S125-GPN9 0.22 -1.9
S12S5-2GPN9 0.17 -3.3
S14C-GPN9 0.44 -3.4
S14C-2GPN9 0.72 -4.5

S14C-MEGA10 0.57 -4.0
S10S-GPN8 0.05 -1.8
S10S-2GPN8 0.20 -1.7
S12C-GPN8 0.11 -4.4
S12C-2GPN8 0.36 -5.8

S12C-MEGA9 0.08 -5.0
S10C-GPN7 0.05,0.06 -fo.1

S10C-MEGAS8 0.83 -1.7

The condition for synergy to exists as descrie@Rbgen’. (I In (CMC1/CMC2)] < [

B

’p parameters determined as described in Equatiansl 3.
*s parameters of S10C-GPN?7 at low (0-0.4) mole feawtif nonionic 7GPN. An

accurate fit to Rubingh’s treatment over the entide fraction range was not

appropriate sg@ parameters for low molar nonionic and high molamionic were

calculated independently.

“p parameters of S10C-GPN?7 at high (0.6-1) mole ivaaif nonionic 7GPN.
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Figures 3.1 and 3.2 show CMCs as a function of rfralgtion of
nonionic component and least-square fits to tha dsing Equations 3.2 and 3.3
for sodium n-alkyl sulfate and sodium n-alkyl catplates mixed with nonionic
GPNn and 2GPNn surfactants respectiv¢lyarameters for the S12S-GPN9
and S10S-GPNS8 binary surfactant systems were digtednm a previous study
by our group [23]; for the S12S-GPN9 and S10S-GBNaverage fitted beta
parameter of -1.9 and -1.8 was found in this saslgompared to -1.8 and -1.3
of the previous study. Synergisms between bdyl alilfates and n-alkyl
carboxylate were greatest for the 2GPNn comparg¢loet&PNn binary systems
in three out of four group pairings as indicatediiyre negativg parameters in
Figures 3.1-3.3. 2GPNn has a headgroup that ghiguwice the size as that of
GPNn head group. Also, 2GPNn has a flexible dboed between the two
rings which provide increased flexibility. We beleethe size and increased
degree of freedom of the 2GPNn headgroup providee mificient shielding of
sodium alkyl sulfates and sodium alkyl carboxyldteadgroups, e.g. a
“wrapping mechanism”. Support for this proposegthanism is provided
when comparing nonionic headgroups in mixtureess fflexible decyl
glycoside/S12S and more flexible decyl maltosid2&Wvhich produces
parameters of -2.3 and -3.3 respectively [65].

The effect of headgroup size was further describyedioshi et al. [66],

observing similar but not as pronounced trend&éir tmagnesium dodecyl
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sulfate/C12E12 and magnesium dodecyl sulfate/C32&iktures withs
parameters of -1.22 and -1.60 respectively. ZhoRogkn also repoft
parameters for C12E4 and C12E7 with S12S as -084234 respectively,
concluding that increased length of hydrophilicugre decrease electrostatic
self-repulsion in mixed systems, resulting in irased synergism[2]. However,
headgroup size and “wrapping” effects seem to ls#shadowed by packing
constrains resulting from reduced hydrophobe cleigth for the shortest
hydrophobe chain groupings (S10S-GPN8 and S10S-3gRhRusing the
roughly equivalenp parameters observed in the S10S mixtures displiayed
Figure 3.1 c-d.

Though both negatively charged, sodium n-alkyl oaytate and
glycoside mixtures displayed comparatively moreatieg 5 parameters than
that of the sodium n-alkyl sulfates and glycosidetares as displayed when
comparing Figure 3.1 and 3.2 This trend was alported by Prokhorova and
Glukhareva; S12S-GPN and S14S-GPN compared to &R2X¢Cand S14C-
GPN shows parameters of -3.3, -2.5 and -4.1, -3.4 respdgt{é&]. The n-
alkyl sulfate/glycoside mixtures in our study desged less synergy, i.e. less
negative parameters, compared to values reported by Prokhand
Glukhareva, and greater synergy in the intermedigtitophobe sodium n-alkyl
carboxylate/glycoside mixtures [32]. Equivalemiesgy was observed when

comparing the S14C-GPN mixture from the currentigtio that reported by
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Prokhorova and Glukhareva [32]. Our study consisfgelire GPN constituents
as compared to the previous study which used cooiahglycoside mixtures
that contained a mixture of hydrophobe and hydidedbengths. The charge of a
surfactant’s headgroup has also been shown toteffieelle formation in ionic-
nonionic mixtures containing glycosides. A predaiudy found that a anionic-
nonionic S12S/GPN10 mixture hag @arameter of -2.3 compared t@ a
parameter of -4.1 for the cationic-nonionic dod&tyethylammonium

bromide/GPN10 mixture [65].
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Figure 3.1Experimental#) and predicted ( (1 (1) CMC values for a) S12S-

GPN9 b) S12S5-2GPN9,

c) S10S-GPN8, and d) 2I®ENS8 as a function of

the mole fraction of nonionic component. The sbhe is the best fit to the

data according to Equations 2 and 3, with dashmes Irepresenting £10% of

the fittedf value.

28



—
|

[o s BEs]

6 | Solution Theory B =-3.4 | Solution Theory B =-4.5 T
~5 - S14C-GPN9 ~ S14C-2GPN9
= , =6
: Ch
Q 3 Q
= = 4
O Q
3
2
1 a X =9 2
0 T T T T 1 1 T 1
0 02 04 06 0.8 1 0. 0.5 1
Mole Fraction of Nonionic Component Mole Fraction of Nonionic Component
a 25 - 1
_ Solution Theory  =-5.8
20 Solution Theory 3 =-4.4 20 -
S12C-2GPN8
. S12C-GPN8
P
EE 15 1
S’
Q
S 10 -
Q
5 -
0 T T T T 1
0 0 02 04 06 08 1

Mole Fraction of Nonionic

0. 0.2 0.4 0.6 0.8 1 Cgmpgnen‘[

Mole Fraction of Nonionic Component
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fitted B value.
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Figure 3.3 shows CMC data and non-ideal soluti@o fit to the data
for S1I0C-GPN7 mixtures. Inspection of the plot igufe 3.3a reveals a
significant problem. Evaluation of the S10C-7GPNtuie over defined
portions of the mole fraction regime yield diffet@verages values; beta value
above a mole fraction of nonionic of 0.5 is verffatent than that below a mole
fraction of 0.5. To better evaluate the asymmeIhtC pattern, addition ratios
for the S10C-7GPN mixture was determined as showsigure 3.3b. Whefi
parameters are evaluated independently for low.4P#nhd high (0.6-1) mole
fraction of nonionic 7GPN, both synergisfhdf -1.6 for the former range) and
antagonismf of +0.1 for the latter range) was observed. €hedues are
more representative of the actual behavior ofrhiidure.

This synergism-antagonism pattern as seen in tB€SGPN mixture
was not clearly observed in any other systems etidiut has been described in
the literature previously. For example, Hoffmaml #ossnecker described it
for the tetradecyldimethylamine oxide/ tetraethytaomium
perfluoroctanesulfonate binary system [68]. Theyatuded that the asymmetry
of the curve was due to changes in electrostaticséaric interactions produced
by variations in micellar composition. Sood et{&8] observed similar
increases in antagonism for stearyldimethyl ammuorghloride/ tetradecyl-
benzyl ammonium chloride as the former concentnaticreased. One

possibility is that changes in micelle compositaathe nonionic component
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increases provide additional surfactant headgrotgyaction that hinders
micelle formation. For example, it is possiblettiwaen the nonionic 7GPN is
the major component in the micelle its steric iatdions orient the
alkanecarboxylate headgroups in a way so as teaserheadgroup electrostatic
repulsions and cause an antagonistic effect. d@wew the fact that this effect is
not seen in the other mixtures with longer hydrboarchain lengths suggests
that it might be packing of the hydrophobes witthia micelle that causes the
loss of synergy at high nonionic contents. Hydrboa chain lengths are not
the same for the GPN and anionic surfactant, aadefative mismatch between
hydrophobe chain lengths will be larger for therséromolecules which in turn

could lead to an antagonistic effect.

31



80 é & 2 ) *.-ii‘
S S0 M A
Es Es0 T gTmmm==m T
4 _ _ © 40 e
2 30 - Solution Theory § = -1.7 z 30 Solution Theory g =-2.1
O s S10C-GPN7 2 @ o S10C-GPN7
10 - 10 - 2
a X =166 b ;
O T T T T 1 i:‘fl T T T X' _317 1
0 02 04 06 08 1 0 02 04 06 08 1
Mole Fraction of Nonionic Component Mole Fraction of Nonionic Component
90 - an - N
80 ; 80 a_ L ;;ﬂ

I'ullgmm.nq.
-1
o

= ) = Solution Theory B = +0.1
S .: _______ S
g Solution Theory 3 =-1.6 Q40 - S10C-GPN7
= uti yB=-1 =
E 30 1 % 30 THigh Mole Fraction of Nonionic
=20 4 S10C-GPN7 = 50 -
10 Low Mole Fraction of Nordonic 10 - 2
alC | © X2 ] d | | | X =7
0 02 04 06 08 1 0 0.2 04 06 08 1

Mole Fraction of Nonionic Component Mole Fraction of Nonionic Component
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To further evaluate the effects of nonionic headgriexibility on
mixed micelle formation, mixtures of sodium n-allkcgrboxylate/glycosides
were compared to sodium n-alkyl carboxylate/ N-mjlgllaicamine mixtures as
shown in Figure 3.4. Comparing data from Figl:@sand 3.3 to that of Figure
3.4, MEGA mixtures showed more negatpsparameters than the equivalent
GPN mixtures at high and intermediate hydrophohgtles, consistent with
what was found for mixtures with alkyl sulfates3]2 As before, we postulate
that this variation in synergism is due to diffezes in molecular structure
which produce variation in flexibility between theo surfactants. Based on a
cursory view of Figure 1, the MEGA linear open recapformation is more able
to adopt different conformations. We believe thiseased degree of freedom
in MEGA headgroup provides more efficient shieldofgodium alkyl

carboxylates headgroups, e.g. “wrapping”.
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3.4Conclusion

The specific objective of this work was to contirawe investigation of
anionic/nonionic mixtures with respect to theiratigy of mixing according to
Rubingh’s one parameter model for the CMC. Thetgstaeduction in CMC
was found for surfactants with long and intermezliatdrophobe lengths. Low
hydrophobe length, carboxylate and glycoside heaggmixtures produced
mixed micelle interactions displaying synergisnto&t nonionic surfactant mole
fractions and slight antagonism at high nonionidenactions. The goal of this
area of research is to investigate the properfiemionic/nonionic mixtures
from renewable resources because of the expeabedrgy importance of highly
biocompatible nonionic surfactants from renewabbources and the

importance of anionic/nonionic mixtures commergiall
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Chapter IV
Effects of pH and Surfactant Precipitation on Surfae Tension
and CMC Determination of Aqueous Sodium n-Alkyl
Carboxylate Solutions

4.1Introduction

Anionic salts of alkyl carboxylates are used aspmary or secondary
surfactant in many commercial formulations. Extemsise of these salts in
commercial products is attributed to their desegtitysical properties
(solubility, wetting, cleaning, etc.), that cometlre form of sodium or
ammonium salts [10]. The first comprehensive itigasions detailing the
hydrolysis of anionic sodium alkyl carboxylatesaiqueous solution and their
formation of different molecular species (i.e. al&ec acid which are nonionic
alkyl carboxylates) at various pH values was presthy Ekwall et al [70-73]
and McBain et al [74, 75]. Following Ekwall's andcBain’s works, many other

studies on soap behavior have been presented w2, 76-82].

When dissolved in water, anionic salts of alkylbzatylates and
nonionic alkanoic acid distort the structure of evaind therefore increase the
free energy of the system. To minimize free eneagyow concentrations
surfactant molecules concentrate at the surfagntorg hydrophobic groups

away from the solvent. At higher concentrations mitte surface nears
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surfactant saturation, surface-active moleculem(anand nonionic surfactant
amphiphile) aggregate with their hydrophobic grodpscted towards the
interior resulting in micelle formation. For argnic surfactant, the process
described above is very sensitive to pH. Mickllenation is an important
phenomenon in interfacial interactions such asrdeteey and solubilization [2].
Micelles in solution affect other interfacial phenena that do not directly

involve micelles such as surface or interfaciakien reduction [2].

As described in chapter Ill, in addition to numes@uthors in the literature
[35, 42, 83], issues with the solubility of puredgon n-alkyl carboxylates in
solution near reported critical micelle concentat{CMC) values have been
observed. Hence, we decided to once again exattménphase behavior of two
important sodium alkyl carboxylates, sodium dodeea® (S12C) and sodium
tetradecanoate (S14C), with the added provisionekiznsive purification
procedures would be performed which have turnedombé important in the

determination of the proper CMC of sulfate surfatid84].

4.2Theoretical Background

Lucassen [85] and Kralchevska et al. [35] previpualgscribed the degree of
pH sensitivity and different zones of precipitation sodium n-alkyl

carboxylates solutions that result in the formatdmeutral-soap, acid-soap and
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alkanoic acid crystallites. The carboxylate sodptsms theory developed by
Lucassen [85] and generalized by Kralchevska ¢B&].can be used to account
for the presence of inorganic electrolytes, baskfarmation of acid soaps. To
predict surfactant precipitation, first consides tbllowing equilibrium of
alkanoate dissolution in water [70-72, 74, 75]:

7"+ H,0 2 HZ+OH™ 4.1

HZ+ Z~+ M*™ 2 MZ+MHZ, & precipitate 4.2

where Zis the alkanoate anion, Nhe metal cation, HZ the alkanoic acid, MZ
the neutral soap and MHZhe acid soap. In this study'Ns Na'. The
equilibriums above are applicable for total sud@aticoncentrations (G Z +
HZ) both below and above critical micelle concetiras and contain a defined
ratio of components ZM*, HZ, MZ and MH2 at a given €.

If no precipitates are present in solution thetr@tship between €and pH of
the solution is represented by the following equafB5]:

pH % 0.5 [log(C;) —log(KyK,)] 43

where K, is equal to the sum of\|K(dissociation constant of water) andds

(equilibrium constant of carbon dioxide) and is the dissociation constant of
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HZ and can be related to the electroneutralityhefdolution through the Debye-
Huckel theory.

When considering a simple solution with only alk&rexcid (HZ)
precipitation, we have the equation below [85]:

pH # 0.5 [log(C;) —log(K )] 4.4

were Kr = Ky + Kyz is a constant, andgs is the solubility product for HZ.
However, as precipitate forms the solution will naty consist of alkanoic acid,
but a coexistence of neutral-soap, acid-soap d&ahaic acid crystallites. The
exact determination and ratio of surfactant eléygteoconstituents will not be
determined in this study but are qualitatively exé¢d based on visual

determination.

4.3Results and Discussion

Table 4.1 shows the CMCs andg®alues found in this study for both pure
surfactants as well as various CMC values measuortée literature. The wide
range of CMC values for S12C presented in thedlitee is likely related to the
lack of surfactant purity since compounds evaluatetie literature [42, 43, 49,
51, 52, 56] are commonly used as received by theufaature without
additional purification. We initially encounteredlsbility issues with S12C

received at greater than 99% purity for solutioearnmreported CMC
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concentrations at room temperature. However, af@wystallization, purified
S12C solutions were soluble at all concentrati@®@1(-100 mM) and surface
tensions were measured as shown in Figure 4.1bBojussues for S14C
solution concentrations near reported CMC valuegwet resolved through
additional purification of purchased material. ther words, the CMC could not
be measured at room temperature. Wen and Frar@jgepbrted similar phase
behaviors of aqueous S14C at 25°C, and providéearégd CMC (4.5 mM)

value through ion-selectivity electrodes and cotidugtry techniques.

However, we believe the “CMC” value reported by @éell and
Lakshminarayanan [43] is not due to micelle formatibut are surface tension

breaks caused by the formation of precipitate.

Table 4.1Chemical name, abbreviation, molecular formulaletalar weight,

pPCo, CMCs from literature and CMCs measured from stusly

23 CMC
Chemical Molecular Molepular CMC from found*
Abbr. Weight pCa Literature S
Name Formula (amu) (mM) in this study
(mM)
21.0°7
Sodium (20°C),15.6°7(30°C) 102
Dodecanoate | S12C | CizHzNaG, 222.3 3.2 | 28.6°(20°C),26.1(30°C) .

23.0°7,25.0°,28.1°
[43, 49, 51, 52, 56]

Sodium 4.0°6.9°7€, 4.0
Tetradecanoate S-4C | CrtzNaG, 250.35 3.7 [42, 43]

1. All CMC values reported were collected at@52.5"TCMC was obtained by surface tension.

3.“CMC was obtained by electrical conductivity. 4. ®egported is not a CMC value, but the
surfactant concentration at surface tension braaked by the formation of precipitate.
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Surface tension reduction efficiency @gjds defined as the negative log
of the concentration (f) required to reduce the surface tension of a given
solvent by 20 dyne/cm. The pfs an approximate measure of the minimum
surfactant concentration needed to produce sataratisorption at the interface
[86]. The larger the value of pgthe more efficiently the surfactant is adsorbed
at the interface and the more efficiently it reduusarface or interfacial tensions.
The efficiency of surfactant in reducing surfacesien —log Gy, was largest for
the longer hydrophobe S14C compared to that oftiogter hydrophobe S12C
with reported pC20 values of 3.7 and 3.2 respéeigtize shown in Figure 4.1.
The trend that a higher hydrophobe leads to ataGg value has been well
established previously and shown to be valid feess homologous series of

anionic, cationic, and nonionic surfactants [38.981.
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For S12C and S14C, an increased concentrationiasdlation in water
is accompanied by an increase in pH due to prammégbydrolysis) of the
oxygen connected to the carbonyl leading to tutpiof the soap solution [35].
As surfactant concentrations were increased there tirree visually distinctive
precipitation zones. In this study these grossaliappearances were noted as
no precipitate (NP), precipitate-transparent solu{PTS) and precipitate-

nontransparent solution (PNS) as shown in Figuze 4.

No Precipitate-
Precipitate Non-transparent
(NP) Solution

(DN

Precipitate-

Transparent
Solution

Figure 4.2 Gross visual appearances of pH adjusted surfastdutions under
investigation: no precipitate (NP), precipitateasparent solution (PTS) and

precipitate-nontransparent solution (PNS)
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Figure 4.3 a) displays the unadjusted pH and pbhabkavior of S12C as
a function of total surfactant concentration. d&termined in the current study
and also described in the literature [35, 36, &,94], the pH of anionic
surfactant solutions gradually increases with angase in total surfactant
concentration. The solution consisted of only ttaasparent homogeneous
phase (NP) absent of precipitate, which allowedafoonfident assumption of
micelle formation at the determined CMC value pnésé in Figure 4.1.
Kralchevsky et al. [35], describe three preciptatzones at concentrations of
0.01-100mM for S12C. However, the observed prediijoih presented in that

paper could have been due to the addition of 10satdum chloride.

Figure 4.3 b) displays the pH and phase behavi&l1diC as a function
of total surfactant concentration. There are twsentable precipitation phases
(NP and PTS) for the S14C solution, evaluatedcatreentrations range of
0.01-10 mM. Kralchevsky et at. [35] observe simpét trends and provides an
extensive description of these precipitation zdreesed on theoretical analysis.
Wen and Franses [42] also report data that shospedie particles beginning to
form around 3 mM and continuing throughout S14Qisohs up to 8 mM. Itis
important to note that both in this study, as vaslin the literature, precipitation
occurs near solution concentrations previously megloas the experimental

CMC for S14C in solution at room temperature.
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We also monitored surface tension variations wiihggjustment for
S14C solutions. Figure 4.4 displays the precipitazones (NP and PNS) and
surface tension of S14C versus concentration aiffierent pH values (pH= 10,
9.5, 9.0, 8.5, 8.0 and 7.5). A depression in sertaasion for the NP zone is
observed as bulk pH is decreased, a trend alsoildedan the literature for
S12C and S14C [36, 92, 93]. This trend can be exgadaby the increased
activity of surfactant at the water-air interfacepd, values are approached.
However, as the optimum surface active 1:1 anianat nonionic surfactant
amphiphile ratio is established, the range of stiafa concentrations in the NP
zone decreases and a second PNS zone increaseseoeealuated total
surfactant concentration. The PNS zone for alltsmis had a relatively
constant surface tension with an average of 32&+nN/m. This plateau in
surface tension is not due to micelle formationibwt product of acid-soap and
alkanoic acid crystallites formation. Thus, a sedCMC determination based
on micelle formation is not possible for C14S #bei natural or adjusted pH for

the ranges investigated in this paper.
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Figure 4.5 displays surface tension relationshypsléfined S14C
concentrations. As the trends of surface tensnahpdd are further examined,
interesting relationships between specific pH rareyed surfactant water-air
activity is observed. A local minimum in surfaeasion vs. pH shifts in
concentration from 0.55 to 5.0 mM as the conceiginahcreases. Pugh and
Stenius [94] also observed a shift in minimum stefeension with increased
surfactant concentration. The presence of the numrhas been explained by
the hydrolysis and complex formation of oleate dsnacid soap and by the
extremely low solubility of the undissociated acillso according to Pugh and
Stenius [94] the minimal surface tension for S1d@round pH 9. Our data
only agrees with this statement at very specificcemtrations; at lower
concentrations the minimum is below pH 9 and ah lmgncentration the local

minimum shifts above pH= 9 and remains constawéen pH 9.5-10.0.
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4.4Conclusion

As noted in chapter Ill the S14C and shorter hydodye S12C had a degree
of pH sensitivity and different zones of precipatthat resulted in the
formation of neutral-soap, acid-soap and alkancid erystallites near reported
CMC concentrations. Sodium n-alkyl carboxylatesraoee sensitive to low pH
and electrolytes in solution then sulfates, prodg@omparably higher levels of
water-insoluble fatty acids at equivalent pH coiodis. Given the solubility
issues it was important to explore additional pcation techniques and/or
define a pH if any that allowed for increased soitybfor the given anionic salt
systems. Solubility issues encountered with versdgplied S12C were
resolved through additional purification.

However, solubility for S14C solution concentrasarear reported CMC
values were not resolved through additional puatfan or adjustments in bulk
pH. It was concluded that observed breaks in sarfaasion relationships were
likely caused by the formation of precipitate natetle aggregation. As the
shift from sulfate to carboxylate headgroup funaélity increases in consumer
formulations, efforts of effectively and efficiepttombining additives for ideal

performance at wider pH ranges will continue tahearea of interest.
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Chapter V
Determining the Mechanism of Micelle Formation of Bnary
Surfactant Systems through H NMR Experimentation

5.1 Introduction

In this study Nuclear Magnetic Resonance (NMR) spetetry
experiments were used to probe the underlying nmdécular and
intramolecular interactions of binary surfactant steyns. Among the
experimental techniques available NMR provides &us advantage of not
only providing microscopic information at a moleaulevel but also provides
data about independent behavior of surfactantshén nmixed system. NMR
spectrometry experiments have increasingly beed ts@robe the underlying
intermolecular and intramolecular interactions wfaby surfactant systems [95-
99]. Studying and resolving the molecular inter@atsi involved in micelle
formation of anionic-nonionic systems will providesight for optimal formula
modifications needed to produce the desired bioklgind commercial products

that utilize the intrinsic properties of surfactnt

5.2 Materials and Methods

In this study surfactants are selected based oictstal characteristics

(ionic headgroup electron density and nonionic geaap hydrophobicity).
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Sodium dodecyl sulfate (S12S/ alkyl sulfate) isduae the anionic surfactant in
mixtures with defined ratios of nonionic, n-Norg#b-Glucopyranoside (9GPN)
constituents. Figure 2.1 shows the molecular strecof surfactants that were
used in this study.

All surfactants and their pure CMC values determitierough NMR
experiments are listed in Table 2. The anionicasiénts possess a hydrophilic
headgroup and were mixed with nonionic surfactamésle-up of hydrophobic
headgroups. S12S was mixed at 9:1 and 1:9 ratio 9@GPN and monitored
through NMR proton shifts.

Table 5.1 Chemical name, abbreviation, molecular formulajetwalar weight,

CMCs from literature and CMCs measured from thislgt

Chemical* Molecular | Molecular CMC from*® CMC found
Name Abbr. Formula Weight Literature (mM) in this
g study(mM)*
. 7. T
SOd'gmfgtzdecy' S12S | GHxSO, | 2884 | 8.07%20°C)8.5", 7.0
8.4""[38-41]
n-Nonyl$-D- VIR ,

1. Molecular structures of the compounds in the Tavke provided in Fig. 12. All literature

CMC values and those found in this study were ctdig at 28C. 3. S"CMC was obtained by
Surface Tension datd.""RCMC was obtained by chemical shift coefficientsnadthyl group
protons.5. ""CMC was obtained by membrane potential studse§""CMC was obtained by

evaluation of electron paramagnetic resonah€&MC measured in this study by NMR.
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5.3 Theory

As first described and measured by Rabi [100] fhe state of selected
nuclei within molecules are exploited to evaludieit molecular interaction in
solution [101]. Arranging randomly in solution, fagtant proton nuclei spin
and orient in a +1/2() or -1/2@) spin state when exposed to an external
magnetic field. The two spin states have differgrgies that diverge with the
increase of external magnetic field strength. dust half of the nuclei exist in
the lower +1/2¢) energy state. Since more spins are in the elLth@n -1/2f)
orientation a net magnetization is produced. Wheargy in the form of a pulse
(oscillating magnetic field) is applied to the gysttwo events happen, first the
energy difference is removed and second the spinal@gned (in phase). Under
these conditions the net magnetization is perpetatito the applied field. Over
time the energy difference and spin alignment retartheir initial distribution
and their spins come out of alignment processesereequilibration
(longitudinal relaxation) and dephasing (transvees&xation). The colil that
applies the pulse is also used to detect the emelggsed by the protons as they
return to the equilibrium established by the exdémagnetic field. The motions
of the protons released energy as they returnudilegum constitute a radio-
frequency signal. The decaying signal containsstira of the frequency from
all the target nuclei. The magnitude of the enafggnges involved in NMR

spectroscopy is very small. To increase sensitivititiple spectra are taken and
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data is added, reducing noise. The one dimenshiii® experiment used the

following sample pulse sequence:

imterpul == de lasrl> 11 ol == 0P T
Sus o sitdon Hiones (A0
A= ad tiones (IEY)
Figure 5.1 1H NMR experiments parameter values: delay (D1®$ec), pulse
(P1-0.005 sec, 754 and acquisition time (AQ-1.364 sec). Each mixtoael a

total of 32 sequential pulse sequences conductddantotal experiment time of

forty three seconds.

The electrons surrounding the protons also expegi@mduced magnetic
fields. The observed chemical shifts between pmottotated in different
electronic environments within the molecule areesault of these electron
induced magnetic fields. For example, protons akpmé beta to the oxygen of
the sulfate in S12S are in less dense magnetitsfi@eshielded) relative to the
other alkyl protons and producing signature sigagher downfield as seen in
Figure 5.2. Surfactant concentrations also prodinanges in surfactant proton
environment, resulting in detectable shifts of prosignals which are used to

determine surfactant CMCs.

In aqueous solution the change in chemical shdirictly related to the
motional behavior of the surfactant molecule &xists as monomer or in

micelle. When the surfactant molecule aggregatésrio micelles, their
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motions slow down and the correlation time becoloeger, and the observed
chemical shifts become faster. Due to the fast axgl between the monomer
and micelle the observed chemical shift is a wedlaverage between

monomer and micelle expressed as followed [95]:

cmc\n cm'u:
ac\hsd = ( C )5mnn +( )5ml: 51

T CT

were Sopsd Omon aNdSpmic are the observed chemical shift, chemical shiftghef
micelle and the monomer chemical shift, respectiv€lon and C,,. are the
concentrations of the monomer and the micelle @itlepresenting the total
concentration (Gort Cmic). The independent CMC for each surfactant in
solution can be obtained if it is assumed thatosicentrations below the CMC
the chemical shift equals monomer concentration 8£2) and above the CMC

the monomer concentration is constant and equal€WC (Eqg. 5.3).

Sobed = Omon LCr < CMC) 5.2
['Smon B SmichMC
G ppeg = - + G, (Cr > CMC) 5.3
T

Three lines are produced by plotting the observedamer and micelle

chemical shift versus the reciprocal surfactardltobncentration as displayed in
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Figure 5.2. The slopes of lines one and three @md0§on- 8mic) CMC for line
two. The intersection of line one and two is the @M he observed change in
slope and intersection of chemical shifts represt transition in surfactant
environment from aqueous to micelle aggregatesaamdised to construct phase

diagrams.
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5.4Data

A VNMRS 500 MHz-NMR Spectrometer figure 5.3 wasdise collect
NMR data. Chemical shifts are expressed in ppmgussidual solvent protons
as an internal standard (0.00 for DSS). Figurad&sflays the absolute
assignment of proton shifts for pure S12S, 9:1 SA@8N, 1:9 S12S-9GPN and
pure 9GPN at a 6mM concentration. The CMC of puek @nary surfactant
systems were determined by analyzing changes ieredd chemical shifojopsg
of resonance peaks. The CMC was obtained by piptiia change in chemical
shift versus the reciprocal concentration and olbsgrdefined breaks as shown

in Figure 5.4.

A _ - LM N\ JM
: Il

9 el a

———r—T
- z.0

)
PP

Figure 5.3'H NMR spectra and assignment of 6mM solutions offiére
S12S, (B) 9:1 S12S-9GPN, (C) 1:9 S12S-9GPN, ang(Dd 9GPN in D20 at

25°C.
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Figure 5.4 Variation of @)onsqVversus the reciprocal concentration for (A) 9:1
S12S-9GPN and (B) 1:9 S12S-9GPN mixtures, wergidmaonds €) are
experimental data points and the solid lines)(are used to guide the eye along
liner relationships.

Analyses of proton chemical shifts were conductedatermine
experimental aggregation concentrations of eadiactiant in the mixture
provided in Table 1. The experimental CMC data pretletermined mixture
ratios were then used to calculated the conceotraf the second substituent
in the define surfactant system. The sum of theespental CMC and
concentration of the second substituent were calledlto determine the total
surfactant concentration at aggregation. From CMt dollected through 1D

NMR experiments phase diagrams were constructedspkayed in Figure 5.5.
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Table 5.2Surfactant micelle formation ar@MC data for 9:1 and 1:9 S12S-

GPN9 determined through Proton NMR experiments.

9:1 S12S- Proton (S1) Proton (S2) CMC mM Total
9GPN Concentrati
on mM
S12s 4.98 + 4.93 +0.13mM 4.96" 5.51
0.11mM (0.55)*
Proton (G1) Proton (G1’)
GPN9 0.53 + 0.56 + 0.047mM 0.54° 5.40
0.045mM (4.86)*
1:9 S12S- Proton (S1) Proton (S2) CMC mM Total
GPN9 Concentrati
on mM
S12S 0.29 + . 0.29° 2.90
0.036mM (2.61)*
Proton (G1) Proton (G1’)
GPN9 4.24 + 4.23 + 0.080mM 4.24' 4.71
0.085mM (0.47)*

The mixed CMC value determined by analysis of olegproton chemical shift$)ypsq “The
pure ionic micelle formation value determined bwlgsis of observed proton chemical shifts
(8)obsa. *The calculated molar concentration of the secsuostituent in the defined surfactant
ratios. The standard deviations (STDEV) were caled by averaging values for fits to 3:3, 4:4,

5:5 and 6:6 high[1/M]-low[1/M] data based on a lestguares criterion.

As observed in the Cui [95] etc., in a cationic-iooic system a pure
micelle aggregate is formed at a concentrationvbéh® mixed CMC. In
addition to observing non-stepwise mixed micellerfation, the data suggest a
novel third monomer-micelle phase as shown in leadgub. The intrinsic
properties (synergy) of the mixed surfactants dsitep Il which corresponds to
the initiation of region Ill. However, this mecshiam does not explain the pure

micelle formation in region Il. To explain thisrmmentration regime, we first
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look at region | in which both surfactants are moeos and completely
dispersed in solution. When dissolved in wateraients hydrophobic groups
distort the structure of water and therefore insecthe free energy of the
system. To minimize free energy, at low concentdregisurfactant molecules
concentrate at the surface, orienting hydrophotmags away from the solvent.
At higher concentrations when the surface neafacant saturation, surface-
active molecules aggregate with their hydrophobazigs directed towards the
interior resulting in micelle formation.

However, because the nonionic surfactant headgeolapge and
hydrophobic relative to the ionic headgroup it@sgble that it begins to forms
bilayers at step I. With limited access to nonidnilayer insertion, anionic
surfactants aggregate into pure micelles to produtecrease in free energy at
step I. As concentrations increase the nonioiéyér saturates and the
repulsive forces of the anionic micelle increa3esreduce repulsive forces, the
nonionic surfactants begin to fuse into the pured@aggregate forming mixed

micelles at step Il
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Figure 5.5Phase Diagram of micelle formation for a 1:9 S1Z3NG mixture.

Based on the proposed mechanism when the mixtaea®9:1 S12S-9GPN
the system experiences a relatively small or nmtemt bilayer at the
water/surface interface. Thus, upon surface sabmrah a 9:1 S12S-9GPN
mixture the system forms mixed micelles in a n@psatise manner excluding
step | and region Il. However, in the 1:9 S12S-GPiNgture when the nonionic
surfactant is the major component a relativelydamgnionic bilayer is produced
forming an observable region Il. The preliminarguks provide invaluable
insight into the possible molecular interactionperenced near concentrations

at which mixed micelle are formed.
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5.5Conclusion

Nuclear magnetic resonance (NMR) experiments wesed uo evaluate
binary anionic-nonionic surfactant systems at w&ioconcentrations and
mixture ratios. Both stepwise and non-stepwise heidermation was observed.
The realization of a stepwise mechanism questitves assumption of non-
stepwise mixed micelle formation ignored or assuntgdall models and
theories currently used in the literature, and ssg@ novel binary surfactant
interaction. As shown in chapter 5.5 these comjmusit relationships can be
used to produce phase diagrams to evaluate thecutateinteractions of
electronic and structurally selected anionic-nomoaqueous mixtures. The
current work will ultimately provide better theacstl tools needed for the
optimal selection and evaluation of amphiphilic ewlles used in scientific,

commercial and industrial research and development.
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Chapter VI
Conclusion and Recommendations

6.1 Conclusion

The results from the present studies demonstratecimplex interactions of
mixed anionic-nonionic system are dependent onpbuhecessarily limited to,
nonionic hydrophile size/flexibility and anionicaup. It was also shown that
purification of vendor supplied surfactant is imgamt in the accurate CMC
determination of S12C. However, solubility for S1d@ution concentrations
near reported CMC values were not resolved thradglitional purification of
purchased material. CMC values reported in theslitee for C14S should be
reconsidered, as breaks in surface tension refdtips are likely caused by the
formation of precipitate not micelle aggregatioms@ through NMR
spectroscopy experiments a stepwise mechanismiéedlenformation in mixed
systems was observed. The observed stepwise meghanggest a novel
binary surfactant interaction.
6.2Recommendations

Further development for the mechanism of miceltenttion present in
Chapter 5 can be achieved throdghNMR experiments of additional binary
system selected based on variations of nonioniddreap size and flexibility.

Improved understanding of the underlying inter- arich- molecular forces will
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reduce time and materials needed for experimeugdliation of various
amphiphilic molecules. With the use of methodolpggsented in Chapter 5
binary systems of sodium dodecyl sulfate (S12S/lalilfate) mixed with
Decanoyl-N-Methylglucamide (MEGA10) and n-NorgAb-Maltopyranoside
(2GPN) should be evaluated throuthNMR experiments.

As discussed in Chapter 5 when mixed at a 1:9 &imonionic ratios the
electron density of the ionic surfactant and théemaar structure of nonionic
surfactant are predicted to cause critical micadjgregation at two different
total surfactant concentrations. The first totafactant concentration will
consist of pure ionic micelles and dispersed nanioronomer. While the
second total surfactant concentration will contaired ionic-nonionic micelles
and occur at a higher total surfactant concentiagtian the first surfactant
aggregation concentration. When MEGA10 (most mad&buflexible nonionic
surfactant) is the major component mixed with S1PiS,predicted to produce
the largest difference between total surfactantentration containing pure
ionic micelles relative to the mixed micelle totaincentration. Comparatively, a
1:9 S12S-2GPN9 mixture should display the smatigfgrence in total
surfactant concentrations containing pure ionicatfécaggregates compared to
total mixed micelle concentration.

The MEG10 is the most flexible nonionic headgroaptaining polar

hydroxyl groups. However, it is in the smaller sggeuping of the three
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suggested. The 9GPN has relatively the same anodinytiroxyl substitution
however; the degree of headgroup flexibility isited due to its more ridged
six-member ring major confirmation. The largestid three is the 2GPN9,
consisting of the greatest hydroxyl substitutioas® on proposed mechanism
for Figure 5.3 it is predicted that the magnitufi¢he percent reduction of total
surfactant concentrations containing pure ionicettes will display the
following trend for 1:9 anionic/nonionic mixtureS12S-MEGA10 > S12S-
9GPN > S12S-2GPN9. Experiments should be peridtm@rove this

assertion.
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