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ABSTRACT

LogPR, studies were conducted on a number of alcohokgtate surfactants (AES) with
hydrophobic chain lengths varying from five to a#d the numbers of ethoxylate groups ranging
from three to eight. From these studies, the ioglahips between the hydrophobic chain length
and the number of ethoxylate groups with the stafets logR, were established. This allowed
the prediction of logR, values for other AES, not included in this stud¥he majority of
surfactants used in the industry have wide distidms of hydrophobic and/or hydrophilic
functionalities. Experimentally determining thertgioning coefficient for each individual
molecule can be difficult and time-consuming. Yetrmany cases, obtaining the surfactant’s
logR, is a crucial step in gaining approval from regmgtagencies for use in particular
environments. This method allows the use of expemial data from monodisperse related
molecules to calculate logfPvalues for complex surfactant mixtures.



INTRODUCTION

When considering the use of offshore well-constomcthemicals, one of the key tools
used by environmental regulators is the applicatibecotoxicity testing. In addition to internal
pressures to regulate, some countries have signechational conventions requiring legislation
in compliance with their obligations. Examplesthfs are the Oslo and Paris Commission
(OSPAR) impacting the North East Atlantic (Northajethe Barcelona Convention, which
covers the Mediterranean Sea, and the Helsinki Gegiom (HELCOM), which covers the Baltic
Sea.

Mandated ecotoxicity testing includes physical pmips such as biodegradation,
toxicity, and bioaccumulation, which are used taleate the chemical’'s environmental impact.
These properties are the mainstays of many regylgimgrams, and the tests used differ
significantly between regions and industries.

Well-established test methods are available forsmeéag these properties. In particular,
toxicity and biodegradation test methods are appleto all chemicals. The accepted methods
for experimentally measuring the bioaccumulatioctoémicals are expensive and require testing
on living organisms (1, 2). Rather than nurture #&meh later destroy the organisms used for
testing, the preferred technique is to predict &doaulation potential from experimentally
determined octanol/water partition coefficientsgflg,) (3—5). The Organization for Economic
Co-operation and Development (OECD) has outlinedettaccepted guidelines for predicting
bioaccumulation: OECD 107, OECD 117, and OECD 1PBese guidelines are applicable to all
classes of chemicals except for surface active adsn (surfactants). These test method
limitations have been imposed mainly because of itierit ability of surfactants to self-
associate, stabilize emulsions, foam, and condenditaan oil/water interface. In addition, many
commercial surfactants are mixtures of materiddsuggh many pure surfactants can be obtained
in small quantities.

In OECD 117, a high performance liquid chromatobsaHPLC) method, the retention
time of the chemical of interest is compared temgbn times of reference samples with similar
structures and known logP values (3). For nonsurfactants, retention times aormally
determined by the molecule’s relative affinities the mobile and stationary phases and are
directly related to a molecule’s logPP However, the retention times for surfactants als®
dependent upon the surfactant’s preference forasesf and interfaces, which invalidates this
method. OECD 107, the shake flask method, is pprapriate to determine the partition
coefficients of surfactants because the presensirfdctants can lead to micro-emulsions and
octanol droplets in the water layer (4)Yhis results in an overestimation of the quantty
surfactant present in the water layer and the cdatipn of erroneous partition coefficients (6).
OECD 123, a slow-stir method, was developed toestdsome of the limitations of OECD 107;
namely the formation of octanol droplets in theevathase and the associated foaming of the two
layers incurred when shaking the test flask, yet ¢uideline still does not apply to surfactants

(5).

In addition to the above mentioned concerns wittienut logR,, methodology, it is still
argued that true partition coefficients do not ekis surfactants. A common opinion is that a

2



significant portion of surfactant molecules in aggi test mixture is present at the octanol/water
interface and adsorbed to the glassware surfaddss is often perceived as invalidating any
logPR,, results even though they would be valid if theaamirations of surfactant in both the oil
and water were measured. Recently, methods have deeloped that address all of these
concerns with surfactant logPmeasurements (7, 8). Test vials and other expataheonditions
are chosen so that negligible quantities of suafsicare adsorbed at the octanol/water interface.
Percent recoveries are also determined to provethibamajority of the surfactant is in solution
rather than adsorbed in the glassware.

For accurate measurements of a partition coeffidmma surfactant, the concentration of
the test substance must be lower than the critioeglle concentration (CMC). This alleviates all
concerns with the presence of micelles during lp@@sting. However, measuring the CMC of a
surfactant when both oil and water are presentimegjcare. Two techniques are especially
useful. The first is dynamic laser light scattgrifdLS). This technique measures the diffusion
coefficient (and hence size) of scattering parsidach as micelles or oil drops. When micelles
are present, the concentration of surfactant intesl would be considered above the CMC (9-
18). Serial dilutions can be made until the micelban no longer be detected. This technique
works well in highly purified water. When measuyyithe CMC in water that has been previously
saturated with n-octanol, the octanol can changesttape and swell any micelles present, and
this is reflected in the DLS data. An alternataygproach is to use the inverted, vertical-pull
surface tension method for measuring CMC valuesZ2® This technique works well with both
pure water and water saturated with n-octanol.

EXPERIMENTAL

Chemicals and Test Compounds

The surfactants and n-octanol used in this study \warchased from Aldrich (St. Louis,
MO). All water used was purified through a Milli-Qradient A10 from Millipore (Billerica,
MA). The pH of the water after purification wasi6. For the slow-stir experiments, both the
octanol and water solutions had been presaturatedive other liquid for 24 hours.

Liquid-Chromatography Mass-Spectrometry (LC-MS) Analysis

A 1100 series HPLC and G1946D MSD from Agilenal{PAlto, CA) were used to
measure the amounts of surfactant present in ea@hr.l The column used to separate the
surfactant from octanol and other portions of thlvent was a 100 x 4.6 mm Luna 3u C18(2)
column from Phenomenex (Torrance, CA). The elwess an acetonitrile/0.1 M ammonium
formate (95/5) solution. The column temperaturs Wweld at 30°C and separation conditions are
outlined in Table 1.

Slow-Stir Test Method

The slow-stir method for measuring lggRralues used in this study was adopted and
modified from the original publication by Brooke cafVilliams (23). These modifications are
outlined in the work by Karcher et al. (7, 8).



RESULTS AND DISCUSSION

Number of Surfactant Molecules at an Octanol/Wateldnterface

One of the concerns in regards to determining tparticoefficients of surfactants is
their surface active properties. To demonstrast tihe number of surfactant molecules at the
octanol/water interface is a very small fractiorthaf total number of surfactant molecules in each
slow-stir sample, the actual percentage of molecalehe interface was calculated. The slow-stir
vessels used in this study have an inner diamétérdocm. Therefore, the surface area of the
octanol/water interface was calculated to be 1m2(¢.52 x 16’ AZ). The area per molecule for
a number of alcohol ethoxylates were previously sneed with neutron reflection and were
reported to range from 33—22 for molecules with 2—-12 ethoxylate groups (24).d3xiding the
area per molecule into the surface area of theeligbe maximum number of molecules that may
be present at the octanol/water interface at avgngiime can be calculated.

The number of molecules in the vessel was calalild¢ multiplying the molar
concentration of surfactant with the volume of watsed and Avogadro’s number. Finally, the
percentage of molecules at the interface was détedrby dividing the number of molecules at
the interface by the total number of moleculesoiution and multiplying by 100%.

Slow-Stir LogP,,, Test Method

For each surfactant, two separate slow-stir sesnplere prepared at two different
concentrations. A single stock solution was pregdor each surfactant using octanol saturated
water or water-saturated octanol. Before the amdiof surfactant, the appropriate volumes of
water and octanol were added to slow-stir vesselsatiowed to slow-stir for 24 hours. After 24
hours, the desired volume of stock solution to déed to the test vessels was determined and an
equal volume was removed from the appropriate layethe slow-stir vessel. An identical
volume of the stock solution was then added to @askel. The more dilute sample had half the
amount of sample as the more concentrated sarpéadards were prepared with concentrations
ranging from 1-50 pg/l.

The samples were slow-stirred at 130 rpm and hel@38C for the duration of each
experiment. A sample was taken from both the waeroctanol layers of each sample every 24
hours until the samples reached equilibrium andaieed at equilibrium for a 72-hour period.
The sample was taken from the water layer first, thien a sufficient aliquot was removed from
the octanol layer with a micropipette so that ttear/octanol ratio remained unchanged. Light-
scattering data was generated from the water kydetect the presence of micelles or n-octanol
droplets in the water layer. Any data obtainedhi& presence of micelles or n-octanol droplets
was disregarded.

The samples were then diluted with a 95/5 solutibacetonitrile and 0.1 M ammonium
formate for analysis on the LC-MS. The samplesewdiluted so that the final concentrations
were between 1 and 50 ug/l. For each surfactpproaimately 250 ul of the aqueous samples
were diluted to 1,000 pl. Often it was necessarglitute the octanol samples twice. In most



cases, between 10 and 20 pl of the sample wertedibo 1,000 ul, which was followed by a
second identical dilution.

Surfactant Analysis

The amount of surfactant present in each sample determined using a HPLC
equipped with a MS. A mixture (95/5) of acetomérand 0.1 M ammonium formate was used as
the eluent. A C18-based column was used to famliseparation between the surfactant and
solvent and an isocratic flow between 0.5 and 0/&him was used. The MS was used in single-
ion mode and the ammonium adducts [M-4NHwere detected. Detection limits with these
parameters for most of the surfactants were welbvbel pg/l. Calibration curves were
constructed for each surfactant to facilitate thmmification of surfactant in each slow-stir
sample.

Slow-Stir Data Analysis and Interpretation

Each prepared sample was injected twice on théViSC- The average peak area was
used to calculate the amount of surfactant in eachple. The concentrations of surfactant in
both the water and octanol layers were then catedlifor each slow-stir sample after appropriate
adjustments were made according to each dilutictofa Once the slow-stir concentrations were
determined, logk, values were calculated for each surfactant.

In addition to calculating the logR for each surfactant, the percentage of recovered
surfactant was determined. The mass of surfagtasent in solution was calculated for each
sample by multiplying the concentration in the wdsser by the volume of water, multiplying
the concentration in the octanol layer by the vauwhoctanol, and adding the two together. The
percentage of recovered surfactant was then detedmby dividing the mass of surfactant
present in solution by the mass of surfactant adoldloe slow-stir vessels.

Predicting LogP,,, for Other AES

The experimental logR values were plotted against both carbon chaintiheagd the
number of ethoxylate groups. The resulting pkitswed a direct relationship between both
carbon chain length and the number of ethoxylatugs with logR,. Increasing the carbon
chain length results in higher logPvalues, while increasing the number of ethoxylaiéts
results in lower logk, values. Ideally, one would prefer to analyze a neinmof pure surfactants
with identical carbon chain lengths and differinthaxylate units, as well as a number of
surfactants with identical numbers of ethoxylatésuand differing carbon chain lengths to better
understand the relationship between these struigitoperties and logR.

However, because of the limited availability of @&ES, only a few surfactants in each
series were obtained. Three surfactants with rdiffe numbers of ethoxylate groups were
obtained with hydrophobic chain lengths of eighdl &welve carbon atoms. The average slope
from these two trends was computed to predict ffexteof the number of ethoxylate groups on
logR,. In addition, two of the surfactants had fivecatylate units with differing carbon chain
lengths and three of the surfactants had eighixgtiae units with different carbon chain lengths.
The average slope from these two sets of data s@d 10 determine the effect of carbon chain
length on logR,. These two slopes were then used to calculateldtrary constant so the data
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from surfactants not included in the above mentionseries could also be used.
This arbitrary constant (€5) is defined as:

Cas = 0.820N5 = 0.249NE0 ..o veeveeeesereeeeeeee et es e e e s eeesses e s es e seeeseesseeeseee e eeeeeereeees Eqg. 1

where N is the number of carbon atoms in the hydropholhiairc N-oc is the number of
ethoxylate units on each surfactant molecule, @s6the average slope (Fig. 1) in the lggP
versus carbon chain plots, and -0.24 is the avestame in the logR, versus the number of
ethoxylate groups plots (Fig. 1). This constans walculated for each surfactant and plotted
against its experimentally measured IggBhown in Fig. 2.  Included in this plot are lggP
data from the surfactants with different numbergtifoxylate groups and carbon chain lengths
from all other surfactants studied whose data weteused to define &£s.  As is shown below,
these data points fall in line with the othez£data. The resulting straight line now allows one
to predict reasonable logfvalues for AES not included in this study usingi&tipn 2.

IOgPOW T L 0470GEs - L AT e Eq 2

Equation 2 was used to calculate the lggBr each of the surfactants studied to compare
with the experimentally measured values. The mawirspan between the calculated values and
experimental values was 0.12 log units and wehiwithe accepted variance of 0.3 log units.
This data is shown in Table 2.

Industrial Surfactants

In previous work, the logR for an industrial AES was experimentally deterrdinsing
the method described here (8). The surfactant susiof three different carbon chain lengths
with an ethoxylate distribution ranging from 1-18axylate groups resulting in nearly 50
individual molecules. In such complicated samplesparating each individual surfactant
molecule in any significant quantity can be tediolisstead, a C18 column was used to separate
the surfactants according to their hydrophobic mHangth. Three logR values were then
calculated, one for each carbon chain length.

Using the MS data from these studies, each indalithn was extracted and the relative
abundance of each individual molecule was detemhinelhe relative abundance of each
surfactant molecule and the lqgRalues predicted in the current study were thexd ts predict
the relative number of surfactant molecules in kb n-octanol and water layers. The total
number of molecules for each carbon chain distidiuin both the n-octanol and water layer was
then determined. From these values, lggRlues for the three carbon chain distributionthim
industrial sample were predicted. As is shown abl€ 5, the predicted values are within the
accepted 0.3 log unit variance.



CONCLUSIONS

There are very few logR values reported for surfactants in literature. wieleer, in this
work we have shown that true partition coefficieras be determined for pure surfactants. Until
now, measuring logR values for industrial surfactants presented alehgé. It has been
demonstrated that partition coefficients for indiastsurfactants composed of many individual
molecules can be predicted using experimental datained from other structurally similar
surfactants. The calculated lggPralues reported in this study for an industriaffactant are
within the accepted margin of error of experimeniath previously obtained.

While experimentally measuring the partition caséfnt for surfactant blends can be
difficult, determining the logR, for pure surfactants is reasonably simple if a feacautions are
taken. Data obtained from analysis of pure suafaist can be used to predict partition
coefficients for similar surfactants that are notenercially available in the pure state but are
relatively common in industrial surfactants. Thgeative of this study is to allow one to predict
partition coefficients for complex surfactant blsrahd eliminate the need for oftentimes difficult
separation and detection techniques required whemsmplex samples are involved.
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Table 1.LC-MS parameters used for the determination ofestigint in water and octanol layers.

Injection Injection Volume
Surfactant  1OWRate, o ime Water, Octanol, lon Detected,
ml/min ul ul m+18/z
CsEO, 0.5 5 5 S04
C4EOs 0.5 5 5 268

Table 2. The maximum percentage of surfactant moleculesdh slow-stir sample that may be
located at the octanol/water interface is showlnet@ small fraction of the total number of
molecules.

Area Per Volume Concentration Molecules at
Surfactant Molecule, Water, ' the Interface,

A% | M %
C¢EOs 50 0.225 1.58 x 10 0.058
CsEO; 36 0.225 9.15 x 10 0.065
C4EO, 44 0.225 4.11 x 10 1.399
CsEOs 50 0.225 4.88 x 19 1.929
C10EOs 62 0.225 1.49 x 19 1.071
C1,EOq 55 0.225 2.66 x 19 0.137
C1,EO, 55 0.225 3.44x 18 0.181
C1,EOs 62 0.225 1.46 x 10 0.016
C1EOs 62 0.225 8.65 x 19 0.010

*Values were obtained from Table 10 in the work.of Thomas, and Penfold (24).
**These values were extrapolated from the datagoriesi by Lu and coworkers.

Table 3. The logR,, and percent recoveries for the 16 surfactantedestthis study.

Surfactant LogPow Percent Recovery
CsEOs5 1.24 £ 0.03 89% + 2.8
CsEO; 2.84 +0.02 71% + 2.4
CsEQ, 2.68 = 0.09 80% * 4.5
CsEO5 2.43 +£0.03 75% * 4.6
C10EOg 3.09 +£0.03 76% = 5.2
C,EO¢ 4.81 £0.09 85% +5.4
C,EO, 459 +£0.04 82% + 6.4
C,EOg 4.25 +£0.08 94% + 15.8
C14EOg 5.65 +0.03 81% +11.3



Table 4.Experimental and predicted logPralues.

N Neo Experimental Cags Predicted Difference
LogPow LogPow
6 5 1.24 2.52 1.16 0.08
8 3 2.84 4.24 2.96 0.12
8 4 2.68 4 2.71 0.03
8 5 2.43 3.76 2.46 0.03
10 8 3.09 4.28 3.01 0.08
12 6 4.81 6 4.81 0.00
12 7 4.59 5.76 4.56 0.03
12 8 4.25 5.52 4.30 0.05
14 8 5.65 6.76 5.60 0.05

Table 5 Experimental and predicted lagRalues for an industrial alkyl ethoxylate surfat¢tan

(8).

Component A B C
Experimental LogP,,’ 2.16 2.66 3.27
Predicted LogPR,,, 1.87 2.50 3.17
Difference 0.29 0.16 0.10
Difference, % 13.5 5.93 2.95
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Figure 1. Effect of carbon chain length (above) and the nemald ethoxylate groups (below) on
the logR,, for AES.
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Figure 2.Experimental logR,plotted versus the arbitrary constant&for all surfactants
studied. Data used to defingggare marked by x’s and data that was not used toel#fis
constant are marked by circles.
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Figure 3.LC-MS chromatogram of an industrial AES (A) and thass spectra corresponding to
the peaks with elution times of 3.2 (B), 3.6 (G)da&.1 minutes (D). Conditions: m/z 205-1,200;
flow rate, 0.5 ml/min; eluent, 95% acetonitrile/®4 M; ammonium formate, concentration, 1

mg/l.
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