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ABSTRACT

A techrnique for separating simiar and Jiverse ionogenic mixtures
inta rheir individual hormologs was studied by high performance
liguid chromaiography on an octadecyvi-ilica {TS5K Gel L5410}
velumn. Conditions uasd for the separatior were: column size,
6 mm id © 200 mm._ mobile phase, warcr/mernano! (15:85, viv)
conmaining (2) 1.0 M sodium perchlorate and adjusting ro pH 2.5
with phosphoric acid. (b) 0.1 M and pH 3.5; calumn temp., 50 C.
By udng 2 nmwbile phase conditions, various surfactang mixtures
were separdted inte their individua homologs and simultaneously
distinguisked from cach other, regardless of their ionogenic proper
ties.

INTRODUCTION

Surfacian:s are classified as nonionic, anionic, cationic and
amphoteric according ta their jonogenic properties. Com-
mercial toilctry and cosmetic products. e.g., shampoos and
houschold detergenes, usually contain 2 or 3 of the same or
Jitferent ionogenic surfactants which are generally a nux-
ture of kumelogs. As general properikes of these commer
cial producis are dependens un the combination of surfac
tants and iengths of the lipophilic groups. the simultancous
separation of cach surfactant and that of their respective
nomalags s necessary to evaiuare their properties,

lon exchange chromatography (1) has bieen used to sepa-
rate surfictant mixtures on the basis of ther ionogenic
difference, Separation of surfacrants of like ionogenic
character using salting-out chrumacography was discussed
in detai! by Fudano co al. (23 However, the use of these
cowma  chromatographic rechniques prolongs  analvss,
often taking days fur <eparation. On the other hand, the
homelogs of individual surfactanes have been separated by
¥as chrormatography (GC) However, this methud usually
requires conversjon of surfacrants inte volatile derivatives
before analysis.

In recent years, several papers have been published on
the analysis of surfacrants using high performance liquid
¢hromatograpby (HPLCY  with  porous  microspherical
polyistveene-divinvlbenrene) gels (3), and reverse phise
packing containing  octadecy! slane groups chemically
bonded 1o silica gel {ODS/silica) {471, [n these papers,
however, emphasis 15 on the separation of indiidual sur-
factant homologs. Many Jdifficuliies are involved 1if thev
are to he applied to the analysis of surfactant mixtures,
i.e., the simultancous separation of individual surfacrants
From cuck ather and from their respective homologs.

We have been studying the separazion of surfactant
homaoiogs by HPLC using ODS/silica, which is the most
widely used of the column pachings, and reported 2
methads, Ore was the acid addition method using a mix-
ture of warer and methanol, adjusting to pH 2.2 with
phospharic acid as a mobule phase (8). The other was the
sa bt addition rmicthod using a mixwure of water andé mesh-
arol containing 0.4 M sodicm ckloride (NaCl) (9). How-
ever, the separation of amphoteric surfactant homologs
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and the separarion of individual surfacrancs from euch
other were not discessed in these papers.

In this study, a mixture of water, methanal, sodium
perchlorate (NaClOg) and phosphoric serd was used as the
mobile phase to develop fundamenra!l merthadology ap-
plicable to the simultancous separation of individual sur-
tactants frum each otker and their respective knmologs.
As a resuit, ¥ typical surfactants were separated intw their
respective humologs, regardless of their jonogenic proper:
tics. Moreover, these surfactant homolog mixtures were
clearly distnguished from each other, by adjusting :he
mobile phase pll and the corcentration uf NaCl0;.

EXPERIMENTAL PROCEDURES

Materials

Humulogs of 9 typical surfactants were used i this study.
Their chemical structures and symbolic names used in this
study are tHlustraied in Table 1. The respective homologs
were p-decyl, n-dodecyl, »tetradeeyl, n-hexadecy! and »-
ocradecy! derivatives. The purities of alkyl chain lensth
of all the surfactant homologs were ~ 95% hy GC. FDE,
BzAC, SAS and SNAG were the samie grade as vsed in the
previous studies. The ATC was special reagentgrade (Tokyo
Kasei Kogyo Co,, Ltd., Tokyo, Japan) and was purif:ed
by recrystrallization from ethanol. Other surfactant homo-
logs were synthesized and purified in our taborarories by
the technigues described later. Their chemical struciures
were confirmed by P-nuciear magnetic resorance {(NMRJ,
"HENMR and infrared (IR) spectra. All soivents were of
analviical reagent grade.

APC A mixture of alkyichioride (0.01 M) and pyridine
(0,01 M) was refluxed at 110-130 € for 3-4 Ar. The reaction
products were purificd by recrystallization frem accinuc.
ADB Alkvldimethvlamine was prepared by reaction of
alkylamine (0.1 M), furmic acid (0.2 M) and formaldeny de
(0.2 M) :n the presernce of 100 mL ethanol for 12 hr on a4
steam bath, In order to vhiair alkyldimethy lantine with an
alkyl chain lengeh of ~ 95% purity, the reacuon products
were fractionally disulled with a spinaing-band column
(Perkin Elmer, U'SA).

Puritied alkyvidimethylamine (0.02 M) was alowed o
redct with sudium monochiorvacetate (0.021 M} in the
prescnee of 20 ml water and 20 ml. isopropanol ar 75 C
for 5 hr. Water and saproparal were then distilled off
under reduced pressure. ADR and unreacted alayldimethyl-
amine were extracted with chloreform frum the reaction
products, and the latter was removed with petroleum
ether by Soxhlevextraction.

S4p. Alkylamine (0.2 M) was dissolved 1n 100 ml. cvelo-
hexane. Methyl aerylate (.22 M) was siowly added with
stirring at 30-35 C followed by addiuon of 50 ml. isu-
propanol. The reaction was done ai 75-80 € for 2 hr.
LUnmeacted methy! aervlate was distilled off under reduced
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TABLE I

Chemical Structures of Surfactants Studied

Surfactant name

Symbolic name

Chemical structure

Nonionic surfactant
(A} Farty acid diethanolamide

Cationic surfactant
{B) Alkylpyridinium chloride

{C} Alkyltrimethylammonium chloride

{D) Alkylbenzyldimethylammonium chloride

Anionic surfactant
(E} Sodivm alkylsulfate

(F) Sodium N-acylsarcosinate

(G) Sodium N-acylL-glutamate

Amphoteric surfactant
{H} Alkyldimethylamincacetic acid betaine

(I) Sodium alkylaminopropionste

fCHQCHQOH
FDE ~ RCON
\CHoCHH0H
APC R- cl
"~ CHa
ATC R—I’|\I—CH3 cl
_ ICHa |
[ cHg
BzAC n-|i:-cn2 ci
CHs
SAS ROSO3Na
SNAS RCONCH,COONa
CHa
SNAG RCONHCHGOOH
(llHQCHQCOONa
CHg
ADB Fl—rl.IJr—CHQCOO'
CH
SAP RNHCH CHoCOONa

pressure. The reaction products were suspended in 100
mL water. Sodium hydroxide (0.2 M) was slowly added
with stirring ar 90 C. The solution was ncutralized with
10% hydrochloric acid: Excess water was removed on a
steam bath, Nonhydrolyzed methyl alkylaminopropionate
was removed with petroleum ether by Soxhlet extraction.
SAP was then exuacted with ethanol. The extracted SAP
was purified by recrystallization from ethanal.

HPLC Apparatus and Operating Condition

A Model ALC/GPC 201 liquid chromatograph (Waters
Assoc., Milford, MA) equipped with & Waters Model R401
differential refractometer and a Waters Model 730 data
module were used in this study.

The chromatographic column {6 mm id ¥ 200 mm} was
constructed of stainless steel. Warm water was run through
the jacket to maintain the column temperature at 50 C.
The column was packed with TSK Gel LS 410 {5 y, spher-
ically shaped ODS/silicas Toye Soda Manufacturing Co.,
Ltd., Tokvo, Japan) using a mixture of methanol, dioxane,
carben tetrachloride and “slurry selvent B” conc (prepared
by Macherey-Nagel, Diiren, West Germany) us a slurry-
forming solvent. Chloroform was used as a pressunzmg
solvent {packing pressure: 450 kg/cm?),

All the samples were prepared as 0.3-1.0% methanol
solutions, and 10-20 pJ. were injected into the HPLC
column using a Waters Model U6K septumless loop injector,
All experiments were done under isocratic conditions. The
flow rate of the mobile phase was set at 1.5 mL/min,
Capacity fﬂ.LtOI‘ (k') values and height equivalent to a
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theoretical plate (HETP) values were evaluated from the
chromatograms in the usual way {10).

RESULTS AND DISCUSSION

Our previous study (9) revealed that the different inorganic
salts.and their concentrations, as well as the water content
in the mobile phase affected the separation of the surfac-
tant homologs in the salt addition method. In this sudy,
the results indicate that not only these factors, bur dif-
ferent organic sclvents and mobile phase pH also affect
the separation. These factors therefore necessitate that the
conditions be optimized.

Ammonium chloride (NH4Cl}, NaClQs and NaCl were
examined as additives. The volume ratio of water 1o meth-
anol in the mobile phase was 15:85 whereas thc concentra-
tion of the individual additive was 0.2 M. The k' values and
the HETP values of the respective hexadecyl derivatives are

_ given in Table II. The results indicated that these values

varied with different 1 inorganic salts. Generally, increase of
the k' values resulted in good separation of homologs. In
order to increase k' values, NaCl was effective for cationic
and amphoteric surfactants whereas NaClO4 was effective
for nonionic and anionic surfactants. The HETP values
of all the surfactants generally decreased and thus sharpness
of each peak increased by using NaClO, as an additive.
Instead of the NaCl used in the previous paper, NaClO, was
chosen as the additive in consideration of the HETP values
and solubility in the mobile phase used.

As a mixture of water and water-miscible organic sol-
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TABLE IT

Effect of Inorganic Salts on k' and HETP

As described i our previous paper, the remarkable in-

creases in the k' values were due 1o a salting-out cffect, The .

homologous separation of all the surfactants increased and
the HETP values decreased by increasing the concentration
of NaClO,.

At 3 concentrations of NaClQ,4 (0.0235, 0.1 and 1.0 M),
the effect of the mobile phasc pH on the k' values was
cxamined by adding phosphoric acid to the mobile phase.
‘The volume ratie of water/methanol was 15:85. The results
obrained on the hexadecyl derivatives are shown in Fignre
3. These results indicate that the effect of the mobile phase
pIl on the k' values are dependent on both the i lenogenic
properties of surfactants and the concentration of NaClO,.
The mobile phase pH had little effect on the k' values of
nonionic and cationic surfactants. In the case of anionic
surfactants, the k' vilues increased by increasing the acidity
of the mobile phase. This effect was most remarkable at the
0.025 M NaClQ4 concentratien. Amphoteric surfactants
behaved in an interesting manner. Their kK values were
independent of the mobile phase pll in 1.0 M NaClO,. At
0.025 and 0.1 M NaClQy, the k" values decreased drastically
by increasing the acidity of the mobile phase in the pH
range 2.5-4.0. This behavior is attributed to the electro-
static propertics of amphoteric surfactants which act as
cationie surfactants in an acidic environment, As the con-
centration of NaClQa was decreased, the effeer of the
mobile phase pIT on the k' values of all the surfacrants was
also decrcased, From these results, it was concluded that
the ion supression effeet of NaClQ), was stronger than that
of phosphoric acid. On the other hand, the HETP values
were gencrally deereased by ingreasing the concentratinn
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NaCl NaClO, NH, Cl
Surfactant?® K HETP (mm} 'Y HETP {mm) K HETP (mm)
FDE 3.23 0.8 % 1072 3.54. 0.7 X 1072 3.30 08X 1077
APC 3.83 234 2.67 4.8 3.20 2.6
ATC 2.54 . 6.0 219 1.0 222 3.2
BzAC 316 1.6 2,52 1.0 273 0.9
SAS 3.60 1.1 4.47 0.8 3.39 1.1
SNAS 341 2.7 4.30 1.1 j.62 1.6
SNAG 218 1.2 2.79 1.0 2,28 0.8
ADB 316 3.8 2.61 2.6 2.67 3.0
SAP 2.7 2.4 2.59 84 2.39 14
4Hexadecy] derivatives.
vents is usually used as the mobile phase in reverse-phase
chromatography, methanol and acetonitrile were examined
in this study. Water content and the concentration of 2
NaClO, were set at 10% and 0.2 M, respectively. The Cio
water/methanol mobile phase gave good separation for all "
of the surfactant homologs. However, water/acetonitrile
gave poor chrematograms for several ionogenic surfactants
such as ADB, SAP and SNAG, as shown in Figure 1. This
-phenomenon is attributed to the fact that these ionogenic
surfactants have little solubility in acetonitrile, A mixture
of water and methanol therefore was used as the mobile .
phase in this study.
The effect of NaClO, concentration on the k' values of
the respective hexadecyl derivatives is shown in Figure 2.
_In the concentration range 0.025-0.1 M, the k' vilues of the (e) s
nonionic and amphoteric surfactants were fairly constant, (A) Cu
whereas those of the anionic and cationic surfactants L A 0
1ncreascd slightly with increasing NaClQ4 concentration. D
The k' values of all the surfactants increased markedly with ol 10 20 {min) 1 10 20 (min)
mcreasmg concentration of NaClQ, in the range 0.1-1.0 M.

F1G. 1. Effect of organic solvent on separation. (A): water/acetoni-
wile; {B): water/methanol; sample: ADE homologs, e.g., C,, means
alky[ chain length in lipophilic group is 10.
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0.5+

tog (&)

0.34

o
\r
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Concentratton of NaClO.

]
0.01 1.0

FIG. 2, Effect of NaCIO concentration on k', ®=FDE, £=ATC, A=
APC, A=B7AC, W=SAS, [J=SNAS, il= SNAG, O=ADB and ©=
SAP, Al the surfactants are hcxadccyl derivatives,
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FIG. 3. EHect of mobide phase pH on k', Symbols are the same as in

Fig, 2,

of NaClos and acdity of the mobile phase. Therefure,
the concentration of NaCiO, and the mobile phase pll were
sctoat 1.0 M and 2.5, respecuvely, 0 comsideration of the
HETP values and the acid resistance limit of ODS/silica.

As the water content in the mobide phase was increased,
the &" values increased, which rescted in inproved separa
tion of the homologs. This water content effect was the
samc as rhat desernbed an the previous paper. In this swudy,
the voitme ratio oF water (o merhanel was st at 15:85.

Ihgure 4 shows the relationship berween the hpophilic
group alxy. chain iengrh ard logarithmic &' values using the
mubile phase just given. A linear reianonsh:p was found for
all the surfactant homologs, As shown i Figare 2, all che
surfactants used in this study were efficentiy separated
mto heir respective homologs isocratically. Frure 4 also
indicates that varous 10nogenic surfictanT mixeares are
umuliancousty separated o their individual homologs.
Typical separations of surfaczant mixteres are showh iR
Figure 5 tone aonivnic and 2 amphoterie surtactansd,
Figrre 6 (3 anionic surfacianis) and Figure 7 {3 catonie
surfactans), respectively. A mixture of anionic {SASN},
amphotenic (ADRB) and nonivnic (FDE) surfactant homo-
iops was also separated inte thelr indmdual homologs as
shown in Figure 8.

The reproducibility and degree of guantitation obained
by the present method was examined. In rthe case of the
mixtire of APC-SAP homologs and SAS TDF hamolegs,
the analvtical results are summarized in Table I Guood
reproducibility was obraired: Cv (%) was ecual o or lower
than 2.91%. Thus, the present technique was proven o be
convenignt in separating mixtures of the same or different
ionogen:e surfactants into their individual homaologs in one
chromarographic analysis.

Twa combinations of surfactant homologs were not
separated using this same mobile phas. One was 2 mixture
of ADB and TMC homologs. Therr corresponding haomologs
had the same k' values as shown in Figure 4, By using the
characreristic dependence of ADB o1 the mobie phase pH
and the concenrration of NaClOy, they were efficiendy
separated into their respeetive homologs and clearly dJis
tnguished from cach other a5 shown in Figure 9. The
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FI1G. 4, Relationship between log ('} and alkyl chain length in lipo-
philic group. Sy mbols are the same asin Fig, 2.
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FIG. 5. Separaunon of a miature of FDE{A), ADB(H) and SAP(I)
homologe. Mubile phase: water/methanel (1585, +/¥) containing
1.0 M/ NaCl), and adjusting o pH 2.5 with phusphoric acid,
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FIC. 6. Separation of & miivture of APCIR), ATCIC) and B:AC(D)
hamelogs, Mubile phase condition is the same a5 in Fig. 5.

mobile phase was ad:usted 1o 1 M NaCiO, and pH 3.5
The other was a mixmure of SNAG and ADE humologs,
The homologs differed i alkvl chain length by 2 methylene
units, but sedium N-terradeevisareosinare and hexadeoyld:
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methylaminoacetic acid betaine had the same k' values
This mixture was scparated with 0.1 M NaClO, and pH 3.5-
ad:usted mobile phase.

As the combination of these pariicular antonic and car-
jonic surfactanrs is unusual in commerciat products, they

\,.J'J' U\_Jrli A A ALA_

T v T

H »
towin}
FICG. 7. Separation of a mixture of SAS{E). SNAS(F) and $NAG(G)
homologs. Mobile phase condition is the same a3 in Fig, 5.

»
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é l’ [ 10 1% ‘:L P » 18 ey

FIG, R, Separation of a minture of FDE(A), SAS(E) amd ADB(H)
homakags. Mobibe phase condition is the samc as in ¥Fig. 5.

TABLE 11l

Rrproduubdu) of Homelogous Distriburion

Alkyl chair Present Foumd4 Cvb
Saaple length (e %) (area %) (K}
Mixture (A)
10 22413 2209 u.51
12 2011 19 K% 0.8
APC 12 18.58 17.R2 040
16 20.64 21.68 0.58
18 15.14 18.56 u.30
10 20,59 20,10 2.1v
12 17.34 17.71 1.25
SAP i4 o447 19217 1.0¢
1¢ 1v.33 192.70 1.2%
18 3327 23.16 2.74
Muxrire (B)
10 2 58 19.76 0.7s
12 22.77 21.34 2.47
CAY 14 18923 19.61 U.R3
16 18,44 19 87 2.63
I8 19.12 1941 2.91
10 24 .60 2427 1.648
12 21.22 2 0.84
FDE 14 2216 2337 1.6
16 15.54 1494 049
18 16.42 16 .38 2.6

ATaken as the average of 5 replicate analy <es.
BCocfficient of variation,
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were not discussed in this study.

It is possible o apply this newly deveioped iechnique
to the separation and identification of many other iono-
genic surfacrant homulugs. Recently, 15 dodecyl derivatives
{4 ronionic, 7 anionic and 4 amphoteric) used in commer
cial shampoous were found s be efficiendy separated and
ciearly <distinguished from each other by this rechnique.
These analyrical results will he reported in our nex: paper.
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