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Abstract  

Cobalt thiocyanate is used as a colorimetric 
reagent  to determine traces of polyoxyethylene 
nonionic surfactants .  I t  has been established 
that  when there is an insufficient number  of oxide 
units per  hydrophobe the color intensi ty is 
markedly  diminished, and with smaller numbers  
of oxide units the color fails to fo rm altogether. 
The exact number  of oxide units at which the 
colorimetric procedure fails has not been estab- 
lished previously, due to the unavai labi l i ty  of 
the pure  individual  ethylene oxide adducts. 

The individual  ethylene oxide adducts  of high 
pu r i t y  were obtained by liquid chromatography  
on silica gel. The mixed solvent used was orig- 
inal ly  developed for  thin- layer  chromatography  
and was applied without  change to column chro- 
matography.  The composition of the separated 
isomers has been determined by  infrared,  u l t ra-  
violet, nuclear magnet ic  resonance, and mass 
spectroscopy. 

The apparen t  molar  absorption coefficients have 
been obtained for the individual  coba l t  thio- 
cyanate  complexes both in benzene and  chloro- 
form. Fo r  the low molecular weight adduets 
studied, the efficiency of color development and 
extraction into the organic phase has been found 
to be dependent  on the concentrat ion of the cobalt 
thiocyanate reagent.  A sa tura ted  aqueous solu- 
tion of cobalt thiocyanate was found to be pref-  
erable and benzene was found to be a more 
reliable ext rac tant  than  chloroform. 

The apparen t  molar  absorption coefficients do 
not va ry  l inearly with chain length at  low molec- 
u la r  weights and the min imum number  of 
ethylene oxide units tha t  will form an  extractable 
color with the sa tura ted  reagent  was found to 
be 3. 

Introduct ion 

N O N I O N I C  D E T E R G E N T S  derived f r o m  ethylene oxide 
and an alcohol or a phenol comprise a large 

port ion of the sur fac tants  marketed  in the world to- 
day. These detergents have recently undergone a 
second generation t ransi t ion f rom biorefract ive to 
biodegradable surfactants .  Biodegradat ion studies on 
these materials  required the detection and measure- 
ment  of par t s  per  million nonionie surfac tants  in 
water.  Procedures tha t  have evolved to fill this need 
include modifications of the cobalt thiocyanate pro- 
cedure of Brown (1-3) .  These procedures are de- 
pendent  on the measurement  of the absorbanee of a 
cobalt thiocyanate complex tha t  has been extracted 
f rom an aqueous phase by a suitable organic solvent. 
All workers  recognized tha t  the color intensi ty was 
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dependent  upon the length of the ethylene oxide 
chain, and consequently the method was calibrated 
using matching samples of nonionic surfac tants  as 
s tandards.  

The universal  appl icabi l i ty  of the method has been 
questioned. The uncertainties which have arisen con- 
cern the choice of the ex t rac tan t  and the minimum 
chain length of ethylene oxide thiocyanate complex. 
These questions are answered in this paper  by ap- 
plying the colorimetric method to the ethoxylates 
derived f rom the condensation of ethylene oxide and 
nonylphenol,  and separated into pure  individual  chain 
lengths by column chromatography.  The single- 
chain-length ethoxylate isomers were also used to 
determine the apparen t  molar  absorption coefficients 
of the aromat ic  nuclei absorbing at  275 m~ in 
methanol solution. The pu r i t y  of each isomer was 
determined by  NMR, mass spectroscopy, and thin- 
layer  chromatography.  I n f r a r e d  spectra of the homol- 
ogous series were also obtained and crit ically 
evaluated. 

The absorpt ion coefficients determined in this s tudy 
are more appropr ia t e ly  labeled "appa ren t  molar  ab- 
sorption coefficients." This arises because the samples 
measured were obtained by  extract ion of the complex 
f rom an aqueous phase into an organic phase. The 
distr ibution coefficients of the compounds used in 
this s tudy  are unknown. Consequently, the com- 
pleteness of the extract ion is not known, and the data  
should be labeled "appa ren t  molar  absorption 
coefficients." 

Experimental  Procedures 
Isolation of Single-Chain-Length Ethoxylates 

The single-chain-length ethoxylates were isolated 
by  colunm chromatography  on 500 g of 0.05 to 0.2 
mm silica gel packed f rom a benzene s lu r ry  into a 
column whose dimensions were 50-mm diameter  and 
760 mm long. The column tempera tu re  was main- 
tained at  19C by circulat ing an ethylene glycol water  
mixture  through a jacket. E ight  grams of sample 
were chromatographed with a silica gel-to-sample 
ratio of 62.5:1. The solvent (acetone:benzene:water ,  
50:50:1 v / v )  was chosen based on sat is factory separa- 
tions obtained by thin-layer  ch romatography  on silica 
gel. By  controlling the solvent at a constant  height 
in the column, a constant  flow rate  of 1 m l / m i n  
was maintained.  A drop counter  f ract ion collector 
was used to collect 645, 10-ml fractions. The solvent 
was removed by  vacuum s t r ipp ing  with a min imum 
of heat. 

Determination of ADparent Molar AbsorDtion Coefficients 
of Cobalt Thiocyanate Ethoxylate Complexes 

The reagent  (280 g C o ( N O a ) 2 - 6 t t 2 0 ,  620 g 
NH~SCN, and 850 g water)  was pre-extraeted with 
3 (100-ml) portions of either benzene or chloroform. 
All extractions of the reaction product  were per- 
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:FIG. :1. Mixed Tergitol nonionic NP-14 and NP-16 

formed using 4 (50-ml) portions of solvent and the 
4 fractions were collected and brought  to 200 ml 
with pure solvent. The absorbance measurements 
were made on a Beckman DK-2A with appropria te  
dilutions or changes in cell pa th  to provide spectra 
with an absorbance range between 0.1 to 0.75. A 
known weight (about 10 mg) of each pure isomer 
was reacted with 1 ml of cobalt thiocyanate reagent 
and extracted with either benzene or chloroform. 

Spectral Data  

Weighed samples of the pure isomers were brought  
to a known volume with carbonyl-free methanol and 
the visible (620 m~) and ultraviolet  (320 m~) 
absorbances were measured using a Beckman Model 
DK-2A spectrophotometer. All inf rared spectra were 
of capillary films and were recorded on a Beckman 
Model IR-4 spectrometer using a NaC1 cell. By 
controlling the thickness of the capillary film it was 

FIa. 2. Thin-layer chromatogram of composited column 
fractions of pure ethoxylates. 

thin-layer chromatograms of column fractions. 

a r ranged that  all major  absorption bands had greater 
than 20% transmission. The NMR spectra were 
obtained using a Varian model A-60 spectrometer, 
and te t ramethyl  silane was the reference standard. 
The mass spectra were obtained using the heated 
probe at tachment of the Bendix Time-of-Flight mass 
spectrometer. The conditions for obtaining the 
spectra, and a detailed analysis of these spectra, are 
to be submitted for publication in a subsequent paper. 

Discussion 
Column chromatographic separation of polyoxy- 

ethylene nonionic surfactants into single molecular 
weight fractions has been at tempted by numerous 
workers with vary ing  degrees of success. Kikolski 
and Wegrzynowicz (6) have prepared an excellent 
review of the progress in this field. Fractions con- 
taining a single ethoxylate chain have been isolated 
previously (5 -8 ) ;  however, overlapping of fractions 
and characterization of the eluatc were difficulties 
inherent  in earlier work. 

Thin-layer chromatography was used to solve these 
difficulties and assisted in the choice of the optimum 
solvent for  the separation of alkyl phenol ethoxylates. 
The solvent was specifically chosen to yield a greater 
degree of separation of the intermediate molecular 
weeight ethoxylates. Silica gel having a 0.05- to 
0.2-ram particle size was used for the column chro- 
matography. This narrow range in small particle 
size permit ted a direct transit ion from thin-layer 
to column chromatography. The same solvent 
(acetone:benzene:water;  50:50:1 v /v )  used in the 
thin-layer separation was used for the column chro- 
matography. The progress of the column chroma- 
tographic separation was followed using thin-layer 
chromatography as the detector. Following the dis- 
charge of the first 150 ml of solvent, every fifth test 
tube was sampled and chromatographed using the 
same solvent as described previously. The resulting 
chromatograms are seen in Fig. 1. 

These chromatograms show that  for  this separation 
the early fractions eluted as mixtures with some 
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:Pin. 3. Apparent molar absorption coefficients of cobalt 
thiocyanate complexes at 320 m~ vs. nonylphenol ethoxylate 
chain length. 

fractions containing as many as 3 components, then 
2 components, and, finally, fractions were obtained 
that  contained only a single component, as is shown 
by test tube No. 65. The single component-mixed 
component-single component eluate pa t te rn  was re- 
peated until  pure  fractions of the 5 to 9 mole adducts 
had been collected. 

Since single molecular weight samples of all the 
chain lengths were desired, a second column chro- 
matographic separation was carried out using a re- 
duced sample size and a slower solvent flow rate, 
to obtain the pure lower molecular weight members 
of the series. 

The sample chosen for  this s tudy was artificially 
enriched with the higher molecular weight adducts 
by addition of 10% Tergitol Nonionic NP-16 (6- 
mole average) to a commercial sample of Tergitol 
NP-14 (4-mole average).  In  addition, the column 
was intentionally overloaded to a slight degree, to 
increase the amount  of pure isomers collected. Con- 
sequently, no a t tempt  was made to determine a 
molecular weight distribution. 

The fraetions found to be pure by  thin-layer 
chromatography,  Fig. 1, were combined and the sol- 
vent removed by vacumn str ipping with minimal 
heat. The largest amount  of "pure isomer collected 
was 0.9 g of the 6-mole adduct. Fig. 2 is a thin-layer 
chromatogram of the original sample and the isolated 
fractions, showing that  the column chromatographic 
fractions are indeed pure members of the homologous 
ethoxylate series. 

Cobalt Thiocyanate Complexes 

Previous workers have reported a variat ion of the 
eolor intensity with the length of the polyethylene 
oxide chain; however, these results were obtained 
using the number average molecular weight of the 
nonionic surfactant  (2,3). Since the color intensi ty 
is a function of the ethoxylate chain length, absorb- 
anee data are extremely dependent on the molecular 
weight distribution of the sample chosen for con- 
struction of the calibration curve. Therefore, the 
calibration curve must  be constructed f rom a rep- 
resentative portion of the sample under  study. In  
addition, reports on the minimum number  of ethylene 
oxide units detectable, obtained using samples with 
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FIG. 4. Apparent  molar absorption coefficients of cobalt 
thiocyanate complexes at 620 mtt vs. the nonylphenol ethoxylate 
chain length. 

an unknown molecular weight distribution, are ques- 
tionable because of the effect of chain length on color 
intensity. Inasmuch as the results obtained using 
the cobalt thiocyanate procedure are based upon a 
calibration curve, it is impor tant  to know the effect 
of the length of the polyethylene oxide chain on the 
color intensity. 

Absorbance measurements made on the cobalt com- 
plexes of the pure isomers confirm that  the color 
intensity does va ry  with the length of the poly- 
oxyethylene chain, but  tha t  the absorbance is non- 
linear with respect to the number  of units in the 
chain. The data  plotted in Fig. 3 and 4 show that  
at ]east 5 moles of ethylene oxide are required to 
produce a significant extractable color; however, 
lesser numbers of oxide units do produce an ex- 
tractable color. Since the absorption coefficients of 
the higher molecular weight complexes are 10 to 15 
times greater  than those of the lower members, these 
data i l lustrate conclusively that  a small percentage 
of a higher  molecular weight adduet  in a sample 
of lower molecular weight will yield a cobalt thio- 
eyanate color out of proport ion to its concentration. 
Consequently, data obtained with samples having an 
unknown molecular weight distribution should be 
evaluated with these results in mind. 

The fact  that  the color intensi ty of the cobalt 
complexes undergoes such a rapid decrease from the 
5- to the 4-mole adduet  has additional importance. 
Dur ing  the course of biological attack on polyoxy- 
ethylene nonionic surfactants,  the ethoxylate chain is 
consumed. MeaSurements of biodegradation based 
solely on the disappearance of the cobalt thiocyanate 
complexes can be misinterpreted as complete biode- 
gradation, when in real i ty  the analytical  method 
failed to detect ethoxylate chains less than 5 
units long. Consequently, it  is advisable tha t  com- 
plementary  analyses be performed,  e.g., Warburg  
respirometry.  

The initial work pu t  for th  to obtain Fig. 3 and 4 
made use of the cobalt thiocyanate reagent repor ted 
by Brown and  Haynes  (1). These experiments con- 
firmed earlier results, i.e., at least 6 moles of ethylene 
oxide are required for  color development (1,2). 
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:Fro. 5. Molar absorption coefficients of the aromatic content 
of nonylphenol ethoxylates vs. the ethoxylate chain length. 

The data reported i n  Fig. 3 and 4 were obtained 
using a saturated aqueous solution of ammonium 
cobalt thiocyanate, a reagent similar to that reported 
by Greff et al. (3), except that NaC1 was not re- 
quired, since the reagent used in this study was 
added to an anhydrous sample. These data confirm 
earlier reports that the lower limit of detection is 
2 or 3 moles of ethylene oxide (3). 

The major difference between the reagents of 
t~rown (1) and Greff (3) is the amount of water 
used to prepare the reagent. The data in Fig. 3 
show that only weak or poorly extractable complexes 
are formed between cobalt thiocyanate and short- 
chain ethoxylates. Since water is competing with the 
ethoxylate oxygen for coordination positions on 
cobalt, it follows that higher concentrations of water 
will reduce the color intensity and, in fact, when 
water is added to the extracted complex, the color 
is discharged immediately in favor of the preferred 
ammonium hexa-aqua cobalt. In addition, ethoxylates 
separated by thin-layer chromatography (adducts 1 
through 15) can be detected using anhydrous co- 
baltous thiocyanate dissolved in acetone, illustrating 
that under nearly anhydrous conditions the 1-mole 
ethylene oxide adduct should be detectable by cobalt 
thiocyanate. 

These data confirm the findings of Greff, i.e., the 
least hydrated organic solvent will yield the highest 
extractable color intensity per gram of sample. Con- 
sidering the 2 solvents investigated in this study, 
benzene was apparently superior to chloroform as an 
extraetant, except for measurements made at 320 
m~ on polyoxyethylene chains of 4 units or less. This 
result could arise from baseline corrections necessary 
in this region and the fact that the small sample 
absorbance band is superimposed on the broad ab- 
sorbance band for benzene. 

S p e c t r o s c o p i c  M e a s u r e m e n t s  

The NMR spectra of polyoxyethylene nonionic sur- 
factants have been used to determine simultaneously 
the ethylene oxide and hydrophobic content of non- 
ionic surfactants. Consequently, the hydrophobe- 
hydrophile ratio can be obtained from the NMR 
spectra. Since the hydrophobic portion of the mole- 
cule was known, the ratio of ethylene oxide to ben- 
zene was readily calculated. Nuclear magnetic 
resonance spectra have been obtained for the pure 
ethoxylate isomers obtained in this study, which 
have confirmed the ratio of ethylene oxide to alkyl- 
benzene, a ratio assigned previously by the thin-layer 
chromatographic separation of Tergitol NP-14 and 
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FIG. 6. Inf ra red  scans of some of the pure ethoxylates of 
nonylphenol. 

Tergitol NP-16. These results confirmed that the 
chromatographic process is separating the ethoxylates 
in the order of an homologous series, with the lower 
molecular weight ethoxylates traveling the most 
rapidly up the plate. 

The absorbance of the substituted benzene ring at 
about 275 mt~ has been used by many workers to 
measure the presence and concentration of alkyl- 
phenol ethoxylates. In general, calibration curves are 
prepared from samples of known number average 
molecular weight. The molar absorption coefficients 
of these compounds have been reported to be inde- 
pendent of molecular weights (4). 

The molar absorption coefficients determined by 
the aromatic content of the pure isomers are plotted 
in Fig. 5. This curve shows that the absorption 
coefficients are independent of molecular weight 
beyond the 5-mole adduct, and that calibration for 
each adduct is not necessary beyond this molecular 
weight. However, the coefficients for the shorter 
chain lengths do not behave in a predictable manner. 
The transition between the 3- and 5-mole adducts 
was unexpected and is not explainable at this time. 
These results show that proper calibration curves are 
required for the lower members of the ethoxylate 
series, but the ultraviolet absorption coefficient of 
the common commercial products should be inde- 
pendent of molecular weight. 

Infrared spectra of surfactants are obtained in 
a routine fashion in numerous laboratories for the 
purpose of identification of surfactants, and fre- 
quently are used to determine the amount of sur- 
factant in a sample. Calibration curves are needed 
for quantitative infrared measurements and are gen- 
erally obtained from measurements made on samples 
with a known number average molecular weight but 
unknown distribution. Quantitative infrared mea- 
surements made on polyoxyethylene nonionic sur- 
factants generally use the C-O-C stretching vibra- 
tions at about 1,120 cm -1 (8.9 ~). Measurements 
of this band and also absorption bands associated 
with the hydrophobic portion of the molecule have 
been used to follow the course of fractionation 
experiments (4). 

Detailed analyses of the infrared spectra of poly- 
oxyethylene molecules have been made by several 
authors (13-15). These workers conclude that the 
lower molecular weight members of the series produce 
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irregular ly shaped bands which originate due to the 
presence of both "gauche" and " t rans"  isomers. 
However, the crystalline higher molecular weight 
members of the series have a helical s t ructure  which 
contains 7 chemical units and 2 turns  of the chain 
in a length of 19.3 A. These optical configurations 
produce multiple absorption bands in the region of 
1,100 cm -1. 

Fig. 6 shows the t ransformation in absorption 
band multiplici ty and shape encountered in length- 
ening the chain by single ethylene oxide units. The 
spectra of the lower members of the series are suf- 
ficiently different f rom the higher members of the 
series that  an accurate identification without prior  
knowledge would be difficult. 

Since the infrared spectra were not obtained in a 
cell of fixed thickness, absorption band ratios were 
made for each scan and the several scans are com- 
pared in Fig. 7. These curves, e the r /hydroxyl  and 
ether/aromatic,  show the influence of the multiple 
bands obtained for the lower members of the series. 
The spectra obtained for the more or less fixed 
configurations found in the longer chains yield use- 
ful  analytical data, and for tunate ly  this is the ethy- 
lene oxide chain length of interest for  commercial 
nonionic surfactants.  However, data obtained for 
the shorter chain lengths are unreliable unless proper  
calibration standards are available. 

The influence of hydrogen bonding is shown in the 
nonlinear behavior of the hydroxyl /a romat ic  ratio 
as a function of the number of ethoxylate units. 
These results are consistent with additional studies 
made in this laboratory on the nonlinear behavior 
of the hydroxyl  absorbance in polyoxyethylene 
polymers. These data are to be reported upon in a 
fu ture  publication. 

/ 
8.9/~ 

o 6 

2 i 

I I I I I I I I 
I 2 3 4 5 6 7 8 9 

NUMBER OF ETHYLENE OXIDE U N I T S  

F r o .  7. A p l o t  o f  s e l e c t e d  i n f r a r e d  a b s o r p t i o n  b a n d  r a t i o s  
vs.  t h e  n o n y l p h e n o l  e t h o x y l a t e  c h a i n  l e n g t h .  
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