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Abstract

Temperature was investigated as active parameter in the liquid chromatography (LC) analysis of octylphenol ethoxylates. Signifi-
cant differences in selectivity were observed when the oligomers were analyzed by reversed phase LC (RPLC) on silica-, zirconia- and
polystyrene/divinylbenzene based stationary phases at low (ambient), medium and elevated temperature with acetonitrile/water as mobile
phase. As ascertained by LC—mass spectroscopy (MS), in most cases the elution order of the oligomers was completely reversed comparing
ambient and high temperature separations. On a graphitized carbon type column, the selectivity remained unchanged, regardless the analy
sis temperature. Also in normal phase LC, the elution order remained unaffected by temperature variations both for acetonitrile/water and
methanol/water mixtures as mobile phase. Surprisingly, when reversed phase LC on a octadecylsilicagel column at different temperatures
was repeated with methanol instead of acetonitrile as mobile phase ingredient, the reversal of elution order did not take place. Results are
evaluated in terms of thermodynamic parameters.
© 2005 Published by Elsevier B.V.
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1. Introduction the same temperature as the column (oven) temperature. In
this way, loss of separation and efficiency due to thermal
The use of elevated temperatures and temperaturemismatch between mobile and stationary phase is eliminated.
programming in liquid chromatography (LC) is gaining The effluent temperature is actively controlled by a Peltier
momentum in recent yeaf&—9]. At the present time, the  element to stabilize and protect the detector.
number of applications of high (or elevated) temperature  Presently, the limiting factor in using high temperature
LC is still limited mainly because of lack of suitable in conventional LC is the stability of bonded silica-based
stationary phases and equipment. Of utmost importance isstationary phases. Silica-based stationary phases usually
adequate control of mobile phase and column temperature.are stable at temperatures up to°@) although some
In this respect, problems could be circumvented by using novel reversed phase material can be used up td?@20
packed capillary columns exhibiting low heat capacity and [8,9]. When using water in the mobile phase as in reversed
negligible radial temperature gradients. Instrumentation phase type separations, loss of bonded phase from the
for elevated temperature conventional LC became recentlysilica support due to hydrolysis is more pronounced at
available to efficiently heat the entering mobile phase to high temperatureq10]. Stationary phases with higher
temperature stability are based on materials other than silica
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Alkylphenol ethoxylates are important technical nonionic Greibrokk applied inverse temperature programming in
surfactants widely used in industrial and household appli- RP-packed capillary LC for improved separation of PEG
cations. The production process generally does not generateligomers[15]. Cho et al.[16] recently reported on the
one discrete molecule, but a disperse distribution of com- temperature dependence of retention of poly(ethylene oxide)
pounds. Quality and application area of the product is greatly (PEO) and fatty alcohol ethoxylates (FAE)7] in RPLC.
determined by the chain length distribution and the purity of Significant selectivity changes caused by changes in analysis
the synthesized product. To determine these characteristicstemperature were observed. Kamiusuki et [d8] have
several separation techniques can be applied. Reversedeported on the separation of octylphenol ethoxylates on
phase LC (RPLC) and normal phase LC (NPLC) with UV branched fluorinated silica gel columns. The oligomers were
detection are by far the most popular techniques for theseseparated according to increasing number of ethylene oxide
analyses. units. The mobile phase was a mixture of water and methanol.

Analyses are normally carried out at ambient tempera- Increasing the temperature from 40 to°@resulted in a
tures or temperatures slightly higher than ambient. Using shorter retention time, however, without affecting selectivity.
acetonitrile—water as mobile phase in RPLC, a chain length  The aim of this study was to investigate the potential of
distribution separation is obtained which is controlled by using temperature as active variable in the LC analysis of
hydrophobic interactioril1]. The large, less hydrophobic octylphenol ethoxylates using the present state-of-the-art in
oligomers elute before oligomers with a smaller degree of column technology and instrumentation.
polymerization. For normal phase separations, this elution
order is opposite and the larger oligomers are more retained
on the column. When the reversed phase analysis is carried?. Experimental
out at moderately elevated temperatures (e.2G3Owith
the same mobile phase composition, the selectivity between2.1. Chemicals and samples
oligomers with different chain lengths is significantly
reduced and consequently, little or no oligomeric separation  All solvents used were HPLC grade from Biosolve
takes place. At higher temperatures than this ‘critical’ Ltd. (Valkenswaard, The Netherlands). Triton X-100
temperature a chain length distribution separation reappearsfrom Sigma-Aldrich (Bornem, Belgium) was dissolved in
however, with inversed elution order compared to analyseswater/acetonitrile, 1/1 (v/v) for RPLC analyses and in
at ambient temperature. water/acetonitrile, 1/9 (v/v) for NPLC analyses.

At present, the reason for this phenomenon is not
completely obvious, but size-exclusion effects seem not 2.2. Instrumental
to cause this reversal. The effect is most interesting since
reversed selectivity by temperature can be achieved on the Analyses were performed using an Agilent 1100 Series
same instrument, with the same column, and with the sameLC equipped with a diode array detector (Agilent Technolo-
mobile phase composition. Several publications describe gies, Waldbronn, Germany) set at 225 nm. All analyses were
this selectivity change for polymers with ethylene oxide carried out in the isocratic mode. The column temperature
(EO) units. Melander et g]12] observed more than 20 years was controlled with a Polaratherm Series 9000 oven equipped
ago increased retention of PEG 400 at elevated temperaturavith a mobile phase preheater and cryo-option (Selerity Tech-
in RPLC. Escott and Mortimer operated an ODS column at nologies, Salt Lake City, UT, USA). The preheater temper-
80°C for a separation of a blend of PEGs and they reported ature was set equal to the oven temperature and the effluent
an improved resolution compared to ambient temperaturetemperature at 40C.

[13]. Lochmiller et al. [14] also observed an increased The mass spectrometer was an Agilent 1100 Series
retention of PEO samples with increased temperature in Quadrupole MSD version SL equipped with an atmospheric
RPLC on a silica-based C18 stationary phase with a mobile pressure chemical ionization (APCI) source (Agilent Tech-
phase composed of water and acetonitrile. The group of nologies, Waldbronn, Germany). Positive ionization was

Table 1

LC columns with details on column dimensions and packing material

Column (stationary phase) Dimensidns |.D. (particle size) Base material Pore sizae (
Agilent Zorbax StableBond (C18) 150 mn3.0 mm (3.5um) Silica, sterically protected 80
Agilent Zorbax StableBond (C18) 150 mx¥.6 mm (3.5.m) Silica, sterically protected 300
Agilent Zorbax StableBond (phenyl) 150 ma8.0 mm (3.5um) Silica, sterically protected 80
Selerity Blaze (C8) 150 mm 4.6 mm (3um) Silica, poly dentate 100
Zirchrom PBD (polybutadiene) 150 mm2.1 mm (3pm) Zirconium oxide 300
Polymer Laboratories PLRP-S (polystyrene/divinylbenzene) 1500211 mm (3um) Polystyrene/divinylbenzene 100
Thermo Electron Hypercarb (graphitized carbon) 100 m&0 mm (5.m) Graphitized carbon 250

Phenomenex Ultremex 3 Silica (silica) 75 myd.6 mm (3um) Silica 80
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performed in the scan mode (300-1406/2). Interface The following LC columns were used in this work: var-
settings were: Bldrying gas temperature 328, Ny drying ious Zorbax StableBond columns (Agilent Technologies,
gas flow 8Il/min, APCI vaporizer temperature 3% Waldbronn, Germany), a Selerity Blaze C8 column (Selerity
nebulizer 50 psi, capillary voltage 3000 V. Technologies, Salt Lake City, UT, USA), a Zirchrom PBD
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Fig. 1. LC-MS analysis of Triton X-100 (1000 ppm) on a Zorbax StableBond C18 column (130x®0 mm |.D., 3.5.m particles, 8k pore size). Mobile
phase: water/ACN, 50/50 (v/v), flow rate: 0.6 ml/min, injection volumgi,3letection: APCI, positive ionization.
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column (Zirchrom, Anoka, MN, USA), a PLRP-S column LC-mass spectroscopy (MS) analysis using an APCI source
(Polymer Laboratories, Shropshire, UK), a Hypercarb col- of Triton X-100 on a Zorbax StableBond C18 column at 20,
umn (Thermo Electron Corporation, Cheshire, UK) and an 50, and 90C. Inserted are mass spectra of some representa-
Ultremex 3 Silica (Phenomenex, Cheshire, UK). Details on tive oligomers. These mass spectra are made up of the molec-
column dimensions and packing material are giveTainle 1 ular ion ([M + H]*) and an intense ion [M + 18}that can be

The software used to calculate the Kgw values was attributed to ammonium adduct formation. Adduct formation
KOWWIN v1.66, SRC-LOGKOW for Microsoft Windows s rather unusual in APCI, but this has also been reported in
(Syracuse Research Corporation, Syracuse, NY, USA). thermospray LC—-MS analyses of surfactants by Evans et al.
[19]. Jandera et a]20,21] obtained mass spectra of ethoxy-
late polymers with molecular ions and sodium and potassium
adducts in APCI positive ionization. At 5C, the transition
temperature at which no oligomeric separation takes place,
3.1. RPLC on silica-based columns several side productd;fls in Fig. 1) are detected in the

vicinity of the main product. A detail of the chromatogram

The selectivity of reversed phase separations of alkylphe- is insertec_j irfFig. L These impurities are isomeric oligomers
nol ethoxylates is influenced by the nature of the stationary ©f the main productert-octylphenol ethoxylate, and show a

phase, the temperature and the mobile phase composition. Af,lmilar EO distr_ib_ution pattern as for the main product. The
ambient temperatures with acetonitrile—water a chain length 'SOMers thus originate from thert-octylphenol used as start-

distribution separation controlled by hydrophobic interac- N9 material in the polymerization procedure. The octylphe-
tion is obtained11]. Under these conditions, polymers with nol 'contamed impurities with more and less branched octyl
longer EO chains elute before polymers with shorter EO Chains. _

chains. The logkow values for Triton X-100 oligomerswith ~_ ©ho et al.[16,17] also observed that retention of PEO

1 upto 35 EO units were calculated using KOWWIN and plot- in RPL.C increased as temperaFure increased. The thermo—
ted against the number of EO units. A linear plot was obtained dynamics of the chromatographic process were investigated
(R2=0.9995) with a negative slopg€—0.27X+5.129). within a temperature range of 35-40@. The thermodynamic
The logKow value switches from positive to negative parameters of a sorption process of analytes to a stationary

between 18 and 19 EO units. This means that the longerPh@se can be described by:

3. Results and discussion

the EO chain, the more polar the alkylphenol ethoxylate AGo — Ag° — TAS° = —RT InK 1)
becomes. The results obtained in this contribution on various

silica-based reversed phase columns with water—acetonitrilek’ = K¢ (2)
as mobile phase are in agreement with this concept. When AH® AS°

increasing the temperature, the EO chain length selectivity INk" = — ( RT ) + ( R ) +Ing 3)

deteriorates and long EO chains are more retained compared
to ambient temperature separations. At a certain temperature, The equilibrium constant) of a molecule between the

all oligomers elute together as a single peak and the EO selecstationary and mobile phase is related to changes in the
tivity completely disappears. However, at even higher tem- Gibbs free energy AG°) and consequently, the enthalpy
peratures a new chain length distribution separation shows up(AH®) and the entropy AS) of the system;T is the

but with reversed elution order compared to the separation atabsolute temperature (in KelvinR is the gas constant
ambienttemperature. This is illustratedHig. 1, showing the (8.31441 J/Kmol);k is the retention factor ang is the
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Fig. 2. LC analysis of Triton X-100 (10000 ppm) on a Selerity Blaze C8 column (15Qmm@.6 mm |.D., 3um particles, 106 pore size). Mobile phase:
water/ACN, 50/50 (v/v), flow rate: 1 ml/min, injection volumep§ detection: DAD 225 nm.
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volume ratio of stationary to mobile phasaH® can be
described as the change in enthalpy upon the transfer of one
mole of analyte from the mobile to the stationary phase.
Generally, in hydrophobic interaction chromatography 3.00+
(HIC) the sorption of a polymer to a stationary phase is an

—+—2EQ
—=—4EO
——6EO
—e—8EO
—=—10EO

Ink'

3.204

, <0 12E0
energetically unfavorable processH° >0) and is entropy- 280 - 14EQ
driven (AS’>0). Under these conditions the interaction 2.60 &~ 16EO
strength will increase with increasing oligomer mass and the e 18EO
retention of polymers will increase with increasing degree of 2407 - 2080
polymerization. 220 .

Cho et al.[16] noted that PEO retention increased as 26 27 28 29 30 3.1 32 33 34 35 36
temperature increased. The thermodynamic parameters were (A) 1/T (x1000)
calculated using van't Hoff plots and it was concluded that
the sorptior) process of EO chainsto the stationary phaseisan g 20 - . 20-30°C
endothermic entropy-driven procegsH° >0 andAS’ > 0). § 16 1 o 40-55°C Pead
Water molecules adjacent to the solute EO chains and the < 121 4 65-100°C O
stationary phase are in a low entropy state. When adsorbed % 81 . 2 s il
to the stationary phase, the EO chains release the ordered 49 et ¢
water molecules to the more unstructured water in the mobile 07 e o }
phase, increasing the entropy of the system. This entropy gain 'g: ' .nn P
increases retention and its contribution increases relative to 12 J T ek
the enthalpic effect with increasing temperature as can be el T
deduced from Eq.3). 20 e

If an alkyl group is added to the EO chain, the thermody- 0 2 4 6 8 10 12 14 16 18 20
namics of the sorption process is more complex. Cho etal. (B nEO
analyzed fatty alcohol ethoxylates with RPLC and observed
opposite thermodynamic characteristics for the PEO block g 90 1 v 20-30°C )
(AH°>0 and AS’>0) and the alkyl chainAH° <0 and g 75 A o 40-55°C e *
AS <0)[17]. This means that sorption of the alkyl chain is 3 60 4 65-100°C ,,_.r""" -
an enthalpy-driven process, while sorption of the PEO chain qu 45 | .’ u___,_.n---"'”
is an entropy-driven process. Implications for FAE are that 30 ’__,.»""' e
at low temperature (e.g. X&) the resolution according to ot
EO chain length is better, while at higher temperature (e.g. S e R
40°C) the resolution according to the number of EO units 01 e
decreases, but the selectivity according to the alkyl chain 454 °© e
length improves. 30 o

These results are in agreement with our data obtained for 0 2 4 6 8 10 12 14 16 18 20
the alkylphenol ethoxylates at 20 and“8Din Fig. 1 How- © nEO

ever, ath|gherfcemperature.s, the EO SGIGCtIVItymcreasesOnc%ig. 3. van't Hoff plots of Triton X-100 (A) and influence of degree of
more, butwith inversed elution order. In the work of the group 5y merization 6EO = number of EO units) on enthalpy (B) and entropy
of Cho, no analyses were performed at such high tempera-(c) for the different temperature regions. Analytical conditions:Rige2
tures.

To have an overview of the separation at various tempera-
tures, similar analyses were performed with smaller temper- were divided in three temperature regions: a low temperature
ature intervals on a Selerity Blaze C8 column, a silica-basedregion (20-30C), a medium ‘transition’ temperature region
polydentate column, stable at 100 (Fig. 2). A similar effect, (40-55°C), and a high temperature region (65—-2Q). The
ascertained with LC-MS, takes place abig. L Thesepara-  van'tHoff plots show satisfactory linearity in both the low and
tions at elevated temperature (@) are better with respect  high temperature region, but linearity is completely lost in the
to analysis time, efficiency, and resolution compared to the medium temperature region. This is due to the extreme influ-
analysis at 20C. ence on the retention factor of small temperature variations

A van't Hoff plot was constructed from the LC-MS anal- in this ‘transition’ region. The thermodynamic parameters
yses of Triton X-100 at various temperatures using the reten- AH° and AS’ for each temperature region were obtained
tion factor of the oligomers with an even number of EO from these three separate van't Hoff plo&g. 3B and C).
units (2—20U) as data point&if. 3A). As expected, the Inthe low temperature regichH® >0andAS’ > 0, except
plot is non-linear and different effects play a role in the for the oligomers with short EO chaineEO < 6) which is
separation at different temperatures. Therefore, the resultsin accordance with the results of Cho et[al7]. This means
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that the sorption process on the stationary phase in this regiorthat this column provided less retention, and consequently
is an entropy-driven process that results in an increase ofless selectivity compared with the Zorbax StableBond C18
PEO retention as temperature increases. When analyses areolumn. To investigate if size-exclusion effects play a role
carried out in the medium temperature regiavti° >0 for in these analyses, the experiments were repeated on Zorbax
oligomers with 10 or more EO units, btH® <0 for shorter StablgaBond C18 packed with partigles with a larger pore size
oligomersAS’ is >0inthisregion. Inthis situation, enthalpic  (300A versus 8®). Since the 30@& column had a larger
and entropic effects per EO unit compensate each other andnternal diameter than the @ocolumn, the flow rate was
retention is less dependent on EO chain length. Therefore,increased in order to obtain a similar linear velocity of the
coelution of the oligomers occurs at a ‘transition’ tempera- mobile phase. Although the analysis time was lower on the
ture, which was 45C in this case. In the high temperature 300A column comparedtothe gbcolumn, the overall result
region,AH® <0 andAS’ <0, except for the oligomers with  was similar indicating that size exclusion effects did not play
long EO chainsfEO > 15). This implies that the retention a prominent role in the separation and that oligomeric sep-
process in this region is of a different nature compared to aration is guided through partitioning between mobile and
retention at (normal) low temperature. The sorption process stationary phase.
is mainly directed by enthalpic effects and this results inthe ~ Kamiusuki et al.[18] separated octylphenol ethoxy-
reversal of the elution order. lates on branched fluorinated silica gel columns with a
A significant advantage of the use of high temperature methanol-water mobile phase. The oligomers were sep-
in LC is the reduced viscosity of the mobile phase. Con- arated according to increasing number of ethylene oxide
sequently, the pressure drop over the column is decreasedinits and the selectivity was not affected by temperature
and higher flow rates can be applied to reduce analysis time.changes between 40 and °@. This retention behavior is
Efficiency is not sacrificed by the high linear velocity of the contradictory to what we observed with acetonitrile—water as
mobile phase because the solute transfer between mobile andhobile phase and experiments were therefore repeated with
stationary phaseJterm in Van Deemter equation) is greatly methanol-water as mobile phase. The content of methanol
enhanced at elevated temperature. In this way, the analysishad to be increased to 70% compared to the 50% acetoni-
time could be reduced by a factor of nearly 3 for the analysis trile to elute the oligomers in a reasonable analysis time.
of Triton X-100 Fig. 4) on a Zorbax StableBond C18 column  The interaction strength and thus retention indeed increased
at 90°C and a flow rate of 1.5 ml/min. Although the injection with increasing oligomer mass and under these conditions the
volume was equal for all analyses, no loss in sensitivity was sorption process is an exothermic processi{ < 0). Disor-
observed at higher flow rates since the signal-to-noise ratioder (AS’) is reduced in a protic solvent (methanol) compared
remained unaffected. Also, efficiency and resolution were not to an aprotic solvent (acetonitrile). Rissler efaP—24]have
affected by the high flow rate. investigated the influence of the organic modifier in RPLC on
Similar results were obtained on a Zorbax StableBond various polyether compounds. Methanol was better to elute
Phenyl column (results not shown). The only difference was samples with a higher hydrophobicity compared to acetoni-
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160
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Fig. 4. LC analysis of Triton X-100 (10000 ppm) on a Zorbax StableBond C18 column (130820 mm I.D., 3.5um particles, 8dh pore size). Mobile
phase: water/ACN, 55/45 (v/v), injection volumeuB detection: DAD 225 nm.
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trile. This was attributed to the improved solvation of the = 257 StableBond C18
polyether backbone by hydrogen bonding between the ether g
oxygens and the hydroxyl group of the protic solvent. The ¢ 20-
difference between methanol and acetonitrile in RPLC of £
ethoxylated alcohol surfactants has also been described by § 151
Jandera et al[20]. Their findings were that the effect of E
the acetonitrile concentration in the mobile phase is more E» 10 1
complex than the effect of methanol. These results are in
agreement with our findings. In fact, RPLC and NPLC (see 5 : r : : )
further) provides the same separation pattern with methanol 0 20 40 60 80 100
as mobile phase additive. Temperature (°C)
. 161
3.2. RPLC on alternative columns E PLRP-S
o 13-
In an attempt to further explain the temperature depen- £
dence on the elution order of the oligomers, several less § 10-
conventional columns, packed with non silica-based parti- &
cles, were tested at various temperatures in LC-MS. The E 74
results are graphically summarizedhig. 5 The retention
time of three oligomers, namely 4EO (MW 382.4) 10 EO 4 : . ; ; . .
(MW 646.4), and 16 EO (MW 910.4), is plotted versus 10 0 S0 70 20 10 130
column temperature. The chromatograms at the highest Temperature (°C)
analysis temperature for each column are represented injg 134 Zirchrom PBD
Fig. 6. =
The first column was a polymeric column packed with g 101
polystyrenegldivinylbenzene copolymer particles with a pore <
size of 100A (PLRP-S). The analysis was carried out at 20, £ 71
50, 90, and 120C, respectively with a mobile phase com- E
posed of water/ACN, 50/50 (v/v). The results obtained with E 4
this column are very similar to the results obtained on silica-
based reversed phase columns. At ambient temperature large 1 . . ; .

more hydrophilic oligomers elute before smaller ones and at 10 80 50 70 90 1o 130

medium temperature the oligomeric separation disappears. Temperature (°C)

When the analysis temperature is further raised however, the = 207 v 4EO Hypercarb
chain length separation reappears but with a reversed elution £ 16 o 10EO
order. Since this type of column is not silica-based, polar fé:;’ e 18E0
interactions with residual silanol groups can be excludedand § 12
the separation thus is guided only by partitioning between 2
mobile and stationary phase. § 8

Secondly, a column packed with zirconium oxide based & 4 \\\_\M
particles with 306k pore size on which a polybutadiene e SN
stationary phase is applied (Zirchrom PBD) was used. Anal- 0 . . ‘ ' ‘ .
yses were performed at column temperatures of 20, 50, 90, 10 40 0 100 180 160 190
and 120°C, respectively, with a mobile phase composed of Temperature (°C)

water/ACN, 65/35 (v/v). At 20C, all oligomers coelute at a
retention time of ca. 11.5 min. When the analytical tempera-
ture isincreased to 5@, an oligomeric separation is starting
to take place with low molecular weight oligomers elut-
ing before high molecular weight oligomers. The complete also a striking decrease in retention time when the tempera-
chain length distribution elutes between 7 and 11 min. When ture is raised.

increasing the temperature to 1220, the separation is further The last column tested was a graphitized carbon column
improved and all oligomers elute between 2.2 and 5 min. The (Hypercarb) packed with particles with a pore size of 250
chain length distribution separation directed by hydrophobic The pure carbon stationary phase in this column shows a
interaction at ambient temperature does not take place on thissignificantly stronger interaction with the alkyl chains of
column, but a similar separation as on silica-based reversedthe polymers and a mobile phase composed only of ACN
phase columns is achieved at elevated temperatures. There iand water was too weak to elute the oligomers. Therefore,

Fig. 5. Comparison of temperature influence on retention time in LC anal-
yses of Triton X-100 (1000 ppm) on various columns at high temperature.



200 G. Vanhoenacker, P. Sandra / J. Chromatogr. A 1082 (2005) 193—-202

mAU
StableBond C18, 3 mm ID
187 t=90°C

4 Eluent: water/ACN 50/50 (v/v)
191 Flow rate: 0.6 mli/min

PLRP-S, 2.1 mm ID
T=120°C

Eluent: water/ACN 50/50 (v/v)
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154
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T=120°C
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T=180°C

] Eluent: water/ACN/IPA/DCM 16/20/48/16 (v/v)
Flow rate: 0.6 ml/min

o 2 4 & 8 Time (min)
Fig. 6. Comparison of LC analyses of Triton X-100 (1000 ppm) on various columns at high temperature. Detection: DAD 225 nm.

dichloromethane (DCM) and isopropanol (IPA) were added clear that the chain length separation here is not entropy-
to the mobile phase in amounts that provide satisfactory sep-driven by hydrophobic interaction. The retention of alkylphe-
aration within a reasonable analysis time. The final mobile nol ethoxylates increases by increased ethylene oxide chain
phase composition was water/ACN/IPA/DCM, 16/20/48/16 length at any temperature between 20 and “I&0This is
(v/v). The main advantage of a Hypercarb column for this in contrast with results obtained with any other column in
type of experiments is its stability at high temperature. Anal- this work. Similar results were described by Chaimbault et
yses were carried out at 20, 50, 90, 120, 150, and®@80  al. [25]. The only obvious effect on the separation is the
The elution order on this column remains unaffected by tem- decreased analysis time with increased temperature. Calcu-
perature. Small oligomers elute before larger ones and it islations of thermodynamic parameters showed theif <0
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and AS <0, meaning that the separation is an enthalpic- the retention behaviour of ethoxylated alkylphenols on a diol
driven process. Probably, the significantly different surface and a nitrile column was very much affected by the propanol
of the packing in this column (pure carbon) compared to all content of the propanoh-alkane mobile phas6]. Mixed

other columns tested plays an important role in this separa-retention mechanisms were observed that caused a non-linear
tion mechanism. Additionally, the altered composition and increase in lod with increasing number of EO units.

water content of the mobile phase for these analyses can also The Triton X-100 sample was also analyzed in the nor-

influence selectivity. mal phase mode using a silica column. The mobile phase
was composed of water/acetonitrile, 15/85 (v/v). The anal-
3.3. NPLC separations ysis temperature was varied between 15 and°T50The

) ) i elution order was not affected by the analytical tempera-
Jandera et al20,21,26]have investigated the retention .o The only clear trend is the reduced retention of all

behaviour of oligomers in normal phase. Results showed thatoligomers when temperature is increasei. 7 shows the
van't Hoff plot for the normal phase analyses. From this

3 2.004 e 4EQ plot the enthalpic and entropic parameters were calculated.
£ & —+—BEQ Both AH®° and AS’ are negative, thus the retention process
' ._.-o"_‘,,-*'“ —+—B8EQ is mainly directed by enthalpic effects. Although the linear-
1.004 A& ge®  ——10EQ ity of the van't Hoff plot is questionable, it is clear that the
w120 reduction of retention time with an increased analysis tem-
Lo - = perature is monotonous in these analyses. This is in contrast
0.00 ..o 18EO to the reversed phase separations performed on silica-based
stationary phases. Moreover, using methanol as co-solvent
5 instead of acetonitrile no changes in selectivity and elution
1.00 , , ; ; . y : . ' order occurred.
22 24 26 28 30 32 34 36 38 40
(A) 1/T (x1000)
. 4. Conclusions
3 O
;—% 4l .’ Significant differences in selectivity were observed when
;,: W analyzing octylphenol ethoxylate oligomers on silica-based
4 4] T reversed phase LC columns at low (ambient), medium and
e elevated temperature, respectively, with acetonitrile/water
124 T as mobile phase. This observation was evaluated in terms
Tee of thermodynamic parameters. The elution order of the
16 oligomers was reversed when comparing ambient and high
temperature separations. When a protic solvent such as
-20 ——— methanol is used the elution order is reversed compared to
®) @ 2 & & R W WG R i‘;o acetonitrile at ambient temperature and no reversal in func-
tion of temperature is taking place.
o With acetonitrile, at low (ambient) temperature the sorp-
o tion process on the stationary phase is an endothermic
-E, . . entropy-driven process and larger oligomers elute before
g 204 ’. . smaller oligomers. In this temperature region an increase of
< PEO retention occurs as temperature increases. When anal-
yses are carried out in a intermediate temperature region
35 '. (40-55°C), enthalpic and entropic effects per EO unit com-
T pensate each other and retention is less dependent on EO
chain length. Therefore, coelution of the oligomers occurs
50 at this ‘transition’ temperature. At high temperatures the
0 2 4 6 8 10 12 14 16 18 20 sorption process is mainly directed by enthalpic effect. This
(€) nEO results in the reversal of the elution order and small oligomers
elute before larger oligomers.
Fig. 7. van't Hoff plots of Triton X-100 (A) and influence of degree of This effect was observed on silica-based, a zirconia based,

polymerization EO = number of EO units) on enthalpy (B) and entropy and a polystyrene/divinylbenzene based stationary phase.

(C). Data were obtained from normal phase LC-MS analyses of Triton X- Th ti hitized b t |
100 (2000 ppm). Analytical conditions: Ultremex 3 silica column, mobile € sorption process on a graphiized carbon type cofumn

phase: water/ACN, 15/85 (v/v), flow rate: 0.8 ml/min, injection volumet,3 appeared to be an enthalpy-driven process, regardleSS_Of the
detection: APCI, positive ionization. analysis temperature. The reason for this discrepancy is not
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clear at the present time. In this case, small oligomers elute[12] W.R. Melander, A. Nahum, Cs. Horvath, J. Chromatogr. 185 (1979)

before larger oligomers. Possibly the nature of the pure car-

bon surface on the stationary phase plays a key role in this[13] > : ,
é14] C. Lochnuller, M. Moebus, Q. Liu, C. Jiang, M. Elomaa, J. Chro-

difference. Contrary to most reversed phase separations, th
elution order was not affected by the analytical temperature
in normal phase LC. The only obvious trend was the reduced
retention time of all oligomers at elevated temperature.
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