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Abstract

A catalyst consisting of a sulfated cobalt promoterpAl O3 was prepared and utilized in a gas chromatograph (GC)
injector liner to investigate the dehydration of alcohols. The activation energy barrier for the dehydration of the test compound,
2-butanol, was determined to be 83 kJ/mol (under the given experimental conditions), the process obeying pseudo-first order
kinetics. The chromatographic retention behavior of dichloromethane was used as a means of probing the catalyst surface.
Changesinthe retention of the molecule, as a function of the injection port temperature, were found to correlate with differences
in the catalyst surface hydration.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction by Schiffino and Merrill[7]. In the work presented
here, an injector liner (a commercially available,
Volatile components in the reaction mixtures of small diameter glass tube) containing catalyst is
catalytic processes are often analyzed by gas chro-used as the reaction vessel for the dehydration of
matography (GC). The use of microreactors attached alcohols.
directly to the inlet of GC columns for the study of The conversion of commercial GC instrumentation
heterogeneously catalyzed reactions was pioneeredfor the reactor kinetic studies of catalysts in the in-
by Kokes, Emmett and Ha[ll-4]. The convenience jection port was described over 30 years @jo The
and operational simplicity of the technique have injection port of a GC is amenable to the reactions
led to its growth in popularity. Recent examples in- of small, labile molecules due to the elevated tem-
clude a flow-through desigft] and a pulse-reactor  peratures (up to-350°C) routinely used to facilitate
configuration[6]. A microreactor for the study of sample vaporization. The injector liner (typically in-
methanol dehydration of-alumina was described ert) represents the first contact surface in the GC with
which volatilized compounds may interact and/or re-
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The catalytic dehydration of alcohols is of inter-
est for the selective, economically viable synthesis of
alkenes or ethers on the industrial scale. Of the two
types of products formed, lower temperatures typi-
cally favor alkenes while higher temperatures favor
the formation of etherfl0]. Many types of catalysts
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thermal stability and the low nucleophilicity of the sul-
fate ion. The type of metal used can greatly impact the
catalytic activity: in general, the greater its Lewis acid-
ity, the greater the catalytic activity. Cobalt(ll) sulfate
was selected as the promoter fpialumina to yield
the alcohol dehydration catalyst used in the studies

for the dehydration of alcohols have been described described here. In the case of alumina, a potential sec-

in the literature[10—-13] A common such catalyst is
v-alumina, which is used in this work. Of the five poly-
morphs of aluminay- or m-alumina (obtained through
calcination around 350C) is most often used in cat-
alytic applicationg14,15] Dehydration above 75@
yields 8- and 6-alumina, which is of much higher
crystallinity but lower activity. In turn, these species
can eventually be transformed intealumina, which
contains mainly octahedrally coordinated Al atoms,
at temperatures in excess of 12@[14]. While the
acidity of alumina originates mainly from octahedrally
or tetrahedrally coordinated surface3Al sites[16],
the latter sites, found predominantly in the transitional
aluminas (e.gy-alumina), are believed to be respon-
sible for the higher catalytic activity of these poly-
morphs.

In addition to the crystal structure, the hydration
state of the alumina may be of interest in catalytic stud-
ies. Water adsorbs tp-alumina following calcination
at 600°C upon exposure to moist air at room tempera-
ture[17]. The water may exist either physisorbed to the
surface or as surface hydroxyl groups. Recent NMR

ondary benefit to using a transition metal dopant may
be to reduce the catalyst-deactivating coke build-up on
the surface with continued u$20].

In this work, alcohols in dichloromethane solution
are introduced into a GC injection port housing a
CoSQ-promotedy-Al,03 catalyst, using splitless in-
jection. The dehydration products are subsequently
chromatographed under isothermal and isobaric con-
ditions. The dehydration kinetics of a test compound,
2-butanol, are examined using this technique and the
interactions of dichloromethane with the catalyst sur-
face investigated by monitoring changes imparted to
the chromatographic retention as a function of the in-
jector temperature.

2. Experimental

2.1. Preparation of the
CoSQ-promotedy-Al,O3 catalyst

Approximately 5.0ml of Type | water (Picotech,

studies have shown that heating alumina in the tem- Hydro Systems and Supplies, Garfield, NJ) was

perature region of 110-30C causes desorption of

added to 1.1g of aluminum oxide (Type T (neu-

the physisorbed water, whereas temperatures betweeriral), E. Merck, Darnstadt, Germany) and 1.0g of

350 and 550C result in the condensation of adjacent
Al-OH groups[18]. Experiments have shown that the
removal of the hydroxyls as water from the alumina
surface is essential for catalytic activif$9]. How-
ever, Swecker and Datyé?] observed no change in
activation energy or reaction product distribution for
transitional aluminas activated at substantially differ-
ent temperatures (400—600). This was attributed to
the fact that water, a product of dehydration reactions,

CoSQ-7H20 (Sigma—Aldrich, Milwaukee, WI). The
pink suspension was sonicated for 15 min and evap-
orated to dryness under atmospheric pressure at a
temperature of~90°C. The pink solid obtained was
ground lightly with a mortar and pestle and the pow-
der calcined inside a platinum crucible at a temper-
ature of 600C for 1h. Following calcination, the
powder became mauve in color. The resulting catalyst
was stored in a desiccator at room temperature prior

can rehydroxylate the alumina surface regardless of its to introduction to the GC injector liner.

initial state of dehydration. Surface water is believed
to play a key role in some of the observations reported
in this work.

Metal sulfates have been established as catalytic

promoters for use with silica suppoitsl]. Sulfates
are useful in catalytic applications due, in part, to their

2.2. Preparation of the catalyst-containing
injector liner

A portion (ca. 50%) of the deactivated glass wool
contained inside a split/splitless HP#5183-4711 liner
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(Agilent Technologies, Wilmington, DE) was removed
with tweezers. Approximately 80 mg of the CoSO
promotedy-Al,03 catalyst was deposited into the
liner, to a depth of-1 cm. After installation of the in-
jector liner into the GC, the catalyst was conditioned
by heating the injection port at 35C for 60 min. The
catalyst surface was then primed (prior to initiating
experimental work), using 10 injections of dichlo-
romethane followed by 15 injections of a solution of
2% (v/v) 2-butanol in dichloromethane and, finally,
five additional injections of neat dichloromethane (all
injections made using an injection port temperature
of 250°C).

2.3. GC experiments

All chromatograms were obtained under isothermal

and isobaric conditions on a Hewlett-Packard HP6890

(Agilent Technologies) GC system equipped with an
autoinjector, a flame ionization detector (FID) and
dual split/splitless injection port. Data points were ac-

quired at a rate of 10 points per second and the result-

ing chromatograms analyzed using Turbochfm
(Perkin-Elmer, San Jose, CA) software. A Stabil®ax
(Restek, Bellefonte, PA) open-tubular capillary col-
umn, 30m in length with a 0.32mm i.d. andwin
film (poly(ethylene glycol), PEG), was used for all

experiments. The column pressure of He carrier gas

was held constant at 6.3 psi for all experiments. For
sample injections, the injection port was operated
in splittess mode, either with or without catalyst in
the liner, with a 0.5l injection volume, hold time
of 21s and purge flow of 75.0 ml/min. Six syringe
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the temperature of the injection port (containing cat-
alyst) was varied from 100 to 30C, using 50C
increments. The retention times of all alcohols were
obtained without catalyst in the injector liner, with
a column temperature of 50 or 100 and injection
port temperature of 25CC.

Chromatographic retention time measurements
were also performed for dichloromethane peaks, both
with and without catalyst in the liner. Injections of the
neat solvent were made with the detector signal atten-
uation increased to ensure the peaks were on-scale.
For all cases, the oven temperature was maintained at
50°C while the temperature of the injection port was
varied from 100 to 300C.

2.4. Differential scanning calorimetry (DSC)

Heat flow was measured as a function of tempera-
ture for a sample of the catalyst (exposed for a short
period of time to open atmosphere), using a TA Instru-
ments (New Castle, DE) DSC 2910. Approximately
7mg of the catalyst was accurately weighed into an
open aluminum pan and heated under nitrogen atmo-
sphere at a rate of T@/min, from 40 to 350C. A
second, empty pan served as a reference.

2.5. Fourier transform infrared (FT-IR) spectroscopy

Infrared spectra were recorded of self-supporting
disks of the catalyst (material compacted using a KBr
press) using a Nexus 670 spectrometer (ThermoNi-
colet, Madison, WI) equipped with a DTGS detec-

flushes in the wash solvent (dichloromethane) and - Each spectrum consisted of 32 co-added scans

six sample flushes were made prior to each injec-
tion. A ThermogreeR" LB-2 injection port septum
(Supelco, Bellefonte, PA) was used for all sample
injections.

The GC oven temperature was maintained at 50

or 100°C (isothermal) for dehydration studies in-
volving the following alcohol solutions: methanol,
ethanol, 1-propanol, 2-propanol, 1-butanol, 2-butanol,
tert-butanol, 1-hexanol and 2-ethyl-1-hexanol in
dichloromethane 2% (v/v), all compounds pur-
chased from Sigma-Aldrich). The injection port
temperature was held at 250. For the investiga-
tion of the dehydration kinetics of 2-butanol, the
column temperature was maintained at°60while

acquired at 4 cm! resolution in the 4000-600 cmh
range. A PC running Omnic E.S.P. software (version
5.1) was used to capture the spectra. A dry nitrogen
purge was employed during data acquisition.

2.6. X-ray powder diffraction (XRPD)

XRPD was performed using a Philips (Bothell, WA)
APD XRG 3100 X-ray generator (producing CuK
radiation) and a Philips PW 3710 MPD controller.
The analyses used an accelerating potential of 45kV
and a current of 40 mA. Samples of the catalyst were
scanned from 2 to 40(28) with a continuous scan of
475 s duration.
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3. Results and discussion reaction kinetics for the former species, which could
be a result of either the size or geometry (or both) of
In the studies performed here, it was observed that the compounds. It has been reported previously that
alkenes were the major products of the alcohol de- the order of reactivity in the dehydration of alcohols is
hydration reactions on the Cogpromotedy-Al,03 typically tertiary > secondary> primary [11]. How-
catalyst surface. The chromatographic peaks of theseever, based on comparisons of the dehydration data
compounds were found to be unretained on the PEG obtained for the larger and smaller primary alcohols, it
stationary phase. Void elution for the alkene dehydra- was found that the size of the compound may also play
tion products of the lower molecular weight alcohols a role in its reactivity. Interestingly, Ballantine et al.
(methanol to butanol, all structural isomers consid- [23] found that the dehydration of 1-hexanol (using
ered) was confirmed by the injection of a sample a different catalyst and experimental conditions) gen-
mixture containing hexenes, which were found to be erated predominantly ether product while the corre-
minimally retained under identical experimental con- sponding secondary alcohol produced mainly alkene.
ditions. The formation of predominantly alkene prod- Here, minimal levels of ether product were observed
ucts at the injection port temperatures of these studiesfor the dehydration of 1-hexanol.
is consistent with the observations of othEl8]. For
instance, Macho et a[21] found thatcis-2-butene 3.1. Kinetics of 2-butanol dehydration using the
was the major dehydration/isomerization product of CoSQ-modifiedy-Al,O3 catalyst
2-butanol ony-aluminas under atmospheric pressure
at temperatures ranging from 300 to 47Q A re- The test compound, 2-butanol, was selected to in-
cent theoretical study of the dehydration of alcohols vestigate the kinetics of alcohol dehydration on the
on metal oxide surfaces showed that the reaction CoSQ-modified y-Al,O3 catalyst surface. The rel-
proceeds by cleavage of the C-O bond following an ative chromatographic peak areas of the butene de-
attack on the oxygen atom by a surface electrophile hydration products (where all isomers are considered
[22]. Subsequently, the reaction continues by the ab- collectively), plotted as a function of the injection
straction of g3-hydrogen atom by the oxygen atom (in  port temperature for serial injections of a solution of
a unimolecular fashion) to yield the alkene and water. the alcohol (sed-ig. 1), show that as the tempera-
The higher-boiling ether products for the lower ture increases the formation of butene also increases.
molecular weight £74 amu) alcohols were not ob- Accurate quantitation of the void-eluted alkenes was
served at levels above 5% of the corresponding alkene possible because there were no co-eluting species in
product peak areas, in any of the chromatograms. In the void volume. Also shown ifrig. 1 is the effect
addition, unreacted alcohols were found to be poorly of the injection port temperature on the ‘transmission
transmitted through the catalyst-containing injector efficiency’ of inert dichloromethane through the in-
liner (at all injector temperatures), as indicated by jector liner, as indicated by the respective peak areas
the absence of the corresponding peaks in the chro-for the compound obtained at the various tempera-
matograms. (Without catalyst in the liner, retention tures. Without catalyst in the liner, the thermal expan-
time markers for each alcohol, as well as some of the sion of the sample inside the injection port results in
likely ether products, were established under iden- less dichloromethane being deposited on the column,
tical experimental conditions.) These observations over the fixed duration of the injection hold time, at
may imply that the unreacted alcohols (and possibly higher injection port temperatures. However, with cat-
ether products, if formed in appreciable quantities), alyst present, more of the compound is transferred to
or their degradation products (discussed more later), the column at the higher injection port temperatures,
are irreversibly adsorbed on the catalyst surface. despite the thermal expansion. In the latter case, the
Significantly less alkene dehydration products were catalyst powder inside the liner acts as a restrictor, in-
obtained over the same injector temperature range for creasing the pressure. This limits, to some degree, the
the higher molecular weight, primary alcohols (such as thermal expansion of the sample. However, molecu-
1-hexanol) than for the smaller, secondary or tertiary lar interactions of dichloromethane with the catalyst
alcohols. This observation may reflect more sluggish surface may be responsible for the actual increase in
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Fig. 1. Plots of the natural logarithm of the ratios of the chromatographic peak #@)ealstéined as a function of injection port temperature
(T), relative to the corresponding peak areAs)(obtained at the lowest injector temperature (10) studied, for butene product@)
catalyst present in the injector liner) and for dichloromethane solvent (either lliftof without (A) catalyst in the injector liner). Note

that the effective injector liner volumes are different for cases in which catalyst is present relative to those in which it is absent. Each

data point represents the average of duplicate measurements (error bars too small to plot).

the injection port transmission efficiency observed as obtained at temperaturg after hold timet (fixed) in

a function of the temperature (discussed more later)

. the injection port. The Arrhenius constai, relates

Fig. 2 shows the sigmoidal dependence of butene the number of collisions between alcohol molecules
formation on the injection port temperature. Gener- and surface catalytic sites, independent of their energy.
ally, as the temperature is increased, more 2-butanol Fig. 3 shows a plot of the kinetic data presented
is converted into alkene on the catalyst surface (1:1 in Fig. 2, constructed usingq. (3) The slope of the

stoichiometry) as seen previously ig. 1L Assum-
ing a (pseudo-) first order reaction rate lakqg( (1),
the combination ofq. (1) and the Arrhenius equa-
tion (Eq. (2) provides an expression which allows the
activation energyAQGi) for the alcohol dehydration
process to be estimateHd. (3)) [24]:

1— X = exp[—k{ (1)
T
k=A exp[—%] (2)

1 R 1 R
- = _A_Giln [In <1_ X)} + AGj:|n(At) ©))

In Egs. (1)—(3) k is the rate constant for the de-
hydration, T the injection port temperatur® the gas
constant andX the mole fraction of alkene product
(assuming 100% conversion at 30D, seeFig. 2

line is —R/AGT and they-intercept is the product of
RIAGT and In@At). A linear regression fit of the data
returned a value oR? = 0.992. From the slope, the
activation energy for the process was calculated to
be 83 kJ/mol (note: this value is less than the activa-
tion energy of 114 kJ/mol reported for the dehydration
of the analogous compountgrt-butanol, on unpro-
motedy-alumina (Kaiser A-201[12]). The Arrhenius
constant was found to have a value of approximately
4% 10" s~1. The linearity of the plot demonstrates that
pseudo-first order kinetics were maintained over the
entire temperature range studied, consistent with the
reaction model used by othei4].

3.2. Physical properties of the catalyst

The molar ratio of Al:Co in the catalyst used in
this work was 6:1, as prepared. The preparation of
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Fig. 2. Plot of the chromatographed butene peak area as a function of injection port temperature (with catalyst supported inside the

injector liner). The injected sample is a 2% (v/v) solution of 2-butanol ipClhl Each data point represents the average of duplicate
measurements (error bars too small to plot). Broken line added to guide the reader.

similar catalysts by ion-exchand0], impregnation
[25] or precipitation[26] has been described. The
cobalt may be present as supportedz@Qp crys-
tallites, well-dispersed Co, well-dispersed C&
or catalytically inactive CoAlO4 [27]. An XRPD

0.0028

spectrum (not shown) indicated that the catalyst was
highly amorphous, consistent with high-surface area
(typically ~100n?/g) y-alumina [12]. Transitional
v-alumina has been observed by others to form via
calcination at 600C [15].
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Fig. 3. Plot of 17 vs. In{In[1/1— X]} for data contained ifFig. 2 (see text for details). The slope has a valug-e1.00+£0.05) x 104 K1,

the intercept i2.06+ 0.02) x 10 3K1,
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Over the finite set of experiments carried out in physisorbed wat€l8], the broadness of the peak re-
this work (including >40 injections of a 2% (v/v) flects a wide distribution of surface adsorption sites.
solution of 2-butanol in dichloromethane at various Note that since water is a byproduct of any dehydra-
injector temperatures), the Cog@odifiedy-Al203 tion reaction, elimination of all surface water is not
catalyst was observed to lose activity and become possible at the injection port temperatures investigated
grey in appearance (versus the mauve color obtainedin this work.
following calcination, seeSection 2, suggestive of
carbonaceous deposits on the surface. However, in-3.3. Thermodynamics of dichloromethane retention
frared (IR) bands characteristic of coke spedi2g] on the CoS@-promotedy-Al,O3 surface
were not observed in the transmission-mode spectra
(not shown) of the catalyst, likely indicating a rel- In addition to the characterization of the catalyst
atively small amount €0.1wt.%) of these materials  physical properties by DSC and XRPD, changes in the
was presenf29]. The kinetics of catalyst deactiva- retention time of dichloromethane with injector tem-
tion by surface deposition of highly saturated carbon perature were used to investigate the thermodynamics
species has been investigated, and possible solutionf interactions of the molecule with the catalyst sur-
to the problem notefBO]. Interestingly, in the case of  face. Without catalyst in the injector liner, the isother-
hydrogenation and isomerization reactions of various mall/isobaric retention time of dichloromethane was
hydrocarbon species on metal-metal oxide surfaces,found to be constant{12.0 min at a column tempera-
the reactants themselves have been observed to proture of 50°C) and independent of the injector temper-
mote catalytic activity by modifying the surfa¢gl]. ature. However, with the catalyst added, the retention
In this work, the catalyst surface was primed with in- time was observed to increase by almost one minute
jections of alcohol solution (seBection 2 to ensure at an injector temperature of 25Q, relative to that
reproducible dehydration behavior. obtained at 100C (column temperature/pressure con-

A DSC scan FEig. 4 of the catalyst shows a very stant). It is believed that dichloromethane, an inert but
broad endotherm withH = 64.2J/g, onset tem-  polar molecule, may have sufficiently strong interac-
perature of 212C and peak temperature of 276. tions with the catalyst surface to impart significant re-
The endotherm is due to the surface dehydration of tention time differences to the chromatographed peaks

-1.8

o [

-2.2 1

2.4 4

Heat Flow (W/g)

2.6 4

-2.8 T T T T T T
0 50 100 150 200 250 300 350 400

Temperature (°C)

Fig. 4. DSC scan of the CoSépromotedy-Al,O3 catalyst used in the experiments described in this work. The endotherm is produced
by dehydration of physisorbed water (see text for details). Broken lines added to reflect computer integration.
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at the various injector temperatures. (The period of equation (the subscripf® and T are omitted in this
time required for molecules to travel through the injec- and all subsequent equations):

tion port of a GC not containing catalyst in the liner is ) a,  a»

typically much shorter than the column residence time. IN(") = ao + Tt T In¢ (5)

Thus molecular interactions with a catalyst placed in- i
employs the constantsg, a; and ap which can be

side the injection port must be relatively strong com- ; ot of |
pared to the interactions with the column stationary €Xtracted from a plot of I) versus Ir' and used to
relate the thermodynamic parameters given below:

phase in order to be detectable as a change in the reten-

tion time.) Since the interactions of dichloromethane ay + 2az

with both the catalyst surface and the column station- =R [T]

ary phase (PEG) impact the overall retention of the

molecule, the catalyst surface itself can be considered 5 ¢ _ p [ao - 02] @)

to be a type of stationary phase, placed in-line (seri- T2

ally) with the column stationary phase. Considering 2Ra

this, the retention behavior of dichloromethane can be ACp = - (8)

analyzed to provide thermodynamic information about r

the interactions between the molecule and the catalyst Egs. (4)—-(8)may be applied to the retention of

surface. dichloromethane in either the open-tubular capillary
Typically van't Hoff plots (InK’) versus 1T) of re- column or the ‘packed column’ of the injection port

tention data are linear, allowing the change in enthalpy microreactor. Because the retention caused by multi-

(AH) and change in entropyA(S) associated with the  ple interactions and/or sources of interactions is ad-

partitioning of an analyte molecule between the sta- ditive, in order to examine only the interactions of

tionary and mobile phases of a chromatographic col- dichloromethane with the catalyst surface the retention

umn to be ascertained with the aid of the following contributions from all other sources in the chromato-

(6)

equation[32,33} graphic system must be subtracted from the measured
k retention times.
—AH A bea n in . L
In(Kyp.r = PTy Se.r +Ing (4) The retention time of dichloromethane in the injec-

RT tion port, tr ¢, at a given injector temperature, is ap-

where k' is the retention factor for a given analyte proximated here as:

(=(tr — t0)lto, Wheretgr is the retention time of the

compound andp is the column void time)¢ is the

ratio of the column stationary phase and mobile phase wheretg 1 is the retention time of the compound after

volumes,P is the column pressurd, is the column  passing through both the catalyst-containing injection

temperature anRis defined as before. The subscripts port and the column, artd g is its retention time under

P andT indicate the dependence of the key thermo- identical chromatographic conditions but without the

dynamic parameters on both the pressure and tempercatalyst present in the liner.

ature, hence these variables were maintained constant The retention factor for dichloromethane on the cat-

in all experiments (note, however, that the pressure alyst surfacek,, can be defined as:

drop down a capillary column may be considered neg-

ligible [34]). k;,
In situations where the predominant retention

mechanism changes from being enthalpically-driven wheret, is the ‘void time’ of the injection port microre-

to entropically-driven (or vice versa) over a given actor (i.e. the average time required for completely

temperature range, non-linearity in the van't Hoff unretained/non-interacting compounds to pass through

plot may be observed. The non-linearity is due to the liner containing the catalyst particles). tAss dif-

a non-zero heat capacity ternACp) found in the ficult to measure experimentally, for the purposes of

mathematical description of the retention for the com- this work it is estimated at 4.8 s, at 190 (using half

pound on a given stationary phd8&]. The quadratic the difference between values 1 andtr o at this

IRc~IR1— IR0 ()]

_IRc— 1
h

(10)
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temperature to arbitrarily yield a value of unity f&)
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typical chromatographic stationary phases) exem-

and assumed to be directly dependent on the injection plify the strong nature of the retention mechanisms

port temperature (as for an ideal gas). The void time
for the injection port without catalyst is assumed to be
negligible (hence this term was omitted frdgq. (9).
To describe the retention of dichloromethane on the
catalyst surfacezq. (5)can be written as:
In(k,) =ao+%+%+ln¢ (11)
whereT is the injection port temperature apds the
ratio of the volume of packed catalyst particles to the
volume of gas in the injector liner (estimated here to
be~0.4).Eqgs. (6)—(8)an be used as before with this
equation.

Fig. 5 shows that the data points in the van't Hoff
plot of dichloromethane retention on the catalyst sur-

of dichloromethane on the catalyst surface. The val-
ues suggest a predominantly entropic driving force
for the retention of dichloromethane on the catalyst
surface at 150C. In fact, this driving force dom-
inates over the temperature range of 100-Z30

as can be seen by the negative slope of a tan-
gent to the curve drawn at any point in this range.
Entropically-driven retention behavior is most com-
monly observed in size-exclusion chromatography
(SEC) [36—-38] This behavior reflects the confine-
ment of the dichloromethane molecules inside the
catalyst pores: increasing the temperature increases
the confinement. However, at higher temperatures (in
excess 0F~230°C), the predominant mode of reten-
tion appears to become enthalpically-driven for this

face are better represented by a quadratic regressionrcompound.

fit (R? = 0.983) than a linear fitR? = 0.688). The
approximate values foAH, AS and AC, obtained
by fitting the data are 180 kJ/mol, 220 J/(Kmol) and
—430 J/(K mal), respectively, at an injection port tem-
perature of 150C (arbitrarily selected to be inside

the temperature range studied). The large magni-

Relatively low temperature phase transitions have
been observed for common HPLC chromatographic
stationary phases, which can impact the retention
characteristics of the pha$&9]. Such phase changes
have been characterized with the aid of DSC. By
comparingFigs. 4 and 5it is evident that the temper-

tudes of these values (relative to those obtained for atures at which the most significant changes in heat
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2.5 1

2.0 1 )

1.5 4

In (K'c)

1.0 1

0.5 1

0.0 1

0.0016  0.0018  0.0020

0.0022

0.0024  0.0026  0.0028

1T (KT

Fig. 5. The van't Hoff plot relating the temperatur) (dependence of dichloromethane retention on the catalyst surkakeir(side
the GC injection port (see text for details). The coefficients of the quadratic regression fiEgsg@l) in the text) are as follows:
ap+INg = (—1.7+0.4) x 10%, a3 = (1.940.4) x 10* anda, = (—4.7+0.8) x 10°. The curve maximum (22&) is highlighted on the
plot. Each data point represents the average of duplicate measurements (error bars too small to plot).
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flow are found in the DSC scan of the catalyst mirror ~230°C, but increasingly enthalpically retained at
the temperature range in which the non-linear chro- higher temperatures. Correlating the retention data
matographic retention behavior of dichloromethane is (in the form of a van't Hoff plot) with a DSC scan
observed on the catalyst surface. In fact, even the en-of the catalyst led to the observation that differences
dotherm peak in the DSC scan (a275°C) appearsto  in water content on the catalyst surface, as a function
correlate reasonably well with the curve maximum in of temperature, may be responsible for the change in
the van't Hoff plot (estimated to be 22625°C, using the predominant retention mechanism.

the equation of the quaderatic fit). It is believed that the

level of catalyst surface hydration (mainly physisorbed

water) at the various injection port temperatures affects Acknowledgements
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