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Abstract

This work presents a new refined method of non-steady-state gas–liquid chromatography (NSGLC) suitable for determination of limiting activity
e from the
vations. The
isome
% higher
the most
ethod and

tile
ped

tinu-
hieve
latile
(i) to

cted

ction
tile

atile
e due
ge of

to be
d
ount

ying
e

rkers
coefficients of VOCs in water. The modifications done to the original NSGLC theory address its elements (as the solvent elution rat
column) as well as other new aspects. The experimental procedure is modified accordingly, taking advantage of current technical inno
refined method is used systematically to determine limiting activity coefficients (Henry’s law constants, limiting relative volatilities) ofric
C1–C5 alkanols in water at 328.15 K. Applied to retention data measured in this work the refined NSGLC theory gives values 15–20
than those from the original approach. The values obtained by the refined NSGLC method agree very well (typically within 3%) with
reliable literature data determined by other experimental techniques, this result verifying thus the correct performance of the refined m
demonstrating an improved accuracy of the new results.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Limiting activity coefficient (γ∞) is a fundamental ther-
modynamic quantity characterizing the behavior of an organic
solute in highly dilute solutions and governing its phase
distribution in such systems. Reliable data on this quantity are
required for numerous practical and theoretical applications in a
variety of chemical disciplines ranging from process engineer-
ing, through environmental chemistry and theory of solutions,
to biochemistry. Today, a number of experimental methods
is available to measure the limiting activity coefficients. Yet,
further development in this direction is needed to improve the
measurement accuracy and extend the method applicability.

One of the traditional routes for the experimental determi-
nation of the limiting activity coefficients is the GLC retention
measurement. In its classical version, the GLC method can be
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applied well only to volatile solutes in effectively non-vola
solvents; a volatile stationary phase is continuously strip
from the column by the carrier gas flow, which causes a con
ous change of the retention of injected solute samples. To ac
the desired extension of the classical GLC technique to vo
solvents (e.g. water), one has three different possibilities:
presaturate the carrier gas by the solvent vapor[1,2], (ii) to mea-
sure the retention relatively to a reference solute which is inje
simultaneously with the studied solute in a mixed sample[3,4],
(iii) to measure the retention as a function of the sample inje
time[5,6]. The first procedure solves the problem of the vola
stationary phase only partially: though the elution of the vol
stationary phase decelerates, it does not completely ceas
to the pressure drop across the column, and the knowled
the exact amount of the solvent in the column continues
required for the calculation ofγ∞. A distinct merit of the secon
procedure is that the knowledge of the stationary phase am
is not at all needed, but the determination is relative, fully rel
on the knowledge of the valueγ∞ for a reference solute. Th
third procedure, proposed and applied by Belfer and cowo
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[5–8] and denoted as non-steady-state gas–liquid chromatogra-
phy (NSGLC) requires neither of these entries. However, despite
this strength and other advantages (simplicity, speed, robust-
ness), the NSGLC technique appears to be considered less accu-
rate than other methods and has been only rarely used. Moreover,
preliminary measurements by Belfer’s NSGLC method carried
out formerly in our laboratory on aqueous oxygenates showed
excessive scatter and a definite bias towards lowerγ∞ values.

Being motivated by the facts given above and focusing on
water as a solvent, we have explored Belfer’s method and found
some potential for its improvement. As an outcome, we present
in this paper a new refined NSGLC theory, together with the
experimental procedure and retention data treatment modified
accordingly. The refined method is then applied systematically
to determine limiting activity coefficients of C1–C5 alkanols in
water. Careful comparison of the results with the most reliable
γ∞ values obtained by other experimental methods allows us to
verify the correct performance of the refined NSGLC method
and to demonstrate an improved accuracy of the new results.

2. Theory

2.1. Classical GLC

In the classical GLC working with an effectively non-volatile
stationary phase (solvent), the limiting activity coefficient of
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the net retention volume is directly proportional to the decrease
in the amount of solvent

dVN = RT

ps
1γ

∞
1

dn2 (4)

If the carrier gas flow rateF is kept constant and one assumes that
neither the compressibility correctionj, nor the column “dead”
volumeVM vary with time, the differentiation of Eq.(2) gives

dVN = jF dtR (5)

At constantjF and T, Belfer et al.[6] consider that the loss
of solvent from the column due its evaporation is given by the
following relation

dn2 = −ps
2jF

RT
dt (6)

Combining Eqs.(4)–(6), one gets

γ∞
1 = −ps

2/p
s
1

dtR/dt
(7)

Thus, according to Belfer et al. the dependence of the retention
time of a solute on the time of its injection into the column is
linear and the limiting activity coefficient can be determined
from the slope of this dependence using Eq.(7).
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olute (1) can be calculated from the retention measurem
sing the following well-known formula[9]

∞
1 = RTn2

ps
1VN

(1)

ere,ps
1 stands for the solute vapor pressure at the column

eratureT, n2 for the molar amount of the solvent (2) in t
olumn, andVN for the solute net retention volume. Repres

ng the difference of the corrected retention volumeV 0
R and the

orrected mobile phase holdup of the column (column “d
olume)V 0

M, the net retention volume is related through

N = (tR − tM)jF (2)

o the measured solute retention timetR, the retention time of
on-sorbed solutetM, the carrier gas flow rateF at temperatur
and pressurepo at the column outlet, and the compressib

orrectionj for the column pressure drop

= 3

2

(pi/po)2 − 1

(pi/po)3 − 1
, (3)

i being the column inlet pressure. Eq.(1) assumes the ide
ehavior of gas phase and the validity of Henry’s law.

.2. Original non-steady-state GLC

In the non-steady-state GLC, working with a volatile
ionary phase (solvent), the amount of solvent in the col
ecreases as the solvent continuously evaporates into the
as. As a consequence, the retention of gradually injected
amples decreases as well. According to Eq.(1), the decrease
ts

-

ier
te

.3. Refined non-steady-state GLC

The refined theory of NSGLC modifies Belfer’s origin
pproach in the following five aspects.

. Assuming that the carrier gas is saturated with the so
vapor at the column outlet, the solvent elution rate from
column is at a constantT determined solely by the outl
carrier gas flow rate and does not depend on the pre
gradient across the column. Thus, Eq.(6)employed by Belfe
et al. is considered to be incorrect and is replaced by

n2 = −ps
2F

RT
dt (8)

. Since our monitoring of the pressure gradient across th
umn has shown that this gradient changes consistentl
significantly with the amount of solvent water in the colu
(and hence with time), the compressibility correction is, c
trary to the original Belfer’s theory, no longer considere
be time-independent. As a result, Eq.(5) is replaced by

VN = F d(jtR) = F dt0R (9)

heret0R = jtR is the corrected retention time. By joining E
8) and (9)with Eq.(4), the relation for limiting activity coeffi
ient is

∞
1 = −ps

2/p
s
1

dt0R/dt
(10)

lthough Eqs.(10) and (7)look very similar, the replaceme
f the retention time by the corrected retention time, as infe
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here, has important consequences. Sincej < 1, Eq. (7) leads
to systematically lower values ofγ∞

1 than are those calcu-
lated by Eq.(10). Even for relatively small pressure gradients
(30–40 kPa) corresponding to a short packed column as that used
in this work, the difference attains a level of 15–20%. Note also
that the application of Eq.(10)additionally requires the pressure
drop to be monitored during the entire NSGLC experiment as
well as the column outlet pressure (atmospheric pressure) to be
determined.

The refined NSGLC approach comprises three more modifi-
cations of the original theory addressing a somewhat different
picture of solvent elution from the column than that put forward
by Belfer et al.[6]. These authors considered that the solvent
coats the solid support uniformly as a film which keeps approx-
imately constant thickness during the elution, being depleted
only from the inlet side of the column. However, visual observa-
tions in our preliminary experiments with glass columns showed
that water introduced as a solvent through a hot injection port
condensed on a silanized solid support in the form of small
droplets, more water being deposited at the column inlet than
further downstream. Neither the depletion of solvent from the
column is limited to the column-inlet front, but due to the exist-
ing pressure drop this depletion partly occurs throughout the
column. As a result, our conception for further considerations
is that some water continues to be present in all parts of the col-
umn over its lifetime. In spite of being unavoidably crude, the
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Taking into account that the dependencet0R = f (t) is linear

(see Eq.(10)), one can however readily show thatt0R corre-
sponds to the “point” value at the midpoint of the respective
time interval〈tinj , tinj + tR〉, and hence

t0R,exp = t0R = t0R(t = tinj + tR/2) (13)

In the refined NSGLC approach, the experimentally deter-
mined t0R is not therefore ascribed tot = tinj , but to
t = tinj + tR/2. For systems studied in this work, this modifica-
tion translates into a slight (2–5%) decrease of the calculated
value ofγ∞

1 .
5. When deriving Eq.(10), we have assumed like Belfer et

al. did, that the column holdup volume is constant. This is
exactly so in the classical GLC where the stationary phase
is nonvolatile. However, in the NSGLC, where the solvent is
eluted from the column, the column holdup volume increases
in the same manner as the solvent volume in the columnVL
decreases

dV 0
M = −dVL (14)

Relating dVL to dn2 and expressing the latter by Eq.(8) gives

dV 0
M = F

ps
2v

L
2

RT
dt (15)
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dopted conception is believed to be better suited for the
olvent than the original picture. Anyway, the following mod
ations affect the calculated value ofγ∞

1 to only a lesser exten
he effects partially compensating each other.

. Contrary to the classical GLC (non-volatile stationary pha
the mobile phase in NSGLC is not the neat carrier gas
the carrier saturated with the solvent vapor. Following
procedure described in the monograph of Conder and Y
[9], one can derive that in this situation the compressib
correctionj is given by the same type of relation as Eq.(3),
but with the column inlet and outlet pressures replaced b
respective carrier gas partial pressures. Hence, in the re
NSGLC approach we consider the compressibility correc
in the form

j = 3

2

[(pi − ps
2)/(po − ps

2)]2 − 1

[(pi − ps
2)/(po − ps

2)]3 − 1
(11)

For experimental conditions used in this work (see bel
the effect of this modification on the calculated value ofγ∞

1
is about +3%.

. During the period of time the solute takes to pass throug
column, the amount of solvent in the column changes. T
the observedt0R,exp is not the “point” value corresponding
the instant of the sample injectiontinj , but rather the mea

valuet0R over the interval from the instant of the sample in
tion to the instant of its detection at the column outlet

t0R,exp = t0R = 1

tR

∫ tinj+tR

tinj

t0R dt (12)
r

,
t

g

d

,

herevL
2 is the solvent molar volume at the column tempera

hen, the following equation for the change of the net reten
olume will hold instead of Eq.(9)

VN = dV 0
R − dV 0

M = F

(
dt0R − ps

2v
L
2

RT
dt

)
(16)

n combining Eqs.(16) and (8)with Eq.(4), one gets

∞
1 = − ps

2/p
s
1

(dt0R/dt) − (ps
2v

L
2/RT )

, (17)

refinement of Eq.(10) which takes into account the colum
oldup volume variation. As explicitly seen when Eqs.(17) and
10)are compared

∞
1 (Eq. (17)) = γ∞

1 (Eq. (10))

1 + Kgl
, (18)

he effect of holdup volume variation on the calculated v
f γ∞

1 is fully determined byKgl = γ∞
1 ps

1v
L
2/RT , the solute

as–liquid partition coefficient.
For systems studied in this work (Kgl < 0.01), this effect i

egligible (within 1%), but at a higher temperature or for sol
f a greater volatility may become appreciable.

.4. Applicability of the non-steady-state GLC

In general, the applicability of the NSGLC method is c
trained by system volatility conditions. The basic requirem
s that the volatility of the solute from the dilute solution exce
he volatility of the solvent, otherwise the solvent elutes be
he solute. Combining Eqs.(1) and (2)with the integrated form
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of Eq. (8) yields the link between the retention timetR and the
remaining column lifetimetlife

tR = tlifeps
2

jps
1γ

∞
1

+ tM, (19)

which on imposing the conditiontR < tlife and considering
tM � tlife gives the following lower bound for the solute lim-
iting relative volatilityα∞

12

α∞
12 = γ∞

1 ps
1

ps
2

>
1

j
(20)

Note that it is only for column pressure gradients approach-
ing zero, when the permissible value ofα∞

12 can theoretically
approach unity. The upper bound ofα∞

12 follows from the fact that
asα∞

12 increases, the measured derivative dt0R/dt approaches zero
and its determination is greatly affected by experimental errors.
Concrete value of the upper bound depends on the measurement
precision and the error tolerance; a practical upper bound may
be aroundα∞

12 = 100. Respect to the volatility of the solvent,
there are constraints, too. High solvent vapor pressures lead to
prohibitively short column lifetimes, while lowps

2 values cause
the solvent elution from the column (i.e. the driving mechanism
of NSGLC) to be too slow. In both cases, problems of precision
arise. As a result, the applicability of NSGLC for water solvent
is expected to be in the range from the room temperature to about
3
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setting was checked through an independent measurement by
a calibrated platinum resistance thermometer. Solutes were
injected automatically, in the form of their dilute aqueous
solutions (solute mole fraction approximately 0.001), by means
of a 7683 Series Agilent AutoInjector. The injected sample
volumes were 0.1�L. Nitrogen at a flow rate of 8 mL/min was
used as a carrier gas. The detector was operated at 150◦C and
at the following flow rates of gases: hydrogen 30 mL/min, air
350 mL/min, and make-up nitrogen 15 mL/min. The operation
of the GC, including the controls of all gas flow rates and zone
temperatures, sample injection, data acquisition (FID signal
and column inlet gauge pressure) and processing, was provided
by an interfaced personal computer using Agilent ChemStation
software.

The experimental procedure begins with injecting 400�L of
water to load the column with the solvent. As a consequence
of the flash-evaporation of water in the hot injection port the
column inlet gauge pressure abruptly increases from the initial
value of about 28 kPa to about 60 kPa. Shortly after the injection
of the solvent water, there is some displacement of water droplets
from the column grossly disturbing the FID signal and usu-
ally extinguishing the flame. Nevertheless, equilibration is quite
rapid, so the flame can be re-ignited in 10–15 min and a well-
stable low-level base line is recovered within next 15–20 min.
By that time the inlet column gauge pressure amounts typically
to 37–40 kPa. As soon as this stage has been reached, a sample
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. Experimental

.1. Materials

Alkanols used as solutes were analar grade comm
hemicals. With the exception of 2-methylpropan-2-ol, the
tances were used as purchased. The commercial sam
-methylpropan-2-ol, which exhibited a markedly lower m

ng temperature (291 K) than that tabulated (298.8 K[10]), was
ecrystalized using a Vigreaux column to meet the tabu
elting temperature value. In any case, purity of solutes i

ritical, since impurities which would affect the determina
f the retention are separated by the chromatographic pr

tself. Water used as the solvent was distilled and subsequ
reated by Milli-Q Water Purification System (Millipore, USA

.2. Apparatus and procedure

The gas chromatograph employed was Agilent 6890
Agilent Technologies, USA) with a flame ionization detec
FID) and a 0.5 m long stainless steel column of 1/8 in.
acked with a bare solid support Inerton Super 0.125–0.16
Lachema, Czech Republic). The coating of the support
he solvent water was realized in situ by manually injecting
ater with a gas-tight syringe (Hamilton, Switzerland) into
olumn through the respective hot injection port (150◦C). Here
ater is flash-evaporated and vapors swept into the co

maintained at the experimental temperature 55◦C) condense o
he solid support forming thus the coating. The oven temper
l

of

t

s
ly

n

e

njection sequence is started. In order to accumulate as
etention data points as possible during the column lifetim
ew injection of the sample follows immediately after the
ious sample has been eluted. The observed retention tim
epetitively injected samples continuously decrease and so
he column inlet gauge pressure. Under the given experi
al conditions, the elution of solvent water from the colum
omplete in about 3.5 h from the water loading injection. T
ituation is clearly indicated by a small, but abrupt drop of
ase line. Since then, the inlet column gauge pressure, whic
ropped back to its “bare column” value, does not change
ore and any subsequent sample injections result in the

ime-independent retention time.

. Results and discussion

.1. Data processing

The NSGLC retention experiments were carried ou
28.15 K for a set of 15 C1–C5 alkanols comprising all possib

somers with the exception of 2,2-dimethylpropan-1-ol. T
entanol isomer was not considered because of prox
f its melting temperature (327 K) to the experimental t
erature and a great uncertainty in available vapor pre
ata. Measured retention data were processed accord

he refined NSGLC approach described in this work.
etention times were translated to the corrected valuest0R, the
orresponding compressibility correction being calculated
ach sample injection from Eq.(11) at the half-time of th
ample retention. Following Eq.(13) the corrected retentio
imes were assigned to the respective timest = tinj + tR/2 and
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Table 1
Pure solute vapor pressures, limiting activity coefficients, limiting relative volatilities, and Henry’s law constants for C1–C5 alkanols in water at 328.15 K along with
respective uncertaintiesa

Solute ps
1 (kPa) Reference srel(ps

1) (%) γ∞
1 s(γ∞

1 ) α∞
12 s(α∞

12) H12 (kPa) s(H12) (kPa)

Methanol 68.83 [14] 0.1 2.06 0.02 9.0 0.1 142 1
Ethanol 37.36 [14] 0.1 5.42 0.06 12.9 0.1 203 2
Propan-1-ol 15.77 [14] 0.1 18.9 0.1 18.9 0.1 297 2
Propan-2-ol 30.30 [14] 0.1 11.2 0.1 21.5 0.2 339 3
Butan-1-ol 6.06 [14] 0.2 61.6 0.7 23.7 0.2 373 4
Butan-2-ol 14.04 [14] 0.1 36.7 0.4 32.8 0.3 515 5
2-Methylpropan-1-ol 9.45 [15] 0.1 56.7 0.3 34.0 0.2 536 3
2-Methylpropan-2-ol 30.35 [14] 0.1 20.7 0.2 39.9 0.3 628 5
Pentan-1-ol 2.33 [14] 1 214 5 31.7 0.6 499 10
Pentan-2-ol 5.80 [14] 0.5 124 1 45.9 0.3 721 5
Pentan-3-ol 7.03 [11] 1 117 1 52.5 0.4 826 6
2-Methylbutan-1-ol 3.56 [16] 3 201 6 45.3 0.2 714 4
2-Methylbutan-2-ol 13.17 [16] 3 66.1 2.1 55.3 0.7 871 12
3-Methylbutan-1-ol 3.18 [11] 2 193 5 38.9 0.5 612 7
3-Methylbutan-2-ol 8.94 [11] 0.5 98.1 0.8 55.7 0.4 876 5

a Expressed by (relative) standard deviations and calculated as follows:s(α∞
12) ∼= α∞

12srel(dt0R/dt); s(H12) ∼= H12srel(dt0R/dt); s(γ∞
1 ) ∼=

γ∞
1 [s2

rel(dt0R/dt) + s2
rel(p

s
1)]

1/2
.

this set of data was subjected to linear regression. For all solutes
studied, the data showed good linearity and little scatter as
indicated by common statistical characteristics: the coefficient
of determination (R2) was typically higher than 0.999 and
the standard deviation of fit lower than 2 s. The slopes thus
obtained were of good precision (srel(dt0R/dt) ∼= 1%) and were
used to calculate the limiting activity coefficients from Eq.(17).
Carefully selected values of pure component vapor pressures
from literature sources were employed in this calculation. For
three pentanol isomers (pentan-3-ol, 3-methylbutan-1-ol, and
3-methylbutan-2-ol), where the information published did not
permit reliable determination ofps

1 at 328.15 K, the simulta-
neous treatment of literature and some newly measured vapor
pressure values together with thermal data greatly improved the
situation[11].

Limiting activity coefficients determined according to the
refined NSGLC theory and values of vapor pressures used in
their calculation are listed inTable 1along with their uncertain-
ties expressed by respective standard deviations. The uncertainty
in γ∞

1 takes into account the uncertainty in both dt0R/dt andps
1

(water vapor pressure is considered to be accurate) using the
error propagation law. Given inTable 1are also limiting relative
volatilities

α∞
12 = γ∞

1 ps
1

ps
2

= − 1

(dt0R/dt) − (ps
2v

L
2/RT )

(21)

a

H

T
a en
p

ntion
d lfer’s

theory to compare the performance of both approaches. Theγ∞
1

values from the original approach are by 15–20% consistently
lower than those from the refined approach. At the same
time the regression of retention data according to the original
Belfer’s theory is not as good as that of the refined approach;
the standard deviation of fit being in all cases higher (by a factor
ranging from 1.3 to 2.2) than for the refined scheme.

4.2. Method and results validation

In order to verify that the refined NSGLC theory performs
correctly and to determine the accuracy of the results obtained,
the limiting activity coefficients determined in this work were
compared with the most reliable values currently available.
Except for 3-methylbutan-2-ol, for which literature data are
completely lacking, the comparison is presented for all solutes
studied inTable 2. For each solute, however, the background
and reliability of the “best” value used for the comparison
may considerably vary. The referenceγ∞

1 values used for 1-
alkanols, 2-methylpropan-1-ol, and 2-methylpropan-2-ol are of
the highest reliability because they were calculated from the rec-
ommendedγ∞

1 (T ) dependences. Being established by compre-
hensive simultaneous correlations ofγ∞

1 data with calorimetric
data on infinite dilution partial molar excess enthalpiesH̄

E,∞
1

and heat capacities̄CE,∞, in which goal-directed measurements
c all
t s
a or
o avail-
a ure
( he-
l , and
2 ities
H

v

nd Henry’s law constants

12 = γ∞
1 ps

1 = − ps
2

(dt0R/dt) − (ps
2v

L
2/RT )

(22)

hese two quantities are determined independently ofps
1 values

nd are thus burden only with the error of the NSGLC experim
roper.

In addition to the refined scheme, the measured rete
ata were processed also according to the original Be
t

P,1
arried out previously in our laboratory were combined with
hose from literature, these recommendedγ∞

1 (T ) dependence
re considered superior to any singleγ∞

1 values measured. F
ther alkanols studied recommended data have not been
ble and existing singleγ∞

1 values are at other temperat
typically 298.15 K) than that of interest (328.15 K). Nevert
ess, for propan-2-ol, butan-2-ol, pentan-2-ol, pentan-3-ol
-methylbutan-2-ol, where information on thermal quant

¯E,∞
1 (298.15 K) andC̄

E,∞
P,1 (298.15 K) is at disposal, theseγ∞

1
alues can be brought fromT0 = 298.15 K toT = 328.15 K using
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Table 2
Comparison of limiting activity coefficients determined by the refined NSGLC
in this work with their most reliable values from literature obtained by other
methods (T = 328.15 K)

Solute lnγ∞
1

This work Literature

Methanol 0.72 0.73[17]
Ethanol 1.69 1.66[17]
Propan-1-ol 2.94 2.92[17]
Propan-2-ol 2.42 2.39a,b

Butan-1-ol 4.12 4.15[17]
Butan-2-ol 3.60 3.61a,c

2-Methylpropan-1-ol 4.04 4.07[18]
2-Methylpropan-2-ol 3.03 3.04[19]
Pentan-1-ol 5.36 5.40[17]
Pentan-2-ol 4.82 4.82a,d

Pentan-3-ol 4.77 4.76a,e

2-Methylbutan-1-ol 5.30 5.30g [20]
2-Methylbutan-2-ol 4.19 4.07a,f

3-Methylbutan-1-ol 5.26 5.25g [21]

a Calculated from Eq.(23) using the following values of lnγ∞
1 , H̄

E,∞
1

(kJ mol−1), andC̄
E,∞
P,1 (J K−1 mol−1) at 298.15 K.

b 2.02[22], −13.10[23], 211.0[24].
c 3.27[25], −13.02[26], 257.5[24].
d 4.57[25], −11.22[27], 313.5[24].
e 4.44[28], −12.81[28], 289.0[29].
f 3.56[21], −18.29[26], 291.2[30].
g The only value at 298.15 K.

the following relation

ln γ∞
1 (T ) = ln γ∞

1 (T0) + H̄
E,∞
1 (T0)

RT0

(
1 − T0

T

)

+ C̄
E,∞
P,1 (T0)

R

(
1 − T0

T
+ ln

T0

T

)
(23)

Since the thermodynamic extrapolation provided by Eq.(23)
is sufficiently accurate, the reliability of the value recalculated
to 328.15 K is given essentially by the reliability of the source
valueγ∞

1 (T0). When choice was possible, source data of the
highest credit were therefore selected. Because of the absen
of thermal data for 2-methylbutan-1-ol and 3-methylbutan-1-ol,
given for comparison in this case are the only literature values
available at 298.15 K.

The comparison inTable 2indicates that, with the excep-
tion of 2-methylbutan-2-ol, theγ∞

1 values determined by the
refined NSGLC method are in almost excellent agreement with
the most reliableγ∞

1 values currently available. The deviation
corresponding to the probable combined uncertainty of the two
values is typically within 0.04 in lnγ∞

1 , i.e. 4% inγ∞
1 . The

highest deviation (0.12 in lnγ∞
1 ) observed for 2-methylbutan-

2-ol may be well due to the very old literature value, which is
the only value available here for the comparison. In this contex
it should be noted that the excellent agreement observed for 2
m sive
e per
t o
t mer

a maximum onγ∞
1 (T ) is likely to occur within the respective

temperature range.
In summary, the comparison inTable 2provides a convincing

proof of the correct performance of the refined NSGLC method
and its improved accuracy. While the typical uncertainty of the
presentedγ∞

1 values appears to be about 3%, the experimental
error reported by Belfer et al.[6,7] for their original method was
10%. The measurement precision improved even to a greater
extent: occasional replicates we carried out agreed to 2%, while
the average relative deviation of replicated experiments obtained
by Belfer et al. for a similar set of aqueous alkanols and ketones
was 11.5%[7]. This striking amelioration of measurement pre-
cision could be achieved mainly thanks to technical refinements
of the experimental procedure. Complete computer control of
the present measurements allowed efficient long-term stabiliza-
tion of experimental parameters. In this respect, the electronic
mass-flow control is especially useful, as constancy of the carrier
gas flow rate is a critically important prerequisite for precise and
correct results to be obtained. The employment of FID instead
of TCD is equally beneficial. FID compared to TCD offers for
aqueous VOCs a low level baseline and a higher sensitivity, giv-
ing possibility to use much smaller sample sizes. True infinite
dilution conditions can be thus effectively attained.

The effects of various experimental parameters were exam-
ined to rule out that the results obtained by the refined NSGLC
procedure are fortuitous. Changing the carrier gas flow rate used
a ected
s ignif-
i e
s ffect
e ple
i ected
a con-
fi

ways
t ata.
I ring
o port
(
v that
t ffect
t the
f n for
m olutes
s the
l med
a ed for
p tical
r g the
a done
o
f %
l ing
t he
r ould
b does
n med
ethylbutan-1-ol and 3-methylbutan-1-ol is not very conclu
ither, because the compared values are at different tem

ures. Nevertheless, the similarity of theγ∞
1 values at the tw

emperatures is plausible here, since for these pentanol iso
ce

t
-

a-

s,

nd the sample size injected (solute concentration in the inj
ample) within reasonable ranges we did not observe any s
cant effect on the resultingγ∞

1 . Variations in the amount of th
olvent water loaded into the column did not present any e
ither. As to small amounts of water introduced with sam

njections, our calculations showed that they can be negl
nd experiments carried out injecting neat solute vapor
rmed it.

A severe question concerns adsorption effects which al
hreaten to distort the interpretation of GLC retention d
n order to minimize the effect of solute adsorption occur
n the surface of the support, we used a highly inert sup
Inerton Super) of low specific surface area (<1 m2/g) which is
ery suitable for use with polar compounds. An indication
he adsorption on this solid support does not appreciably a
he retention in our chromatographic system follows from
act that the retention times we measured on the dry colum

ethane (which was used as a holdup marker) and for the s
tudied differ only very slightly, the retention times for
atter being longer just by 1–2 s. In addition, we have perfor
lso a few experiments using another support recommend
olar compounds, Chromosorb W-HP, which lead to iden
esults with those obtained on Inerton Super. Concernin
dsorption on gas/liquid interface, some estimates can be
n the basis of data measured recently by Roth et al.[31]. Thus,

or ethanol solute, 100�L of water in our column (about 30
oading w/w and the mid-stage of the column life) and assum
he surface area of water 1 m2/g, it can be calculated that t
elative contribution of the adsorption to the net retention w
e 7.5%. It should be noted that this estimate however
ot correspond directly to the effect on results of the perfor
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Fig. 1. FID signals in a typical NSGLC experiment: 2-methylpropan-2-ol in
water at 328.15 K: (1) early stage; (2) mid-stage; (3) late stage of the column
life.

NSGLC measurements which should be significantly smaller.
The reasons are as follows: (1) The data of Roth et al. on which
the above given estimate is based were measured at 288.15 K; at
a temperature of 328.15 K at which our NSGLC measurements
were carried out (and in general, at superambient temperatures
where NSGLC is practical) the contribution of the adsorption
should be considerably reduced. (2) At early stages of the col-
umn life, percentage loadings are still higher than that assume
in the calculation. (Note that such high loadings were possible
thanks to the in situ loading procedure we employed.) (3) The
decisive parameter in NSGLC is not the absolute value of the
net retention, but its change with the time of solute injection
and hence it is reasonable to expect that some compensatio
of adsorption effects on this parameter occurs. (4) The tes
criterion for the absence of adsorption effects used in GLC[9],
d(VN/VL)/dVL = 0, whereVL is the volume of the solvent in the
column, is well met for all systems studied here, the indepen
dence ofVN/VL on VL being implied by the very good linearity
of t0R versust observed. Note however, that for the test to be
conclusive for NSGLC, possible adsorptive surfaces must no
change their sizes proportionally withVL, which is difficult to
verify. (5) Some further support for the opinion that adsorption
effects were negligible comes from the observation that, excep
for pentan-1-ol, the solute peaks were reasonably symmetrica
A sample of detector signals from a typical NSGLC experiment
is presented inFig. 1. Appreciable peak asymmetry encountered
f
s nce
v mon
a lt for
p ring
a hly
b king
t

data
a of th
a de-
a mel

methanol, propan-1-ol, and pentan-1-ol. Since no theoretically
adequate account of the vapor-phase nonideality has been pre-
sented in literature for the volatile liquid GLC, we employed
the relation valid for a one-stage equilibrium system (Eq.(9)
in ref. [12]) estimating the second virial coefficients from the
Hayden–O’Connell correlation[13]. For methanol, propan-1-ol,
and pentan-1-ol the calculated correction factors were, respec-
tively, 1.029, 0.996, and 0.984. Consequently we believe that
the effect of vapor-phase nonideality is within the estimated 3%
uncertainty of our NSGLCγ∞

1 values.
Last but not least, the internal consistency of the measured

γ∞
1 data was checked through a group contribution analysis.

From the data for eight pairs of adjacent homologues (methanol
excluded) the following average value of the CH2 increment (at
328.15 K) with its standard deviation∆CH2(ln γ∞

1 ) = 1.214±
0.012 was obtained. This result can be considered as an addi-
tional proof of the quality of the present NSGLC measurements.
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