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Abstract

This paper presents D/H isotopic fractionation factor measurements of water adsorbed on porous silica tubes in isotopic equilibrium
with water vapor. The fractionation factor is measured as a function of vapor pressure ranging from 10% to 80% RH (relative humidity)
at room temperature. It is shown that the fractionation factor between the adsorption film or nanometrically confined water and vapor is
smaller than that between bulk liquid water and vapor. A qualitative analysis relates this deuterium depletion to a modification of the
zero-point energy of the water isomers in the adsorbed/confined state. Furthermore, the behavior of the fractionation factor with RH
shows two different linear trends. The transition between the two (at 60% RH) may indicate the transition from a two-dimensional

adsorbed water to a three-dimensional water network.
© 2006 Elsevier Inc. All rights reserved.

1. Introduction

The structure and properties of adsorbed and confined
water are of specific interest in geochemical studies.
Water-rock interactions and diffusion of dissolved species
are at least partly controlled by the water activity which
changes either in a under-saturated environment (e.g.,
Seshadri et al., 2001; Uchida et al., 2002; Benavente
et al., 2004), or under the surface forces field of a confining
solid (e.g., Bogdan, 2002; Santiso et al., 2005; Shirinyan
et al., 2005). These two types of situation have in common
that they are controlled by the properties of thin adsorbed
films or confined water in thin pores. And these properties
result from a specific combination of the solid and liquid
properties, difficult to calculate directly.

Good examples of natural porous media with small pore
sizes are argillaceous rocks that are studied as potential
candidates for deep nuclear-waste storage. Their hydraulic
conductivity is very low (for instance, <10~ '*m s~ in the
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Tournemire argillite, Boisson et al., 2001) and diffusion is
therefore considered as the main mode of transport for dis-
solved species. To obtain information on the natural diffu-
sive transfers in these media, numerous recent studies used
the stable isotope composition of pore water, and particu-
larly the spatial distribution of deuterium contents, at the
scale of the clay formations (Riibel et al., 2002; Hendry
et al., 2004; Patriarche et al., 2004). The isotopic composi-
tion of water bound to the solid phase is obviously an
important issue in such studies, for both data acquisition
and interpretation. Some authors (e.g., Riibel and Bath,
2002) assumed that bound water should be enriched in hea-
vy isotopes with respect to bulk water. However, this more
or less “intuitive” consideration is not supported by exper-
imental studies (Stewart, 1972; Araguas-Araguds et al.,
1995; Karlsson, 2001). These experiments, which pointed
towards a D-depleted adsorbed/confined water relative to
bulk water, were conducted on natural minerals or soils.
In contrast, we chose to make some experiments on artifi-
cial “simple” material with size-controlled porosity.

In this paper, we present the isotopic fractionation be-
tween water adsorbed on porous silica tubes and water va-
por at room temperature. The aim of this study is to follow
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the variation of the isotopic D/H fractionation factor o
with the relative humidity (RH), i.e., when the water films
grow in the pores of the solid substrate. These o values at
equilibrium between adsorbed water and vapor were com-
pared to those between liquid and vapor at the same tem-
perature. An approximate method derived from the
Bigeleisen—Stern—Van Hook—Wolfsberg model (BSVHW;
Stern et al., 1963) was used to account for the results and
discuss the state of adsorbed/confined water in mesoporous
media.

2. Experimental
2.1. Material
Full cylindrical porous silica tubes of 3 mm outer diam-

eter, which are commonly used in liquid-phase chromatog-
raphy, are used here as solid adsorbate. Measurements are

Table 1
Pore size distribution deduced from N, desorption isotherm

Pore diameter range (nm) Pore volume (ul/g) Pore volume (%)

Under 6 15.41 1.56
6-8 60.98 6.19
8-10 120.07 12.19
10-12 233.57 23.7
12-16 407.88 41.39
16-20 99.51 10.10
20-80 35.89 3.64
Over 80 12.07 1.22
Total 985.38 100.00
\%
4
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for water
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trap

all related to the same mass of adsorbate (452.68 mg), with
a specific surface: Sgpr = 290.3 0.1 m?/g. This surface
was calculated with the BET model (Brunauer et al.,
1938) from the N, adsorption isotherm performed with a
COULTER SA 3100 and using the COULTER 2.13 soft-
ware. The pore size distribution was also deduced from
the N, adsorption experiment (Table 1).

2.2. Experimental protocol

An extraction line was built for this study (Fig. 1). Be-
fore each measurement, the line was evacuated to reach
the initial vacuum condition (10~ mbar). Valves 1, 2 and
3 (Fig. 1) were closed and liquid water was then introduced
into the cell (reaction chamber) with a 5 ul SGE syringe
with a precision of +1%. The liquid vaporized because of
the vacuum inside. The cell and the adsorbate container
were isolated from each other, to avoid contaminations
from one reservoir to another, and from the vacuum pump
with valves (1, 2 and 3). This assures measuring the specific
isotopic signal of vapor and adsorbed water. Water pres-
sure was measured with an absolute pressure gauge
(£0.1 mbar), and so the relation between the water volume
introduced into the cell and the resulting vapor pressure
was experimentally recorded (Section 3.2). The sample
was put in contact with water vapor opening valve 2 over
the time required to reach isotopic equilibrium, a time that
is highly dependent on the water pressure (Fig. 2 and Sec-
tion 3.1). To obtain the relative humidity (RH hereafter),
the vapor pressure at equilibrium was divided by the satu-
rated vapor pressure at the experimental temperature.

H,O injection
through a septum

1)
I~ v
2(/
Vv
T v
Adsorbate
container Cell

Fig. 1. Sketch of the extraction line, V stands for vacuum pump and P for pressure gauge. The numbers 1-5 refer to the position of valves.
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Fig. 2. Evolution of the fractionation factor « as a function of time for two different relative humidity (RH). Inset, the plot of the variation of the vapor
pressure versus time (plateau = equilibrium pressure). Isotopes keep exchanging after reaching pressure equilibrium, thus the plateau is an equilibrium

state.

Valve 4 was then closed, valves 1 and 2 being still closed,
and water vapor was extracted with a cryogenic trap (liquid
nitrogen, —196 °C). Additional pumping was performed to
obtain a complete extraction. Thereafter, valves 3-5 were
closed, prior to the evaporation of liquid water by heating
to 360 °C, water vapor being released (opening valve 4)
into the sampling glass tube (again with a cryogenic trap).
Valve 4 was finally closed to finish sampling. The inner sur-
face of the line (silica glass) where the equilibrium occurred
is about 0.2 m? The adsorbed volume can be estimated
from reliable adsorption isotherm of porous silica glass
(e.g., Naono et al., 1979): 4 umol was adsorbed at max
on the inner walls, corresponding to 7.2x 107> pl. As a
consequence, the total quantity of water vapor and of
water adsorbed on the silica tube adsorbates was always

greater by several orders of magnitudes than the amount
adsorbed on the inner surface of the line. Therefore, the
isotopic exchange between the latter and water vapor is
neglected hereafter.

To make sure that a complete water extraction from the
silica tubes was achieved, the solid sample was subsequent-
ly heated to 450 °C in a furnace for 45 min, with additional
vacuum pumping (15 min) and a liquid nitrogen trap. The
collected water was trapped in the “U” tube and then re-
leased into the cell to measure its quantity. This water
was further extracted with the initial procedure (used for
vapor sampling) to analyse its isotopic composition. To
evaluate the actual volume available to the water vapor in-
side the silica adsorbate container (cf. Fig. 1) the volume of
the silica tubes (around 1.4 x 107> m?) is subtracted from
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Table 2

Experimental raw data and expected precisions

No. PP T° P’ Pl Adsorbed® RHeqr Oyap® Sads® ot ¢ (min)
162 3454+0.1 293.15 2.5 0.95 3.0+0.7 10.7 4+ 0.5 —61 -29 1.035 645
163 3.6 +0.1 293.15 2.45 1.15 3.5+0.7 10.5+0.5 —60 —28 1.030 420
164 3.55+0.1 292.65 2.55 1 3.1+0.7 11.24+0.5 —61 =21 1.043 720
167 3.554+0.1 293.15 2.3 1.25 3.9+0.7 9.8 +0.5 —58 —26 1.035 380
171 3.4+0.1 292.15 2.5 0.9 29+0.8 11.44+0.5 —-54 =30 1.026 295
115 5.6 +0.1 293.15 3.8 1.8 57+09 16.2+0.5 —63 -36 1.029 1140
189 59+0.1 293.15 4 1.9 5.7+0.9 17.1 +£0.5 —-57 -29 1.030 105
190 57+0.1 292.15 3.8 1.9 59409 17.34+0.6 —61 -26 1.037 720
113 6.9 +0.1 293.15 3.7 3.2 10.2 +0.8 15.84+0.5 —60 -35 1.027 1365
114 7.14+0.1 293.15 4.6 2.5 7.8+0.9 19.7+0.6 —62 =35 1.028 1020
124 7.3+0.1 293.15 4.7 2.6 79+0.9 20.1 +0.6 —61 -34 1.029 420
139 7+0.1 292.15 4.7 2.3 724+09 21.44+0.6 —62 -32 1.032 420
145 7.3+£0.1 293.15 5 2.3 6.9+0.9 21.4+0.6 -59 -30 1.032 280
146 7.24+0.1 293.15 5 22 6.7+0.9 21.44+0.6 -59 -28 1.032 290
149 7.1+£0.1 293.15 4.9 2.2 6.8 +0.9 20.9 + 0.6 —-57 —-24 1.035 300
150 7.1+0.1 292.15 4.7 2.4 7.5+09 21.4+0.6 —60 -29 1.033 750
151 7.254+0.1 293.15 5.1 2.15 6.5+0.9 21.8+0.6 —-57 =27 1.032 300
192 14.55 + 0.1 294.15 9.95 4.6 139+1.3 40.0 +0.6 —62 -28 1.036 600
194 143 +0.1 292.15 9.4 4.9 151 +1.2 42.8+0.7 —61 —26 1.038 700
196 14.3+0.1 293.15 9.7 4.6 142+1.3 41.5+0.7 -59 —27 1.034 765
197 14.4 + 0.1 293.15 9.55 4.85 149+1.2 40.8 + 0.7 —63 =27 1.038 810
205 20.8 0.1 293.15 134 7.4 235+ 1.6 57.3+£0.8 —62 —28 1.036 685
206 20.5+0.1 293.15 13 7.5 242 +1.6 55.6 +0.8 —62 =31 1.033 1180
207 20.9 +0.1 293.15 13.05 7.85 248+ 1.6 55.8+0.8 —62 —26 1.038 2490
265 20.5+0.1 293.65 11.8 8.7 28.1+1.6 48.9 +0.7 —63 =25 1.040 1090
218 28 +0.28 293.05 15.85 12.15+0.38 383+22 68.2+0.9 —64 -24 1.043 5280
210 31.54+0.32 294.05 17.5 14 +0.42 44.1+24 70.8 0.8 —65 =30 1.038 1110
212 31.5+0.32 292.75 16.5 154+0.42 473+23 723409 —68 -24 1.047 2310
213 31.54+0.32 292.55 17.15 14.35 +0.42 452+24 76.1 +£ 1.0 —65 —21 1.046 1090
214 31.5+0.32 293.25 16.75 14.75 +£0.42 46.5+2.4 71.24+0.8 —65 -23 1.045 1220
215 31.54+0.32 293.55 16.7 14.8 +0.42 46.6 +2.4 71.4+09 —64 —24 1.043 890
216 31.5+0.32 293.55 17.5 14 +0.42 441+24 73.0+0.9 —67 =22 1.049 3725
217 31.54+0.32 293.45 16.85 14.65 +£0.42 46.1 £24 70.7 +0.9 —66 -23 1.046 3720
219 31.5+0.32 293.05 16.55 14.95+0.42 47.1+24 71.2+0.9 —66 -23 1.046 2480
220 31.54+0.32 292.35 17.4 14.1+£0.42 444+24 782+ 1.0 —66 -26 1.043 15,390
263 31.5+0.32 293.45 15.2 16.3 +£0.42 51.3+24 63.8+0.8 —61 -20 1.044 2165
264 31.54+0.32 293.25 16.8 147+ 042 463+24 71.4+0.9 —62 =27 1.037 6560
260 31.5+0.32 293.75 15.8 15.7+0.42 494+23 65.1+0.8 —63 -20 1.046 2490
261 31.54+0.32 293.15 16 15.5+0.42 488 +£2.3 68.4+0.9 —64 -19 1.048 2295
221 38.5+0.39 293.55 18.9 19.6 +0.49 61.7+2.7 78.8+0.9 =70 -23 1.050 7655
222 38.54+0.39 293.15 19.3 19.2 +0.49 60.5 +2.7 82.54+1.0 -70 -22 1.051 2840
223 38.5+0.39 293.45 18.8 19.7 +£0.49 62.1+2.7 78.9+0.9 —69 -20 1.052 1055
224 38.54+0.39 292.45 18.7 19.8 +£0.49 62.4+2.7 79.9+0.9 -70 =21 1.053 3625
225 38.54+0.39 292.45 17.5 214+0.49 66.2 +2.6 74.8 +0.9 -70 -23 1.051 1350
226 38.54+0.39 292.95 18.1 20.4 +0.49 64.3+2.7 78.34+0.9 —69 -23 1.049 2300
227 38.5+0.39 294.15 19 19.5 +0.49 61.4+2.7 76.4+0.9 —68 =22 1.049 3585
228 38.54+0.39 293.85 19.3 19.2 +0.49 60.5 +2.7 79.0 £ 0.9 —68 -22 1.050 8385
229 38.54+0.39 293.15 19 19.5 +0.49 61.4+2.7 81.2+09 —67 =22 1.049 1995
231 42 +0.42 293.25 20.15 21.85+0.52 68.8 +2.9 85.6 +1.0 —69 -21 1.052 985
232 42 +0.42 294.15 19.3 22.7+0.52 71.5+29 77.6 +0.9 =71 =22 1.053 870
235 42 +0.42 294.15 18.2 23.8+0.52 75.0 £ 2.8 73.14+0.8 =72 -22 1.054 5405
236 42 +£0.42 292.75 18.1 23.94+0.52 753+2.38 793+ 1.0 -70 -22 1.051 2020
237 45.5+0.42 293.15 17.5 28 +0.52 88.2+2.7 74.8 +£0.9 —68 -20 1.051 1457
238 45.54+0.46 292.65 19 26.5 +0.56 83.5+29 83.8+1.0 -73 =21 1.056 3667
239 45.5 + 0.46 293.15 19.1 26.4 + 0.56 83.24+3.0 81.74+1.0 -73 -23 1.055 1440
240 45.5+0.46 293.05 19.5 26 +0.56 81.9+3.0 839+ 1.0 —74 -20 1.058 2150
241 45.5 +0.46 293.75 18.5 27 +£0.56 85.0+29 76.2 +0.9 -73 -22 1.055 2370
242 45.5+0.46 292.85 18.85 26.65 4+ 0.56 84.0+29 82.1+1.0 —74 —24 1.053 2460
243 45.5 +0.46 292.45 17.8 27.7 +0.56 87.34+29 79.54+1.0 -70 -29 1.045 2220
244 45.5+0.46 293.75 19.2 26.3 +0.56 82.8 +3.0 79.1+0.9 —73 =25 1.052 2420
247 52.54+0.46 293.45 18.65 33.854+0.63 106.6 + 3.1 78.3+0.9 —-74 -23 1.055 2295

249 52.5+0.46 293.45 17.7 34.8+0.63 109.6 £ 3.1 743+09 —86 —38 1.053 5610
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Table 2 (continued)

No. P T° P P4 Adsorbed® Rchf Ovap® Oads® of t (min)
250 59.5+0.46 294.15 19.2 40.3 +0.7 1269 +3.4 77.2+0.9 —81 —18 1.069 2860
251 59.5+0.46 292.75 19.1 40.4 +0.7 1273+ 3.4 83.7+1.0 -79 -29 1.054 3500
252 59.54+0.46 292.15 18.5 41+0.7 1292+ 34 842+ 1.0 -79 =21 1.064 2610
255 59.54+0.46 293.15 19.7 39.8+0.7 1254+ 3.4 84.2+1.0 -79 —26 1.057 2505
256 59.54+0.46 292.15 19.2 40.3 +0.7 127.0+3.4 87.3+ 1.1 —81 =31 1.054 5370
259 59.5+0.46 292.85 19 40.5 +0.7 127.6 + 3.4 82.7+1.0 —81 -30 1.056 3600

# Initial pressure in mbar with a 0.1 precision gauge. Above P°, initial pressures are calculated from the relation between the volume injected and the
corresponding pressure (Fig. 3).

® Room temperature in K when measuring the equilibrium pressure. The Hg thermometer gave a -0.1° precision.

¢ Saturation pressure in mbar with the same precision as P;, i.e., +0.1.

dpy=P — Py in mbar. Theoretical pressure of the adsorbed water if gaseous. Precision: AP,q = AP; + AP,y = £0.2 mbar.

¢ Mass (mg) of adsorbed water per g of silica tube (Mgyater/Esitica)- First, adsorbed volume is deduced: Vugs = Vi — Vyap With Vi = Peg/0.7 (Fig. 3).
Then, m = Vg4 X p/Mgijica- p from the currently recommended equation of state . Error in p corresponds to a thermal deviation of #0.1°C, i.e.,
+0.03 kg m . Precision of m was calculated by derivation of this expression.

f RHq = (Peg/P°) % 100 is the relative humidity at the equilibrium pressure. P° is calculated from Wagner and PruB (2002) at the same temperature as
Pq. Error in P° also corresponds to a variation of temperature of £0.1 °C and is estimated to 40.15 mbar.

¢ Fractionation data using the IRMS spectrometer with a +2%o precision.

b Fractionation factor calculated with ¢ values (see Section 2.3). The precision is +0.004%0 and was obtained by a simple derivation of the relation

between o and 6.

the total volume of the container. The vapor pressure mea-
sured during the experiments varied from 4 to 20 mbar,
that is from 4 x 1072 to 2 x 10~ ul. Correspondingly, the
adsorbed water volumes extracted from the silica tubes
were 1.32-58 pl, respectively, i.e., they represent 3-0.3%
of the sampled water and can be neglected hereafter.

The water samples were submitted to the standard
reduction procedure with zinc (Coleman et al., 1982). We
measured the ¢ values of the samples (Table 2) relative to
the international standard V-SMOW. The values were
determined with a mass spectrometer (dual inlet IRMS).
The total reproducibility of the measurements is better
than +£2%o. Potential fractionation within the extraction
line has been checked by performing the described sam-
pling procedure with standards and comparing the mea-
sured 6 values with those obtained by direct isotopic
analysis with the Zn reduction method. The results agree
within 1.3%e, to be compared to the experimental precision
(£2%o0). Because of the low amount of extracted water,
only deuterium analyses were performed (see Table 2).

The fractionation factor o,gsorbed water-vapor i defined as:
(1000 + Jadsorbed water)/ (1000 4 Oyapor), Where 6 are in [%o).

2.3. Extraction methods
The D/H ratio that could be measured according to the

above protocol corresponds to a water volume ranging
from 1 to 7 ul. When the water volume present in the vapor

(remaining in the cell) and adsorbed (on the solid sample)
phases exceeded 7 ul, the extraction became problematic
since incomplete recovery can produce Rayleigh fraction-
ation by distillation effect.

Three ways of extraction were tested (Table 3): by “di-
rect sampling”, by a “double sample carrier” (enabling to
double the recoverable water volume), and by “equilibrium
stages”. Direct sampling was fully adapted when the water
quantity in the cell was lower or equal to 7 ul. When it
exceeded this value, the same direct method was still possi-
ble by successive sampling until removing the total amount
of vapor (Table 3).

Whenever the amount of water in the cell exceeded 7 pl,
another strategy than the successive sampling was used. It
consists in introducing a piece of line with two glass tubes
instead of one containing Zn between valves 4 and 5
(Fig. 1). In this way, it was possible to collect amounts of
water up to 14 ul. As the whole amount was sampled in
one extraction, no fractionation could occur. However,
whenever the amount of water exceeded 14 pl, successive
sampling was combined with this second method. The re-
sults agree with the other methods (Table 3).

For the third method, a large container was put between
valves 4 and 5 to expand the vapor. Then, a part of the va-
por volume was isolated in order to obtain a reduced sam-
pling volume corresponding to 1-7 pl range of liquid water.
This extraction avoided the distillation process (and frac-
tionation) because, after expansion, the sampled vapor

Table 3
Comparison of the three sampling methods
Method Injected volume (pul) 0 £ 2(%o) Number of samples Standard deviation
“Direct sampling” 45 —65 11 2
55 —69 6 1
“Double sample carrier” 45 —66 11 2
“Equilibrium stage” 55 —68 2 0
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was an aliquot fraction of the whole volume. Obviously,
this was also the most time-consuming procedure.

The results obtained with the three methods are all in
agreement (Table 3). Therefore, the direct sampling process
was mostly used for practical reasons.

3. Results
3.1. Attainment of isotopic equilibrium

Prior to studying the measured fractionation factors,
the attainment of isotopic equilibrium must be unambigu-

ously proven. For a given value of RH the variations of
equilibrium pressure and « were recorded as a function
of time (Fig. 2). Despite thermal variations (20 &1 °C)
that occurred during the experiment, an equilibrium pla-
teau on the o vs time curve was systematically reached.
The time needed to reach pressure equilibrium was shorter
than the time needed to reach this isotopic plateau. For in-
stance at 20% of RH (inset, Fig. 2a) the pressure equilib-
rium was reached in less than 10 min whereas the isotopic
plateau was reached after 300 min. This time difference of
the kinetics of isotopic and pressure equilibria suggests
that the adsorbed phase exchanges with the vapor even

140
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Fig. 3. Adsorption isotherm at 20 £ 1 °C of water adsorbed on porous silica tube. The exponential curve fits the data and the vertical line is only guide for
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after pressure equilibrium. Thus, it is likely that the ob-
served steady state (Fig. 2) corresponds to a true isotopic
equilibrium.

3.2. Adsorption process

The volume of adsorbed water was calculated from the
amounts of injected water and the water vapor. The adsorp-
tion isotherm displays the amount of adsorbed water (mg of
water per g of solid) as a function of RH at 20 °C (Fig. 3). It
follows an exponential function up to 80% of relative humid-
ity. Beyond 80%, RH remains constant regardless of the vol-
ume of water injected into the cell (Fig. 4). It is noteworthy

1165

that this RH (80%) corresponds to the capillary condensa-
tion in 9.8 nm diameter pores (kelvin equation at zero con-
tact angle), meaning that the saturated vapor pressure was
attained for a large fraction of internal pores (44% of silica
pores have diameters smaller than 12 nm; Table 1). In other
words, at 80% RH, water vapor condensed in the nano-
pores, and RH remained constant until all the corresponding
pore volume was filled.

The variation of the fractionation factor « with RH fol-
lows two linear trends with very different slopes (Fig. 5).
For values of RH smaller than 60% o is almost constant
(1.030 to 1.037 4+ 0.004). Above 60% o has a much stronger
dependence on RH (see Section 4.2).

1.090
1.085
1.080
1.075 4
1.070
1.065
1.060 -
1.055
1.050
1.045
1.040
1.035 4
1.030
1.025
1.020
1.015 4
1.010
1.005

Fractionation factor (o)

Low variations of o with RH.

fractionation factor of liquid-vapour equilibrium —. L
at20°C

net increase of a

60%

1.000 \ \ \ \
0 10 20 30 40

50 60 70 80 90 100

Relative Humidity (%)

Fig. 5. Evolution of the fractionation factor (o) with increasing relative humidity (RH) in percent. Some points are outside the general trend, possibly due
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Plotting the o variation against the adsorbed water-spe-
cific mass (Fig. 6) shows that the adsorbed water quantity
and o both increased until « became constant around
77 mg/g of adsorbed water (80% RH) (see also isotherm,
Fig. 3). This demonstrates that the D/H ratio is a func-
tion of adsorbed water quantity. At 77 mg/g of adsorbed
water o becomes nearly constant (Fig. 6) which corre-
sponds to a vertical straight line (water condensation)
on the adsorption isotherm (Fig. 3). The isotopic ratio re-
mained constant while the water amount increased, mean-
ing that there is no difference in the energetic status of the
liquid water despite the occurrence of condensation. This
is consistent with a condensation occurring in confined
space by the collapse of two opposite thickening films. Li-
quid water changes from a true adsorbed situation (oppo-
site two films) to a capillary bridge, probably affected by a
confinement effect (see Section 4.2).

4. Discussion
4.1. Role of the zero-point energy

Basically, condensed phase isotope effect is due to the
difference between the bond strengths formed by the light
vs the heavier isotopes. Condensed phase of water is gener-
ally D-enriched compared to the vapor phase because of
the better stability of the D bond. agm_vapor greater than
1 means that film/confined water is D-enriched relative to
vapor and that adsorbed/confined water is, isotopically
speaking, a condensed ‘“‘phase” (let us call it a phase for
practical reason). The isotopic equilibrium between ad-
sorbed water and vapor may be written as:

HOH, 4 + HOD, SHOH, + HOD,, 4.1)

The reactional coefficient is as follows:

_ (HOD)ads(HOH)v _ ().,
~ (HOH)ads(HOD)v ~ (B)vap

The liquid—vapor fractionation factor can be accurately
calculated in the frame of the Bigeleisen—Stern—Van
Hook-Wolfsberg model (BSVHW) (Stern et al., 1963), ex-
pressed by partition functions between the condensed phase
and the vapor (Bigeleisen, 1963; Jansco and Van Hook,
1974). Actually, the isotopic effects in the water condensed
phase result from an interplay between intramolecular
(vibrational frequencies) and intermolecular (H-bonding)
isotope effects. Among the whole vibration modes, the
contribution of the stretching is five to six times greater than
the others (see data from Majoube, 1971; Kakiuchi et al.,
2001). Consequently, the OH-stretching behavior is consid-
ered relevant to account for the whole vibration behavior.

Within isothermal conditions at ambient temperature,
the isotopic fractionation mostly depends on the zero-point
energy (ZPE) difference between the O-H and O-D bonds
(AZPE). For water, ZPE is the sum of the total internal
vibrational ground state, that is:

o= (4.2)

3
v,
ZPE = = 4.3
; 5 (4.3)
o relates to the AZPE difference:
[AZPEbulk liquid — AZPEvapor} X Aiquid-vapor (44)

From bulk to film, the present experiment shows that o
is decreasing, meaning:

[AZPEbulk liquid — AZPEvapor] > [AZPEﬁm water — AZPEvapor]
(4.5)

There is no ZPE variation in the vapor phase so this
inequality becomes:

[AZPEbulk liquid} > [AZPEﬁlm water} (46)

The bending has a small dependence on H-bonding and
is supposed to be constant. The latter inequality (Eq. (4.6))
can be translated in terms of the stretching mode vibration,
what writes:

(4.7)

As a conclusion, the difference between voy and vop in the
adsorbed water film should be smaller than in the liquid
phase. The red shift of the intramolecular vibrations is
known to be responsible of decreasing o (Jansco and Van
Hook, 1974). Independent experiments pointed to a red
shift of the OH-stretching band of water adsorbed onto
oxide surfaces (Ershova et al., 1979; Foster and Ewing,
2000; Al-Abadleh and Grassian, 2003; Asay and Kim,
2005) and confined inside porous materials (e.g., Crupi
et al., 2005; Richard et al., 2006). Therefore, with respect
to the (4.7) inequality, vop should follow the same decreas-
ing trend, but with a smaller magnitude. Actually, the ratio
of vibrational frequency between two isotopomers is
known to be constant whatever the phase, around 1.36
for vou/vop (Majoube, 1971). If vom changes from
3404 cm ™! in the bulk to an average value of 3200 cm '
in the film (Asay and Kim, 2005; Richard et al., 2006),
vop must change from 2500 cm ™' to around 2355cm™!
(Table 4). As a consequence, OH ZPE is shifted by
100 cm ! and that of OD by about 73 cm ™!, what is consis-
tent with the present explanation. Hence there is a “com-
pression” of the AZPE at the bulk liquid — adsorbed/
confined liquid transition. A sketch of the H,O/HOD po-
tential can be drawn (Fig. 7, Table 4).

(vou = Vo) > (YoH — VoD ) fim

4.2. Water state as a function of RH

The slope change of o(RH) may be related to a change
in the molecular water dynamics from a 2-D behavior
(below 60%) to a 3-D behavior (above 60%). The 2-D
behavior defines a regime dominated by the dynamics of
the O-H(O-D) bond itself, that is by the intramolecular
vibration. Otherwise speaking, the constancy of «(RH)
indicates that there is not any significant vibrational change
through the RH range: each adsorbed water molecule
vibrates in the same way as the others, with possible lateral
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Table 4
IR frequencies of water in the gas (upper part), liquid (middle part) and adsorbed (lower part) phases with the associated ZPE of water
Frequencies (cm ™) H,'%0 (em™!) (Av/AT) ZPE° HD'"0 (cm™! ZPE° AZPE
vy 3657* 4503.8 2726.7* 3918.2 585.6
vy 1594.6% 1402.2%
V3 3756% 3707.5%
VOH-OD 3404 (0.7)*° 4225.5 2500 (0.5)*° 3223.4 1002.1
Vs 1643 (—0.1)*° 1446.8 (—0.06)™°
VL 440 (—-0.7)* No 345 (0.7)* No No

576 (—0.7)* 475.2 (0.7)*

475.2 (-0.7)* 776.4 (0.7)*
Vr 171 (—=0.2)*° No 167.9 (-0.2)* No No
VOH_OD 3200 4021.5 2355 3078.4 943.1
Vs 1643 (—0.1)*® 1446.8 (—0.06)*°

v, v3, and v, are, respectively, the symmetric and asymmetric OH-stretching and -bending modes of water. voy_op are the uncoupled OH and OD

vibrations. vy and vy are the hindered rotations (libration) and translations.

AZPE = ZPEyon — ZPEqop.
& Majoube (1971).
® Eisenberg and Kauzmann (1969).

¢ Water ZPE is calculated according to Eq. (4.3): ZPE = (v; + v» + v3)/2, as (v{ + v3)/2 = vou, ZPE = voy + v2/2.

""""""""""""" &---ommmmmmmmmmmooo= iquia
1 VoHIiq
! 3404 cm’!
""""""""""""" Foogmmmm ) Ui
| ' Vou fiim (Richard et al., 2006)
|1 ~3200cm’
| i : 1 tiquia
Vobiliq 2500cm’ ! i
7'y — Lfiim
___________________________ Vopsim___ | 0
~2355 cm liquid
AZPEliquid
R U010 77% K N N e
AZPEgim
~943.1 0 1iquia
0 fiim

Fig. 7. Idealized scheme of the H-O-H and H-O-D potential. 0 and 0" are the ground-state energies of H-O-D and H-O-H, respectively; 1 and 1’ are the
corresponding excited levels reached at stretching excitation. Stronger H-bond of adsorbed “phase’ involves lower transition energy and thus decreases
the AZPE difference between H-O-H and H-O-D. vy of film water is deduced from observations and the corresponding vop is estimated by the constant

isotopic ratio between voy and vop (see text).

coupling. The 3-D regime might be related to the occur-
rence of intermolecular dynamics: the vibration now de-
pends on the state and the extension of the H-bond
network. Obviously, the H-bond network depends on the
molecular quantity and on the occurrence of poly-molecu-
lar stacking of water.

This transition has been already recorded with other
techniques. Two-dimensional ice-like water monolayer

was infraredly detected on calcite surfaces below 50%
RH, which evolved to three-dimensional water-like layer
above this RH value (Al-Hosney and Grassian, 2005).
Meanwhile, Kendall and Martin (2005) proposed the con-
version of 2-D water layer to a 3-D structure at 55% RH on
calcite surfaces, based on scanning polarization microscopy
data. A third approach coupling atomic force microscopy
and ion scattering spectroscopy (Hausner et al., 2007) plot-
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ted the transition from a two- to three-dimensional struc-
ture of the hydrating water film (also on calcite surfaces)
at around 45% RH. Our isotopic experiment shows consis-
tent results in spite of using a different solid surface.

At higher RH (80%), the liquid-vapor fractionation
factor of water capillary condensed in 10 nm pore is
recorded (plateau on Fig. 6). It is lower than that be-
tween bulk liquid water and vapor phase. Yet, capillary
water is usually bulk liquid, and therefore its properties
can be predicted from an equation of state as a function
of decreasing water pressure (Mercury and Tardy, 2001;
Mercury et al., 2003), which should not imply a measur-
able isotopic fractionation relative to bulk liquid. From
these considerations, it can be deduced that capillary
water in these nano-pores is confined (at least slightly),
i.e., affected by the proximity of the pore walls. General-
ly speaking, the geometrical frustration is known to in-
duce some changes on dynamical and static properties
(e.g Takamuku et al., 1997, Benesi et al., 2004). From
the present experiments, dgim_vapor 1S always lower than
Oliquid_vapor (1.085 at 20 °C; Majoube, 1971) and increased
at max. to 1.055+0.004 (nano-pores condensation).
Thus, porous confinement (solid-liquid-solid interac-
tions) isotopically acts as the surface confinement (sol-
id-liquid—air interactions) does. In other words,
adsorption and confinement between solids both reduce
the liquid—vapor fractionation factor, and are isotopically
analogous. Infrared spectroscopic experiments also
showed that adsorbed and confined water both exhibit
the same trend of vibrational frequencies, with a red shift
of the OH-stretching band relative to the bulk (e.g.,
Richard et al., 2006).

5. Conclusion

The deuterium fractionation factor between adsorbed/
confined water on porous silica tubes and vapor is lower
than the one between liquid and vapor at ambient temper-
ature, evidencing that water films have specific properties
deviating from the bulk liquid ones. Another interesting
fact is the lower capillary water-vapor fractionation factor
relative to the bulk-vapor one, which tends to indicate that
the fractionation factor is very sensitive to confinement
effect. By the way, this result seems to contradict the common
opinion that surface forces do not affect the confined liquid
beyond about 1.5 nm from the solid (Michot et al., 2002).

Interestingly, the fractionation factor appears sensitive
to the surface water dynamics with two regimes distin-
guished by their a(RH) behaviour. Such transition from a
2-D to 3-D behavior has been already pointed out on cal-
cite surfaces, making the surface ions mobiles (Kendall and
Martin, 2005) and leading to some surface restructuring
due to dissolution-reprecipitation events (Hausner et al.,
2007). Therefore, this change of dimensionality is of geo-
chemical significance and makes the water layer able to
weather the solid surface. The fractionation factor could
be a probe of this chemical “activation”.

The present study also gives some indications about the
composition of bound water in the geological “nanopor-
ous” formations. Adsorbed water, that is water film depos-
ited onto a solid surface open to the air, displays the same
trend as water held in narrow channels. In the argillaceous
formations, a very significant part of porosity corresponds
to pore sizes smaller than 10-15 nm. It is very likely that
bound water in these rocks is depleted in deuterium with
respect to “free”” water, what is consistent with literature
(Stewart, 1972; Araguas-Araguas et al., 1995; Karlsson,
2001). This has to be confirmed by doing the same type
of experiments on natural rock or mineral samples.

A further quantitative step will be to calculate the parti-
tion function of the condensed adsorbed phase, to deduce
the thermodynamic potential of the adsorbed film. Addi-
tionally, we can deduce stretching frequencies from this
partition function and compare them to the IR records to
definitely and quantitatively test the consistency of the
whole reasoning. Due to the strong energetic similarity be-
tween adsorbed and confined states, these calculations
should open a way to quantitatively treat the solid—solu-
tions interactions in the confined/adsorbed regime.
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