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A home-made analyzer for dissolved gasses in water, based on membrane inlet mass spectrometry
(MIMS), was successfully applied for the first time as an in-line method for detection of gases dissolved in
an aqueous stream, at the exit of a catalytic reactor in a transient experiment. The technique was applied
for measuring the metal dispersion of three different catalysts (EuroPt-1, Pt/SiO2 and Pt/CNF) in liquid
phase via H2–O2 titration. The titration stoicheometry obtained (i.e. ratio of H2 and O2 consumption) is in
agreement with the stoicheometry obtained in gas phase titration experiments in literature. The platinum
dispersions obtained in liquid phase are in excellent agreement with dispersions based on hydrogen
chemisorption in gas phase for all three catalysts. Clearly, water does not influence the accessibility of
the Pt atoms, disagreeing with recent suggestions in literature. In addition, the detector is universal and
allows calibration of H2, O2, N2 and Ar dissolved in water with insignificant cross contamination. Despite
the relatively slow dynamic response of the detector (between 4 min for hydrogen up to more than
40 min for oxygen), it was proven possible to perform quantitative experiments in pulse mode, with a
detection limit in the order of 0.5 m2 Pt. The capability of this method is further demonstrated by the
surprising observation that dissolved hydrogen physisorbs significantly on a reduced Pt catalyst whereas
dissolved oxygen does not interact with an oxidized catalyst.

© 2008 Elsevier Inc. All rights reserved.
1. Introduction

In part 1 of this paper [1], we reported on the development of
a transient reactor with simultaneous analysis of the effluent using
in-line ESI-MS (electrospray ionization mass spectrometry). With
this technique it is possible to follow semi-quantitatively species
formed during transient catalytic oxidation of glucose and catalytic
reduction of nitrite in aqueous phase. Unfortunately, the limitation
of this technique is the inability to detect gases dissolved in water,
due to the relatively mild ionization process via electrospray. We
therefore searched for alternative detectors for dissolved gasses.

Commercially available analyzers like Orbisphere [2] and Fuga-
tron HYD 400 [3] are usually applied to analyze gases dissolved in
liquids. Detection based on electrochemical reactions (Orbisphere
analyzer) is usually lacking long term stability of the sensor. The
Fugatron HYD 400 analyzer uses a coated probe permeable for
dissolved gases, which improves the reliability of detection. These
analyzers are able to detect single gasses present in liquids in
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industrial applications such as beverage production and nuclear
power plants.

Home made analyzers such as Differential Electrochemical Mass
Spectormetry (DEMS) [4,5] or Membrane Inlet Mass Spectrometry
(MIMS) [6,24,25] are usually described for scientific applications.
The principle of operation of DEMS and MIMS is similar, i.e. re-
moval of gases from the solution via permeation through a hy-
drophobic membrane, such as a porous Teflon membrane in the
case of DEMS and a dense polymeric rubber membrane in the case
of MIMS. The permeated gas is analyzed with a mass spectrometer
in both cases. For example, Kana et al. [6] used a technique based
on the MIMS principle for determination of nitrogen and oxygen
dissolved in sea water. Kostiainen et al. [7] used a concept similar
to MIMS to analyze volatile organic compounds like toluene, o-
xylene, MTBE and phenol in water. In order to test the suitability
of such an analyzer for transient experiments, we have chosen H2–
O2 titration experiments on supported platinum catalysts in water
as a case study.

Supported platinum catalysts have been used in this study in
view of its wide application [8] and Pt on carbon has been in-
cluded because of its frequent application in liquid phase oxida-
tion and hydrogenation reactions [9,10]. EuroPt-1 reference catalyst
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(platinum supported on silica) was used because it is well charac-
terized in many labs [11,12].

Hydrogen chemisorption is the standard technique to determine
the dispersion of supported platinum catalysts [13,14]. This tech-
nique is however not directly applicable in liquid phase because
desorption of chemisorbed hydrogen by heating is an essential
step, which cannot be done in liquid phase. Hydrogen titration
of pre-adsorbed oxygen on platinum is an even more sensitive
method and especially suitable for the catalysts with a low metal
loading. It was applied for the first time by Benson et al. [15]
who observed a titration stoicheometry of H2-chemisorption:O2-
chemisorption:H2-titration = 1:1:3. This implies that hydrogen is
consumed by both reaction with chemisorbed oxygen as well as
by chemisorption on the metal. Consequently, if one assumes a
Pt:O = 1:1 ratio, three atoms of hydrogen are consumed for ev-
ery exposed platinum atom.

There are only two studies, to the best of our knowledge, ad-
dressing the question whether the presence of a liquid would
influence the dispersion of supported precious-metal catalysts. An-
other issue is the question whether solvents would affect the
dispersion measurement via influencing the chemisorption sto-
icheometry of oxygen and hydrogen. CS2 was recently used as
a probe molecule to determine Pd dispersion at the solid–liquid
interface with transient pulse experiments [16]. It was claimed
that the Pd dispersion obtained was approximately three times
less than the dispersion obtained using gas phase (H2 and CO)
chemisorption (i.e. DL = 11% vs DG = 36%). Bradley et al. [17] de-
termined platinum dispersions with hydrogen chemisorption and
compared the results with H2–O2 titrations, both in the liquid
phase using a volumetric method. They found good agreement
for dispersion measurements of colloidal polymer-supported plat-
inum nanoclusters. Unfortunately, it is not clear how in this work
an uncovered surface was obtained, which is necessary for the
chemisorption experiment.

The volumetric method, as applied by Bradley et al. [17], is
very sensitive for temperature deviations. The pulse flow tech-
nique, which has been successfully applied for dispersion deter-
mination of supported platinum in the gas phase, does not suffer
from that problem. In principle, the same approach can be applied
using gases dissolved in a liquid phase. However, the key challenge
is to find a sensitive detector which allows on-line analysis of all
dissolved gases present in the liquid phase.

We here report on the development and application of a detec-
tor similar to MIMS to perform H2–O2 titrations over a series of
platinum catalysts (EuroPt-1, Pt/SiO2 and Pt/CNF) in water. When
successful, this detector can be coupled to the ESI-MS detection
system in order to arrive at an universal transient technique for
liquid phase experiments allowing detection of both organic com-
pounds and ions (ESI-MS) as well as dissolved gases. To the best
of our knowledge, application of pulse experiments with gases
dissolved in water to determine platinum dispersions was not de-
scribed before and we are reporting here on the influence of water
on the interaction of hydrogen and oxygen with Pt.

2. Experimental

2.1. Materials

EuroPt-1 catalyst (6.3 ± 0.05 wt% Pt), obtained from Johnson–
Matthey, was crushed and sieved and the fraction of 30–50 μm
was used. Pt/SiO2 and Pt/CNF supported on Ni-foam catalysts, as
well as chemicals and gasses used, are described in detail in part 1
of this paper [1].
2.2. Methods

The Pt loading of the catalysts was determined with X-ray flu-
orescence spectroscopy (Phillips PW 1480 spectrometer). Platinum
dispersions of EuroPt-1, Pt/SiO2 and Pt/CNF catalysts were mea-
sured with hydrogen chemisorption (ChemiSorb 2750, Micromerit-
ics). Platinum metal dispersion was calculated assuming H:Pts ra-
tio equal to one [18]. Metal particle sizes in fresh Pt/SiO2 and
Pt/CNF catalyst were also estimated with transmission electron
microscopy (TEM) by averaging sizes of typically 100 platinum par-
ticles, using a Philips CM 30 microscope (300 kV).

2.2.1. Experimental set-up
The experimental set-up was described in the first part, except

for the detector.

2.2.1.1. Analyzer for gases dissolved in liquid The analyzer consisted
of a probe (Fig. 1a) and the MS detector (Fig. 1b). The probe
was made of perforated stainless steel tubing (1/16′′ , 40 holes
with ∅ 0.25 mm, Fig. 1a) and covered with silicon rubber (1.0 ×
1.4 mm, Vitton). Then, the probe was inserted into a Swagelock T
joint adjusted to minimize dead volume (Fig. 1a). Gases can per-
meate from the liquid phase through silicon rubber to vacuum.

The permeating gas enters the low-vacuum part of the equip-
ment (Fig. 1b) that typically operates at 5 × 10−4 mbar. The per-
meating gas is then allowed to flow into the high vacuum part
via a 1 μm orifice (O1). Gases were analyzed in the MS chamber
with a quadrupole mass spectrometer detector (QMG422, Pfeiffer
Vacuum, with secondary electron multiplier), operated in “selected
ion mode” and using electron impact ionization. The MS chamber
is connected to a turbo-molecular pump (TSH 521, Pfeifer Vac-
uum) capable of creating vacuum in the range of 10−8 mbar. Valve
V1 closes automatically in case the pressure in the MS chamber
exceeds a value of 10−5 mbar, in order to protect the mass spec-
trometer.

2.2.1.2. Response time of detector The response time of detector was
determined by-passing the reactor with pulses of water (10 ml dur-
ing 20 min with flow rate of 0.5 ml min−1, Figs. 2a–2c) saturated
with various gases (argon, hydrogen or oxygen). The response time
was defined as the time required for the signal to reach a level
of 95% of the final (stable) value. A delay of about 0.7 min was
observed with all gases. The detector responds relatively fast to
hydrogen (4 min, Fig. 2b) and somewhat slower to argon (8 min,
Fig. 2a). The response to oxygen fails to stabilize within 40 min
(Fig. 2c).

2.2.1.3. Hydrodynamic behavior of reactors with different catalyst The
hydrodynamic behavior of the reactors loaded with the different
catalyst supports (HPLC silica as well as CNFs without Pt) was
checked with pulses saturated with inert Ar (10 ml during 20 min
with flow rate 0.5 ml min−1). Similar experiments with the by-pass
and the empty reactor were performed for comparison.

2.2.1.4. Calibration of gas analyzer in pulse-mode The calibration of
the detector was done with pulses (2.5 ml, during 5 min at flow
rate 0.5 ml min−1) of dissolved gases (H2, O2, Ar and N2) in the
absence of catalyst (blanks). The amount of the gases present in
the pulses was varied by changing the partial pressure of gases in
the saturator (partial pressure was adjusted with argon as a sec-
ond gas) and the resulting concentrations of dissolved gases were
calculated using Henry’s constants [19]. Calibration curves were
obtained using the surface areas of pulses observed as a response
from analyzer for species m/z 2 (hydrogen), m/z 28 (nitrogen),
m/z 32 (oxygen) and m/z 40 (argon).
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(a)

(b)

Fig. 1. (a) Schematic representation of the probe. (b) Schematic representation of the set-up based on MIMS principle for determination of gases dissolved in liquids.
PI—pressure indicator, VP—vacuum pump, V1—closing valve, O1—orifice, PKR—pressure controller and regulator, MSC—mass spectrometer chamber, MS—mass spectrometer,
TMP—turbo-molecular pump.
2.2.2. H2–O2 and O2–H2 titration experiments in liquid phase
Water in vessels 1 and 2 (see Fig. 1 in part 1 for details)

was saturated with oxygen and hydrogen, respectively (30 min,
200 ml min−1). Water in vessel 3 was flushed with argon (30 min,
200 ml min−1), in order to remove any dissolved oxygen. Then, wa-
ter saturated with oxygen (from vessel 1) was flown through the
reactor during 30 min in order to pre-adsorb oxygen on the cata-
lyst. Subsequently, pure water (from vessel 3) was flown through
reactor during 30 min in order to remove any physisorbed oxygen
from the catalyst and dissolved oxygen from the water present in
the reactor. All experiments were performed with a flow rate of
0.5 ml min−1.

Next, the oxygen-covered catalyst was contacted with pulses of
hydrogen solution from vessel 2 (concentration 7.8 × 10−4 mol/l,
2.5 ml during 5 min); pulses were repeated every 20 min, flow-
ing water saturated with Ar between pulses. Also after the final
pulse with hydrogen in water, Ar saturated water (from vessel 3)
was flown through the reactor for 30 min, before pre-adsorbed hy-
drogen was titrated with pulses of oxygen solution (concentration
1.3 × 10−3 mol/l, 2.5 ml during 5 min); again, pulses were re-
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(a)

(b)

(c)

Fig. 2. (a) Response of the analyzer to a pulse of argon (20 ml, 40 min,
F = 0.5 ml/min, cM(Ar) = 1.4 mM, T = 295 K). (b) Response of the analyzer to a
pulse of hydrogen (20 mL, 40 min, F = 0.5 ml/min, cM(H2) = 0.78 mM, T = 295 K).
(c) Response of the analyzer to a pulse of oxygen (20 mL, 40 min, F = 0.5 ml/min,
cM(O2) = 1.3 mM, T = 295 K).

peated every 20 min. These sequences were subsequently repeated
3 times.

3. Results and discussion

First, the results of catalyst characterization will be presented
and the hydrodynamic behavior of the reactors will be shortly dis-
cussed. Most importantly, results of H2–O2 titration experiments
as well as the interaction between dissolved hydrogen and oxygen
with the catalyst will be discussed.

3.1. Catalyst preparation and characterization

The platinum loading of the three catalysts was determined
with XRF (Table 1). The platinum loading of the EuroPt-1 (6.3 ±
Fig. 3. Response of (1) by-pass, (2) empty column, (3) column with silica and
(4) column with CNF to a pulse of argon (10 ml during 20 min with flow rate
0.5 ml min−1, cM(Ar) = 1.4 mM, T = 295 K).

0.05 wt%) agrees well with literature data [11,12]. The platinum
loadings of fresh Pt/SiO2 and Pt/CNF (3 wt%) have been reported
in part 1.

Table 1 also gives platinum dispersions measured with gas
phase hydrogen chemisorption, resulting in 65% for EuroPt-1 and
61% for Pt/SiO2. The Pt dispersion of Pt/CNF was 25%, as reported
in detail in part 1 (see Table 2 in part 1).

3.2. Response time of the detector

The delay time observed in Figs. 2a–2c was 0.7 min, indepen-
dent of the gas dissolved, well in agreement with the residence
time in the dead volume of the bypass (0.35 ml), given the fact
that the flowrate was 0.5 ml/min. The response time (the moment
at which 95% of final signal was reached) differed significantly for
three gases (Figs. 2a–2c) and increased in the order H2 < Ar < O2.
Probably, this is at least partly caused by differences in the diffu-
sivity of the gases in the membrane; Deff for hydrogen, argon and
oxygen are 1.0 × 10−9, 2.0 × 10−9 and 3.0 × 10−9 m2/s, respec-
tively [20,21] but this can only partly explain the observed effect.
Therefore adsorption of gases, and especially O2, in the membrane
probably contributes to the delay time.

One important cause of the long response time could be the
thickness of our membrane (200 μm). Much faster response (typ-
ically 0.3 min) was reported by Kostainen et al. [22] for organic
compounds (VOC’s) dissolved in water, applying a similar config-
uration using a much thinner membrane (25 μm). Unfortunately,
thinner membranes cannot be used in our set-up because of me-
chanical instability, inducing leakage of water into the vacuum
system.

Anyhow, the relative slow response of the detector implies that
real time concentrations cannot be monitored reliably in transient
experiments. We will show later that calibration of integral pulses
is possible and reliable though.

3.3. Reactor behavior and spreading of the response to the pulse

The responses to an argon pulse with different configurations
are represented in Fig. 3. The most obvious difference is the change
in delay times. In the case of the by pass and the reactor with CNF,
delay times of 0.7 and 3.0 min can be fully accounted for based on
the dead volumes of the bypass (0.35 ml) and the reactor with CNF
(1.5 ml), taking into consideration a flow rate of 0.5 ml/min. The
experimental delay times of the empty reactor (4.2 min) and the
reactor with silica (1.7 min) differ slightly from theoretical estima-
tions of the residence times, based on the dead volumes (1.90 and
0.70 ml respectively, resulting in 3.8 and 1.4 min respectively); the
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Table 1
Catalyst loadings and dispersions determined in gas phase and in liquid phase

Catalyst Loading
(wt%)

DGas(H/Pt) gas phase
chemisorption

Amount of Pt in reactor H/Pt-TEMa (H2)liquid
(μmol)

(O2)liquid
(μmol)

D liquid(H/Pt)b

Bulk (μmol/g) Surface (μmol)

EuroPt-1 6.3 ± 0.05 0.65 323 10.5 – 16 8.5 0.66
Pt/CNF 3.0c 0.25 154 11.2 0.29 17 9.2 0.25
Pt/SiO2

c 1.0 ± 0.05 0.61 51 8.8 0.54 12 7 0.56

a Calculated based on: D(TEM) = 1.08
d(nm)

[18].

b Dispersion in liquid phase (DL) based on: D liquid = 2∗(H2)L
(Bulk(Pt))∗ Wcat

.
c The Pt loading assumed based on preparation procedure.
(a)

(b)

Fig. 4. (a) Hydrogen (m/z 2) calibration curve based on a surface area of the pulse
(5 min pulse, F = 0.5 ml/min, c = 0.078–0.78 mM, T = 295 K), R2 = 0.99. (b) Oxy-
gen (m/z 32) calibration curve based on a surface area of the pulse (5 min pulse,
F = 0.5 ml/min, c(O2) = 0.13–1.3 mM, T = 295 K), R2 = 0.98.

estimations of the dead volumes are apparently slightly inaccurate.
Furthermore, the differences in the shapes of the break-through
curves are modest, indicating that hydrodynamics are quite similar
for all cases, despite significant differences in pressure drop, vary-
ing between 2 and 40 bars for the CNF support and the fixed bed
of HPLC silica, respectively.

The response to a glucose pulse of CNF/Ni foam reactor pre-
sented in part 1 of this paper showed even more distortion of the
pulse-shape, which was explained with significant reversible ad-
sorption of glucose on the CNF support. The experimental result
with Ar supports this interpretation by demonstrating less peak
distortion using a species that certainly does not adsorb (Ar).

3.4. Calibration of the analyzer in pulse-mode

The calibration curves presented in Figs. 4a and 4b show a
linear relationship between the amount of hydrogen and oxygen
present in a single pulse with the surface area of the peak ob-
tained in a blank experiment. The amount of dissolved gas present
was varied via the concentration. This result is not trivial when
taking in consideration that the response of the analyzer is rela-
tively slow, especially for oxygen, as discussed before. Apparently,
the delays in the rising part and the declining part of the peak
compensate each other. Comparable results were obtained for Ar
and N2 (not shown), demonstrating that the method can be gen-
erally applied for dissolved gasses. Also, the presence of a second
dissolved component does not significantly influence the calibra-
tion (<2%). The calibration curve does not go through zero in
Fig. 4a; at the moment there is no satisfying explanation for this
phenomenon.

The smallest amount of hydrogen and oxygen that can be quan-
titatively determined is in the order of 0.1 and 0.3 μmol respec-
tively. Calibrations were done before and after titration experi-
ments, resulting in reproducible data within 10% experimental er-
ror.

3.5. O2 and H2 titration in aqueous solution

Fig. 5 a shows the result of pulsing hydrogen on pre-oxidized
EuroPt-1 as well as on silica only (blank). Consumption of hydro-
gen on silica was not observed. However, complete consumption
of hydrogen is observed during the first seven pulses on the oxi-
dized EuroPt-1. A gradual breakthrough occurs during the next four
pulses. Finally, the surface areas of the peaks become identical to
the blank experiment, despite the difference in peak shape, which
will be discussed later, indicating that hydrogen is not consumed
anymore. The total amount of hydrogen consumed was 16 μmol,
applying the calibration curve in Fig. 4a.

Two subsequent oxygen pulses (Fig. 5b) are completely con-
sumed, followed by a gradual breakthrough during the 3rd and
4th pulse. Next, the response stabilized and became equal to the
response in the blank experiment. The total amount of oxygen
consumed is 8.5 μmol, using the calibration curve in Fig. 4b. The
same experiments were performed with Pt/CNF and Pt/SiO2 (not
shown) and the total amounts of hydrogen and oxygen consumed
with Pt/CNF and Pt/SiO2 catalyst were 17 μmol H2/9.2 μmol O2 and
12 μmol H2/7 μmol O2, respectively (Table 1).

The amount of hydrogen consumed in the titration experiment
with EuroPt-1 (16 μmol) is almost 3 times the amount of pre-
adsorbed oxygen (5.3 μmol), in agreement with the following as-
sumptions:

1. two hydrogen atoms react with one pre-adsorbed oxygen atom
(Oa) to form water and one hydrogen atom would subse-
quently adsorb on platinum (Eq. (3.1)),

3H2 + 2Pts–Oa → 2H2O + 2Pts–Ha, (3.1)

2. adsorption stoichiometry of O on Pt is one,
3. adsorption stoichiometry of H on Pt is one.

In the following experimental sequence, the amount of oxygen
consumed in the titration experiment (8.5 μmol) agrees well with
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(a)

(b)

Fig. 5. (a) Titration of pre-adsorbed oxygen on EuroPt-1 using water saturated with
hydrogen (2.5 mL pulse, F = 0.5 ml/min, c(H2) = 0.78 mM, T = 295 K). (—) H2–O2

titration; (– – –) Blank experiment. (b) Titration of pre-adsorbed hydrogen on Euro-
Pt-1 catalyst using water saturated with oxygen (2.5 mL pulse, F = 0.5 ml/min,
c(O2) = 1.3 mM, T = 295 K). The experiment was done immediately after the titra-
tion with hydrogen; (—) O2–H2 titration; (– – –) Blank experiment.

the amount of oxygen that would be consumed (8.0 μmol) if one
oxygen atom would react with two pre-adsorbed hydrogen atoms
(Ha) to form water and one oxygen atom would subsequently ad-
sorb on platinum like (Eq. (3.2))

1.5O2 + 2Pts–Ha → H2O + 2Pts–Oa. (3.2)

Thus, hydrogen–oxygen titration results in liquid phase for the
EuroPt-1 catalyst agree well with the gas phase titration stoi-
cheometry reported by Benson et al. [14] in Eq. (3.1). Ratios be-
tween the amounts of oxygen and hydrogen consumed in titration
experiments for all three catalysts are, within experimental error,
close to 2, as would be expected from Eqs. (3.1) and (3.2). More
importantly, the platinum dispersions obtained in liquid phase
are in excellent agreement with dispersions based on hydrogen
chemisorption in gas phase, for all three catalysts as shown in Ta-
ble 1.

The minimal amount of hydrogen that can be detected in a
single pulse is 0.1 μmol H2. This amount is equivalent to approxi-
mately 0.7% of a pre-adsorbed oxygen monolayer on EuroPt-1 cata-
lyst, which is equivalent to about 0.5 m2 Pt surface. The sensitivity
thus obtained is similar to the method of Kiraly et al. [8], titrat-
ing with CS2. An obvious advantage of the H2–O2 titration method
is that it is in principal not destructive because no irreversible
adsorption is taking place, in contrast to the CS2 method. The ad-
vantage of our method as compared to the H2–O2 titration results
of Bradley et al. [17] is robustness by avoiding volumetric meth-
ods, needing extremely accurate temperature control. Anyhow, our
data support the result of Bradley et al. [17] and disagree with the
(a)

(b)

Fig. 6. (a) Details of the last three pulses using water saturated with hydrogen on
EuroPt-1 catalyst after the titration of pre-adsorbed oxygen has been completed
(2.5 mL pulse, F = 0.5 ml/min, c(H2) = 0.78 mM, T = 295 K); (—) H2–O2 titration;
(– – –) Blank experiment. (b) Details of the last three pulses using water saturated
with oxygen on EuroPt-1 catalyst after the titration of pre-adsorbed hydrogen has
been completed (2.5 mL pulse, F = 0.5 ml/min, c(O2) = 1.3 mM, T = 295 K), (—)
O2–H2 titration; (– – –) Blank experiment.

observations of Kiraly et al. [16], in the sense that no significant
influence of solvent (i.e. water) on chemisorption of hydrogen and
oxygen on precious metals was found, and consequently no effect
exists on the dispersion. This is not in agreement with the result of
Kiraly et al. [16] claiming different dispersions of Pt on Al2O3 cat-
alyst when measured in gas phase versus methanol. However, it is
not possible to rule out that this effect is due to different adsorp-
tion stoicheometries for H2 in gas phase versus CS2 in methanol.

Fig. 6a provides a detailed comparison of the shape of the sig-
nals of dissolved hydrogen when pulsing over silica versus pulsing
over EuroPt-1, after the titration of adsorbed oxygen was com-
pleted (i.e. the last pulses in Fig. 5a). The peak broadening in
Fig. 6a clearly indicates that a weak but significant reversible in-
teraction is taking place between dissolved H2 and a hydrogen
covered platinum surface. This reversible interaction must take
place on the Pt surface because no such effect is observed with
silica only. In contrast, Fig. 6b, showing details of the last pulses
in Fig. 5b when the titration of pre-adsorbed hydrogen has been
completed, shows no significant influence of the platinum on the
peak shape of oxygen. Similar results were obtained with Pt/SiO2

and Pt/CNF.
This result shows that the technique developed here can pro-

vide unique information on the influence of solvent (water in this
case) on reversible interactions of dissolved species with catalyst
surfaces. It is well known that charge separation on an oxidized
Pt surface is much larger than on a H-covered Pt surface, because
of the significant larger difference in electron affinity between O
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and Pt versus H and Pt. As a result, more charge separation on the
oxidized surface renders a more hydrophilic platinum surface and
a-polar O2 molecules are not likely to interact. The charge sep-
aration on the H-covered surface is much less, the surface will
be less hydrophilic and H2 molecules could well interact, as ob-
served in Fig. 6a. In fact, H2 molecules will prefer the relatively
a-polar H-covered Pt surface over solvatation with highly polar
water molecules. An alternative explanation would be that H2 dis-
sociative chemisorption is reversible under the conditions applied
in this study, whereas O2 chemisorption is apparently irreversible.
Anyhow, unique information on reversible versus irreversible ad-
sorption is obtained.

We also observed ageing phenomena during subsequent ex-
periments. When repeating H2–O2 titrations with Pt/SiO2 catalyst
three times, a decrease of the hydrogen and oxygen uptake in sub-
sequent titrations was observed. In addition, XRF analysis of the
Pt/SiO2 catalyst after the titration experiments showed a decrease
of the Pt loading (from 1.0 to 0.87 wt%); apparently some plat-
inum is lost during the experiments. Hydrogen chemisorption of
the Pt/SiO2 catalyst after the titration experiments showed a de-
crease of the Pt dispersion (from 0.61 to 0.53).

It can be speculated that these effects are due to dissolution
of the smallest metal particles during the titration sequence, as
this would account for both the loss of Pt as well as the decrease
in dispersion. However, we cannot rule out H2 induced ageing, as
reported by Douidah et al. [23] for silica-supported platinum par-
ticles in aqueous media under hydrogen atmosphere.

The relevant point here, however, is the fact that this result
demonstrates the ability of the methods described, to observe
changes in the characteristics of catalyst in liquid phase without
the necessity to remove the aqueous phase. Another advantage
is non-destructive testing, i.e. catalyst does not need to be re-
moved from the reactor, which is especially an advantage in case
of (micro-) structured reactors and micro-reactors because cata-
lysts are not easily removable. Also, the sensitivity of detection is
useful for characterization of micro-fluidic catalytic devices and fu-
ture work will be in this direction.

Finally, it is demonstrated that quantitative evaluation of pulse
experiments in the range of minutes is possible. Thus, transient
experiments consuming or producing dissolved gasses can be mon-
itored quantitatively as long as the typical width of the signals
is comparable. However, the ESI-MS detector is responding within
a few seconds [1]; when using both detectors, experimental de-
sign needs to consider the response times of both detectors. Thus,
application of the detector discussed here will limit the window
of operation of the complete set-up and future work will include
testing membrane materials and thinner membranes, aiming at
faster response for improved applicability of the method. On the
other hand, it is obvious that the most relevant gasses for liquid
phase catalysis, i.e. hydrogen and oxygen for hydrogenation reac-
tions and oxidation reaction respectively, can be detected, as well
as N2 which would be important for studying hydrogenation of
nitrite and nitrate. In fact, it is reasonable to assume that most
gasses can be detected because effective diffusion coefficients will
in general not very more than in this study. On the other hand,
membrane materials should be selected that minimize adsorption
of the relevant gasses.

We have demonstrated application in aqueous phase; in princi-
ple application in organic phase is also possible by selecting com-
patible membrane materials. However, it should be pointed out
that changing the solvent from water to an organic solvent would
also imply tuning of the ESI-MS as discussed in part 1, as well as
ensuring compatibility of all parts of the equipment with the sol-
vent, e.g. pumps, sealings and tubings. Obviously, this can be done
but will require a significant effort.
4. Conclusions

We have, for the first time, successfully applied an analyzer for
gasses dissolved in water, based on membrane inlet mass spec-
trometry (MIMS), for in-line detection in the exit of a catalytic
reactor in a transient experiment. The technique was applied for
determination of the dispersion of platinum supported catalyst in
the aqueous phase via H2–O2 titration. The titration stoichiome-
tries obtained in liquid phase for the 3 different catalysts (EuroPt-1,
Pt/SiO2 and Pt/CNF) agree well with the gas phase titration sto-
ichiometry reported in literature. The platinum dispersions ob-
tained in liquid phase are in excellent agreement with dispersions
based on hydrogen chemisorption in gas phase for all three cata-
lysts and we conclude that water has no influence on the actual
dispersion of Pt and on the stoichiometry of adsorption. Despite
the relatively slow dynamic response of the detector, it was proven
possible to perform quantitative experiments in pulse mode. The
capability of this method is further demonstrated by the surpris-
ing observation that dissolved hydrogen physisorbs significantly on
a reduced Pt catalyst whereas dissolved oxygen does not interact
with an oxidized catalyst.
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