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a b s t r a c t

The complementary use of thermogravimetry and pycnometry is demonstrated to expand the toolbox for
experimental micropore analysis <1 nm. Thermogravimetry is employed to assess the uptake of water,
methanol, ethanol, 1-propanol and cyclohexane vapors in microporous structures at room temperature
and derive quantitative micropore volumes and minimum pore entrance sizes together with qualitative
information on surface chemistries. Pycnometry is employed to measure the uptake and adsorption of
helium, argon and nitrogen gas in microporous structures at room temperature and derive semi-
quantitative surface-to-volume ratios, surface areas and micropore cavity sizes and qualitative infor-
mation on the surface chemistries. The method is validated and calibrated by applying it to a series of
zeolites with known micropore structures. The results are compared with data from conventional N2

adsorption at �196 �C and CO2 adsorption at 0 �C. Main advantages of the demonstrated method are that
diffusion limitations due to cryogenic temperatures are eliminated, adsorption is studied with non-polar
gases, micropore cavity sizes are probed separate from micropore entrances and data can be interpreted
in a straightforward fashion without requiring theoretical models on molecular behavior. Micropores
<1 nm can thus be analyzed with increased accuracy as compared to conventional adsorption isotherm
analysis.

© 2017 Elsevier Inc. All rights reserved.
1. Introduction

Analyzing microporosity is important for the design and
implementation of materials, e.g. for molecular sieving mem-
branes, catalysts, adsorbents and pharmaceutics [1e4]. Micropo-
rosity originates from intrinsic material properties as well as
material synthesis and processing, which yields extensive
tunability but also requires a high level of control during prepara-
tion. In addition to the field of material engineering micropore
analysis is also relevant in other areas, e.g. natural resources and
food, to evaluate material characteristics [5e8]. A wide range of
experimental analysis techniques is employed to obtain informa-
tion on micropore size, volume, surface chemistry and surface area
that can roughly be divided into three classes: radiation porosim-
etry, permeation porosimetry and adsorption porosimetry. Though
not exhaustive, various experimental techniques are shortly
al), j.e.tenelshof@utwente.nl
discussed below to sketch the possibilities of commonly used
methods and the added value of the approach presented in this
study.

Radiation porosimetry analyzes micropore characteristics via
radiation events inside micropores or at the interface between
micropore and wall. Small-angle and wide-angle X-ray scattering
employs scattering of X-rays at the interface between micropore
and wall and provides information on micropore surface areas and
micropore sizes down to 0.3 nm [9e12]. Small-angle neutron
scattering provides similar information and is also sensitive to light
elements [13]. Interpretation of scattering data usually requires
sample details such as the particle shape and structure factor of the
system to be known. Positron annihilation spectroscopy monitors
the lifetime and decay of positronium insidemicropores. This yields
depth-resolved information on micropore size and volume and the
electronic structure of the pore walls, being able to probe pores as
small as positronium (Bohr radius ¼ 0.053 nm) [14e18]. A draw-
back is that it requires a radioactive positron source. Radiation
porosimetry targets all micropores regardless of them being
interconnected or isolated.
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Permeation porosimetry evaluates micropore characteristics
more tangibly via gaseous or liquid probe molecules that permeate
through the micropore structure and probes the bottlenecks along
continuous permeation paths from one side to the other. Dead-end
and isolated porosity is neglected. Molecular sieving membrane
permeation gives information on pore entrance sizes in the range of
the probemolecules, which is 0.3e0.4 nm for commonly used gases
such as He, H2, N2 and CH4 and can reach somewhat larger sizes for
liquid separations [4,19,20]. Especially for liquid separations,
permeation selectivities can also give information on micropore
surface chemistries [4]. A combination of permeation and adsorp-
tion porosimetry is nanopermporometry. Nanopermporometry is
commonly based on the Kelvin equation which should not be
applied to pores <2 nm, but the technique has been reported to
show reasonable correlation with membrane separation perfor-
mance for pore sizes down to 0.5 nm [21]. Nanopermporometry can
discriminate between hydrophilic and hydrophobic pore surfaces
[22,23], though for very small pores such distinctions are compli-
cated by other effects [21]. A drawback of permeation porosimetry
is that it requires the fabrication of defect-free membranes and the
obtained information only represents a small part of the pore
structure.

Adsorption porosimetry evaluates micropore characteristics on
a larger scale via gaseous or liquid probe molecules that adsorb on
the micropore surface. This adsorption is affected by the geometry
of the micropore structure as well as the surface chemistry and
analyzes all pores that are accessible to the probe molecules.
Adsorption calorimetry [24,25] and temperature-programmed
desorption measurements [26] provide information on surface
chemistry. Gas adsorption isotherms provide more diverse infor-
mation and are routinely obtained, e.g. for N2 at �196 �C or Ar
at �186 �C, to determine surface areas based on the Brunauer-
Emmett-Teller theory and determine pore volumes and sizes
based on fitting to various models (e.g. non-local density functional
theory, Saito-Foley, Dubinin-Radushkevich) [9,14,27e29]. For mi-
cropores approaching molecular dimensions, the gas mobility di-
minishes at cryogenic temperatures and CO2 adsorption at 0 �C can
be used as alternative. The validity and limitations of gas adsorption
isotherm analysis in the micropore regime have been discussed in
literature extensively [9,14,27e29]. Adsorption isotherms of vapors
(solvents) in microporousmaterials yield additional information on
surface chemistry and can be obtained with e.g. ellipsometric
porosimetry [30e32], though this method is not widely used.
Furthermore, microporosity is occasionally revealed by adsorption
isotherms of vapors in mesoporous materials obtained with X-ray
reflection porosimetry [33] and quartz crystal microbalance
porosimetry [34], indicating possibilities for these techniques to be
developed further for microporous materials. As for analyzing
micropore volumes, complete pore filling allows a more straight-
forward physical interpretation than partial pore filling, since no
theoretical models on molecular behavior are needed for extrapo-
lation. When using vapors instead of gases, complete pore filling
can be achieved at room temperature and diffusion limitations due
to cryogenic temperatures are thus eliminated. This more crude
version of adsorption porosimetry (solvent-wall interactions are
still highly relevant when filling pores of molecular dimensions)
has been reported in literature for decades using gravimetry
[2,35e38]. Despite its simplicity, (thermo)gravimetric porosimetry
with vapors is not widely employed in materials research and en-
gineering nowadays.

In the present study, the long known technique of vapor ther-
mogravimetry (TG) is combined with a newly developed procedure
for gas pycnometry (PM) to provide an experimental method for
micropore analysis with improved accuracy in the size range<1 nm
as compared to conventional adsorption isotherms. Gas PM is
generally used for density analysis, which in materials engineering
tends to be done with He as probe gas because of its inertness and
small size. Literature studies using PM in other fields, e.g. the coal,
food and pharmaceutical industries, include other gases such as N2
and H2 [1,5e8] and occasionally revealed signs of gas adsorption in
PM data [5,6]. In the present study, the use of PM to measure gas
adsorption in porous materials is further developed. Firstly, vapor
uptake in microporous materials is monitored with TG for direct
and quantitative measurement of the accessible pore volume at
room temperature. Information on micropore entrance sizes and
surface chemistries is also obtained with vapor TG. Secondly,
analyzing gas uptake inmicroporousmaterials with PM is shown to
allow direct and semi-quantitative measurement of the surface-to-
volume ratio and surface area at room temperature. Low degrees of
pore filling are achievedwith non-polar gases, eliminating the need
for cryogenic temperatures and reducing complications due to
confinement, surface curvature and enhanced adsorbent-adsorbate
interactions. Information on surface chemistries is also obtained
with gas PM. Thirdly, analyzing competitive uptake of multiple
gases with PM allows probing of micropore cavity sizes separate
from micropore entrances. Our analytical method is validated and
calibrated by characterizing a series of zeolites with known
micropore structures. Water, methanol, ethanol, 1-propanol and
cyclohexane were used as vapor probe molecules for TG. Helium,
argon and nitrogen were used as gas probe molecules for PM. The
results are compared with data from conventional N2 adsorption
isotherms at �196 �C and CO2 adsorption isotherms at 0 �C.

2. Experimental

2.1. Chemicals

Zeolite A in calcium formwith SiO2:Al2O3 2:1 (certification BCR-
705, 1e2% clay binder) was obtained from Sigma Aldrich. Zeolite
ZSM5 in ammonium form with SiO2:Al2O3 30:1, zeolite ZSM5 in
ammonium formwith SiO2:Al2O3 200e400:1, zeolite b in hydrogen
form with SiO2:Al2O3 360:1, zeolite Y in hydrogen form with
SiO2:Al2O3 5.1:1, zeolite Y in hydrogen form with SiO2:Al2O3 80:1
and anhydrous methanol (purity 99.8%, <0.005% H2O) were ob-
tained from VWR. Anhydrous ethanol (purity 99.8%, <0.01% H2O)
was obtained from SeccoSolv. Anhydrous 1-propanol (purity 99.9%)
and cyclohexane (purity >99%) were obtained from Alfa Aesar.

2.2. Sample preparation

The millimeter-sized zeolite A pellets were ground with a
mortar and pestle and then ball-milled to obtain powder. The ZSM5
zeolites in ammonium form were heated to 550 �C under N2 flow
for 6 h (heating rate 450 �C h�1) to obtain the hydrogen form [26].

2.3. Thermogravimetry

Thermogravimetric data was recorded with a Netzsch STA 449
F3 Jupitermachine and platinum crucibles. The samplewas dried at
200 �C in synthetic air (N2:O2 80:20) for 4 h, stabilized at 30 �C in
synthetic air for 1 h, filled with vapor at 30 �C in humidified N2 for
18 h, flushed at 30 �C in synthetic air for 1 h and dried at 200 �C in
synthetic air for 4 h. Heating and cooling rates were 5 �Cmin�1. The
supplied gases were dried with SGE packed column moisture traps
and the N2 was subsequently humidified by bubbling through a
solvent at room temperature (40 mL, bubble path length approxi-
mately 12 cm). The relative vapor pressure was assumed to reach
the saturation value at room temperature and remain slightly
below the saturation value at 30 �C, reducing the risk on unwanted
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condensation during the measurement. The gas flow rate was
60 mL min�1 and data were recorded every 10 s.

2.4. Pycnometry

Pycnometry measurements were done with a Quantachrome
Instruments Multipycnometer in the microcell configuration and
gases of >99.999% purity (He, Ar) and >99.996% purity (N2) that
were led through an SGE packed column moisture trap before
entering the pycnometer. The sample was loaded in the sample cell
and then dried in an oven at 150 �C under N2 flow for 3 h. Imme-
diately afterwards, the sample was weighed and loaded in the
pycnometer. The apparent sample volume was analyzed with He,
He þ He, He þ N2, Ar, N2 and N2þN2 (measured in this order). For
the measurements with a single gas, approximately 0.30 mmol gas
was added (Dpref z 1.2 � 105 Pa) and the cell pressure was moni-
tored for 10 min. The cell was then slowly vented to atmospheric
pressure in approximately 1 min and the next measurement was
started immediately afterwards (for adsorbing gases the desorption
time may affect the subsequent adsorbing amount and should be
kept constant). This was repeated until the systemwas equilibrated
and yielded consistent results for three consecutive runs. For the
measurements with two gases, 0.15mmol of the first gas was added
(Dpref z 6 � 104 Pa), then the cell pressure was monitored for
10 min, then 0.15 mmol of the second gas was added
(Dpref z 6 � 104 Pa) and the cell pressure was monitored again for
10 min.

2.5. Adsorption isotherms

Adsorption isotherms were collected with a Quantachrome In-
struments Autosorb-1 and the gases were led through a moisture
trap before entering the set-up. The sample was outgassed at
300 �C for 3 h. Adsorption isotherms were collected for CO2 at 0 �C
and for N2 at �196 �C. Brunauer-Emmett-Teller (BET) curves
derived from CO2 adsorption were based on at least 4 data points.

3. Results and discussion

A list of variables used in this study is given in Table 1. Structural
information of the used zeolites is listed in Table 2, including the
average tetrahedral unit molecular weight mT, theoretical frame-
work density rfr,th, theoretical accessible volume Vacc,th, theoretical
accessible surface area Aacc,th and maximum sphere size d that can
be included in or pass through the micropores. The framework
density (envelope density) includes both the skeleton and the
pores. A schematic representation of the vapor TG and gas PM
experiments and definitions of various parameters is shown in
Fig. 1. The accessible volume as listed in the Database of Zeolite
Structures [39] is defined as the pore volume that can be reached by
the center of a hard sphere with a radius of 1.4 Å, thus excluding the
regions within 1.4 Å from the pore surface and systematically
underestimating the real accessible volume to a large extent. No
accurate volume estimations could be obtained mathematically
due to the complexity of the pore structures. The accessible surface
area as listed in the Database of Zeolite Structures [39] is defined as
the surface area that can be covered by the center of a hard sphere
with a radius of 1.4 Å, thus also underestimating the real accessible
surface area.

3.1. Vapor TG and He PM

Vapor TG measurements were done to measure the accessible
pore volume of the zeolites for water, methanol, ethanol, 1-
propanol and cyclohexane. The samples were dried in-situ at
200 �C and then exposed to a flow of N2 with one of the vapors at
30 �C for 18 h. The mass uptake was divided by the bulk liquid
density to estimate the uptake in volume, though the solvents do
not necessarily maintain their bulk densities inside the micropores
due to the small micropore sizes and significant wall-solvent in-
teractions. Dehydrated alcohols were used and the carrier gases
were led through a moisture trap before entering the set-up, but
reference measurements with dried gases indicated that traces of
water were still present in the gases after drying. This may have
caused an overestimation of the organic solvent uptake by a few
percent. Results are shown in Fig. 2. Formost samples no significant
differences were observed between the total uptake of methanol,
ethanol, 1-propanol and cyclohexane, indicating that all micropore
structures were accessible to all molecules and indicating no sig-
nificant interparticle adsorption (interparticle adsorption is ex-
pected to scale with vapor volatility). Only the hydrophobic zeolites
H-Y80 and to a lesser extent H-ZSM5300 showed, unlike their hy-
drophilic counterparts, a slightly decreasing vapor uptake in the
order ethanol >methanolz 1-propanol > cyclohexane. This can be
explained by larger molecules leaving larger packing voids (which
may have been filled with traces of water from the carrier gases in
the hydrophilic structures) andmethanol showing hindered uptake
because of its high polarity. For most samples the water uptakewas
significantly lower than the organic solvent uptake and the uptake
decreased with increasing SiO2 : Al2O3 ratio (increasing hydro-
phobicity). Water/methanol uptake ratios are listed in Table 3 to
facilitate comparison, though it should be kept in mind that the
influence of surface chemistry on vapor uptake increases with the
surface-to-volume ratio. Simultaneous differential scanning calo-
rimetry monitoring (data not shown) indicated that alcoholic pore
filling was increasingly exothermic for increasing micropore hy-
drophilicity, likely due to the formation of hydrogen bonds be-
tween solvent and zeolite. All zeolites showed rapid filling by all
vapors and an increasing filling ratewith increasing vapor pressure.
No dependency on micropore size was observed.

The accessible pore volume Vacc,TG of each sample was taken as
the average of the methanol, ethanol and 1-propanol uptakes. The
results are listed in Table 3 together with PM data. PM measure-
ments with He as probe gas were done to obtain a second experi-
mental value for the accessible pore volume, Vacc,He, and the He
density rHe. Vacc,He was obtained by subtracting the sample volume
as measured with He from the sample framework volume as
derived from the sample mass and the theoretical framework
density rfr,th. An experimental value for the framework volume, Vfr,
was derived from Vacc,TG and rHe to further check the validity of the
data. The theoretical accessible volume Vacc,th, theoretical skeletal
density rsk,th and theoretical framework volume Vfr,th are added in
Table 3 as references. Asmentioned above, the accessible volume as
listed in the Database of Zeolite Structures [39] systematically un-
derestimates both the real accessible volume and the skeletal
density to a large extent. Indeed, Vacc,TG and Vacc,He are significantly
larger than Vacc,th, and rHe is significantly larger than rsk,th for ze-
olites H-ZSM5, H-B and H-Y. The values of Vacc,TG and Vacc,He
correspond reasonably for these zeolites, indicating no gas pressure
build-up due to confinement in narrow pores (for interactions of
gas molecules with the pore walls becoming increasingly dominant
over collisions between neighboring gas molecules, the effective
pressure is ultimately expected to decrease and cause a net pres-
sure build-up). For zeolite Ca-A2, Vacc,TG is not larger than Vacc,th and
is only half of Vacc,He. This suggests that Vacc,TG is an underestima-
tion, possibly due to poor packing of vapor molecules in the nar-
rowest parts of the pore structure. As for the framework volumes,
for zeolite Ca-A2 the expected underestimation in Vacc,TG also yields
an underestimation in Vfr. For the other zeolites Vfr and Vfr,th
correspond reasonably. This further confirms the reliability of the



Table 1
List of variables.

symbol definition

Aacc accessible surface area
Aacc,th theoretical accessible surface area
Aacc,th/Vacc,th theoretical surface-to-volume ratio
ABET,CO2 BET surface area as derived from CO2 adsorption
a selectivity
c BET constant
dincluded theoretical maximum sphere size that can be included in the pores (pore cavity size)
dpassing theoretical maximum sphere size that can pass through the pores (pore entrance size)
mT average molecular weight of zeolite tetrahedral unit
DN amount of added gas
DNc amount of added gas located outside the sample framework
DNfr amount of added gas located inside the sample framework
DNB/A amount of gas B added to a background of gas A
DNc,B/A amount of gas B added to a background of gas A and located outside the sample framework
DNfr,B/A amount of gas B added to a background of gas A and located inside the sample framework
Dpacc change in ‘apparent pressure’ of probe molecules inside the accessible pore volume
Dpc cell pressure difference
Dpacc/Dpc gas accumulation factor
p/p0 relative pressure
rfr,th theoretical framework density (skeleton þ pores)
rHe skeletal density as measured with He PM
rsk,th theoretical skeletal density
r BET correlation coefficient
t time
Vc calibrated cell volume
Vacc,th theoretical accessible volume
Vacc,He accessible volume as measured with He PM
Vacc,TG accessible volume as measured with vapor TG
Vfr framework volume (skeleton þ pores) as measured with He PM and vapor TG
Vfr,th theoretical framework volume

Table 2
Framework type, average tetrahedral unit molecular weight mT, theoretical frame-
work density rfr,th, theoretical accessible volume Vacc,th, theoretical accessible sur-
face area Aacc,th, maximum sphere size that can be included in the pores dincluded and
maximum sphere size that can pass through the pores dpassing of the zeolites used in
this study.

sample Ca-A2 H-ZSM530 H-ZSM5300 H-B360 H-Y5.1 H-Y80

SiO2 : Al2O3 2 : 1 30 : 1 200-400 : 1 360 : 1 5.1 : 1 80 : 1
framework type LTA MFI MFI *BEA FAU FAU
mT [g mol�1] 55.53 59.52 60.02 60.03 57.52 59.86
rfr,th

a [T nm�3] [39] 14.2 18.4 18.4 15.3 13.3 13.3
rfr,th [g cm�3] 1.31 1.82 1.83 1.53 1.27 1.32
Vacc,th [%] [39] 21.4 9.81 9.81 20.52 27.42 27.42
Aacc,th [m2 g�1] [39] 1205 834 834 1220 1211 1211
dincluded [Å] [39] 11.05 6.36 6.36 6.68 11.24 11.24
dpassing [Å] [39] 4.21 4.7 & 4.46 4.7 & 4.46 5.95 7.35 7.35

a Assuming a composition of 100% SiO2.
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analytical method. The He cell pressure stabilized well within the
measurement time for all zeolites, indicating no size hinder via
slow diffusion. Recalculation of the PM results with calibration
shifts as observed throughout the measurements and with dupli-
catemeasurements yielded onlyminor deviations (within 1 digit or
5%).

The results above demonstrate that vapor TG can be used to
directly determine quantitative accessible micropore volumes at
room temperature based on pore filling from approximately zero to
100% of the pore volume. This makes it a robust method that
eliminates the need for theoretical models on molecular behavior
to extrapolate from partial pore filling, though errors from de-
viations in packing density cannot be fully excluded. Comparing the
uptake of polar and non-polar vapors indicates differences in
micropore surface chemistries and the accessibility to molecules
with specific molecular sizes gives information on pore entrance
sizes. With He PM the accessible pore volume can only be
calculated if the framework volume (skeleton þ pores) of the
sample is known.
3.2. Ar and N2 PM

PM measurements with Ar and N2 as probe gases were done to
measure the uptake of molecules that are more polarizable than He
and extract information on the surface-to-volume ratio and surface
area of the samples. The sample framework volume Vfr (volume of
skeleton þ pores) present in the measurement cell can be derived
from the sample mass, accessible volume Vacc,TG and He density rHe.
The ideal gas law, calibrated cell volume Vc, amount of added gas
DN and resulting cell pressure difference Dpc can then be used to
calculate the amount of added gas located outside the sample
framework DNc and the amount of added gas located inside the
sample framework DNfr according to

DNc ¼
Dpc$

�
Vc � Vfr

�

RT
(1)

DNfr ¼ DN � DNc (2)

with DNx in mole, Dpc in Pa, Vx in m3, the ideal gas constant R
(8.314 J K�1 mol�1) and the temperature T in K. Now DNfr can be
expressed as a change in concentration or ‘apparent pressure’ of
probe molecules inside the accessible pore volume, Dpacc, based on
Vacc,TG and the ideal gas law. The ratio of Dpacc over the pressure
change outside the sample, Dpc, yields a dimensionless gas accu-
mulation factor Dpacc/Dpc. Note that Dpacc is only a measure for the
number of probe molecules per unit pore volume and does not
consider their physical state as free or adsorbed gas. The gas uptake
inside the sample is assumed not to be limited by gas depletion
outside the sample.



Fig. 1. a) Schematic representation of the vapor TG and gas PM experiments. With vapor TG all micropores are completely filled by the vapor. With gas PM the micropores are
partially filled by the gas. In the case of Ar and N2, significant adsorption occurs on the micropore surfaces. This causes an accumulation of gas molecules inside the micropores (Nfr)
as compared to gas molecules outside the sample (Nc). b) Schematic definition of the zeolite skeleton volume, pore volume and framework volume.

Fig. 2. Vapor uptake in the zeolites as measured with TG during exposure to a flow of N2 with a vapor. The uptake was averaged between 10 and 18 h filling time and the error bars
indicate two times the standard deviation.

Table 3
Water/methanol uptake selectivity awater/methanol, accessible pore volume Vacc,TG

based on vapor TG, accessible pore volume Vacc,He based on He PM, theoretical
accessible pore volume Vacc,th, He density rHe, theoretical skeletal density rsk,th,
sample framework volume Vfr based on He PM and vapor TG and theoretical
framework volume Vfr,th of the zeolites. The error in vapor TG data is within 1 digit
(two times the standard deviation). The error in He PM data is within 1 digit or 5%.

sample Ca-A2 H-ZSM530 H-ZSM5300 H-B360 H-Y5.1 H-Y80

awater/methanol [-] 1.2 0.6 0.1 0.7 0.9 0.5
Vacc,TG [cm3 g�1] 0.15 0.15 0.16 0.21 0.29 0.29
Vacc,He [cm3 g�1] 0.31 0.12 0.13 0.21 0.35 0.32
Vacc,th [cm3 g�1] 0.16 0.05 0.05 0.13 0.22 0.21
rHe [g cm�3] 2.2 2.3 2.4 2.2 2.3 2.3
rsk,th [g cm�3] 1.7 2.0 2.0 1.9 1.8 1.8
Vfr [cm3 g�1] 0.61 0.59 0.58 0.66 0.72 0.73
Vfr,th [cm3 g�1] 0.76 0.55 0.55 0.66 0.79 0.76
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Results are listed in Table 4. Though cell pressure stabilization
took longer for Ar and N2 than for He, equilibrium was approached
within the measurement time for all zeolites. The uptake of Ar and
N2 is much larger than the uptake of He for all zeolites, which in-
dicates adsorption of Ar and N2 on the pore surfaces. The highest
absolute gas concentration inside the micropores was the equiva-
lent of about 34 bar (N2 in H-ZSM5300 based on Vacc,TG, pcz 1.3 bar),
i.e. the pressure would be 34 bar if all molecules existed as free gas
rather than being adsorbed. This corresponds with about 2% of the
pore volume being occupied by N2molecules. Converting this to the
number of pore cavities per N2 yields more than 8 cavities per
molecule (VN2 z 25 Å3, Vcavity z 135 Å3). For such low gas con-
centrations no significant multilayer adsorption or curvature-
related packing problems due to crowded monolayers are ex-
pected. The gas accumulation factor of He, Ar and N2 is plotted
against the theoretical surface-to-volume ratio Aacc,th/Vacc,th in
Fig. 3. Though both Aacc,th and Vacc,th significantly underestimate the
reality, their errors are related and are assumed to compensate each
other. For monolayer-like adsorption with low coverage a linear
relation is expected between the gas accumulation factor and the
surface-to-volume ratio and this is indeed observed for zeolites H-
ZSM5, H-B and H-Y, suggesting reasonable accuracy. The uptake of
Ar and N2 per unit surface-to-volume in zeolite Ca-A2 was lower in
comparison with the other zeolites, which can be explained by the
measurement conditions. Ar and N2 uptake in zeolite Ca-A2 reached
approximately 80% of the end value in 1 min (in contrast to
97e100% for the other zeolites). This indicates that the venting time
betweenmeasurements, which was set to approximately 1min, did
not allow fully equilibrated desorption. The subsequently measured
uptake values thus underestimated the adsorption capacity.
Increasing the venting time to 10 min increased Dpacc/Dpc to 5.2 for
N2 in zeolite Ca-A2, though now the uptake did not equilibrate



Table 4
Gas accumulation factor Dpacc/Dpc, accessible surface area Aacc and selectivity a for He, Ar and N2 uptake in the zeolites.

zeolite Ca-A2 H-ZSM530 H-ZSM5300 H-B360 H-Y5.1 H-Y80

Dpacc/Dpc [-] He 1.0 1.0 1.0 1.0 1.0 1.0
Ar 3.5 23.8 26.0 13.8 7.3 7.3
N2 3.5 25.1 26.4 14.3 8.5 7.5

Aacc [m2 g�1] Ar 539 2291 2507 1928 1612 1652
aN2/Ar [-] 1.0 1.1 1.0 1.0 1.2 1.0

Fig. 3. Gas accumulation of He, Ar and N2 in the zeolite pore structures plotted against
their theoretical surface-to-volume ratios. The trend line is based on the data of Ar
excluding Ca-A.

Fig. 4. a) Pore filling curves for N2 added to a background of N2 (solid curves) and for
N2 added to a background of He (dotted curves) for zeolites H-ZSM5, H-B and H-Y. b)
Time at 30% filling and filling at t ¼ 600 s for N2 added to a background of He in zeolites
H-ZSM5, H-B and H-Y, plotted against the micropore cavity sizes.
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anymore within 10 min measurement time, still yielding an un-
derestimation. The slow adsorption and desorption kinetics in
zeolite Ca-A2 may be due to its very small pore entrance size.
Another important factor is particle size (diffusion path lengths);
scanning electron microscopy imaging of the powders (data not
shown) indicated that zeolite Ca-A2 was the only sample containing
a significant number of particles >3 mm.

The trend line in Fig. 3 can be used as semi-quantitative cali-
bration for unknown samples, provided that similar measurement
conditions are applied and the micropores are not too small. From
the trend line and Vacc,TG the accessible surface area Aacc was
derived, as expected indicating significantly larger surface areas for
zeolites H-ZSM5, H-B and H-Y than the underestimated theoretical
values in Table 2 suggest. Aacc being lower than Aacc,th for zeolite Ca-
A2 can be explained with the previously discussed un-
derestimations in both Vacc,TG and the uptake of Ar. For zeolites H-
ZSM5 and H-Y the N2/Ar selectivity aN2/Ar increased with increasing
hydrophilicity. This corresponds with N2 having a quadrupolar
moment and a higher electric polarizability than Ar [40], which
makes N2 more sensitive to polar adsorption sites.

PM measurements with competitive gas filling were done to
obtain more information on the micropore cavity dimensions.
When filling a micropore structure with a single type of probe
molecules, equilibrium can be reached without probe molecules
needing to pass each other inside the pore structure and the filling
rate is mostly determined at the pore entrances (bottlenecks).
When a micropore structure is filled with gas A and then filled
further with another gas B, molecules of A and B have to pass each
other inside the pores in order to mix and reach equilibrium. Since
passing of molecules will occur mostly at the widest positions in
the pores, the equilibration rate of gas B depends mostly on the
cavity size in between the bottlenecks and much less on the size of
the pore entrances. Comparing the equilibration behavior of gas B
added to a background of gas A with the equilibration behavior of
gas B added to a background of gas B thus provides information
specifically on the cavity size. When adding an amount DNB/A of
gas B to a background of gas A (or B), at time t¼ 0 all added gas is in
the cell outside the sample, yielding DNc,B/A(0) ¼ DNB/A and
DNfr,B/A(0) ¼ 0. With progressing time gas B diffuses into the
sample and DNc,B/A(t) and DNfr,B/A(t) can be calculated as a
function of the changing cell pressure difference Dpc(t) with
Equations (1) and (2). The equilibrium uptake of gas B inside the
sample is DNfr,B/B(∞)/DNB/B for gas B being added to a back-
ground of gas B. Now the filling progress in time of gas B being
added to a background of gas A (or B) can be calculated by

filling progress ðtÞ ¼ DNfr;B/AðtÞ
DNfr;B/Bð∞Þ

DNB/B
$DNB/A

$100% (3)

Monitoring mixing behavior is facilitated by choosing an adsorbing
species as gas B to create a large flux into the sample. A non-
adsorbing species is preferred as gas A to minimize temporary



Fig. 5. a) N2 adsorption isotherms at �196 �C and b) CO2 adsorption isotherms at 0 �C
of the zeolites.
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excess uptake of gas A in the first stage of increased cell pressure
before gas B has reached the sample.

Fig. 4a shows the filling progress in time after the addition of N2
to a background of either N2 or He for zeolites H-ZSM5, H-B and H-
Y. For N2 being added to a background of N2 (solid curves) the cell
pressure equilibrated equally rapid, indicating no effect of varia-
tions in the pore entrance size on the diffusion of N2 into these
samples. Data of zeolite Ca-A2 are excluded because the cell pres-
sure did not stabilize within the measurement time, providing no
suitable reference point for further calculations. For N2 being added
to a background of He (dotted curves) the cell pressure equilibrated
significantly slower, indicating that mixing of N2 and He inside the
pore structures was hindered. The filling rates followed the order in
micropore cavity size H-ZSM5 (dincluded ¼ 6.36 Å) < H-B
(dincluded¼ 6.68 Å) <H-Y (dincluded¼ 11.24 Å). Fig. 4b shows the time
Table 5
BET surface area ABET,CO2, BET correlation coefficient r and BET constant c as derived from

zeolite Ca-A2 H-ZSM530 H-ZSM

ABET,CO2 [m2 g�1] n.d.a 317 359
r [-] n.d.a 1.000000 0.9999
c [-] n.d.a 210 121

a Not determined because too few adsorption data points could be obtained due to ve
b The BET plot visibly deviated from linearity.
it takes to reach 30% filling and the achieved filling at t ¼ 600 s
plotted against the micropore cavity sizes.

The results above demonstrate that PM with various gases can
be used to probe surface-to-volume ratios, surface areas and
micropore cavity sizes. The observed relations between the gas
accumulation factor and the surface-to-volume ratio in Fig. 3 and
between the competitive filling rate and micropore cavity size in
Fig. 4b can be used as semi-quantitative calibration for unknown
samples. The data also shows some differentiation between pore
chemistries. The demonstrated approach is expected to be valid for
micropore structures with entrance sizes down to about 0.45 nm
when using Ar and N2 as probe gases, though smaller probe mol-
ecules and longer equilibration times may enable analysis of even
smaller pores. Larger probe molecules that only barely have access
to the pores hinder the measurements due to very slow equilibra-
tion and the same holds for strongly adsorbing species. For these
reasons SF6 was found unsuitable as PM probe gas for the series of
zeolites studied here.

3.3. Conventional N2 and CO2 adsorption isotherms

Isothermal adsorption curves of N2 at �196 �C and CO2 at 0 �C
were recorded to compare with the results obtained by vapor TG
and gas PM. For N2 adsorption no complete isotherms were ob-
tained due to very slow pressure equilibration. The N2 isotherms at
relative pressure p/p0 < 5 � 10�5 and the CO2 isotherms are shown
in Fig. 5. As for qualitative information directly deductible from the
adsorption isotherms, the more discrete adsorption at lower p/p0 in
zeolites H-ZSM5 as compared to zeolites H-Y corresponds with
smaller micropore sizes yielding increased adsorbent-adsorbate
interactions [41]. Furthermore, the increased uptake in zeolite H-
Y5.1 as compared to H-Y80 in the first stage corresponds with
increasing hydrophilicity facilitating adsorption. However, corre-
lating such subtle isotherm features with one of several competing
origins is tricky for unknown micropore structures and in this pore
size range the information obtained with vapor TG and gas PM at
room temperature is more robust. BET surface areas ABET,CO2 as
derived from the CO2 isotherms are listed in Table 5. The obtained
surface areas are significantly smaller than the theoretical values
(Table 2), which already underestimate the reality, and thus appear
significantly less accurate than the values obtained by vapor TG and
gas PM (Table 4).

4. Conclusion

The complementary use of vapor thermogravimetry and gas
pycnometry is demonstrated as a method for experimental
micropore analysis <1 nm. The method was validated and cali-
brated on a series of zeolites with known micropore structures.
Quantitative data on accessible pore volumes was obtained by
monitoring vapor uptakewith TG at room temperature. Using these
accessible pore volumes, semi-quantitative data on surface-to-
volume ratios and surface areas was obtained by analyzing gas
uptake with PM. Micropore cavity sizes were probed by studying
competitive uptake of multiple gases with PM. Main advantages of
CO2 adsorption isotherms at 0 �C of the zeolites.

5300 H-B360 H-Y5.1 H-Y80

453 830 850b

76 0.999978 0.999979 0.997605b

109 43 13b

ry slow equilibration.
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the demonstrated method are that diffusion limitations due to
cryogenic temperatures are eliminated, adsorption can be studied
with non-polar gases, micropore cavity sizes can be probed sepa-
rate from micropore entrances and data can be interpreted in a
straightforward fashion without requiring theoretical models on
molecular behavior. With this method, micropores <1 nm can be
analyzed with increased accuracy as compared to conventional
adsorption isotherm analysis.
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