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Abstract

Helium (He) is an increasingly valuable gas that is relatively difficult to recover: most of the
global helium supply is produced through the application of deep cryogenic separation
processes to the overheads from a nitrogen rejection unit in an LNG plant. Pressure swing
adsorption (PSA) offers an alternative low-cost process for recovering He from natural gas,
particularly if a helium selective adsorbent with sufficient capacity could be identified.
However, the accurate measurement of the helium equilibrium capacity on narrow pore
adsorbents is particularly challenging. Here, the uptake of helium on a natural clinoptilolite-
rich Escott zeolite was measured with a volumetric adsorption apparatus at temperatures from
123.15 - 423.15 K and pressures up to 5 MPa, and with a gravimetric adsorption apparatus at
temperatures in the range 243.15 — 423.15 K and pressures up to 35 MPa. We used these two
experimental data sets to determine the specific inaccessible solid volume (vs) and true void
volume of the Escott zeolite by eliminating the common assumption of zero helium uptake.
Instead, the data analysis workflow established by Sircar' and by Gumma and Talu? was
applied to the adsorption isotherms measured using the gravimetric apparatus. This led to a
specific inaccessible solid volume for the Escott zeolite of 0.462 cm®.g, with a maximum
helium adsorption capacity of 0.9 mmol-g™* measured at 253.15 K and 35 MPa. The isosteric
heat of adsorption for helium on the Escott zeolite was estimated to be 3.05 kJ-mol™. The
uptake of N2 on the Escott zeolite was also measured; these data were used together with the
helium measurements to estimate conditions at which an equilibrium selectivity of 3 for

He over N2 might be achieved in an equimolar He + N> mixture.



Nomenclature

H Henry’s constant, (mmol.(g.kPa)™)

Ho Entropy of adsorption, (mmol.(g.kPa)™)

Hi Isosteric heat of adsorption, (kJ.mol ™)

Mads Adsorbed phase weight, (g)

Mp True weight of sample basket, (basket and hook), (g)
Ms True weight of solid adsorbent, (Q)

Mpal corrected mass recorded by balance at measuring point 1, (g).
m;Calc Calculated total weight, (g)

miMeas Measured total weight, (g)

My Molecular weight of adsorbate (helium), (g)

Nads Number of moles in the adsorption cell (mmol)

nL Number of moles in the loading cell (mmol)

NAds Number of moles adsorbed (mmol)

P Pressure, (MPa)

Qa, Amount of helium adsorbed per unit mass of the adsorbent, (mmol.g™)
R Molar gas constant, (kJ.(K.mol)™)

Vads Volume of adsorbed phase, (cm®)

Va Volume of adsorption cell, (cm®)

Vb Sample basket (basket and hook) volume, (cm?)

VL Volume of loading cell, (cm®)

Vs Impenetrable solid volume, (cm®)

Vs Specific inaccessible solid volume, (cm®/g™?)

Vi Total volume, (cm?)

Py Fluid density, (g/cm™)

Am Raw mass change, (g)



1 Introduction

In common gas adsorption measurement techniques, helium is typically used for free space
determination under the assumption that helium adsorption is negligible at ambient temperature
and pressure 34, Although sorption of helium is generally quite small at ambient condition, in
some materials, such as particular polymers ® or small pore adsorbents %7, helium interaction
with the solid surface is not negligible. In fact, many studies of microporous materials show
sufficient affinity for helium ! >® 8° to cause an appreciable violation of the zero helium
adsorption assumption central to the determination of the solid’s true volume and/or the dead
volume surrounding the sample. Meggs et al.® showed that the apparent density of microporous
activated carbons determined by the use of helium and application of the ideal gas law to
pressure/volume data acquired at room temperature with conventional volumetric adsorption
apparatus can produce deviations of up to 14 % from the sample’s actual density. Malbrunot et
al. 3 studied helium adsorption on different adsorbents including zeolite 3A, 4A, 5A, and 13X,
activated carbon, and silica gel over a large temperature range of 273.15 to 673.15 K. Through
comparisons with results obtained for non-porous graphitized carbon black, they concluded
that the apparent adsorbent densities determined from room temperature measurements using
helium could be erroneous by up to 36% due to a non-negligible adsorption effects.

Measuring the helium adsorption capacity of materials is challenging °, but it is important for
correct dilatometric analysis of porous solids. Different approaches have been reported in the
literature to determine simultaneously a material’s solid volume and measure its helium
adsorption capacity. One method involves the use of helium at high temperature, for instance,
at the regeneration temperature of the adsorbent * 8. This method was used by Suzuki et al. to
measure helium adsorption on several zeolites over the temperature range of 77 to 673 K. They
compared the increase in apparent dead space between the cell containing the adsorbent and a
reference cell containing several glass rods on the assumption of negligible helium adsorption
at 673 K & Maggs et al. analyzed the effect of temperature on the apparent dead-space of a
conventional volumetric apparatus to determine the extent of helium adsorption by assuming

that the adsorption isotherms were linear °.

The assumption that helium is non-adsorbing at a certain condition is not essential for the
purpose of decoupling solid density and helium capacity determinations. Gumma and Talu 2
proposed a self-consistent method to determine the Gibbs dividing surface for a material (which
effectively sets is volume) and its helium adsorption capacity. We applied Gumma and Talu’s

method in our previous study *° to measure the true density of natural clinoptilolite (Escott



zeolite) and its helium adsorption capacity over the range 298 — 343 K and at pressures up to
3.5 MPa using a gravimetric apparatus. However, that instrument’s limitations prevented the
extension of the measurements to wider ranges of temperature and pressure. In this study, we
used two different apparatus based on the volumetric and gravimetric techniques to extend the
measurement of helium adsorption on the natural zeolite to temperatures from (123.15 to
423.15) K and pressures to 35 MPa. These wide-ranges of temperature and pressure makes this
study one of the most extensive investigations of helium adsorption on a narrow pore adsorbent.
The adsorption of helium was most evident at low temperatures and high pressures, and the
data acquired allow quantification of the effect of helium adsorption on the measurement of
the solid’s true volume. We also measured the N> adsorption capacity of the natural
clinoptilolite at temperatures of 303-323 K and pressures up to 4.5 MPa and then analyzed the
IAST calculations of equilibrium selectivity for He over N». The results of this study provide
the preliminary information necessary to design an adsorption-based, helium-selective process
using small pore adsorbents that reject the heavier components (mostly N2 and/or CHa4) from

the overhead stream of a nitrogen rejection unit in a LNG plant.
2  Experimental

Natural clinoptilolite-rich Escott zeolite!* from the Werris Creek deposit (New South Wales,
Australia) was provided by Zeolite Australia Pty Limited. The zeolite was used as-received,
chipped in 1-2.2 mm size granules. The supplier’s technical data sheet indicates that this
natural zeolite is rich in clinoptilolite, which is a narrow-pore zeolite classified in the heulandite
(HEU) group and has a typical unit cell of Nas[(Al203)s(SiO2)2s].24H20. Previously®, we
confirmed the presence of clinoptilolite in the Escott sample by powder X-ray diffraction and
MAS NMR spectra, and reported other pore textural properties of the Escott. The purity of
helium and nitrogen used in this work, as stated by the supplier Coregas Australia, was Grade
5 (99.999 mol%).

2.1 Determination of solid true volume and equilibrium helium adsorption measurements

2.1.1 High-pressure volumetric adsorption apparatus

A schematic of the custom built volumetric adsorption apparatus is shown in Figure 1. The
construction and operation of this apparatus is described in detail elsewhere!?4, Here, we
provide a brief description of the key features of this apparatus, the procedures followed to
calibrate its internal volumes, and the experimental workflow used to measure helium

adsorption.



The volumes of the loading cell (VL) and the adsorption cell (Va, before loading the adsorbent
sample) were gravimetrically determined in the range of experimental temperatures using
argon as a reference gas. The mass of argon required to raise the pressure in the loading cell to
a value around 3.5 MPa was determined by weighing a small sample cylinder (about 1 kg total
mass) before and after the transfer of gas to the loading cell. The change in mass (around 13 g)
was equated to the product of the gas density and volume of the loading cell. The density of
the argon at the temperature and pressure measured in the loading cell was determined using
the reference equation of state (EOS) of Tegeler et al.'® as implemented in the NIST software
package REFPROP 9.1'¢. The volume calibration was repeated twice with argon, and then the
calculated V. =771.14+0.76 cm® at 303.15 K was validated to within the estimated
uncertainty using another gravimetric measurement with nitrogen. Before loading the
adsorbent, the same gravimetric procedure was used to calibrate the adsorption cell volume
across the range of measurement temperatures (276.07 +0.3cm® at 343.15K and
269.68 + 0.4 cm?® at 143.15 K) which is consistent with thermal expansion of stainless steel.
Watson et al.!? showed that the dilation of the adsorption and loading cells with pressure

contributes a negligible uncertainty to the volume of either cell.

The loading cell was immersed in a water bath held at a constant temperature of 298 K. The
adsorption cell was housed inside a three-stage thermostat, where temperatures were controlled
with proportional integral control loops that adjusted the electrical power supplied to
thermofoil-type heaters located on the exterior of the adsorption cell and copper can . The
temperature of the adsorption cell was measured with six 100 Q platinum resistance
thermometers (PRT), which were calibrated to ITS-90 over the range 77 K to 303 K with an
estimated uncertainty of 0.05 K. The pressure in the adsorption cell was measured using a
quartz crystal transducer with a full scale of 7 MPa and an estimated uncertainty over this range
of 4x10** MPa.

Prior to the adsorption measurements, the Escott zeolite was degassed in a separate
regeneration cell under vacuum (1 x 10 Torr) at 623 K for 24 hours. The regeneration cell
was backfilled with N2 to minimize air ingress during transfer of the adsorbent to the adsorption
cell of the volumetric apparatus. The mass of degassed Escott loaded to the stainless steel
sample basket to be placed in the adsorption cell was mags = 44.151 £0.001 g. The loaded
sample was then degassed in situ at 353 K under a vacuum of 1x107 Torr for another 24 hours.

The in situ regeneration of the sample was repeated after the measurements of each isotherm.



In a typical measurement, the loading cell was filled with the adsorbate gas (helium), and the
cell allowed to reach thermal stability by waiting for at least one hour. Then the initial number
of moles of gas in the loading cell (n'.) was calculated from the calibrated volume of the loading
cell (VL) and the gas density (pg(T ,P)'L) at the loading cell temperature (T.) and pressure (PL)
using the reference equation of state for helium by Ortiz-Vega et al. as implemented in the
NIST software package REFPROP 9.1 ¢, Gas was delivered to the adsorption cell by opening
valve V2 shown in Figure 1, and the system allowed to stabilize again before recording the
equilibrium temperature and pressure of the loading cell to calculate the final gas density
(po(T ,P)"L) and moles of gas remaining in the loading cell n'L. From this procedure, the number

of moles of gas transferred to the adsorption cell (4n.) can be determined with Equation 1:
An =n,=n! =] p,(T,P), - p, (T,P){ [xV,(T) (1)

After the transfer of gas to the adsorption cell, the equilibrium adsorption cell temperature and
pressure were used to calculate the gas density in the adsorption cell (pg(T ,P)a). The number
of moles of gas remaining in the void space of the adsorption cell (na) can be computed using
the calibrated volume of the empty adsorption cell (Va) and, if known, the solid volume of the
adsorbent (Vs), as in Equation 2:

Ny = Py (T, P)A x [VA(TA) _Vs (TA)] (2)

Finally, the number of moles adsorbed (nags) are calculated by a mole balance on the
adsorption cell:

Ny = AN =N, (3)
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Figure 1 A schematic of the custom built high pressure volumetric apparatus.

2.1.2 Gravimetric adsorption apparatus

The gravimetric helium adsorption measurements were performed at temperatures in the range
(253.15 - 423.15) K and pressures up to 35 MPa on an IsoSORP commercial magnetic-
suspension balance (Rubotherm, Bochum, Germany). The Rubotherm microbalance was a
Mettler WXS series with a weighing range of 20 g and resolution of 1 pg *’. The resolution of
this microbalance is 10 times better than that of the Belsorp instrument (10 pg) used in our
previous studies of helium adsorption on Escott zeolite (Arami-Niya, et al. %), and the

maximum operating pressure is also 10 times larger.

The schematic of the IsoSorp apparatus in Figure 2 shows how the microbalance is capable of
measuring the combined weight of the sinker and the adsorption basket by means of a

magnetic-suspension coupling. The key components of this coupling are the electromagnet



connected to the microbalance outside the pressure vessel and the suspended permanent magnet
attached to the sinker + basket inside the vessel. The stable suspension of the permanent
magnet inside the adsorption cell was realized by a PID control circuit connected to a position
transducer. The position transducer consists of a fixed sensor coil on the body of the cell and a
suspended sensor core, which is attached to the coupling rod between the permanent magnet
and the sinker + basket. The magnetic suspension microbalance records two stable suspension
positions during a single step of an adsorption measurement. First a measurement at the zero
point (ZP) is acquired to correct for any drift in the balance between data points in an isotherm
measurement. Next, measurement point 1 (MP1) is selected where the weight of the basket will
be measured. A second measurement point (MP2) can be selected, where a non-porous sinker
of known volume is weighed to determine the gas density via a buoyancy correction. This was
unnecessary in the present work because the equation of state for helium allowed the gas
density to be determined from the measured pressure and temperature to within 0.05 % ; thus

the apparatus was never set to MP2 in this work.

The temperature inside the gravimetric adsorption cell was measured with a 100 Q PRT, which
was calibrated on ITS-90 by comparison to a reference thermometry chain with a standard
uncertainty of 0.03 K. The temperature of the cell was controlled by the circulation of mineral
oil and ethanol at temperatures above and below 298 K, respectively, into a metallic jacket
surrounding the adsorption cell. The jacket was fully insulated to avoid temperature
fluctuations in the system due to the changes in ambient temperature. The pressure in the
adsorption cell was measured using a vibrating quartz-crystal pressure transducer, (9000-6K-
101, Paroscientific, Redmond, WA, USA) with a full scale of 40 MPa and an uncertainty within

0.01 % of this maximum pressure.
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Figure 2 Schematic of the IsoSorp gravimetric adsorption apparatus.

Prior to the gravimetric adsorption measurements, 3.75 g of Escott was degassed at 623.15 K
in an oven (heating rate of 1 K.min) under a vacuum of 1x107 Torr for 24 hours. Then, the
sample was transferred to the Rubotherm apparatus and degassed in-situ at 433.15 K under an
ultimate vacuum of 1x107 Torr, or lower, for 12 hours to remove any contaminants adsorbed
from the air during transfer. After degassing, the mass of the solid adsorbent (ms) was recorded

under the vacuum condition.

After the in-situ degassing, the Rubotherm apparautus temperature was set to the desired
temperature and the cell was filled with helium injected from an Isco syringe pump (260D
High-Pressure Pump, Teledyne Isco, USA) to the desired measurement pressure. The system
was then left equilibrate, which was assumed to have occurred when the mass recorded by the
balance was stable with a variation less than 20 ug over a 10 minute peiod. The mean values

for temperature, pressure and mass recorded over a subsequent period of at least 30 minutes



after reaching equilibrium are reported in Table 1S.

The absolute mass of adsorbed gas (mags) was determined by first measuring the corrected mass

recorded by the balance at measuring point 1 (Mbal):
m,, = MP1-ZP (4)

This value of mpal includes the mass of the sample basket and balance hook (mp), the mass of
the solid adsorbent (ms), the mass of the adsorbed phase (mags), and a contribution (reduction)
to the apparent mass due to the buoyancy effect of the surrounding fluid (i.e., Archimedes

principle). The force balance is shown in Equation 5:
mbal = mb + ms + mads _|:(Vb +Vs +Vads)pg :| (5)

The last term in Equation 5 describes the effect of buoyancy of the gas density (pg) applied to
the volume of the sample basket and balance hook (Vb), the volume of the solid adsorbent (Vs)
and the volume of the adsorbed phase (Vads).

The (apparent) mass of the sample basket and balance hook (my ~ 5.09 g) was determined by
a measurement under high vacuum at different experimental temperatures. The balance
housing was filled with (static) air for measurements at T > 273.15 K. At lower temperatures
(T < 273.15 K), the housing was flushed with a small continuous flow of ambient pressure
argon to prevent water vapor from the air condensing on the electromagnet of the suspension
coupling inside the central tube connecting the balance housing with the coupling housing. As
explained by Karimi et al. 1" the density of argon was used to evaluate the buoyancy correction
to the balance’s internal stainless steel calibration masses at these temperatures (rather than the
density of air, which was used at T >273.15 K). The thermally-induced changes in the
magnetic susceptibility of the pressure vessel, which influences the strength of the magnetic
coupling was accounted for through a volume calibration of the sample basket and balance
hook. The corresponding volume of the sample basket and hook (Vp =~ 0.65 ml at 273.15 K)
was determined at various experimental temperatures and pressures using argon as a calibration
gas using the method explained by Karimi et al.;!” the results are presented in Table 3S. The
volume of adsorbed phase (Vads) was assumed to be negligible compared to the basket and solid
volume (Vy + Vs) because the absolute volume of helium adsorbed is very small. Therefore, the
only remaining unknown parameter in Equation 5 required to calculate mags is the solid

adsorbent volume, V.

10



2.1.3 Determination of solid true volume

In a conventional measurement with a volumetric apparatus, the sample volume Vs is typically
determined by a helium dilatometry experiments performed at low pressure and by assuming
that helium adsorption at this condition is negligible. In section 3.1 of this manuscript we
explore the validity of that assumption by calculating the specific volume of the adsorbent

(v,=V,/m ) at each measurement temperature from (123 -423.15) K subject to the

assumption nags = 0 at each condition.

In section 3.2 we apply the approaches Sircar! and Gumma and Talu? to deduce the true solid
specific volume. Proposed initially by Sircar! and then developed by Gumma and Talu?, the
method considers helium as an adsorbing gas at all experimental temperatures. It is possible to
calculate the solid specific volume (vs) using Equation 5, if the mass of the adsorbed phase
(mags) could be determined. To do this, Henry’s law is applied to determine the surface excess
of helium as function of experimental temperature and pressure (Nags=HP) 8; use of Henry’s
law is justified given the small interaction of helium with the solid surface, particularly at low
to moderate pressures where the adsorption isotherm is linear. The mass of the adsorbed phase

(mags) can then be determined using Equation 6:
mads = Madsnads = MHeHP (6)

where H is the Henry constant for the adsorption isotherm, and Mags is the molar mass of the
adsorbed phase, which in this case is that of helium, Mue. By replacing P in Equation 6 with

the ideal gas law (P =RT p,), Equation 5 can be expressed as follow:
rnbal :mb+ms+[MHeHRT_(\/b+msVs)]pg (7)

The Henry’s Law constant is a function of temperature, which can be expressed in the form of

an Arrhenius-type equation® *8:

H=H, exp(ij
RT ®)

where Hj is the helium isosteric heat of adsorption and Ho is related to the entropy of adsorption
in the Henry’s Law region 2. Substituting Eq (8) into Eq (7) leads to the following empirical

working equation, which can be regressed to gravimetric sorption data measured over a wide

11



range of temperature and pressure to determine optimised values for the three adjustable
parameters of Ho, H1, and vs.

mbal :mb+ms+|:MHeH0eXp(%JRT_(Vb+msvs)}pg (9)

Implicit to the method is an assumption that the adjustable parameter, vs, characterising the
specific volume of the sample is independent of temperature over the range of the measured

data. This assumption is reasonable for clinoptilolite: Bish et al. *°

used powder X-ray
diffraction to analyse changes in the unit cell of several natural clinoptilolite samples and found
a negative volumetric coefficient of thermal expansion on the order of 10° K. Accordingly,
in this work the natural clinoptilolite sample was assumed to have zero thermal expansion. The
validity of this assumption may be tested further by observing the linearity of mpa readings
acquired as a function of gas density or pressure given the functional form of Eq (9), which
was found to be the case for all of the helium adsorption isotherms shown below. For the
analysis of the helium adsorption measurements made using the volumetric apparatus, the
quantity Vs in Eq (2) was set equal to the value of vs determined in the gravimetric

measurements, multiplied by the sample mass loaded into the adsorption cell (44.151 g).

2.2 Equilibrium adsorption measurements of pure nitrogen

High-pressure adsorption isotherms of pure N2 on Escott zeolite were also measured at (303,
313 and 323) K and pressures up to 4.49 MPa using a BELSORP-BG instrument (BEL Japan)
equipped with a RUBOTHERM magnetic floating balance. Before adsorption measurements,
the adsorbents were degassed in-situ at 473 K for 24 hrs. We have described the operation of

this apparatus elsewhere 1°.

3 Results and Discussion

Figure 3 shows the value of vs determined from the gravimetric measurements with helium,
while Figure 4 shows the corresponding helium adsorption equilibrium capacities determined
from 253.15 K to 423.15 K at pressures to 35 MPa. The measured capacity data are also listed
in Table 1S of the supplementary information (SI). The values of the best-fit parameters vs, Ho
and H: determined by regression of Eq (9) to these data are listed together with their statistical
uncertainties in Table 1. The results of the helium adsorption measurements made using the
volumetric apparatus are shown in Figure 5 and tabulated in Table 2S of the SI. Below we
discuss the results of the helium adsorption measurements on the Escott zeolite made with the

two apparatus in this work, and those determined previously using the Belsorp apparatus.® The

12



N2 adsorption equilibrium capacities measured with the Belsorp apparatus are shown in Figure
6 and listed in Table 4S of the SI. Finally, these results are used to speculate on the conditions
at which the Escott zeolite might have a sufficiently favourable selectivity for He over N> for
use in an adsorption process designed to recover helium from the overhead stream of an NRU

in an LNG plant.

3.1 Impact of assuming negligible helium adsorption on the apparent specific solid volume

Figure 3Error! Reference source not found. shows the temperature independent value of vs
determined from regression of Eq (9) to the gravimetric sorption data together with apparent
specific solid volumes (v ) calculated with the standard (incorrect) assumption of nags = 0 in
Eq (1) to (3) for the volumetric apparatus data and in Eq (5) for the data obtained with
gravimetric apparatus. As observed previously'?, v increases from the lowest to the highest
experimental temperature. The agreement in the values of v obtained across three different
apparatus is remarkable and within the combined experimental uncertainties of the data. The
smaller v®® values obtained the lowest temperatures of 183 and 123 K reflect the greater
uptake of helium at lower temperatures 2 2, although the experimental uncertainty of the
measurements also increases as the signal-to-noise ratio of the volumetric measurements

decreases and the uncertainty Va(T) increases. The slightly larger values of v®® determined

13



using the gravimetric Belsorp apparatus described in reference 10 are attributable to the smaller

pressure range (< 3.5 MPa) considered in those measurements.
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Figure 3 Actual (dashed curve) and apparent (symbols) specific solid volume vs of Escott
zeolite determined from independent measurements completed using three instruments: (i)
volumetric apparatus, (ii) iSOSORP gravimetric apparatus, and (iii) Belsorp gravimetric
apparatus.’® The actual vs is derived from the isoSORP measurements conducted in this work
from (253 to 423) K at pressures to 35 MPa using Eq (9) and is consistent with XRD
measurements of negligible expansivity.® The values of v® were calculated by assuming

Nads = 0 in Eq (1) to (3) for the volumetric data & in Eq (5) for the gravimetric data.

Similar trends in v® with temperature were reported by Gumma and Talu? in the
determination of Gibbs dividing surface of silicalite using helium. However, the variation in
v with temperature would correspond to a volume thermal expansivity of 3 x 10 K™, which
is several orders of magnitude larger than that measured by XRD?*®. The results presented in
Figure 3Error! Reference source not found., indicate that the anomalous dependence of the
zeolite’ specific volume on temperature is in fact a consequence of non-negligible helium

adsorption 558,

3.2 Helium uptake on Escott Zeolite from gravimetric adsorption measurements
The best-fit parameters vs, Ho, and Hy of the model shown in Eq (9) were obtained using a least-

14



squares regression analysis of the equilibrium capacity data measured with the gravimetric

isoSORP apparatus by minimizing the root mean deviation SD = ((1/ N)Z(m&* - mbMaleas)z)ll2 .

. . Meas . Calc .
Here N is the number of data points, mbafas is the measured mass and mbjcls the mass

calculated with Eq 9. The best-values for the fitting parameters reported in Table 1 are
consistent with but more accurate than those reported previously® given the wider range of
experimental temperatures and pressures and the improved resolution of the measurement
apparatus used in this work. The standard deviation of the fit was 2.59 pg for the data measured
in this work, which is about 10 times smaller than that achieved previously.

The value of Hy listed in Table 1 is comparable with the helium heats of adsorption for different
adsorbents reported in the literature (Table 2). It’s small magnitude is less than half that
measured for N2 on Escott zeolite (Table 3), reflecting helium’s absence of any permanent

dipole or quadrupole moment and very weak adsorbate-solid interactions.

The helium equilibrium adsorption capacities for the clinoptilolite sample are shown in Figure
4Error! Reference source not found.. These were calculated from the measured values of
Meal by re-arranging Eq (5) to solve for mags using the vs determined from the regression, and
by then accounting for mass of the sample and helium’s molar mass. The results are in good
agreement with the previous measurement of helium adsorption on the clinoptilolite!® at
pressures below 3.5 MPa. The greatest adsorption of helium observed was 0.9 mmol.g* at
253 K and 35 MPa. The extent of helium adsorption expected based on the Henry’s Law
parameters Ho and H listed in Table 1 is also shown for the highest and the lowest temperatures

in Error! Reference source not found..
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Figure 4 Helium surface excess adsorbed amount on clinoptilolite derived from the mpa

readings acquired with the isoSORP gravimetric apparatus at temperatures from 253.15 K to
423.15 K. The error bars marked on the 303.15 K isotherm represent the uncertainty in the
helium adsorption capacity estimated from (1) the measurement uncertainty in the magnetic
suspension balance and (2) the uncertainties that result from the data analysis procedures used

to determine vs. The dashed lines show the Henry’s Law behaviour expected from the regressed
values of Ho and Ha.
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Table 1 Apparent specific solid volume for Escott Zeolite determined from three independent measurements, together with best-fit values
obtained by fitting parameters in Eq (9) to the gravimetric sorption capacity data and the standard deviation between the measured and calculated

mass data. The pyconometer value is based on the assumption that no helium is adsorbed by the sample under study.

Temperature Maximum Ve 10% Hy H, sD
range pressure
(K) (MPa) (cmi.g?) (mmol.(kg.kPa)™) (kJ.mol™) (1)

Conventional
Helium 298.15 0-0.1013 0.422 - - -
pycnometer
ng;f/?rrnpetricm 303.15 - 343.15 35 0.461 5.14 3 39
ISOSORP 253.15 — 423.15 35 0.4618 +0.0001 (6.000 + 0.001) 3.05 +0.35 256

gravimetric
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Table 2 The helium heat of adsorption values on different adsorbents reported in literature.

Adsorbent Hi (kJ.mol?) Reference
5A Zeolite 5.82
13X Zeolite 4.64
SXC Carbon (1670 m2.g%). 4.94 1
BPL Carbon (1120 m2.g™%). 3.1
Alumina (113 m2.g™) 2.92
Silicalite 3.9 2
Cylindrical carbon nanopores 3.58 21
Zeolite NaA 1.95 22
Natural Clinoptilolite (Escott zeolite) 3.16 This work

3.3 Helium uptake on Escott zeolite using volumetric adsorption apparatus

Using the vs value determined from the gravimetric measurements, the amount of surface
excess adsorbed helium on the natural clinoptilolite determined with the volumetric apparatus
were calculated over the temperature range of (123 to 343) K using Eqs 1 to 3. Figure 5 shows
the resulting helium adsorption equilibrium capacities as a function of pressure, which have a
linear trend up to the maximum pressure measured (5 MPa). The volumetric data have
relatively large estimated uncertainties, as shown by the error bars on the 123 K isotherm,
which are mainly due to the measurement’s limited signal to noise caused by (1) the small
quantity of helium adsorption, and (2) the large values of Va and V.. Other contributions to the
measurement uncertainty include the volume calibration, and the long-term performance of the

temperature sensors at cryogenic conditions.

Figure 5 also shows adsorption isotherms predicted using the Henry’s law parameters
determined by regression to the gravimetric data measured at higher temperatures. In general
the predicted isotherms are reasonably consistent with the measured uptake, particularly
considering the extent of the extrapolation. At the lowest temperature of 123 K, the predicted
adsorption capacity isotherm is higher than the measured uptake by more than the experimental
uncertainty. However, the prediction and measurements agree within the combined uncertainty

of the model and the data; if the value of Hi used is reduced by its statistical uncertainty from
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3.05 to 2.7 kJ.mol, the prediction adsorption capacities agree with all the values measured at

123 K within the estimated experimental uncertainty.
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Figure 5 Helium surface excess adsorbed amount on clinoptilolite in the temperature range of
(123.15 to 343.15) K using the volumetric apparatus with a temperature independent vs as
determined from the gravimetric measurements made using the iSoOSORP apparatus. The
dashed lines show the Henry’s Law behaviour predicted using the values of Ho and Hi
determined from the gravimetric sorption data and extrapolated to lower temperatures. the
lower range value of Hi (2.7 kJ.mol™) shows better consistency with the adsorption data.

These measurements reveal that although small, helium adsorption on this small pore zeolite
at ambient temperature and moderate pressures is small but non-zero. This has implications for
the determination of the adsorption of other gases when a helium calibration is used to
determine the sample’s volume under the assumption nags = 0. For example for the uptake of
CO; at 3.5 MPa and 303.15 K, which was measured previously by Arami-Niya et al.l°,
conventionally helium pyconometry of the Escott zeolite leads to a measured adsorption
capacity of 0.9 mmol.g™. In contrast, accounting for the adsorption of helium even at these
moderate conditions leads to an adsorption capacity of 0.97 mmol.g™* for CO; at this condition.
It is apparent that the error is about the same as the magnitude of helium adsorption at the

temperature and pressure of interest.
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3.4 He/ N Selectivity of Escott zeolite

One possible application of the Escott zeolite is the selective adsorption of helium from an
NRU vent stream. To quickly assess the viability of an adsorption-based process for helium
recovery, the N2 adsorption capacity of the Escott zeolite was also measured over a limited
range. The excess adsorption capacities of N2 on Escott zeolite measured with the gravimetric
BELSORP-BG apparatus at temperatures of (303, 313 and 323) K are shown in Figure 6 with
tabulated adsorption equilibria provided in Error! Reference source not found.S. As
expected, the narrow pores of the Escott zeolite limit the uptake of N2 molecules, although at
5 MPa the N adsorption capacity of around 0.25 mmol.g? is about twice that of helium at the
same conditions. We note that if a value of vs determined by calibration with helium under the
assumption of nags = 0 were used to analyse the N2 uptake, the capacity would be under
estimated by about 0.1 mmol.g™ at 5 MPa (Figure 1S).
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Figure 6 Uptake of N2 on the clinoptilolite (Escott zeolite) measured at temperatures of
303.15 K, 313.15 K and 323.15 K and pressures up to 5 MPa. The solid lines show the resulting
Toth model regressed to the data.
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The measured N data were fit to the temperature-dependent Toth model:

BP

-AH
Q=Q m where B =B, exp (?j (10)

where R is the molar gas constant, P and T are the measurement pressure and temperature, and

AH is the isosteric heat of adsorption at zero loading. In the regression AH was treated as an

adjustable parameter together with the empirical parameters (Qm ,B,, t). The parameter t is

used to characterize the heterogeneity of the adsorption sites and should have a value less than
1. The best fit parameters were determined using a least-squares regression analysis to
minimize the standard deviation (SD) between the measured capacities, Q™®, and the

capacities Q™ calculated with each model (SD=((L/ N)Z(Q™* —Q=)?}2 where N is the

number of data points regressed). The best-fit parameters for the Toth model regressed to the
N> data are shown in Table 3, together with their statistical uncertainties. Deviations between
the measured and the calculated adsorption capacities for pure N2 are shown in Figure 2S.

Table 3 Best fit parameters of the Toth Model (Error! Reference source not found.) fitted to
the absolute adsorption capacities for N2 on Escott zeolite measured on the Belsorp-BG at
303 K, 313 K, and 323 K.

N2
Qm (mmol. g} 1.43+0.28
box 106 (kPat) 17.4+25
AH (J.mmol ™) 7.50+0.45
t 0.35+£0.03

SD (mmol.g?) 0.002

The equilibrium selectivity, aij, is defined as:

Al

where y and x are the mole fraction of component i and j in the vapor and adsorbed phases,
respectively. The values of Qi were calculated for a gas mixture of varying composition using

the ldeal Adsorbed Solution Theory 2 together with the pure fluid adsorption isotherms
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determined in this work. For helium, the isotherm function was nagss=HP, with H calculated
from Eq (8) using the parameters in Table 1, while for N2 the isotherm function was Eq (10)
using the parameters listed in Table 3. Figure 7(a) shows calculated equilibrium selectivities of
the natural clinoptilolite (Escott) for He over N as a function of gas mixture composition (at
fixed temperature and pressure). Figure 7(b) shows calculated selectivities as a function of

temperature for an equimolar gas mixture at fixed pressures.
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Figure 7 He/N2 equilibrium selectivities of the Escott zeolite, predicted using the IAST with the

pure fluid isotherms determined in this work as a function of (a) gas mixture composition (fixed
temperature and pressure) and (b) temperature at fixed pressure for an equimolar mixture.
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Decreasing the temperature or increasing the (partial) pressure of the helium all act to increase
the calculated He / N2 equilibrium selectivity of the Escott zeolite. For an equimolar mixture,
the He / N2 equilibrium selectivity is predicted to reach about 3 at 20 MPa and 100 K.
Potentially, the effective selectivity for helium could be significantly higher than this value if
the effect of adsorption kinetics is considered. The typical framework structure of clinoptilolite
is formed by three sets of intersecting channels, A, B and C, based on eight and ten member
rings, with approximate dimensions of 4.4x7.2 A, 4.1x4.7 A and 4.0x5.5 A 2%, The locations
of the framework cations within these channels lead to effective pore sizes that restrict the
diffusion of relatively larger gas molecules such as N2 (kinetic diameter of 3.64 A). The kinetic
diameter of smaller gas molecules such as H, and He (with about 2.89 and 2.60 A, respectively)
2> means that they can diffuse into the clinoptilolite much faster than N.. The relative
differences in diffusivity between He and N in these narrow micropores will also be affected
significantly by the process temperature, as diffusion becomes even slower at lower

temperatures for larger molecules 26%7.”

4  Conclusions

In this work, we estimated the adsorbent’s volume in high pressure gravimetric and volumetric
adsorption measurement apparatus using two different assumptions of 1- negligible helium
adsorption at the highest experimental temperature, and 2- helium is an adsorbing gas at all the
temperatures. The true density of natural clinoptilolite (Escott zeolite) and its helium adsorption
capacity was measured over a wide temperature range of 123.15 —423.15 K and at pressures
up to 35 MPa. The adsorbent’s apparent specific volume as measured by conventional helium
pycnometry in both gravimetric and volumetric systems increased with temperature. In
contrast, using the method developed by Gumma and Talu?, the helium adsorption data
obtained with the gravimetric system were used to determine the adsorbent’s true specific
volume. The helium sorption data were fit to a Henry’s Law model to estimate the heat of
adsorption as a function of temperature. The adsorbent’s true specific volume was used to
determine helium sorption at temperatures below 253 K using a volumetric apparatus. We
always observed linear helium adsorption isotherms consistent with Henry’s Law. The highest
adsorption of helium observed across all these measurements was 0.9 mmol.g* at 253 K and
35 MPa.

The adsorption capacity of N2 on Escott zeolite was also measured and then used to calculated

the IAST equilibrium selectivity of He over N for a range of compositions, from 5 to 20 MPa
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and from 100-300 K. Helium selectivity increases at low temperatures and high pressures
achieving a value as has as 3 for an equimolar mixture at 100 K and 20 MPa. However, at 5
MPa the Escott zeolite is N2 selective in equimolar mixtures over the temperature range
considered. These results help inform whether and how Escott zeolite could be used in the
design of adsorption based technologies for the production of helium; the measurement

techniques described can be applied to other microporous materials for similar purposes.
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