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EXECUTIVE SUMMARY

In the presence of contaminants, moisture probes can give false moisture readings and have shorter
lifetimes. Absolute humidity probes are composed of porous, hygroscopic metallic oxide thin films
(A1203) coupled to electrodes (e.g. Au and Al). While these materials provide absolute humidity
readings at low water levels at a relatively low cost, they are sensitive to the presence of
contaminants, especially ammonia, due to its high hygroscopicity and ability to bind to the probe.!
Without frequent recalibration, especially in the presence of contaminants, the humidity levels are
inaccurately reported due to measurement drift that occurs when the pores close, changing the
impedance of the probe.? The goal of this project was to improve the stability and reliability of
these moisture probes by incorporating a molecular sieve into the probe to allow only the water to
reach the sensor. Molecular sieves contain pores that allow molecule specific permeation. Two
dimensional inorganic nanosheets (e.g. BN, MoO2, MoS>) have recently been shown to behave as
molecular sieves for water.> Compared to zeolites, nanoporous materials have higher flux rates
through the pores, leading to faster water permeation.’> Graphene oxide sheets have also been
successfully employed for unimpeded water permeation; however, at lower humidity levels, the
structure is unstable and the pores shrink, preventing the sieving of molecules. Compared to
graphene oxide, sheets based off of inorganic materials, such as molybdenum, have been found to
be more stable at lower humidity levels and have faster permeation rates.’ By creating a barrier in
before the Al,O3 sensor chip to prevent the permeation of contaminants into the probe, the lifetime
of the probe will be extended. While the molybdenum sheets are a promising material for this
application, their performance against ammonia and tritiated compounds have not yet been
evaluated. This technology can be applied to other applications, including gas and liquid
purification for environmental remediation, single molecule sensors, field effect transistors, and
catalysts.
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1.0 Introduction

Aluminum based moisture probes are sensitive to contaminants and can read erroneously when
contaminants bind to the probes surface and change the impedance.! To prevent unwanted species
from binding to the moisture probe, a membrane that prevents the permeation of other polar (non-
water) molecules from reaching the moisture probe can extend the lifetime of the probe and reduce
the need for frequent calibrations, leading to cost savings. The goal of this project is to create a
membrane that protects the moisture probe from contaminants, such as ammonia. Ideally, the
membrane will selectively allow water permeation over ammonia at low moisture levels. Two
dimensional layered materials that have lamellar architecture, such as graphene and graphene
oxide, are currently the most studied materials for selective gas permeation.* These materials
restrict flow by creating a tortuous path for gas molecules through the pores and interlayer
diffusion (Figure 1-1).> Graphene based membranes also have high mechanical strength and
chemical robustness, along with minimal material thickness, making them ideal candidates for
membrane based separation mechanisms.’

Punfied Gas
? Interedge/nanopore diffusion
o

')—“)—’v—‘\—“)—‘\—“)—‘!—')—%—"i—")—")—"—’ﬁg-‘! e e

e Tortuous path
R e e o o o e e g B e
® ] @ «—» Interlayer diffusion through pores and
LELELELVEE S ) A hyers
Gas flow ® ® o
@
Gas Mixture

Figure 1-1. Mechanism of gas permeation through layered membranes

The pore size and layer structure of inorganic two-dimensional materials allow for the separation
of molecules based on size and chemical affinity for the pores. In nanoporous membranes, the
separation can occur through molecular sieving or Knudsen diffusion depending on the pore size
and layer thickness (Figure 1-2).° For graphene, thinner membranes lead to an increase in
permeation selectivity. Atomically thin graphene membranes are impermeable to gases and have
been found to hold pressure, essentially acting like a one layer thick balloon.® Physicochemical
effects, such as steric effects, chemical functionalities, surface charges and dielectric effects, also
plays a role in the separation and adsorption of gas species.
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Figure 1-2. (a) Mechanisms for membrane separation and transport mechanisms; (b) Structure
and thickness of common membrane types’

While graphene-based materials have shown a lot of promise in gas separation applications, they
have low permeability of water, especially in low humidity due to the collapse of the 2D structure.
To overcome this, other more hydrophilic two-dimensional structures, such as MoS> and boron
nitride (BN) have been investigated.” Literature reports on molybdenum and other inorganic based
two dimensional membranes have shown lower energy barriers for water permeation compared to
graphene membranes because of their higher hydrophilicity.® The permeation of ammonia through
molybdenum and boron membranes has not been investigated previously. In this project, different
membranes were created and their performance in gas streams with ammonia was measured. The
effect of membrane morphology and ammonia concentration on the membrane’s performance was
measured.

2.0 Experimental Procedure

2.1 Materials

Materials were purchased and used without further purification. Single layer graphene oxide (GO)
was purchased from Graphene Supermarket, Whatman anodisc filter membranes (d=47 mm,
porosity=0.47 um) were purchased from Sigma Aldrich.

2.2 Membrane Fabrication

Aqueous solutions of the membrane material (0.1 mg/mL) were sonicated for 12-14 hours. The
solution was vacuum filtered onto Whatman filters membranes and dried in an oven at 50 °C for
24 hours.
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2.3 Characterization

Residual Gas Analyzer (RGA): RGA measurements were carried out on a Dycor Ametek LD
100 Mass Spectrometer equipped with a faraday cup detector and a T-station 85 turbomolecular
pumping station from Edwards vacuum.

X-Ray Diffraction (XRD): XRD measurements were taken using X-ray diffractometer
(PANalytical PW3040-PRO) using monochromatic Cu-Ka X-ray radiation (A= 1.5418 A)
generated from a copper anode supplied with 40 kV and a current of 40 mA. Data were collected
over a range of 5-80° 20 with a step size of 0.01°. Background spectra of the filter paper and
sample holder were collected and subtracted from the raw XRD data. The average d-spacing was
calculated using Bragg’s Law (eq. 1), where A is the wavelength of the X-ray source, d is the
interplanar distance and 9 is the glancing angle as measured by the XRD.

A = 2dsin6 (1)

Fourier Transform Infrared Spectroscopy (FTIR): Spectra were measured using a Jasco 6300
FT/IR with an Attenuated Total Reflectance (ATR) accessory equipped with a ZnSe crystal. The
measurements were carried out in N2 atmosphere using a DTGS detector.

Atomic Force Microscopy (AFM): AFM measurements were carried out

Temperature-Programmed-Desorption (TPD): TPD analyses were performed using a
Micromeritics AutoChem II 2920 with an MKS Cirrus mass spectrometer (MS), using an
ionization energy of 40 eV. Experimental conditions heated the sample to 700 °C at a rate of
10 °C/min. Prior to TPD analysis, samples were treated with anhydrous ammonia using flow-
through reactors created in-house to induce saturation.

2.4 Gas Permeation

Gas permeation was performed using a constant volume pressure method with feed pressures 800-
2000 Torr. Membranes were placed in a stainless-steel membrane holder and gases were measured
using mass flow controllers and pressure transducers. The manifold was equipped with a bubbler
to introduce a saturated water vapor stream through the membrane. The permeability was
calculated using the Barrer equation (eq. 2).

1 1)
Po=15%5%0Q 2)
Where P. is the permeability in Barrer, AP is the difference between the upstream and downstream

pressures, o the membrane thickness, A is the membrane area, and Q is the mass flow rate through
the membrane.
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3.0 Results and Discussion

3.1 Initial GO membrane studies

Membranes were fabricated from aqueous solutions and vacuum filtered onto filter paper supports.
They were characterized using XRD, AFM, and FTIR. As shown in Figure 3-1, a peak in the XRD
around 12.5 was measured for graphene oxide (GO) membranes, corresponding to an interlayer
distance of 6.85 A. The membrane was transferred onto a flat, silicon wafer and measured using
AFM to determine the membrane thickness, which was measured to be 0.96 pm, corresponding to
about 1000 GO layers.

10000

@) ORI

5000 -

Relative Intensity

GO membrane:

N R R RN e

- 685 A Iherght=0_96 pm

B

Support

Figure 3-1. (a) XRD (b) AFM and (c) a picture of graphene oxide membrane

For permeability measurements, the filter papers were cut so that the entire surface of the filter
paper that was in the flow path was functionalized. The GO filters showed a decrease in
permeability compared to the uncoated filter paper (Figure 3-2). The functionalized filter paper
had a higher permeability at a feed pressure of 800 Torr but, after 1200 Torr, there is minimal
effect on permeability from the feed pressure. This was also observed in the unfunctionalized
membrane control (Figure A-1). This may be due to a flow drop in the manifold resulting from
flow restriction because of the inner diameter of the 1/16” tubing. Compared to the blank control,
the permeability of the membrane is lower, resulting from the membrane deposition.
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Figure 3-2. Nitrogen permeability for GO filter compared to uncoated (blank) filter paper with
error bars for the standard deviation

The thickness of the GO membranes was controlled by changing the concentration of the GO that
was deposited onto the filter support. Thicker GO membranes had a higher permeability for
nitrogen through the support (Figure 3-3). This is consistent with other membrane studies and the
Barrer equation (eq. 2).*” The membranes used in these experiments were fabricated through
vacuum filtration, leading to weaker interlayer spacing compared to other methods such as
chemical vapor deposition.* As the number of layers increases, the interlayer spacing increases,
leading to higher gas permeance with increased thickness, indicating the gas transport is mostly
dependent on the interlayer spacing.

The size of the gas molecule also had an effect on gas permeance and followed the trend typically
found with Knudsen diffusion mechanism, where permeance decreased with increasing molecular
weight (Figure 3-4b and Figure 3-5).
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Figure 3-3. Effect of membrane thickness on the permeability of nitrogen through the membrane

The size effect on permeability was not significantly affected by upstream pressure (Figure 3-5),
where a similar, slightly lower, permeability was measured at the higher pressure.
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Figure 3-4. Effect of molecular weight on gas permeability: (a) permeability as a function of
pressure for the different gases; (b) effect of pressure on the permeability

The effect of membrane thickness on ammonia and water permeation was measured for GO, as
shown in Figure 3-5. The RGA signal was monitored at m/z 17, which has contributions from
ammonia and water fragments. As shown in Figure 3-5a, the water signal did not decrease, but the
ammonia fragments (m/z 15-17) decreased permeation. Therefore, m/z 17 was used to monitor the
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ammonia levels and is assumed to make up most of the signal. A lower partial pressure for
ammonia was measured on the outlet of the moisture probe for the thicker membranes.
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Figure 3-5. Ammonia water permeation for GO membranes: (a) RGA spectra downstream of the
membrane and (b) ammonia partial pressure (m/z 17) for the different GO thicknesses

To measure the stability of the membranes after ammonia permeation, the nitrogen permeability
was measured before and after ammonia permeation (Figure 3-6a). The permeability had slightly
decreased after ammonia permeation which may be due to the pores closing and becoming
impermeable; however, this effect is small. A control blank membrane did not have a decrease in
permeation after ammonia (Figure A-2). In the FTIR spectra in Figure 3-6b, a peak for the N-H
stretch appears after ammonia permeation, indicating ammonia is binding to the membrane. GO
has surface hydroxyl groups that can bind to ammonia and remove it from the gas stream.
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Figure 3-6. Effect of ammonia permeation on GO membranes (a) Nitrogen permeability and (b)
FTIR before and after ammonia permeation

3.2 Investigation of other membranes

Other two-dimensional membranes were investigated, including boron nitride and molybdenum
sulfide. These materials have a similar layering structure as GO but different hydrophilicities that
will affect the amount of water that passes through the membrane. GO membranes are more
hydrophobic and become impermeable to most gases as they move closer to single layer GO. At
lower water levels, GO would prevent any moisture from reaching the moisture probe. As shown
in Figure 3-7., the membranes have similar permeabilities for nitrogen, with MoS> showing the
lowest permeation and BN showing the highest. Boron nitride is reported to have a higher pore
size, 3.2 nm, compared to MoS> which is reported to have a pore size of 2.8 nm, so the higher
permeation for BN is expected.
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Figure 3-7. Nitrogen permeability for membranes composed of different membranes

The effects of ammonia permeation on the structure of the membranes was measured via FTIR
before and after several cycles of ammonia permeation. As shown in Figure 3-8, the BN did not
show a significant difference in the FTIR; however, a N-H stretch around 3500 cm™ for the MoS;
appeared after ammonia permeation, indication ammonia adsorption is occurring.
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Figure 3-8. FTIR of (a) BN and (b) MoS; after ammonia permeation
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Molybdenum oxide membranes were created from MoOs that was synthesized using standard wet
chemical methods'® and the permeation was measured (Figure A-3.). Similar to the GO membrane,
the RGA measured a lower partial pressure of ammonia on the outlet of the membrane; however,
more ammonia appears to have permeated through the membrane than compared to the GO
membranes, as indicated by a smaller decrease in the signal (Figure 3-9).
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Figure 3-9. Ammonia water permeation for MoOs based membranes: (a) RGA spectra
downstream of the membrane and (b) ammonia partial pressure (m/z 17) for the different
membrane thicknesses

SEM/EDX of the membranes before and after ammonia permeation (Figure 3-10) were measured.
The EDX for the MoO3 membrane after ammonia permeation (Figure 3-10b inset) show a nitrogen
peak, corresponding to the adsorption of ammonia in the membrane.

Figure 3-10. SEM of MoO3 membranes before (a) and after (b) ammonia permeation with EDX
(inset)
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3.3 Low Ammonia Permeation Studies

The ammonia permeation was investigated systematically with increasing ammonia concentration.
At increasing ammonia concentration, the ammonia concentration for the GO membrane was about
12% lower than for the blank run. This indicates that even at lower ammonia concentrations, the
GO membrane is preventing ammonia permeation, either through adsorption or size exclusion.
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Figure 3-11. RGA Calibration curve for ammonia

3.4 Ammonia Desorption

To investigate the ammonia binding to the membranes, temperature programmed desorption
(TPD) experiments were carried out for GO (Figure 3-12), BN (Figure 3-13) and MoS»
(Figure 3-14). The membranes all appear to have a water peak around 100 °C in the samples
without ammonia due to the weakly bound surface water. The GO sample also showed a spike in
the signals at 160 °C, which was reproducible (Figure A-4). This may be due to the GO absorbing
a large amount of ammonia, which appears to have a wide range of chemisorption interactions
based on the broad desorption profiles from around 50 °C to 300 °C with a steep drop off after
350 °C. MoS; appeared to have the second strongest interaction with ammonia and water, with
water and ammonia desorbing around 300 °C with another peak for water around 400 °C, as
expected since MoS; is the most hydrophilic of the membranes. BN appears to have a broad water
desorption peak around 600 °C which could be due to strongly bound water in the surface. These
data indicate the strength of ammonia binding to the membrane materials as well as the minimum
temperature that they would need to be heated to drive off the ammonia for regeneration.

11



SRNL-STI-2020-00403
Revision 0

Temperature (°C)

Temperature (°C)

(a) —— NHj (m/z 16) (b) —— NH} (m/z 16)
= ——— NHj (m/z 17) = ——— NH} (m/z 17)
S o2l —H0" (m/z18) o Br — H,0" (m/218)
e ‘ = \ ’
() (o)
— —
? @
@ i B wor
) )
j - j
o . o |
© ‘ AN [ |
= ! € st |
@®© © Al
| J|
) V/aN \ S
0.0 fy AL VAN I h o) " \ 1 - Il — == =t 4 i
100 200 300 400 500 600 700 100 200 300 400 500 600 700
o
Temperature (°C) Temperature (°C)
Figure 3-12. TPD for GO (a) as is and (b) with ammonia
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Figure 3-13. TPD for BN (a) as is and (b) with ammonia
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Figure 3-14. TPD for MoS; (a) as is and (b) with ammonia

4.0 Conclusions

Membranes composed of porous, two dimensional layered structures were successfully created
and tested in different gas streams. Graphene oxide-based membranes appeared to have the best
performance, with the lowest concentration of ammonia measured on the outlet of the membrane.
All the membranes appeared to have slightly lower nitrogen permeation after several ammonia
permeation runs, indicating a slight loss of the porous structure; however, this effect was minimal.

5.0 Recommendations, Path Forward or Future Work

This data shows the potential for these membranes to be used in line to moisture probes with further
development. To improve these materials, more in-depth studies of the interactions between the
ammonia and the membranes should be studied as a route to develop more robust, longer lasting
membranes. TPD results show the ammonia can be driven off with temperature and could lead to
the ability for the membranes to be regenerated; however, the effect of heat treatment on the
membrane performance would need to be investigated. The effect of tritiated compounds in the
gas stream on the membrane stability and lifetimes should also be measured.
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Figure A-1. Nitrogen permeability of a blank (unfunctionalized) filter paper membrane
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Figure A-2. Nitrogen permeability of a blank (unfunctionalized) membrane before and after

ammonia permeation
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Figure A-3. Effect of gas size on permeability through MoO3 membranes
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Figure A-4. TPD measurement of GO with ammonia

16



Distribution:

The standard distribution of all
technical reports is:
alex.cozzi(@srnl.doe.gov
david.crowley@srnl.doe.gov
c.diprete(@srnl.doe.gov
a.fellinger@srnl.doe.gov
samuel.fink@srnl.doe.gov
nancy.halverson@srnl.doe.gov
erich.hansen@srnl.doe.gov
connie.herman@srnl.doe.gov
patricia.lee@srnl.doe.gov
Joseph.Manna(@srnl.doe.gov
john.mayer@srnl.doe.gov
daniel.mccabe@srnl.doe.gov
Gregg.Morgan(@srnl.doe.gov

frank.pennebaker@srnl.doe.gov

Amy.Ramsey@srnl.doe.gov

William.Ramsey@SRNL.DOE.gov

michael.stone@srnl.doe.gov

Boyd.Wiedenman@srnl.doe.gov

bill.wilmarth@srnl.doe.gov

Records Administration (EDWS)

Paul Foster
Davis Cyr
Heather Mentzer
Paul Beaumont
Jeffrey Steedley
Donna Allison

17

SRNL-STI-2020-00403
Revision 0


mailto:alex.cozzi@srnl.doe.gov
mailto:david.crowley@srnl.doe.gov
mailto:a.fellinger@srnl.doe.gov
mailto:samuel.fink@srnl.doe.gov
mailto:nancy.halverson@srnl.doe.gov
mailto:erich.hansen@srnl.doe.gov
mailto:connie.herman@srnl.doe.gov
mailto:Joseph.Manna@srnl.doe.gov
mailto:john.mayer@srnl.doe.gov
mailto:daniel.mccabe@srnl.doe.gov
mailto:Gregg.Morgan@srnl.doe.gov
mailto:frank.pennebaker@srnl.doe.gov
mailto:Amy.Ramsey@srnl.doe.gov
mailto:William.Ramsey@SRNL.DOE.gov
mailto:michael.stone@srnl.doe.gov
mailto:Boyd.Wiedenman@srnl.doe.gov
mailto:bill.wilmarth@srnl.doe.gov

	_SRNS contract no. and disclaimer
	SRNL-STI-2020-00403

