University of Nevada, Reno

Understanding The Mechanism Of Gaseous lodine Capture Using Sodium-Loaded Carbon Foams

A thesis submitted in partial fulfillment of the requirements for the degree of Master of Science in
Materials Science and Engineering

by

Casey M. Elliott

Dr. Krista Carlson/ Thesis Advisor

May 2023



THE GRADUATE SCHOOL

We recommend that the thesis
prepared under our supervision by

CASEY ELLIOTT

entitled

Understanding The Mechanism Of Gaseous lodine Capture
Using Sodium Loaded Carbon Foams

be accepted in partial fulfillment of the
requirements for the degree of

MASTER OF SCIENCE

Dr. Krista Carlson
Advisor

Dr. Dev Chidambaram
Committee Member

Dr. Pradeep Menezes
Graduate School Representative

Markus Kemmelmeier, Ph.D., Dean
Graduate School

May, 2023




Abstract

This study highlights the potential of using a high specific surface area carbon monolithic foam with
sodium as a new approach for capturing *?°l, a radioactive volatile emitted during the processing of
nuclear waste. lodine is emitted during the vitrification processing of low activity waste at the Hanford
site as the glass melt is heated to above 1,000°C, and iodine incorporated into the nuclear waste
vaporizes at 184°C. Monolithic sodium—carbon foams were successfully synthesized from commercially
available melamine formaldehyde sodium bisulfite foams. The foams were found to effectively capture
iodine as sodium iodide in both a static iodine saturated environment and in a simulated off-gas
environment with low concentrations of iodine, high gas velocities, and low resonance times. The
synthesized carbon foams contained sodium in the form of sodium carbonate, along with remnants of
the original organic polymer, which added mechanical stability to the carbon foam. After aging in
nitrogen dioxide, the capture of iodine decreased, as did the mechanical stability, which was attributed
to the formation of sodium nitrate. The sodium iodide captured by the carbon foams can be
incorporated into a stable final waste form, such as iodasodalite glass, if practical methods of iodine
desorption are found. Desorption tests of sodium-carbon foams by a simple water treatment shows
the viability of removing the sodium iodide from the foam substrate. To evaluate the sorbent's
robustness and compare to other potential iodine capture sorbents, a friability testing system was
created using a quartz crystal microbalance, and no apparent mass loss from the sorbent was detected
in a flowing gas environment. The widespread commercial availability, one-step carbonization process
of the melamine foam, and iodine capture capacity makes monolithic sodium-carbon foams an

economically viable replacement for current sorbents used in nuclear waste processing today.
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4. Introduction

Legacy waste sites such as Hanford must process nuclear waste before permanent
waste storage can be achieved!!. Alongside legacy waste, the processing of Used
Nuclear Fuel (UNF) is an important factor in the continued and increased use of nuclear
energy, particularly with next generation reactor designs. The processing of both UNF
and legacy waste emits radioactive volatiles such as 12, 3H, **C, and 8°K into gaseous
waste streams [>°]. Due to the long half-life (15.7 million years) and environmental

mobility of 12°I, this radio volatile is of particular interest to the US and its regulations!®

9].

There are ongoing studies into methods for physical and chemical capture of 12|
such as using a variety of solid sorbents and solution-based processes [, In addition to
tailoring the physical and chemical properties of a sorbent to capture high amounts of
iodine, the sorbents must also be resistant to highly oxidative NO; that is found in the
off-gas streams 19, lodine must not only be captured by the sorbent, but the resulting
chemical composition must be considered and tailored for introduction into a stable

waste form for long term disposal (11,

These factors have proven no single sorbent is suitable for iodine capture in all
cases, sparking the need for a tailorable array of sorbents. Among the sorbent
substrates studied are carbon-based materials{121¢l zeolites!® 16171 and silica based

materials!® 18-20],



Activated carbon materials are currently in use at the Hanford Legacy waste site to
capture iodine!* %I, However, several drawbacks to powdered activated carbon have
been identified and the need for an economically viable replacement sorbent is
paramount. Synthesizing a high specific surface area carbon monolith and impregnating
the carbon monolith with a metal getter like sodium could circumvent the
disadvantages presented by the current carbon sorbents. The resulting sodium iodide
has the potential to be directly incorporated into a stable final waste form of an
iodasodalite glasst® 1119 21-261 'Fyrther, if the iodine compound could be easily and safely
removed from the carbon monolith, the mass of the final waste form could be reduced,

and the sorbent could potentially be reused?”- 28],

Synthesizing and loading a monolithic carbon foam with bismuth through a multi-
step process has been studied in previous work!??l. A robust carbon foam substrate (CF)
was developed from carbonizing a melamine formaldehyde sodium bisulfite precursor
foam (Basotech®) (Figure 1). The melamine foam (MeF) primarily consists of
formaldehyde-melamine-sodium-bisulfite!3% as seen in Figure 1a, however, the exact
composition and fabrication processes vary between manufacturers and are often
proprietary. After carbonization, bismuth was electrodeposited on the conductive
carbon foam (Bi-CF) and after iodine exposure, iodine was chemically captured as Bils.
However, further exploration showed the carbon monolith can be synthesized with
sodium in a single step, but the sorbent had yet to be analyzed for its efficacy as a

sorbent for iodine capture.



Figure 1. Photograph of the as-received Basotech® foam with (a) the chemical structure of formaldehyde-melamine-
sodium-bisulfite foam and (b) optical microscope image of the open cell structure.

Further investigation revealed that after carbonization, the CF contained sodium as
sodium carbonate, a product of the sodium bisulfite in the as received MeF. The sodium
carbonate was found to capture iodine as Nal. The use of sodium carbon foam as a
sorbent is desirable as the synthesis process is a single heat treatment step using a

commercially available material.



5. Experimental Section

5.1 Materials
Commercially available melamine foam was purchased from (Basotech®). Sylgard

184 silicone elastomer was obtained from DOW Chemical Company. Helium gas, UHP
air, 1% nitrogen dioxide (NO;) balance nitrogen (N2), and 2% Hydrogen (H:) balance
nitrogen (N2), and Nitrogen (Nz) were obtained from Airgas. Molykote high vacuum
grease was acquired from Dupont Performance Lubricants. 5 MHz quartz crystals were
obtained from Gamry Instruments. Materials for the synthesis of xerogels can be found

in previous work!31,

5.2 Synthesis of carbon foam
The process for the conversion of the MeF to CF synthesis has been described in detail

in our previous work!??l, In brief, the melamine foam was ramped to 900°C in nitrogen at
10°C min* and held for 30 min, then cooled to room temperature at the natural cooling
rate of the Carbolite Gero furnace and the resulting CFs are referred to as CF. Figure 2
shows the carbonization setup. After carbonization of the MeF, sodium remains in the

carbon structure as sodium carbonate 321



Figure 2. The carbonization process for the carbonizing of MeFs (a) The Carbolite furnace and nitrogen supply (b) Mefs
seen inside the furnace stacked up to 4 foams deep on each platform (c) representative samples of CF after
carbonization.

5.3 Sorbent Characterization
Thermogravimetric analysis (TGA) was performed using a Netzsch STA 449F3. The

ramp rate was set at 10 K/min to 1000°C on MeF in nitrogen and air (Fig. 2a). The MeF
conversion in air was evaluated after air leaks in the furnace used for foam production
were detected during processing and drastically changed the properties of the foam.
These results are the first step in understanding the sensitivity of the MeF-to-CF
conversion process to processing conditions. Raman spectroscopy of the foams was

performed using a Thermofisher DXR to evaluate the extent of carbonization. FTIR-ATR



was performed on the foams as well as the aqueous solutions using a ThermoScientific
Nicolet 380 to identify sorbed and desorbed species. X-ray diffraction (XRD) patterns
and crystalline structure were found with a Rigaku Smartlab 3 kW X-ray diffractometer.
The chemistry and composition of the foams were found using X-ray photoelectron
spectroscopy (XPS) using an RBD PHI-5600. Gravimetric analysis was performed using a
VWR-164AC analytical scale with 0.1 mg readability and repeatability. Permeability was
found using an in-house technique described in prior work!*8l. Surface morphology was
found through Scanning Electron Microscopy (SEM) using a Thermofisher Scios and
Energy Dispersive X-ray spectroscopy (EDS) using EDAX Octane Elect. Transmission
electron microscopy (JOEL JEM 2800) with Thermofisher EDS was used to image and
chemically characterize the carbon foam samples. ImageJ software was used to
calculate the average strand dimension from SEM images. Braunauer-Emmett-Teller
(BET) analysis was performed with an Auotsorb IQ using nitrogen gas and liquid nitrogen

cooling.

5.4 lodine sorption in static and dynamic environment
Sorbents were treated in both a static iodine saturated environment at 150°C and

a dynamic low concentration environment at 71°C. The former was performed to
compare iodine loading values to previous literature while the latter was performed to
simulate a realistic off-gas environment. For the static saturated loading, the weight of
the foams were recorded as (mg). Foams placed on PFA (perfluoroalkoxy) stands (Savillex)

and a glass vial with 1 g solid iodine were placed in a 1 L PFA container (Savillex). The



Savillex container was placed in the oven preheated to 150 + 2°C, and the reaction was
carried out for 24 hours. The mass of iodine was chosen to be in excess of the total sample
mass to provide a saturated environment, resulting in an iodine cloud when the container
was opened immediately after removal from the oven. After the reaction, the foams were
placed uncovered on PFA stands back in the oven to remove physisorbed iodine for 1 h
to compare to values from literature. Foams were removed and weighed, then returned
to the oven for an additional 24h to remove remaining physisorbed iodine. The resulting
mass change in samples were recorded as iodine mass gained in mg (m;). The mass
percentage of iodine in the final sample can be calculated using Eq. 1, and the iodine
sorption capacity (Qe in mg/g) of samples can be calculated using Eq.2. For foams that
underwent mass change during NO2 exposure, mg is given as the mass of the foam after

NO; treatment.

m;

Mass of I, captured % = x 100 (1)

mi+mg
Qe =t (2)

Foams were loaded with iodine in the flow through environment using a
Dynacalibrator 230 iodine permeation device and were named CF-D. lodine was supplied
0.740 ppm iodine in nitrogen through primary and secondary beds containing carbon
foams (Figure 3). Runtime of 26.4 h was selected to saturate approximately half the
primary bed at nominal 150 mg/min capacity. Temperature in the apparatus is provided

by self-regulating heat trace (20 W/ft) affixed to the tubing with aluminum tape to aid

heat transfer. Operating temperature can be varied by adjusting fume hood height and



thus convection. Heat lamps provide additional heat to the untraced beds, which are

removable.
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Figure 3. The flow through setup for iodine loading of carbon foams at 0.74 ppm in nitrogen.




5.5 Sorbent Aging
A dynamic system was used to age foams in 1 v/v% NO; (balance N;) at 150 °C

prior to static iodine loading. The weight of the foams was recorded (my) and loaded into
the 1-L Savillex jar on PFA stands. The jar was placed in an oven preheated to 150 °C and
connected to the gas supply. Then, NO; was introduced at 20 sccsv for 1 minute using an
Alicat MQS-100SLPM mass flow controller (2% accuracy) to saturate the container, then
reset to 1 sccsv for the duration of the aging test. Once the aging time was reached, the
gas supply was switched to ultra-high purity air, and the container was purged for 2 min
at 20 sccsv. Finally, the gas supply was closed, and the samples were removed for
characterization. The final mass of the samples was recorded as mass (msyo2) and was
used as the initial mass for iodine loading. Table 1 outlines the foam samples that have

been aged and exposed to iodine.

Table 1. Sample identification and treatments performed.

Sample ID NO, exposure | Static lodine Dynamic iodine | Desorb of
(150°C) exposure exposure physiosorbed I,
(150°C) (71°C) (150°C)
CF - - - -
CF + NO; 24 h - - -
CF+1, - 24 h - lh+24h
CF+NOy + 1, 24 h 24 h - lh+24h
CF-D - - 24 h -

5.6 Mechanical Testing
Many different high specific surface (HSS) area materials have been investigated for

the capture of radioiodine™ 3% 33381 Our group has recently reported on two potential

candidates: carbon foams!?®! and silica xerogels loaded with bismuth nanoparticles!8l.
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Carbon-based sorbents are typically cost effective and mechanically robust, however
there are concerns about the use of carbon sorbents in off-gas stream containing nitrogen
oxides. Namely, nitric oxides can adversely affect performance and lead to the formation
of explosive compounds. In such streams, silica-based sorbents might be a better option
due to their chemical and thermal stability. The silica based sorbents can be tailored to
better iodine capture performance after aging in oxidizing environments than the
baseline sorbent for iodine capture, which is a silver mordenite (AgZ)B°. The main
drawback of these HSS area silicates is that they tend to be brittle and friable. While
recent advances have led to significant increases in the compressive strength of these
materials“?, the release of small particulates due to the nature of the microstructure is
still a possibility[® 1% 35 37,41, 42].

Traditional testing techniques (e.g., Young’s modulus, compressive strength,
nanoindentation) [2% 31 43-48] haye been used to determine the mechanical properties of
these materials. While these tests are important, they do not address the stability of the
sorbent as gas flows through the fragile, porous microstructure. Additionally, many of
these sorbents contain metal nanoparticles for chemisorption of iodine, and the strength
of the attachment in a flowing environment is not addressed by these tests. These factors
must be quantified before the sorbent can be qualified for implementation into a facility.

The objective of the friability portion of the study was to develop a method to
evaluate the friability of sorbents, thus laying the groundwork for real-world detection of
particulate release and understanding how various treatments affect the friability of

sorbents. A quartz crystal microbalance (QCM) was used to detect the loss of particulate
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in real-time from sorbents in a flowing gas stream. The CF and the TEO were examined
after synthesis to create a baseline for the friability of the substrates. As sorbents undergo
aging in NO; or iodine capture, the friability of the sorbent may change and a method to
guantify that change is needed. A packed bed of AgZ was also examined to compare the
CF and TEO to the current baseline sorbent.

The system to semi-quantitatively evaluate the friability of the sorbents is shown in
Figure 4. Industrial grade argon gas flowed through the system to the quartz crystal and
the resonance frequencies over the testing time were recorded by the Gamry eQCM 10M
microbalance. The quartz crystal (5 MHz central frequency) was coated with MolyKote®
high temperature vacuum grease to trap particles*’. The grease was applied in a layer
thick enough to capture particles, while thin enough to prevent over dampening of the
quartz crystal resonance frequency. While operating in air, crystal dampening is
mandatory to prevent the ringing effect, which can affect the operation of the quartz
crystal. Adhesives connected to solid substrates, such as double-sided tape, were unable
to be used successfully because the dampening effect arrested the resonance of the

crystal.
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1 Gas Inlet

2 Gas Flow Controller
3 Gas heating

74 Sample Holder

5 Quartz Crystal (QC)
6 Gas outlets

7 Gamry QCM controller

Figure 4. The friability testing setup. (1) the argon supply is (2) flow controlled prior to entering the oven, (3) in which
the gas is raised to 30°C before (4) entering the sample holder. The gas flows directly down to the (5) QC and is redirected
at high angles to (6) exhaust vents to promote particle deposition on the vacuum grease coated crystal. Multiple exhaust
vents were used to lower the back pressure caused by the small diameter outlets of the Gamry OEM adapter. The QC is
stabilized level to the ground and isolated from external electrical interference. Results are recorded by the Gamry QCM
controller and corresponding computer. For CF, zeolites, and xerogels, flow rates of 10 + 2 sccs, 10 + 2 sccs, and 0.1 +
0.1 sccs were used respectively.

Different holders were developed for the TEOs (Figure 5a,b,c,e), the zeolite (Figure
5¢,d,e), and the CF (Figure 5f-h) to accommodate for the physical characteristics of the
sorbents. Sorbent dimensions and properties (e.g., elasticity, compressive mechanical

stability) were considered when developing the holders.
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Figure 5. (a),(b) xerogel samples were prepared by applying Loctite® adhesive to the both the beveled edge of a %4” pipe
thread and the xerogel sample then dried for 24h under ambient conditions. (c),(d) zeolite beads were prepared by
adding a 200 um metal mesh to the inner outlet of the %” pipe thread. (e) the xerogel and zeolite sample holder
connected in-line with the flow system. (f)-(h) show the CF sample holder before and after adding the CF. The flexibility
and elasticity of the CF was used to secure the CF against the O-ring in the holder. The CF sample holder in line with the
flow system can be seen in Fig.1. Sample holders were designed for each sample type to promote similar flow
environments as would be found in industrial conditions.

Xerogels were made using a sol-gel processing method previously reported by our
group® 31, One type of xerogel was prepared for testing: TEO — the silica xerogel with
increased pore structure from the addition of oil. In summary, tetraethoxysilane (TEQOS,
95% pure, Sigma Aldrich) was mixed with water, and a catalyst (made of NH4F and NH4OH)
and poured into a 10 mm circular mold to create the silica alcogel. A soybean oil porogen
was added to the gels to create macropores in the structure. After 10 min of gelation, gels
were soaked in heptane for 24 h at 30° C to remove oil, then dried for 48 h at 30°C.

Samples were kept at 30° C until used. 3%

Before friability testing, baseline testing was performed by coating the quartz
crystal with a thin layer of grease and resonating the crystal for 25 h (Figure 6a). In the first

9 h, a £ 4 Hz deviation from the baseline was observed. After 9 h, the frequency linearly



14

decreased, resulting in an overall decrease of 12 Hz after 25 h. A comparison of the
parallel resonance frequency and the series resonance frequency of the crystal in Figure
6b indicates a widening in the bandwidth of the frequency after the full 25 h. However,
after 9 h, the bandwidth changed by only 2 Hz, indicating a time frame for testing. Small
to no significant deviations in the bandwidth indicate the frequency shift is real and any
further change in the central resonance frequency can be associated with the addition of
particulate matter %, Static flow rate and cycling testing was performed by cycling argon
gas three times between 10, 50, and 100 sccs to understand the effect of the gas pressure
and velocity on the resonance of the crystal (Figure 6¢). At 10 sccs, a deviation of less than
+ 1 Hz from baseline was recorded. As the gas flow rate increased, the deviation from
baseline increased, and reached a maximum at 10 Hz. Between the baseline and cycling
tests, the error of the system was identified at + 15 Hz. Based on these findings, the
following protocol was used for friability testing: 3 h of quartz crystal equilibration before
gas flow, 3 h of gas flow at the given flow rate, and 4 h of equilibration after the gas flow

was stopped was established.
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Figure 6. (a) change in frequency of the grease coated QCM during baseline testing with no flowing gas (b) comparison
on the fp and the fs showing high compliance (c) change in frequency after three cycles each of flowing gas at 10 sccs,
50 sccs, and 100 sccs (d) comparison of the fp and fs showing high compliance. The high compliance of the fs and fp
peaks indicate any attached mass is considered rigid and follows the Sauerbrey’s equation.

The change in frequency over 3 h of gas flow for TEO (Figure 7), CF and AgZ (Figure
18 a,b) was collected by the microbalance and Sauerbrey’s equation (Eq. 3) was used to

semi-qualitatively calculate the change in mass:

Am:CAg Eq.3

where Am is the change in mass, C is mass sensitivity constant of the quartz crystal (56.6
cm? Hz pg), A is the resonating area of the crystal, n is the number of the harmonic, and

Af is the recorded change in frequency. Assumptions built into the Sauerbrey equation
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are as follows: the attached mass is a rigid extension of the quartz, the attached mass is
evenly distributed over the coated quartz crystal, and the mass attached is significantly
smaller than the mass of the crystal. The first assumption can be validated by considering
the relationship between the fs and fp curves for each test. The second assumption can
be addressed in that each particle deposited forms a monolayer by adhering to various
grease coated locations on the crystal. The third assumption was validated through
testing. The maximum deposition seen on the crystal was 2.67 pg, which is significantly

less than the mass of the crystal.

o < 100 um particles

A Frequency (Hz)

|— Gas on

-900 ] . | ; . |
4
Time (h)

Figure 7. Results from friability of TEO. (a) The frequency recorded over the 3 h of gas flow with 3 h of equilibrating
before and after the test. Variances during the gas flow portion of the test are due to particle adherence to the crystal.
(b) Optical backlit image before testing and (c) after testing showing no visible cracking or total failing of the sample.
Optical microscopy image (d) shows particles adhered to the grease coated quartz crystal after testing. For TEO, the
flow rate was set to 0.19 sccs.

10
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6. Results and Discussion

6.1 Carbonization
TGA/DSC analysis (Figure 8) of MeFs treated separately in air and N2 showed 40% mass

loss at ~400°C due to the decomposition of the triazene ring >, After this initial mass loss,
the CF heated in air showed a drastic decrease in mass as it almost fully converts into
volatile decomposition products (e.g., COz). For the MeF in nitrogen, a steady decline to
20% of the original mass was observed due to denitrification as the MeF converts to
carbon Y. The extent of the carbonization can be controlled based on carbonization

temperature, which affects the amount of organic polymer remnants in the final CF.

1004
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Figure 8. TGA of MeFs in air and nitrogen. The MeF treated in N2 shows carbonization of the sample while the MeF
treated in air volatilized completely.

Spectroscopy was performed to evaluate the extent of carbonization and results

are shown in Figure 9. A Raman spectrum of MeF (Figure 9a) shows Raman bands
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corresponding to the triazene ring at 973 cm™, carbon-carbon bonds between 600-800
cm?, carbon-hydrogen bonds at 1375, 1440, and 2900 cm™, carbon-nitrogen bonds at
760 and 1560 cm%, nitrogen-hydrogen bonds at 2400 cm?, and hydroxyl bonds at 3420
cm™ 3252531 Raman on CF showed bands associated with diamond (D) at ~1330 cm™!
and graphite (G) at ~1580 cm™ with an I(D)/I(G) peak intensity ratio of 1.22. This value
suggests complete carbonization of the MeF as ratios between 1.21-1.23 for MeF
treated in nitrogen between 800°C and 1000°C have been reported to produce fully
carbonized foams.3 The FTIR spectrum (Figure 9b) of the MeF shows the presence of the
triazene ring at 1533, 1460, 1320 and 813 cm™, and NH3 at 3400 cm™ 5% %%, The peaks
associated with triazene and NHs are not present after carbonization and peaks
associated with a carbonized structure appear: carbon bonds at 2150-2215 cm™ and

carboxylate or carbonate bonds at 880,1245 and 2220 cm™! 52,

XRD was used to characterize the structure of the MeF and Cf in Figure 9c. The
diffraction patterns of MeF and CF showed amorphous humps indicative of disordered
organic bonding or disordered graphite, respectively. The pattern for CF also showed a
few low intensity sharp peaks that did not match fully with any species in the XRD
library. The species present in the carbon foams were examined by XPS in Table 2 to be

sodium carbonate and sodium chloride.
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Figure 9. (a) Raman spectroscopy and (b) FTIR-ATR of MeF before and after carbonization at several temperatures. Both
spectra show the presence of the triazene ring, carbon, hydrogen, and nitrogen bonds in the MeF. These bonds are not
observed in the CF rather bands and peaks associated with carbon-carbon, carbon-oxygen, carboxylate, carbonate, and
carbon-oxygen-hydrogen are observed (c) XRD patterns for MF and CF with graphite (ICDD: 01-075-1621) (d) XPS peak
fitting of sodium carbonate (e) SEM image of MeF with inset EDS elemental identification (f) SEM image of CF with inset
EDS elemental identification.
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XPS was performed to identify the chemical state of the carbon foams after
carbonization. A representative XPS fitting of sodium from CF is seen in Figure 9d. Table 2
shows the total results of the XPS fitting of the carbon, oxygen, nitrogen, and sodium
peaks for CF. The energies are congruent with the formation of sodium carbonate as seen
in literaturel®?. Organic nitrogen oxygen bonding was found as well as carbon bonding,

indicating some polymeric remnants in the carbonized foam.

Table 2. Chemical species identified through XPS.

Sample ID Sodium Organic species | Nitrogen Carbon lodine
species species species species
CF Na2CO3 Organic Nitrogen Carbon
Nitrogen
oxygen
CF12 Nitrogen Carbon Nal
CF NO2 NaNO3 Nitrogen Carbon
CFNO2 +12 NaNO3 Nitrogen Carbon Nal

SEM/EDS was performed to analyze the morphology and chemical composition of
the foams after carbonization (Figure 9¢,f). EDS mapping shows the presence of C, N, O,
Na, S on the Mef. SEM images show an interconnected framework of carbon-based stands
on the CF. The strands decreased in width from MeF to CF (Table 3). Sub-micron particles
are visible on the strands of CF. C, N, Na, O were identified on the CF through EDS

mapping. Sulfur was removed during carbonization of the as-received MeF.

TEM imaging and SAED in Figure 10 did not show crystallinity within the carbon
strands. Using high resolution EDS, the high contrast areas were found to correspond to

increased concentration of sodium and chlorine. Combining the results from XPS, XRD,



21

and TEM indicates the sodium is present in the carbon strands as multiple species with

the highest concentration being sodium carbonate.

Area of
diffraction

Figure 10. (a) TEM dark field image of a single carbon strand from CF (b) increased magnification dark field image of the
carbon strand showing spots of higher density (C) increased magnification dark field image of the carbon strand showing
the area of SAED diffraction with inset SAED diffraction pattern.

6.2 Stepwise 1v/v% NO2 aging and static iodine capture
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XRD was used to characterize CF after NO; and iodine exposure (Figure 11). After
exposure of CF to iodine (CF + |), a strong pattern for sodium iodide (Nal) appeared. For
aged CF (CF + NO3), the amorphous hump was still present, and a peak matching sodium
nitrate (NaNO3) was observed. Upon subsequent exposure to iodine (CF + NOz + 13),
analysis of the pattern indicated the continued presence of sodium nitrate. The presence
of Nal was not detected in the peak pattern for CF + NO2 + |; however, EDS analysis (Figure
12c¢) and XPS analysis (Table 2) showed the presence of sodium iodide in the sample,
indicating that adsorption occurred it is possible that small amounts of iodine is also

integrated into the structure of the carbon 29,
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Figure 11. XRD patterns of Mef, CF, CF after 24 h dynamic aging with 1 v/v% NO2, CF after 24 h exposure to saturated
iodine in a static environment, and CF after dynamic aging then static iodine exposure. Peaks in Ff + NO-2 and CF + NO2
+ 12 were matched with sodium nitrate (ICDD: 01-070-7013) and peaks in CF +l, were matched with sodium iodide
(ICDD: 00-006-0302).

SEM and EDS maps of CF after aging and iodine loading (Figure 12) provided
additional insight into the structural and chemical effects of aging on iodine loading.
Averages of strand dimensions are provided in Table 3 after analyzing SEM images using
Imagel) software. The average strand width and length reduce by 37% and 49%
respectively after carbonization. After exposure to iodine (CF + I2), particles with
diameters of ~“4 mm appeared on the carbon, mainly located at the junctions of the
strands (Figure 12a). EDS maps show the particles to be rich in iodine and sodium. After

aging (Figure 12b), no significant changes in strand diameter were observed; however,
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oxygen was found at higher atomic percents. For CF + NO; + | in Figure 12c, aging
appeared to decrease iodine capture as iodine was detected at a lower atomic percent.
There was no significant change in strand diameter, however particles seen for CF+l; were
not seen for CF + NOz + |,. The elasticity of the foams in compression decreases after
treatment in NO; but not after iodine treatment, as assessed by working with the material

by hand.
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Figure 12. (a) SEM/EDS of CF + 12 with inset EDS map (b) CF + NO2 and (c). CF + NO2 + |12 with inset EDS map.
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The morphological characterization does not indicate a significant change in
strand width or length, which could change the mechanical strength of the foam due to a
change in the slenderness ratio (SR) (Eg. 4). For foam materials, the higher the SR, the
more flexible the material . However, brittle materials with higher SR can withstand
less deformation under compression before fracture. As there is no statistically significant
change in the slenderness ratios of the samples, this indicates the change in foam
elasticity may be due to a change in the chemical composition of the material through

interaction with NO,.

SR = Layg/Wang Eq. 4

Table 3. SEM imaging based morphological characterization.

Sample ID Strand width | Strand length (um) | Slenderness | Particle diameter
(um), Avg. Avg. ration (SR) (um), Avg.

MeF 3.15 (£ 0.95) 43.66 (+ 19.87) 13.86 -

CF900 1.99 (£ 0.20) 23.92 (+5.39) 12.02 0.16 (+ 0.14)

CF900 + NO> 2.08 (£ 0.41) 17.66(+ 6.82) 8.49 3.16 (£ 0.63)

CF900 + I, 2.13 (£ 0.35) 18.31 (£ 5.44) 8.60 4.13 (+1.48)

CF900 + NO, + 1, | 1.60 (+ 0.28) 22.03 (+ 8.60) 13.77 0.53 (+ 0.05)

TEM was performed on the CFs after exposure to iodine in a static environment.
The dark field images in Figure 13a-c show the growth of higher density regions on the
surface of the strands. An SAED pattern seen in Figure 13c confirmed the presence of

crystalline material on the CF + .
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Figure 13 (a) TEM dark field image of a single carbon strand from the CF +I, with a red circle representing the area of
magnification (b) increased magnification of the are showing an aberration protruding from the strand (c) high
resolution TEM image of the aberration showing crystallinity and the red circle representing the area of diffraction for
SAED (d) SAED crystal diffraction pattern of the investigated area (e) TEM dark field image of second carbon strand
showing the growth of higher density regions protruding from the carbon strands.
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FTIR-ATR spectroscopy was performed on CF after aging and subsequent iodine
exposure (Figure 14). Nal peaks were identified in the ATR spectrum for CF + |, at 3482,
3415, 1632, and 1604 cm™ 71, NaNOs peaks were identified in both CF + NO; and CF +

NO> + |, spectra at 1788, 1350, and 834 cm™ [8],

e CFGO0+NO, + |,
e CFG00 + NO,
e CFBO0 + |,
—E

J

1350 diid
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Figure 14. FTIR-ATR of CF, and CF after aging and iodine capture.

XPS was performed after aging and iodine capture and the peak fitting results are
shown in Table 2. For CF+ |, the sodium peak was identified as sodium iodide and the
sodium carbonate and oxygen peaks diminished significantly. For CF + NO;, the sodium

carbonate peaks were replaced by sodium nitrate. For CF + NO; + |, a mix of sodium



29

nitrate and sodium iodide was identified from the peaks. This indicates that after 24h of
aging, some amount of sodium in the CF was able to capture iodine as sodium iodide,
while most of the sodium was converted to sodium nitrate, which was not found to

capture iodine.

Gravimetric analysis of sorbent mass change for static iodine loading 150°C before
and after aging for CF is shown in Table 4. A CF foam was added to the iodine loading setup
without iodine present to give a baseline for mass change. The foam did not show any
mass change after undergoing the same conditions as the iodine exposed foams. Both
aged and unaged CF displayed mass gain after exposure to iodine; however, this value
was reduced by almost half after aging. Desorbing the iodine loaded samples in air for 1
h and 24 h remove any weakly bonded iodine species. After this time, there is little
additional change in mass. Based on the results from XRD, FTIR, and XPS, chemisorption
with CF is attributed to the formation of Nal. However, attributing the change in mass to
physisorption or chemisorption of iodine for CF + NO3 + | is not straightforward. The
addition of adsorbed oxygen species, desorbed CO and CO; species will lead to error in
the gravimetric results(*® 33611 Although iodine was detected in CF + NO; + |, sodium
nitrate was identified as the main sodium species through analysis of XRD patterns and
FTIR absorbance peaks, which indicates the transformation of sodium carbonate to

sodium nitrate during aging.
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Table 4. Relative mass change of CF and CF+NO2 after iodine exposure represented in mg of mass change per g of
sorbent. The mass change values are given after iodine loading, after desorbing for 1h at 150°C, after desorbing for 24
h and are relative to the original mass of the sample. Relative atm% are also shown as obtained from EDS mapping.

Sample ID Mass increase Mass increase Mass increase lodine atm%

after I, (mg/g) after 1 h desorb | after24 h from EDS
(mg/g) desorb (mg/g) mapping

CF+1, 490+ 70 310+ 63 228 £40 6.17+2.0

CF+NO, + 1, 240 £ 42 115+51 34+14 0.24+£0.5

CF-D (1) 119 - - 4.18

CF-D (2) 33 - - 3.38

CF-D(3-6) 0 - - -

CF + I, + water | Sameas CF + |, Same as CF + I, Same as CF + I, 0.42
treatment
CF + NO, + I, | Same as CF +|Same as CF + | Same as CF + | 0.19
water treatment | NO, + |, NO; + |, NO; + |,
CF + I + HaN; | Sameas CF+1; Same as CF + I, Same as CF + I, 2.80
treatment
CF + I, + UHP air | Same as CF + |, Same as CF + I, Same as CF + I, 2.65
treatment

6.3. lodine capture in realistic off gas environment
For the flow through iodine loading at 71°C, 6 foams were placed in a primary bed and

labeled as CF-D (1-6) where CF-D(1) was the first foam to contact the gas stream.
Gravimetric results for the first six beds are shown in Table 4 in which mass increased in
CF-D (1) and (2), but CF (3-6) did not show an increase in mass. Based on flowrate
calculations, the amount of iodine permeated by the Dynacal system was found to be in
the range of mass increased by the first two beds. lodine was found to be present in CF-
D one and CF-D three through semi-quantitative EDS mapping values shown in Table 4,
but not CF-D six or any CF from the guard bed. These results confirmed that foam
performed similarly in simulated off gas conditions which included exceptionally high face

velocity (86.4 ft/min) and low residence time (0.17 s).
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6.4 Study on the desorption of sodium and iodine species from CFs.
A study was performed on the desorption of sodium and iodine products in the CF

after aging and iodine capture. The first method consisted of fully submerging the
samples in DI water for 24 h, then drying in an oven in air at 60°C for 24 h. The second
method consisted of heat treating the foams in 2v% H; balance N for 24 h at 300°C. The
third method consisted of heat treating the foams in UHP air for 24 h at 300°C. Figure 15
shows FTIR-ATR, SEM/EDS, and XRD of foams after the water desorb treatment. In
Figure 15a, FTIR-ATR spectra show the removal of sodium iodide peaks after treating CF
in water. The solution was analyzed using FTIR and sodium iodide was identified. The
particles visible on the strands of the CF + |; are no longer present in the SEM image
after the water treatment (Figure 15b). The inset EDS map however shows the presence

of iodine, however in significantly lower atm % than prior to the water treatment.

In Figure 15c¢, the FTIR spectra of CF + NO; shows the loss of sodium nitrate after the
water treatment. The FTIR spectra of the solution shows the presence of both Nal and
NaNOs, with lower intensity peaks for Nal than the unaged sample. This indicated that
after 24h of aging, the CF was still available to capture iodine. The SEM image in Figure
15d and inset EDS map show the presence of iodine, yet in significantly lower atm %
than CF + I>. In Figure 15e, XRD patterns show amorphous carbon with no identifiable

sodium or iodine peaks.
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Figure 15. (a) FTIR spectra of CF after static iodine treatment and subsequent treatment in DI water. The FTIR spectrum
of both the CF and the solution are shown Peaks for sodium iodide are seen in both the CF + 12 and the solution (b) SEM
image of CF + 12 after after water treatment show the loss of particles present before water treatment and the inset
EDS mapping shows carbon strands, with low atm% of iodine remaining in the sample (c) FTIR spectra of CF after NO2
treatment and subsequent treatment in DI water. The FTIR spectrum of both the CF and the solution are shown. NaNO3
peaks were identified in both the CF + NO2 and the solution (d) SEM imaging of CF + NO2 after water treatment with
inset EDS map show low iodine concentrations as well (e) XRD Patterns of both samples after water treatment show
amorphous carbon with no identifiable peaks.
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After treating the samples in in H2N; as described above, a small decrease in the
relative atm% of iodine was observed (Table 4) however SEM imaging in Figure 16 shows
increased crystal growth of the sodium-iodine rich particles. This suggests a preferential
crystal growth for the crystals, as well as mobility of the sodium iodine species through
the carbon strands. No significant mass change was observed for this sample after

treatment.

After treating the samples in in UHP air as described above, a small decrease in
the relative atm% of iodine was observed (Table 4). The surface of the foam appeared to
have less frequent crystal growth (Figure 16) and the loss of sample mass and mechanical
stability was observed. However, this initial test indicates the stability of the sodium
iodide in operating temperatures at greater than four times the required operating
temperature of the realistic off-gas environment. Both the treatment in N2H; and UHP
air are ongoing studies and higher operating temperatures, or a different treatment gas

used for desorption could increase the amount of iodine removed from the sample.
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Figure 16. (a) SEM image of CF + I, after treatment in H,N; (b) increased magnification SEM image showing crystal
growth on the surface of the sample (c) EDS map of the region (d) SEM image of CF +I; after treatment in UHP air (e)
increased maginfication SEM image of the are of interest showing different crystal growth (f) EDS map of an expanded
region showing the presence of iodine and oxygen.
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6.5 Thermodynamic analysis
Thermodynamic modeling software HSC was used to calculate the equilibrium

composition of gaseous iodine capture using Na,COs(s) and I»(g) as the reactants (Figure
17. HSC generated equilibrium compositions based on temperature for the reaction of
sodium carbonate with gaseous shows equilibrium compositions compiled by HSC for
increasing temperatures. It can be seen that Nal is favorable to form especially at higher
temperatures, however the overall formation of Nal appears to be lower than what was
found experimentally. This indicates there are more interactions between the carbon
substrate, Na;COs, and organic polymer remnants that aid in the formation of Nal that

need to be explored in further research.
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Figure 17. HSC generated equilibrium compositions based on temperature for the reaction of sodium carbonate with
gaseous jodine.
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6.6 Mechanical Stability and Permeability
Figure 18 shows the change in frequency during the friability testing for AgZ, CF and

TEO. The AgZ (Figure 18a) and CF (Figure 18c) show a slight increase in the frequency at
the end of the test. A rise in the Fs (Figure 18b,c) can indicate the settling of the grease
coating. This accounts for the 20-30 Hz positive change in the bandwidth of the curve,
which measures the viscoelastic properties of the grease. However, the TEO curve in
Figure 18e show a 632 Hz change in resonating frequency, indicating significant mass
deposition on the crystal. Figure 18f reveals a difference in the bandwidth at 3h and 9h
of 490 hz, or 78% of the frequency change. This could indicate that the deposition of
mass onto the grease coating acts both as a direct contact when established or acts a
change in the registered viscoelastic behavior. Due to this, further testing must be done
to separate these two phenomena before Sauerbrey’s Equation can be used in full

confidence.
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Figure 18. Results for friability testing of (a) AgZ (c) CF (e) and TEO and the corresponding fs and fp curves for each
sample respectively (b), (d), (f). Inset optical microscope images show no visible particles on the QC after friability testing
for AgZ or CF, however small xerogel particles were found after friability testing for TEQ.
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Table 5 shows the changes in frequency associated with apparent mass loss from
TEO, CF, and AgZ. Initial and final frequencies were taken at the end of each 3 h
equilibration period. The change in frequency was converted to apparent change in mass
from the Sauerbrey equation and the relative apparent mass loss is shown. A positive

change in frequency within the error of the instrument was recorded as no mass loss.

Table 5. Results of friability and permeability testing of all samples.

Sample | Flow | Sample | Changein | Apparent | Apparent | Apparent | He

Rate | initial frequency | Massloss | massloss | massloss | Permeability
(sccs) | mass (Hz) recorded | recorded | as (%) of
(g) (ug) per gram | initial

of sample | mass

(ugg?)
TEO 0.1 |.057 632 2.67 46.8 0.005% | 105 m?
Zeolite | 10 .100 0 0 0 0 100 m?
CF 10 .005 0 0 0 0 100 m?

TEO xerogels are brittle and fragile with high specific surface areas (103 + 6 m? g
1).B1 Owing to the nanoscale microstructure and presence of macropores (Fig. 4b), it is
not surprising that TEO has the lowest structural integrity under flow of the sorbents
tested, registering the highest frequency change of the sorbents tested. The BET

adsorption isotherm of CF is seen in Figure 19. Using the obtained isotherm and BET



39

theory, the specific surface area of the CF was found to be 130 m? g* CF, which is similar

to SSA found in literature [62-64],
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Figure 19. BET isotherm of CF using nitrogen gas.

7. Conclusion

Sodium loaded carbon foams were successfully synthesized from commercially
available melamine formaldehyde sodium bisulfite foams. The carbon foams contained
sodium in the form of sodium carbonate, along with remnants of the organic polymer,

and small amounts of nitrogen and oxygen species. The sodium loaded foams were able
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to capture iodine at 280 + 40 mg/g under static loading conditions. After aging in 1v/v%
NO,, the capture of iodine decreased as identified through various characterization
techniques. The decrease in loading is attributed to the decrease of available sodium
carbonate due to the formation of sodium nitrate. The sodium loaded carbon foams
were found to effectively capture iodine in simulated off-gas environments at high
velocities and low resonance times. Sodium iodide and sodium nitrate were found to be
soluble in water, and a potential option for desorbing of the iodine species was
identified. Sodium iodide can be incorporated readily into an iodasodalite glass form

that has been shown to be an option for permanent waste storage.

The friability testing system was used to evaluate the apparent mass loss from a
sorbent in a flowing gas environment. The carbon foams were found to be robust, and
no apparent mass loss was detected. The apparent mass loss was used to compare the
friability of the carbon foams to other potential iodine capture sorbents. Discovering a
method to evaluate quantifiable mass loss is crucial for evaluation of sorbents in
realistic gas flow environments, as well as the evaluation of sorbents after undergoing
various NO; and I, treatments. Potential coatings for the quartz crystal to be studied in
the future include hot melt adhesives due to their tailorability in viscosity and operating
parameters. Flow rates must also be considered in conjunction with coating agents. At
higher flow rates, the crystal registered a decrease in mass, indicating a small change to
the coating. This movement of the coating could result in loss of particles on the surface

of the crystal during operation. Coatings with tailorable viscosity and increased higher
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resistance to higher gas flows may allow for operation under a wider range of

conditions.

Carbon is a sorbent of high interest due to its ability to capture a wide range of
pollutants. Further studies will include simultaneous flow through testing of NO», iodine,
humid environments, gaseous mercury, HCI, and other acids. Expanding the study to
incorporate these species will be an important step forward in tailoring a sorbent to
capture iodine and other pollutants in realistic off gas streams created during nuclear
waste processing. Sorbent regeneration is also of particular interest, and further studies
will investigate removing the iodine species from the foam for incorporation into a
permanent waste form through gaseous desorption methods. The foam can then be
investigated for regeneration with sodium species and recapture of iodine. The need for
a new carbon based sorbent for the Hanford waste site is paramount, and sodium

carbon foams have been shown to be a candidate for further research.
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