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Abstract

Adsorption data and isotherms of various fission products on graphite are needed for high-
temperature gas-cooled reactor mechanistic source term estimations. Measurements of such data
for NBG-17 graphite powders, preloaded with Ag, are described. The samples were desorbed in a
Knudsen-effusion mass-spectrometer. Data was sorted into adsorption isosteres for surface
loadings from 23.2 mmolAg (kgC)~! to 90.4 mmolAg (kgC)~!. Straight-line fits to the Clausius-
Clapeyron representation of isosteres gave the heats of adsorption as function of surface loading.
Adsorption isosteres were further refined to determine adsorption isotherms from 1050 K to
1175 K. Langmuir, IAEA-Freundlich, and IAEA isotherm models were fitted to the isotherm data.

The IAEA and Langmuir isotherms provided a better fit than the IAEA Freundlich isotherm.
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Nomenclature

Abbreviations

arb. unit
ASTM
EDX
EELS
FP
FZJ
GA
IAEA
INAA
KEMS
LPU
MURR
NASA
STEM
TC
TEM
VHTR

Latin Symbols

SIS VI N

Cyx
cov(xq,Xx3)

Arbitrary units

American Society for Testing and Materials
Energy-dispersive X-ray spectroscopy
Electron-energy loss spectroscopy

Fission product

Forschungszentrum Jiilich (Jiilich Research Centre)
General Atomics

International Atomic Energy Agency
Instrumental Neutron Activation Analysis
Knudsen Cell Mass-Spectrometry

Law of Propagation of Uncertainties

University of Missouri Research Reactor Center
National Aeronautics and Space Administration
Scanning Transmission Election Microscope
Thermocouple thermometer

Transmission Election Microscope

Very High-Temperature Reactor

Fit parameter of IAEA isotherm [unitless]

Activity of radioisotope [counts s7!]

Fit parameter of IAEA isotherm [K]

Affinity coefficient of Langmuir Isotherm [Pa~']
Surface loading [mmol Ag (kg C)™']

Sensitivity coefficient of input quantity/error source
Sensitivity coefficient of quantity y with respect to quantity x
Covariance between quantities x; and x,.

Fit parameter of IAEA isotherm [unitless]

Intercept of transition surface loading [unitless]
Slope of transition surface loading [K™]

Fit parameter of IAEA isotherm [K]

Electron impact energy [eV]

Fraction of Ag effused from Knudsen cell [unitless]
Arbitrary function

The integral of total atoms effused

Ion signal intensity [arbitrary units]

Fit parameter of Freundlich isotherm

Machine constant of mass spectrometer [1072° m? Pa cnts™! K]
Molecular mass [kg mmol~!]

Mass [kg]



QO ™o S

Rgas
(X1, X2)
SA
T

Tuncrr

t
x
y
u
z

1
2 Greek Symbols

p
AHaps

Am
A

rr

XS o >

3
4 Subscripts

0
ACC
AT261
cal
cell
crr
EL
FREUN
f
LIN
mp
net
REP
RES
RSD
sat
sam

Heterogeneity parameter of Freundlich isotherm [unitless]
Pressure [Pa]

Pressure predicted from adsorption isostere fit [Pa]
Heating of adsorption from Langmuir isotherm [J mol~']
Molar gas constant [8.314 462 J mol~! K]

Correlation coefficient between quantities x; and . x,.
Specific activity of radioisotope [counts s7! g71]
Temperature [K]

Uncorrected temperature [K]

Time [s]

Input quantity in uncertainty analysis

Derived quantity in uncertainty analysis

Standard uncertainty

Total number of effused atoms from Knudsen cell [atoms]

Intercept of straight-line fit of adsorption isostere
Heat of adsorption [kJ mol~!]

Mass of Ag desorbed [kg]

Correction factor for temperature measurement [K]
Decay constant of radioisotope [s7']

Election ionization cross-section [1072° m?]
Normalization constant for effused atoms.

Fit parameter for Langmuir Isotherm [unitless]

Quantity at the reference temperature

Accuracy error

Mettler-Toledo AT-261 analytical balance
Value of quantity at melting-point calibration
Knudsen Cell

Corrected temperature measurement

Eccentric loading

Freundlich Isotherm

Final value

Linearity error

Melting point

Net ion signal intensity

Random error from repeated measurements
Random error from device resolution

Standard deviation of fit residuals

Saturation surface loading of Langmuir isotherm
Sample with an unknown concentration of analyte

4
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std
tr

uncrr
XP205

Sensitivity offset

Standard for known

Transition surface loading of IAEA isotherm
Uncorrected temperature measurement
Mettler-Toledo XP-205 analytical balance
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1. Introduction

The insolubility of fission products (FP) in the Helium coolant of Very High-Temperature
Reactors (VHTR) allows radionuclides to deposit on various surfaces within the primary circuit.
Adsorption is important in the deposition and release of FPs on both graphitic and metallic
surfaces. The adsorption of FPs on aerosols, notably graphite dust, provides an additional transport
mechanism for FPs. Figure 1 depicts the main FP transport mechanisms for VHTRs using the
conventions from Brunett et al. [1]. Some of these mechanisms can be refined into other processes.
Adsorption or desorption can either be a pathway or an inhibitor to FP transport, depending on the
circumstances. It is a precursor to either condensation of vapors and gases on surfaces or the
absorption of atoms and molecules into the bulk of materials. While adsorption mechanisms are
well understood, there is no adequate theory to predict the adsorptive capacity of real surfaces of
materials. Such data needs to be measured for the vapors/gases and materials of interest. For
VHTRs, data and models for the adsorption of FPs were determined to be of high importance by
a U.S. Nuclear Regulatory Commission organized panel. However, the knowledge base for current
VHTR materials is low [2]. The raw materials and forming process used dictate the properties of
graphite. The source materials for graphites used in early FP adsorption studies are no longer
available. It is also important to improve characteristics like irradiation and oxidation resistance
[3]. For normal operations, the distribution of FPs in the primary circuit can affect the dose rates
during maintenance activities of VHTRs [4]. Available data on Cs, Sr, and 1> adsorption have been
determined for graphite grades used in early High-Temperature Gas-Cooled Reactor research and
development [5].

The adsorption of metals on graphites was mainly studied by General Atomics (GA), and Jiilich

Research Centre (Forschungszentrum Jiilich - FZJ). Seelig et al. [6] provide the most detailed
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overview of high-temperature metal adsorption on graphite to date. Due to the high-temperatures
and low partial pressures, GA and FZJ used Knudsen cell mass spectrometry to obtain adsorption
equilibria by desorbing impregnated graphite powders [7-10].

The goal of this study was to obtain high-temperature adsorption isotherms and heats of
adsorption of Ag on NBG-17 graphite. Adsorption equilibria were obtained by desorbing Ag
impregnated powder in a KEMS system at the NASA Glenn Research Center. The adsorption data
were first sorted into adsorption isosteres. Data from the adsorption isosteres was further refined
into isotherm equations. Isotherm data was fitted with three temperature dependent models:
Langmuir, IAEA, and IAEA-Freundlich.

It is important to note that generally adsorption acts as a barrier to fission product release
(disregarding releases that may be associated with adsorbed species on carbonaceous dust), and it
can be ignored if the purpose were to be on the conservative side of release estimations. Also,
Silver is an isotope of concern in direct cycle reactors, but is of relatively minor importance in
steam cycle plants. The IAEA-TECDOC -978 provides a comprehensive description of all HTR
data (mostly obtained in 1970’s and 1980s) on adsorption available at the time of its publication,
and discusses the fission product behavior modeling codes such as FRESCO where adsorption is
included. Adsorption was found to play a significant role when core heat up accidents in medium
and large size reactors were simulated, and it remains of interest for such reactors. A very useful
and informative discussion in this regard can be found in Verfondern, Hilpert and Moorman [11].
With the use of the FRESCO code they found that, in simulation of core heat up, adsorption of Cs
and Sr in Matrix graphite reduced their release by orders of magnitude as compared to release
when adsorption was not considered. We are not aware of similar studies on Ag releases, most

likely as the adsorption data for Ag on graphite have not been available, but based on the data



reported here one can expect that the releases are similarly affected, but to a lesser extent as the
silver adsorption is weaker than those of Cs and Sr. While it was outside the scope of this paper to
carry out such simulations, it will indeed be of interest to carry out these with the computer codes

that are presently available [12,13].
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2. Background

Adsorption occurs when atoms of one substance collect on the surface of another
substance. The adsorbent is the material whose surface is adsorbing atoms due to attractive forces
at its surface. The adsorbed atoms create their own phase covering the adsorbent’s surface called
the adsorbate, while the unadsorbed atoms in the bulk phase is referred to as the adsorptive [14].
However, the adsorptive may be in solution with an additional substance in contact with the
adsorbent. The surface forces responsible for adsorption may be chemical or physical.
Chemisorption refers to adsorption due to covalent or ionic bonds between the adsorbate and
adsorbent atoms. Physisorption is primarily due to Van der Waals interaction among the adsorbate
and adsorbent. Regardless of the mechanism, adsorption is an exothermic process [15]. The

amount of adsorbed on the surface can be expressed as:

C=f(TP) (D

where C is the surface loading, T is the temperature at which adsorption occurs, and P is the
pressure or partial pressure of the adsorptive. The adsorption is either considered isosteric,
isothermal, or isobaric if C, T, or P are held constant during measurement, respectively. In
adsorption literature, isothermal measurements and models are the most prevalent. The shape of
the isotherms can help identify adsorption mechanisms or characteristics of the adsorbent’s
surface. A Clausius—Clapeyron plot of isosteric data is useful in determining the heats of
adsorption. Heats of adsorption are energies of the adsorbate-adsorbent interactions and can
determine if adsorption is chemical or physical. Isobaric data is the least used of the three.
Adsorption isobars have some use in identifying the transition from physisorption to chemisorption

in some gas-solid systems, since chemisorption requires an activation temperature to occur [15].
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Several temperature-dependent isotherms equations were considered for this study. The
Freundlich isotherm is widely used due to its ability to fit various gas-solid and liquid-solid
adsorption data. Despite several theoretical derivations [16-19] of the Freundlich isotherm in the
literature, it is still widely considered to be an empirical isotherm equation. The temperature-

dependent Freundlich equation is:

C(P,T) = K(T) P(ﬁ) [mmolAg (kgC)~1], 2)
where n and K are the Freundlich isotherm parameters, P is the partial pressure of adsorptive in
Pa, and T is the adsorption temperature in K. The parameter n is a unitless measure of non-linearity
typically interpreted as the heterogeneity of the absorbent. In early FP adsorption literature, the

following temperature-dependent forms of n and K were used:

K(T) = Exp [— (%) (A + g)] ) 3
and:
n(T) =D+ ? 4)

where A and D are unitless fit parameters, and B and E are fit parameters in K. Urano et al. [17]
derived different temperature-dependent expressions of nand K that are widely used in the
literature. However, those expressions are only valid within the measured temperature range of
adsorption data. Inserting Eqs 3 and 4 into Eq. 2 and rewriting the equation in terms of P as a

function of C yields:

Piaga-rreun(C, T) = Exp I(A + g) + (D + %) LH[C]] [Pa] . &)

We have designated this equation as the IAEA-Freundlich isotherm and note that both GA and

North Carolina State used the isotherm in their early works, and it is also used in FRESCO as noted

10
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in TECDOC-978. The temperature-dependent terms in Eq 5. are consistent with KEMS
measurements that treat the desorption as a vapor pressure measurement. However, NC State used
radiotracers in their adsorption measurements. The IAEA TECDOC-978 provides the most
comprehensive compilation of FP adsorption data available at the time [5], and in its Appendix A
it contains table (A-6,A-7) of the fitted parameters A,B,D,E, d, and d, for adsorption of Cs, I, and
Sr on A3-3 Matrix, H-451, and CMHH graphite. It is to be noted that each graphite is different,
the isotherms vary substantially, and each case has its own characteristic parameters. In contrast
to Eq. 1, Eq. 5 expresses partial pressure as a function of surface loading since the desorption of
FPs from the fuel into the coolant are of primary interest. In adsorption measurements, it is good
practice to use adsorption models consistent with the method in obtaining adsorption equilibria
[15]. In the KEMS approach, powders preloaded with adsorbate are desorbed.

Two limitations of the Freundlich isotherm are the amount adsorbed is not zero when P
approaches zero (Henrian limit), and the amount adsorbed increases without bound as P goes to

infinity. To overcome the first limitation, GA added a second term to Eq. 5:

Piaea(C,T) = Exp (A + g) + (D + g) Ln[C]]

(6)

+ Exp :(A + g) + (D 14 ?) Ln[Cy] + Ln[C]l [Pal.

where Cy. is the transition concentration in mmolAg (kgC)~!. This second term is called the
Henrian term. The parameter A was constrained to be positive for both Egs. 5 and 6. When plotting
Ln(P) vs Ln(C), Eq. 6 appears as two straight lines that joined at a transition concentration. This
transition concentration varies linearly with temperature per Ln[C..] = d; — d,T where d,is a
unitless fit parameter and d, is a fit parameter in K=! [5]. . Equation 6 cannot be rewritten C as a

function of P. Henrian behavior is characterized as a linear relationship between C and P. For Eq.

11
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6, however, the Freundlich and Henrian terms decay to zero as the surface concentration
approaches zero where the Freundlich term decays faster than the Henrian term.

Finally, the Langmuir isotherm is considered as it is well established and understood. The
Langmuir equation is consistent with chemisorption, whereas many isotherm models in the
literature are for physisorption [20]. Chemisorption should form a monolayer over the surface as
adsorption sites are depleted. Any additional layers are typically due to the physisorption between
the adsorptive and adsorbate. The temperature-dependent Langmuir equation is:

b(T)P

C(P: T) = Csat(T)m )

(7

where Cg,, is the saturation capacity in mmolAg (kgC)~! and b is the affinity coefficient in Pa~!.
While Eq. 7 can be rewritten as P as a function of C, this form caused issues in the nonlinear
regression even when accounting for the singularity from Cg,.. The affinity coefficient as a

function of temperature is:

b(T) = boExp [R 2 (2~ 1)] : ®)
gas

where by, is the affinity coefficient at reference temperature in Pa~!, Q is the heat of adsorption in
J mol™', Rgys is the gas constant J mol~! K™!, and Ty, is the reference temperature in K. Equation 8
is the affinity coefficient for the Sips equation [20]. Issues were encountered fitting Eq. 7 with the
expression for the affinity coefficient for the Langmuir equation. The saturation capacity depends

on temperature by:
T
Csat(T) = Csar,0Exp [X (1 - T_o)] ) 9
where Csat g is the saturation capacity at reference temperature in mmolAg (kgC)™! and y is a

dimensionless fit parameter. The reference temperature in the Langmuir equation T, was assumed

to be between 293 K and 1050 K.
12
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3. Methodology

3.1 Materials and Preparation:

Nuclear grade NBG-17 from SGL Carbon (Wiesbaden, Germany) was obtained in bulk
form. Powders were made by breaking NBG-17 into small chunks and placing them into a ball
mill. The milling jar and grinding media were made from alumina-fortified porcelain. Powders
were sieved using 90 pm, 45 pm, 38 pm, and 20 pm sieves in a mechanical shaker. All sieves
conformed to the ASTM E11-20 testing standard. Powders with sizes larger than 90 um in
diameter were placed back into the jar to improve yields. The size range of 38 um to 45 um was
consistent with the powder sizes used in high-temperature sorption of Cs and Sr on nuclear grade
graphites [7,8]. The Ag loading process in NBG-17 was similar to the loading of Ag in IG-110 in
Seelig et al. [6]. A graphite slurry was made by pipetting 2 mL. Ag in a 2% HNO3 solution with
~1.7g of powder on a Pyrex watch glass. Two Ag solutions with concentrations of 1,000 pg mL"!
and 10,000 pg mL~' were used to vary the Ag content in slurries. These solutions were
commercially available ICP-MS silver standards where the Ag is in the form of a nitrate. The
slurries were dried in a vacuum oven at 393 K for 24 hours. The dried powders were placed in a
6 mm OD quartz tube with one end sealed. One batch of powder mixed with 10, 000 pg mL~! was
diluted with virgin graphite powder. The other end was attached to a mechanical roughing pump.
The powder was slowly pumped to approximately 13 Pa to prevent evacuated air from pulling
powder into the pump. However, spurting of the powder up the tube can occur from rapid
degassing of mainly water vapors. The quartz tube and powder were inserted into a furnace heated
to 737 K to decompose the silver nitrate. This was done for short times to prevent spurting of the
powder. Once the powder’s spurting stopped under prolonged heating, the nitrate decomposition

was assumed complete, and the other end of the tube was sealed under vacuum. The furnace was

13
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then heated to 923 K, and the graphite powders were diffusion annealed for 72 hours to incorporate
the Ag into the graphite fully.

Instrumental neutron activation analysis (INAA) was used to determine the concentration
of Ag of prepared powders and samples after KEMS measurements. In INAA, radioactivity is
induced in a sample by neutron irradiation. A high-purity germanium scintillator detector records
the gamma rays emitted by the activated radioisotopes of the element. By irradiating and counting
a reference with a known concentration analyte under identical conditions of the sample, the

concentration of the analyte in the sample is:

TA Atsam
Asam = SAsta M sam (%) ’ (10)

where A, is the sample activity in counts s™!, SAgq is the average specific activity of standards
in counts s~ kg™!, mg,y, is analyte mass of standard in kg, mgq is analyte mass of standard in kg,

A is the decay constant of analyte in s7!

, tsam 1S the decay time of the sample in s, and g4 is the
decay time of standard in s. The graphite samples and standards were irradiated simultaneously in
the pneumatic tube system at the University of Missouri Research Reactor Center (MURR) for 5 s
at a thermal neutron flux of 5.5 x 10! neutrons m2 s~!. The samples and standards were removed
and counted individually for 60 s using a high-purity germanium detector. Due to alumina
contamination from the ball milling, the presence of Alumina added significant radioactivity after
irradiation. Aluminum-28 has a 2.24 min half-life. Samples were decayed from 4 min to 6 min
before counting to keep detector dead time down to acceptable levels. Either the 633 keV gamma
of '®Ag or 658 keV gamma of ''®Ag was used in the INAA of prepared or desorbed samples.
The prepared powders were also examined by high-resolution Transmission Electron

Microscopy (TEM) at the University of Missouri’s Electron Microscopy Core. A FEI Tecnai F30

Twin 300kV TEM was equipped with an Oxford EDX detector and Gatan STEM/EELS detector.

14
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The EDX detector identifies elemental composition by the X-rays resulting from the ionization of
atoms in the specimen by the electron beam of the TEM. The electron energy loss spectroscopy
(EELS) records the energies of transmitted electrons that inelastically scatter with the electrons in
the sample’s atoms. In addition to elemental composition, EELS can reveal electronic structures

such as chemical bonds and oxidation states.

3.2 Experimental Apparatus:

Sorption equilibria were obtained by desorbing the Ag-impregnated powders in a KEMS
system. The system and KEMS method is discussed in detail elsewhere [6,21]. Figure 2 shows a
drawing of the KEMS system at the Glenn Research Center. A quadrupole mass spectrometer
(Extrel MAX-500) is mounted directly above the Knudsen cell. An aperture plate separates the
vacuum system into two regions to maintain the mass spectrometer and Knudsen cell at the
pressure of 107 Pa and 107 Pa, respectively. The aperture can be blocked by a shutter to take
background measurements in the mass spectrometer or reduce wear on the mass spectrometer. The
Knudsen cell assembly sits on a vacuum flange with a movable platform to hold the Knudsen cell
and heating coil. This assembly was movable to align the molecular beam from the Knudsen cell
to the mass spectrometer. A band of Tantalum foil held the Type-R thermocouple (TC) probe
against the side of the Knudsen cell. This band was wrapped around the cell and spot-welded
together. The TC probe was read by the Agilent 34970A data acquisition unit. An alumina
Knudsen cell was used for pure Ag, while a molybdenum Knudsen cell was used for the NBG-17
powders. Both cells had a knife-edge orifice with an OD of 0.66 mm. Table 1 lists the ionizing
electron energy, emission current and multiplier voltage levels of the MAX-500 used in adsorption

measurements.

15
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3.3 Sorption Measurements:

In the KEMS approach, the ion signal is used to determine both the pressure in the gas
phase and the mass desorbed from the surface. The conversion of ion signal to pressure requires
the determination of the machine constant k in 1072° m? Pa (arb. units)~! K-!. The machine
constant is determined by the melting point of a pure substance with a known temperature and
vapor pressure at melting. Using the same substance for the melting point calibration and

vaporization measurement, the relationship between vapor pressure and the machine constant is:

Tcelllnet
P=k———— [Pa], 11
o Eay) [Pa] (11)

where T¢e) 1s the Knudsen cell temperature in K, o is the electron ionization cross-section of Ag
in 1072° m?, Egyis the electron energy in eV, and I, is the ion signal of '©’Ag in arbitrary units.
The signal background is determined by linear interpolation from background measurements after
measuring an adsorption equilibrium point. At the onset of melting of pure silver, the machine

constant is:

_ U(EEI) PAg,mp

= [1072° m? Pa (arb.units)™* K], (12)
TAg,mp Inet,cal

where P pgmp 18 the vapor pressure of Ag at melting in Pa, T pgmp 18 the melting point of Ag in

K, and I et cq) is the net ion signal of '7Ag in arb. units. The accepted value for the melting point

of Agis 1234.93 K [22,23]. The cell temperature for the TC from the calibration is:
Teen = Tuncrr + ATerr [K], (13)

where Tyncrr 1S the uncorrected cell temperature of TC in K and AT, is the correction factor of
TC from calibration in K. The correction factor is the difference between known melting point of

Ag from the measured melting point from the TC probe.

16



10

11

12

13

The concentration of Ag adsorbed on graphite for at any time ¢; is:

Moag + Amy B
C; = ————— [mmolAg (kgC)™!], 14
S—T g (kg (14)

where m g o is the initial mass of Ag in the powder in kg, Am; is the Ag mass desorbed in kg,
M sam 18 the mass of powder (essentially C in Kg) in the Knudsen Cell, and My, is the molecular

weight of Ag in kg mmol~!. Equation 14 can be simplified by using the following relations:

m 0,Ag

Cope = 1Ag (kgC)™1],
088 = o Mg [mmolAg (kgC)™"] (15)
mf,Ag _
Cepo = 1Ag (kgC)~1],
T [mmolAg (kgC)™] (16)
and
Am; = F; (m fAg — mO,Ag) [mmolAg ], 17)

where Cp 4 is the initial concentration of Ag of the sample in mmolAg (kgC)™!, m ¢ ag is the final
mass of Ag in the sample in kg, Cgag is the final concentration of Ag of the sample in

mmolAg (kgC)~!, and F; is the fraction of effused Ag from Knudsen cell. Substituting Egs. 15

through 17 in Eq. 14 gives:
C; = (1 = F;)Coag + FiCrag [mmolAg (kgC)™']. (18)

Here Eq. 18 is independent of the mass of sample in the Knudsen Cell. The total number of atoms

effused from Knudsen cell at time t is given by:

20 = ¢ j I et () A/ Tean(0) dt’ [atoms], (19)
0

where ¢ is a constant depending on instrument geometry and efficiency and properties of the

effused ions. The fraction of vapors effused from the cell at the time ¢; is:

17
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z(t)  gt)

;= = ) (20)
Y z(tena) g(tena)
The constant ¢ cancels out in Eq. 20. Here the function g is simply defined as:
t 1
g(t) = f Inet(t) / Teen(t) dt’ [(arb. units) K72|, 21D
0

Equation 21 will be useful in the uncertainty analysis for Eq. 20. Numerical integration was used

to evaluate Eq. 21. Since [ ¢ and T¢e are discrete data in time, the trapezoid rule was used.

3.4 Uncertainty Analysis:

The uncertainty analysis here follows the Guide to the Evaluation of Uncertainty in
Measurement from the Joint Committee of Guides in Metrology [24]. The uncertainty in a quantity
y calculated from correlated input quantities is:

N N-1 N

us = Z(cxiuxi)z +2 Z Z cxicxjcov(xi,xj) , (22)
i=0 i=1 j=i+1
where u is standard uncertainty, c is the sensitivity coefficient, x is input quantity, and N is the
number of input quantities, and cov is the covariance between x; and x;. Sensitivity coefficients
are the partial derivatives of y with respect to the i or j" variable. Equation 22 is called the Law
of Propagation of Uncertainties (LPU) [24]. A few quantities appear several times in different
calculations. In this case, the sensitivity coefficients are represented by cy ., to denote the
sensitivity coefficient of y with respect to x;. Quantities can be correlated when they are measured

by the same device. In this case, the covariance for x; and x, is:

Ny Nj

cov(xy,x;) = z z u(xlli)u(lej)r(xl,i,xz,j). (23)

i=1 j=1

18
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where N;is the number of error sources for x;, N;is the number of error sources of x, and
7(X4,i, X2,;) is the correlation coefficient for a specific error source. Only error sources that have a
systematic effect on the measurement are correlated [25]. The correlation coefficient for systematic
effects is usually assumed to be one, but other values can be estimated from prior experience or
expert knowledge of the error source [25,26]. A second type of correlated quantities is when two
quantities are evaluated from the same input quantity. The covariance for two quantities y; and y,
is:

N

Uy
4 axi axi v
=1

cov(yy,y,) = (24)

where x; are input quantities of y;, y,, or both [24]. The use of covariance simplifies the
calculation of Eq. 22, but correlation coefficients can be obtained from Eqs. 23 and 24 by dividing
the covariance by the product of the combined uncertainties of the correlated quantities.

The uncertainty in the cell temperature depends on melting point calibration and the
readout unit for the TC probe. Since the readout for the TC is used both in the calibration of the
TC probe and adsorption measurements, a correlation occurs in the uncertainty in cell temperature.

The cell temperature uncertainty is:

Tuncrr

Uur cell = Juz + uchrr + uiTcrr,drift + 2 cov (Tuncrr; ATcrr) [K] ) (25)

where ur, _ is the uncertainty from the uncorrected temperature in K, u,r,  is the uncertainty
temperature correction factor in K, and Uz, grife 18 drift in the correction factor in K. The act of
calibration substitutes the error of the TC probe with the error in the reference—the melting point
of Ag. So, the standard error in TC types reported from manufacturers is not needed. The drift in
AT, 1s partly due to the contamination of the TC from effused vapors over time. It was determined

by the average rate of change between consecutive calibrations. The Type R leads are periodically
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trimmed and rewelded. Another source of uncertainty is the placement and quality of the coupling
of the TC to the Knudsen cell. The correction factor, AT, only accounts for this source during
the calibration measurements, but not for the KEMS measurements when the TC is reassembled.

The uncertainty in the uncorrected temperature is:

— |2 2 2
UTinerr = \/ Ur, . REP T U3s970aacc T U34970A RES [K], (26)

where ur, _ ggp IS the uncertainty from the repeatability in uncorrected temperature in K,
U34970aAcc 18 the uncertainty from Agilent 34970A’s accuracy in K, and U 349704 RrEs 1S the
uncertainty in the Agilent 34970A’s resolution in K. The repeatability in Ty, ¢y is determined from
sampling statistics. The error in Agilent 34970A’s accuracy is 1.2 K for Type-R thermocouples.
The error in the Agilent resolution is one-half of its least significant digit, or 0.05 K [27]. Without
additional information, the Agilent’s accuracy is assumed to be normally distributed with a
coverage factor of 2. The resolution of digital readouts can be considered to follow a rectangular

distribution [25]. The combined uncertainty in AT is:

UATer = \/ U3s070aacc T Usa070aRrEs T UT Agmp [K]. (27)
where ur Agmp is the uncertainty in the Ag melting point in K. The covariance between Ty, ¢ and
AT, is:

cov (Tuncrrs ATerr) = u234970A,ACC [K?], (28)

where correlation coefficient for the Agilent’s accuracy is assumed to be 1. The drift in the
correction factor is the standard deviation of the corrections factors from a series of calibrations of
the same TC probe. The standard uncertainty in the melting, or freezing, point of Ag is 40 mK

[28].
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In the melting point calibration, the known sources of uncertainty in the machine constant
are the corrected temperature and ion signal. Determining the ionization cross section is not well
understood and can have considerable errors. Here the calibration reference and adsorptive are the
same vapor. The errors cancel out when Eq. 12 is combined with Eq. 11. The uncertainty in the
machine constant is:

Uy

(29)
2 2 _ . — —
:\/(clecrruTm) + (ClopecUrpee) + U arige [1072°m? Pa (arb.units)™* K™'],

where ¢ 1 is the sensitivity coefficient from temperature in 1072 m? Pa (arb. units)™ K2, ¢ ;
is the sensitivity coefficient from ion signal in 1072 m? Pa (arb. units) K~!, u, __ the uncertainty
in the intensity of ion signal in counts, and Uy grig 1S the drift in the machine constant in
1072 m? Pa (arb. units)™! K~!. The counting of the ion signal in the mass spectrometer obeys
Poisson distribution [29]. Thus, its standard deviation in the ion intensity is the square root of its
mean value. The value of u;__ is the root-sum-square of the uncertainties in gross ion signal and
background ion signals. Again the drift is found by calculating the average rate of change between
calibrations. This drift approximates variations in the molecular beam from the Knudsen cell and
the ion beam through the mass spectrometer [21].

The uncertainty in the pressure is obtained by applying the LPU to Eq. 11. A correlation
arises between the corrected temperature and machine constant since they are both determined
form T pgmp. Their covariance is obtained by inserting Eqs. 12 and 13 into Eq. 24 and using the
chain rule for Eq 12, since T¢ep depends on T pgm, through AT,.. The combined uncertainty in

the pressure is:
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uP = <(CP'TcelluTcell) + (CP'InetuInet) + (Ckuk)z

(30)

1
ok 0Tcenn O0AT,p, 2
+2 7 Pa].
Ck CP.Tcell aTAg.mp <6ATCI‘I‘ aTAg,mp uTAg,mp [ a]

where ¢ is the sensitivity coefficient from corrected temperature in Pa K-!, ¢ is the
P Terr P,Inet

sensitivity coefficient from net intensity of ion signal in Pa (arb. units)™!, and ¢, sensitivity
coefficient due to the machine constant in 10%° (arb. units) K m™2, and u  is the uncertainty in the
machine constant in 1072° m? Pa (arb. units)™! K~!. In this study, some adsorption equilibria will
be extracted from straight-line fits to the adsorption isosteres. The uncertainty in a predicted

pressure, P, from a straight-line fit is:

up = /uZRSD + u%yr [Pa] . (3D

where ugsp is the standard deviation of fit residuals in Pa and ugyp is the uncertainty from the
straight-line fit in Pa. The standard deviation of fit residuals is the square root of mean-square of
residuals divided by the degrees of freedom of the fit. The uncertainty from the fit is found by
applying Eq. 22 to the straight-line fit. The uncertainties and correlation of the fit parameters are
obtained from the covariance matrix of the fit computed by the regression software [30].

The uncertainty in the surface loading depends on the initial and final concentrations of the
powder from NAA and the fraction effused from the KEMS system. The uncertainty in the
concentration from the NAA measurements is provided in Appendix A. The uncertainty in the

amount adsorbed is:

2 2
Uc; = \/(CFqui)Z + (CCAg,OuCAg,O) + (CCAg,fu CAg,f) [mmolAg (kgC)~'], (32)
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where ¢y, 1s the sensitivity coefficient of effused fraction in mmolAg (kgO)', u F; 1s the uncertainty
in the effused fraction, c. Ag0 is the sensitivity coefficient from the initial Ag concentration, u, g0
is the uncertainty in the initial Ag concentration in mmolAg (kgC)~!, ¢, et is the final Ag
concentration, and u, gt is the final Ag mass mmolAg (kgC)~!. The uncertainty in the effused

fraction follows from putting Eq. 20 into Eq. 22:

2 2
ur, = \/ (cateotaten)” + (Cottena)¥ gtena)) (33)
Millar and Jordan [31] determined the variance of the trapezoidal quadrature using the variance of

linear combinations. The uncertainty in the integrals in Eq. 20 is:

N uz. |+ u?
Ug(e) = Z(ti_ti—l)z [ T faroms], (34)

4

=2

where t is the independent variable (time) and f is the integrand of Eq. 20. The uncertainty in the

integrand of g(t) is:

2 2 . 1 35
uf(t) = \/(Czl NETuINET) + (Cf(t):TcrruTcrr) [(arb' unlts) K 2l ( )

where Cf();pr 18 the sensitivity coefficient from net ion signal in K02 and cf(s)fygp is the

sensitivity coefficient from the temperature in (arb. units) K=!-,
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4. Results

For the KEMS measurements, sorption equilibria data were obtained in a pseudo-isosteric
manner. Calibration constants used throughout the study are given in Table 1. The uncertainties
for the TC correction factor and machine constant are given in a concise form. The sorption
equilibria were grouped by loadings. Figure 3 is the Clausius-Clapeyron plot of adsorption
isosteres. Adsorption equilibria were grouped into isosteres for concentrations from
23.2 mmolAg (kgC)~! to 90.3 mmolAg (kgC)~!. The isosteres were so close together that error
bars were omitted for clarity. Straight-line fits provided heats of sorption from the adsorption

isosteres:

AHps 1000
[ + )
Rgas T

In(P) = - (36)

where AH,p is the heat of sorption in kJ mol~!, and f is the intercept of the straight line. Table 2
lists the fit parameters of Eq. 36 for the isosteres in Fig. 3. Uncertainties in the parameters are
standard errors from the linear regression. Plotting the heat of sorption as a function of surface
loading yields the heat curve. The heat curve of Ag sorption on NBG-17 is given in Figure 4,
which includes the heat curve for Ag on IG-110 previously reported by Seelig et al. [6]. The error
bars for NBG-17 are expanded uncertainties with a coverage factor of two.

Post analysis of graphite impregnated powders by TEM are given in Figs. 5 through 7. The
STEM image in Fig. 5 shows the presence of silver and Alumina in the powder (EDX verified the
existence of alumina and silver particles in the NBG-17 powder). The alumina is from
contamination for the ball mill and grinding media. Both the alumina and graphite particle sizes
are in the order of microns, while the Ag particles are sub-micron. The size of the Ag particles is

more apparent in the HR-TEM image in Fig. 6a. The Ag appears as the darker particle in Fig. 6a
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as higher Z elements attenuate the electron beam more. The Ag particles have a diameter of a few
hundred nanometers. Electron diffraction and EELS were used to determine any physical or
chemical bonds respectively, between the Ag and NBG-17 graphite particles. Figure 6b is a
reciprocal lattice of diffraction pattern indicated by the yellow square in Fig. 6a. The Miller indices
identified in Fig. 6b match the crystalline structure along with the Ag [110] zone axis. The red
rectangle in Fig. 6a is the location EELS scan shown Fig. 7. Figure 7 compares the EELS spectrum
at the edge of the silver particle in NBG-17 powder with a pure Ag reference spectrum. The spectra
are normalized by their maximum intensity. The spectra have similar shapes despite a slight shift
for the Ag in NBG-17. This indicates the Ag in the powder was pure and not interacting with the
graphite.

Sorption isotherms can be determined by taking points falling along a line vertically
through Figure 3. Figures 8 and 13 show the adsorption isotherms from 1050 K to 1175 K on
separate log-log plots. The filled markers are points obtained from the straight-line fits to the
sorption isosteres. Error bars in Figs. 8 and 13 are expanded uncertainties with a coverage factor
of 2. Under 40 mmolAg (kgC)~!, the adsorption equilibria appear roughly a constant value except
for the lowest surface loadings at 1050 K and 1075 K. For measured points, the uncertainty in the
surface loading is from Eq. 32, while the uncertainties in surface loading from the isostere fits are
from the Table 1. Table 3 shows the percent contribution of the variance of each error source to
the total variance in the temperature measurement. The uncertainty in temperature was 1.2 K, with
the correlation between uncorrected temperature and correction factor as significant contributor to
the total variance at 50.51%. The uncorrected temperature was the second largest source of the
variance, due to the noise in the measurement. Tables 4 and 5 show the percent contribution of

error sources at select points for partial pressure and surface loading, respectively. For the partial
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pressures, the standard uncertainties are 3% to 4%. In Table 4, the machine constant was the
primary source with a percent between 97% to 99%. The covariance between k and T, is negative
but negligible. In Table 5, the effused fraction and final concentration are the two largest
contributors to the variance in surface loading.

We have fitted the three isotherm models (IAEA, TAEA-Freundlich, and Langmuir) to the
data, and discuss some of the details and results here. We note that there are some strong
correlations among the data e,g. pressure and temperature data were correlated with a correlation
coefficient of 0.7. These correlations lead to multicollinearity in the data. The standard errors in
the fit parameters for Eqs. 5 through 7 were larger than the values of the fit parameters themselves.
A regression technique is thus needed to penalize the correlations in the data. We addressed this
issue by using Ridge regression [32] which allows a penalty to be added to the least-squares

residual:

argﬁmin(lly — fx B3+ 221BI1D), (37)

where y is the vector containing measured values of the dependent variable, x is the vector/matrix
of values for the dependent variables, B is the vector containing the fit parameters, f is the model
to be fitted, and A is the regularization, or tuning, parameter. The regularization parameter was
determined by K-fold cross-validation [33]. This involves splitting the data into K different data
subsets, or folds. The data is typically partitioned by size, but for this study it was sorted by
isotherm temperature. The process of cross-validating involves removing one data subset, and the
Eq. 37 is computed for different values of A. The Mean Square Error (MSE) is calculated on the

omitted data subset. This is repeated for every fold and the MSE at each 1 is averaged:
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V(D) = %; ZF (- ) (38)
where f[k is the fit with the omitted k-fold. The variance-covariance matrix for ridge regression

[34] is:
cov(B) = 6%2(Z"Z + ADZTZ(Z"Z + AD 7Y, (39)
where Z is the “design” matrix for the linear approximation to the nonlinear fit, I is the identity

matrix, and 6 is the error variance. The elements of Z are given by Z;; = of (xi. B )/ B Thus, Z
j

is sometimes called the Jacobian. The residual mean square [32] is used to estimate the error

variance:

o

2 _ 11'1=1(yi - f(xi'ﬁ))z , (40)
n—p

where n is the number of data points and p is the number of parameters in f. The standard error in
the fit parameters is square root of the diagonal elements of Eq. 39.

The parameters for the temperature-dependent IAEA (Eq.6), IAEA-Freundlich (Eq. 7), and
Langmuir isotherms (Eq. 5) are provided in Table 6. Figures 8 through 13 show the isotherm
models fits compared to the adsorption data. The Langmuir and IAEA models provide similar fits
over all temperatures. The Langmuir model predicts slightly higher vapor pressures than the IAEA
model at higher surface loadings and lower pressures than the IAEA model at lower surface
loadings. The surface loading where the two models cross decreases from 1050 K to 1100 K, but
increases from 1125 K to 1175 K. Above 1125 K, The IAEA Freundlich model approaches the
IAEA and Langmuir models. Yet, there is spread in isotherm models at lower loadings at 1175 K.
Tables 7, 8, and 9 provide the percent errors for the IAEA, TAEA-Freundlich, and Langmuir

isotherms, respectively. A positive error indicates an isotherm model underestimates the measured
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values, while a negative error is when the isotherm model overestimates the measured values. The
mean absolute error in Tables 7 through 8 is the average of all the absolute value of the errors for
an overall indication of the fit. It should be noted that ridge regression adds a bias as it reduces the
variance. The isotherms models tend to have more significant errors at the lower temperature
isotherms. The partial pressures are relatively high at 23.17 mmolAg (kgC)~!' for 1050 K and
24.19 mmolAg (kgC)~! for 1075 K. The Langmuir model overall has slightly lower MAE
compared to the IAEA and IAEA Freundlich.

The isostere fits and isotherm fits were used to calculate the pressures at 1500 K and
2000 K. Figures 14 and 15 are a log-log plot of 1500 K and 2000 K adsorption isotherms,
respectively. Compared to the isostere predicted pressures, the IAEA model predict ~10 and ~10°
times higher pressure at 1500 K and 2000 K, respectively. For 1500 K and 2000 K, the IAEA
Freundlich overpredicts and underpredicts pressures from the isostere fits below and above
50 mmolAg (kgC)~!, respectively. The Langmuir equation goes through the isostere points at
1500 K, but has a singularity at 2000 K as Cs,; is 57.6 mmolAg (kgC)~! for the temperature. At

1500 K, the singularity is at 170.9 mmolAg (kgC)~".
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5. Discussion

The TEM results show much finer particle sizes than intended were in the powder. Most
likely, the NBG-17 powders formed agglomerates. This could be minimized using air-jet sieving,
which is more efficient in separating micron size particles of light materials. The interaction
between the Ag and alumina contamination in the NBG-17 powder should be negligible as
Alumina is the material of the Knudsen cell for the Ag reference used in calibrations. TEM analysis
reveals no chemical or physical bonding before adsorption experiments. Despite a more prolonged
diffusion annealing, Ag particles are still on the surface. The SEM of Ag and Sr loaded IG-110
powders from Seelig et al. [6] also showed unabsorbed metal particles. The Ag crystal structure at
the silver-graphite interface in Fig. 6a shows no physical bonding. The EELSs scan at the silver-
graphite interface shows no electronic structure changes compared to a pure Ag reference. Thus,
there are no chemical bonds at the interface.

The heat curve for Ag and NBG-17 systems implies the possibility of a multi-layer
physisorption. When considering the data on IG-110, the heat curve has a sawtooth shape linked
with multi-layer adsorption [35]. The heats of adsorption are high at lower loadings while the first
layer is being established. After the first layer, the heat of adsorption decreases as the atoms of the
first layer shields the attractive force from the surface. The heat of adsorption increases again as
atoms experience attractive forces from atoms already residing in the second layer. Generally,
physisorption is associated with low temperatures. However, most gases and vapors of interest
have boiling points at low and cryogenic temperatures. Around 23 mmolAg (kgC)~!, the heats of
adsorption on both IG-110 and NBG-17 go down to 250 kJ mol~!, which is the heat of vaporization
of pure Ag. This could also indicate the transition of adsorption to graphite surface to the first layer

of Ag. Wang et al. [36] used ab-initio density functional theory to calculate Ag atoms’ bonds and
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dimers over planar graphite surface 4 atomic layers thick. Bond energies of Ag dimers ranged from
288.693 kJ mol to 292.549 kJ mol, depending on the graphite site. These energies are consistent
with the enthalpies in Fig. 4. It could be that Ag is filling the adsorbed layers in clusters.

The isotherm data show that NBG-17 has a low adsorptive capacity of Ag at higher
temperatures. It is the partial pressure in the gas phase dictating the surface concentration. Thus,
Figures 8 through 10 show that high partial pressures are required to obtain the same surface
loading at higher temperatures. The adsorption capacity for bulk graphite would be lower than
powders due to the decreased surface area.

Uncertainties for the Ag partial pressures and surface loadings in the KEMS measurements
depend on the sensitivity coefficients of their error sources. In Eq. 30, the sensitivity coefficients
for the cell temperature, ion intensity, and covariance are proportional to the machine constant.
The magnitude of the machine constant reduces these contributions. For the sensitivity coefficient
of the machine constant, the machine constant is removed by the differentiation. The drift in the
machine constant was larger than the uncertainty in each machine constant from the calibration by
several orders of magnitude. The uncertainty in the surface loadings mainly depends on the
uncertainty from the NAA measurements of the initial and final measurements. During the KEMS
measurement, the contribution to the variance in the surface loading shifts from the initial
concentration to the final concentration. This is due do the variance from the initial and final
concentrations being proportional to the remaining and effused Ag fraction, respectively, in Eq.
32. By nearly desorbing the Ag from the powder, the contribution from the final concentration to
the combined variance of the surface loading.

The adsorption models are valid within the measured temperature range of this study. The

IAEA and TAEA Freundlich isotherms indicate increase of Ag concentration without bound, but
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Fig. 14 shows the IAEA isotherm increases rapidly outside of the measure temperature range
unlike the IAEA Freundlich isotherm. The decrease of Cy,; with temperature imposes limits on the
use of the Langmuir model for temperature above 1175 K. Thus use of this model beyond the
range discussed here would not be advisable. Ag adsorption data indicates pressures that are
significant faction, or in excess of, the pressure of the coolant itself. &+ The expanded
uncertainties in the heat curve of Ag on NBG-17 are low enough to suggest a non-constant heat of
adsorption. However, the heat of the adsorption from fitting the Langmuir model should be
considered empirical due to the nature of ridge regression and the use of the affinity coefficient for
the Sips isotherm model. The Freundlich isotherm allows for heterogeneity of the surface. The
isotherm data on a linear-linear plot does not show the resemblance to the BET isotherm associated
with multi-layer adsorption. Based on the percent error the Langmuir isotherm fit the data slightly
better IAEA and IAEA-Freundlich isotherms. Both the IAEA and Langmuir models provide better
fits to the isotherm data. While it was outside the scope of the present work, it would be of
considerable interest to use these models (with the fits as obtained here) in reactor heat up computer

simulation programs to assess the role of silver adsorption on silver's release.
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6. Summary

Adsorption isosteres were derived from KEMS and INAA measurements over
23.2 mmolAg (kgC)~! to 90.4 mmolAg (kgC)~! preloaded NBG-17 graphite powder samples. Fits
to the isosteres yielded heats of adsorption from —255.4 kJ mol~!' to —337.6 kJ mol~!. The heat
curve for Ag on NBG-17 indicates the possibility of physical adsorption of Ag clusters on the
NBG-17 graphite surface. Adsorption isotherms were derived from isostere data by fits over the
temperature range 1050 K to 1175 K. Both the IAEA and Langmuir models provide better fits to

the isotherm data than the IAEA Freundlich isotherm.
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Appendix

The comparator method for INAA reduces the sources of uncertainty in the Ag
concentration to radioactive decay, Ag concentration in standard, and masses of standard and
sample. Due to this simplicity, all the sources can be shown graphically with a cause-and-effect
diagram in Fig. A.1 Table A.l1 provides the error limits for analytical balances and physical
properties of Ag. Applying Eq. 22 to either Eqs. 15 or 16 gives the uncertainty in the Ag
concentration in the graphite powder:

2 2
Uc = ((CmAg,samumAg,sam) + (Cmsamumsam)

) (A.1)

+ (cppgu MAg)Z)(E) [mmolAg (kgC)~],

where ¢y o is the sensitivity coefficient of sample Ag mass in mmolAg (kgC gAg)™!, u,, Agsam

is the standard uncertainty in sample Ag mass in kgAg, ¢, is the sensitivity coefficient of
sample mass in mmolAg (kgC)2, u msam 18 the standard uncertainty of sample mass in kgC, cy Ag
is the sensitivity of Ag molar mass in (mmolAg)? (kgC gAg)~!, and u Ag is the standard
uncertainty of in Ag molar mass in kgAg (mmolAg)~!. The standard uncertainty in the atomic
weight of Ag was from NIST’s Atomic Weights and Isotopic Compositions [37]. The uncertainty

in the sample mass is due the instrument errors of the analytical balance (Mettle-Toledo XP205).

The combined uncertainty for sample mass is:

N ) 2 2 2 2
Umgam = \/u REPXP205 T URESxP205 T ULiNxP20s T UELXP205 T U'S0,xP205 kgl , (A.2)

where Uggp xp205 18 the uncertainty from repeatability in kg, Uggp xp20s 1S the uncertainty of the
XP205’s resolution in kg, uy N xpzos 18 the uncertainty from XP205’s linearity in kg, ugy, xp205 1S
the uncertainty due to XP205’s eccentric loading in kg, and ugg xp2os 1S the uncertainty of the

33



10

11

12

13

14

15

16

17

sensitivity offset in kg. The repeatability given in the operating manual is an estimate of noise in
a single measurement and one standard deviation. The linearity, eccentricity, and sensitivity offset
for the XP205 is assuming to be 95% confidence intervals of a normal distribution [38]. The XP205
resolution is considered to follow a rectangular distribution.

The uncertainty in the sample’s Ag mass comes specifically from the INAA measurement.

Inserting Eq. 10 into Eq. 22 gives the combined uncertainty in the sample’s Ag mass as:

Umpgsam = \/(Cﬂstdugstd)z + (Ccﬂsamucﬂsam)z + (caua)? [kgl , (A3)
where csz_,, is the sensitivity coefficient of the average specific activity of Ag standards in
s kg? counts™!, Usz,, 1s the standard uncertainty in average specific activity of standards in
counts s™' kg™!, c4_, is the sensitivity coefficient from sample activity in kg s counts™, uq__  is
the uncertainty in countss™!, ¢; is the sensitivity of radioactive decay constant in
mmolAg s (kgC)~!, and u; is the standard uncertainty of decay constant in s~!. The contribution
from the decay constant can be neglected if the standards and samples are decayed for the same
amount of time. Uncertainties for the decay constants are given in Table A.1. The Nuclear Data
Sheets were used to obtain the standard uncertainties for '®Ag [39] and ''""Ag [40] decay
constants. Radioactive decay is a random process following Poisson statistics, thus w4 is
obtained by taking the square root of the activity. The combined uncertainty in the average specific

activity of standards:

N N
u stdsd 2 1 - 2
ug_Astd = 2, ( S:]‘lvtd l) =+ N—1 Z(SAStd - SAStd,i)

L

(A.4)

N
Z aSAstdz aSAstdj

[counts? (s kgAg)~?],
OMgrq; OMaea LINAT261 8Ag
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where N is the number of Ag standards used in INAA, u g4, ; 18 uncertainty in specific activity
of in i standard in counts s™' kgAg™!, SAgq; is the specific activity of i standard in
counts s~ kgAg!, mgq; is the mass of i standard in g, and uyy aT261 is the uncertainty from
AT261’s linearity in g. The second summation in Eq. A.4 is the standard deviation between the
specific activity of each standard and their average specific activity. It would represent the drift
INAA measurement process over time. The Ag standards were prepared together using the same
analytical balance; thus the linearity of the analytical balance will be correlated between each

standard. The combined uncertainty standard’s Ag mass is:

2 2
umAg,std = \/(mstdu CAg,std) + (CAg,stdu mstd) [kg]: (A.5)
where mgq 1s the mass of standard in kg, u ¢ Agstd is uncertainty in the standard’s Ag concentration

in kgAg kg™!, Cagseq is Ag concentration of the standard in kgAg kg™!, and U g,y 18 the mass of
standard in kg. The certificate analysis for the Ag standard solution stated the error limits as 95%
confidence intervals of a normal distribution [41]. The Ag standards were prepared on a different
balance than the NBG-17 powders (Mettler-Toledo AT261). The combined uncertainty in the

standard’s mass:

_ 2 2 2
Umgq — \/” REPAT261 T URESAT261 T ULINAT261 [ke], (A.0)

where Urgp aT261 18 the uncertainty from repeatability in kg, Urgp aT261 18 the uncertainty of the
AT261’s resolution in kg, and upy at261 1S the uncertainty from AT261’s linearity in kg. The
error limits for repeatability and linearity, Table A.1, by the manufacture were assumed to be 95%

confidence intervals.
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1  TABLES

2 Tablel

3 Calibration constants for TC probe and KEMS system for adsorption study.

Tonization
AT . [K] k [102 m? Pa cnts™ K™'] Gain  Multiplier Electron
Energy
Date Value Date Value [V] [eV]
6/28/2019  10.23(51)  06/27/19 3.2324(19)x107" 1x107° 1000 70
8/1/2019 1.17(51)  07/31/19 5.8513(12)x107"2 1x107° 1000 70
8/8/2019  5.54(51)  08/07/19 3.761(13)x107"! 1x107 960 70
8/29/2019  4.39(51)  08/28/19 3.1339(12)x107" 1x107 900 70
9/30/2019  4.62(51)  09/27/19 1.0408(19)x10™"! 1x107 975 70
10/18/2019  -5.73(51)  10/18/19 1.0789(17)x10™"! 1x107° 975 70
Drift 0.31 Drift 1.2x107"7
4
5
6 Table 2

7  Fit parameters to the adsorption isosteres in Fig. 3.

Isostere

(mmol Ag (Kg C)-) AH 5ps (KJ mol™) Intercept
232+1.3 -2554+25 2275 £0.27
30.1 1.7 -3224+33 29.70 £0.36
37.1£2.1 -337.6+15 31.5+1.6
46.4 +2.7 -306.5+3.5 28.41 £0.38
55.6+2.2 -274.1+44 25.23 £0.47
67.2+3.9 -281.5+2.1 26.16 £0.24
78.8+2.7 -266.1 +£4.5 24.81 £0.49
90.4 £3.1 -322.2+0.73 30.96 £0.08
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Table 3

Percent contribution of error sources to the total variance in adsorption temperature measurement.

T [K] C [mmolAg (kgC)~1] P [Pa] Percent Contribution
Tuncrr AT ¢y ATCI‘I'.dI‘ift cov (Tuncrr: ATcrr)
1047.4(12) 49.71(43) 1.189(46))(10_3 25.31 17.70 6.48 50.51
1102.9(12) 56.32(49) 1.016(33))(10_2 25.31 17.70 6.48 50.51
1149.1(12) 35.10(39) 2.092(80)x10>  25.31 17.70 6.48 50.51
1176.0(12) 53.01(45) 5.74(22)x10%  25.31 17.70 6.48 50.51
Table 4

Percent contribution of error sources to the total variance in Ag partial pressure measurement.

T [K] C [mmolAg (kgC)™!] P [Pa] Percent Contribution
Tcell I net k cov (k: Tcell)
1047.4(12) 49.71(43) 1.189(46)x10>  0.171 2.317 97.511 1.6x1077
1102.9(12) 56.32(49) 1.016(33)x10>  0.224 0.077 99.698 2.1x1077
1149.1(12) 35.10(39) 2.092(80)x1072  0.1458 0.0034 99.8507 1.3x1077
1176.0(12) 53.01(45) 5.74(22)x10>  0.1393 0.0075 99.8531 1.3x1077
Table 5

Percent contribution of error sources to the total variance in surface loading measurement.

T [K] C [mmolAg (kgC)™!] P [Pa] Percent Contribution
F; Cago Cags
1047.4(12) 49.71(43) 1.189(46)x10  0.00028 59.70836  40.29136
1102.9(12) 56.32(49) 1.016(33)x102  0.070 76.933 22.997
1149.1(12) 35.10(39) 2.092(80)x1072  0.076 17.265 82.659
1176.0(12) 53.01(45) 5.74(22)x1072 0.42 67.69 31.89
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1 Table 6

2 Fit parameters of temperature-dependent isotherm models to data in Figs. 8a and 8b.
Parameters TAEA Frlﬁiﬁich Langmuir
A 1.5%1072 8.7x107!! 1.6x107°
A 1.253(62) 0.86(42) —
B [K] —-0.1343(62) -9870(29) —
D =5.594(77) 6.88(33) —
E [K] —0.1579(65) —6650(35) —
d, 6.305(21) — —
d, [K™1] 4.3445(80)x1073 — —
Csato [mmol Ag (Kg C)™1] — — 610(26)
X — — 1.99(50)
Ty [K] — — 915(11)
bo[Pa™!] — — 6549(14)
Q [J mol™!] — — 265081.1(81)
4  Table7

5  Absolute errors of IAEA (Eq. 6) Fit

Positive Error (%) Negative Error (%) MAE

Data Set ~ ppipy Max Min Max (%)
1050 K 5.22 44.94 16.47 92.34 38.02
1075 K 6.53 45.37 1.64 43.58 18.94
1100 K 14.13 41.57 12.25 67.50 26.87
1125 K 1.48 25.32 0.19 26.86 12.43
1150 K 0.95 28.03 1.51 8.44 8.19
1175 K 6.88 13.01 4.95 20.40 13.12

All 0.95 45.37 0.19 92.34 19.59
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1 Table 8

2 Absolute errors of IAEA-Freundlich (Eq. 5) fit.

Positive Error (%) Negative Error (%) MAE

Data Set Min Max Min Max (%)
1050K  29.73 48.12 16.15 82.57 42.49
1075K  21.86 42.58 4.20 3243 24.62
1100K  28.68 41.28 0.57 58.33 31.95
1125 K 7.28 32.25 1.42 14.05 15.28
1150 K 5.12 42.21 N/A N/A 16.14
1175 K 1.67 38.98 4.39 4.39 14.85

All 1.67 48.12 0.57 82.57 24.22
3
4  Table9

S Absolute errors of temperature-dependent Langmuir (Eq. 7) fit.

Positive Error (%) Negative Error (%) MAE

Data Set ~ ppipy Max Min Max (%)
1050 K 6.83 51.76 22.56 72.15 34.52
1075 K 6.71 49.69 2.30 35.55 18.39
1100 K 6.35 45.64 10.80 59.94 23.75
1125 K 26.93 31.29 1.16 19.28 15.53
1150 K 1.18 36.58 1.17 6.82 9.11
1175 K 9.57 27.57 1.68 14.27 11.13

All 1.18 51.76 1.16 72.15 18.74
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2

Table A.1

Error sources of the instrumentation for the INAA measurements.

Containment

Error Probability . .
Source - e Distribution Divisor
Limits Probability
Analytical Balance (Mettle Toledo XP205)
Repeatability (< 10 g) 0.015 mg 68% Normal 1
Resolution 0.01 mg 100% Rectangular V3
Linearity 0.1 mg 95% Normal 1.96
Eccentricity 0.2 mg 95% Normal 1.96
Sensitivity Offset 0.4 mg 95% Normal 1.96
Analytical Balance (Mettle Toledo AT261)
Repeatability (<50 g) 0.015 mg 95% Normal 1.96
Resolution 0.01 mg 100% Rectangular 3
Linearity (within 10 g) 0.03 mg 95% Normal 1.96
Other Sources
Mg 0.0002 g mol™! 68% Normal 1
Aag—108 2.2x107% s7! 68% Normal 1
Aag-110m 1.3x10* 57! 68% Normal 1
Cagstd 3 ugAg gsol™! 95% Normal 1.96
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Fig. 1. A high-level diagram of the mechanistic source term in a VHTR.
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Fig. 2. Drawing of the KEM system used in study.
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Fig. 3. Clausius—Clapeyron plot of sorption isosteres of Ag on NBG-17.
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Fig. 4. Heat curve of Ag sorption on NBG-17 compare to literature data on Ag sorption on IG-
110. Error bars are expanded uncertainties with a coverage factor of 2.
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Fig. 5. High-angle annular dark-field STEM image of impregnated graphite powders showing the
presence of Ag and Al>O3 as determined by EDS analysis.

Fig. 6. (a) HR-TEM of Ag impregnated of NBG-17 powders showing a silver particle (dark
particle) in graphite. (b) Reciprocal lattice from electron diffraction scan of the region indicated
by yellow square in (a).
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Fig. 7. EELS spectra of Ag particle in the region indicated by red rectangle in Fig. 6a compared to
the spectra of Ag reference.
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Fig. 8. Comparing adsorption isotherms for 1050 K data with the Langmuir and IAEA-Freundlich
isotherm fits. Error bars are expanded uncertainties of with a coverage factor of 2.
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Fig. 11. Comparing adsorption isotherms for 1125 K data with the Langmuir and IAEA-Freundlich
isotherm fits. Error bars are expanded uncertainties of with a coverage factor of 2.
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isotherm fits. Error bars are expanded uncertainties of with a coverage factor of 2.
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Fig. 13. Comparing adsorption isotherms for 1175 K data with the Langmuir and IAEA-Freundlich
isotherm fits. Error bars are expanded uncertainties of with a coverage factor of 2.
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Fig. 14. Adsorption isotherms for Ag on NBG-17 at 1500 K using isostere (points), Langmuir
isotherm (blue line), and IAEA-Freundlich isotherm (red line).
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Fig. 15. Adsorption isotherms for Ag on NBG-17 at 2000 K using isostere (points), Langmuir
isotherm (blue line), and IAEA-Freundlich isotherm (red line).
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Fig. A.1. Cause-effect diagram showing the sources of uncertainty in INAA measurement of Ag
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neglected if samples and standards are decayed for the durations.

54





