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Abstract: The thermal desorption of tritium (3H, T) and radiocarbon (14C) from spent activated
carbon was investigated and three thermal desorption steps were established: the vaporization
of homogeneously condensed molecules, the desorption of molecules physically binding with the
carbon surface, and the decomposition of chemisorbed molecules. A model-free kinetic analysis was
conducted to establish the optimum condition of vacuum thermal desorption. Physisorbed species,
including tritiated water (HTO) and 14CO2, were effectively removed by vacuum thermal desorption.
However, a fraction of 14C, which may take the form of carbon molecules in pyrocarbon form during
the heating process, was not removed, even at a high temperature of 1000 ◦C under a vacuum of
0.3–0.5 Pa. Oxidative peeling of the pore surfaces by filling the evacuated pores with pure oxygen via
vacuum thermal desorption and heating to 700 ◦C was found to be effective for reducing the level of
14C to a level below the established free-release criterion (1 Bq/g) when treating spent activated carbon
with 14C radioactivity levels of 162 and 128 Bq/g. The reactivation of the spent granular activated
carbon (GAC) by vacuum thermal desorption followed by surface oxidation was also confirmed by
the slightly enhanced pore volumes when compared to those of virgin spent activated carbon.
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1. Introduction

Activated carbon (AC), a porous carbon material, acts as a sponge for different types of gases.
The gases are attracted to the carbon material via Van der Waals forces. AC has a wide range of
applications for separating certain gases from gaseous effluents and storing them in pores [1]. In nuclear
power plants, AC beds are commonly used to adsorb radioactive noble gases such as 86Kr and 134Xe as
well as radioiodine sources such as 131I and 133I from gaseous effluents [2,3]. AC beds retain those
short-half-life radioactive gases while they rapidly decay to nonradioactive species. During operation,
spent AC are generated as a type of radioactive waste to be disposed of in a radioactive waste
repository. Although adsorbed radioactive noble gases and radioiodine decay to nonradioactive
elements, spent AC retains radioactive species with a long half-life, such as 3H (tritium, T) and 14C
(radiocarbon), and these must be disposed of in a radioactive waste repository.

Tritium (T) is a radioactive isotope of hydrogen and is a pure beta emitter with a half-life
of 12.3 years. 14C is a radioactive isotope of carbon and is a pure beta emitter with a half-life of
5730 years. 14C with an extremely long half-life is easily transferred during biological processes,
and the metabolism of 14C in the human body follows that of ordinary carbon [4]. The disposal of
waste containing significant amounts of 14C will thus be more difficult than that of waste containing
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only short-lived nuclides. The minimization and segregation of waste containing long-lived nuclides
(e.g., 14C) are therefore important factors for an effective waste management approach. A challenge
during the effective management of spent AC is the removal of 14C in order to minimize the radioactive
waste with long-half-life radionuclides [5].

Isotopes are atoms of the same element that contain an identical number of protons but a different
number of neutrons. Despite having different numbers of neutrons, isotopes of the same element
have very similar properties. The adsorption and desorption characteristics of HTO and 14CO2 and
hydrocarbons having 14C such as 14CH4 in AC are similar to those of nonradioactive H2O, CO2 and
hydrocarbons such as CH4, respectively. This study investigated the thermal desorption characteristics
of 3H- and 14C-bearing species in spent AC by observing the desorption characteristics of H2O and
CO2 and CmHn by means of TGA (thermogravimetric analysis)-coupled FTIR. The mechanisms of
thermal desorption of these adsorbates were suggested based on the thermal desorption rate and the
gas-evolution characteristics at elevated temperatures.

The objective of this study was to develop a thermochemical treatment method which converts
radioactive spent AC contaminated with 3H and 14C into recyclable AC. The mechanisms and kinetics
of the thermal desorption of 3H- and 14C-bearing species in the spent AC were initially observed and
the results were applied to establish optimum operating conditions for a thermal decontamination
process which could remove 3H and 14C species in spent AC to levels below the free release criteria.
A pyrolytic thermochemical decontamination process consisting of a VTD (vacuum thermal desorption)
and oxidative pyrolysis for spent AC generated from the off-gas treatment systems of nuclear power
plants are proposed in this study, and its performance is demonstrated by a trial treatment of spent
AC generated from a CANDU reactor in Korea. In addition, the recyclability of SAC treated by the
proposed thermochemical treatment method was assessed by comparing the porosity and surface of
treated spent AC with that of virgin AC of the type used in nuclear power plants.

2. Materials and Methods

2.1. Spent Activated Carbon

The AC investigated in this study is a granular type of AC (GAC) impregnated with KI and
triethylenediamine (TEDA), which is commonly used for the cleaning of gaseous effluents in nuclear
power plants. The size of the GAC used in this study, which was supplied by an activated carbon
manufacturing company (NAC Co. Ltd., South Korea), is in the range of 0.5–0.8 mm. Spent GAC
samples were prepared by flowing laboratory air through a bed of virgin AC granules for a week
to allow them to adsorb moisture and CO2 and CH4 in the air, for which the RH was 40–45%.
The analyzed concentrations of CO2 and CH4 in the laboratory air were in the ranges of 350–400 ppm
and 2–4 ppm, respectively.

2.2. Analysis of Textural Properties

The recyclability of thermal-decontamination-treated spent AC was investigated by observing
changes in the textural properties of the AC during the vacuum thermal desorption (VTD) and
partial oxidation (PO) of spent AC. The textural characterization of the samples was conducted using
high-resolution N2 adsorption isotherms at 77 K measured using a conventional gas sorption apparatus
(3Flex Version 5.00, Micrometrics). Before the measurements, the samples were outgassed for 2 h
at 200 ◦C in the degas port of the adsorption apparatus. From the high-resolution N2 adsorption
data, the apparent surface area (SBET), the micropore volume (Vmicro), and the surface area of the
micropores (Smicro) were evaluated using the standard BET (Brunauer-Emmett-Teller) equation and the
high-resolution αs plot method [6–8]. The pore size distribution (PSD) and surface area distribution
(SAD) of the GAC samples were evaluated by NLDFT (nonlocal density functional theory) [9,10] using
SAIEUS software (Micrometrics).
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2.3. TGA-FTIR Analysis

The rate of thermal desorption and the gaseous evolution products created during the course of
heating of the GAC sample were investigated using a TGA system (SETSYS-Evolution, SETARAM)
coupled with a FTIR gas analysis system (Nicolet FTIR, Thermo Fisher Scientific). The prepared spent
GAC samples were heated in a TGA furnace under a high-purity argon-carrying atmosphere (>99.999%
Ar). Gases emitted from TGA furnace were passed to the heated gas cell of the FTIR through a heated
tube at 200 ◦C. How the gases evolve at different temperatures during the nonisothermal heating
condition was investigated by matching the obtained IR spectrums to those in the literature. Additional
nonisothermal TGAs under an ultra-vacuum condition were conducted for a kinetic analysis of the
vacuum thermal desorption reactions. A two-stage vacuum pumping system consisting of a primary
pump and a secondary pump (turbo-pump, Hi-Cube ECO 30, Pfeiffer) was connected to the outlet of
the TGA system for the vacuum TGA study.

2.4. Trial Thermal Desorption

Trial thermal desorption tests of radioactive spent SAC generated from the air cleaning systems
of the nuclear power plants were conducted using a vacuum furnace system. The vacuum furnace
system consisted of a furnace and two-stage vacuum pumping system (mechanical pump and diffusion
pump). Radioactive spent GAC generated from a CANDU reactor in Korea was supplied for trial
treatment tests. The corresponding 14C radioactivity levels of the two tested spent SAC samples taken
from the CANDU nuclear power plant were 162 and 128 Bq/g. SAC samples have a similar range of
radioactivity of 3H (approximately 102 Bg/g).

2.5. Kinetic Analysis and Prediction of the Thermal Desorption Reaction

A model-free kinetic analysis was conducted in this study because multiple reactions occur during
the thermal desorption of AC. The rate of thermal desorption (Rd) can be given by the rate of the
solid-state reaction by [5]

Rd = −
dα
dt

= Aα exp(
−Eα
RT

) f (α) (1)

where α is the fraction of desorption, Aα is the pre-exponential (frequency) factor, Eα is the activation
energy, T is the absolute temperature, R is the gas constant, and f(α) is the reaction model [11,12].
For the TGA study, α is defined as

α = (m0 −mt)/(m0 −m f ) (2)

where m0, mt and mf are the initial weight, the weight at processing time t and the final weight,
respectively. In a nonisothermal heating system with a constant heating rate (dT/dt = B), the reaction
rate is given by the following Equation (3):

dα
dT

=
Aα
B

exp(
−Eα
RT

) f (α) (3)

The differential isoconversional method by Friedman [13] was used in this study. This method
is based on the logarithm shown in Equation (3). The values of the kinetic triplets, Aα, Eα and
f(α), which change with the reaction progress α, can be obtained as a function of α by the following
Equation (4):

ln
[
B
(

dα
dT

)]
= ln[Aα f (α)] −

Eα
RT

(4)

Using Equation (4), the values of Aα, Eα and f(α) can be determined without an interpretation
of the kinetic model function f(α). An accurate interpretation of the kinetic model is not possible
when multiple reactions simultaneously occur because Eα and Aα vary with the reaction progress
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α. However, a kinetic prediction for the determination of the time and temperature profile to obtain
the target conversion α is possible by applying the determined values of the kinetic triplets to the
following Equation (5):

tα =
∫ tα

0
dt =

∫ α

0

dα

Aα f (α) exp(− Eα
RT )

(5)

3. Results and Discussion

3.1. Changes in the Porous Texture

The investigated thermal decontamination process for the spent AC is a combination of vacuum
thermal desorption (VTD) at 1000 ◦C and 10−2 Pa and the partial oxidation (PO) of VTD-treated AC
at 700 ◦C after the pressurized filling of O2 into the evacuated pores by VTD. The changes in the
porous texture of the AC samples after VTD and those after PO were observed by high-resolution N2

adsorption experiments within the relative pressure (p/p0) range of 4 × 10−7 to 1. The high-resolution
adsorption and desorption isotherms of virgin, VTD-treated and PO-treated GAC samples are shown
in Figure 1. The adsorption of N2 at 77.4 K on these three GAC samples was very rapid, indicating the
accessibility of the pores to nitrogen molecules at 77.4 K. After complete micropore filling at a low
pressure (p/p0 ≤ 0.4), the isotherms showed a fairly horizontal plateau. The isotherms for these three
samples were typically type I according to the IUPAC classification, characterized by the presence of a
highly microporous solid. A hysteresis loop at > p/p0 = 0.4 was found in the three GAC samples, but the
desorption points are approximately 0.5% above the corresponding adsorption level at > p/p0 = 0.4,
showing no significant hysteresis due to capillary filling. The high-resolution N2 isotherms shown
in Figure 1 indicate that the highly microporous characteristics of GAC did not significantly change
during the course of the VTD and PO treatment.
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Figure 1. High-resolution N2 sorption and desorption isotherms for virgin, vacuum thermal 
desorption (VTD) treated and partial oxidation (PO) treated granular activated carbon (GAC) 
samples: (a) linear scale and (b) log scale. 

A detailed comparison of the microporous textures of GAC samples during the course of thermal 
desorption treatments was made using the αs–plot method and the NLDFT method. High-resolution 
αs–plots constructed based on the differences between the high-resolution N2 sorption data from the 
GAC samples shown in Figure 1 and data from nonporous reference carbon LMA10 [7] are shown in 
Figure 2. During the adsorption of N2 at 77.4 K by microporous adsorbents, it is generally accepted 
that the filling of N2 molecules into micropores is completed up to αs = 1 (p/p0 = 0.4). In this study, 
Vads (adsorbed volume) at p/p0 = 0.4 in Figure 2 was assumed to be Vmicro (volume of micropores). The 
Vmicro values (in cm3/g, STP) of the virgin, VTD-treated and PO-treated GAC samples were estimated 

Figure 1. High-resolution N2 sorption and desorption isotherms for virgin, vacuum thermal desorption
(VTD) treated and partial oxidation (PO) treated granular activated carbon (GAC) samples: (a) linear
scale and (b) log scale.

A detailed comparison of the microporous textures of GAC samples during the course of thermal
desorption treatments was made using the αs–plot method and the NLDFT method. High-resolution
αs–plots constructed based on the differences between the high-resolution N2 sorption data from the
GAC samples shown in Figure 1 and data from nonporous reference carbon LMA10 [7] are shown in
Figure 2. During the adsorption of N2 at 77.4 K by microporous adsorbents, it is generally accepted
that the filling of N2 molecules into micropores is completed up to αs = 1 (p/p0 = 0.4). In this study,
Vads (adsorbed volume) at p/p0 = 0.4 in Figure 2 was assumed to be Vmicro (volume of micropores).
The Vmicro values (in cm3/g, STP) of the virgin, VTD-treated and PO-treated GAC samples were
estimated to be 0.483, 0.491 and 0.486, respectively. The changes in the micropore volumes of the GAC
samples during the course of the thermal decontamination treatments were negligibly small.
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Figure 2. High-resolution αs–plots of N2 at 77.4K for virgin, VTD-treated and PO-treated GAC samples.

The intercepts of the dotted lines at αs = 1 (p/p0 = 0.4) in Figure 2 can be assumed to be equal to the
sum of the pore volumes (Vpore = Vmicro + Vmeso (volume of mesopores)). The change in Vpore after the
VTD treatment was negligibly small. However, the difference between Vpore for the virgin (or the Vpore

of the VTD-treated sample) and the PO-treated sample was relatively significant. The values of Vmeso

(in cm3/g, STP) for the virgin, VTD-treated and PO-treated GAC samples were 0.015, 0.014 and 0.058,
respectively. A nearly fourfold increase in the mesopore volume was found after the PO treatment,
resulting in approximately a 9% increase in the total pore volume after the partial oxidation treatment.

The surface area (A, in m2/g) was estimated by relating the slope of the straight line from the
αs–plots to the adsorbed volume of N2 and the surface area of a reference nonporous material. This is
expressed as Equation (6) [8].

A = k× slope (6)

In Equation (6), the constant k (= 2.62 m2/cm3(STP)) was obtained from the ratio of the BET surface
area of the nonporous reference carbon LMA10 used here (ABET = 8.517 m2/g) and the adsorbed N2

volume at αs = 1 (p/p0 = 0.4) (V = 3.25 cm3/g (STP)). N2 sorption isotherm and BET surface area plot
for reference carbon LMA10 are shown in Figure S1 [7]. The values of Aext (external surface area)
and Amicro (micropore surface area) were estimated from the slopes of the dotted lines and those of
the solid lines in Figure 2, respectively. The results of the estimation of the porous texture from the
αs–plots are summarized in Table 1. The values of the BET surface area (ABET) as determined by
BET plots (Figure S2) are also listed in Table 1. As summarized in Table 1, the micropore surface
area was increased by the VTD treatment. However, after the PO treatment of the VTD-treated GAC,
the micropore surface area decreased and became similar to that of the virgin GAC sample.

Table 1. Porous texture of virgin, VTD-treated and PO-treated GAC samples as determined by
high-resolution αs-plots (Vmicro, Vmeso, Aext and Amicro) and BET (Brunauer-Emmett-Teller) plot (ABET

from Figure S2).

GAC Sample Pore Volume (cm3/g, STP) Surface Area (m2/g)

Vmicro Vmeso Aext Amicro ABET

Virgin 0.483 0.015 6.1 1045.1 1108.4

VTD-treated 0.491 0.014 3.1 1077.2 1159.1

PO-treated 0.486 0.058 8.6 1040.0 1108.5
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The pore size distribution and pore surface area distribution as estimated by the NLDFT method
are shown in Figures 3 and 4, respectively. The differences in the pore volume distributions shown
in Figure 3 are in agreement with the changes in the porous texture as estimated by high-resolution
αs-plots. The VTD treatment increased the micropore volume slightly, but the total pore volume was
similar to that before the VTD treatment. A significant increase in the volume of mesopores (2–50 nm)
was noted the PO-treated samples. Figure 4 shows the significant increase in the pore surface area after
the VTD treatment. The small increase in the volume of micropores shown in Figure 3 resulted in a
significant increase in the pore surface area, as shown in Figure 4. This clearly stems from the fact
that the area of the micropores is much greater than that of the mesopores with the same pore volume.
It was found from the investigation of the porous textures that the porous structure of GAC can be
slightly enhanced by the proposed thermal decontamination treatment process. This suggests that if
the radioactive spent GAC can be properly decontaminated to the level of free release by the thermal
treatment process proposed in this study, it can be recycled as a highly microporous adsorbent.
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Figure 3. Pore volume distribution of virgin, VTD (vacuum thermal desorption) treated and PO (partial
oxidation) treated spent GAC samples as a function of the pore diameter estimated by the nonlocal
density functional theory (NLDFT) method.

3.2. Thermal Desorption Characteristics

3.2.1. Thermal Desorption Steps

The mass change and the derivative of the mass change obtained from TGA of the spent GAC
samples up to 1000 ◦C with a heating rate of 5 K/min under an inert atmosphere (>99.999% Ar) are
shown in Figure S3. The total amount of desorption was 8.2% of the initial GAC mass. The DTG
(derivative thermogravimetry) plot shows five points of inflection, suggesting that five individual
reactions occurred in a stepwise manner. The results of the deconvolution of the DTG plot into
five peaks are shown as the dotted plots in Figure S3. Based on the rate of weight loss at the peak
temperature of each reaction, three desorption steps could be established and these are denoted as S1,
S2 and S3 at the bottom of Figure S3. The rates of weight loss at the peak temperature are significantly
different for each established reaction step. R1, the only reaction in the first step (S1), showed a peak
rate of −0.064%/min. Regarding the R2, R3 and R4 reactions in second step (S2), all of these are
overlapped, showing peak rates in the range of −0.013 to approximately −0.008%/min. R5 in step 3 (S3)
showed peak rates of less than −0.001%/min. These significant differences in the reaction rate as well
as the temperature range suggested that the thermal desorption reactions in the different reaction steps
shown in Figure S3 have different desorption mechanisms.
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3.2.2. Thermal Desorption Mechanism

The adsorption of gases in activated carbon occurs by two mechanisms: physical adsorption and
chemical adsorption. In physisorption, gases are adsorbed into the pores of AC via an attraction to
the solid surface via Van der Waals force and have a low heat of adsorption. There is no chemical
bond between the carbon surface and the adsorbates in physisorption. In chemisorption, the gas
undergoes a covalent chemical reaction to bind to certain sites on the sorbent with a much greater heat
of adsorption, roughly the heat of reaction. Generally, these two modes of adsorption, physisorption
and chemisorption, are used to describe the gas adsorption of AC [14]. In this study, three steps of
adsorption are suggested to describe the three apparent different desorption steps shown in Figure S3.
The three steps of the thermal desorption of adsorbates from the pores of SAC are schematically
depicted in Figure S4.

Physisorbed adsorbates may undergo two steps of desorption according to the distance of the
adsorbed molecules from the carbon surface. As depicted in Figure S4, as a first step (S1), a large
fraction of physisorbed molecules, which does not exist in the vicinity of the carbon surface, is desorbed.
These molecules do not bind with the carbon surface but instead are molecules homogeneously
condensed to pre-adsorbed identical molecules. These homogeneously condensed molecules have
relatively low binding energy levels and are readily released from the start of the heating of AC at
room temperature. As shown in Figure S3, the rate of the desorption reaction (R1) in the first step (S1)
exponentially increases with the temperature due to the exponential increase of the vapor pressures of
homogeneously condensed molecules with the temperature. This can result in an extremely sudden
escalation and de-escalation of the reaction rate of R1 in the first step. The desorbed fraction in the
first step (S1) was 51% of the total desorbed mass. As a second step (S2), physisorbed molecules that
exist in the vicinity of the carbon surface are desorbed at even higher temperatures. Because these
molecules are strongly attracted to the carbon surface via Van der Waals force, the desorption process
requires a higher energy level and the desorption of these molecules therefore occurs at even higher
temperatures. The desorbed faction in the second step (S2) was 47% of the total desorbed mass.

After the completion of the thermal desorption reactions of all physisorbed molecules,
the chemisorbed molecules are desorbed by the destruction of the chemical bonds at the even
higher temperatures, depicted as S3 in Figure S4. The AC investigated in this study is a granular type of
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AC (GAC) impregnated with triethylenediamine (TEDA) [15]. A fraction of adsorbed carbon dioxide
molecules is thus chemically bonded with amine existing on the surface of the AC [16]. In addition,
some oxygen and carbon also form chemically bonds with the functional groups existing on the surface
of the AC, such as carboxyl, carbonyl, phenol, quinone, and lactone groups [17,18]. Chemically bonded
adsorbates have stronger binding energy levels than physically binding molecules. Ryczkowski et al.
found that the thermal decomposition of the functional groups in AC starts at about 400 ◦C, and their
peak temperatures are in the range of 600–800 ◦C and continue to nearly 1000 ◦C [19]. As shown in
Figure S3, the rate of reaction of R5 in step 3 (S3) was very slow, but it occurs at higher temperatures in
the range of 550–1000 ◦C. The weight loss reaction R5 in step 3 (S3) is thus regarded as the thermal
decomposition of chemically bonded molecules and functional groups existing on the carbon surface.
The desorbed faction in the third step (S3) was 2% of the total desorbed mass.

3.2.3. Thermal Desorption Characteristics of 3H and 14C species

The major adsorbates in spent AC are major gaseous species in the atmosphere, such as N2, O2,
H2O and CO2. The radioactive contaminants, 3H(T) and 14C, which mainly exist in the form of HTO,
14CO and 14CH4, are thermally desorbed together with nonradioactive gases such as O2, N2, H2O,
CO2 and CH4. The adsorption and desorption characteristics of HTO, 14CO2 and 14CH4 are similar to
those of H2O, CO2 and CH4, respectively. In this study, the thermal desorption characteristics of 3H
and 14C in spent AC were investigated by observing the evolution characteristics of H2O, CO2 and CH4.
The results of FTIR analyses of gases generated during nonisothermal TGA of spent SAC are shown
in Figure S5. Reference IR peaks for pure CO2, H2O and CH4 are also shown in Figure S5 [20–22].
The clearly identified gaseous species were CO2 and H2O. Large concentrations of carrier gas (Ar)
and desorption gas (N2 and O2) also flowed into the gas cell, but FTIR spectroscopy cannot detect
these diatomic and noble gases. A much smaller amount of CH4 must also be desorbed from SAC,
but there were no clear peaks indicating CH4 in the IR spectrum. This may be due to its much lower
concentration when compared to those of the carrier gas (Ar) and the major desorbed gases, in this
case N2, O2, H2O and CO2.

The radioactive contaminants, 3H(T) and 14C, which mainly exist in the form of HTO and 14CO,
respectively, as noted above, are thermally dissociated from the pores together with the nonradioactive
gases of O2, N2, H2O and CO2. The sudden escalation of the reaction rate of R1 indicated in Figure S3
must have resulted from the sudden vaporization of homogeneously condensed H2O molecules and
CO2, as shown in Figure S5. Emission of H2O species was concentrated in the first (S1) and the
second (S2) steps shown in Figure S3. This indicated that adsorbed tritium (3H, T) species, in the
form HTO, are mostly homogenously condensed molecules and thus are readily removed by the
heating of AC until the end of reaction step 2 (S2). However, the thermal desorption pattern of CO2

is quite different from that of H2O. The emission concentration of CO2 gradually increased with the
temperature to the peak temperature at about 500 ◦C. Unlike H2O, the emission concentration of
CO2 did not suddenly decrease at the further elevated temperatures. It slowly decreased with the
temperature from approximately 550 ◦C, and a significant amount of CO2 emission continued to
1000 ◦C. This indicated that a significant faction of the adsorbed CO2 was not removed, even by the
heating of SAC until the end of the second desorption step (S2). If a significant fraction of 14CO2

is adsorbed to form chemisorbed adsorbates in SAC, a thermal decomposition process should be
conducted until reaction step 3 finishes, denoted as S3 in Figures S3 and S4.

3.3. Kinetic Analysis and Prediction

3.3.1. Kinetic Analysis of Vacuum Thermal Desorption Reaction

The progress of all thermal desorption reactions denoted in Figures S3 and S4 should be finished
if the goal is completely to remove all adsorbed 14C species in the SAC. The energy and time required
for the completion of the desorption reactions can be reduced if a vacuum thermal desorption (VTD)
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process is used. In addition, VTD can reduce the operating time at an elevated temperature and can
thus effectively reduce the fraction of the conversion of 14C species into the pyrocarbon molecules.

A kinetic analysis of VTD for the spent AC was conducted to establish an optimum VTD process
condition. The results of nonisothermal TGAs of the spent GAC with four different heating rates under
an ultra-vacuum condition are shown in Figure 5. Reaction steps 1 and 2, which were established
through the analysis of TGA data under atmospheric pressure conditions and are presented in Figures
S3 and S4, were not clearly distinguished in the TG (thermogravimetry) and DTG plots obtained from
the vacuum TGA tests. The first and second steps (S1 and S2) significantly overlapped and finished
at approximately 250 ◦C at a heating rate of 1 K/min. This indicated that reaction step 2, the thermal
desorption of physically binding molecules attracted to the carbon surface, started before the end
of the thermal desorption process of the physisorbed adsorbates, not those binding with the carbon
surface but those homogeneously condensed to identical pre-adsorbed molecules. Thermal desorption
of chemisorbed adsorbates started after the end of all reactions of physisorbed adsorbates. Thermal
desorption of chemisorbed adsorbates under a vacuum condition started at approximately 550 ◦C in
all heating rate conditions. This is approximately the same temperature in the atmospheric pressure
condition. This indicates that the vacuum did not significantly enhance the thermal desorption rates of
the chemisorbed molecules.
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Figure 5. TG (a) and DTG (b) plots obtained from nonisothermal TGAs of GAC under an ultra-vacuum
condition (2 × 10−2 Pa) with four different heating rates.

The progress of all thermal desorption reactions denoted in Figures S3 and S4 should be finished
if the goal is completely to remove all adsorbed 14C species in the SAC. The energy and time required
for the completion of the desorption reactions can be reduced if a vacuum thermal desorption (VTD)
process is used. In addition, VTD can reduce the operating time at an elevated temperature and can
thus effectively reduce the fraction of the conversion of 14C species into the pyrocarbon molecules.
The kinetic analysis in this study was conducted to parameterize the reaction steps in terms of the
reaction process, the time and the temperature. Parametrization is accomplished by evaluating
the parameters of the Equations that describe the effect of variables on the reaction rates [23,24].
Using Equation (4), the values of the kinetic triplets Eα and f(α)Aα for the desorption of physisorbed
adsorbates (Steps 1 and 2) and the decomposition of functional groups bearing chemisorbed adsorbates
were determined, as plotted in Figures 6 and 7, respectively [25–27]. Regarding the thermal desorption
of the physisorbed adsorbates, the value of the activation energy Eα does not significantly vary with
the reaction progress α, except for the range of α < 0.05. The values of the activation energy were in
the range of 15–30 kJ/mole. The thermal desorption of the chemisorbed adsorbates with high thermal
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stability, denoted as step 3 (S3) in Figure S4, has much higher values of the activation energy Eα in the
range of 113–175 kJ/mole. The activation energy values of the thermal desorption of the chemisorbed
molecules varied significantly with the reaction progress α, indicating that various types of thermal
decomposition reactions are involved in reaction step 3. This may have resulted from the thermal
decomposition of adsorbates bearing various types of functional group on the carbon surface.
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Figure 6. Activation energy and modified reaction constant (Aαf(α)) of reaction steps 1 and 2 denoted 
in Figure 5b as a function of reaction progress α. 
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3.3.2. Kinetic Prediction for Vacuum Thermal Desorption Process

As discussed above, some of the adsorbed 14C species exists in the form of chemisorbed adsorbates.
The thermal desorption reaction of the chemisorbed adsorbates (step 3) should therefore be completely
finished to remove 14C species substantially from SAC. In order to ascertain the VTD condition in
relation to this, a kinetic prediction of reaction step 3 was conducted by applying the values of Eα
and Aαf(α) to Equation (5) using the software AKTS Thermokinetics [24]. The results of the kinetic
prediction determined for the completion of reaction step 3 are shown in Figure 8. If SAC is heated
under a vacuum to 1000 ◦C with a heating rate of 20 K/min and then sustained at 1000 ◦C for 5 min or
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longer, desorption step 3 will be completely finished. Because the desorption reactions involved in
step 3 start at a temperature exceeding approximately 550 ◦C, SAC can be heated to 550 ◦C with the
maximum possible heating rate of the vacuum furnace. In this manner, an optimum VTD condition
without the consumption of unnecessary energy and time was established in this study.
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3.4. Trial Treatment of Spent Activated Carbon

3.4.1. Vacuum Thermal Desorption

VTD tests of radioactive spent SAC generated from the air cleaning systems of the nuclear power
plants were conducted using a vacuum furnace system. The C-14 radioactivity levels of the two tested
spent SAC samples were 162 and 128 Bq/g. SAC samples have a similar range of radioactivity of 3H
(approximately 102 Bg/g). The purpose of this study is to reduce the radioactivity levels of 3H and
14C to the free-releasable levels in each case. The free-releasable levels of 3H and 14C are 100 Bq/g and
1Bq/g, respectively. Desorption efficiency of only 90% is enough for 3H, but 99.5% desorption efficiency
is required for 14C to convert spent SAC to recyclable SAC. For this reason, this study focused on
determining the thermal desorption process conditions for the removal 14C species.

The results of VTD and the partial oxidation of the VTD-treated GAC samples are shown in
Figure S4. The VTD conditions established by the kinetic model prediction were tested first. VTD tests
at 1000 ◦C under different conditions were conducted under two vacuum pumping modes: (1) operation
of a mechanical pump only (5–10 Pa) and (2) simultaneously operation of a mechanical pump and
a diffusion pump (0.3–0.5 Pa). Five GAC samples with two different 14C activity levels were loaded
onto alumina crucibles and heated to 1000 ◦C at a heating rate of 20 K/min, with this level sustained
for 30 min. The levels of 3H were greatly reduced by the VTD treatment. The radioactivity of 3H
decreased from 373 Bq to 0.65 Bq due to the first VTD treatment, showing a removal efficiency of 99.8%.
Tritium species were nearly completely decontaminated by the first VTD test, indicating that all tritium
species existed in the form of physisorbed HTO. However, the VTD process of the removal 14C from
SAC was not very effective. The levels of 14C decreased to 9.8–17.1 Bq/g after VTD at a pressure level of
5–10 Pa, showing an average removal efficiency of 90.3%. The level of 14C decreased to 2.8–16.8 Bq/g
after an additional VTD step at a further reduced pressure of 0.3–0.5 Pa, showing an average removal
efficiency of 95.3%. The level of 14C in the spent GAC after the two-step VTD treatments still exceeded
the free release criterion of 14C (1 Bq/g) when treating spent GAC samples with 14C activity levels of
162 and 128 Bq/g. This suggested that a small fraction of 14C existed in the form of thermally stable
carbon elements in the pyrocarbon structure. A fraction of 14C-capturing functional groups on the
carbon surface may be carbonized into molecules forming thermally stable carbon black during the
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heating of GAC to 1000 ◦C, even under the condition of rapid heating at 20 K/min and an ultra-vacuum
of 0.3–0.5 Pa.

3.4.2. Vacuum Thermal Desorption Followed by Surface Oxidation

Carbon species existing in the form of thermally stable carbon black can be decomposed and
gasified in the presence of oxygen. Partial oxidation tests of vacuum-treated GACs were conducted to
assess the potential to remove thermally stable 14C species from the vacuum-treated GACs. These results
are also shown in Figure S4. After the second VTD treatment, the furnace was cooled under a vacuum
condition to 400 ◦C. Pure oxygen supplied from a canister at 0.5 MPa was continuously fed into the
vacuum furnace at 400 ◦C in order to fill the evacuated pores with oxygen after the VTD treatment.
After the pressure of oxygen in the vacuum furnace reached 0.5 MPa (approximately 5 bar), the vacuum
furnace was completely closed and heated to 700 ◦C to oxidize the carbon surface with the O2-filled
pores. These partial oxidation results demonstrated the substantial removal of 14C species in the
pyrocarbon structural form, irremovable even by a VTD treatment at 1000 ◦C at 0.3–0.5 Pa. The partial
oxidation of the VAC-treated spent GAC was found to be effective for reducing the level of 14C to a
level below the established free-release criterion when treating GAC samples with 14C activity of 162
and 128 Bq/g. The 14C removal efficiencies by the partial oxidation after vacuum thermal desorption
were in the range of approximately 99.4–99.7%. The results showed an enhanced increase in the
14C removal efficiency when compared to that by microwave-based thermal desorption technology,
which showed removal efficiency of 92.56% for 14C [28]. Thermal decontamination progress of spent
activated carbon contaminated for a substantial removal of chemisorbed 14C species is schematically
depicted in Figure 9.Processes 2020, 8, x 13 of 15 
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Figure 9. Mass schematic depiction of the thermal decontamination progress of spent activated carbon
for a substantial removal of chemisorbed 14C species.

3.5. Recyclability of Treated Spent Activated Carbon

During the PO treatment, the oxygen which filled the evacuated pores peeled the inner surface
of the micropores due to oxidation. This resulted in a slight increase in the total pore volume of AC
without a change in the surface area when compared to the virgin AC. The recyclability of spent GACs
by VTD followed by surface oxidation was confirmed by the slightly enhanced quality of the porous
adsorbents when compared to virgin AC.

VTD followed by a surface oxidation treatment led to the substantial removal of 14C and 3H
from spent AC. This technology is now being developed as a thermal desorption process for practical
use. However, there are several limitations when applying this technology related to the precision
of the analysis of the radioactivity of 14C and 3H in the bulk of spent activated carbon. To increase
the potential to use the developed thermal desorption process technology more practically, a proven
technology for representative sampling and radioactivity measurements of pure beta emitters such as
3H and 14C in the bulk of spent AC should be developed in advance.
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4. Conclusions

Three steps of a desorption reaction of spent activated carbon contaminated with 14C and 3H
could be established by observing the desorption rates at elevated temperatures. These were the
vaporization of homogeneously condensed molecules, the desorption of molecules physically binding
with the carbon surface, and the decomposition of chemisorbed molecules.

Nonisothermal vacuum TGAs and a model-free kinetic analysis of the vacuum thermal desorption
reactions were conducted and the results were used to establish the optimum condition for the vacuum
thermal desorption of 3H- and 14C-bearing adsorbates from spent activated carbon. The vacuum thermal
desorption results at a high temperature of 1000 ◦C under an ultra-vacuum of 0.3–0.5 Pa demonstrated
the complete removal of 3H and 95% removal efficiency for 14C-bearing species. It was found that a
fraction of the adsorbed 14C species, which may have been converted to a thermally stable pyrocarbon
during the elevation of the temperature, could not be desorbed by vacuum thermal desorption.

Oxidative peeling of the pore surfaces by filling the evacuated pores with pure oxygen via vacuum
thermal desorption and heating to 700 ◦C was found to be effective for reducing the level of 14C
to a level below the established free-release criterion (1 Bq/g) when treating spent activated carbon
with 14C radioactivity levels of 162 and 128 Bq/g. The thermochemical decontamination treatment
process proposed in this study, i.e., vacuum thermal desorption followed by the oxidative peeling of
evacuated micropores, does not lower the quality of porous adsorbents; rather, it enhances it slightly.
The recyclability of spent GACs by VTD followed by surface oxidation was confirmed by the slightly
enhanced quality of the porous adsorbents when compared to virgin activated carbon.

Supplementary Materials: The following are available online at http://www.mdpi.com/2227-9717/8/11/1359/s1,
Figure S1. N2 sorption isotherm (a) and BET surface area plot (b) for reference nonporous carbon [7]: Figure S2.
BET surface area plots for virgin, VD treated and PO treated GAC samples: Figure S3. Mass change (TG) and
derivative of the mass change (DTG) obtained from the TGA of SAC under an inert atmosphere (>99.999% Ar)
with a heating rate of 1 K/min, results of the deconvolution of the DTG plot into five peaks (dotted lines), and a
comparison of the DTG (circle) and peak total (solid line): Figure S4. Mass Schematic depiction of the two
thermal desorption steps of SAC: S1 (desorption of homogeneously condensed molecules), S2 (desorption of
physically binding molecules and decomposition of chemisorbed molecules with low thermal stability) and S3
(decomposition of chemisorbed molecules with high thermal stability): Figure S5. IR spectra of evolved gases
from the TG furnace during the thermal desorption of GAC, as shown in Figure 1, and the reference peaks of
pure CO2, CH4 and H2O [20–22]: Figure S6. Change in the 14C radioactivity of the spent GAC sample after two
vacuum thermal desorption tests and that after the partial oxidation of the VTD-treated GAC samples.
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