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Different sorbents, including activated carbons, an Ag-aerogel, Ag-
xerogels, an Ag-alumina, an Ag-zeolite, a Ag,S-polyacrylonitrile com-
posite, and a carbon foam were investigated for static I loading at
71 °C for 56 d followed by 4.7 d of desorption. The iodine loadings were
630-1249 mg g~ * for activated carbons and 87-744 mg g~ * for other
sorbents.

Capture and immobilization of radioiodine is an ongoing concern
for nuclear waste management.'” Radioiodine includes **’I and **'I,
which are fission products with halflives (¢,,) of 1.57 x 10” years
and 8.02 days, respectively. Undesirable release of radioiodine is a
public health and safety concern due to adverse effects on human
health."® Different types of sorbents, including activated carbons,”
aerogels,® xerogels,”" zeolites,” " and metal-organic frameworks
(MOFs)™ have been investigated for capturing gaseous iodine. In
this study, the iodine loadings and adsorption rates of different
commercial and developmental sorbents are compared. To evaluate
several types of sorbents in a head-to-head competitive iodine
capture experiment, twelve separate sorbents were used, including
four activated carbons using six types, a zeolite, an alumina, three
xerogels, a polymer composite, and a carbon foam." The iodine
loading capacities of the tested commercial activated carbons are not
previously reported. Sample names and abbreviated names used in
this paper are given in Table 1. The optical images of the sorbent
materials before iodine uptake are shown in Fig. 1. All the Ag
xerogels had similar appearances, and HTX-Ag is shown for example.
The bottles of BAT37 (Donau Carbon) and BAT37-II (Donau Carbon)
contained carbon sorbents and amorphous inert granules in a
70:30 mass ratio. The activated carbon sorbents in pellet forms
included BAT37, BAT37-I, Des (Donau Carbon), Oxo (Donau
Carbon), and Cab (NORIT) with similar cylindrical shapes of

“ Pacific Northwest National Laboratory, 902 Battelle Blvd, Richland, WA 99354,
USA. E-mail: saehwa.chong@pnnl.gov

b University of Nevada, Reno, 1664 N Virginia St, Reno, NV 89557, USA

t Electronic supplementary information (ESI) available. See DOI: https://doi.org/

10.1039/d4nj01314j

9880 | New J. Chem., 2024, 48, 9880-9884

~3-4 mm diameter and ~2-10 mm length; Dar (NORIT) had
an irregular particle form of ~2-10 mm. The IONEX (Ag-400,
Molecular Products), AC-6120 (Clariant), and 75%Ag,S-PAN
(polyacrylonitrile) sorbents were in bead form with diameters
of ~1-3 mm, and the aerogel and xerogel sorbents had
irregular shapes with sizes of 1-5 mm. The developmental
sorbents including Ag-loaded aerogel,® xerogels,”'*'® PAN
composite,'” and carbon foam'® were synthesized using similar
methods as described in previous studies. All the commercial
sorbent materials were used as received, and the sorbent
materials except for carbon foam (CF) contained impregnated
species of Ag, S, K, and/or I to aid chemisorption (Table 1).
Two additional sorbents including Kombisorb BAS 55 (Donau
Carbon) and AGC-50 CS-Si 1.05 (Resin Tech Inc.) were also
tested, but their data were not included in this study due to
inaccurate measurements with artifacts.

Iodine uptake experiments were performed to determine the
iodine loadings of the sorbents. For these experiments, each
sample was added to a pre-tared 5-mL glass vial; the masses
were =~ 1-3 g for activated carbons, Ag-400, AC-6120, and FA-Ag,
whereas only ~x0.01-0.04 g were used for xerogels, carbon
foam, and PAN due to the limited availability of these sorbents.
Each sorbent was prepared in triplicate except for the xerogels
and the PAN. All the prepared vials without lids were placed in
1-L PFA containers (Savillex) along with solid iodine pieces
(Sigma-Aldrich, >99.99%) of ~1 g L' to provide a saturated
iodine environment. The PFA containers were placed in an oven
at 71 £ 2 °C. At ~24 h intervals, the PFA containers were
removed from the oven and the lid was removed to degas for
10 min before measuring the sample masses. The gravimetric
masses of the sorbents were measured daily for 16 d and then
once a week until day 56. After 56 d, the PFA containers were
placed back into the oven without iodine, and the sorbents
were desorbed at 71 + 2 °C for 114 h. The desorption process
was performed to remove weakly bonded or physisorbed
iodine. The appearances of the Ag-containing sorbents after
iodine uptake are shown in Fig. 2a. The Ag-containing sorbents
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Table 1 List of sorbent samples, abbreviated names, base materials, impregnation elements (or compounds), and forms. AC: activated carbon, C:
carbon, Z: zeolite, A: alumina, AG: aerogel, XG: xerogel, and P: polyacrylonitrile, respectively. Pel and Par denote pellet and particle, respectively.
References are provided where more details can be found for some of the sorbents

# Sorbents Abbr. Base Impreg. Form Ref.
1 Kombisorb BAT-37 BAT37 AC S Pel 15 and 19
2 Kombisorb BAT-II-37 BAT37-11 AC S Pel —15
3 50% Desorex HGD 4S + 50% Oxorbon K40] Des-Oxo AC KI Pel —
4 50% DARCO H,S + 50% CABOT RBHG4 Dar-Cab AC S Pel, Par —
5 Carbon foam CF C None Foam 20
3 IONEX Ag-400 B3 faujasite IONEX VA Ag Bead 21
7 Clariant AC-6120 AC-6120 A Ag Bead 22
8 Ag-functionalized aerogel FA-Ag AG Ag Par 8
9 Ag-xerogel HTX-Ag XG Ag Par 9
10 Reduced Ag-thiolated xerogel HTX-S-Ag’ XG Ag, S Par 9
11 Unreduced Ag-thiolated xerogel HTX-S-Ag" XG Ag, S Par 9
12 75Ag,S-PAN PAN P Ag, S Bead 23
— —1 —1
\ ® q=mms" (mgg™) (2)
® eos |[® . o .
able 2 shows the final iodine loading values before and
BAT37 BATS7 DES ox0 DAR CAB after desorption, and Fig. 3 shows the iodine loadings over
4 o time. The CF sorbent gained & 85% of its max loading after 1 d
r “ %@ 2mm and plateaued the fastest; this is attributed to the small sample
TONEX o130 T XAy AN mass used (& 0.0205 g), porosity, and sorption mechanism. The

Fig. 1 Optical images of the sorbent materials before iodine uptake.

were yellow/white or brown with different color gradations after
iodine uptake, indicating the chemisorption of iodine to Ag and
the formation of Agl.">'""” Fig. 2b and c show the light yellow
color changes in the upper areas of the HTX-Ag and AC-6210
sorbents due to Agl formation over time. The appearances of
the activated carbons and carbon foam remained the same
after iodine uptake.

The iodine loadings of all the sorbents were calculated using
eqn (1) and (2), where m, was the starting mass of the sample
(see Table S1, ESIt), mg, is the final mass following iodine
capture, m; was the mass gain during the test (all gained mass
was assumed as iodine), and g is the term denoting the mass of
iodine captured per starting mass of the sorbent.

my = Mgy — Mg (1)

Tom )

IONEX+I

g

AC6120

Fig. 2 Optical images of (a) Ag-containing sorbents after iodine uptake,
(b) HTX-Ag before iodine loading and on 5 d, and (c) AC-6120 showing a
color change as more iodine was loaded over 4 consecutive days.
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Ag-thiolated xerogels, AC-6120, and PAN reached the equili-
brium state in 7 d, 10 d, and 30 d, respectively. All the activated
carbons, IONEX, and FA-Ag were still showing strong adsorp-
tion of iodine until the last day of iodine uptake before
desorption. The results showed that the activated carbons
had iodine loadings of 536-1165 mg g~ after desorption, and
the Des-Oxo sorbent showed the highest iodine loading. The
changes in the g values of the activated carbons after 114 h of
desorption were ~7-15 mass% decrease due to the removal of
weakly bonded or physisorbed species. As the desorption
process is often slower than adsorption due to lower driving
force, the reported desorption values of iodine only reflect the
fraction of physisorbed iodine. Thus, considering all the iodine
not desorbed as being chemisorbed may be an over representa-
tion of the quantities of chemisorbed iodine.

The Ag-containing xerogels had similar iodine loadings of
527-584 mg g ' after desorption, whereas FA-Ag was at
394 mg g '. The change of g values for Ag-xerogels after

Table 2 lodine loading of sorbents before (gy,) and after (gq) desorption.
A% shows the % change of g after desorption

# Sorbents gp (mg g™ ga (mg g™ A%
1 BAT37 950 + 28 857 + 45 -10
2 BAT37-11 630 + 32 536 + 28 ~15
3 Des-Oxo 1249 + 35 1165 + 9 -7
4 Dar-Cab 746 + 74 655 + 83 —-12
5 CF 734 + 29 596 + 19 —-19
6 IONEX 479 £ 24 480 £ 19 0.2
7 AC-6120 87 + 3 82 +3 -6
8 FA-Ag 485 + 15 394 + 11 -18
9 HTX-Ag 567 559 -1
10 HTX-S-Ag’ 603 584 -3
11 HTX-S-Ag" 519 527 1.5
12 PAN 744 742 -0.3
New J. Chem., 2024, 48, 9880-9884 | 9881
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Fig. 3 lodine loadings of sorbents for 56 d at 71 + 2 °C followed by 4.7 d

of desorption.

desorption were relatively small (2-3 mass%) compared to
activated carbons (>7 mass%). The IONEX and PAN sorbents
showed iodine loadings of 480 and 742 mg g~ ', respectively,
with <0.3 mass% change after desorption, and these low
changes potentially indicated the full chemisorption of iodine.
The carbon foam sorbent had iodine loading of 596 mg ¢~ ' and
showed the highest decrease after desorption, i.e., 19 mass%.
The AC-6120 had the lowest iodine loading (82 mg g~ ') among
the tested sorbents. Interestingly, BAT37 and BAT37-II lost
mass in the first 3 and 4 days, respectively, and this mass loss
was attributed to moisture loss or the cross interaction with
other samples. Several additional experiments were performed
to investigate possible cross reaction between sorbents includ-
ing FA-Ag and IONEX (see Table S2 and Fig. S12, ESIt). The
results showed that iodine loading for FA-Ag increased by 52%
without desorption and 30% after desorption compared to
values from the 56 d experiment. Similarly, iodine loading of
IONEX also increased by 34% before desorption and 28% after
desorption compared to the 56 d experiment. Further investiga-
tion should be performed in a future study to understand the
cross reactions between different sorbents.

The iodine adsorption rates of the sorbents with similar
initial masses (& 1.5-1.9 g) were calculated by linearly fitting
the iodine loading values of the first 7 d (Fig. 4). The adsorption
rates of the sorbents with low initial masses (x0.02-0.30 g)
were not compared as the resulting g values would be higher
with similar iodine mass uptake due to these low initial masses,
and this could be misleading. Among the compared sorbents,
Dar-Cab showed the highest adsorption rate of 0.55 mgg ' h ™,
and BAT37-1I showed the lowest adsorption rate of 0.17 mg g~ " h™"
under the given conditions.

The structural changes before and after iodine uptake were
analyzed using powder X-ray diffraction (PXRD). The sorbents
were ground to a fine particle size and placed into the cavities
of zero-background quartz holders (MTI Corp.). PXRD was
performed using a Bruker D8 Advance diffractometer with a
Cu tube between 10-55° or 10-70° 20 with 0.02° or 0.03° 20
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Fig. 4 lodine adsorption rates of activated carbon (BAT37, BAT37-Il, Des-

Oxo, Dar-Cab), AC-6120 alumina, and HTX-Ag xerogel sorbents in the first
7 d of iodine uptake. The initial sample masses are given below the sample
names.

steps and 1-3 s dwell time per step. Bruker AXS DIFFRAC EVA
software was used to identify phases.

The XRD patterns of the sorbents before and after iodine
uptake are shown in Fig. S1-S11 (ESIt). The XRD patterns of the
as-received activated carbons showed two broad peaks around
25° and 44° 20 indicating amorphous carbon structures, and a
sharp peak around 26.7° 20 attributed to quartz and/or a
graphite phase.®® All the activated carbons had sulfur-
containing phases. The raw BAT37 sorbent contained Na,SO,
along with graphite and SiO, phases, but most of the crystalline
phases decomposed except for a small peak of graphite after
exposure to iodine at 71 °C for 56 d (Fig. S1, ESIt). The BAT37-1I
sorbent initially contained Na,SO, and CaSO, phases along
with graphite and SiO, phases, but after iodine uptake, only
CaSO, and graphite phases were observed, along with a few
small unidentified peaks (Fig. S2, ESIT). The Des, Oxo, Dar, and
Cab sorbents showed the presence of graphite, SiO,, and CaS
before iodine uptake (Fig. S3 and S4, ESIf). The Des-Oxo
sorbent showed an amorphous hump with small KI, graphite,
and SiO, diffraction peaks after iodine uptake (Fig. S3, ESIT).
The Dar-Cab sorbent had a small peak, which was identified as
CaCOs; (calcite), at ~29.5° 20 after iodine uptake (Fig. S4, ESIT).
The CF sorbent was amorphous before and after iodine uptake
(Fig. S5, ESIY).

The Ag-containing sorbents chemisorbed iodine and formed
Agl phases during iodine uptake, which was observed in other
97111617 The IONEX sorbent contained an Ag-faujasite
phase before iodine uptake, and the faujasite crystal structure
decomposed and formed B-AgI and y-AgI phases after iodine
uptake (Fig. S6, ESIT); this has also been seen in previous
studies.'”*! The FA-Ag and HTX xerogels were amorphous
before iodine uptake and showed B-AgI and y-Agl phases after
iodine uptake (Fig. S7-S10, ESIf). The PAN composite con-
tained Ag,S before iodine uptake, and Ag,S was collapsed and
formed B-Agl and y-Agl during iodine uptake (Fig. S11, ESI¥).>*
The iodine-loaded activated carbons contained small crystal-
line peaks, which remain unidentified.

studies.

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2024
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The range of g4 and A% values (see Table 2) between these
sorbents as well as differing specific surfaces areas (active
capture surfaces), capture mechanisms (i.e., physisorption-
based, chemisorption-based, or a combination thereof), costs,
commercial availabilities, and volume-scale availabilities pro-
vide a cross-cutting list of potential options for iodine capture.
While some of these are off-the-shelf solutions, other develop-
mental (not currently commercially available) options might
prove more effective at iodine capture under certain conditions.
While a particular sorbent might show great promise, if it is not
commercially available, implementing it at an industrial scale
could take many years to realize. The set of experiments
discussed comparing the performance of FA-Ag and IONEX
show the interactions that certain sorbents might have and how
mutualistic symbiotic effects might exist between separate
sorbents where, when combined, they could capture more than
the combination of each separately. This effect should be
explored more in the future.

Three sorbents including HTX-S-Ag’, HTX-S-Ag", and PAN
reached the adsorption plateaus and were examined for their
respective adsorption kinetics. The three data sets were fitted
(Fig. 5) using the pseudo-first-order model [eqn (3)] after
completing a nonlinear fit analysis through Mathematica®
software. The value for g was taken to be the final value of ¢
for each data set, and k is the rate constant (Table S3, ESIt).
This indicates a higher initial concentration of adsorbate
relative to active adsorption sites.*®

q(t) = ge (1 — ™) (3)

Summary and conclusions

Different sorbent materials, including six activated carbons, an
aerogel, three xerogels, an alumina, a zeolite, and a carbon
foam were investigated simultaneously for gaseous iodine
loading at 71 °C for 56 d followed by 4.7 d of desorption. The
iodine loadings of activated carbons were 630-1249 mg g~ '
before desorption and decreased by 7-15% after desorption due

800
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%0 i/
_E, 400 ia
= q
T i
200 O HTX-S-Ag®
L 0 HTX-S-Ag*
4 PAN
ol }
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Fig. 5 Adsorption kinetic models for sorbents that reached adsorption
plateaus.
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to loss of weakly bonded or physisorbed species. All the
Ag-containing sorbents chemisorbed iodine and formed Agl
during iodine uptake. The Ag-xerogels had iodine loadings of
519-603 mg g ' before desorption and lost <2% during
desorption, whereas the Ag-aerogel with 485 mg g~ ' before
desorption lost & 18% during desorption. The Ag-faujasite with
479 mg ¢~ ' and Ag,S-PAN composite with 744 mg g~ " were also
stable during desorption. The Ag-alumina showed the lowest
iodine loading of 87 mg g~ '. The tested commercial activated
carbons with impregnated sulfur species, which are designed
for Hg gas capture, showed their potential to be used as dual-
functional sorbents to capture I, and Hg vapors from off-gas
systems in nuclear waste facilities. The developmental sor-
bents, including the Ag-xerogels and PAN composites, showed
stable loading of iodine with little desorption, and their loading
capacities with Hg will be investigated in a future study to
evaluate their potential use as dual-functional sorbents for I,
and Hg vapors. When multiple sorbents are run simulta-
neously, this can lead to unexpected results; thus, samples
should be run individually to evaluate individual performances.
This is currently being done in a follow-up study to the
current work.
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