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Capture and adsorption behavior of iodine by edible y-CD-MOFs
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ABSTRACT

The capture and storage of radioactive iodine (I or ') generated from the extensive use of nuclear
energy has become a hotspot. In our work, we exerted the edible y-CD-MOFs with high specific sur-
face area large cavities and plenty of hydroxyl functional groups to iodine capture and adsorption
process. The most significant parameters including dosages, contact times, adsorbate concentrations
and temperatures were explored. The external adsorption behavior was analyzed by kinetic analy-
sis as well as thermodynamic analysis, and the internal mechanism was investigated in detail. The
results showed that the adsorption obey the pseudo-second order kinetic model. The maximum gas
iodine uptake of 104 wt% was obtained and the maximum liquid adsorption capacity was as high as
449.71 mg/g at 298 K estimated by the Langmuir isotherm model. Additionally, the negative values
of AG and the positive values of AH and AS at all temperatures, suggested that the spontaneous and
endothermic nature of the iodine adsorption by y-CD-MOFs.
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1. Introduction

Iodine is an indispensable trace element in the human
body. However, excess iodine and its radioactive isotopes
will pose a threat to human health, ie., it could damage
thyroid function and further may lead to an increase in
thyroid cancer. The radioactive iodine is mainly derived from
the release of nuclear accidents, among which containing 16
kinds of output data, namely I'®, I'® and I'’7'* [1]. Major
accidents in recent years generally including the Chernobyl
nuclear disaster in Ukraine in 1986, the Davis-Bose reactor
accident in the United States in 2002, the Mihama nuclear
power plant accident in Japan in 2004, Fukushima and
Daiichi nuclear power plant accident in Japan in 2011, etc.
All above had great effects on the environment and then
caused the variation of plants and animals [2—4]. Therefore, a
surge to explore effective measures of controlling radioactive
iodine pollution has witnessed in recent decades.

* Corresponding author.

Up to now, the methods of iodine removal have been
mainly focused on the adsorption technology, which is the
most popular and effective approach due to its attractive
advantages such as simple operation, little equipment
investment cost and energy consumption, no production
of toxic intermediates [5,6]. The traditional porous
adsorbents often used to handle iodine pollution including
silica gel, activated alumina, activated carbon, molecular
sieve, etc [7,8]. However, there are some shortcomings of
the traditional adsorbents evident in the low adsorption
capacity, easy-lost activity and so on. For example, the
adsorption efficiency of the conventional silver-based
zeolite used to capture radioactive iodine is low because
of the limited available surface; besides, the cost is high
and adverse environmental impact is great due to the
composition of silver [9]. Hence, developing new adsor-
bents with high adsorption capacity, low cost and strong
adaptability is still desirable.
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Porous metal-organic frameworks (MOFs), which
mainly formed from the inorganic metal clusters and
organic ligands, have been rapidly developed as a new
type of solid adsorbents by virtue of high specific surface
areas, large porosities, adjustable pore sizes and struc-
tures and devisable adsorption sites [10-18]. In recent
years, MOFs have been employed for addressing environ-
mental issues to decontaminate various toxic and hazard-
ous substances involving lead ions, hexavalent chromium
ions, organophosphorus, nitrobenzene and antibiotics [19].
However, the utilization of MOFs to remove iodine and
investigation of the adsorption behavior remain to be further

developed.
Among  the numerous MOFs, the  edible
gamma-cyclodextrin MOFs (y-CD-MOFs) with

body-centered cubic structures, which are constructed
by potassium ions and vy-CD, have become highly
sought-after [20-23]. Particularly, the organic linker of
v-CD, which comprised of eight asymmetric a-1,4-linked
D-glucopyranosyl residues, is a symmetrical cyclic
oligosaccharide produced enzymatically from starch.
Consequently, the y-CD-MOFs were endowed with large
spherical pores of 17 A bearing plenty of hydroxyl func-
tional groups [24,25]. Judging from the characteristics of
high specific surface areas, large cavities and polyhydroxy
functional groups, herein, we adopted the y-CD-MOFs
as efficient adsorbents for the capture and adsorption of
iodine. The results were characterized by powder X-ray
diffraction (PXRD), X-ray photoelectron spectroscopy
(XPS) and Fourier Transform Infrared Spectra (FT-IR). In
addition, the adsorption kinetics, adsorption isotherms and
thermodynamics of iodine by the y-CD-MOFs were studied.

2. Experimental setup
2.1. Materials

Allchemicals(gamma-cyclodextrin, potassiumhydroxide,
methanol and iodine) were purchased from commercial
suppliers and used without further purification unless
otherwise noted.

2.2. Instruments and characterization

The Fourier Transform Infrared Spectra (FT-IR) were
measured on a Nicolet Nexus 410 infrared spectrometer
spectrum instrument using the KBr method at the wavelength
from 4,000 to 400 cm™. The powder X-ray diffraction (PXRD)
was performed by a Riguku D/MAX2550 diffractometer
using CuKa radiation, 40 kV, 200 mA with scanning rate of
4°/min. The nitrogen adsorption isotherm was measured on
an Autosorb iQ2 adsorptometer, Quantachrome Instruments.
The X-ray photoelectron spectroscopy (XPS) was recorded
on a ESCALAB 250Xi X-ray photoelectron spectroscopy.
The optical absorption spectra were recorded using UV-Vis
spectrophotometer (Varian Cary 3 Bio, Australia).

2.3. Synthesis of y-CD-MOFs

The y-CD-MOFs  were
to the previous literature (Fig. 1)

synthesized
[25].

according
Specifically,

(I) A mother solution of vy-Cyclodextrin (324 mg)
in 200 mM KOH agq. (10 mL) was placed in a glass vessel;
(2) 6 mL CH,OH was allowed to vapor-diffuse into the fore-
going solution at room temperature for incubating the col-
orless cubic single crystals.

2.4. Uptake of iodine

The solid iodine adsorption experiments were performed
as follows: (i) the y-CD-MOFs were placed into a sealed vessel,
which filled with nonradioactive iodine vapor at 353 K and
atmospheric pressure; (ii) after a period of time, the anterior
vessel was cooled down to room temperature and weighed.
The uptake of iodine for y-CD-MOFs was calculated as the
following formula:

m, —m,

o= x100% (1)

m

where a represents the iodine uptake, m, and m, repre-
sent the quality of y-CD-MOF samples before and after
adsorption of iodine.

2.5. Adsorption of iodine

Adsorption of iodine by the y-CD-MOFs was conducted
with batch experiments. The y-CD-MOFs (10 mg) were fit in
the iodine/hexane solution (50-700 mg/L, 10 mL) and held
for a period of time. Then the absorbance of supernatant was
measured at a wavelength of 525 nm by UV-vis at various
time intervals with a calibration plot (Fig. S1).

The removal efficiency (E, %) and the amount of iodine
adsorbed g, (mg/g) were given according to the formulas [26]:

qB — (CU _Cc)V (2)
m
o G -C o,
E(%) = b= x100% 6)

0

where C, (mg/L) and C, (mg/L) represent the initial
concentration and equilibrium concentration of iodine in the
solution, respectively; m represents the mass of adsorbent
used (g); V represents the volume of solution used (L).

V-CD-MOF

Methanol vapour diffusion

Fig. 1. Synthesized producer of y-CD-MOFs.
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3. Results and discussion
3.1. lodine capture

The PXRD pattern of y-CD-MOFs was matched with
the previously reported result predicted from the single
crystal crystallographic data, which is in line with the
pure phase of the obtained samples (Fig. S2). The N,
adsorption—desorption isotherms (Fig. 2) of the y-CD-MOFs
used in this study defined a Brunauer-Emmett-Teller
(Langmuir) surface area of 374.8 (485.4) m? g'. To
investigate the ability of y-CD-MOF materials for iodine
enrichment, the capture experiment of excess iodine vapor
by y-CD-MOFs was conducted in a closed system at 353 K
and ambient pressure. With the passage of time, the color
of the y-CD-MOFs changed from colorless to dark brown,
and the uptake quality was calculated by the gravimetric
method. As shown in Fig. 3, the adsorption rate increased
rapidly in the first 2 h, then significantly reduced from
2 to5h, and gradually became even after 5 h, indicating that
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Fig. 2. N, adsorption—-desorption isotherms for the y-CD-MOFs.
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Fig. 3. Gravimetric uptake of non-radioactive iodine by
v-CD-MOFs as a function of time at 353 K. Inset photographs
showing the color change when y-CD-MOFs were exposed to
iodine vapor 5 h.

the adsorption reached equilibrium with a saturated iodine
loading of 104 wt%. With this vapor uptake value of iodine,
v-CD-MOFs could far exceed the commercial activated
carbon as high as 3.4 times (Table S1). The efficient iodine
adsorption performance of y-CD-MOFs may arise from
two aspects: (a) the high specific surface area characteris-
tics and large cavities may be propitious to improve the
adsorption capacity of iodine by y-CD-MOFs; (b) the abun-
dant hydroxyl groups could enhance the affinity between
the y-CD-MOFs and iodine molecules.

The XPS spectrum of the iodine-loaded samples (named
as L@y-CD-MOFs) washed with ethanol three times is
shown in Fig. 4(a). For I,@y-CD-MOFs, both I 3d 3/2 peak
and I 3d 5/2 peak could be decomposed into two components
of I, (631.6, 629.8 eV) and 1,7 (620.1, 618.4 eV), respectively.
The result demonstrated the coexisting of iodine and
polyiodide states (I,), suggesting the chemisorption and
physisorption occur simultaneously. This phenomenon
could be contributed to the strong affinity to iodine molecular
presented by the hydroxy affinity centers in y-CD-MOFs; this
is, I, species could be transformed into I~ with polyhydroxy
skeleton of y-CD-MOFs through the transfer of electron from
the O atom to I atom charge-transfer effect [7,27].

Furthermore, when comparing the FT-IR spectra of
LL@y-CD-MOFs to parent y-CD-MOFs, we found that
the O-H stretching vibrations at 3,387 cm™ red-shifted
toward to 3,374 cm™, implying the noncovalent interactions
between O-H groups of y-CD-MOFs with iodine (Fig. 4(b)).
In another word, the FT-IR spectrum as well as XPS spec-
trum provided the solid evidence for the existence of the
charge-transfer (CT) interactions between the O-H units
electron donor and iodine acceptor [4,28]. Thus, the y-CD
fragments in the y-CD-MOF skeleton might play a crucial
role in the iodine capture.

3.2. lodine adsorption
3.2.1. Effect of adsorbent dose

In a batch system, y-CD-MOF dosages varied from
0.25 to 3g/L were tested to evaluate the optimal value for
a fixed concentration of iodine at 100 mg/L. As shown
in Fig. 5, the E increased from 23.23% to 98.25%, while
the g, reduced from 175 to 35 mg/g with the increase of
v-CD-MOF dosages. This mechanism could be explained
as: the increasing amount of y-CD-MOFs produced the rais-
ing of contacting surface area and binding sites for iodine
adsorption, resulting in the improving of removal effi-
ciency; on the other hand, the adsorptive capacity dropped
because of the decreased amount of iodine exposed to unit
weight of y-CD-MOFs. After weighing, the optimum adsor-
bent dosage was fixed at 1 g/L, and then it was used for the
subsequent experiments.

3.2.2. Effect of contact time and initial concentration

The impact of contact times and initial concentrations
of the solution on the absorption of iodine by y-CD-MOFs
were conducted at room temperature. As shown in Fig. 6(a),
the color of the solution gradually decreased from dark pink
to almost colorless after 12 h; in contrast, the y-CD-MOFs
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Fig. 4. (a) XPS spectrum of [,@y-CD-MOFs (b) FT-IR spectra of y-CD-MOFs and I,@y-CD-MOFs.
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Fig. 5. Variation in the removal efficiency E and adsorptive
capacity g, of y-CD-MOFs as a function of adsorbent dose.

turned from white to purple. As expected, the longer the
contact time as well as the larger the initial iodine con-
centration was, the higher the iodine adsorption amount
was. Overall, the equilibrium of iodine adsorption by y-CD-
MOFs happened at 12 h (Fig. 6(b)). At first, a large number
of the hydroxyl active sites were exposed on the surface of
v-CD-MOFs, the adsorption amount sharply raised; then,
when the active sites were gradually occupied, the adsorp-
tion amount slowly paced down; finally, it reached the sat-
uration. When the initial concentration ranged from 50 to
250 mg/L, the corresponding maximum adsorption amounts
and removal efficiencies of iodine by y-CD-MOFs were 50.00
mg/g and 100%, 98.23 mg/g and 98.23%, 147.24 mg/g and
98.13%, 190.59 mg/g and 95.30% and 232.94 mg/g and 93.18%,
respectively. Obviously, the effective collision probability
between y-CD-MOFs and iodine raised with the increase of
initial concentration of iodine, bringing the enhanced adsorp-
tion capacity.
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Fig. 6. (a) Photographs showing the visual color change of iodine
adsorption by y-CD-MOFs. and (b) Kinetics of iodine adsorption
by y-CD-MOFs in n-hexane solution at different concentrations
(50250 mg/L) at T=298 K.

3.2.3. Adsorption dynamics analysis

In order to understand the iodine adsorption behavior
of y-CD-MOFs, the experimental data were processed by
pseudo-first-order kinetic model, pseudo-second-order
kinetic model and intraparticle diffusion model, which can
be expressed as follows [29-33]:

ln(qe —qt):lnqe —kt (4)
S ©
9. ka a.
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q, =kt +C (6)

where g, (mg/g) and g, (mg/g) represent the amounts
of the iodine adsorbed (mg/g) at various time and
equilibrium time, respectively; k, (h™) and k, ((g/mg/h)
represent the kinetic rate constants for the pseudo-first-order
and the pseudo-second-order models, respectively;
k. (mg/g/h'?) represents the intraparticle diffusion rate con-
stant, and C (mg/g) represents the intercept which is in the
direct ratio to the extent of boundary layer thickness.

The pseudo-first-order and pseudo-second-order
curve-fittings are shown in Figs. 7(a) and (b), respectively. We
were told from the parameters tabulated in Table 1 that the
linear regression coefficient values of pseudo-second-order
kinetic model (0.99, 0.99, 0.99, 0.99 and 0.99) are much
higher than those of pseudo-first-order kinetic model (0.96,
0.96, 0.95, 0.93 and 0.93). Moreover, the practical value of q,
calculated from the pseudo-second-order kinetic model also
got much closer to the theoretical value compared with that
of the pseudo-first-order. These results indicated that the
adsorption is dominated by the pseudo-second-order kinetic
model which used to describe the chemisorption-type pro-
cess effectively, and further confirmed the assumption
of strong interaction between the y-CD-MOFs and the
iodine molecules. As shown in Fig. 7(c), the multilinear
plots of g, against t"? suggested that the adsorption process
involve two stages including the surface diffusion and the
intraparticle diffusion, briefly, the intraparticle diffusion
is not the only rate-determining step in the adsorption
process (Table 2) [34].

3.2.4. Adsorption isotherms analysis

To further understand the adsorption mechanism and
obtain the saturated adsorption capacity of iodine by the
v-CD-MOFs, batch experiments were conducted under three
constant temperatures of 288, 298 and 308 K with different
initial iodine concentrations. The most popular adsorption
isothermal models were so-called Langmuir isotherm and
Freundlich isotherm. The Langmuir sorption isotherm based
on several basic assumptions is often applied for the mono-
layer adsorption process. In contrast, the adsorption isotherm
model proposed by Freundlich, is usually used to analyze the
multilayer adsorption.

The Langmuir isotherm model and the Freundlich
isotherm model can be represented as follows [35-38]:

Zeo A 7)
7. K. K
1
Ing, =InK, +=Inc, (8)
n

where g, (mg/g) represents the equilibrium adsorption
capacity; C, (mg/L) represents the iodine concentration
at adsorption equilibrium; and K, and a, represent the
Langmuir adsorption isotherm constants; K. and 7 represent
the Freundlich adsorption isotherm constants.

From Figs. 8(a)—(c), the adsorption performances
of y-CD-MOFs interpreted by the Langmuir and
Freundlich models are clearly shown. The parameters
(9,, K, K, R, n and R?) calculated based on each model
are listed in Table 3 and 4, respectively. By comparing the
linear correlation coefficient values of R?, we can draw a
conclusion that the Langmuir adsorption isotherm model
describes the iodine adsorption process of y-CD-MOFs bet-
ter than the Freundlich adsorption isotherm model. This
illustrated that the iodine adsorption by y-CD-MOFs is a
monolayer adsorption, which often occurs in the chem-
ical adsorption or adsorption of microporous materials
according to the previous literature. Furthermore, the max-
imum adsorption capacity of iodine by y-CD-MOFs based
on the Langmuir model was as high as 444.71, 449.71 and
460.59 mg/g at 288, 298 and 308 K, respectively.

Additionally, the separation factor “R,”, which is
called equilibrium parameter, can be used to describe the
fundamental characteristic of the Langmuir isotherm using
the following equation [39]:

1
R =
LT 1raC, ©)
where C, (mg/L) presents the initial concentration

and a, (L/mg) presents the Langmuir constant. The value of R,
can be used to predict the shape of the adsorption isotherm:
Unfavorable (R, > 1), Linear (R, = 1), Favorable (0 <R, <1) or
Irreversible (R, = 0).

As shown in Fig. 8(d), the R, values for the iodine
adsorption by y-CD-MOFs at the temperatures of 288, 298
and 308 K were calculated to be in the ranges of 0.034-0.313,
0.027-0.312 and 0.018-0.191, respectively. These values sug-
gested the favorable and endothermal nature of iodine
adsorption by y-CD-MOFs. The changes in the R, values
with the iodine concentration indicated that the low concen-
tration of adsorption was more advantageous.

3.2.5. Adsorption mechanism

To make a long story short, we speculated the mech-
anisms of the iodine adsorption onto the y-CD-MOFs may
be attributed to a combination of perforated porousness and
charge-transfer interactions. First, the porous networks of
v-CD-MOFs provided a free and easy access for the guest
iodine molecules to accomplish the external diffusion and
internal diffusion; then, the hydroxy-rich units presented a
number of active binding sites for achieving the adsorption
of iodine via host—guest interaction.

3.2.6. Adsorption thermodynamics analysis

The mechanism of iodine adsorption by y-CD-MOFs can
be explained by some basic thermodynamic parameters, such
as Gibbs free energy AG (KJ/mol), enthalpy AH (KJ/mol) and
entropy AS (J/mol/K), which can be expressed as follows [40]:

K, =1 (10)
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Fig. 7. (a) Pseudo-first-order curve-fittings, (b) pseudo-second-order curve-fittings and (c) intraparticle diffusion models for iodine
adsorption by y-CD-MOFs at different initial iodine concentrations.

Table 1

Kinetic parameters of iodine adsorption by y-CD-MOFs
C, (mg/L) T, exp (MB/B) Pseudo-first-order kinetics Pseudo-second-order kinetics

k() foM/B) R k(g/mgh)  4.,(mgg) R

50 42.35 0.48 50.77 0.96 0.020 49.16 0.99
100 93.24 0.20 70.71 0.96 0.009 112.74 0.99
150 138.80 0.19 111.89 0.95 0.006 175.49 0.99
200 175.00 0.15 144.24 0.93 0.004 227.79 0.99
250 216.50 0.16 161.01 0.93 0.004 268.10 0.99

Table 2

Intraparticle diffusion model parameters for the adsorption of iodine by y-CD-MOFs
C, Intraparticle diffusion model
(mg/L) k., C, R k., G, R

(mg/g/h"?) (mg/g) (mg/g/h™?) (mg/g)

50 12.59 5.34 0.91 0.14 42.59 0.96
100 27.11 13.26 0.92 0.95 93.92 0.93
150 42.77 13.36 0.92 2.35 137.45 0.95
200 51.03 22.93 0.94 9.31 153.08 0.96

250 55.79 51.59 0.91 7.43 207.88 0.96
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Fig. 8. (a) Data fitting with Langmuir and Freundlich adsorption isotherms of iodine adsorption by y-CD-MOFs at different
temperatures (288, 298 and 308 K); solid lines: Langmuir model, dashed lines: Freundlich model. (b) and (c) are the Langmuir and
Freundlich linear fittings for the iodine adsorption by y-CD-MOFs, respectively. (d) Separation factor for iodine adsorption by

v-CD-MOFs.

Table 3

Langmuir isotherm parameters for iodine adsorption by

Table 4
Freundlich isotherm parameters for iodine adsorption by

v-CD-MOFs v-CD-MOFs
Langmuir Temperature Q K R R, Freundlich Temperature K R? 1/n
isotherm  (K) isotherm (K)
L 288 44471 0.04 0.99 0.034~0.313 F 288 64.19  0.95 0.37
298 449.71 0.05 0.99 0.027~0.312 298 75.77  0.92 0.34
308 460.59 0.08 0.99 0.018~0.191 308 101.85  0.90 0.29
The obtained Gibbs free energy (AG), adsorption
AG=-RTIn(K
¢ n( d) an enthalpy (AH) and entropy (AS) of iodine adsorption by
v-CD-MOFs at three temperatures are listed in Table 5. The
calculated AG values were varied in the ranges of -7.11 to
In(K,) :%5,% (12) ~850K]/mol, 657 to —8.12 KJ/mol, 545 to -5.96 Kj/mol,

where K, (L/g) presents the distribution coefficient defined
by g,/C, R (8.314 J/mol/K) presents the universal gas constant
and T (K) presents the temperature.

-3.86 to—4.69 KJ/mol and —1.45 to —2.49 KJ/mol at different ini-
tial iodine concentrations under three temperatures, respec-
tively (Fig. 9). In view of the negative values of AG, it is very
sensitive, the iodine adsorption by y-CD-MOFs were sponta-
neous and endothermic. Furthermore, the enthalpy AH and
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Table 5
Thermodynamic parameters of iodine adsorption by y-CD-MOFs
G, AG (KJ/mol) AH AS
(mg/L) (KJ/mol)  (KJ/mol/K)
288K 298K 308K
100 -711 801 -850 20.05 0.093
150 -6.57 -698 -8.12 22.24 0.099
350 -545 575 596 7.36 0.043
500 -3.86 424 -4.69 11.85 0.054
700 -145 -153  -2.49 14.81 0.056
4.5 = 100 mg/L]
« 150 mg/L}
3.6 - a 350 mg/L}
v 500 mg/L}
+ 700 mg/L}
2.7 .
T
X A_\~__‘_\_‘
£
L
0.9 '\J
*
0.0 T T T T T
325 330 335 340 345 3.50
1/Tx1000 (K™

Fig. 9. Van't Hoff plots to get the AH and AS of iodine adsorption
by y-CD-MOFs.

the entropy AS at different concentrations could be calculated
from the slopes and intercepts of the linear plots of In K, vs.
1/T to be 20.05 KJ/mol and 0.093 KJ/mol/K, 22.24 KJ/mol and
0.099 KJ/mol/K, 7.36 KJ/moland 0.043 KJ/mol/K, 11.85 KJ/mol
and 0.054 KJ/mol/K, 14.81 KJ/mol and 0.056 KJ/mol/K, respec-
tively. Likewise, the positive values of AH and AS at all tem-
peraturesdemonstrated theiodineadsorptionbyy-CD-MOFs
were spontaneous and endothermic once again [41,42].

4. Conclusion

To sum up, the y-CD-MOFs with large cavities, high spe-
cific surface areas and a great deal of hydroxyl functional
groups were proved to be a kind of good candidate for iodine
capture and adsorption. In this study, under optimal condi-
tions of concentration 50 mg/L, y-CD-MOFs dosage 1 g/L
and contact time 12 h, the removal efficiency was up to 100%.
Moreover, the maximum gas iodine uptake of 104 wt% was
obtained, whereby the maximum adsorption capacity of
v-CD-MOFs was up to 449.71 mg/g at 298 K. This lays a foun-
dation for the porous MOFs to replace traditional porous
materials applied for remediation of radioactive iodine with
broad prospect promotion.
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Fig. S1. Calibration plot of standard iodine in hexane solutions  Fig. S2. PXRD spectra of simulated and synthesized y-CD-MOFs.
obtained by UV-Vis spectrophotometer at 525 nm.

Fg)br’fpziison of the maximum adsorption capacity of iodine on different adsorbents

No. Adsorbents Temperature (°C) Adsorbent capacity (mg/g) References
1 Activated carbon 75 30 [1]

2 Cg-5P ~25 87 [43]

3 [Zn(CHO,)]=2H,0 19 166 [44]

4 Ag@Mon-POF 70 250 [45]

5 Ag@Zeolite Mordenites 95 275 [46]

6 CCs3 ~20 364 [28]

7 [CA(L),(CIO,),]'H,0 ~25 ~460 [47]

8 CMPN-1 70 970 [48]

9 v-CD-MOF 80 ~1,040 This work
10 CMPN-2 70 1,100 [48]

11 ZIF-8 75 1,200 [49]

12 Por-Py-CMP 77 1,300 [50]

13 PAF-1 25 1,440 [51]

14 HCMP-1 85 1,590 [52]

15 CMPN-3 70 2,080 [48]




