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c Centro de Investigaciones Energéticas, Medioambientales y Tecnológicas, (CIEMAT), Avda. Complutense 40, 28040 Madrid, Spain 
d European Commission Joint Research Centre Petten, Westerduinweg 3, NL-1755 LE Petten, the Netherlands   

A R T I C L E  I N F O   

Keywords: 
Metal-Organic Frameworks 
Radiation Stability 
Gamma Rays 
51Cr 
Szilard-Chalmers Effect 

A B S T R A C T   

Chromium-51 (51Cr) is an attractive radionuclide for diagnosis, which is usually applied for red cells and platelet 
radiolabeling. However, commercially available 51Cr produced in nuclear reactors via neutron activation re-
quires long irradiation times and complex separation methods. In this work, five metal–organic frameworks 
(MIL-100 (Cr), MIL-100 (Fe), MIL-100 (Al), MIL-101 (Cr) and aluminium fumarate MOF (FuAl)) were synthesized 
and the effect of gamma ray irradiation with a high dose rate and a maximum dose of 6 MGy was investigated. 
The two chromium-based MOFs, MIL-100 (Cr) and MIL-101 (Cr), were selected as radiation targets to produce 
high specific activity 51Cr by the Szilard-Chalmers effect. A solid–liquid extraction was applied to extract the 
produced 51Cr under different conditions, including different extractants, extraction times and pH. The most 
promising results were achieved when using irradiated MIL-101 (Cr) and EDTA as extracting agent, reaching an 
enrichment factor of 1132 ± 50.   

1. Introduction 

Chromium-51 (51Cr) is an attractive radionuclide for special diag-
nostic procedures in nuclear medicine due to its half-life (27.7 days) and 
decay by electron capture, with the emission of gamma photons with an 
energy of 320.1 keV. 51Cr is commonly used to radiolabel red blood cells 
and platelets allowing to assess their life span or to determine the blood 
volume of patients as well as to diagnose gastrointestinal bleeding [1,2]. 
Currently, 51Cr is produced by neutron activation in nuclear reactors 
based on the 50Cr(n, γ)51Cr reaction. The specific activity of 51Cr needed 
for clinical application must be at least 1.85 TBq/g [3]. In order to 
produce 51Cr with such high specific activity, enriched 50Cr targets, high 
neutron flux and long irradiation times are essential [4]. However, these 
conditions restrict the production of high-specific activity 51Cr to a few 
research reactors. An alternative method to produce 51Cr with high 
specific activity is applying the Szilard-Chalmers effect. The Szilard 
Chalmers effect is based on the principle that upon the emission of high 
energy prompt gammas when neutron activated, the resulting atom can 
receive sufficiently high energy to break the chemical bonds in the target 

material so that it can be released from its initial chemical structure [5]. 
Provided that the produced radionuclide can be separated from the 
original chemical compound, radionuclides with high specific activity 
can be produced via this method. 

In the past few decades, 51Cr produced via the Szilard-Chalmers 
method was mainly obtained based on the irradiation of K2CrO4 tar-
gets [6]. For example, Brune. et al. [7] studied how 51Cr could be 
separated using alumina carrier based on a coprecipitation method at 
different temperatures, showing that a ~ 72 % elution efficiency with an 
enrichment factor of 183 could be achieved. Vimalnath et al. [8] also 
utilized the same precipitation method to separate the produced 51Cr, 
obtaining high specific activity of 51Cr (5.5 TBq/g). However, the pre-
cipitation separation process requires extra experimental steps, which 
are time-consuming (3–5 days) and can lead to the introduction of im-
purities. Therefore, new targets should be explored to facilitate a very 
simple separation method without compromising the quality of the 
obtained product. 

Metal-organic frameworks (MOFs) have attracted great attention due 
to their diverse applications, such as in catalysis [9,10], drug delivery 
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[11,12], luminescence sensing [13–15], adsorption and separation of 
radionuclides and capture of radioactive gas [16–22]. However, many 
MOFs are unattractive in the application where harsh radiation envi-
ronment can be present due to their poor thermal and chemical stability 
[23,24]. In addition, considering the radiation environment present in a 
nuclear reactor, the irradiated targets should possess excellent radiation 
resistance. Some researchers reported the gamma radiation stability of 
several MOFs when exposed to gamma rays and determined the most 
important characteristics of these materials for ensuring good radiation 
stability, including crystallinity, density, surface area, aromaticity and 
linker connectivity [17,25–29]. Currently, the maximum dose applied 
was 6 MGy in order to investigate the radiation stability of a Np(V) 
Neptune MOF by Gilson et al [30]. The authors found that the structure 
of the Np(V) MOF was significantly disrupted. In previous research [31] 
performed by us, the gamma radiation stability of four MOFs subjected 
to a dose of 5 MGy was investigated at a dose rate of 0.65 kGy/h. 
However, much higher dose rates as well as higher doses might be 
relevant and should be studied for many applications. So far there is 
hardly any literature examining the influence of gamma dose rate on the 
stability of MOFs especially for high dose exposures. 

Therefore, we synthesized two chromium-based Metal-Organic 
Frameworks (MOFs), specifically MIL-100 (Cr) and MIL-101 (Cr), 
alongside three additional MOFs: MIL-100 (Al), MIL-100 (Fe)—both of 
which possess the same crystal structure as MIL-100(Cr)—and 
aluminium fumarate MOF (FuAl), which lacks an aromatic linker. Our 
objective was to investigate their stability under high gamma radiation 
exposure. By selecting these 5 different MOFs, we aimed to investigate 
into the mechanisms of radiation-induced damage and assess the resis-
tance of these MOFs in extreme radiation environments, such as those 
found in nuclear reactors (Fig. 1 (a)). In addition, MIL-100 (Cr) and MIL- 
101 (Cr), which have high surface area, large pores, excellent thermal, 
chemical and radiation stability [32,33], were investigated as irradia-
tion target materials to produce high specific activity 51Cr utilizing the 
Szilard Chalmers effect (Fig. 1 (b)). Different factors were investigated 
including extraction time, different extractants and pH values to identify 
the optimal 51Cr extraction conditions. 

2. Results and discussion 

2.1. Radiation stability of MOFs 

The five MOFs that were irradiated by the gamma source were 
characterized by XRD, TGA, FT-IR and N2 adsorption. Fig. 2 (a) shows 
the XRD pattern of MIL-100 (Cr) after being exposed to different gamma 

doses, ranging from 0 MGy to 6 MGy. No obvious difference can be 
observed in the diffraction patterns and the full width at half maxima 
(FWHM) of MIL-100 (Cr) did not have a significant change except for a 
small variation of around 3 % (Fig. 2 (f)), indicating that MIL-100 (Cr) 
still retained good crystallinity after having received 6 MGy of gamma 
radiation. The XRD pattern of MIL-101 (Cr) irradiated up to 5 MGy 
displayed no changes compared to the unirradiated MIL-101 (Cr) (Fig. 2 
(b)). However, after 5 MGy of gamma radiation, the diffraction peaks of 
MIL-101 (Cr) became broader and less intense. The FWHM had a sig-
nificant increase of 27 % after receiving 6 MGy radiation, indicating a 
decrease in crystallinity. To further reveal the effect of metal clusters on 
the radiation stability of MOFs, MIL-100 (Fe) and MIL-100 (Al), which 
have the same crystal structure and organic linker but different metals 
compared to MIL-100 (Cr), were also characterized by XRD after expo-
sure to different gamma doses. MIL-100 (Fe) exhibited almost no vari-
ation in the diffraction patterns (Fig. 2 (c)) and its FWHM only had 2.8 % 
decrease from 0 to 6 MGy, showing no considerable crystal degradation. 
For MIL-100 (Al), its crystallinity started degrading after receiving 4 
MGy of gamma radiation (Fig. 2 (d)) with 9.6 % increase in its FWHM. 
Additionally, the XRD pattern of FuAl MOF, which has the same metal 
clusters but different organic linkers compared to MIL-100 (Al), was 
recorded, as shown in Fig. 2 (e). Their FWHM showed gradual increase 
(3 %) with increasing gamma dose up to 2 MGy, i.e. the maximum dose 
that the material managed to resist before becoming amorphous. 

To further monitor the structural changes of the MOFs after gamma 
radiation, their BET surface area and pore volumes were determined by 
N2 adsorption. Fig. 3 (a) shows the N2 adsorption isotherms of MIL-100 
(Cr) at different accumulated gamma doses. The BET surface area of the 
irradiated MIL-100 (Cr) decreased from 1862 m2/g to 1487 m2/g, 
showing 20.1 % descent in surface area after an accumulated dose of 6 
MGy, which is consistent with the reduction of its micropore volume 
(21.7 %, Fig. 3 (f)). MIL-101 (Cr) decreased by 24.4 % in surface area 
(1665 m2/g) after receiving a gamma dose of 6 MGy (Fig. 3 (b)). Its 
micropore volume decreased from 1.0715 cm3/g to 0.6707 cm3/g (a 
37.4 % reduction). This significant reduction indicated that the partial 
pore structure of the MOFs had collapsed. Meanwhile, MIL-100 (Fe) and 
MIL-100 (Al) possessed better gamma radiation stability, i.e. their BET 
surface area only decreased by 3.9 % and 12.9 % and the micropore 
volume decreased by 17 % and 6.6 %, respectively. Furthermore, the 
FuAl MOF had a decrease of 52.9 % in surface area and decrease of 46.1 
% in micropore volume after gamma radiation of 2 MGy, displaying 
poorer resistance towards gamma irradiation. 

To explore the effects of gamma radiation on the MOFs, infrared 
spectroscopy was employed to obtain more insights into their structural 

Fig. 1. Schematic diagram of (a) gamma radiation stability of five MOFs and (b) high specific activity 51Cr production.  
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decomposition. The IR spectra of three MIL-100 MOFs after irradiation 
are similar to the pristine MOFs and no noticeable band shifts and in-
growths can be observed (Figs. S2–S4). However, the intensity of the 
peak for MIL-101 (Cr) at around 720 cm− 1 attributed to Cr-O bonds [34] 
attenuated gradually and disappeared completely at 6 MGy irradiation 
(Fig. S5), indicating that some connection nodes between chromium 
clusters and organic linkers were broken, which is consistent with the 
XRD results. For the FuAl MOF, the peak at around 710 cm− 1 assigned to 
the stretching vibration of O-Al groups [35] could not be observed after 

2 MGy gamma irradiation (Fig. S6), displaying a similar behaviour as 
MIL-101 (Cr). 

Moreover, thermogravimetric analysis was applied to evaluate the 
decomposition temperature of MOFs after gamma irradiation. After 
receiving gamma irradiation of 6 MGy, the structural decomposition of 
MIL-100 (Cr) and MIL-101 (Cr) shifted lower temperatures (Figs. S7 and 
S8), indicating that their decomposition temperature decreased after 6 
MGy irradiation. More shifts could be observed in the TG curve of MIL- 
101 (Cr), showing worse robustness, which is consistent with the BET 

Fig. 2. XRD patterns of (a) MIL-100 (Cr), (b) MIL-101 (Cr), (c) MIL-100 (Fe), (d) MIL-100 (Al) and (e) FuAl MOF; (f) the FWHM of all MOFs after exposure to 
different doses of gamma radiation. 

Fig. 3. N2 adsorption isotherms of (a) MIL-100 (Cr), (b) MIL-101 (Cr), (c) MIL-100 (Fe), (d) MIL-100 (Al) and (e) FuAl MOF before and after gamma radiation; (f) 
Comparison of micropore volume of all MOFs before and after gamma radiation. 
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results. TG curves of MIL-100 (Fe) and MIL-100 (Al) are displayed in 
Fig. S9 and Fig. S10, respectively. No major changes could be found 
suggesting that the temperature resistance was not altered after 6 MGy 
of gamma irradiation. Furthermore, the decomposition temperature of 
the FuAl MOF decreased gradually (Fig. S10), displaying severe struc-
tural damage. 

Based on the above experimental results, the trend of gamma radi-
ation stability can be summarized as MIL-100 (Fe) > MIL-100 (Al) >
MIL-100 (Cr) > MIL-101 (Cr) > FuAl MOF. The interaction of gamma 
rays with matter is primarily governed by three processes: the photo-
electric effect, the Compton effect, and pair production. The likelihood 
of these interactions occurring is highly influenced by the gamma ray’s 
energy and the atomic number (Z) of the matter. Among these, the 
Compton effect is anticipated to be the predominant mechanism for 
gamma rays with energies of 1.17 and 1.33 MeV, especially in materials 
made of elements with the specific Z values found in Metal-Organic 
Frameworks (MOFs). This process involves gamma rays transferring 
part of their energy to an electron within the MOF, leading to the gamma 
ray losing energy. This energy reduction allows the gamma ray to 
potentially engage in further interactions, such as subsequent Compton 
effects or the photoelectric effect, thereby producing recoil electrons 
(illustrated in Fig. 5 (a)). Some of these Compton-generated electrons 
might escape into the air without interacting further, while others may 
collide with electrons in atoms within the MOFs. These collisions, 
characterized by incoherent scattering, can result in ionization or exci-
tation of atoms. The excited atoms can then release their energy through 
the emission of fluorescence or Auger electrons and, ultimately, convert 
it into vibrational energy (heat dissipation) [36,37]. 

The FuAl MOF exhibited the worst gamma radiation stability, which 
could be attributed to the presence of non-aromatic organic ligands. 
Aromatic linkers facilitate the spread and movement of excited states 
due to their capacity for high-energy delocalization. As a result, the 
aromatic nature of these linkers plays a crucial role in enhancing the 
stability of Metal-Organic Frameworks (MOFs) when exposed to gamma 
radiation. When compared to the three MIL-100 MOFs, MIL-101 (Cr) 
had a more pronounced BET surface area reduction after irradiation, 
exhibiting worse radiation stability, which could be related to the linker 
connectivity. When two connection sites of one linker in MIL-101 (Cr) 
are destroyed, the structure starts collapsing, affecting the crystallinity 
and porosity of the material. On the other hand, MIL-100 had three 
linker connection sites and the whole structure could still be maintained 
when two connection sites are broken. In addition, the three MIL-100 
MOFs have the same organic linkers and crystal structure but contain 
different metals and show different radiation resistance performance. To 
understand their difference in radiation stability, the absorption cross- 
section of those metals is examined (see Fig. S12). From this figure it 
can be seen that the cross-section of chromium and iron are similar and 
higher than that of aluminum, which means that the cross-section of the 
metals is not the most important factor for the radiation stability of 
MOFs. One possible factor can be the defects in the MOFs, such as ligand 
and metal node defects, resulting in the loss of local linker and node 
connectivity. Compared to our previous study [31], similar results were 
acquired, although much higher dose and dose rate were applied in this 
study. Based on the observations it is suggested that the dose rate at 
which radiation is administered does not significantly impact the 
structural integrity of the studied MOFs until the cumulative radiation 
exposure surpasses a critical threshold dose, at which point decompo-
sition of the MOF structure commences. 

Therefore, to produce 51Cr with high specific activity, the maximum 
gamma dose received by the irradiatied targets should be in accordance 
with their resistivity. The gamma dose rate in the HOR nuclear reactor 
and the BP3 irradiation facility is around 300 kGy/h. According to our 
research results, MIL-100 (Cr) and MIL-100 (Cr) exhibit prominent sta-
bility up to a gamma dose of 5 MGy. The maximum radiation time in the 
BP3 facility is 10 h resulting in a total gamma dose of 3 MGy received by 
the two chromium-based MOFs, which is below the limit of their 

radiation resistance. 

2.2. 51Cr extraction 

2.2.1. Optimized 51Cr extraction for MIL-100 (Cr) 
MIL-100 (Cr) was used as target to produce 51Cr with high specific 

activity. To find the optimized extraction conditions of 51Cr for MIL-100 
(Cr), the extraction based on the Szilard-Chalmers effect was performed 
after different contact times, EDTA concentration and pH of the solution. 
The effect of extraction time on the separation efficiency of 51Cr is 
shown in Fig. 4 (a). The extraction efficiency of 51Cr increased from 22 % 
to 33 % by increasing the extraction time from 1 h to 24 h. However, the 
enrichment factor (Fig. 4 (b)) decreased from 321 ± 62 to 198 ± 50 with 
increasing extraction time. The optimum extraction time appeared to be 
one hour, which resulted in an enrichment factor of 321 ± 62. The in-
fluence of EDTA concentration on the extraction efficiency was also 
evaluated, as shown in Fig. 4 (d). When the EDTA concentration 
increased from 1 mM to 100 mM, the extraction efficiency of 51Cr 
doubled from 22 % to 46 %. Increasing further the EDTA concentration 
to 250 mM did not lead to improvement of the yield (45 %). The cor-
responding enrichment factor of 51Cr was found to be the highest at 1 
mM EDTA. Since the enrichment factor (EF) is considered to be the most 
important factor, the optimum EDTA concentration was determined to 
be 1 mM although the extraction efficiency was just 22 %. Furthermore, 
the influence of pH on the separation yield and enrichment factor was 
investigated, as shown in Fig. 4 (g). The extraction efficiency of 51Cr 
decreased from 38 % to 21 % when the pH was increased from 1 to 8. 
The enrichment factor of 51Cr was also found to be the highest at lower 
pH values, reaching a value of 564 ± 140. Based on the analysis 
mentioned above, the optimized extraction condition is using EDTA 
with a concentration of 1 mM at pH 1 and extraction time of 1 h. 

The influence of using two different acid solutions as extractants, as 
well as the extraction time, was also evaluated. Fig. 5(a) shows that 82 % 
of 51Cr could be extracted using HCl versus 57 % when applying H2SO4 
at a fixed extraction time of 1 h. The corresponding enrichment factors 
were 458 ± 30 and 428 ± 195, respectively. The corresponding specific 
activities were 174 GBq/g and 151 GBq/g, respectively. Extending the 
extraction time to 24 h, the extraction efficiencies decreased to 54 % and 
51 % for HCl and H2SO4 respectively. The EF for HCl was also found to 
decrease from 458 ± 30 to 207 ± 9 after 24 h of extraction. The specific 
activity found when using HCl decreased to 153 ± 9 GBq/g, while the 
specific activity when using H2SO4 became 271 ± 2 GBq/g. However, 
the specific activity when using EDTA was 126 ± 31 GBq/g and 70 ± 1 
GBq/g after 1 h and 24 h extraction, respectively. 

2.2.2. 51Cr extraction from irradiated MIL-101 (Cr) 
Fig. 6 (a) displays the extraction efficiency of MIL-101 (Cr) using 

three different chemical reagents at 1 h. From this figure it can be 
observed that 57 % of 51Cr can be extracted using HCl and H2SO4, while 
a relatively higher enrichment factor of 670 ± 121 can be achieved 
using H2SO4 compared with that of HCl (552 ± 116). When EDTA was 
applied for 51Cr extraction, a much higher enrichment factor (1132 ±
50) and specific activity (351 ± 79 GBq/g) could be obtained although it 
has a lower extraction efficiency (22 %). This high enrichment factor is 
similar to the one previously reported that has an enrichment factor of 
1150 [6], however this separation method is simpler and faster.. 

2.2.3. 51Cr production discussion 
Considering the practical application of 51Cr in nuclear medicine, a 

specific activity of 51Cr (1 TBq/g) needs to be produced, however this 
method has been able to produce a specific activity of 351 ± 79 GBq/g, 
only around three times lower than desired. This was accomplished by 
irradiating for short time in a low-power research reactor and using non- 
enriched chromium. Our developed method significantly enhances the 
production of 51Cr, addressing several critical bottlenecks. Most signif-
icantly, the separation process after irradiation is vastly simplified, and 
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only takes one step, being the solid–liquid extraction, what shortens and 
simplifies the process compared to the reported methods based on the 
irradiation of K2CrO4. In addition, the current 51Cr production methods 
involve, long irradiation in high flux reactors what it is not required for 
our method, opening the possibility for more facilities to produce 51Cr. 
Finally, the use of enriched 50Cr is not a requirement making the process 

more economical and easier to implement but it could be applied to 
easily increase the specific activity. 

By optimizing irradiation conditions, employing MOFs as target 
material and carrying out a solid to liquid separation technique, we have 
successfully circumvented the challenges associated with neutron source 
availability, the need for enriched target materials, and the complexities 

Fig. 4. Extraction efficiency (a), enrichment factor (b) and specific activity (c) of 51Cr for MIL-100 (Cr) using EDTA (1 mM, pH = 5) as function of extraction time; 
Extraction efficiency (d), enrichment factor (e) and specific activity (f) of 51Cr for MIL-100 (Cr) using EDTA (extraction time 1 h, pH = 5) as function of the EDTA 
concentration; Extraction efficiency (g), enrichment factor (h) and specific activity (i) of 51Cr for MIL-100 (Cr) using EDTA (1 mM, extraction time 1 h) as function of 
the pH. 

Fig. 5. (a) Efficiency, (b) enrichment factor and (c) specific activity of 51Cr extracted with different extracting solutions (30 % HCl, 15 % H2SO4 and EDTA (1 mM, 
pH = 5)) at different extraction times from irradiated MIL-100 (Cr). 
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of other separation methods. Our approach not only demonstrates a 
marked improvement in the yield and specific activity of 51Cr but also 
proposes a more economically viable and environmentally friendly 
production pathway. This advancement holds promise for broader ac-
cess and application of 51Cr in nuclear medicine, potentially leading to 
more effective diagnostic and therapeutic procedures. For future studies, 
the scalability of this method and its adaptability to different reactor 
environments will be key areas of focus, aiming to further alleviate the 
production constraints and meet the increasing demand for high-quality 
51Cr in the medical field. 

3. Conclusions 

Five MOFs (MIL-100 (Cr), MIL-100 (Fe), MIL-100 (Al), MIL-101 (Cr) 
and FuAl) were prepared to study the effect of radiation exposure on 
their structural composition when applying high gamma dose rate. The 
results showed that MIL-100 (M) materials had a better gamma radiation 
stability compared to other MOFs, elucidating that the radiation resis-
tance performance of MOFs can be enhanced by expanding aromatic 
linkers, improving linker connectivity and reducing defects. 

MIL-100 (Cr) and MIL-101 (Cr) as irradiation targets were applied to 
produce 51Cr using the Szilard-Chalmers method. Different conditions 
were explored to separate the produced 51Cr using EDTA, HCl and 
H2SO4. For MIL-100 (Cr), the optimum conditions appear to be using 1 
mM EDTA at pH 1 after an extraction time of 1 h. When HCl and H2SO4 
were applied to separate 51Cr, high extraction efficiency (>50 %) and 
enrichment factor (200 ~ 500) could be obtained. For irradiated MIL- 
101 (Cr), high extraction efficiency (>50 %) and enrichment factor 
(500 ~ 700) could be reached when HCl and H2SO4 were used to 
separate 51Cr. Although 51Cr separation had relatively lower separation 
efficiency (~22 %) using EDTA, a high enrichment factor (~1132 ± 50) 
and specific activity (~351 GBq/g) were achieved. 

In conclusion, our innovative method substantially improves 51Cr 
production, overcoming major obstacles such as limited neutron source 
availability, the need for enriched materials, and challenging waste 
management. Our approach offers a more cost-effective and environ-
mentally sustainable solution, promising to facilitate wider use of 51Cr in 
nuclear medicine. Future work will focus on scalability and adaptability 
to various reactor environments, aiming to meet the growing demand 
for this critical medical isotope efficiently. 

4. Experimental 

Five MOFs (MIL-100 (Cr), MIL-100 (Fe), MIL-100 (Al), MIL-101 (Cr) 
and FuAl MOF) were prepared and their characterization and synthesis 
conditions can be found in the Supporting Information (SI). 

4.1. Gamma radiation 

A pool-type 60Co facility (Náyade, CIEMAT, Spain) was utilized to 
carry out the gamma irradiation experiments to evaluate the gamma 

radiation stability of the prepared MOFs, as shown in Fig. S1. The half- 
life of cobalt-60 (1.17, 1.33 MeV) is 5.272 years and the dose rate 
employed for the irradiation was 30.316 kGy/h. Around 0.2 g of the 
samples were sealed in glass vials and irradiated at different times to 
reach different doses. All samples were subjected to irradiation using 
gamma dose range of 0 ~ 6 MGy. More details about the irradiation 
procedure can be found in the Supporting Information (SI). 

4.2. Neutron irradiation for the 51Cr production 

The synthesized MIL-100 (Cr) and MIL-101 (Cr) were irradiated for 
10 h at the Hoger Onderwijs Reactor (HOR) of Delft University of 
Technology, the Netherlands. The thermal neutron flux and epithermal 
neutron flux of the irradiation facility used (BP3 were 3.11 × 1016n/ 
(s•m2) and 7.2 × 1014n/(s•m2), respectively. 5 ± 0.1 mg of MOFs was 
sealed in Posthumus PE (polyethylene) capsules and then packaged in 
Posthumus PE rabbits for irradiation. All experiments were conducted in 
triplicate.. 

4.3. 51Cr extraction 

Typically, the selected irradiated samples were put into a glass tube 
containing 10 mL of extracting solution. Three solutions with different 
pH (1, 5 and 8) were selected for 51Cr extraction using EDTA. The in-
fluence of EDTA concentration (1 mM, 100 mM and 250 mM) at pH 5 on 
51Cr separation was also studied. The mixture was shaken for various 
time intervals (1 h, 3 h, 6 h, 24 h) at room temperature and then 5 ml of 
the solution was transferred to a centrifuge tube and centrifuged for 10 
min at 4000 rpm. Finally, 3 ml of the supernatant was taken and the 
counts of 51Cr originating from the 321 keV were measured by gamma 
spectrometry (Wallac Wizard). In addition, hydrochloric acid (HCl, 30 
%) and sulfuric acid (H2SO4, 95 ~ 97 %) from Sigma-Aldrich were 
diluted to HCl (30 %) and H2SO4 (15 %) by deionized water, respec-
tively, which were used for 51Cr extraction at 1 h and 24 h from irra-
diated MIL-100 (Cr) and MIL-101 (Cr).. 
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