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A B S T R A C T

The unintentional dissemination of uranium into environment poses substantial risks to both food sources and 
human populations. An advanced method for convenient and accurate detection of uranium in food is thus a 
pressing need. Herein, a novel magnetic amidoxime functionalized covalent organic framework (TpDb- 
AO@Fe3O4), prepared with 2,5-dinitrobenzonitrile, 1,3,5-triformylphloroglucinol and hydroxylamine hydro
chloride, was synthesized as adsorbent for magnetic-solid phase extraction (MSPE) of UO2

2+. Furthermore, a 
TpDb-AO@Fe3O4 based MSPE coupled with UV–vis spectrophotometer was successfully developed to realize the 
determination of uranyl ions with low limit of detection of 1.63 μg L− 1, wide linear range of 10 − 200 μg L− 1. The 
spiking recoveries in real seafood samples (tuna, yesso scallop, kelp, eel, hairtail) ranged from 94.1 % − 106.8 %. 
The intraday (n = 5) and interday (n = 5) relative standard deviation (RSD) for determination of UO2

2+were 3.33 
% and 6.23 %, respectively. This approach represents an advancement in the rapid extraction and sensitive 
quantification of trace uranium contaminants in food matrices, thereby contributing to enhanced environmental 
monitoring and public health safeguards.

1. Introduction

Nuclear power generation as clean energy will play an important role 
in addressing energy shortages and greenhouse effect over the next 100 
years [1]. However, nuclear accidents and inadequate management of 
nuclear waste would result in the migration of radioactive contaminants 
throughout ecosystems and food chains [2,3]. Of particular concern is 
uranium, which predominantly exists as soluble uranyl ions, readily 
infiltrating water bodies and accumulating in aquatic life, such as bi
valves and fish, as well as vegetation [4,5]. The long-term exposure can 
lead to a series of severe health hazards, such as damage to the kidneys, 
bones, liver, reproduction, urinary, DNA [6–9]. The World Health Or
ganization has already set a stringent limit of 30 μg L− 1 for uranium in its 
2022 Guidelines for drinking-water quality [10]. Therefore, the precise 
detection of trace uranium is of great significance to safeguard both 
environmental integrity and public health.

The low concentration of uranium and severe matrix interference in 
real samples make it necessary to enrich uranium prior to instrumental 

analysis. Magnetic-solid phase extraction (MSPE) is generally 
acknowledged as a simple, efficient, and eco-friendly technology owing 
to its magnetic separation property [11–13], and thereby is the preferred 
candidate for sample pretreatment of uranium in complex samples. 
Various functional materials, including ion-imprinted polymers [14,15], 
carbon nanotubes [16], metal organic framework (MOF) [17,18] and 
graphene oxide [17,19] have been composited with magnetic nano
particles (NPs) to engineer highly advanced magnetic adsorbent for the 
detection of uranium, but these materials always suffer from the sluggish 
adsorption rates or insufficient stability in complex matrix.

Covalent organic frameworks (COFs) have drawn growing interest in 
sample preparation due to their high surface area, ordered pore chan
nels, adjustable pore size, and good stability. COFs have already been 
used as adsorbents for removal of uranium. Qiu et al. first introduced the 
amidoxime groups into COFs for adsorption of uranium. The amidoxime 
can coordinate with uranium in both monodentate and tridentate 
manners, making it a state-of-the-art group for adsorption of uranium 
[20]. Since then, diverse amidoxime and its derivatives functionalized 
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COFs have been reported for highly selective adsorption and removal of 
uranium [21–25]. These studies lay the foundation for amidoxime COFs 
as an alternative solution for the selective extraction of trace uranium 
and the development of efficient detection methods for trace uranium in 
complex samples, but the related investigations in this area have been 
rarely reported so far.

Herein, we present the synthesis of a novel magnetic adsorbent, 
comprised of an amidoxime COF integrated with Fe3O4 NPs, and 
development of MSPE based analytical method for rapid and sensitive 
determination of trace uranium. Amidoxime functionalities have been 
well-established for the high selectivity towards uranium due to the 
specific chelation capability of amidoxime with uranium species 
[25–27]. Accordingly, an amidoxime COF of TpDb-AO, prepared with 2, 
5-dinitrobenzonitrile (Db), 1,3,5-triformylphloroglucinol (Tp) and hy
droxylamine hydrochloride (NH2OH⋅HCl), was designed to compose 
with Fe3O4 via amorphous-to-crystalline transformation to obtain 
magnetic COF (TpDb-AO@Fe3O4). Then the TpDb-AO@Fe3O4 based 
MSPE was developed to couple with UV–vis spectrophotometer, 
enabling the efficient determination of uranyl ions in complex, real 
seafood samples.

2. Chemicals and materials

2.1. Chemical reagents

Tp and Db were obtained from CHEMSOON Chemical Technology 
Co., Ltd. (Shanghai, China). Uranyl nitrate hexahydrate, trimethyl
amine, NH2OH⋅HCl, 1,3,5-trimethylbenzene, 1,2-dichlorobenzene, 
arsenazo III and ferric chloride hexahydrate (FeCl3⋅6H2O) were all 
purchased from Aladdin Biochemical Technology Co., Ltd. (Shanghai, 
China). Perchloric acid, NaOH, KBr, H2O2 (30 %), Na2CO3, HCl, HNO3, 
methanol, tetrahydrofuran (THF), ethanol, CH3COONa, 1,6-diamino
hexane, ethylene glycol (EG), acetic acid (HAc), 1,4-dioxane and n- 
Butanol were sourced from Sinopharm Chemical Reagent Co., Ltd. 
(Shanghai, China). Ultrapure water was from Wahaha Foods Co. Ltd 
(Hangzhou, China). Aqueous filtration membrane (0.22 μm) was bought 
from Agilent Technology Co., Ltd. (Suzhou, China). The uranium stock 
solution is 1 g L− 1 of uranyl nitrate hexahydrate. The working solution 
was derived through sequential diluting the uranium stock solution by a 
nitric acid solution with a pH of 6.

2.2. Synthesis of the Fe3O4 and TpDb-AO@Fe3O4

Magnetic Fe3O4 NPs were prepared according to a previously re
ported protocol [28]. In short, 2.0 g FeCl3⋅6 H2O was ultrasonically 
dispersed in 60 mL of EG for 10 min, then 10 mL 1,6-hexadiamine and 
6.0 g CH3COONa were added to the mixture, which was then stirred at 
50 ◦C until homogeneity. The mixture was finally heated at 200 ◦C for 8 
h, and the product was washed thrice with ultrapure water and ethanol 
and dried in a vacuum oven at 60 ◦C for 6 h to obtain Fe3O4 NPs.

The TpDb-AO@Fe3O4 was prepared via the amorphous-to-crystalline 
conversion [28,29]. Fe3O4 NPs (28 mg) was mixed with Tp (21 mg) in 
THF (7 mL) and 6 mol L− 1 HAc (1.2 mL) under ultrasonication for 10 
min, heated at 50 ◦C for 2 h, then Db (19.9 mg) dissolved in 5 mL THF 
was added under ultrasonication for another 5 min, and heating was 
continued for an additional 6 h at the same temperature. The product 
was collected using magnetic separation. After repeating the above 
process for 3 times, a polymer@Fe3O4 was obtained. Next, 150 mg 
polymer@Fe3O4 was dispersed in 2.2 mL mixture of 1,4-dioxane, 
mesitylene and 6 mol L− 1 HAc (5:5:1, v:v:v), sonicated for 5 min, 
degassed with three freeze-pump-thaw cycles, heated at 120 ◦C for 5 d, 
soxhlet extracted with THF for 1 d, and dried in a vacuum oven at 60 ◦C 
for 6 h to obtain TpDb-CN@Fe3O4. Finally, the TpDb-CN@Fe3O4 (200 
mg), NH2OH⋅HCl (400 mg) and trimethylamine (1 mL) were mixed in 5 
mL methanol under ultrasonication for 10 min, degassed by three 
freeze–pump–thaw cycles, and heated at 70 ◦C for 2 h. The resulting 

product was washed with water and freeze-dried to yield the targeted 
TpDb-AO@Fe3O4.

2.3. Sample preparation

Real tuna, eel, hairtail, yesso scallops and kelp samples were bought 
from the local market. Typically, the edible parts of the samples were 
cleaned with ultrapure water, then dried with a towel and chopped into 
smaller pieces using scissors. The 40 g chopped sample was put into a 
round-bottom glass digestion tube, followed by the addition of 30 mL 
HNO3 for cold digestion over a period of 10 h. Subsequently, 6 mL H2O2 
(30 %) was added for further digestion at 120 ◦C for another 4 h, and 
then acid was evaporated nearly to dryness using a graphite digestion 
system at 100 ◦C. The residue was then reconstituted with aqueous so
lution (pH 6) to a fixed volume of 40 mL. The spiked samples were 
obtained by adding different concentrations of UO2

2+ into original 
samples before digestion.

2.4. MSPE procedure

10 mg TpDb-AO@Fe3O4 was added into 40 mL of sample solution, 
and agitated on an oscillator for 50 min, and discarded from the aqueous 
phase by a magnetic separation. Subsequently, the adsorbent was 
washed with 1.2 mol L− 1 HCl (1.5 mL) for 20 min and the eluate was 
collected and filtered through a 0.22 μm aqueous filtration membrane, 
dried in nitrogen at 65 ◦C, the residue was redissolved with 0.4 mL HCl 
(1.2 mol L− 1) for further detection of UO2

2+.

2.5. Detection of UO2
2+

UO2
2+ can form a complex with chromogenic agent of arsenazo III 

(UO2
2+− arsenazo-III), which gave a characterized UV–vis absorption 

peak at 651 nm [30]. Accordingly, 0.4 mL arsenazo III was first mixed 
with 0.4 mL sample, and after a brief 5-minute agitation, the UV-visible 
absorbance spectrum (with a slit width of 1 nm) was recorded across a 
wavelength range of 620 to 700 nm. The absorbance intensity at 651 nm 
was taken for the quantification of uranium.

3. Results and discussion

3.1. Preparation of TpDb-AO@Fe3O4

Since COF typically need to be synthesized at high temperature and 
pressure, which pose challenges to the conventional in-situ growth 
methodology for composite fabrication, an alternative amorphous-to- 
crystalline transformation strategy has been devised to address this 
limitation [28]. Accordingly, the Tp and Db were first in-situ grown with 
Fe3O4 NPs at mild and atmospheric conditions to form an amorphous 
polymer-coated Fe3O4 (polymer@Fe3O4), then this amorphous polymer 
is converted into crystalline cyanide COF at high temperature and 
pressure to yield TpDb-CN@Fe3O4. Finally, the TpDb-CN is chemically 
modified to amidoxime COF with NH2OH⋅HCl to prepared the targeted 
TpDb-AO@Fe3O4 (Fig. 1).

The appearance of characterized powder X-ray diffraction (PXRD) 
peaks of TpDb-CN and TpDb-AO indicates the feasibility of preparing 
COF TpDb-AO via amorphous-to-crystalline approach (Fig. S1). 400 mg 
of NH2OH⋅HCl led to the disappearance of stretching vibration fourier 
transform infrared (FTIR) peak for cyano group (Fig. S2), demonstrating 
the complete modification of cyano to amidoxime. Repeating the poly
mer growth cycle three and four times resulted in the appearance of 
PXRD peaks for TpDb-CN (Fig. S3). However, the saturation magneti
zation of the composite decreased from 18.6 emu g− 1 to 12.6 emu g− 1 

when increasing the reaction cycles from three to four (Fig. S4), so a 
three-cycle polymerization process was chosen as the synthesis 
condition.
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3.2. Characterization of TpDB-AO@Fe3O4

The morphology of Fe3O4 NPs, TpDb-AO and TpDb-AO@Fe3O4 were 
observed by scanning electron microscope (SEM) and transmission 
electron microscope (TEM). As shown in Fig. 2a and d, Fe3O4 NPs 
exhibited spherical-like morphology. In contrast, the TpDb-AO was 
found to adopt a rod-like shape (Fig. 2b and e). The presence of 
discernible spherical Fe3O4 particles within the rod-shaped TpDb-AO 
matrix served as clear evidence of the successful preparation of TpDb- 

AO@Fe3O4 composite (Fig. 2c and f).
Both TpDb-CN and TpDb-AO gave similar PXRD patterns, featuring a 

prominent peak at 4.7◦ (Fig. S5). The main peaks in PXRD pattern of 
Fe3O4 NPs at 30.1◦, 35.5◦, 43.1◦, 56.9◦ and 62.5◦ proved valid crystal of 
the prepared Fe3O4 (Fig. S6). The prepared TpDb-AO@Fe3O4 gave the 
appearance of both main PXRD peaks of TpDb-AO and Fe3O4 (Fig. 3a). 
Furthermore, the existence of stretching vibration peak of Fe-O (590 
cm− 1) and C-N (1278 cm− 1) coupled with the absence of cyano group 
peak at 2216 cm− 1 (Fig. 3b and S7), confirmed the successful growth of 

Fig. 1. Schematic diagram for preparation of TpDb-AO@Fe3O4 and magnetic solid phase extraction of UO2
2+.

Fig. 2. SEM and TEM images of (a, d) Fe3O4, (b, e) TpDb-AO and (c, f) TpDb-AO@Fe3O4.
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TpDb-AO on the Fe3O4 NPs.
Compared with the Fe3O4 NPs (0.155 cm³ g⁻¹ and 72.0 m² g⁻¹), the 

TpDb-AO@Fe3O4 gave a higher pore volume of 0.327 cm³ g⁻¹ and BET 
surface area of 128.6 m² g⁻¹ (Fig. 3c), which would promote the 
adsorption ability for the target. The magnetic properties of Fe3O4 and 
TpDb-AO@Fe3O4 were studied by vibrating sample magnetometry 
(VSM) (Fig. 3d). Although the magnetic saturation value decreased from 
57.5 emu g− 1 to 18.6 emu g− 1 after the introduction of non-magnetic 
COF TpDb-AO, the composite TpDb-AO@Fe3O4 can achieve magnetic 
separation in 15 s, which is sufficient for the magnetic solid-phase 
extraction. The retention of PXRD patterns of TpDb-AO@Fe3O4 after 
treatment in 2 mol L− 1 HCl, 2 mol L− 1 NaOH and 2 mol L− 1 NaCl for 24 h 
(Fig. S8), indicating the good stability of the prepared magnetic 
composite.

3.3. Adsorption performance of TpDB-AO@Fe3O4

The effect of time on the adsorption capacity of TpDb-AO@Fe3O4 for 
UO2

2+ confirmed the adsorption equilibrium time is approximately 50 
min (Fig. 4a). The adsorption capacity can quickly reach to exceed 60 % 
of the equilibrium adsorption capacity in 5 min, due to the large con
centration gradient and abundant active sites at the beginning of 
adsorption. Then adsorption capacity increased slowly, because of the 
slow interaction between UO2

2+and the interfering substances occupied 
sites. The corresponding adsorption kinetics adopt to the quasi-second- 
order kinetic model rather than quasi-first-order kinetic model (Fig. 4b 
and c). Furthermore, the adsorption of UO2

2+ on TpDb-AO@Fe3O4 can be 
better described by Langmuir model than Freundlich model (Fig. 4d). 
Although the maximum adsorption capacity of TpDb-AO@Fe3O4 for 
UO2

2+ calculated from Langmuir model was 31.6 mg g− 1 mainly due to 

the limited amount of TpDb-AO in the composite, it is sufficient for the 
extraction of trace UO2

2+. In the presence of high concentrations of 
different ions (K+, Mg2+, Na+, Ba2+, Ni2+, Ca2+, Zn2+, Fe3+ and Al3+), 
the Kd of TpDb-AO@Fe3O4 for UO2

2+ was significantly higher than for 
other ions, indicating the great selectivity of TpDb-AO@Fe3O4 for UO2

2+

(Fig.S9).

3.4. Optimization of MSPE

The amidoxime-functionalized COF and magnetic Fe3O4 NPs render 
the TpDb-AO@Fe3O4 magnetic selective adsorption to UO2

2+. Thereby, 
the TpDb-AO@Fe3O4 based MSPE was developed to extract the trace 
UO2

2+. The absorption intensity of UO2
2+− arsenazo-III complex at 651 

nm (I651) showed no significant alteration after 50 min, suggesting the 
completion of extraction within this timeframe (Fig. 5a). The I651 
enhanced with the increase of pH untial pH 6. Further increase of pH led 
to decline of I651, establishing pH 6 as the optimal condition for effi
ciency (Fig. 5b). 10 mg TpDb-AO@Fe3O4 was chosen for the extraction 
as increasing the adsorbent dosage beyond this point did not yield a 
substantial rise in I651 (Fig. 5c). Similarly, the elution conditions of 
eluent, desorption time, eluent volume were investigated via monitoring 
the I651. The results showed the UO2

2+can be completely desorbed with 
elution of 1.5 mL 1.2 mol L− 1 HCl for 20 min (Fig. 5d-5f). The Fe ion in 
extracted solution and eluent was determined to be 0.7 μg L− 1 and 1.5 
mg L− 1, respectively. The higher concentration of Fe in eluent may result 
from the slight decomposition of Fe3O4 by the HCl. The low residual Fe 
ion gave no evident effect on the I651, indicating the negligible inter
ference of residual Fe ion for the detection of UO2

2+ (Fig. S10).
The enhancement factor (EF) stands as a pivotal measure of extrac

tion efficiency. According to the equation (SI), the EFs for UO2
2+ at 

Fig. 3. (a) PXRD patterns of Fe3O4 NPs, TpDb-AO and TpDb-AO@Fe3O4; (b) FTIR spectra of TpDb-CN@Fe3O4 and TpDb-AO@Fe3O4; (c) N2 adsorption–desorption 
isotherms of Fe3O4 and TpDb-AO@Fe3O4; (d) VSM characteristics of Fe3O4 NPs and TpDb-AO@ Fe3O4.
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Fig. 4. (a) Effect of time on adsorption of UO2
2+ on TpDb-AO@Fe3O4. Fitting results of adsorption kinetics with (b) quasi-first-order kinetic model and (c) quasi- 

second-order kinetic model. (d) Fitting results of adsorption isotherms with Langmuir model and Freundlich model.

Fig. 5. Effect of (a) extraction time, (b) pH, (c) amount of TpDb-AO@Fe3O4, (d) type of eluent, (e) elution time, and (f) eluent volume on the I651 (The initial 
concentration of UO2

2+ was 50 μg L− 1).
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concentration of 50 μg L− 1, 100 μg L− 1 and 150 μg L− 1 were 84.6, 82.3 
and 81.2, respectively (Table S1). The I651 for UO2

2+ (50 μg L− 1) gave 
negligible reduction after six consecutive extraction cycles (Fig. S11). 
The FTIR and PXRD of TpDb-AO@Fe3O4 gave no obvious change after 
extraction compared with the original composite (Fig. S12 and S13), 
further highlighting the great reusability of the prepared TpDb- 
AO@Fe3O4.

The antisymmetric vibration of [O = U = O]2+ in the FTIR of the 
composite spectra significantly shifted from 962 cm− 1 to 939 cm− 1 after 
the adsorption of UO2

2+ with TpDb-AO@Fe3O4 (Fig. S14), demon
strating the strong chemical coordination between the amidoxime group 
on TpDb-AO@Fe3O4 and UO2

2+ [31]. The zeta potential of TpDb-AO@
Fe3O4 became more negative with the increase of pH (Fig. S15), while 
the uranium exists as cationic form at pH < 6.5 [32], indicating the 
involvement of electrostatic interaction in the adsorption. The rich co
ordination sites on TpDb-AO@Fe3O4 make it emerge as a promising 
candidate for the extraction of uranium from complex real samples.

3.5. Analytical figures of merit

The TpDb-AO@Fe3O4 based MSPE was further coupled with UV–vis 
to establish an analytical method for trace uranium. Assessing its 
analytical proficiency in standard solutions ranging from 1 to 1000 μg 
L⁻¹, a robust linear correlation between concentration of UO2

2+ and I651 
was attained in the range of 10–200 μg L− 1 (R2 = 0.9986) (Fig. S16). The 
developed TpDb-AO@Fe3O4 based MSPE-UV–vis exhibited a limit of 
detection (LOD) (S/N = 3) of 1.63 μg L− 1 and limit of quantification 
(LOQ) (S/N = 10) of 5.42 μg L− 1. The repeatability of the developed 
method was further investigated via determination of 50 μg L− 1 UO2

2+ at 
varied intervals. The intraday (n = 5) and interday (n = 5) relative 
standard deviation (RSD) were calculated to be 3.33 % and 6.23 %, 
respectively, evidencing the high repeatability. Although our proposed 
MSPE-VU-vis method based on TpDb-AO@Fe3O4 gave comparable LOD, 
compared with other reported methods for the detection of UO2

2+, the 
utilization of magnetic separation makes the extraction in our work 
more convenient than the other methods involving column or dispersive 
solid-phase extraction (Table 1), highlighting the advantages and po
tential of the proposed method for practical applications.

3.6. Real sample analysis

The discharge of nuclear wastewater into marine ecosystems signif
icantly heightens concerns regarding uranium contamination in sea
food. Thus, the developed TpDb-AO@Fe3O4 based MSPE-UV–vis was 
applied to analyze some seafood samples including tuna, eel, hairtail, 
yesso scallop and kelp. The matrix effect (ME) of these real samples after 
extraction was calculated to be 3.39 %− 8.47 % (Table S2 and Fig. S17), 
indicating the effective removal of matrix interferences [41]. Notably, 
UO2

2+ was detected exclusively in hairtail samples at a concentration of 
16.9 ± 0.6 μg kg⁻¹ (16.8941 μg kg− 1 with ICP-MS), whereas no detect
able levels were found in the tuna, eel, yesso scallop and kelp samples 
(Table 2). Various concentrations of UO2

2+ (10, 50, and 100 μg kg− 1) 
were further spiked into these real samples. The spiked recoveries were 
calculated in the range of 94.1 % − 106.8 %. This outstanding level of 
accuracy underscores the efficacy and precision of our approach in 
quantifying uranium contaminants within seafood matrices, thereby 
contributing to enhanced food safety surveillance. The spiked and 
un-spiked hairtail samples gave evident UV–vis adsorption spectrums, 
further illustrating the great selectivity and enrichment of TpDb-AO@
Fe3O4 for UO2

2+ (Fig. S18).

4. Conclusion

In summary, we have successfully synthesized a magnetic amidox
ime COF via an amorphous-to-crystalline method as adsorbent, and 
further developed its MSPE coupled with UV–vis method for detection of 
the UO2

2+ in seafood samples. The amidoxime offers the COF selective 
adsorption ability to UO2

2+. The introduced magnetic characteristic 
makes sure the amidoxime COF easy to be separated from solution under 
the external magnetic field. Consequently, the magnetic amidoxime COF 
can serve as excellent adsorbent for MSPE of UO2

2+. To couple with 
UV–vis method, our novel analytical methodology demonstrates 
exceptional simplicity, precision, and versatility in analyzing UO2

2+ in 
various seafood samples with low LOD, broad linear range, and great 
reproducibility. This approach represents an advancement in the rapid 
extraction and sensitive quantification of trace uranium contaminants in 
food matrices, thereby contributing to enhanced environmental moni
toring and public health safeguards.

Table 1 
Comparison of the proposed method with other reported spectral analysis 
methods.

Adsorbent LOD 
(μg 
L− 1)

Linear ranges 
(μg L− 1)

Detection References

ions imprinted polymer 2.55 8.51–500 Column- 
SPE-ID

[33]

multiwalled carbon 
nanotube

0.5 2.5–100 DSPE-ICP- 
MS

[34]

zirconium-based MOF 0.9 0–1000 DSPE- 
UV–vis

[35]

murexide-functionalized 
magnetic nanoparticles

1 20–400 MSPE- 
UV–vis

[36]

functionalized SBA-15 10 33.5–500 SPE- 
UV–vis

[37]

Fe-Al-Mn nanocomposite 9.7 / SPE- 
UV–vis

[38]

magnetic graphene oxide 0.9 5–2000 MSPE- 
UV–vis

[17]

salen-functionalized 
spherical agarose- 
coated magnetic 
nanoparticles

10 30–15,000 MSPE- 
UV–vis

[39]

mixed-ligands resin 238 4760–119,000 SPE- 
UV–vis

[40]

TpDb-AO@Fe3O4 1.63 10–200 MSPE- 
UV–vis

present 
method

Table 2 
Analytical result of UO2

2+ in real samples (n = 3).

Sample Spiked 
(μg kg− 1)

Detected 
(μg kg− 1, mean ± s)

Recovery 
(%, mean ± s)

tuna 0 NDa /
​ 10 9.7 ± 0.8 96.9 ± 8.5
​ 50 48.7 ± 0.9 97.3 ± 1.8
​ 100 106.2 ± 1.7 106.2 ± 1.7
eel 0 NDa /

10 10.3 ± 0.6 102.6 ± 5.5
​ 50 48.1 ± 1.7 96.2 ± 3.4
​ 100 95.7 ± 2.2 95.7 ± 2.2
hairtail 0 16.9 ± 0.6 /
​ 10 27.5 ± 1.0 105.9 ± 4.0
​ 50 70.3 ± 2.5 106.8 ± 3.8
​ 100 117.6 ± 4.3 100.7 ± 3.7
yesso scallop 0 NDa /
​ 10 9.4 ± 0.4 94.1 ± 3.9
​ 50 50.2 ± 2.1 100.5 ± 4.2
​ 100 102.3 ± 2.4 102.3 ± 2.4
kelp 0 NDa /
​ 10 10.4 ± 0.5 104.0 ± 4.7
​ 50 51.4 ± 1.6 102.7 ± 3.3
​ 100 102.1 ± 2.9 102.1 ± 2.9

a ND indicates that UO2
2+ is not determined in the sample.
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