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Abstract Over 70% of the treated contaminated water at

the Fukushima Daiichi Nuclear Power Station contains

radionuclides beyond the regulatory standard for discharge

that need to be re-purified. Technetium-99 (99Tc), mainly

in the form of pertechnetate Tc(VII)O4
-, is one of the main

sources of long-term radiotoxicity that jeopardizes the

environment and human health. Herein, we used a series of

dicationic pyridinium (DCP) derivative groups (–Py?Cn-

H2nN
?Me3, n = 2, 3, and 5) to modify commercial Reillex

425 resins containing tertiary pyridyl groups to improve the

adsorption performance of rhenium (Re, an analog of

radioactive Tc) and Tc. As the quaternary pyridinium and

ammonium sites in one DCP group can adsorb ReO4
-

simultaneously, DCP-modified Reillex 425 (Reillex-Cn)

exhibited high maximum adsorption capacities for Re

under neutral conditions. Adsorption capacities reached

344.8, 416.7, and 588.2 mg g-1 for Reillex 425-C2, Reil-

lex 425-C3, and Reillex 425-C5, respectively. Intraparticle

diffusion of ReO4
-/TcO4

- in Reillex 425-Cn was verified

to be the rate-limiting step of adsorption. However,

adsorption can be adjusted by the length of the alkyl

spacers between the two positively charged N sites in DCP.

–Py?C2H4N
?Me3 significantly enhanced intraparticle dif-

fusion compared to –Py?C5H10N
?Me3. The two positive

sites in –Py?C2H4N
?Me3 would be laterally distributed,

leading to a smaller steric hindrance for ReO4
–/TcO4

-

transport inside the microporous channels. Meanwhile, the

longer alkyl spacers in –Py?C5H10N
?Me3 formed

hydrophobic microphases, repulsing the hydrated ReO4
–/

TcO4
- anions. Thus, the adsorptions of both ReO4

- and

TcO4
- on Reillex 425-C2 were faster than those on Reillex

425-C5. Moreover, Reillex 425-Cn exhibited an exother-

mic nature, good selectivity, excellent reusability, and

strong salinity tolerance. This study provides a simple

strategy to enhance the Tc removal performance of

adsorbents containing abundant micropores, which implies

enormous environmental and economic benefits.

Keywords Quaternary pyridinium � Dicationic pyridyl

derivatives � Pertechnetate � Intraparticle diffusion

1 Introduction

Approximately 6.3–7.7 9 1017 Bq of radioisotopes was

released in the Fukushima nuclear accident (Level 7 event)

[1, 2], among which technetium-99 (99Tc) is one of the

main sources of long-term radiotoxicity due to its long

half-life of 2.13 9 105 years [3]. Tc mainly exists as sol-

uble Tc(VII)O4
- anions over a wide pH range and has the

same configuration as sulfate (SO4
2-) [4–6]. Thus, plants

easily take up Tc in water, leading to its accumulation in

animals. To date, treated contaminated water stored at the
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Fukushima Daiichi Nuclear Power Station has reached

92% of the total capacity, 71% of which (over 0.9 million

tons) does not meet the regulatory standard for discharge

[7]. Re-purification to remove Tc before discharge is nec-

essary to alleviate concerns regarding non-tritium

radioactive isotopes that induce Tc [8].

As all Tc isotopes are radioactive, non-radioactive rhe-

nium (Re) with chemical properties similar to those of Tc is

usually used as an analog [9, 10]. Among the diverse

methods developed for TcO4
- (ReO4

-) removal, including

adsorption [11–13], solvent extraction [14], and reduction

to oxide precipitates [15, 16], adsorption remains the most

practical approach for treating a large volume of water with

low contaminant concentrations [17]. After the Fukushima

nuclear accident, the Tokyo Electric Power Company

employed a comprehensive apparatus utilizing different

adsorbents for seawater decontamination. Cetyltrimethy-

lammonium-modified zeolites were used to remove TcO4
-

and other organic pollutants [18]. However, inorganic

zeolites exhibit low adsorption of TcO4
- even after mod-

ification [19] owing to electrostatic repulsion [20]. Organic

anion exchange resins show higher TcO4
- adsorption

amounts, but they suffer from slow adsorption rates and

long equilibrium times [21], which decreases the utilization

efficiency of packed columns in fixed-bed treatment.

Both radiation stability and cost should be considered

for commercial resins used for radionuclide removal.

Therefore, radiation-resistant pyridyl-type resins, Reillex

425 series, have become the most popular resins for the

adsorption of radioactive anions such as TcO4
- [22, 23],

compared to various recently developed functional groups

[24–26]. As tertiary pyridyl groups must be protonated to

gain electrostatic attraction with anions, quaternary pyri-

dinium is more suitable for the removal of TcO4
- (ReO4

-)

under neutral conditions [27, 28]. Furthermore, it is

expected to provide more ion-exchange sites and thus

increase the adsorption capacity by bonding another posi-

tive moiety onto the pyridinium via quaternization [29].

Commercial macroporous Reillex 425 resins, which are

functionalized with pyridyl, have a large number of

micropores inside the beads. In addition to the functional

groups, the pore structure of resins is also essential for

adsorption. Although abundant micropores provide a larger

specific surface area and more adsorption sites, resulting in

high adsorption amounts for adsorbents [30], they impede

the diffusion of adsorbates, resulting in slower adsorption

rates and longer equilibrium times [31]. Our previous work

showed that appropriate dications could significantly pro-

mote the intraparticle diffusion of ReO4
- anions in hier-

archically mesoporous silica [32]. This indicates that it is

possible to accelerate the transport of TcO4
- inside

micropores. Reillex 425 resins modified with suitable di-

cations can potentially synchronously achieve high

adsorption amounts and fast adsorption rates for TcO4
-,

which are important for the removal of TcO4
- from treated

water requiring secondary treatment.

In this study, we modified Reillex 425 resins with a

series of dicationic pyridinium (DCP) derivatives inte-

grating pyridinium and ammonium moieties (Py?CnH2n

N?Me3, where n represents the length of alkyl spacers

between two positive N sites), which resulted in efficient

adsorption of ReO4
- and TcO4

- by enhancing intraparticle

diffusion. The adsorption isotherms and kinetics of differ-

ent DCP-modified Reillex 425 were investigated to illus-

trate the adsorption mechanism and the effects of alkyl

spacer lengths on adsorbate transfer. The effects of pH,

salinity, and concentrations of interfering ions were studied

to evaluate the potential of DCP-modified Reillex 425 for

practical Tc removal.

2 Experimental section

2.1 Materials and chemicals

Detailed information on all materials and chemicals

used in this work is provided in the Supporting Informa-

tion. All materials and chemicals were used without further

purification, except for the commercial Reillex 425 resins,

which were washed to neutral pH (6–7) with ultrapure

water.

2.2 Preparation of the modified Reillex 425

Reillex 425 resins (1.0 g) were dispersed in 50 mL of

ethanol, followed by the addition of iodomethane

(0.667 mL), (2-bromoethyl)trimethylammonium bromide

(2-BETAB, 2.643 g), (3-bromopropyl)trimethylammonium

bromide (3-BPTAB, 2.793 g), and (5-bro-

mopentyl)trimethylammonium bromide (5-BPTAB,

3.093 g) to obtain the modified resins. These were labelled

Reillex 425-Me, Reillex 425-C2, Reillex 425-C3, and

Reillex 425-C5, respectively. The mixtures were heated to

60 �C in a water bath shaker (Changzhou Guoyu Instru-

ment Manufacturing Co., Ltd, WHY-2) in the dark for six

days. The products were purified by washing five times

with ultrapure water and once with ethanol. Modified

Reillex 425 resins were obtained by drying under vacuum

(60 �C for 6 h).

2.3 Characterization of the adsorbents

Scanning electron microscopy (SEM, ZEISS, EVO 18,

operating at 10 kV) was used to observe the morphologies

of the resins. The specific surface areas and pore size dis-

tributions were calculated using the Brunauer–Emmett–
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Teller and Barrett–Joyner–Halenda methods, respectively.

This was done using the N2 adsorption–desorption iso-

therms measured using a gas adsorption analyzer (Quan-

tachrome Autosorb iQ, operating at 77 K). The chemical

structures of the resins were characterized by solid-state
13C cross-polarization magic angle spinning (CP-MAS)

nuclear magnetic resonance (NMR) spectroscopy (Bruker

AVANCE AV400 spectrometer), Fourier-transform infra-

red (FT-IR) spectroscopy (Thermo Nicolet 6700 spec-

trometer), and X-ray photoelectron spectroscopy (XPS,

Thermo VG Scientific ESCALAB 250, equipped with a

monochromatic Al Ka X-ray source at an energy of

1486.6 eV). A NanoBrook 90Plus PALS particle analyzer

(Brookhaven Instruments) was used to measure the surface

charges of the resins. Before measuring the zeta potential,

the granular resins were ground into powders. 1.00 mg of

each powder was soaked in 0.5 mL ethanol and subse-

quently diluted in 100 mL of water, yielding a concentra-

tion of 0.01 mg mL-1.

2.4 Adsorption experiments

Batch adsorption experiments using ReO4
- as an analog

to radioactive TcO4
- were conducted to evaluate the

adsorption of different Reillex 425 resins. A single

adsorption experiment was performed in 4 mL of Re

solution (100 mg L-1) containing 1.60 mg of adsorbent on

a shaker. The solution pH was adjusted to the required

value by adding negligible volumes (1 mol L-1) of con-

centrated NaOH or HCl. The adsorbents were separated

from the solution by filtration through a mixed cellulose

ester membrane filter (0.22 lm) after adsorption. Equa-

tion 1 was used to calculate the equilibrium adsorption

amount (qe):

qe ¼
c0 � ceð Þ � V

m
; ð1Þ

where c0 (mg L-1) and ce (mg L-1) are the initial and

equilibrium concentrations of adsorbate ions in the solu-

tion, respectively, both of which were obtained using an

inductively coupled plasma optical emission spectrometer

(ICP-OES, PerkinElmer Optima 7300DV), m (g) is the

weight of the adsorbent, and V (L) is the volume of the

solution.

In selective adsorption experiments, competitive anions,

including I- and Sb(OH)6
-, were mixed with ReO4

-. Re

and Sb concentrations were measured using ICP-OES, and

those of I- were determined using an inductively coupled

plasma mass spectrometer (ICP-MS, Thermo VG Scientific

PlasmaQuad 3).

The reusability of the modified Reillex 425 was evalu-

ated using adsorption–desorption cycles. The adsorbents

were dispersed in 20 mL of HNO3 (2 mol L-1) and shaken

for 6 h to desorb the ReO4
-. The desorbed adsorbents were

collected by precipitation and purified by washing with

ultrapure water. The adsorption–desorption cycles were

repeated five times.

Before the adsorption of TcO4
-, 0.1 mL of NH4TcO4

stock solution was diluted by 1.9 mL of water, and mixed

with 10 mL of Ultima Gold AB cocktail to determine the

active concentration using a Packard Tri-Carb 2900 Liquid

Scintillation Analyzer. The active 99Tc concentration of the

stock solution was 1250 Bq mL-1 (2 mg L-1). The batch

adsorption experiment for Tc was carried out in a TcO4
-

solution obtained by diluting the stock solution 10 times

(125 Bq mL-1) using the same procedure as for the

adsorption of Re. After adsorption, 3 mL of the supernatant

was mixed with 10 mL of Ultima Gold AB cocktail to

measure the active concentration, and the Tc removal ratio

was calculated using Eq. 2,

Removal ratio ¼ 1� At

A0

� �
� 100%; ð2Þ

where A0 (Bq) and At (Bq) are the radioactivity of 99Tc in

solution before and after adsorption, respectively.

3 Results and discussion

3.1 Synthesis of the modified Reillex 425

Reillex 425 resins were modified via a simple quater-

nization reaction, as illustrated in Scheme 1. The operation

strongly affected the morphologies of the obtained prod-

ucts. The resin granules became powders when the reaction

was performed under stirring (Fig. S1), which is undesir-

able for column treatment of radioactive sewage. To avoid

pulverization and maintain the granular appearance of the

products, modification must be carried out using a shaker.

As shown in Fig. 1a–e, although modification in a shaker

roughened the resin surface, the modified Reillex 425

resins retained their spherical shape with an average bead

size around 0.7 mm (Table 1). The resultant Reillex

425-Cn (n = 2, 3, and 5, representing the number of carbon

atoms between the pyridinium and ammonium moieties)

showed the same color as the pristine Reillex 425 resin,

whereas Reillex 425-Me turned yellow because of

adsorption of iodine during modification [33]. All modified

resins displayed the same type II N2 adsorption–desorption

isotherms as pristine Reillex 425 (Fig. 1f). In the high-

relative-pressure region (P/P0[ 0.8), the N2 adsorption

quantity increased sharply, confirming the macroporous

structure [34]. The pore size distributions demonstrated

that all the resins possessed hierarchically porous struc-

tures, integrating pores at different size scales, from

macropores to micropores (Fig. 1g). The modification did
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Scheme 1 Schematic

illustration for the synthesis of

Reillex 425-Cn and Reillex

425-Me

Fig. 1 Digital photographs and SEM images of Reillex 425 (a),
Reillex 425-C2 (b), Reillex 425-C3 (c), Reillex 425-C5 (d), and

Reillex 425-Me (e). All the scale bars in the insets of SEM images are

300 lm. N2 adsorption–desorption isotherms (f) and the correspond-

ing pore size distributions (g) of different resins

Table 1 Specific surface areas, pore volumes, modification efficiencies, and modification densities (qm) of Reillex 425, Reillex 425-Cn, and

Reillex 425-Me

Reillex 425 Reillex 425-C2 Reillex 425-C3 Reillex 425-C5 Reillex 425-Me

Specific surface area (m2 g-1) 35.48 34.92 24.14 23.89 28.06

Pore volume (cm3 g-1) 0.21 0.22 0.27 0.26 0.24

Modification efficiency – 13.0% 21.2% 26.6% 48.6%

qm (mmol g-1) 7.143a 0.929b 1.517b 1.897b 3.474b

aThis value refers to the moles of (Na ? Nb) per gram of Reillex 425 resin, which was estimated according to the content of 4-vinylpyridine in

Reillex 425 resin (75 wt%)
bThese values refer to the moles of Nc per gram of the Reillex 425-Cn and Reillex 425-Me resins
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not alter the specific surface areas and total pore volumes

of the Reillex resins (Table 1), suggesting that the porous

structure, which is beneficial for adsorption, was retained

after modification. Moreover, the average pore width

slightly increased after modification, which might have

enhanced the mass transfer of the adsorbates.

The 13C SSNMR spectra provided direct evidence for

the successful modification of Reillex 425 resins. The

characteristic peaks of poly(4-vinylpyridine) and poly-

styrene are shown in Fig. 2a. After tertiary pyridyl was

quaternized with alkyltrimethylammonium, Reillex 425-C2

displayed three new peaks, ascribed to the carbon atoms in

the spacer (Ch1 and Ch2) and trimethylammonium moiety

(Ci), at 45.2, 63.6, and 55.4 ppm, respectively. Similarly,

the characteristic peaks of all other modified Reillex 425

could be identified in the corresponding 13C SSNMR

spectra. From the FT-IR spectra in Fig. 2b, the quater-

nization of pyridyl in Reillex 425 shifted the absorption

peak for the in-plane C=C stretching vibration of the pyr-

idyl ring from 1603 to 1637 cm-1 [35, 36]. Other peaks at

1419 (aromatic semicircle C=N stretching of the pyridyl

ring), 2927, and 2972 cm-1 (stretching vibration of

Fig. 2 13C CP-MAS SSNMR (a), FT-IR (b), and high-resolution XPS N 1 s spectra of Reillex 425 (c), Reillex 425-C2 (d), Reillex 425-C3 (e),
Reillex 425-C5 (f), and Reillex 425-Me (g)
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saturated C–H in the polymer main chain) remained the

same [37]. Reillex 425-C2 simultaneously displayed two

peaks at 1603 and 1637 cm-1, and the other modified

Reillex 425 only exhibited the latter peak, which implied

that Reillex 425-C2 had a smaller quaternization efficiency

than the other modified resins. XPS analysis of the valence

states of the N atoms was performed to quantitatively

estimate the modification efficiency. From the N 1 s

spectrum (Fig. 2c), Reillex 425 only contains two types of

nitrogen—N atoms at tertiary (399.0 eV) and protonated

(400.4 eV) pyridyl. After quaternization, all the Reillex

425-Cn displayed a new peak at higher binding energies

around 401.5 eV, which was attributed to the quaternary N

atoms in both pyridinium (Nc) and ammonium (Nd) moi-

eties (Fig. 2d–f) [3]. The modification efficiency, defined

as the ratio of Nc to (Na ? Nb ? Nc) (i.e., all N atoms in

tertiary pyridyl, protonated pyridyl, and quaternary pyri-

dinium), was estimated at 13.0, 21.2, and 26.6% for Reillex

425-C2, Reillex 425-C3, and Reillex 425-C5, respectively.

Evidently, longer spacers reduce the electrostatic repulsion

between the two positive N atoms in one DCP group, thus

increasing the modification efficiency [38]. For compar-

ison, Reillex 425-Me, in which the pyridyl groups were

functionalized with methyl groups, was prepared. The

smaller steric hindrance and weaker electrostatic repulsion

of methyl-endowed Reillex 425-Me with a significantly

higher modification efficiency of 48.6% (Fig. 2g). The

modification densities (qm, mmol g-1, representing the

moles of Nc per gram of resin) were estimated according to

the modification efficiencies and the density of pyridyl in

Reillex 425 (Table 1).

3.2 Adsorption of Re(VII) on the modified Reillex

425 resins

Re(VII) primarily exists as a perrhenate anion (ReO4
-)

over a pH range of 0 to 12 [39]; thus, its adsorption

behavior is determined by the surface charge of the

adsorbents. As shown in Fig. 3a, the zeta potential of the

pristine Reillex 425 resin was positive at pH\ 3 and

negative at pH[ 5 because of deprotonation of the pyridyl

groups in the polymer (pKa = 5.6) [40]. Consequently, the

electrostatic repulsion between the resin and ReO4
- grad-

ually decreased when the pH decreased from 9 to 2. The qe
of Re on Reillex 425 reached a maximum of 194.8 mg g-1

at pH = 2 (Fig. 3b). However, if the pH is further

decreased, the competitive adsorption of concentrated Cl-

anions would suppress ReO4
- adsorption [41, 42]. After

the tertiary pyridyl groups on Reillex 425 were quater-

nized, all the modified resins exhibited positive zeta

potentials at pH 1–9 owing to the intrinsic positively

charged N atoms. Although all Reillex 425-Cn resins

showed the same pH-dependent adsorption pattern as that

of pristine Reillex 425 because of some remaining tertiary

pyridyl, their qe values were significantly enlarged under

neutral conditions, remaining above 135.5 mg g-1. Par-

ticularly, Reillex 425-C3 and Reillex 425-C5 exhibited

larger qe values than Reillex 425-C2 because of their

higher modification efficiencies (Table 1). Reillex 425-Me

showed almost the same adsorption amount as Reillex

425-C5 owing to its higher modification efficiency, even

though the methyl pyridinium group had only one binding

site. Notably, the morphology of the modified Reillex 425

greatly impacted the adsorption performance. The modified

Reillex 425 powders obtained under stirring exhibited a

dramatically decreased qe under neutral conditions com-

pared to the Reillex 425-Cn beads (Fig. S2). Maintaining

the granular shape during the modification not only

increases the adsorption amount but also benefits column

treatment for sewage.

To elucidate the adsorption mechanism for ReO4
- on

the modified Reillex 425 resins, the adsorption isotherms

were investigated and analyzed using the Langmuir and

Freundlich models (Fig. 4). The linear forms are given by

Eqs. S(1) and (2), respectively, in the Supporting Infor-

mation. From Table 2, the Langmuir model describes the

adsorption of ReO4
- on all the modified Reillex 425 resins,

which suggests monolayer adsorption. The maximum

adsorption capacities (qm) were calculated to be 344.8,

416.7, 588.2, and 625.0 mg g-1 (1.852, 2.240, 3.159, and

3.360 mmol g-1) for Reillex 425-C2, Reillex 425-C3,

Reillex 425-C5, and Reillex 425-Me, respectively. Com-

pared with other adsorbents listed in Table S1, the higher

qm of modified Reillex 425 favors an extended lifetime of

the packed column. It is evident that qm on Reillex 425-Me

equaled its qm, suggesting that all positively charged N

atoms were occupied by ReO4
-. Meanwhile, all qe values

for Reillex 425-Cn were higher than their qm values,

ranging from 1.5 to 2 times, indicating that ammonium and

pyridinium sites should be capable of adsorbing ReO4
-

simultaneously. The qm of Reillex 425-C2 was twice its

qm, demonstrating that all adsorption sites on the DCP

groups could be utilized. However, it seemed that not all

the positively charged sites on Reillex 425-C3 and Reillex

425-C5 were accessible at qm/qm ratios below 2, indicating

that the adsorption of ReO4
- anions inside the micropores

might be hindered.

The adsorption thermodynamics were further investi-

gated to gain a better understanding of the different

adsorption patterns between the different DCP groups.

Reillex 425-C2 and 425-C5, which contained the shortest

and longest spacers, respectively, were selected as repre-

sentatives. The changes in the standard Gibbs free energy

(DG0), enthalpy (DH0), and entropy (DS0) of adsorption

were calculated using Eq. S(3) and S(4) (Supporting

Information), respectively. From Fig. 5 and the calculated
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results in Table 3, the negative DH0 and DG0 values

demonstrated that the spontaneous adsorption of ReO4
- on

both Reillex 425-C2 and 425-C5 was exothermic. A lower

temperature benefits the adsorption process, as qe and

DG display negative and positive correlations with tem-

perature, respectively. Adsorption of ReO4
- on Reillex

425-C5 was more thermodynamically favorable as its DG0

was more negative than that of Reillex 425-C2. However,

the adsorption isotherms showed that Reillex 425-C5 had a

lower utilization rate for binding sites. Thus, ReO4
-

adsorption on Reillex 425-C5 is controlled by kinetics

rather than thermodynamics. Meanwhile, kinetics had less

effect on ReO4
- adsorption for Reillex 425-C2.

Fig. 3 Zeta potentials (a) and Re adsorption amounts (b) of different Reillex 425 resins at different initial pH (adsorbent dosage = 0.4 g L-1,

[Re]0 = 100 mg L-1, T = 298 ± 1 K, t = 12 h)

Fig. 4 The adsorption isotherms of ReO4
- on Reillex 425-Cn and

Reillex 425-Me (a) fitted by Langmuir (b) and Freundlich models (c).
The solid curves in (a) are the fitting curves by the Langmuir model

(adsorbent dosage = 0.4 g L-1, [Re]0 = 10–1400 mg L-1, initial

pH = 6.6–6.8, T = 298 ± 1 K, t = 12 h)

Table 2 Isotherm parameters

for the adsorption of ReO4
- on

Reillex 425-Cn and Reillex

425-Me calculated by Langmuir

and Freundlich models

Langmuir Freundlich

qm (mg g-1) kL
a (L mg-1) R2 nb kF

c (mg g-1)(L mg-1)1/n R2

Reillex 425-C2 344.8 0.0368 0.9952 3.691 62.49 0.9512

Reillex 425-C3 416.7 0.1127 0.9990 4.290 108.96 0.9534

Reillex 425-C5 588.2 0.0322 0.9913 3.232 79.52 0.9466

Reillex 425-Me 625.0 0.0289 0.9975 2.701 60.09 0.9508

akL is the equilibrium constant for the Langmuir model
bn is a constant reflecting the favorability of the adsorption process in the Freundlich model
ckF is the equilibrium constant for the Freundlich model
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A kinetic study demonstrated that Reillex 425-C2

showed a faster adsorption rate than Reillex 425-Me and all

other Reillex 425-Cn, reducing the equilibrium time for

adsorption from 5 to 1 h (Fig. 6a). This agrees with the

deduction that the adsorption of ReO4
- on Reillex 425-C2

was less controlled by kinetics than on other Reillex

425-Cn. Pseudo-first-order and pseudo-second-order

kinetic models were used to quantitatively investigate the

adsorption kinetics, the linear forms of which are given by

Eqs. S(5) and (6) in Supporting Information, respectively.

Figure 6b and c show the linear fitting curves of these two

models, whose fitting results are listed in Table 4. The

adsorption behavior of ReO4
- can be described better by

the pseudo-second-order kinetic model with a higher R2,

revealing that the adsorption is chemisorption [43]. Reillex

425-C2 exhibited a high adsorption rate constant k2 of

0.00260 g mg-1 min-1, which was more than six times

larger than that of the other modified Reillex 425.

The adsorption process consists of four sequential

stages: bulk diffusion, boundary layer diffusion, intra-

particle diffusion, and surface reactions [44]. In batch

adsorption experiments, the resistance to bulk diffusion is

negligible because of the small concentration gradient of

the adsorbate caused by vigorous shaking. The final stage

of the adsorption reaction is nearly immediate for ion

exchange and can be neglected. Therefore, the rate of the

entire adsorption process is typically limited by the

boundary layer and/or intraparticle diffusion stages.

Equation (3) depicts the intraparticle diffusion model pro-

posed by Weber and Morris [45].

qt ¼ kpt
1=2 þ cp; ð3Þ

where the slope kp (mg g-1 min-1/2) and intercept cp (mg

g-1) are the rate constants of intraparticle diffusion and a

constant related to the thickness of the boundary layer,

respectively.

Piecewise linear regression suggested that the qt vs. t
1/2

plots of both Reillex 425-C2 and Reillex 425-C5 showed a

two-stage adsorption pattern. The first stage agrees with the

intraparticle diffusion model, with an intercept of almost 0,

indicating that the adsorption of ReO4
- on modified Reil-

lex 425 is only controlled by intraparticle diffusion

(Fig. 6d) [46]. The second stage displayed almost constant

adsorption amounts, demonstrating that adsorption

approached equilibrium. Thus, the higher adsorption rate of

ReO4
- on Reillex 425-C2 is attributed to the faster diffu-

sion of ReO4
- anions inside the micropores.

As demonstrated above, all Reillex 425-Cn samples

retained an almost unchanged pore structure. The differ-

ence between the –Py?C2H4N
?Me3 and

Fig. 5 Adsorption amounts of Re on Reillex 425-C2 and Reillex 425-C5 at different temperatures (a). The fitting plots of ln Kd versus T-1

(b) (adsorbent dosage = 0.4 g L-1 [Re]0 = 100 mg L-1, initial pH = 6.6–6.8, t = 12 h)

Table 3 Thermodynamic parameters for the adsorption of ReO4
- on Reillex 425-C2 and Reillex 425-C5

DH0 DS0 DG0 (kJ mol-1) R2

(kJ mol-1) (J mol-1) 298 K 313 K 323 K 328 K 338 K 343 K

Reillex 425-C2 - 21.28 - 55.30 - 4.796 - 3.967 - 3.414 - 3.137 - 2.585 - 2.308 0.9614

Reillex 425-C5 - 14.43 - 23.86 - 7.318 - 6.960 - 6.721 - 6.602 - 6.363 - 6.244 0.9535
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–Py?C5H10N
?Me3 groups or, more accurately, the differ-

ent spacers are presumed to drastically affect anion trans-

port inside the microporous channels of Reillex

425-Cn. The longer alkyl spacers were more flexible,

which enabled greater changes in the conformation of the

DCP groups. It is possible to rearrange the pyridinium and

ammonium sites vertically owing to the electrostatic

repulsion between them and the hydrophobic aggregation

of the long carbon spacers, as illustrated in Fig. 6e. Under

such circumstances, the adsorption of ReO4
- at the first

cationic site impedes the diffusion of ReO4
- towards the

second cationic moiety [47]. Furthermore, the aggregation

of long and flexible carbon chains forms hydrophobic

microphases inside microporous channels, which increases

the resistance of intraparticle diffusion of hydrophilic

species such as hydrated anions [48]. Therefore, steric

hindrance and hydrophobic repulsion generated by the

longer spacer of the –Py?C5H10N
?Me3 groups retard

ReO4
- transport inside the micropores of Reillex 425-C5.

For Reillex 425-C2, the two positive charges connected by

shorter alkyl spacers tended to be laterally arranged

(Fig. 6e), leading to smaller steric hindrance. Moreover,

Fig. 6 The dynamic adsorption amounts of ReO4
- by different

modified Reillex 425 resins (a). Linear fitting by pseudo-first-order

(b) and pseudo-second-order kinetic models (c). Analysis of the

kinetics for ReO4
- adsorption on Reillex 425-C2 and Reillex 425-C5

by intraparticle diffusion model (d) (adsorbent dosage = 0.4 g L-1,

[Re]0 = 100 mg L-1, initial pH = 6.6–6.8, T = 298 ± 1 K). The

proposed transport pathways of ReO4
- inside the micropores of

Reillex 425-C2, Reillex 425-C5, and Reillex 425-Me (e)

Table 4 Kinetic parameters for the adsorption of ReO4
- on different Reillex 425 resins

Pseudo-first-order Pseudo-second-order

qe, cal
a (mg g-1) k1

b (min-1) R2 qe, cal
a (mg g-1) k2

c (g mg-1 min-1) R2

Reillex 425-C2 12.95 0.00227 0.1334 177.94 0.00260 0.9990

Reillex 425-C3 65.16 0.00260 0.6152 233.64 0.00024 0.9993

Reillex 425-C5 49.91 0.00181 0.3215 223.71 0.00043 0.9989

Reillex 425-Me 56.01 0.00272 0.3886 215.05 0.00028 0.9990

aqe, cal is the adsorption amount at equilibrium calculated using the corresponding adsorption kinetic model
bk1 is the adsorption rate constant of the pseudo-first-order kinetic model
ck2 is the adsorption rate constant of the pseudo-second-order kinetic model
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hydrophobic microphases are not formed due to repulsion

among the positive charges. As a result, the transport of

ReO4
- anions inside the microporous channels modified

with Py?C2H4N
?Me3 groups was enhanced. Reillex

425-Me functionalized with monocationic methyl pyri-

dinium also exhibited a slower adsorption rate than Reillex

425-C2, although no spacers were present. This is because

the quaternization of pyridyl with methyl increases the

hydrophobicity of the surface of the microporous channels,

hindering the intraparticle diffusion of ReO4
- (Fig. 6e)

[49]. According to the above discussion, dicationic –Py?-

C2H4N
?Me3 groups with short spacers can promote the

transportation of ReO4
- inside the microporous channels.

To evaluate the contribution of DCP groups to practical

Tc removal, the adsorption kinetics of TcO4
- on different

modified Reillex 425 samples were further investigated. As

displayed in Fig. 7a, all the modified Reillex 425 resins

remove approximately 99% of the Tc due to its trace

concentration of 125 Bq mL-1 (0.2 mg L-1 of 99Tc).

Reillex 425-C2 still exhibited the fastest adsorption rate,

with the highest 1-h removal ratio of 93.5%. Tc removal

accelerated by the –Py?C2H4N
?Me3 groups was verified

by kinetic analysis. The adsorption kinetics followed a

pseudo-second-order kinetic model (Fig. 7b and c), similar

to that of ReO4
-. Reillex 425-C2 showed the largest k2 of

0.211 g mg-1 min-1 among all three Reillex 425-Cn

samples (Table 5).

TcO4
- adsorption on Reillex 425-Me was faster than

that on Reillex 425-C2, which was different from the

adsorption of ReO4
-. Piecewise linear regression of the

kinetic data using the intraparticle diffusion model vali-

dated that the adsorption of TcO4
- on Reillex 425-Cn

showed the same pattern as that of ReO4
-, only controlled

by intraparticle diffusion (Table 6). However, TcO4
-

adsorption on Reillex 425-Me is controlled by both stages

of the boundary layer and intraparticle diffusion. After

obtaining the intercept cp in the intraparticle diffusion

model by linear fitting of the first stage, an initial adsorp-

tion factor (Ri), defined by the following Eq. 4 can be

calculated to distinguish the contributions from different

diffusion processes. Ri was 0.772 for Reillex 425-Me,

implying that 77.2% of the TcO4
- adsorption was gov-

erned by intraparticle diffusion. The remaining 22.8%

occurs almost instantaneously, as determined by boundary

Fig. 7 The dynamic adsorption amounts and removal ratios of TcO4
-

on different modified Reillex 425 resins (a). Linear fitting by pseudo-

first-order (b) and pseudo-second-order kinetic models (c). Analysis

of the kinetics for TcO4
- adsorption on Reillex 425-C2 and Reillex

425-C5 by intraparticle diffusion model (d) (adsorbent dosage = 0.4

g L-1, [Tc]0 = 0.2 mg L-1, initial pH = 6.6–6.8, T = 298 ± 1 K)
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layer diffusion [50]. Reillex 425-C2 exhibited a 52.5%

higher kp than Reillex 425-Me, demonstrating that the –

Py?C2H4N
?Me3 groups also accelerated the adsorption of

TcO4
- by promoting intraparticle diffusion. Generally,

higher mass transfer rates shorten the mass transfer zone

when adsorbents are packed in a column. In other words,

the difference between breakthrough and equilibrium times

is reduced, resulting in a steeper breakthrough curve.

Consequently, fixed-bed columns can be utilized more

efficiently.

Ri ¼ 1� cp
qe

ð4Þ

Although the contaminated seawater in Fukushima

Daiichi nuclear power station has been desalinated during

the treatment, the treated water still contains Cl- (1900 mg

L-1, or 5.4 9 10-2 mol L-1) and SO4
2- (610 mg L-1, or

6.4 9 10-3 mol L-1) [51], the two main anions in sea-

water [52], which may hamper the adsorption of TcO4
-. In

0.05 mol L-1 of Cl- or SO4
2-, the qe of Re on Reillex

425-C2 decreased to 64.9 and 49.7% of the original value,

respectively, owing to competitive adsorption by the DCP

groups (Fig. 8a). With an increase in the anion concen-

tration, Cl- and SO4
2- had different effects on Re

adsorption. qe declined to 25.8% in 1 mol L-1 of Cl-,

while it remained almost the same (44.8%) in 1 mol L-1 of

SO4
2-. Reillex 425-C5 showed a similar trend; qe

decreased from 72.1 to 28.3% in Cl- but remained constant

at approximately 65.0% in SO4
2- as the anion concentra-

tion rose from 0.05 to 1 mol L-1(Fig. 8b). Because of the

hydrophobic nature of the Reillex 425 resin matrix, the

inner walls of the porous channels should retain a certain

hydrophobicity even after the dication modification. The

hydration energies for the different anions follow the order

SO4
2- (- 1080 kJ mol-1)\Cl- (- 340 kJ mol-1)-

\ReO4
- (- 330 kJ mol-1) [53]. Therefore, SO4

2-,

which is more hydrophilic, has less influence on ReO4
-

adsorption. Reillex 425-C5, containing hydrophobic

microphases formed by longer and more flexible carbon

chains, is more resistant to these hydrophilic anions than

Reillex 425-C2 for the same reason. In addition to Cl- or

SO4
2-, the treated water also contains trace amounts of

other radioactive anions, such as 129I- and 125Sb(OH)6
-

[54]. Reillex 425-C2 and Reillex 425-C5 showed separa-

tion factors (S) between Re and I (SRe/I = Kd,Re/Kd,I) of

over 4.6 and 5.0, and SRe/Sb (SRe/Sb = Kd,Re/Kd,Sb) of over

14.7 and 64.2, respectively, demonstrating their ability to

remove TcO4
- selectively from the treated water in

Fukushima (Fig. 8c). After the adsorption of ReO4
-, the

used Reillex 425-Cn could be easily regenerated by HNO3,

with qe remaining over 95% after five adsorption–desorp-

tion cycles (Fig. 8d).

4 Conclusion

In this study, we propose a simple and efficient method

for improving the adsorption performance of ReO4
– and

TcO4
– on Reillex 425 anion exchange resins by modifying

them with a series of DCP groups. After modification, the

obtained Reillex 425-Cn gained higher adsorption amounts

for Re (qe[ 135.0 mg g-1) in neutral solutions owing to

the positively charged quaternary N sites in the DCP

groups. The DCP integrated one quaternary pyridinium and

Table 5 Kinetic parameters for

the adsorption of TcO4
- on

different Reillex 425 resins

Pseudo-first-order Pseudo-second-order

qe, cal (mg g-1) k1 (min-1) R2 qe, cal (mg g-1) k2 (g mg-1 min-1) R2

Reillex 425-C2 7.18 0.00690 0.7340 0.45 0.21118 0.9998

Reillex 425-C3 6.28 0.00496 0.6393 0.49 0.19431 0.9999

Reillex 425-C5 5.17 0.00549 0.6725 0.49 0.13911 0.9997

Reillex 425-Me 9.24 0.00578 0.7399 0.49 0.24657 0.9999

Table 6 Kinetic parameters for the adsorption of ReO4
- and TcO4

- on different modified Reillex 425 resins fitted by Weber–Morris intra-

particle diffusion model

ReO4
- TcO4

-

kp (mg g-1 min-1/2) cp R2 Ri kp (mg g-1 min-1/2) cp R2 Ri

Reillex 425-C2 24 0.3963 0.9756 0.9978 0.061 - 0.0279a 0.9839 & 1b

Reillex 425-C5 22 4.9986 0.9643 0.9782 0.062 - 0.0589a 0.9996 & 1b

Reillex 425-Me 20 7.8633 0.9885 0.9633 0.040 0.1101 0.9863 0.7721

a,bThe fitting intercept cp became negative owing to experimental errors and thus Ri could be regarded as its maximum value of 1
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one quaternary ammonium into a single group, both of

which adsorbed ReO4
– simultaneously. Consequently, the

maximum Re adsorption capacities, qm, for Reillex

425-C2, Reillex 425-C3, and Reillex 425-C5 reached as

high as 344.8, 416.7, and 588.2 mg g-1, respectively. A

detailed study of the adsorption isotherms revealed that the

utilization ratio of all the adsorption sites only ranged from

75 to 100% at saturated adsorption, depending on the

length of the alkyl spacers between the two positive char-

ges in the DCP group. A longer spacer was found to be

more thermodynamically favorable for Re adsorption.

Thus, it can be concluded that adsorption is kinetically

controlled. Reillex 425-C2 exhibited an adsorption rate six

times faster than those of Reillex 425-Cn and Reillex-425-

Me. A deeper investigation into the mass transfer mecha-

nism of the adsorbates illustrated that the adsorption of

ReO4
– on modified Reillex 425 was only governed by

intraparticle diffusion. The enhanced transport of ReO4
–

anions inside the microporous channels of the resins is

responsible for the accelerated adsorption on Reillex

425-C2. For Reillex 425-C5, longer alkyl spacers might

result in the perpendicular distribution of the two positive

charges and the formation of hydrophobic microphases by

carbon chain aggregation. This sterically hinders the anion

from approaching the second cation and repels the hydrated

ReO4
– anions. Contrarily, the two positive charges in the –

Py?C2H4N
?Me3 groups with shorter alkyl spacers may be

arranged laterally, generating no hydrophobic microphases.

The smaller steric hindrance and repulsion promoted the

intraparticle diffusion of ReO4
– inside the Reillex 425-C2

resins. For the adsorption of radioactive TcO4
- at trace

concentrations, Reillex 425-C2 showed the same adsorp-

tion pattern dictated only by intraparticle diffusion. The –

Py?C2H4N
?Me3 groups enhanced the mass transfer of

TcO4
- inside the resin beads. In addition to rapid adsorp-

tion, Reillex 425-C2 also exhibited several other features

Fig. 8 Adsorption amounts of Re on Reillex 425-C2 (a) and Reillex

425-C5 (b) at different concentrations of Cl- and SO4
2- (adsorbent

dosage = 0.4 g L-1, [Re]0 = 100 mg L-1, T = 298 ± 1 K, initial

pH = 6.6–6.8, t = 12 h). The adsorption selectivity of ReO4
- toward

I- and Sb(OH)6
- on Reillex 425-C2 and Reillex 425-C5

(c) (adsorbent dosage = 0.4 g L-1, [Re]0 = [I]0 = [Sb]0 = 50 mg

L-1, T = 298 ± 1 K, initial pH = 6.6–6.8, t = 12 h). Reusability of

Reillex 425-C2 and Reillex 425-C5 (d) (adsorbent dosage = 0.4 g

L-1, [Re]0 = 100 mg L-1, T = 298 ± 1 K, initial pH = 6.6–6.8,

t = 6 h)
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that benefit the removal or remediation of TcO4
- from

treated water, which contains various non-tritium

radioisotopes beyond the regulatory standard for discharge.

These include exothermic adsorption, good selectivity,

excellent reusability, and adequate salinity tolerance. The

modification strategy with appropriate dications should

increase the utilization efficiency of the fixed-bed column

by accelerating the transport of TcO4
- anions inside the

micropores of the filling resins, which implies enormous

environmental and economic benefits.
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