NUCL SCI TECH (2017) 28:30
DOI 10.1007/s41365-017-0181-3

=
@ CrossMark

Synthesis and characterization of porous 4VP-based adsorbent
for Re adsorption as analogue to > Tc

Pu-Yin Wang' - Jian-Hua Zu' - Yue-Zhou Wei'

Received: 23 December 2015 /Revised: 19 April 2016/ Accepted: 21 April 2016/ Published online: 31 January 2017
© Shanghai Institute of Applied Physics, Chinese Academy of Sciences, Chinese Nuclear Society, Science Press China and Springer

Science+Business Media Singapore 2017

Abstract Technetium (*Tc), a major fission product in
nuclear reactors, of high yield, long-half-life and high
mobility in the environment must be removed in nuclear
fuel reprocessing. Considering rhenium (Re) and Tc are
both VIIB elements, Re is a good chemical analogue to
PTe. Herein, we use Re as a substitution of Te to study
adsorption and desorption behavior. Porous 4-vinylpyr-
idine—divinylbenzene-based (4VP-DVB) adsorbent con-
taining tertiary amine groups is synthesized by suspension
polymerization and characterized by BET, TGA, SEM and
laser particle size analyzer. The adsorbent has high
adsorption efficiency toward Re(VII) in 0.1 mol/L nitric
acid solution, and the adsorption equilibrium can be
achieved in 30 min. The adsorption kinetics of Re(VII)
follows pseudo-second-order rate equation, the adsorption
isotherm matches well with the Langmuir isotherm, and the
adsorption capacity of Re(VII) on 4VP-DVB adsorbent is
352.1 mg/g at 298 K. Thermodynamic study reveals that
the adsorption process is exothermic. This adsorbent is of
separation convenience when a fixed-bed column is used,
compared to the batch adsorption treatment.

Keywords Rhenium - Technetium - Porous adsorbent -
Adsorption

This work was supported by the National Natural Science Foundation
of China (Nos. 91226111 and 11675103).

X< Jian-Hua Zu
zujianhua@sjtu.edu.cn

! School of Nuclear Science and Engineering, Shanghai Jiao

Tong University, Shanghai 200240, China

1 Introduction

Technetium-99 (**Tc) is a B~ -emitter with half-life of
2.13 x 10° year. It is a major fission product in nuclear
reactors, with fission yield of 6.13% [1]. The 9T¢ is known
to be co-extracted with uranium during the plutonium and
uranium redox extraction (PUREX) process by tributyl
phosphate (TBP) [2]. Due to its high yield, long-life and
high mobility in the environment, *Tc must be removed in
nuclear fuel reprocessing [3, 4].

Various techniques have been applied to recover *°Tc
such as ion exchange, solvent extraction and precipitation
[3, 5, 6]. Large amount of secondary waste is generated
through precipitation and solvent extraction, which
increases the cost of the process. Ion exchange, being easy
to operate, with high selectivity, virtually no secondary
waste, is an environment-friendly technology. Considering
that rhenium (Re) and Tc are both VIIB elements, with the
same arrangements of orbital electrons [7], and also the
ionic states of both **Tc and Re in solution and solid are in
the most stable oxidation state of +7 (TcO,  and ReQ, ")
[8]. Therefore, Re is suitable as a substitution for T¢ in
studying adsorption behavior of *’Tc at high concentrations
[4, 9—11]. On the other hand, it is meaningful to study Re, a
rare metal used widely in petrochemical industry, aviation,
medicine and metallurgy [12-17].

The electrostatic interaction between Re(VII) and the
protonated amine groups of the adsorbent is a key factor of
the Re(VII) adsorption [11]. Some amine-containing
organic polymers have been used to remove *°Tc, such as
Amberlite IRA-904 and IRA-900 [18]. Kim et al. used
natural materials containing amino groups to separate Re as
an analogue to *°Tc [11]. However, the functional groups
of the alkylamino-containing adsorbents can be easily
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damaged under irradiation or in acid. Fortunately, adsor-
bents which contain pyridine, quinoline, and their deriva-
tives, have showed good irradiation stability [19].

The 4VP-DVB adsorbent containing pyridine exhibits
better chemical and irradiation stability than conventional
adsorbent [20]. By overcoming disadvantages of bulk
polymerization and solution polymerization, suspension
polymerization can be realized in production scale. In the
synthesis process of 4VP-DVB adsorbent, the pore volume
can be adjusted by changing the ratio of cyclohexane and
cyclohexanone, where cyclohexane is used as non-solvat-
ing diluent and cyclohexanone is used as solvating diluent,
respectively. In our study, porous 4VP-DVB adsorbent
was synthesized by suspension polymerization. As expec-
ted, its exchange rate toward Re(VII) was higher than
normal adsorbents. The initial concentration effect of nitric
acid, the adsorption kinetic, isotherm and thermodynamic
of Re(VII) adsorption on 4VP-DVB were studied in batch
experiments. Also, the continuous Re(VII)-adsorption on
4VP-DVB and elution experiment was performed by col-
umn experiment.

2 Experimental
2.1 Materials

The 4-vinylpyridine (4VP) stabilized by hydroquinone in
purity of 95% and benzoyl peroxide as initiator were pur-
chased from J & K Technology Co. Ltd. Gum arabic powder,
cyclohexanone and cyclohexane were obtained from Sino-
pharm Chemical Reagent Co. Ltd. KReO, in spectroscopical
purity and divinylbenzene (DVB, 55%) stabilized with 1000
ppm 4-tert-butylcatechol were purchased from Alfa Aesar.
The hydrochloric acid (0.1001 mol/L) and sodium hydrox-
ide solution (0.1025 mol/L) for titration were from Sino-
pharm Chemical Regent Co. Ltd..

2.2 Preparation and characterization of 4VP-DVB
adsorbent

Before the synthesis, 4VP inhibitor and divinylbenzene
mixture were further purified. By vacuum distillation at
338 K, the polymerization inhibitor in 4VP was removed.
The polymerization inhibitor in divinylbenzene (DVB,
55%) mixture was washed off by 5% sodium hydroxide
solution, with the DVB left. The organic phase was used in
the synthesis process included monomer 4VP (12.5 mL),
cross-linking agent DVB (12.5 mL), cyclohexane as non-
solvating diluent (8 mL) and cyclohexanone as solvating
diluent (18 mL), and benzoyl peroxide as initiator (0.48 g).
The aqueous phase was 5 g gum arabic powder as dis-
persant reagents in 258 mL deionized water. The organic
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phase was mixed with the aqueous phase at room tem-
perature. Then, the mixture was stirred at 280 rpm for 8 h
at 353 K, with nitrogen atmosphere protection. The
adsorbent and liquid phase in the mixture were separated,
and the adsorbent was washed successively with hot
deionized water, acetone and deionized water. Finally, the
adsorbent was vacuum-dried at 313 K for 48 h and porous
4VP-DVB adsorbent was obtained.

The 4VP-DVB adsorbent samples were tested by a
surface area and pore size analyzer (Quantachrome: NOVA
2220e). The particle size distribution was obtained by a
laser particle size analyzer (Malvern: Mastersizer 3000).
Morphology of porous 4VP-DVB adsorbent was charac-
terized by a scanning electron microscope (NOVA Nano-
SEM 230). Thermal stability of adsorbent was evaluated by
thermogravimetric and differential thermal analysis (TG—
DTA, TGA-60, Shimadzu). The nitrogen content con-
tributed by 4-vinylpyridine in 4VP-DVB was determined
by titration (Titration Excellence Line T50).

2.3 Batch experiments

In the batch experiments, 0.05 g 4VP-DVB adsorbent
mixed with 5 mL aqueous solution was shaken mechani-
cally at 120 rpm at 298 K for a certain period of time. The
adsorbent and solution phases were separated by Buchner
funnel. The Re contents before and after adsorption were
analyzed by inductively coupled plasma atomic emission
spectroscopy (ICP-AES: Shimadzu ICPS-7510). All results
of the batch experiments were from duplicate tests, with
relative errors of about 5%.

The adsorption efficiency (E), adsorption amount (Q)
and distribution coefficient (K3) were calculated as follows

E = (Cyp— C)/(100Cy), (1)
Q= (Cy—Ce)V/m, (2)
Kq = (Co— C)V/(mC,), 3)

where Cy (mg/L) and C. (mg/L) were Re(VII) initial
concentration and equilibrium concentration, respectively;
V is volume of the aqueous phase (L); and m is the weight
of 4VP-DVB adsorbent (g).

2.4 Column experiments

The batch experiments cannot give accurate scale-up
data in dynamic systems. Therefore, the column experi-
ment of 4VP-DVB adsorbent is necessitated. A glass col-
umn (@5 mm x 50 mm) filled with 0.44 g 4VP-DVB
adsorbent was used for the removal of Re(VII). Before the
test, the adsorbent was treated by nitric acid (50 mL, 1 M)
flowing through the column, followed by flowing 0.1 M
nitric acid (50 mL) for the purpose of pre-equilibrium.
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Finally, column adsorption tests were conducted at 298 K
using Re(VII) solution (1000 mg/L) in 0.1 M nitric acid.

Desorption experiment of Re(VII) was carried out under
column condition. The 4VP-DVB was loaded with Re(VII)
as described above. NH5-H,O (25 mL, 1 M), as Re(VII)
elution agent, was pumped through the column at a rate of
0.3 mL/min. Fractions were collected, and Re concentra-
tion in each fraction was analyzed by ICP-AES. All results
were from duplicate tests, and the relative error of column
experiments was about 10%.

3 Results and discussion
3.1 Characterization of the prepared adsorbent

The surface area of porous 4VP-DVB absorbent was
20.4 m*/g according to Brunauer Emmett and Teller
method (BET method), and the mean pore diameter was
3.74 nm according to Barrett—Joyner—-Halenda method
(BJH method). Figure 1a shows the particle size distribu-
tion. Most particles were distributed in the range of
40-135 pm, and the average particle size was 75 pum.
Surface morphology of the adsorbent is shown in Fig. 1b.
The thermal stability of the 4VP-DVB adsorbent was
investigated at 293-823 K, with the heating rate of 1 K/
min under nitrogen atmosphere. As shown in Fig. 2, the
initial decomposition temperature was 557 K, and 85%
weight loss occurred at 563-683 K, due to the decompo-
sition of 4-vinylpyridine. The results indicate that the 4VP—
DVB adsorbent with pyridyl groups has good thermal
stability.

The 4-vinylpyridine in 4VP-DVB reacts with strong
acid because of the nitrogen atoms, so content of the
functional groups can be determined by titration. Excessive
hydrochloric acid (0.1001 mol/L) was reacted with 4VP-
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Fig. 2 TG-DTA curves of 4VP-DVB adsorbent

DVB. The left hydrochloric acid in solution was titrated by
NaOH solution (0.1025 mol/L) by titrator. The content of
nitrogen atoms is 4.02 mmol/g.

3.2 Effect of acidity on adsorption efficiency

The acidity of aqueous solution has significant effect on
the adsorption process. Figure 3 shows the Re(VII)
adsorption efficiency on 4VP-DVB adsorbent at initial
HNO; concentrations of 0.1-5 M. The adsorption effi-
ciency decreases with increasing initial HNO3 concentra-
tion. Compared with nitrate and chloride anions, large
monovalent anions like TcO,~ and ReO,~ with relatively
low free energies of hydration can be removed easily from
aqueous solution by adsorbents [21]. The process of ion
exchange is shown in Fig. 4. However, when the NO;™
concentration is far greater than ReO, ", the completion of
NO;~ with ReO,  for the exchange sites on 4VP-DVB
adsorbent leads to the decrease in Re(VII) adsorption

Fig. 1 Particle size distribution (a) and SEM image (b) of the 4VP-DVB adsorbent
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Fig. 4 4VP-DVB ion exchange with perrhenate

efficiency [22]. In general, the 4VP-DVB adsorbent pos-
sesses good adaptability as HNO5 concentration changes.

3.3 Adsorption thermodynamics of Re(VII)

Over the reverse temperature effect on the adsorption
efficiency, the adsorption thermodynamic experiments
were carried out at 298, 303, 308 and 313 K, each for 24 h.
Thermodynamics of Re(VII) adsorption on 4VP-DVB
adsorbent was calculated by

InK; = AS/R — AH/(RT), (4)

where Ky is the distribution coefficient, AS is the entropy,
AH is the enthalpy, T 1is temperature (K), and
R =8.13 T mol™" K™! is the universal gas constant. Fig-
ure 5 shows the plot of InKy versus 1000/T. Calculated
from the slope and intercept, the AH and AS were
—16.5 kJ/mol and 11.1 J mol K, respectively. The nega-
tive AH means that the adsorption is an exothermic reac-
tion, and the raising temperature is harmful to the
adsorption reaction.

3.4 Adsorption Kkinetics for Re(VII)

Adsorption kinetics plays an important role in predicting
the rate of removing metallic ions from aqueous solutions.
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The effect of contact time on the adsorption efficiency of
ReO,~ by 4VP-DVB adsorbent is shown in Fig. 6. The
adsorption efficiency increases rapidly with time in the first
10 min and then increases slowly (just 0.65% in another
10 min) toward a level of equilibrium. The adsorption
process may include two sections: the sorption that
increased instantly at initial stages due to rapid attachment
of ReO,™ to the surface of the adsorbent. The second stage
was slower, because the adsorption process took place
within the network structure of 4VP-DVB adsorbent.
However, the Re sorption time was 200 min with the non-
porous Purolite A170 weakly alkaline anionite [23].
Therefore, porous 4VP-DVB adsorbent is of high adsorp-
tion kinetics.

Pseudo-first-order and pseudo-second-order models
were expressed by the following equations, respectively
[24, 25]

Pseudo-first-order: In(Q. — Q) = InQ. — kit, (5)
Pseudo-second-order: /Q; = 1/(kaQ?) + t/Qe, (6)

where Q. and Q, are the amount of Re(VII) adsorbed on
adsorbent (mg/g) at equilibrium and at time ¢ (min), and k;
(1/min) and &, (g/mg/min) are the rate constants of first-
order adsorption and second-order adsorption, respectively.
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Fig. 6 Kinetic models for Re(VII) adsorption on 4VP-DVB
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Plots of Q, against ¢ for pseudo-first-order and pseudo-
second-order models are shown in Fig. 6. The correlation
for pseudo-second-order adsorption model (0.989) is higher
than that for pseudo-first-order model (0.909). And the
adsorption capacities calculated by the pseudo-second-
order model are close to the measured data. Therefore, the
rate-determining step of the adsorption by 4VP-DVB
adsorbent is decided by chemisorption, as the pseudo-sec-
ond-order adsorption model is based on the assumption that
chemisorption is the rate-determining step of adsorption
process [26].

3.5 Adsorption isotherm models of Re(VII)

The effect of initial Re(VII) concentration on adsorption
of 4VP-DVB was investigated at Re(VII) concentrations of
200-4000 mg/L. The results are shown in Fig. 7. With
increasing initial Re(VII) concentrations, the adsorbed
Re(VII) at equilibrium (Q.) increased, but the adsorption
efficiency decreased. At high initial Re(VII) concentra-
tions, a higher concentration gradient may exist between
4VP-DVB/solution interface, which ultimately causes
higher Re(VII) uptake.

Adsorption isotherm was important to understand the
adsorption performance. The Langmuir and Freundlich
models have been used by many groups [27-30]. To find
out the parameters associated with Re(VII) adsorption, the
measured data were analyzed by the two models. The
Langmuir and Freundlich isotherms can be described by
Egs. (7, 8) [31].

Langmuir equation : C¢/Qc = Ce/Om + 1/(b0On), (7)
Freundlich equation: In Q. = In K + In C./n, (8)
where Q. is the adsorption amount at equilibrium (mg/g),
C. is the equilibrium concentration in solution (mg/L), and
QO 1s the maximum adsorption capacity, where K and n are

the Freundlich constants which relate to the adsorption
capacity and the adsorption intensity, respectively. And

350

300 F

250 F

‘ —a— Measured data
o —e— Langmuir model
501 ---4-- Freundlich model

100

0 1 1 i i '}
0 100 200 300 400 500 600
C. (mg/L)

Fig. 7 Adsorption isotherms of Re(VII)

b (L/mg) is Langmuir adsorption constant related to the
adsorption affinity.

The Langmuir and Freundlich constants, Q,, and n, were
obtained from slopes and intercepts of plots (Langmuir
plot: C./Q. vs. C. and Freundlich plot: C. and InQ. vs.
InC,). As shown in Fig. 7, the Langmuir model is better
than Freundlich model in fitting the measured data. Cal-
culated by the Langmuir model, the maximum adsorption
capacity is O, = 352.1 mg/g. The value of n was 1.6,
which indicated that the adsorption of Re(VII) was a facile
process. High values of regression coefficients between the
sorbate and sorbent systems for both Langmuir and Fre-
undlich models indicated the applicability of 4VP-DVB
adsorbent system for Re(VII) removal in both monolayer
sorption and heterogeneous surface conditions.

3.6 Column test

In this test, the results from batch experiments of
Re(VII) adsorption were used. A 98% breakthrough
occurred at 150 bed volumes. Column capacity calculated
from the breakthrough curve was 321 mg/g. The four-cycle
breakthrough curves are shown in Fig. 8. The adsorption
performance was perfect. The column lost about 3%
capacity after the first run and 3-8% after four runs.
Therefore, the column can be used for at least 10 runs
without any problem. This is economical and would reduce
much radioactive waste if 4VP-DVB is used for **Tc
removal.

Regeneration of the adsorbents and recovery of the **Tc
(VID) are important for nuclear wastewater treatment. We
used Re(VID) in substitution for **Tc (VID) to study the
desorption behavior. The eluent was 1 M ammonium
hydroxide, which can react quickly with H" on 4VP-DVB
adsorbent, and can be removed easily by heating. As shown
in Fig. 9, 10 mL of NH3-H,O was sufficient for desorption
of almost all the Re(VII). After 96% of adsorbed Re(VII)
was desorbed, the column was washed by 50 mL deionized
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Fig. 8 Breakthrough curves of Re(VII)
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Fig. 9 Desorption of Re(VII) by ammonia (1 M)

water, 50 mL nitrate (1 M) and 50 mL nitrate (0.1 M). The
loaded 4VP-DVB adsorbent was regenerated for next use.
From the breakthrough curve, the Re(VII) concentration in
the desorption solution was ten times of the initial con-
centration. So, in the column tests, 4VP-DVB adsorbent
could reduce waste greatly.

4 Conclusion

The adsorption of Re(VII) was investigated by using
porous 4VP-DVB adsorbent prepared through suspension
polymerization. The average bead size was 75 um. The
thermal stability of the 4VP-DVB adsorbent was investi-
gated, and the initial decomposition temperature was
557 K. At 0.1 M nitric acid, adsorption reached equilib-
rium within 30 min and the maximum adsorption capacity
for Re(VII) was 352.1 mg/g. Adsorption kinetics was well
matched with pseudo-second-order model. The adsorption
process follows both Langmuir and Freundlich models, but
Langmuir model fitted better the experimental data. The
adsorption process was found to be exothermic in nature
and ReO,~ was adsorbed by the adsorbent up to 96-98%.
Re(VII) in 150 bed volumes adsorbed by 4VP-DVB
adsorbent was eluted from the column using 1 M ammonia
in about 11 bed volumes, then Re(VII) was concentrated 10
times. Therefore, it can be concluded that 4VP-DVB
adsorbent is an excellent adsorbent and can be used to
remove and concentrate Re(VII). Furthermore, all obtained
results will provide reference for Tc (VII) removal.
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