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Selective Environmental Remediation of Strontium and Cesium Us-
ing Sulfonated Hypercrosslinked Polymers (SHCPs)

Alex M. Jame$, Samuel Harding,Thomas Robshat¥Neil Bramall2, Mark D. Ogdehand Robert
Dawsori*

aDepartment of Chemistry, Dainton Building, University of Sheffield, UK, B8 7
®Department of Chemical and Biological Engineering, Sir Robert Hadfield Buildingersity of Sheffield, UK, S1 3JD

ABSTRACT: Sulfonated hypercrosslinked polymers based on 4,4’-bis(chloromethyl)},1’-biphenyl (BCMBP) were synthesized via
metal-free (SHCP-1) and conventional Lewis acid-catalyzed (SHCP-2) Friedel-Craftsiatkytattes. The sulfonated polymers
possessed BET surface areas in excess of 5@3.i8HCP-1 was investigated for its ability to extract Sr and Cs ions from aqueous
solutions via the ion-exchange reaction of the sulfonic acid moiety. Equilibrpteke data could be accurately modelled by the
Dubinin-Radushkevich isotherm, with maximum calculated loading values of @58mgg™ (Sr) and 273 37 mgg* (Cs). Uptake

of both target ions was rapid, with pseudo 2nd-order rate constants calasia&d+ 1.1 (x 16 for Sr and 0.113 0.014 for Cs.
Furthermore, the polymer was found to be highly selective towards theitargetver large excesses of naturally occurring compet-
ing metal ions Na, K, Mg and Ca. We conclude that hypercrosslinked pslymagroffer intrinsic advantages over other adsorbents
for the remediation of aqueous Sr and Cs contamination.

Keywords: porous materials, microporous polymers, metal- crown ether functionality, with selectivity related to cavity size.
free synthesis, ion-exchange, separations, Such materials have demonstrated good recoveries, but require
Introduction carefully-chosen, poorly-hydrated counteranions to maximize

. - . efficiency’**and their potential for use in direct environmental
Prior to 1986, the release of fission products to the env'ronmentremediat)iﬁon is obviousply limited

was predominantly as a result of nuclear weapons testing and ) )
direct discharges from nuclear reprocessing faciliti€nce In terms of solid-phase extractants, adsorbents based on ion-ex-

then, the world has seen two category 7 nuclear accidents g¢hange have demonstrated good efficacy in the removal of these
Chernobyl in the Ukraine (1986) and Fukushima Daiichi (2011) radionuclides from a variety of aqueous solutions. Examples of
in Japan which resulted in the uncontrolled release of fissionthese are polymeric resifi&; natural and synthetic zeolit€s;
products into the environment. Fission proddg€s and™sr titanates'? silical® and titanosilicate¥’ Inorganic ion-exchang-

are of a particular concern due to both their radiotoxicity and €rs are more mechanically and thermally stable than their poly-
their ability to bioaccumulat¥Cs (i, = 30.17 years) is a  Mer counterparts, offer good resistance to radiolysis and have
strong betagamma emitter an¥Sr (&, = 28.8 years) is a beta  high capacity in many cases (>3 ngt).' However, the ex-
emitter and a large source of radiation, having a specific activitychange processes are often reversible and Na and K ions at high
of 5.21 TBqg™? Cesium metabolically and chemically behaves concentrations can be significant interferen¢é&which is es-
similarly to potassium and sodium in terrestrial ecosystems,pec'a"y problematic for remediation of brine. Polymeric ion-

whereas strontium behaves analogously to caléilins esti- exchangers are generally more chemically stélaled a wide
mated that 1.5 x £0Bq of *'Cs was released from the Fuku- Variety of functionalities can be imparted on to the solid matrix
shima Daiichi accident and 3.8 x@q from Chernoby}.2Sr for targeted and non-reversible ion remc¥#&F. There is there-

releases were estimated much lower with activities of 4510 fore potential for the development of a novel, solid-phase ad-
and 3.5 x 18 BgP® for the Chernobyl and Fukushima Daiichi Sorbent for capture of Sr and Cs ions, combining both selectiv-
accidents respectively. ity and applied practicality. Key parameters for an effective ion-
A variety of techniaues have been applied to the removal Ofexchanger are the maximum loading capacity, which correlates
y q PP directly to the number of exchanging moieties on the surface,

these problematic radionuclides from ground water and adU€-1d the ratef extraction. Porosity of the absorbent can be in-

ous solutions. Ffrewous tests, using convent_lonal water tr_eat'creased to effectively improve the sur face area but the diffusion
ment technologies of coagulation, flocculation and settling

proved only effective enough to remove 56%%¥Es and 5.9- of analytes into the porous network can slow the kinetics of the

' . extraction®
12% of °SP depending on the coagulant. Solvent extraction © tractio
systems have also been widely studied. These generally use a
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Scheme 1. Synthesis and sulfonation of hypercroéslinked polymer networks.

Hypercrosslinked polymers (HCPs) are a sub class of mi-Therefore, we report the synthesis of BCMBP hypercrosslinked
croporous organic polymers (MOPs) with high surface areasnetworks synthesized using both3® (HCP-1) and FeGl
(typically 500-2000 rhig1).23% They are both chemically and (HCP-2) as the acid catalyst, followed by sulfonation using
thermally stable, can be synthesized using cheap and facilehlorosulfonic acid as the sulfonating agent (Scheme 1). This is
methods from readily available precursors and can be easilythe first report of a functionalized Friedel-Crafts HCP synthe-
functionalisec’® Rigid aromatic monomers possessing “internal sized without metal catalysts and the first ever characterized
crosslinkers”, such as chloromethyl groups, can be reacted via sulfonic acid-bearing hypercrosslinked polymer networks made
a Friedel-Crafts alkylation route in the presence of a Lewis-acidby monomer knitting. The polymers are thoroughly assessed for
such as FeGlAICI; and SnCj2"? Rigid aromatic monomers  use as selective adsorbents for Cs and Sr and are shown to pos-
not possessing such internal crosslinkers can also be reacted vigess excellent selectivity in solutions of high ionic strength,
an “external crosslinker” such as formaldehyde dimethyl acetal. with high Na and K concentrations, pointing towards potential
This strategy, referred to as the “knitting” method, was devel- for environmental remediation of brackish water.

oped in 2011 by Tan and co-work¥€and is a convenient way M aterials and M ethods

to introduce functionalization into the final matedaf? Alt- hemical ¢

hough the metal catalysts used are effective and yield materiaIsC eml_ reagents ) )
with high surface areas, they require stoichiometric quantities,4-4 -Bis(chloromethyl)#,1’-biphenyl, (BCMBP, 95%), iron
produce large amounts of acidic waste, and have to be rigor{lll) chloride (FeC}, 97%), anhydrous 1,2-dichloroethane
ously washed out of the network post-synthesis, yet in most(DCE, 99%), chlorosulfonic acid (99%), strontium chloride
cases cannot be completely removed from the final product.(SfCk, anhydrous powder, >99%) and cesium nitrate
This is particularly relevant for water-treatment applications, as (>99.99%) were purchased from Sigma-Aldrich. Sulfuric acid
iron-fouling can be a significant issue in industrial ion exchange (95%) was purchased from Fischer scientific. Sodium chloride
columns. Recently Schute et al. use$&, as the Lewis-acid ~ (NaCl, 99.9%) was purchased from VWR chemicals and potas-
catalyst for the hypercrosslinking of a range of monomers via SIUm nitrate (KNQ, >99%) was purchased from Acros organ-
both internal and external crosslinking routthis method ics. All chemicals were used as received unless otherwise
took less time to reach full conversion, did not require inert re- Stated.

action conditions and was more economic and environmentally-Synthesis of HCP-1 using.BO, as the Lewis-acid catalyst
friendly than met_al-catalyzed synthesis. Although the materialsgcpygp (3.00 g, 13.44 mmol, 1 eq.), was dissolved in DCE
produced had slightly lower surface areas (924yfvs 1182 (30cn?) and heated to 80 °C.,80; (7.2cn?, 13.44 mmol,
m?*g* with o,a’-p-dichloroxylene monomer), the technique was 1 eq.) was added and the temperature was held for 1 h. The re-
a convenient and facile route towards microporous networks. action was cooled to 25 °C and the solution was left to stir for
HCPs have previously been explored for various applications72 h. The resulting black solid was collected via vacuum filtra-
including gas separatiof, catalysi§® and wastewater treat- tion and washed with water and methanol until the solution was
ment3® 36 The ability to tailor the final microstructu¥eand neutral. The solid was dried overnight in vacuo at 60 °C to yield
functionality?® of the polymer towards the application is a key the final black product (2.23 g, 73%), Elemental analysis calcu-
property which makes HCPs inherently suitable materials tolated for G4Hio, Expected: C 94.38%, H 5.62%. Found, C
treat wastewater streams and remove pollutants. They have ndi1.17%, H 5.35%.

yet however, been investigated for Cs and Sr removal. Synthesis of HCP-2 using FeCls as the Lewis-acid catalyst

The sulfonic acid group is a well-known functionality in the BCMBP (2.04 g, 8 mmol, 1 eq.) was added to a round bottom
field of ion-exchange and is commonly used with macroporousflask under nitrogen before DCE (86+) was added to dis-

or gel-type polymer matrices to create the well-known strong solve the monomer. To the solution iron chloride
acid cation (SAC) ion-exchange resin. There is a well-known (2.80g, 16 mmol, 2 eq.) was added as a slurry in DCEd&#)
order of selectivity of cations for this functionality, influenced and the mixture was heated to 80 °C for 16 h. The mixture was
by both charge and ionic raditfsWith this in mind, itcan®  cooled to room temperature and vacuum filtration afforded a
hypothesized that both Sr and Cs ions will be selectively ex-plack solid. The solid was extracted with methanol using
tracted from aqueous solution by adsorbents incorporating sulsoxhlet apparatus for 12 h before being dried in vacuo at 60 °C
fonic acid groups, even with high concentrations of naturally to yield the final black product (1.54 g, 108%). Elemental anal-
occurring ions such as Na and K, which are markedly lower inysjs calculated for GHio, Expected: C 94.38%, H 5.62%.
the selectivity series. Found, C 87.76%, H 5.45%.



Sulfonation of hypercrossiinked polymers (SHCP-1 and degassed at 120 °C under dynamic vacuum immediately prior
SHCP-2 synthesis) to analysis.

Hypercrosslinked BCMBP (1.50 g) was added to DCEc{#) TGA analyses were obtained using a Perkin Elmer thermograv-
and left for 1 h to stir to allow the polymer network to swell in imetric analyzer under a nitrogen atmosphere. 4.5 mg of each
the solvent. Chlorosulfonic acid (1) was added to the so- sample was heated from 25 to 800 °C at a rate dfClper
lution and left to stir at 25 °C for 72 h. The product was col- minute.

lected via vacuum filtration and washed with water and metha-\j eta) uptake studies

nol ensuring the run off was a neutral pH. The resulting solid

was dried under vacuum at 60 °C overnight to yield the final Solutions of various Sr, Cs, NKZ Mg ar_ld Ca cqncentratlons .
black product. Yields, 1.96 and 1.70 g. Elemental analysis cal vere made up in accordance with the information presented in

culated for GHiSOs, Expected: C 65.12%, H 3.88% S '(Ij'a_ble_ Sld by td'ssg""”g thihre'.e‘t’a”é ”;eta' dsa'ts '?t‘i‘mb"fl
12.40%. Found, C 60.14%, H 4.20%, S 10.81%; SHCP-2, cU€!0nized water. Because the intended end use of the polymers

0 0 0 was treatment of environmental water, all experiments were
S7.75%, H 5'55/0’ S 7.15% conducted at the natural pH of the metal ions solution, this being
Characterization ~7.20mg of SHCP-1 was added to a sample vial along with

Fourier transform infrared (FTIR) spectroscopy was performed 5 cnm® of the chosen solution. Samples were left to stir for a de-
using a Perkin-Elmer Spectrum 100. Samples were mixed withfined time period, before the solid was filtered out using a
KBr and pressed into a disk before being measured in transmis0.25 pum filter. Samples for equilibrium studies were left for 24
sion mode. Solid-State NMR samples were packed into 4 mmh. Samples for kinetic studies were left for 1 - 60 min. The re-
zirconia rotors and transferred to a Bruker Avance Ill HD spec- sulting solutions were analyzed by inductively coupled plasma
trometer. 1D'H-C cross-polarization magic angle spinning mass spectrometry (ICP-MS), using an Agilent 7500CE Mass
(CP/MAS) NMR experiments were measured at 125.76 MHz Spectrometer, to determine accurate metal concentrations of so-
(500.13 MHZzH) at a MAS rate of 10.0 kHz. TH&l /2 pulse lutions. The metal solution concentrations were also determined
was 3.4 us, and two-pulse phase modulation (TPPM) decou- prior to contact with the polymers. The equilibrium pH of solu-
pling was used during the acquisition. The Hartmann-Hahntions, both before and after polymer-contact, was also deter-
condition was set using hexamethylbenzene. The spectra werenined, using a standard combination electrode.
gefasuredhusing ;’:1 conte_lcé_tin;e o”f 2d.0 ms._Thg frelaxition delay; eqults and Discussion

1 for each sample was individually determined from the proton . , :
T1 measurement (D=5 x T)). Samples were collected until anégﬁzn%n;g;fgnatlon of hypercrossiinked polymers
sufficient signal to noise was observed, typically greater than
256 scans. The values of the chemical shifts are referred to thadypercrosslinked BCMBP was synthesized via a hypercross-
of TMS. linking reaction using either 430, (HCP-1) or FeGI(HCP-2)
@s the catalyst, resulting in black solids collected in good yields

of sample in a stream of pure oxygen. The sample was place fcﬁiﬁjaigdH?lg/?zr\?vz%egg\r/r?ga Eucis\t/}:lythi(mi(l:arsutgg:gzre ct):;
in a tin capsule and introduced into the combustion tube of thethat reported by Lu et al. to sulfonate a porous ool pmer network
Elementar Vario MICRO Cube CHN/S analyzer via a stream of PPN gw 0y hi .If ic acid trﬁ) if P ty it
helium. Combustion products were analyzed through first pass-(. -6)." using chiorosulfonic acid as the su onating agent, to
ing the sample through a copper tube to remove excess oxyge leld SHCP-1 and SHCP-2. Although PPNSGH s superti-
and reduce any NQo N,. Gases were separated using a Ther- cially _S|m|Iar to our own networks, th_e _hlgh cost of th_e homo-
mal Programmed Desorption column and detected using aTher-COl.Jp"ng monomer (> £200'y WOUIc.j I|m|t the use of this ma-
o terial as an environmental remediation tool. There are many
mal Conductivity Detector. . - :

i ] _ previous reports of functionalized HCBs®> “put they have
Scanning electron microscopy (SEM) images were recorded usy|| ysed metal catalysts such as Re@lsynthesize the porous
ing a Jeol JSM-6010LA instrument. Samples were mounted onpetwork. Hence to date, there have been no reports of function-
carbon tape on aluminum stubs, without any coating treatment5jized HCPs synthesized via metal-free routes, which is more
Gas sorption measurements were performed using a mi-environmentally benign and avoids the possibility of contami-
cromeritics ASAP 2020Plus analyzer employing high purity nation from residual catalyst still present in the network. As ex-
gases. Nitrogen gas sorption measurements were analyzed aected, an increase in mass upon the addition of the sulfonic
77 K using ~100 mg of sample. BET surface areas were calcu-acid group was observed after the reaction with chlorosulfonic
lated over a relative pressure range of 0.01-0.1& Bifferen- acid. A mass increase of 30% was observed upon sulfonation of
tial pore sizes were calculated using the NL-DFT method usingHCP-1 while for HCP-2 the mass increase was 13%, suggesting
the model for Carbon Slit Pores by NLDFT. All samples were a lesser degree of sulfonation.

Elemental analysis was performed through burning an amoun

Table 1. Elemental analysis data for polymer networks. All values refer to mass %

HCP Expectet! | HCP-1 | HCP-2 SHCP Expectéd | SHCP-1 | SHCP-2

Cc 94.38 81.17 87.76 65.12 60.14 57.75
H 5.62 5.35 5.45 3.88 4.20 5.55
S 0.00 1.95 0.00 12.40 10.81 7.15

aAssuming no sulfonatioAssuming 1 site is sulfonated per monomer.



Solid-state analysis of materials within the sample. The BET surface areas of all networks were

A combination of SEM, TGA, FTIR spectroscopy, solid-state calculated over a pressure range of 0.01-0.15 F/&ble 2).
NMR, elemental analysis and gas sorption studies were em/nitially HCP-1 and -2 exhibit high surface areas of 1239 and
ployed to characterize the products. Scanning electron micro-1918 nf-g* respectively, similar to the reported surface areas
graphs of HCP-1 and SHCP-1 (Figure Sl) demonstrated a Ver)tOI' these two materiaf§: **The FeCd-catalysed route results in
inconsistent morphology, with occasional microspheres of dif- @ material with some larger mesopores as evidenced by the hys-
ferent diameters being visible within the overall fused network. teresis loop around 0.8 R/Ahis is confirmed by NLDFT pore

The sulfonation functionalization did not change the visible Size distributions (Figures S4S6) which shows the main pore
morpho|ogy, as would be expected from previous literdure. sizes of HCP-2 to be centered around 0.5 and 1.5 nm with some

The FTIR spectra (Figure S2) of HCP-1 and SHCP-1 both Cc)n_.further mesoporosity. Upon sulfonation there is a notable drop

tain similar stretches at 1600, 1500 and 1200 eHating to the In s_u_rface area of both HCPs, as WQUId be expected from the
C=C stretches from the aromatic rings in the final netvork. |a1dd|(tj|on of r;ass from th(_a Sl.Jfl.fon'C gmd group.fThe keata-

Signals at 600 and 1050 ¢mpresent in the spectrum of the yfe . HC.P' shows a significant drop in surface area to 580
sulfonated SHCP-1, are assigned to thsiretch and the =0 M 9” While the metal-free HCP-1 shows a less prominent de-

symmetric stretch respectively. The presence of these additionaf€aSe in surface area to 858gn. The large decrease in sur-
signals demonstrates the successful incorporation of the sulface area from HCP-2 to SHCP-2 is most likely due the loss of

fonate groups into the polymer network. However, these sig-the I_arger mesopores (Fig. S5) with the pore size distribution
nals, along with a broad stretch at 3500%ndicating the pres- shifting towards the smaller 0.5 nm pore. The pore volume of
ence of anOH group, are also present in the HCP-1 spectrum, HCP-2, calculated at 0.1 R/Bo.), remains unchanged after
albeit much less intense than those in the sulfonated productSt!fonation whilst the total pore volume gy P/R = 0.99) sig-
This suggests that the hypercrosslinking reaction, which useglificantly drops from 2.4 to 0.35 cily with Voarincreasing

H,SOy as the acid catalyst, was also able to partially sulfonatefTom 0-03 to 0.22. For the metal free route (HCP-1), &so
the materiaf® remains unchanged after sulfonation, while the total pore vol-

£ al vsis furth id h ol | umes drop from 0.86 to 0.51 ég* and W.ixetincreases from

i em?nﬂ? anﬁ ys'i urther ev[reglcei f;;;cgss u mcl:)orpora- .20 to 0.33. It is therefore likely that the sulfonation occurs
flonHOCP f sultonate groutps (thate )- 1. If 0 t_was fothservet ainly in the mesopores of the HCPs rather than the mi-
v(\?cr)rk ha(-j faigilglzzgg deusrilr?gg hysefcorg]silisr?kigga AI\?tr:arothe ?e';i_'cropores. This is further demonstrated by the fraction of pore
tion with chlorosulfonic acid, this increased to 10.81% for volumes at 0.1 P#¥ia both routes increasing after sulfonation.

. . Mesopores have previously been postulated to play an im-
SHCP-1. An expe(_:ted calculation based on one sulfonation Ioe{)ortant role in the mass transfer of ions to active sites in porous
monomer would yield 12.4 % S content. From the elemental

. L . adsorbentg®
analysis we can therefore assume a substitution of slightly less

than one sulfonic acid group per monomer within the network. Uptake of Sr and Csions from aqueous solution
As expected, the hypercrosslinking reaction using £¢GTP- Metal-organic frameworks (MOFs) such as the sulfonate-func-
2) shows S content of 0.00%. tionalizedMIL -101-SO;H have been previously shown to se-

Thermogravimetric analysis of samples SHCP-1 and SRICP- lectively uptake both Sr and C; ions (Table S7 provid_es a sum-
(Figure S4) shows a mass loss of 10-15% at aroundCl00 Mary of Cs and Sr uptakes in other porous materllals). Our
which we attribute to the loss of water vapor adsorbed into theMetal-free catalyzed SHCP-1 however, is synthesized from
samples. SHCP-2 is stable up to around ZD@hile SHCP2 readlly-a\(allable .and economic starting materlals and contains
is slightly more stable with the onset of decomposition at no metal ions which may leach into solution. In general, porous
around 250C polymers also have increased thermal and chemical stability

compared to MOFs and are therefore ideal candidates for metal
The solid-state NMR spectrum of sample HCP-1 (Figure S3)yptake in harsh environmer#s63To date there have been no
shows resonances at ~138 ppm, attributed to quaternary aroreports of the uptake of Sr and Cs ions by microporoug pol
matic carbon environments; ~130 ppm, attributed to aromaticmers, therefore we investigated the use of SHCP-1 for the se-
carbons adjacent to hydrogen and ~37 ppm, attributed to the fective capture of these ions from solution. A simple immersion
CH;- bridges. After sulfonation, there is a change in the inten- of HCP-1 and SCHP-1 in deionized water (Figure S7) demon-
sity of the aromatic resonances, with a reduction in the intensitystrated the greatly improved wettability of the polymer upon ad-
of the Ar-H signal compared to that of the quaternary carbons,gition of the hydrophilic sulfonic acid groups, as has previously
due to sulfonation. Nitrogen adsorption/desorption isothermspeen observet?,and suggested rapid uptake might be possible
were carried out at 77 K in order to determine both the surfaceqye 1o the enhanced hydrophilicity of the material.

area and pore size of all materials synthesized in this work (Fig-

ure 1). All isotherms exhibit a steep uptake at low relative pres-

sure (P/k < 0.1), indicative of the presence of micropores



Quantity Adsorbed (cm

0.2 0.4 0.6 0.8

Relative Pressure (P/P,) Relative Pressure (P/P,)

Figure 1. Gas sorption isotherms of HCP-1 and HCP-2 (left) and the sulfonated $ldGIPSHCP-2 (right). 1$0O, synthetic route
(circles) and FeGlroute (diamonds). Filled symbols show adsorption and empty symissspdion.

Table 2. Gas sorption properties of the synthesized polymers, determinegausdiption.

Catalyst Sample Surface area (m? gl)? Viet (cmP/g)® Vo1 (cm?g)° Vo.1ot
HCP-1 1239 0.86 0.17 0.20
H.SOy
SHCP-1 850 0.51 0.17 0.33
HCP-2 1918 2.4 0.08 0.03
FeCk
SHCP-2 580 0.35 0.08 0.22

aApparent BET surface area calculated over the relative pressure r@age. I5. P/BPP Total pore volume calculated at 0.99 £/
Micropore volume calculated at 0.1 B/P

I sotherm studies where Resis the mean desorption energy-tkdl!). The iso-

Single metal-loading isotherm data were fitted to the Langmuir therms produced for Sr and Cs uptake are shown in Figure 2,
and Dubinin-Radushkevich (D-R) adsorption models (Equa- while the extracted parameters for both models are shown in
tions 1 and 2) via non-linear least-squares regression, using théable 3.

Microsoft Excel SOLVER program. Errors were calculated us- The uptake of both metals was more closely described by the
ing Billo’s Solver Statistics add-in. The Langmuir model has  D-R model than Langmuir, which suggests that the energies of
been frequently used to describe the uptake of Sr and Cs ionbinding follow a Gaussian distribution, rather than being strictly
by various adsorbents and for uptake behavior of the sulfonicdegeneraté® There was also a clear relationship observed, in
acid functionality?>*®*whereas the D-R model is less commonly both cases, between the number of metal ions adsorbed and the

applied¥ number of protons liberated into solution (Figure S8). Overall,
__ qmaxK1Ce it can be inferred that the extraction of Sr and Cs was due to the
Ge = 1+K;.Ce 1) expected sulfonic acid group ion-exchange mechanism. It is un-

usual, though not unheard of, for the D-R model to demonstrate
1\12 superior description to the Langmuir model for metal uptake by
qe = (Qmax) €XP (—BD [RTln (1 + —)] ) 2) ion-exchange on to a functionalized polyrffe?2lt is possible
Ce in this instance that the hydrophobic pore interiors of varying
volumes create a number of different microenvironments where
binding could occur. Thedsvalues returned, being >8-kibl
1, strongly suggested a chemisorption mechanism was preva-
lent, rather than physisorptidhThe binding energies for Sr are
) ; unusually high for an ion-exchange process, which typically re-
Bois a D-R constant {noF), R is the gas constant 8.31K3 ¢ 1i5'in values in the range of 8-16rkdl.2249%° This suggests
mol”) and T is the experimental temperature (K). TN&®D-  he St jons in particular are strongly held and would be unlikely
model can be used to estimate the desorption energy of the Sygg |each back into the environment. Although Cs uptake appears
tem, according to Equation 3: to be a weaker interaction, the.gvalues from both models
=1 were higher. A comparison values from the D-R model
Eges /\/Z_BD ) ere higher. A comparison of.g values from the ode

For these isotherm modets,is the equilibrium uptake capacity
of the polymer (m@y?), gmaxis the theoretical saturation uptake
capacity (megl), K is a Langmuir equilibrium constant-thg
1), Geis the concentration of metal ion at equilibrium (),
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Figure 2. Metal adsorption isotherms for uptake of Sr (left) and Cs (right) by SHE&®Hmer mass = 20 mg. Solution volume =5 mL.
Initial metal concentration = 1-15 mM. Contact time = 24 h. T 2C2@olid line = Langmuir isotherm model. Dashed line = D-R isotherm
model.

with the found S mass % of SHCP-1 results in a theoretical

maximum loading efficiency of ~61% for Cs and ~32% for kinetic studies

Sr.This indicates that some sulfonation took place within the Results from the sinale metal-loading kinetic study demon-

micropores, creating sites unavailable to the metal ions. It also rated a rapid u takegof Srand Cs ngHCP-l (Taléﬁes S1 and

suggests that some Sr cations may bridge across 2 sulfonic aci 2) with >2§0% gf the apparent e ui)llibrium uptake capacit

groups, which would explain the high meagskalue observed. chieved within 60 seco%%s In orqder to conf?rm the Lljotak):a

This can be seen in Figure S8, which shows that the number Oﬁwechanism of metal adsor " ) P i
1 ption, data were fitted to the well

protons released into the aqueous phase is greater for Sr Soullmown pseudo order (PFO) and pseudé‘@rder (PSO) ki-

tions, even though the molar uptake of metal is lesser. . ) oo :
netic models (Equations 4 and 5), using linear regression.
The calculated g« values from the D-R model compare favor-

ably to those attained by adsorption of Sr via crown ether-func-

tionalized ion-exchange resins (7.7 megg$)* and adsorption qe = (1 —e™¥t) (4)
of Cs and Sr on mineral-based extractants (91.Csw'; 44.7

mg Srg?).52 Indeed, the polymer exhibits a capacity of the same kaqZt

order of magnitude as a commercial ion-exchange resin with a 9t = Thyqut ©®)

far larger and more elaborate phosphonic acid-based functionafor these kinetic models, ig the uptake of metals at time t (mg

group (315 mg Gg™).*® Further comparison with literature val-  g?), k, is the pseudostorder rate constant (mfand k is the

ues is seen in Table S7. pseudo ZF-order rate constant (g Mgnin™). Additional param-
eters, derived from PFO and PSO equations, were calculated

Table 3. Extracted parameters for uptake of Sr and Cs by SHCP- sing Equations 6 and 7:

by fitting to Langmuir and Dubinin-Radushkevich isotherm mod-

els. ty, = knlqe (6)
M odel Parameter Sr Cs
Langmuir | K (L-mg?) | 0.65+0.20 | 7.0+ 3.1 (x ho = k2qe 7)
103) where n = 1 or 2, corresponding to PFO or PSO equatigns, t
Omax (M@ | 71.5+ 2.6 148+ 16 is the sor.ption half-time (m'in) gnq& h; thg initial sprption rate
= 0,993 0981 (mg g* mint) Agreement with film diffusion and intra-particle
i : diffusion models was also checked (Supporting Information,
Dubinin- Bo (#moP) 150+ 0.11| 4.77 + 0.38 pages S6-8). The PSO model was found to give an accurate de-
Radush- (x 109 (x 109 scription of the uptake behavior, as seen in the associated plots
kevich Gmax (MMotg | 1.09+ 0.03 | 2.06+ 0.28 oft/gvst (Figure 3). Calculated parameters for kinetic data are
1 presented in Table 4.
Omax (Mgg™") | 95.6+£2.8 | 273+37 Table 4. Extracted parameters from data-fitting to kinetic models.
Eqes(kJmol?) | 18.2+ 1.3 10.2+ 0.8 Kinetic Parameter Sr Cs
R? 0.998 0.990 model




Pseudo Qe (Mg g 60.3+6.9 | 99.9+0.2 Competition with other cations
1storder k1 (mint) 1.27+0.48 | 2.73+7.23 In order to be considered viable for removing problematic metal
R2 0.724 0.244 ions for environmental remediation, a material must not only
' ' possess a high loading capacity but also demonstrate selectivity
Pseudo e (Mg gb) 62.1+0.1 101+ 1 against competing ions in solution. Radioactive Cs and Sr con-
- tamination is of particular importance in estuarine environ-
2dorder | ko g (mg! min?® . ) L
29 (Mg ) rrixll Oolgfé—r ments. For example, following the Fukushima Daiichi disaster,
_ (x 107 ' the highest’*'Cs activity recorded outside the actual plant
tuz (Min'™) 0.209+ boundaries was in brackish ground water >10 Km from the
0.031 8.80+ 1.4 site$2 We therefore studied removal of the target ions with a
ho (Mg g* min?) (x 102) large excess of Na (as NaCl). Other potentially competing cati-
R? 297+ 44 1150+ 180 oCr;s present in saline water at significant levels are K, Mg and
: 0.999 0.998 Table 5 shows the results of the selectivity studies. Experiment
Film R? 0.175 0.095 1 involved Sr and Cs only. Experiment 2 involved Sr and Cs in
layer the presence of 10 molar equivalents of Na. Experiment 3 in-
diffusion volved Sr and Cs with 10 molar equivalents of all the coexisting
Intra- R? 0.609 0.042 cations. In all cases, the distribution coefficient)(For each
particle metal ion was calculated (Supporting Information, p S10).
diffusion It was found that SHCP-1 possessed very high selectivity to-

wards Sr and Cs ions. In every experiment, the polymer was
The uptake of both metals was well-described by the psoable to selectively extract Sr and Cs, showing little to no affinity
model, which has often been observed to give an accurate dgowards any of the other ions, despite their much higher con-
scription of chemisorption-dominated systeti This appears ~ Centrations. Separation factors (S.F.) for Srand Cs vs compet-
to confirm that the ion-exchange process of the functional ingions were calculatgd as measures (_)fthe selectlvny_ofSHCP-
groups was responsible for the uptake of metals. The fit of thel for target ions, relative to co-contaminants (Supporting Infor-
data to the PFO model and to both diffusion-based models (Figimation, p S10) and are presented in Table 6. It is clear from
ures S8-S11) was poor and the parameters returned were ndiables 5 and 6 that the selectivity of SHCP-1 follows the order:
considered valid. The data overall suggest that the rate-limitingSr > Cs >> Ca > k Mg >> Na, with Sr uptake showing the
kinetic processes for the removal of metals from solution werelargest K values and S.F.s across all experiments. SAC selec-
the diffusion of ions across the hydration layer of the adsbrben tivity is strongly influenced by valance, with divalent ions being
particles and/or the ion-exchange reaction at the polymer surpreferred over monovalent, a phenomenon termed as “elec-
face, rather than diffusion through the pd%rngs is com- troselectivity” by Helfferich.3° However, a further factor is free
mon for adsorbents with a high accessible surface®/ahe energy of solvation, which decreases with ionic radius for the
calculated k ti» and h values all indicated that Cs uptake was SpPecies studied, with Na and K hence preferring to remain in
more rapid than Sr. Assuming the divalent Sr ions do indeedthe aqueous phase over Cs, and Mg and Ca doing likewise over
bridge across two sulfonic acid groups, the Sr uptake can beSK-> The selectivity of SHCP-1 agrees exactly with the estab-
considered a pseudo-chelating interaction, which is generally dished cation-exchange affinities for SAC resifs.
slower process than monovalent ion-exchatigéonetheless,
the derived kvalues for both metals are relatively high in com-
parison to the literaturd! which again can be attributed to
the microporous nature of the adsorbent.

0.2
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Figure 3. Linear fitting of uptake of Sr (left) and Cs (right) by SHCP-1 oveettmPSO kinetic model. Polymer mass = 20 mg.
Solution volume =5 mL. Initial metal concentration = 10 mM. InitialB.0. T = 20C.



Table5. Sr and Cs uptake performance of SHOR-solutions of competing ions. Polymer mass = 20 mg. Soluthime = 5 mL. Contact
time =24 h. T = 28C.

Experiment lonic strength Metal Co (MgL™?) ge(mgg?) K
(mmol-LY)

1 46.5 Sr 817 63.3 112
Cs 1230 42.0 39.6

2 249 Sr 840 51.3 80.7
Cs 1250 51.3 49.1
Na 2320 10.0 4.39

3 153 Sr 121 30.2 2.16 (x 16)
Cs 185 46.1 9.23 (x 10)
Na 378 <0.1 <0.1
K 611 5.25 8.90
Mg 360 2.50 7.14
Ca 500 15.0 34.1

However, the preference of the polymer for Sr over Cs becomesl01-SO;H were found to be several orders of magnitude lower
less pronounced in solutions of higher ionic strength. It is than those of SHCP-1 for the same ions, despite the identical
known that high ionic strength can modify SAC selectivity, due sulfonic acid functionalities. Porous uranyl networks recently
to the decrease in water activity in the aqueous phase, thuseported by Sun et &1.and Wang et &F also showed lesser
changing the degree of solvation required for the different selectivity than SHCP-1. It is known from classical ion-ex-
ions® Chelating uptake processes can also be strongly supchange literature that increasing the degree of cross-linking
pressed by the ionic strength of the solution, specifically for al- (and therefore the hydrophobicity) of the resin matrix imparts
kali earth metal uptak&® which further evidences the pro- better selectivity to SAC resifid® It is thus suggested that
posed Sr bridging interaction. HCPs are a more appropriate scaffold for the performance of
From a selectivity point of view, upon comparison to other ma- the sulfonic acid functionality than MOFs. Indeed, SAC selec-
terials used to remove Sr and/or Cs from solution, SHCP-1 com/iVity is proportional to matrix swelling pressure, which in tum
pares favorably (Table S7). The MOF M1I01-SO;H was pre- is dictated by the degree of resin crosslinking. Therefore, HCPs
viously investigated for Sr and Cs removal and possesses thg1ay even offer advantages over conventional ion-exchange res-
same chemical moieties to SHAB? The S.Fvalues for MIL- ins in this regard.

Table 6. Separation factors for both Sr and Cs in the presence of Na angé&tirkental parameters are as per Table 4.

Experiment | lon S.F.
x)
x/Cs x/Sr x/Na x/K x/Mg x/Ca
1 Sr 2.83
Cs 0.353
2 Sr 1.64 18.4
Cs 0.609 11.2
3 Sr 2.34 >2 (x 10) 2.43 3.02 6.33
(x 10% (x 10Y (x 169
Cs 0.427 >9 (x 10) 1.04 1.29 271
(x 10% (x 109 (x 10%)

it seems this is not the only relevant parameter for the uptake of
SHCP-2 was also investigated for its metal uptake capabilities 2du€ous metal ions and that accessible surface area of the ma-
it was found that after 24 h, 134 mg of Cs was removed fromterials is also important. The loss of a large fraction of meso-
solution, much less than the 466 mg removed by SHCP-1 (Ta{ores in HCP-2 upon sulfonation (Figugs) may result in

ble S4). Considering the S mass % for each polymer (Table 1)Some of the sulfonic acid groups being inaccessible for the tar-
get ions. HCP-1 loses much less surface area upon sulfonation



(Table 2), hence contributing to the superior uptake observed We would like to thank the following funding sources: A.M.J
Correlations between BET surface area and capacity for conEPSRC doctoral training grant (EP/K503149/1), S.H. the Shef-
taminants have previously been observed for microporous mafield Undergraduate Research Experience (SURE) scheme at the
terials®2™ Additionally, it was found that residual Fe, present University of Sheffield, T.J.R. EPSRC (Grant[no. EP/L016281/1
from the FeGJcatalytic route, leached into solution during pol- @nd Bawtry Carbon International Ltd.
ymer contact (Table S5). This had survived Soxhlet extraction
with methanol, post-synthetic modification with chlorosulfonic References
acid and further washing with water, thus highlighting the issue (1) Casacubertdl., MasquéP, Garcia-Orelland., Garcia-Tenorio
of obtaining a pure product from hypercrosslinking reactions R. Buesseler K.Q.*Sr and *Sr in Seawater off Japan as a
when using metal catalysts. Residual Fe associated with the polgi%';z%‘lz?e”rffeggig tlhg Ssi‘gkgzg'g"a Dai-ichi Nuclear Agid

. . . M.L., Luo Y.K., Adsorption Removal of Cesium from Dking
fer, essentially due to competition from leached"Fens. ~ Waters: A Mini Review on Use of Biosorbents and @thdsorbents,
These would be more strongly bound to the sulfonate moiety,gjoresour. Technal2014, 160,142149.
owing to higher valanc&.The HSQ; catalyzed synthesikere- (3) PaasikallioA., RantavaaraA., SippolaJ, The Transfer of
fore seems to provide the optimum route towards a materialCesium-137 and Strontium-90 from Soil to Food Crégter the
which has a high surface area, contains no residual impuritiesChernobyl AccidentSci. Total Environ, 1994, 155 109-124.
is readily post-synthetically modified and capable of extracting _ (4) Oancea AM.S., Popescu A.R., Radulesdy WeberV.,

both Sr and Cs ions in a selective and efficient manne Pincovschi E., Cox M., Kinetics of Cesium and Strontium lons
) Removal from Wastewater on Gel and MacroporousrikeSolv. Extr.
Conclusions

lon Exc, 2008, 26, 217-239.
4.4’-bis(chloromethyl)t,1’-biphenyl (BCMBP) was hyper- (5) Garger E.K., Kashpur V.A,, Li W.B., Tschiers_@;hRadioac_tive
crosslinked, using B0, as the catalyst, and post-synthetically 'ée“_’so's Re'essg_d gom th%_Chhemg%g ige'{%;'m'mmed'ate
sulfonated by reacting with chlorosulfonic acid. The resulting E"Y/ronment, Radiagnviron Biophys, 2006, 45, 105-114.
. : (6) TanakaS. KadoS. Analysis of Radioactive Release from the
polymers possessed high BET surface areas, with the as-synth%-u

. X kushima Daiichi Nuclear Power Station, in: J. Al Carson,
sized polymer (HCP-1) measuring 123%.gv and the sul-

JenserM., JurakuK., NagasakB. Tanaka S. (Eds.) Reflections on the
fonated version (SHCP-1) measuring 858grh SHCP-1 was  Fukushima Daiichi Nuclear Accident, Springer, Ch2015.

(7) GoossensR., Delville A., GenotJ,, Halleux R., Masschelein
W.J., Removal of the Typical Isotopes of the Cheyhdtall-out by
Conventional Water Treatment, Water R&889, 23, 693-697.

successfully applied to remove both Cs and Sr from solution

with ge values of 273 and 9516g-g* respectively, calculated
via fitting to the Dubinin-Radushkevich isotherm model. Fur-

(8) O'Donnell AJ., Lytle D.A.Harmon S, Vu K., Chait H.,

thermore, SHCP-1 was found to be extremely selective toward%ionysiou D.D., Removal of Strontium from Drinking/ater by

these lons, even In the presence of competing ions (Na and K)Conventional Treatment and Lime Softening in Beschale Studies,
Separation factors of 18.4 (Sr/Na) and 11.2 (Cs/Na) are superiojyater Res.2016, 103 319-333.

to many other published adsorbents used for uptake of these (9) wangC.Y., Chang D.A., ShenY.Z., Sun Y.C., WHCVortex-

ions, which we attribute to the hydrophobic, densely cross-assisted Liquid-Liquid Microextraction of Strontiufiiom Water

linked nature of the material positively influencing the order of Samples using 4',4"(54i-(tert-butylcyclohexano}8-crown-6 and
cation selectivity. Moving towards industrial implementation, Tetraphenylborate, J. Sep. 52017, 40, 3866-3872. '

the ability to desorb the hazardous ions from the polymers and (10 GrunerB., Plesekl, BacaJ, Dozol J.F., Lamar¥., Cisarova

- P - |., BelohradskyM., CaslavskyJ., Crown Ether Substituted Cobalto
regengrate Fhe|.r exchange ca}paC|ty IS a pa'rameter that wil rebis(dicarbollide) lon as Selective Extraction Agefar Removal of Cs
quire investigation. The working pH range is also a factor for

- s and St* from Nuclear Waste, New J. Che2002, 26, 867-875.
the versatility of an adsorbent, which is to be further probed. It (11) SistkovaN., KolarovaM., LucanikovaM., BelohradskyM.,

is hoped that this work will stimulate further studies into the use RajsJ, Liquid-Liquid Extractions of Microamounts of Cs-187d Sr-
of hypercrosslinked polymers for environmental remediation, a 85 with Chlorinated Dicarbollide and Crown Etherstoi Mixed
purpose for which they are intrinsically suitable Dodecanenitrile/n-dodecane Nonpolar Diluent, .S8pi. Technol.
2011, 46,2174-2182.

(12) PrelotB., Ayed I., Marchandeau~., ZajacJ, On the Real
Performance of Cation Exchange Resins in Wastewhteatment
Under Conditions of Cation Competitionh& Case of Heavy Metal
Pollution, Environ. Sci. Pollut. Re2014, 21, 9334-9343.

(13) SylvesterP. Clearfield A., The Removal of Strontium and
Cesium from Simulated Hanford Groundwater Usingrdaaic lon
Exchange Materials, Solvent Extr. lon EXt998, 16, 1527-1539.

(14) Bortun A.l., Bortun L.N., Clearfield., Evaluation of Synthetic
Inorganic lon Exchangers for Cesium and StrontiuemBval from
Contaminated Groundwater and Wastewater, Solvetnt Fon Exc.,
1997,15, 909-929.

(15) Oji L.N., Martin K.B., Hobbs D.T., Development Bfototype
Titanate bn-Exchange Loaded-Membranes for Strontium, Cesiutin an
Actinide Decontamination from Aqueous Media, J. iRadal Nucl.
Chem, 2009, 279 847-854.

(16) Ramaswamy M., Synthesis, Sorption and Kinetic
Characteristics of Silica-hexacyanoferrate CompasiSolvent Extr
lon Exc, 1999, 17, 1603-1618.

(17) DyerA., PillingerM., Amin S, lon Exchange of Caesium and
Strontium on a Titanosilicate Analogue of the Mader
Pharmacosiderite, Mater. Chem, 1999, 9, 2481-2487.

ASSOCIATED CONTENT

Supporting Information

The Supporting Information is available free of charge on the
ACS Publications website at DOI:

SEM images, FTIR spectra, gas sorption analysis, metal uptake
and selectivity studies.

AUTHOR INFORMATION

Corresponding Author
* Dr Robert Dawsdm.dawson@sheffield.ac.lik

Author Contributions
The manuscript was written through contributions of all authors.

Funding Sources


mailto:r.dawson@sheffield.ac.uk
https://www.sciencedirect.com/science/article/pii/S1385894719303742?via%3Dihub#gp005

(18) KakutaniY., Weerachawanasdk, HirataY., Sand\.., Suzuki
T., MiyakeT., Highly Effective K-Merlinoite Adsorbent for Remdva
of Cs" and S#*in Aqueous Solution, RSC Ad2017, 7, 30919-30928.

(19) Nenoff T.M., Krumhansl J.L., CRemoval from Seawater by
Commercially Available Molecular SieveSolvent Extr lon Exc,
2012, 30, 33-40.

(20) Pepper S.E., Whittle K.R., Harwood L.M., CowgJlLee T.S,
Ogden M.D., Cobalt and Nickel Uptake by Silica-Basattd&tants,
Sep.Sd. Technol, 2018, 53, 1552-1562.

(21) RobshawT., TukraS., Hammond D.B., Leggett G.J., Ogden
M.D., Highly Efficient Fluoride Extraction from SimuiaLeachate of
Spent Potlining via La-Loaded Chelating Resin. Auiitbrium Study,
J. Haz. Mater.2019, 361, 200-209.

(22) Ogden M.D., Moon E.M., WilsoA., Pepper S.E., Application
of Chelating Weak Base Resin Dowex M4195 to the Remoof
Uranium from Mixed Sulfate/Chloride Media, Chemndz J, 2017,
317,80-89.

(23) Tan L.X., TarB., Hypercrosslinked Porous Polymer Materials:
Design, Synthesis, and Applicatiods8, 2017, 46, 3322-3356.

(24) ChaouiN., Trunk M., DawsonR., SchmidtJ, ThomasA.,
Trends and Challenges for Microporous Polymers,nCHgoc. Rey.
2017, 46, 3302-3321.

(25) DawsonR., Cooper A.l.,, Adams D.J., Nanoporous Organic

Polymer Networks, Prog. Polym. S&@012, 37, 530-563.

(26) DawsorR., RatvijitvechT., CorkerM., LaybournA., Khimyak
Y.Z., Cooper A.l., Adams D.J., Microporous Copolysifor Increased
Gas Selectivity, Polym. Chen2012, 3 2034-2038.

(27) Li B.Y., Gong R.N., Luo Y.L., Tan B.E., Tailoring tH®&ore
Size of Hypercrosslinked Polymers, Soft Matt@o11l, 7, 10910-
10916.

(28) Martin C.F., StockeE., ClowesR., Adams D.J., Cooper A,l.
Pis J.J., Rubier#., PevidaC., Hypercrosslinked Organic Polymer
Networks as Potential Adsorbents faef€ombustion CO2 Capture,
J. Mater. Chem2011, 21, 5475-5483.

(29) He Z2.D., Zhou M.H., Wang T.Q., X¥., Yu W., Shi B.Y,
HuangK., Hyper-Cross-Linking Mediated Self-Assembly Stggtdo
Synthesize Hollow Microporous Organic NanosphereSS AAppl.
Mater. Interfaces2017, 9, 35209-35217.

(30) Li B.Y., Gong R.N., WanyV., HuangX., ZhangW., Li H.M.,
Hu C.X., Tan B.E., A New Strategy to Microporous Polysa&nitting
Rigid Aromatic Building Blocks by External Crossrlker,
Macromolecules2011, 44, 2410-244.

(32) DawsorR., Stevens L.A., Drage T.C., Snape C.E., Smith M.W.
Adams D.J., Cooper A.l., Impact of Water Coadsompfiar Carbon
Dioxide Capture in Microporous Polymer Sorbentgyd. Chem. Sog.
2012, 134, 10741-10744.

(32) YangX., Yu M., ZhaoY., ZhangC., Wang X.Y., Jiang J.X.
Hypercrosslinked Microporous Polymers Based on &sote for Gas
Storage and Separation, RSC A2@14, 4, 61051-61055.

(33) SchuteK., RoseM., Metal-Free and Scalable Synthesis of

Porous Hyper-cross-linked Polymers: Towards Apgilice in Liquid-
Phase Adsorption, Chemn&hem 2015, 8, 3419-3423.

(34) Wang W., Zhou M., Yuan D., Carbon Dioxide Capture in
Amorphous Porous Organic Polymers, J. Mater. Ch&n2017, 5,
1334-1347.

(35) Yang Y., Zhang Q. Zhang S, Li S, Triphenylamine-
Containing Microporous Organic Copolymers for
Hydrocarbons/Water Separation, RSC A2014, 4, 5568-5574.

(36)FuY., Yu W.G., Zhang W.J., Huarg., YanJ, Pan C.Y., Yu
G.P., Sulfur-Rich Covalent Triazine Polymer Nanaspls for
Environmental Mercury Removal and Detection, Pol@nem, 2018,
9, 4125-4131

(37) Tsyurupa M.P., Blinnikova Z.K., Borisov Y.A., llyiM.M.,
Klimova T.P., Mitsen K.V., Davankov V.A., Physicocheal and
Adsorption Properties of Hypercross-linked Polystg with Ultimate
Cross-linking Density, J. Sep. S@014, 37, 803-810.

(38) Han X.L.,, Xu M.Y., Yang S, Qian J, Hua D.B,
Acetylcysteine-Functionalized Microporous ConjugbBolymers for
Potential Separation of Uranium from Radioactiviuents, J. Mater.
Chem. A2017, 5, 5123-5128.

(39) Helfferich F.G., lon Exchange, McGraw-Hill, New N« 1962.

(40) Lu W.G., Yuan D.Q., Sculley J.L., Zhdn, KrishnaR., Zhou
H.C., Sulfonate-Grafted Porous Polymer Networks for Resféal
CQOz Adsorption at Low Pressure, J. Am. Chem. S2@11, 133 18126-
18129.

(41) Mane S, PonrathnamS, Chavan N., Synthesis and
Characterization of Hypercrosslinked Hydroxyl Fuowcélized Co-
polymer Beads, Eur. Polym, 2014, 59, 46-58.

(42) B.Y. Li, F.B. Su, HK. Luo, L.Y. Liang, B.E. an,
Hypercrosslinked Microporous Polymer Networks fofffeEtive
Removal of Toxic Metal lons from Water, Micro. Meddater, 2011,
138, 207-214.

(43) WilsonC., Main M.J., Cooper N.J., Briggs M.E., Cooper A.l.
Adams D.J., Swellable Functional Hypercrosslinkedlyfer
Networks for the Uptake of Chemical Warfare Ageftslym. Chem.
2017, 8, 1914-1922.

(44) Lee J.Y., Wood C.D., Bradshdw, Rosseinsky M.J., Cooper
A.l., Hydrogen Adsorption in Microporous Hypercriisked
Polymers, Chem. Commur2006, 2670-2672.

(45) Pavel C.C., Pop&., Investigations on the lon Exchange
Process of Csand St* Cations by ETS Materials, Chem. Eng, J.
2014,245, 288-294.

(46) Kondo K., NakagawaS. Matsumoto M., YamashitaT.,
Furukawal., Selective Adsorption of Metal lons on Novel Ck#do-
Supported Sulfonic Acid Resin, J. Chem. Eng. JFPN7, 30, 846-851.

(47) KasapS., TelH., PiskinS,, Preparation of Ti@Nanoparticles
by Sonochemical Method, Isotherm, Thermodynamic &iwktic
Studies on the Sorption of Strontium, J. RadioaNat. Chem.2011,
289, 489-495.

(48) Ho Y.S., Porter J.F., McKa$., Equilibrium Isotherm Studies
for the Sorption of Divalent Metal lons onto Peaapper, Nickel and
Lead Single Component Systems, Water Air Soil RoR002, 141, 1-
33.

(49) Amphlett J.T.M., Ogden M.D., Foster R.l., Sy¥a Soldenhoff
K., Sharrad C.A., Polyamine Functionalisesh Exchange Resins:
Synthesis, Characterisation and Uranyl Uptake, Cligng. J, 2018,
334, 1361-1370.

(50) GilcaE., Maicanean\., lleaP., Removal of Zinc lons as Zinc
Chloride Complexes from Strongly Acidic Aqueous\&iains by lonic
Exchange, Cent. Eur. J. Che@014, 12, 821-828.

(51) Surman J.J., Pates J.M., Zh&hgHappelS., Development and
Characterisation of a New Sr Selective Resin foe tRapid
Determination of Sr-90 in Environmental Water SassplTalanta
2014, 129, 623-628.

(52) TamuraK., KogureT., WatanabeY., NagaiC., YamadaH.,
Uptake of Cesium and Strontium lons by Artificiallfltered
Phlogopite, EnvironSci. Technol, 2014, 48, 5808-5815.

(53) ChiariziaR., Horwitz E.P., Beauvais R.A., Alexandratos $.D.
Diphonix-CS: A Novel Combined Cesium and StrontiSelective bn
Exchange Resin, Solvent Exton Exc, 1998, 16, 875-898.

(54) Tran H.N., You S.J., Hosseini-Bandeghargi Chao H.P.
Mistakes and Inconsistencies Regarding AdsorptioGaftaminants
from Aqueous Solutions: A Critical Review, WatersRg017, 120,
88-116.

(55)Li Z.P., LiH., Xia H., Ding X.S., Luo X.L., Liu X.M., MuY.,
Triarylboron-Linked Conjugated Microporous Polymegensing and
Removal of Fluoride lons, Chefaur. J, 2015, 21, 17355-17362.

(56) TuN.T.T., Thien T.V., Du P.D., Chau V.T.T., Mau T.Xhieu
D.Q., Adsorptive Removal of Congo Red from Aque@siution
Using Zeolitic Imidazolate Framework-67, J. Envirdhem. Eng.
2018, 6, 2269-2280.

(57) Robshaw T.J., DawsdR., BonserK., Ogden M.D., Towards
the Implementation of anofrExchange System for Recovery
of Fluoride Commodity Chemicals. Kinetic and Dynamic
Studies Chem. Eng., 2019, 367, 149-159.

(58) Kotodynska D., KrukowskaBak J., Kazmierczak-Raznd,
PietrzakR., Uptake of Heavy Metal lons from Agqueous Solutitys
Sorbents Obtained from the Speoh Exchange Resins, Micro. Meso.
Mater, 2017, 244, 127-136.

(59) TurseR., RiemanW., Kinetics of bn Exchange in a Chelating
Resin J. Phys. Chem1961, 65, 1821-1824.



(60) Kapnisti M., Hatzidimitriou A.G, Noli F., Pavlidou E.,
Investigation of Cesium Uptake from Aqueous SohsidJsing New
Titanium Phosphateso-Exchangers, .JRadioanal Nucl. Chem.
2014, 302, 679-688.

(61) GargG., Chauhan G.S., Ahn J.H., Strontium(lbniUptake on
Poly(N-vinyl imidazole)-Based Hydrogels, J. Appbl#m. Sci, 2012,
124, 3721-3727.

(62) Sanial V., Buesseler K.O., Charette M.A., Naga®,
Unexpected Source of Fukushima-Derived Radiocesiutime Coastal
Ocean of Japan, Proc. Naicad. Sci. U.S.A2017, 114, 11092-11096.

(63) Harland C.E., lon Exchange: Theory and Practind ed.,
Royal Society of Chemistry, Cambridde994.

(64) Sides J.L., Kenner C.T., Effect of pH and
lonic  Strength on the Distribution Coefficients of
Alkaline Earth Metals and Nickel with Chelating lon-
Exchange Resins, Anal. Chem.1966, 38, 707-711.

(65) Luttrell G.H., MoreC., Kenner C.T., Effect of pH and lonic

(67) Ai J, Chen F.Y., Gao C.Y., Tian H.R., Pan Q.J., Sun Z.M.
Porous Anionic Uranyl-Organic Networks for Highlyffieient Cs*
Adsorption and Investigation of the Mechanism, Inatgem, 2018,
57, 4419-4426.

(68) Wang Y.L., Liu Z2.Y., Li Y.X,, Bai Z.L., Liuw., Wang Y.X,
Xu X.M., Xiao C.L., Sheng D.P., Juan D.W., EuChai Z.F., Albrecht-
Schmitt T.E., WangS, Umbellate Distortions of the Uranyl
Coordination Environment Result in a Stable andBePolycatenated
Framework That Can Effectively Remove Cesium fromuéous
Solutions, JAm. Chem. So¢2015, 137, 6144-6147.

(69) Reichenberd., lon-exchange selectivity, in: J.A. Marinsky
(Ed.) lon Exchange (A Series of Advances), Edwandoid, London,
1966, pp. 227.

(70) Chen Y.F., Sun H.X., Yang R.X., Wang T.T., Bel., Xiang
Z.T., Zhu Z.Q., Liang W.D., LiA., Deng W.Q., Synthesis of
Conjugated Microporous Polymer Nanotubes with La®&face
Areas as Absorbents for lodine and Odptake, J. Mater. Chem, A

Strength on dn Exchange and Chelating Properties of an 2015, 3,87-91.

Iminodiacetate dn Exchange Resin with Alkaline Eartlorls Anal.
Chem, 1971, 43,1370-1375.

(66) AguilaB., Banerjed., Nie Z.M., ShinY., Ma S.Q., Thallapally
P.K., Selective Removal of Cesium and StrontiumnisPorous
Frameworks from High Level Nuclear Waste, Chem. @om, 2016,
52, 5940-5942.



Metal-free
synthesis




