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Abstract

This study considered the removal of strontiug?{) from contaminated water using a
filtration membrane that exhibits good mechanicargjth, high adsorption capacity, and the
ability to be regenerated and reused. Polyvinyltatdydrogel membranes were prepared by
crosslinking with sulfosuccinic acid in differentid (2.5, 5, 10 and 20 mol% relative to the
PVA monomer), named as PSA2.5, PSA5, PSA10 and PSMNP®SA membranes showed
goodSr** adsorption over a wide pH range (pH 2-12), and miaietirapid removal kinetics
(> 95 % St*recovered from 5 ppm Bwithin 4 h). Furthermore, the Bradsorption capacities
of PSA2.5, PSA5, PSA10 and PSA20 were 27.6, 45.8,and 55.3 mg/g, respectively, based
on the Langmuir adsorption isotherBrom the four PSA membranes, PSA5 was selected for
further filtration studies due to its favorable mechahiand adsorption properties. When
filtering 5 ppm St* and 250 ppm C&*, corresponding to th€a2* concentrationin the
wastewater at the Fukushima nuclear plant, 87%\@&s removed using the PSA5 membrane
following multiple cycles of regeneration and reuser&bver, the tensile strength of the PSA5

membrane remained high 80 MPa) following five consecutive uses.



1. Introduction

After the incident at the Fukushima Nuclear Powan®P(Japan) in March 2011, a significant
release of radionuclides into nearby seawater/groundm@e has led to significan
environmental radioactive contamination, with radidides °°Sr and**'Cs of particular
concern due to their high fission yields and subgihhalf-lives (approximately 30yea)r
. The reported®Sr levels (400 kBgrd) were higher than the pre-incident level (1.2 BYym
and underlined the need to recovesr from the environmerﬂ@. Furthermore°Sr can
accumulate and cause serious health issues dueng similarities to C#, i.e. hydration size
and ionic chargﬂS]. Removal #Sr from wastewater is therefore essential, along wftier
radionuclides which has been the focus of additiosmioval studieﬂﬁ.

Several methods have already been considered tearestoontium from wastewater including
solvent extractio], chemical precipitatiﬂ [ﬁpagulation, and electrodialysi.
However, these methods can produce large volumeseobndary waste, hence,
adsorption methods are particularly attractive duthea simplicity, small waste volume and
high adsorption capaci. Typical adsorbents such as metal oxides and cetlers require
very stringent synthesis conditions (e.g. complexltinstep synthesis routes) and the material
cost can sometimes be prohibitive. The use of nedisorbents such as zeolites and clays are

of interest but often the materials have to be chalbyitreated to produce desirable adsorption

selectivity [[L4-17|. Therefore, a simple synthesis route utilizing lowesteoaterials is clearly

desirable for practical applications.

Polymers such as chitosan, alginate, carboxymetildlase, polyacrylonitrile and polyvinyl

alcohol have been used to prepare adsorbents foetheval of hazardous metal ions from

wastewater18-22]. Among those polymers, polyvinyl alcohol (PVA)aarticularly interesting

from an economic and material (biodegradable) petsme being widely utilized in drug
delivery system, methanol fuel ceII, and metal remov. PVA-based adsorbents
have been prepared via various synthesis routasdimg chemical crosslinking reaction and
freeze-thaw . The removal of radionuclides/heavy metal ionshsas cesiu ,
copper@, and nickel has been demonstrated, with flexibility to modifyetadsorbent
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form for column applications (micron-sized bea | and responsive recovery from
wastewater systems (immobilized magnetic part. [To be considered useful, the
material must exhibit high removal efficiency of tlageted ion, maintain good adsorption
performance in the presence of many competing sach as sodium, potassium and calcium

(prevalent ions in seawat@), and remain mechanically stable for long-term usese

A PVA-based membrane crosslinked with sulfosucaigid (SSA) has been considered in the
current study. Though sulfona, polyethyleneimin, chitosan and acrylic acid
have been used as crosslinkers of PVA, the maptiggtions of theemembranesave
been for methanol fuel cell technology and the remho¥heavy metals such asuPk* and
Zn?*. From a previous stud, a sulfonate pendent group was bonded to PVA aed t
crosslinked (using a secondary additive) to impnanvehanical stability of the membrane via
atwo-step methodin the current studySSA was chosen to crosslink PVA and act as an ion
exchange donor site, S8. By crosslinking SSA to PVA in a single step, thecimanical
stability of PVA could be enhanced along with the@gtion capacity foBr** via the numerous

ion exchange sites (SB).

2. Materials and M ethods

2.1. Materials

Polyvinyl alcohol (PVA, Mw 89,000 98,000 g/mol, 99% hydrolyzed) and sulfosuccini@aci
(SSA, 70% wi/v in agueous solution) were purchased f&gma Aldrich. For the batch
adsorption tests, chloride salts were used and paethfrom Sigma Aldrich (KCI, NaCl, CaCl
and MgC}-6H0) and Fisher Scientific (Sr&6H20). Hydrochloric acid solution (HCI, 37%)
was used to regenerate the adsorbent and was purdhase8igma Aldrich. Milli-Q water
with resistivity of 18.2 M2-cmwas used throughout the study. Standard solufid®@0 ppm
St (Sigma Aldrich) was used to produce a calibration curve for anallggisnductively

coupled plasma-mass spectrometry (ICP-MS).

2.2. Synthesis of PVA membrane crosslinked by SSA (PSA membr ane)
PVA polymer was slowly dissolved in Milli-Q watey & concentration of 10% (w/v) by gentle

stirring for 3 h at 90C until the solution appeared transparent. The solution was then cooled



down to room temperature. SSA solution was addedwdsegnto the PVA solution at varying
SSA concentrations (2.5, 5, 10 and 20 mol%) relativihnéoPVA monomer. Each PVA-SSA
solution was stirred at room temperature for 24 h leeb®ing poured into separate Teflon
moulds. The solutions were dried at ambient tempeedfior 2 days before heating at 140

for 1 h to promote crosslinking between PVA and SShe dsprepared PVA membranes
crosslinked with 2.5, 5, 10 and 20 mol% SSA wermed as PSA2.5, PSA5, PSA10 and
PSA20, respectively. For the control sample, a Pénirane in the absence of SSA was also

synthesized following the same procedure.

2.3. Membrane char acterization

The Fourier transformed infrared (FT-IR) spectra ofRB&Amembranes were measured using
a Nicolet is10 FT-IR Spectrometer (Thermo Fisher SdientySA) in the range of 400600
cntl. An X-ray diffractometer (XRD) with a Cuibeam was used to determine the physical
structure of the membranes using a Phikppert (Philips, USA), with a rotating anode X-ray
source operating at 40 kV and 40 mA. Using a ShimaB@&A-50 (Shimadzu, Japan),
thermogravimetric analysis (TGA) was completed on &8ARmembranes up to 60C ata
heating rate of 16C min? in a nitrogen atmosphere. Cryo-SEM with a PP3010T Gyt
preparation system (Quorum Technologies, UK) was tsstlidy the membrane morphology

after swelling each membrane in Milli-Q water.

The mechanical properties of the PSA membranes wedesdtusinga Titan tensile strength
tester (James Heal co., UK). The PSA membranes wette site (10 mm width and 40 mm
length) and the thickness measured to be in the rahf@0-300 um. Only test samples with
no visual defects were considered to ensure gooddapibility. The rate of sample extension
was 100 mm/min and tests were carried out at roonpéesture. All mechanical properties
including theYoung’s modulus, tensile strength and critical strain at yielding were an average

of three repeat measurements.

Water absorption by the PSA membranes was estinraedhe mass change before and after
immersing the membranes in Milli-Q water or 200 pprft Splution at25 °C for 24 h. Al

membranes were dried under vacuum atG@or 24 h to remove any bound water and then



immersed in water for 24 h before being removed aamdlgtouched to filter paper to absorb

any surface water. The water absorption (%) is gbsen

Ws — Wy

Water absorption (%) = x 100 €))

Wq
where w is the dry sample weight and is the weight after water absorption

2.4. Batch adsor ption of Sr?*

Batch adsorption of St was measured as a function of solution pH, membralugien
contact time, adsorbent amount and in the presermengfetitive ions. The Srconcentration

in the simulated water remained fixed at 5 ppm. 8#f* batch adsorption studies were
conducted using a mechanical orbital shaker opeedt&sl0 rpm for 24 h at room temperature.
For the pH-dependent study, the solution pH wassaefl between pH 2 and 12 by the dropwise
addition of either 0.1 M NaOH or 0.1 M HCI.

To measure the adsorption kinetics, small volumés 0 of the total solution volume) were
removed at pre-determined time intervals. For theodzent amount study, the adsorbent
content was varied from 0.05 to 1 g/L in the simuatater. To evaluate the performarofe
the PSA membrane in the presence of competitive thesS#* concentration was fixed &t
ppm and the concentrations of , KNa', C&*and Mg*were varied from 0 ta000ppm The

amount of Si*removed, Q(mg g), and the removal efficiency, RE (%), were calculdigd
(Co—Cp) X — 2
= — X —
Qt 0 t m ( )

Co— Gt
Co

RE = x 100 (3)

where G (mg L'l) is the initial Sf*concentration, amg L'l) the St* concentration after time

t (min), V(L) is the solution volume, and m (g) the ardient mass.

Adsorption isotherms for each PSA membrane were detetmbver a range o$r*
concentration, 5 to 200 ppm. S#* concentration after adsorption was measured by ICP-MS
(Elan DRC-e, PerkinElmer, USA). For solutions with ahh®?* concentration, the sampled



volume was diluted using Milli-Q water to ensure twacentration was in the range for the

ICP-MS measurement (< 10 ppm).

2.5. Membranefiltration

A continuous flow filtration system (All pond solutis, UK) was used to stud®* adsorption
by a filtration cartridge loaded withgdPSA membrane. 2 L of the simulated water, 5 ppth Sr
and 250 ppm C4, was recirculated through the PSA membrane at arfioevof 400 L/h. Each
adsorption test was conducted for 6 h with th& s8moval determinedfter each cycle.
Following each test, the PSA membrane was regenebpgtsdaking in 0.3 M HCI solution for
3 h and washed thoroughly with Milli-Q water prior teuse. The PSA membrane was
regenerated and reused five times. After each cyseall amount of the simulated water was

removed and analyzed using ICP-MS to determine tinairengSr** concentration.

3. Results and Discussion

3.1. Characterization of PSA membrane

3.1.1. Chemical structure

PSA membranes were prepared by a crosslinking reatt@ween hydroxyl GH) and
carboxyl (-COOH) groupsf PVAand SSA, respectively, see Figure 1(A). The R&nbrane
turned black after the crosslinking reaction as shiowigure IB). Figure 1(C) identifies the
chemical bonding and functional groups of the cro&sld PSA compared to pure PVA. All
PSA membranes shosdthe C=0 stretch and the symmetry vibration of thésid group (-
SOs) of SSA at around 1700750cnT! and1031-:1056cm?, respectively, with an increase of
peak intensities for increasing SSA content. Furtheemdne peak at 1211224 cnt!
corresponds to ester bonding (C&pand symmetric stretching o86s , formed by the
crosslinking reaction of PVA and SSA. The peaknsste of the O-H stretching vibration at
3000-3500cnT! was weakened in the PSA membranes as comparesparte PVA membrane

3.1.2. Physical char acterization
The crystallinity and morphology of the PSA membramnese determined by X-ray diffraction
and cryo-SEM as shown in Figures 2(A) and (B). As seénigure 2(A), pure PVA showed a

strong sharp diffraction peak at 2theta = 29amd a weaker peak at 2theta = 22The main

7



crystalline peak at 2theta = 19.5eveals the characteristic (101) plane of semi-crystaP VA

. Typically, as the crosslinking ratio of a copolymeatwork is increased the network
becomes more amorpho. Figure 2(A) shows a decrease in the crystallirekpetensity
(characteristic peak of pure PVA 2 19.5°, 22.6) of the PSA membrane with increasing
SSA content, and peak broadening with a shouldeegappyat 26 = 40° confirming the loss
of crystallinity. The morphology of swelled PSA memixa was observed using cryo-SEM,
see Figure 2(B). PSA20 revealed an ordered mesoporouduse that was not readily
observed in the other membranes. The ordered mesapstaucture can be explained by

significant hydrogen bonding between pendant grayeh as sulfonic and hydroxyl groups

:

3.1.3. Thermal stability

Thermal decomposition of the PSA membranes withesing SSA content was studied using
TGA, see Figure 3. The PVA membrane shove8 wt% reduction of mass over the
temperature range5 to 170 °C which can be attributed to the loss of adsorbedemvat
temperatures above 280, removal of hydroxyl groups and main chai@k,) decomposition

of PVA occurred. All PSA membranes exhibited threegets of thermal decomposition,
tentatively defined by the dash lines in Figuré&3e first stage corresponds to the temperature
range of25to 170 °C where mass loss is attributed to the removal of bound water from the
PSA membrane. The second stage corresponds to nsasH iotermediate temperatures ~220
- 304 °C resulting from the decomposition of OH, §&0, S@H and breakage of the ester
bonds (CO-0O-), with an increase in mass loss correspgro the increased SSA content [31].
The mass loss in the final stage at much higher teatyres ~460 525°C is a result of Chl
decomposition of PVA.

Furthermore, all PSA membranes exlebitgreater thermal stability than the pure PVA

membrane with more thermal energy required to brealctbsslinkedond . Therefore,

by increasing the crosslinking density of the PSA ioeme, more PSA membrane remained

after thermal decomposition. Figure 3 shows that rdétaining mass (at 60@) of PSA

membrane containing 2.5, 5, 10 and 20 mol% SSA Rd&s%, 24.0 %, 33.0 % and 29.8 % of

the initial mass, respectively, with only 4.9 % thfe pure PVA membrane remaining.
8



Interestingly, the remaining mass of PSA20 was lowantRSA10, even though the SSA
content was higher. Above a certain SSA content,ctsslinking density within the PSA
membrane decreased. For PSA20, any un-reacted S8i wWie membrane will disrupt the
crosslink bond (C-O-C) between PVA and SSA, whichidees verified by the porous structure
of the PSA membrane, see the cryo-SEM in Figure 2(Byrdfbre, if the crosslinked ratio of
PSA20 is less than PSAlds a result of any un-reacted SSA, then the membrasielue

remaining will be less.

3.1.4. Mechanical strength

The mechanical strength of the formed PSA membrananismportant property when
considering the application. Tensile stress-straimesiof PVA and PSA membranes are shown
in Figure 4(A) and the mechanical properties summaiizdable 1. Based on the yielding of
PSA and PVA membranghe mechanical strength of the membrane was shoba sensitive

to the SSA content. Compared to pure PVA (78.4 MB®,yield strengthsf PSA2.5 and
PSAS increased by 63 % (from 78.4 to 128.1 MPa) eémd@d®(from 78.4 to 145.2 MPa),
respectively, while PSA10 and PSA20 decreased by 48@&m 78.4 to 45.2 MPa) and 9%
(78.4 to 2.0 MPa), respectively. The results showtthayield strength of the PSA membrane
decreases when the SSA content is greater than% (Rogure 4(B). All PSA membranes have
some bound water interacting with sulfonic group kialrogen bonding, even following
sample drying (see Figure S1). The higher the SShect, the more water retained by the
PSA membrane. As sudbound water can act aplasticizer of the membrane, weakening the
mechanical stability of the membra. While SSA acts as a crosslinker, enhanced
mechanical stability of PSA in the presence of 2.6 &amol% SSA, aa higher crosslinking
density (PSA10 and PSA20), the bound water actedpdesticizer interacting with sulfonic
groups and reducing the membrane mechanical stability.

Moreover, the membrane elongation at break was sifollall PSA membranes except PSA20.
The PSA20 membrane exhibited the largest elongatidmeak (45.5 %) as well as exhibiting
the lowest tensile strength amongst all membranesedan our previous observations, the

PSA20 membrane was more porous, with the mesoponucsuse resulting in a more ductile

respons.



3.2. Batch adsor ption of Sr2* by PSA membr anes

3.2.1. Effect of pH

The effect of pH on St removal by the PSA membranes was evaluated intamsysf 5 ppm
Sr* solution. Figure 5(A) shows no Srremoval by the PVA membrane, while all PSA
membranes removed 99 %?Sover the pH range 3 to 10. Even in the most unfaverab
condition, pH 1.5, all PSA membranes showed godd removal efficiency with recoveries
greater than 60 %. At pH 1.5, an excess btbmpetes with St for the available ion exchange
sites (SQ@) in the PSA membrane. With a decrease in the SSé tag adsorption site density
decreased, hence the effect of reducédasisorption becomes more significant. Furthermore,
although the St removal efficiency (%) reduced slightly at pH 1Betrecovery was still
greater than 92 %. An excess of @tthe Sf* solution can decrease ion exchange due to the
formation of hydroxyl complexes of Sr. Overall, the PSA membranes demonstrated
good to excellent 3t removal over a wide pH range, making them suitabl@fplication in
harsh processing environments. Following the pHikitatesting, all further batch adsorption

tests were completed at pH 6.

3.2.2. Effect of adsorbent amount

To determine the optimal adsorbent amount, theradsbd (PSA membrane) content was varied
from 0.01 to 1 g/L in a 5 ppm Brsolution. Figure 5(B) shows that?Sremoval efficiencies
for all PSA membranes increased with the increasirmsgragnt content, while PVA showed
negligible St* adsorption under all conditions tested. PSA2.5oned 99 % of the 5 ppm Br
for an adsorbent amount0.5 g/L, with all other PSA membranes achievingshee level of

removal at 0.25 g/L. For further batch adsorption ngsti g/L PSA membrane was used.

3.2.3. Effect of adsorbent-solution contact time

The adsorption kinetics of 8rby the PSA membranes were evaluated as a function of
adsorbent-solution contact time. All PSA membrarmesved rapid St adsorption within 4 h
with a maximum removal efficiency of 99% achieved in 5shshown in Figure 5(C). As such,

all further adsorption batch tests were complete® for
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Furthermore, the experimental data were fitted tt Ipsieudo-first order and psbusecond
order equation, Eq. (4) and Eq. (5), respectively, to better ustisrd the sorption
mechanism, with the fitting parameters summarizethivie 2 (refer to Figure 5(D))

Pseudo-first order equation

ln(Qe - Qt) = InQ, — k4t (4)
Pseudo-second order equation
t 1 t

_ _ 5
0 kQZ 0, )

where Q and Q;are the sorption capacities (mg/g) at equilibrium ainiiimet, respectively; k

and k are the pseudo-first and -second order rate congtants), respectively.

Comparing the fitting parameters for the two kinetiodels (Table 2), it can be seen that the
pseudo-second order model provides much better agnteémthe measured Bradsorption
kinetics for all PSA membranes, as shown by the tipks in Figure 5(D) with the coefficients
of determination greater than 0.99. As such;" @dsorption by all PSA membranes likely
follows a chemisorption process such as ion excheather than physisorpti.

3.2.4. Sr?* adsor ption isother m

Each PSA membrane has a finite capacity fét 86 shown by the adsorption isotherms in
Figure 6. The Langmuir (Egq. 6) and Freundlich (Eq. 7)atiqns were used to fit the
experimental data as shown in Figures 6(A) and (B) easgely, with the fitting parameters

summarized in Table 3.

The Langmuir isotherm is given by

_ QnbC,
Qe = (1+bC,)

where Q, is the amoundf S+ adsorbed (mg/g) at equilibriunt, the S#* concentration in

(6)

solution at equilibrium (mg/L),Q,,, and b are fitting parameters which describe the maw

adsorption capacity (mg/g) and the affinity coeffititmg), respectively.

The Freundlich isotherm is given by

1
Q. = K.C,”" 7)
11



where K; is the Freundlich constant relating t¢"Sadsorption capacity (mg/g), and 1/n is an

indication of adsorption intensity or surface heterogjty.

The Langmuir adsorption isotherm describes monolapserage of the surface with all
adsorption sites energetically similar, while thedndlich isotherm describes a heterogeneous
multilayered surface, with non-uniform distributionf adsorption affinities over the
heterogeneous surfa@. All PSA membranes showed better agreement with.émgmuir
isotherm with R> 0.95 (Table 3). This indicates that adsorptios wainly dominated by the
homogeneous ion exchange site at sulfonic grolg&H) in the PSA membranes. From the
Langmuir fitting parameters revealed in Tablé&SB; adsorption capacities of PSA2.5, PSA5,
PSA10 and PSA20 were 27.6, 45.8, 56.3 and 55.3,mgggectively.

The ion-exchange mechanism betweett 8nd the PSA membrane is proposed as followed
(7

where one divalent 8rion is exchanged with two protons from the sulfogioup . The

2S0,H + Sr2* — (S05)5Sr2* + 2H*

theoretical number of ion exchange sites 430within each PSA membrane and hence the
S+ adsorption capacity has been considered in Fig(&k As the SSA content in the PSA
membrane increases, then the capacity of the PSA memko adsorb 5t should also
increase. However, when the experimental data is acedpo the theoretical capacity (Figure
7(A), Table S1), a plateau in the amount 6f @dsorbed was observed for PSA10 and PSA20,
and the theory overpredicts the measured data. It epfied the amount of Bradsorbed does
not increase proportionally with increasing ion exg®asites in the PSA membrane. Such
behavior also corresponds with thé*@&dsorption affinity represented by the Langmuirrfigti
parameter, b, as shown in Table 3, with PSA2.5 aBd5Pexhibiting a higher adsorption
affinity for SP* compared to PSA10 and PSA20. As such, other paresregipear to influence

the adsorption capacity of the PSA membranes.

Hydration of the PSA membranes was measured with ther waptake calculated using Eq. 1.
Water uptake by the PSA membranes in 200 ppths8tution was lower than in Milli-Q water,
see Table 3 (refer to Figure S2(A)). When the affinityhe counter-ion for the sulfonic acid
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group increases, the bond polarity decreases as tlebd@oomes more covalent, therefore the
water uptake generally decrea@. The high affinity of St* for the sulfonic acid group

in 200 ppm St solution may contribute to the lower water uptakee fegree of water uptake
by PSA membranes of increasing SSA content and dssociated adsorption capacities for
S+ are in excellent agreement, see Figure 7(B) and F&Ri(f&). Based on these findings, the
observed plateau in Bradsorption capacity for PSA10 and PSA20 can bebattd to the

reduced water uptake.

3.2.5. Effect of competing ions

To simulate nuclear plant conditionSy?* adsorption was evaluated in the presence of
competing cations such as’',KNa', C&*, and Mg* (Figure 8). Divalent ions significantly
inhibited Sr** adsorption more than monovalent ions (Kla'), since adsorption is strongly
influenced by the charge density and size of thedtgd ion. In particular, Gaand Sf* have
equivalent hydrated ion radii of 4.1% , thus C&* can strongly compete for the g®ion
exchange sites. The negative effect of competitivis ican be mitigated by increasing the
amount (g) of adsorbent per L solution. At 1 g/L aB@ ppm C4&', the Sf* removal efficiency
(initial S** concentration 5 ppm) was less than 15 % for all PSAinanes. However, when
the amount of adsorbent was increased to 15 g/LS#igemoval efficiencies of PSA2.5, 5,
10 and 20 were improved to 58.9 %, 91.4 %, 94.1 &332 %, respectively, see Figure S3

3.3. Continuous flow membranefiltration

The PSA5 membrane showed the best mechanical stadnild reasonable Bradsorption
capacity compared to other adsorbents (Table 4),eh#tecPSAS5 membrane was chosen for
further testing using the continuous flow membraneafion system (see Figure 9A and Figure
S4). A cutto-size PSA5 membrane was inserted into the water pafidic system and the
amount of S¥ removed (initial St concentratiors 5 ppm) in the presence of 250 ppn?Ca
was measured following 6h of cycling the simulatedew#éitrough the membrane at a rate of
400 L/h. Following each test, the membrane was removeti regenerated following the
method described and then re-tested against the siaméted water, i.e. the 8rand Ca*
concentrations were not readjusted to the initiaceotrations. After the first test/ + 0.5%

of the 5 ppm St was recovered witB7 + 0.02 % of the initial St recovered after thé®est
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and four regenerations of the PSA membrane, see Fi@Bye 9

Furthermore, the mechanical properties of the PSABbrane were evaluated following the
5 filtration tests, since ion adsorption and expedora strong ionic solution can deteriorate
the mechanical integrity of adsorber@[ Following the 5 filtration tests, the PSA5

membrane exhibited good tensile strength (Figure 9(Q))veas comparable to the freshly

prepared membrane, with the fracture tensile streoigtine PSA5 membrane before and after
use equal to 145 MPa and 123 MPa, respectivelyctwiar a membrane is considered to be
high strength when the tensile strength is in exo€460 MP.

4. Conclusion

The current study developed a high-strength PSA memebiar S¢* removal via filtration.
The desirable properties of the PSA membrane inclugloayl mechanical stability, excellent
Sr** selectivity and adsorption capacity can be attebub the inclusion of SSA which acts to
crosslink the PVA and provides ion adsorption si@s SP*. Among all PSA membranes
synthesized, PSA5 revealed the best mechanicakegiep and reasonable?Sadsorption
capacity. St* adsorption increased with increasing PVA-SSA dhalsigig, although unreacted
SSA at high SSA concentrations reduced the crosstindensity of PSA20 leading to the
formation of a mesoporous membrane structure which didstnongly hydrate leading to a
plateau (same as PSA10) in the performance®fasisorption. Using the PSA5 membrane in
a continuous flow filtration syster8;7 % SP* was removed from simulated water containing
250 ppm Ca* after five test cycles and four regenerations of the nangbusing 0.3M HCI.
The study has demonstrated the method to syntheS2emembranes to remove’Sfrom a
range of complex aqueous environments. Based omatriping Sr** adsorption properties,
the PSA membrane is a suitable candidate for furtherifioattbn and inclusion of
hexacyanoferrate to promote dual {Sand C3%) adsorption. This is currently part of an

ongoing study which is showing promise.
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Figure 1. (A) Schematic of the chemical structure dyyoyl alcohol (PVA) crosslinked with
sulfosuccinic acid (SSA). (B) PVA membrane before aner afosslinking with SSA. (C) FT-
IR spectra of PVA and PSA membranes.
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(%) by PVA and PSA membranes. (D) Pseudo-second order kimetiel forSr>* adsorption
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Figure 9. (A) Schematic of the membrane filtration gdiu SP*removal from simulated water
containing 250 ppm Ca (B) Incremental increase inSremoval efficiency (%) by the PSA5
membrane mounted in the filtration cartridge (n.b. thigial (cycle 1) S#* concentration
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Table 1. Mechanical properties of PSA and pure PVA branes.

Young’s modulus

Elongation at break

Sample Tensile strength (MPa) (MPa) )

PVA 78.4+6.2 363.4+£46.1 21.1
PSA2.5 128.1+8.2 605.4 +4.6 22.8
PSA5 145.2+7.5 622.3 +14.7 24.7
PSA10 452 +6.9 246.9 +51.9 21.2
PSA20 2003 50+05 455
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Table 2 Adsorption kinetic parameters fBISA membranes fitted using Pseudo-first order and

Pseudo-second order model.

Pseudo-first-order Pseudo-second-order

Qe (Mmg/g) Ki(min?) R2 Qe (Mmg/g) Kz (min?) R2

PSA2.5 4.95 0.0025 0.3941 5.00 0.08 0.9996
PSA5 4.80 0.0025 0.2919 4.82 0.05 0.9998
PSA10 5.47 0.0025 0.3762 5.50 0.04 0.9998
PSA20 5.09 0.0025 0.4499 5.17 0.14 0.9989
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Table 3. Water absorption (%) by PVA and PSA memisama associate8r** adsorption

parameters determined from Langmuir and Freundtiotherm models.

Water absorption | Experimental ] )
Langmuir model Freundlich model
(%) value
Milli- Q Sr* 200 06 9 b K
illi- €
ppm " R? f n R?
water : (mg/g) (mg/g) | (LUmg) (mg/g)
solution
PVA 10 9 0 0 0.957 - 0 1.90 -
PSA2.5 44 42 28.9 27.6 | 30.229| 0.986| 19.62 | 11.58| 0.949
PSA5 65 61 47.1 458 | 25.311| 0.986| 30.29 | 9.91 | 0.926
PSA10 | 100 77 60.6 56.3 7.418 | 0.958| 34.26 | 8.54 | 0.943
PSA20 | 177 70 60.7 55.3 7.224 | 0.977| 32.10 | 7.83 | 0.940

Qe This vale is the maximum amount of'Sadsorbed (mg/g) at equilibrium.
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Table 4. Adsorption capacity of vario8g*adsorbents.

Adsorbents Qm (mg/g) of St* Reference

Zr-Sb oxide/

o 43.67
poyacrylonitrile

Ammonium molybdophosphate

16.24 52
polyacrylonitrile
WO coatedFe;Oq4 44.20
SnSb 22.9 ?'
Sb(1)/ShOs 25.7 @
Porous Carbon functionalized
_ 18.97 @
with SG:H
PSA5 45.80 This work
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