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Abstract

The silica templating of Cu-HexaCyanoFerrate (HCF) is a classical technique which is often
used to control the size and monodispersity thereby increasing the exposed surface area,
and therefore the Cs sorption efficiency of what are normally highly aggregated nanoparticle
systems. However, here we show that long term magnetic agitation of unfunctionalised
aggregated Cu-HCF nanoparticles leads to a uniform and stable colloidal dispersion. This, we
believe, is due to the intrinsic magnetic nature of Cu-HCF as seen by low temperature SQUID
measurements. In this work we see that the Cs kinetics of magnetically dispersed Cu-HCF
show a remarkable increase in the rate Cs sorption due particle disaggregation. Finally, the
Cs sorption kinetics of these magnetically disaggregated particles proved similar to a
chemically similar monodisperse silica templated sample.
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Introduction

Transition metal hexacyanoferrates (HCF’s) have attracted great interest over the last
several decades from the nuclear sector. This interest is due to this materials ability to
selectively extract trace amounts of radioactive Cs from waste water at varying pH’s, and
also in the presence of competitive ions at high concentration.[1-6] Prepared through a
simple aqueous co-precipitation process, HCF's low toxicity combined with their
aforementioned ability to quickly and selectively remove low concentrations of Cs from
effluents which contain high concentrations of other M*!, and M*?, ions has made HCF’s
highly valuable materials. Here we look at copper (Il) hexacyanoferrate (ll) or simply Cu-
HCF(I1).

While Cu-HCF could be classified as a). an inorganic polymer, or b). a bimettic
supramolecular complex, they are also in fact cube shaped nanoparticles with a generally
reported size range of below 50 nm.[7, 8] However, problematically, a high degree of inter-
particle aggregation exists in these materials.[6] Particle aggregation leads to a to a loss of
exposed surface area and therefore can affect the Cs sorption kinetics. While nanoparticle
aggregation is generally avoided through the use of surface bound stabilising molecules, this
approach is (generally speaking) not used in the nuclear industry. The reasons for this are
two-fold; firstly,the presence of such a molecular layer may inhibit Cs sorption, and secondly,
the industry prefers that waste forms avoid the use of organic species due to the radiolysis
effect. Instead HCF nanoscale is normally tuned by encasing, or growing, the HCF particles
inside template materials. These templates can range from soft polymers to hard inorganic
materials such as silica microspheres, or highly ordered silica monoliths.[6, 8-11] By
employing template chemistry the particles are separated and dispersed throughout a
porous template material thereby allowing for greater access to their surfaces. However, for
financial reasons industrial setups are slow to adapt to new technologies and in fact
aggregated HCFs are still used today to extract Cs from waste pools using physical
aggregation to disperse the HCF in the effluent, and solid/liquid separation techniques to
remove it once Cs has been extracted.[12] To our knowledge, there is a lack of an easy way
to disaggregate HCF present as a suspension in aqueous solution.

In this paper, we propose to compare highly monodisperse Cu-HCF nanoparticles which
were synthesised within the pores of a silica template to a “bulk” Cu-HCF suspensions, which
has been disaggregated by the by the assistance of a magnetic field.[13] In the first part of
this publication, we observe the spectroscopic properties (FT-IR, UV-Vis, XRD, and Elemental
Analysis) of templated Cu-HCF nanoparticles and compared them to those of the highly
aggregated Cu-HCF particle systems. The idea here is to determine if it is possible to
elucidate any physical or chemical differences between the nano and bulk systems. If found,
any electronic or structural differences, could then be discussed in relation to these
materials ability to sorb Cs. In the second part, we propose a simple way to improve the
extraction kinetics of bulk material without having to resort to template chemistry. The use
of an external magnetic field to orientate or align magnetic particles is well recorded in the



literature but it normally involves superparamagnetic particles.[14-16] By simply applying a
magnetic field to the aggregated particles it is possible to disaggregate them,[13] we then
access their intrinsic nano-property of high surface area to mass ratio. This nano effect
improves the rapid Cs sorption kinetics of these materials, [2, 6, 17] when compared with a
true bulk material. In fact, recently a number of groups have begun to examine combining
functionalisable magnetic nanoparticles and hexacyanoferrates to create two in one
particles cable of magnetically [17] separating Cs from waste waters.[18-22] However, this
functionalisation appears not necessary as Copper hexacyanoferrate (ll) appears to be
intrinsically magnetic (despite both metals being in the +2 oxidation state). We therefore
report here for the first time that Cu-HCF can be affected by an external magnetic field
without the need for further modification.

Experimental

Chemical products

All  chemical products (Cu(NOs),, Ka[Fe(CN)s], CsNOs, silica gel, 3-aminopropyl-
triethoxysilane (APTES), solvent (acetone, ethanol) were purchased from Sigma-Aldrich.
Potable mineral water that contains competitive cation was purchased from Evian®, and its
mineral composition is given in supplementary information (SI).

Analytical techniques

XRD data were recorded using a D8 Bruker Advance diffractometer (Cu Ka radiation). FT-IR
and UV-Vis measurements were carried out using a Nicolet iS50 and Shimadzu UV-2600
respectively. TEM of the bulk particles was performed on a JEOL 2100 Lab TEM operating at
200 kV while the silica grain particles were examined using a Zeiss Leo EM910 operating at
120 kV. Chemical compositions were measured by inductively coupled mass spectrometry
for Cu, Fe, K, Si after dissolution. Magnetisation measurements were carried using a SQUID
magnetometer at both 300 K and 4 K, and thermal scans of the magnetisation in a 1 T field of
the particles were examined were from 4 — 300 K.

Stirrer/agitation

Several forms of mixing were used in the sorption study. In all cases bar one (mechanical
stirring) the same vessel was used; 100 ml glass bottle. For mechanical stirring with a
propeller stirrer a 250 ml beaker was used, as seen in Figure 3 of the SI.

The magnets used in this study were PTFE encased 12.4 g oval shaped magnetic stirrers
purchased from VWR (VWRI422-0405). The dimensions of which were 300 mm x 16 mm. The
stirring speed was set to 700 rpms. To mimic the mechanical effect of the magnetic stir bar
without magnetic field, we use a plastic surrogate with a weigh and a size comparable to the
one of the magnetic bar used. Rotary agitation was carried out using a Heidolph Reax 2,



purchased from Heidolph-Instruments. The instrument was set to speed 6. Mechanical
stirring was carried out with a IKA [abotechnik RW 20 DZM with power set to 65%.

Bulk Cu-HCF (II)

Copper (ll) Hexacyanoferrate (ll) (here on referred to as Cu-HCF, or bulk Cu-HCF) was
prepared by pouring 45 ml of an aqueous 1 x 10"* M Cu(NOs),.3H20 solution directly into 30
ml of a mixed aqueous solution of 1 x 10" M Ka[Fe(CN)e].3H20 (K-HCF) and 1 x 101 M KNOs.
Upon addition of the blue Cu(NOs)2.3H,0 solution to the light yellow K-HCF/KNOs solution a
dark burgundy coloured precipitate was immediately formed. The contents of the reaction
vessel were then allowed to mix for an hour by rotary mixing. The resulting solid was then
collected by centrifugation and washed several times with Millipore water. As the washing
steps accumulate the HCF-Cu becomes more and more stable in water and therefore equal
volumes of acetone were needed as a non-solvent to help crash-out the particles. Once the
washing steps are complete (4 washes) the Cu-HCF was dried under rotary evaporation at 60
0C. The resulting dark solid was then examined using UV-Vis, FT-IR, XRD and TEM. Elemental
analysis showed the structure formula to be Ko.gCui1ssFe(CN)s.4.8H,0

Cu-HCF (II) nano templated into Silica Grains

Commercially available silica gel having a 15 nm mesoporosity was used as silica support.
The gel was firstly functionalized with 3-aminopropyl-triethoxysilane (APTES). This was
accomplished by dispersing the silica gel in an absolute ethanol solution and adding APTES.
The resulting solution was the stirred at 60°C for 24hours. The -(CH2)3-NH; functionalised
silica gel was then washed several times with water and then acetone, in order to remove
any unreacted APTES. The functionalised gel was then immersed in a 1 x 102 M copper
nitrate solution and placed under rotary mixing for 2h. After washing with water, the now Cu
functionalised silica gel was added to a 1 x 102 M Ka[Fe(CN)s].3H20/KNOs solution and
allowed to stir for 2h. The as formed Cu-HCF@SiO, gel was then washed with water. This
two-step Cu-HCF impregnation process was repeated six times in total allowing for the
growth of Cu-HCF on the silica surface(s). The resulting Cu-HCF@SiO; grains were finally
dried under air at 40°C for 48h. Elemental analysis performed as described in Michel et
al.[23] showed the structure formula to be Ki3sCuis6Fe(CN)6.45Si0,. This material is
therefore 11.8% Cu-HCF and 88.2% SiO; by mass.

Sorption experiments

Simple Cs sorption experiments were carried in Evian® mineral water (composition in Sl).
This was done by first re-dispersing the Cu-HCF (or Cu-HCF@SiO;) in Evian® water. All
batches contained 1g of Cu-HCF per 99 ml of mineral water and each batch was allowed to
re-disperse overnight (see Table 1). Once particle dispersion was completed, the dispersions
were then transferred to a magnetic stirring plate and a magnetic stirring bar was added and
activated seconds before Cs solution addition. This Cs sorption reaction was initiated by
addition of 1mL of a fixed concentration CsNOs. This resulted in a solution 70 mg.L? of Cs*



ions at the beginning of the sorption reaction for silica grains and batches 1 to 3 and 700
mg.L! for batch 4. Aliquots of the resulting solution were taken at fixed intervals and filtered
(the filters were 200 nm for the Cu-HCF and 450 nm for the Cu-HCF@SiO3) to remove the Cu-
HCF (or Cu-HCF@Si0;) particles stopping the sorption process. The Cs concentration of each
aliguot was then measured using a Perkin Elmer Analyst 400 atomic absorption
spectrometer. This allowed us to monitor the Cs concentration against time.

The Cs sorption properties of hard templated Cu-HCF@SiO; particles were first compared to
non-magnetically dispersed Cu-HCF particles. As described above the particles were
dispersed in water overnight before Cs addition. Particle dispersion was performed using
rotary agitation only (no magnet). This non-magnetically dispersed Cu-HCF sample is
referred to as batch 1, where dispersion were done in presence of surrogate of stir bar (see
below). The Cu-HCF@SiO; sample will henceforth be referred to as Gr or grain sample.[ Note
: To aid contact time between the active sites in the nano Cu-HCF@SiO; particles and the Cs
in solution the silica grain sample was firstly crushed down to < 20 um]. Once the particles
were allowed to disperse for 19 hours the Cs sorption reaction was initiated as described
above.

Table 1 : Cs sorption data for bulk (B1-B4) and ground nano-templated silica grain (Gr) samples. Data has been normalised

to account for actual Cu-HCF content as given by elemental analysis. Permanent Magnet and magnetic stirrer refers only to
Cu-HCF dispersion

Cs init (mg.L" Permanent Magnetic Half Life Capacity (mg/g) [%]**
1) magnet stirrer (sec)
At 20 At1min  Maximum
seconds
Gr 35 58 16(8] 112[52] 215*
B1 70 74 15[21] 33[45] N/a
B2 70 X 6 61[84] 71[98] N/a
B3 70 X X 3 67[89] 74[98] N/a
B4 700 X X 14 143[54] 225[96] 266

* Normalised with respect to % Cu-HCF in sample
** the % of sorption capacity refers Q(t)/Qmax at equilibrium.

In order to study if a magnetic disaggregation effect as seen by Stuyven et al. was possible to
induce, batches 2 and 3 were prepared.[13] Batches 2 and 3 were identical to batch 1 except
for the following details (see Table 1). While batches 1 and 2 were in fact simultaneously
dispersed using the same rotary mixer a magnetic stirrer (permanent magnet) was placed in
batch 2 Batch 1 also contained a non-magnetic plastic object of similar size and shape to the
stirring bar to mimic the magnetic stirrer (surrogate). Batch 3 was dispersed by conventional



magnetic stirring with no rotary mixing. After a 19 hours period of dispersion, the sorption
reaction began as described above.

Finally the Cs sorption capacity of bulk Cu-HCF was determined by repeating the batch 3
experiment and increasing the initial Cs concentration by a factor of ten. This experiment is
referred to as batch 4.

The sorption capacity was calculated by the classical formula

Q= ([Cs]init - [Cs]final)%

Where [Cs]init and [Cs]sinal are respectively the initial and final concentration of Cs in the
solution (mg.L?); V is the volume of solution used (L) and m the mass of solid used (g). In
case of silica grain, this mass was taken equal to the mass of Cu-HCF inserted into the silica.

In each we report also the ratio (%) of Cs uptake by the solid at « (s or min): this ratio is equal
to Q(t)/Qmax (%) where Qmax corresponds to the capacity at equilibrium for each batches.

Results and Discussion

Comparison between bulk and nano-templated Cu-HCF

XRD

The XRD patterns show that the Cu-HCF in both the unfunctionalised particles and the Cu-
HCF@SiO; sample possessed a face centred cubic (FCC) structure with the space group Fm-
3m. This corresponded to the PDF04-010-1963 card, i.e. K;CuFe(CN)s (see Figure 1). The
amorphous state of silica is also confirmed. The backgrounds of the XRD patterns of Figure 1
were removed for clarity. The space group and lattice parameters are in good agreement
with the literature.[24, 25] The lattice parameter of the bulk as-prepared sample was found
to be 10.0039+0.0040 A while the silica templated nano was quite similar at 10.0007+0.0042
A. The smaller size of the templated HCF unit cell (-0.0032 A) is probably due to its relatively
greater K* content, (see elemental analysis) as increased K* content has been reported to
slightly reduce the lattice parameter.[25] However, despite this difference the near identical
XRD patterns demonstrate that there is little structural difference between the materials
formed by the two synthetic approaches (Figure 1).
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Figure 1: XRD of bulk (black) and silica grain (blue). The pattern backgrounds were removed to highlight the Cu-HCF
reflections. Both samples possess a face centred cubic structure. The asterisks indicate the presence of impurities or
secondary phases.

FT-IR

FT-IR was carried out using a Nicolet iS50 infrared spectrometer. Looking firstly at the
aggregated material, the v(CN) stretch of the Cu-HCF is seen at 2,089 cm™, (Figure 2-inset
top centre). Cu-HCF (1) generally possesses a v(CN) stretch at around 2,095 cm™, while the
Vv(CN) stretch for Cu-HCF(lIl) (where the iron is in the Fe") oxidation state) is typically located
around 2,177 cm™.[26, 27] Therefore, we can safely assume that Cu-HCF (ll) is the dominant
form here, (Figure 2). The v(Fe-C) stretch is seen at 594 cm™, (Figure 2-inset top right), this
position again corresponds to the dominant presence of Fel). The §(HOH) signal is seen at
1,614 cm™, with a shoulder at 1626 cm™ indicating multiple water environments (Figure 2-
inset bottom). The multiple structured v(OH) signals which are seen above 3,000 cm
confirm this assertion. This indicates the presence of several coordinated water sites. The
boarder hump-like peak that they are buried in is indicative of zeolitic water, (Figure 2-inset
top left). This is all in good agreement with the literature.

Moving to the templated (silica grain) sample, we see that the v(CN) stretch has increased in
frequency to 2,103 cm?, (Figure 2-inset top centre). The v(Fe-C) stretch has also increased in
frequency to 594 cm?, (Figure 2-inset top right). Despite these slight increases in frequency
Cu-HCF (ll) is also the dominant form in the templated sample. The §(HOH) signal is seen at
1,624 cm™, and is broad and tapering which suggests zeolitic water is more prevalence here,
(Figure 2-inset bottom). This is confirmed by the v(OH) signals which now consist of only a



single coordinated water peak at 3,625 cm™ and a board zeolitic peak at 3,412 cm?, (Figure
2-inset top left). As elemental analysis showed that the ratio of copper to iron was the same
for the bulk and templated samples, that means that they have the same number of vacant
Fe(CN)&* sites and therefore hydrated copper. This therefore indicates that the “other”
coordinated water peaks in the bulk sample correspond to surface bound water; the surface

coppers of the templated sample being bound to APTES’s -NH2 groups.
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Figure 2 : FT-IR of as prepared templated Cu-HCF@silica-grains (red), and bulk Cu-HCF (black)). Close up of the v(OH) (top
left inset 3,500-4,000 cm™), cyano v(CN) stretch (centre top inset - 1,950-2,200 cm™) and M-L stretches (top
right inset - 590 cm™). The §(HOH)close up is seen just below the main spectra.

Looking closer (Table 2) we see that the v(CN) stretch of the nano-templated sample not only
increases in the frequency by 15 cm™, but that its full width half max (FWHM), decreases by
25 cm!, when compared to the bulk. Taking the decrease in the FWHM first, the FWHM of
the v(CN) can be used to measure any change in the local chemical environment inside the



HCF cage. An increase in the chemical uniformity sees a decrease in FWHM, and vice versa.
This effect was discussed in detail by Lejeune et al. where it was pointed out that the larger
the guest ion the easier it is for it to “seen” by the greatest number of cyano bridging
ligands.[28] The much narrower v(CN) stretch of the templated sample is therefore probably
due to its higher K content as seen in elemental analysis. It should be noted that the
controlled growth of the particles on to the silica surface may also contribute to this sharper
v(CN) stretch. As for the v(CN)’s relatively higher frequency, this suggests an enhanced
interaction between the metals and CN ligands in the templated samples when compared to
that of the bulk. Avila et al. saw similar high v(CN) for Cu-HCF and pointed out that Cu?* has
the ability to fill its 3d shell by receiving electrons from the CN’s 5o orbital, thereby
enhancing the bond strength and consequently causing a relative increase in the frequency
of the v(CN) stretch when compared with other HCF analogues.[29]

However, if this were the explanation here, why is this phenomenon not seen in the bulk
samples? A likely explanation for the relatively higher frequency of the nano v(CN) stretch is
electron donation from the APTES amine groups to their adjacent coppers, strengthening the
Cu-NC bonds which in turn effects the electronically sensitive cyano ligands. This would
explain why the v(Fe-C) stretches of both the templated and bulk samples occupy identical
frequencies but the v(CN)s do not.

Table 2 : v(CN) positons and full width half max (FWHM) values for aggregated (B) and grain (G) samples. K= as prepared. Cs
= Caesium exchanged. All values are in cm™.

v(CN) v(CN) v(Fe-C) v(Fe-C)

B G B G
Frequency (cm') 2089 2103 594 594
FWHM (cm™) 74 39 39 30.6

Solid UV-Vis

The as-prepared bulk sample showed a broad peak at 476 nm and a narrower one at 319
nm, (Figure 3 and Table 3). A shoulder at 269 nm was also present. The signals at 319 nm
and 269 nm can be assigned to Fe')(CN)s, as they can also be seen in KsFel"/(CN)e starting
material (SI).[30] The wider peak at 476 nm is assigned to Cu d-d transitions.[31, 32]
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Figure 3 : Solid UV-Vis of as prepared bulk Cu-HCF (green) and Cu-HCF@silica-grain (blue).

The nano templated sample showed the Cu d-d peak at 483 nm and the ligand field (LF)
bands of Fe(CN)s at 314 nm and 269 nm. The lower energy of the copper peak is probably
due to the passivating effect of the APTES surface ligands while the higher energy of the Fe
co-ordination sphere is probably due to the template effect as the Fe(CN)s units are forced
to adjust to the coppers spacing in the silica surface. However, despite these variances in
peak positions, again little difference is seen between the nano templated and as prepared
bulk samples. This again indicates that the silica template has not altered the electronic
properties of the Cu-HCF with respect to the aggregated sample.

Table 3 : UV-Vis data for bulk (b) and nano templated (g) samples. All values are in nm, (LF= Ligand Field)

Origin State | Type | bulk (nm) | Templated (nm)

Fe"(CN)e | A1'Tog | LF 269 269

Fe"(CN)e | A'T1g | LF 319 314

Cu(NC)s | EgTog | d-d 476 483




TEM

TEM showed the bulk particles were heavily aggregated with a 20 nm + 5 nm, (Figure 4).
Templated particles inserted into silica grains were evaluated to be close to 15 + 5 nm,
(Figure 4)

Figure 4: TEM of Cu-HCF Bulk particles (left) and templated (right). Average particles size is 20 nm + 5 nm and 15
nm * 5 nm respectively

Cs Extraction Kinetics and Capacity

Comparison bulk and nano-templated

As shown by spectroscopic analysis, it was realised that structurally there was very little
difference between the templated and freely grown samples. In fact the only technique
which showed a stark difference between the nano templated and bulk samples was TEM,
(Figure 4), which showed, (as expected), that the unfunctionalised sample was heavily
aggregated in contrast to the silica grains Cu-HCF@SiO; which contained individual pore
based Cu-HCF particles.

The Cs extraction properties of the aggregated Cu-HCF (batch 1) were compared to those of
the silica grain templated Cu-HCF@SiO; particles (batch Gr). This was done to determine if
the increased monodispersity (and therefore increased surface availability) provided by
nano-templating would increase the Cs sorption efficiency of Cu-HCF. When noting Cs
sorption data one must remember that mg/g normally refers to mg of Cs sorbed per gram of
Cu-HCF. Elemental analysis of the Cu-HCF@SiO2 by ICP-MS (after dissolution of the sample)
showed the chemical formula to be K1,36Cu1,46Fe(CN)e6.45Si0; with the silica making up 88.2%
by mass of the sample. Consequently, Cu-HCF makes up only around 11.8 % m/m of the Cu-
HCF@SiO, sample, (Batch Gr). Therfore, unless otherwise stated all Cs sorption results for
Cu-HCF@SiO; have been normalised to account of this.
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Figure 5: Cs sorption spectrum of batch 1 (no magnet, physical stirring) (blue circle), batch 2 (magnet, physical stirring)
(green square) and Gr (silica grain) (black squares). Data is displayed as % Cs sorbed (Cs/Cmax Where Cs is concentration of Cs
at time t and Cmax is total Cs exchanged) against the square root of time.

Figure 5 shows the results of the kinetic experiment for the Cu-HCF (Il) @ SiO; sample and
batches 1 and 2. The Cs extraction kinetics of the silica templated particles are close to those
of batch 1. The silica grain sample exchanges 52% of the total Cs added within 1 minute,
while batch 1 exchange 45% at this time (see Table 1). Both sample (silica grain and
aggregated) has reached near equilibrium at 10 minutes. However, Figure 5 also shows by
applying a magnetic field to the particles (batch 2) and disaggregating them it is possible to
enhance the Cs kinetics.

Use of intrinsic magnetism to disaggregate Cu-HCF bulk suspension

It was observed over the course of this study that the batch 1 rotary dispersed Cu-HCF
particles separate and disperse far more uniformly if a magnetic stirrer is included. By casual
observation it appeared that after 3 hours a black homogenous dispersion was acquired. In
fact, once rotary aggregation was halted after 19 hours the magnet containing (batch 2)
sample did not immediately flocculate, unlike batch 1, (Figure 6). After this was observed
attempts were made to disperse Cu-HCF particles, again using a Heidolph Reax 2, but this
time including an object of similar composition, shape and size to a magnetic stirrer to
determine if it was the magnetic nature of the stirrer, or simply the presence of a “grinding
assistant”, which aided dispersion Figure 6). However, the presence of a non-magnetic
surrogate had no effect. Mechanical stirring was also tried but again did not produce a
homogenous dispersion (SI). The only other technique which yielded similar results was
when the particles were dispersed by classic magnetic stirring (batch 3). The Cs extracting
abilities of magnetically dispersed Cu-HCF (batches 2 and 3) were then examined and
compared non-magnetically dispersed (batch 1).



Figure 6 : Photograph of as-prepared Cu-HCF nanoparticles. Particles were prepared, dried, weighed, and then redispersed in
water. Each bottle contains 1 g of Cu-HCF in 100 ml of commercially available mineral water, (composition in Sl). The image
was taken immediately after both samples were removed from the same rotary agitator. They had previously spent 4 days
undergoing rotary mixing. . This far longer mixing time was used to remove any ambiguity. The bottle on the right had a
magnetic stirring bar placed in it before rotary mixing began (batch 2). These particles were fully dispersed after 3 hours.

The one on the left (batch 1) acted as a control contained a non-magnetic plastic object of similar size and shape to the
stirring bar.

Magnetic dispersion is characterised as either active, (under magnetic stirring (batch 3)), or
passive (physically agitated in the presence of a permanent magnet (batch 2)). For the non-
magnetically dispersed sample a plastic Eppendorf (filled with water) was added to mimic

the stirring bar’s size and shape (batch 1).

Figure 7 shows the resulting sorption trace in a form of the diffusing model first proposed by
Morris and Weber.[33] In it milligrams of Cs sorbed per gram of Cu-HCF are plotted against
the square root of time (minutes). This model allows for the determination of the diffusive
limiting step of a sorption by a solid. That is the diffusion of ions in solution, followed by
their diffusion in the transition layer between the liquid and solid (called boundary layer),
and then through the solid (intra-particle diffusion). The initial measurement was taken 20
seconds after contact with the dispersed Cu-HCF. The final measurement was taken after an
hour, by which time all three batches (1-3) had almost completely sorbed the total added Cs.
As seen in Table 1, batch 1 (no magnet and physical stirring) showed 45 % Cs sorption after
one minute (close to sorption half-life). However, while initial sorption was quite fast, it
began to rapidly slow with 18 % of the total sorbed Cs still remaining after 5 minutes (Figure
7). Near total sorption was completed between 10 and 30 minutes. These results plus the
shape of the sorption curve would indicate a 2 or even 3 step process, as describe
elsewhere.[34] We believe that step 1 is probably the rapid removal of Cs from the solution
by exchanging it with the K ions present on, and close to, the aggregated HCF’s surface. This
initial exchange is accomplished in the first minute. This is then followed by a slower ion
diffusion process as the sorbed Cs is exchanged with K held deeper in the HCF cage structure
(intraparticle diffusion). Once this internal exchange (with K now once again close to the



surface) is complete the removal of Cs from solution begins again. This process is continued
until all Cs has been removed from the surrounding solution.
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Figure 7 : Cs sorption spectrum of aggregated batch 1 (no magnet, physical stirring-red circles), batch 2 (with magnet but
physical agitated-black squares) and batch 3 (with magnet and magnetically stirred- blue triangles). Data is displayed as mg
Cs sorbed per gram of Cu-HCF against the square root of time.

The addition of a magnet has a drastic effect on the sorption kinetics. Batch 2 (again
dispersed by rotary agitation, but now in the presence of a permanent magnet) displayed an
enhanced Cs sorption kinetic. The sorption half-life was calculated at 6 seconds, while 84 %
of the total Cs has been sorbed within the first 20 seconds and 98 % within the first minute.
Batch 2 seems also to exhibit a 2 step process, with over double the time required to sorb
the remaining 50% of the solutions Cs, however, as this batches sorption half-life is over an
order of magnitude greater than batch 1, (6 vs 74 seconds) almost total sorption is complete
within two minutes. Finally, the dispersion which had been magnetically stirred overnight
(batch 3) had sorbed 89 % of the total Cs* after 20 seconds, this increased to 98% by the end
of the first minute. Its half-life was recorded as 3 seconds. This is twice as fast as batch 2.

After 30 minutes all three batches contained around 0.5 ppm of Cs indicating that the
equilibrium pointis not affected by the dispersion method. As is clear the slow Cs/K diffusion
step is present in batch 2. However, thanks to its uniform dispersion, and therefore better
access to each particles individual surface, ultra-fast sorption of 99 % of the Cs content is
achieved within 60 seconds after contact with the sorbent. While it would be easy to assume



the improved dispersion of batches 2 and 3 are simply a result of the difference between
magnetic stirring and rotary mixing, the lack of a magnetic stirring plate in batch 2
demonstrates that it is in fact the presence of an external permanent magnetic field within
the container aided by rotary agitation that allows the Cu-HCF particles to disaggregate.
Once disaggregated the Cu-HCF particles arrange themselves more homogenously
(throughout the magnetic field) allowing the Cs* ions a more unobstructed access to their
surfaces. The presence of an alternating field in batch 3 further improves this effect.

Capacity Kinetics

Once normalised for % mass of Cu-HCF, the Cs capacity of the Cu-HCF@SiO; was found to be
around 215 mg/g. Therefore to determine capacity of the bulk sample the batch 3
experiment was repeated using a 700 ppm Cs solution (from now on referred to as batch 4).
From this experiment the capacity of the bulk sample was determined to be 266 mg/g, (after
one day). This high concentration experiment also allowed us to compare the Cs sorption
kinetics at capacity of disaggregated bulk against the silica templated particles.
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Figure 8 : Cs capacity sorption spectrum of Cu-HCF batch 4 (red circles). The black squares show Cs sorption onto crushed Cu-
HCF @ silica grains. Data is displayed as Cs/Cmax 0f Cs against the square root of time. Silica grain sorption data has been
normalised according to amount of HCF particles per gram of crushed grain (11%).



Batch 4 showed a sorption half-life of 14 seconds, and within the first minute of contact with
the Cs solution it had sorbed 96% of the total sorbed Cs, (Figure 8 and Table 1). [This is in
agreement with batch 3 and shows the reproducibility of these experiments in both high and
low concentration Cs solutions]. Compared to Cu-HCF@SiO; batch (Gr) which showed a Cs
sorption half-life of 58 seconds, and 52 % Cs sorbed in one minute, we see that batch 4 is far
more efficient. Cs measurements at equilibrium showed that batch 4 had sorbed 266 mg of
Cs per gram of Cu-HCF. For the silica samples, once normalised the grains showed a Cs
sorption capacity of 215 mg/g. These results were unusual as the templated sample should
have shown a much quicker sorption kinetic than the bulk sample, unless of course the bulk
sample was as disperse as the templated one. The capacity of batch 4 is also higher than the
Cu-HCF@SiO; Gr batch. This difference however falls within human/experimental error. This
result clearly shows the benefit of the dispersion of bulk samples assisted by a magnetic
field.

SQuib

Magnetisation measurements were carried out on the bulk Cu-HCF (ll) particles (Figure 9)
and confirmed that the particles are paramagnetic. Powder samples (bulk Cu-HCF samples)
were mounted in gel caps, which have a temperature — independent diamagnetic
susceptibility of -5.9 10° m3kg™. The magnetisation curve at 300 K and 4 K is shown in Figure
9, after correction for the diamagnetism of the sample holder. The curve is linear and
paramagnetic at 300 K, with no trace of ferromagnetic behaviour. The paramagnetic
contribution at 4 K can be well fitted by Brillouin function [Fe!") and J = 4):

2J+1

ks 2+
2]

2 coth(

M(x) = NJytsg| )x = 5-coth(3)x] (1)

where x = gJJusHe/ksT is the ratio of the Zeeman energy of the magnetic moment in the
effective field He to the thermal energy, the effective field He = H + Hm, where the Hn, is the
molecular field proportional to magnetic moment M, g, is the g-factor, J the angular
momentum number, N the number of spins, ks the Boltzmann constant. The paramagnetic
moment per iron atom obtained from fitting the Brillouin function to the magnetisation at

5K is 4.8 s,
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Figure 9: Magnetisation data of Cu-HCF aggregated particles at 300 K and 4 K

Figure 10 shows the magnetisation data of aggregated particles, as a function of
temperature in an applied magnetic field of 100 mT. Furthermore the plot of the inverse
susceptibility (Figure 10 b), there is no clear magnetic transition and the samples exhibit
paramagnetic behaviour. The susceptibility is fitted to the equation X(T) = %o + Xcw(T)
between 4 K and 100 K. Here o is the temperature independent term and Xcw(T)=C/(T-Ocw)
is the Curie-Weiss term with Curie constant C = Napes?s?/(3ks) and Curie-Weiss temperature
Ocw (Na is Avogadro number, pef is the effective Bohr magneton number, ps is the Bohr
magneton, and kg is the Boltzmann constant). The effective magnetic moment pes, obtained
from the Curie law to the magnetisation versus temperature data, is 4.7 us. These values
agree but are slightly lower than what would be expected if all the iron in the sample were
present as high spin Fe?* ions (typically 5.4 us). Although Méssbauer spectroscopy would be
needed to elucidate the exact spin state of the Fe it was not carried out as SQUID was
determined to be sufficient to show that Cu-HCF particles are indeed magnetic. Finally, it
should be noted that there is a large paramagnetic contribution arising from Cu(ll) ions, as
illustrated by the non-saturated paramagnetic behaviour in magnetization curves, both in
field and temperature dependent magnetization curves.[35, 36]
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Figure 10 : Above, temperature dependence of magnetisation of aggregated particles as a function of T. Below,
temperature dependence of magnetic susceptibility (xm) of aggregated particles as a function of 1/T.

As Corr et al. have previously shown it is possible to disaggregate magnetic particles and
align individual super paramagnetic particles in an applied field.[15] We believe that this
goes some way to explaining how the presence of paramagnetism aides in the
disaggregation of the Cu-HCF particles. However going further Stuyven et al pointed out that
the stability of a suspension of charged particles can be seen as being in dynamic equilibrium
between van der Waals (attractive) forces and electrostatic repulsion.[13] By placing the
particles under rotary mixing the number of aggregate collisions, as well as the
hydrodynamic sheer stress, will be increased causing the aggregates to disassemble.
Eventually reaching equilibrium the frequency of aggregate growth and break up will define
the mean aggregate size. The addition of an external magnetic field will complicate this. The
addition of accompanying Lorentz forces will affect the van der Waals/electrostatic balance



as the Lorentz forces act on opposite directions of opposite sides of rotating charged
particles separating them. This will also enhance the effect of sheer stress as they move from
the inside to the outside of the moving container (and back again). This due to the difference
in local velocity gradients along the container walls.

Conclusion

Cu-HCF nanoparticles were prepared by two routes, the classic co-precipitation method, and
grown step by step inside silica grains. XRD, FT-IR and UV-Vis measurements demonstrated
that the aggregated Cu-HCF and the more monodisperse Cu-HCF@SiO, particles are
chemically near identical. Comparison of the Cs sorption kinetics show that by using a
magnetic field to aid with the dispersal of the aggregated particles the time taken to sorb
50% of the total Cs was decreased from over a minute to 6 seconds, with total sorption time
being almost complete after 60 seconds instead of 10 minutes. By comparing the aggregated
HCF and ground silica sample we see that the silica templated particles are the more
efficient of the two, sorbing 53% of the total Cs after 1 minute compared to the aggregated
samples 44%. However, once the aggregated particles are magnetically dispersed the sample
efficiency increases to 96-98% of total Cs sorbed after 1 minute. This implies we have
dispersed the Cu-HCF particles within a magnetic template equaling the monodispersity of
the silica template.
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