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Abstract: Natural clinoptilolite was studied to assess its performance in removing caesium and
strontium ions, using both static columns and an agitated tube reactor (ATR) for process
intensification. Kinetic breakthrough curves were fitted using the Thomas and Modified Dose
Response (MDR) models. In the static columns, the clinoptilolite adsorption capacity (g¢) for 200
ppm ion concentrations was found to be ~171 and 16 mg/g for caesium and strontium, respectively,
highlighting the poor material ability to exchange strontium. Reducing the concentration of
strontium to 100 ppm, however, led to a higher strontium g. of ~48 mg/g (close to the maximum
adsorption capacity). Conversely, halving the column residence time to 15 min decreased the g. for
100 ppm strontium solutions to 13-14 mg/g. All the kinetic breakthrough data correlated well with
the maximum adsorption capacities found in previous batch studies, where, in particular, the
influence of concentration on the slow uptake kinetics of strontium was evidenced. For the ATR
studies, two column lengths were investigated (of 25 and 34 cm) with the clinoptilolite embedded
directly into the agitator bar. The 34 cm-length system significantly outperformed the static vertical
columns, where the adsorption capacity and breakthrough time were enhanced by ~30%, which
was assumed to be due to the heightened kinetics from shear mixing. Critically, the increase in
performance was achieved with a relative process flow rate over twice that of the static columns.

Keywords: agitated tubular reactor; strontium; caesium; clinoptilolite; ion exchange; process
intensification

1. Introduction

Caesium-137 and strontium-90 have some of the highest yield ratios of medium-lived
fission products from nuclear power production (at approximately 6.3% and 4.5%,
respectively), both with half-lives of around 30 years [1]. These radioisotopes are also
extremely hazardous in nature, and are present as species that readily solubilise in water [2—-
4], potentially leading to rapid environmental contamination. Therefore, they are considered
to be two of the primary heavy metals that must be removed from wastewaters resulting from
ongoing nuclear generation as well as radiation clean-up activities. For example, several
processes were employed to remove these ions from the cooling waters used at Fukushima
[5].

In order to separate radioactive heavy metal ions from aqueous waste streams, there are
a number of techniques that can be used, including ion exchange, co-precipitation, and
coagulation methods; selective membranes; as well as the use of nano-adsorbents or organic
conjugate materials [6-19]. The use of ion exchange media is perhaps the commonly used
technique in the nuclear industry, due to the high specific decontamination factors, low
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production of secondary wastes, reliability, and cost effectiveness [8,9,16,20]. For caesium and
strontium removal in particular, zeolite materials such as clinoptilolite are widely employed
in nuclear effluent remediation [6,21-24]. Clinoptilolite naturally occurs with low impurities
in a wide range of deposits around the world, and it can be relatively easily pre-treated to
improve its efficacy, while it has good resistance to radiation exposure [6,9,25-30].

It is possible to utilise zeolite ion exchange material either in batch or continuous
processes [25,29-32]. While batch systems offer a greater process flexibility [8,31], they are
much less operationally efficient overall and require large mixing units. Therefore, most
nuclear treatment systems operate static ion exchange columns [30,31], where the effluent
is continuously injected through a fixed bed depth of adsorbent; such as with the Site Ion
Exchange Plant (SIXEP) at Sellafield in the UK (one of Europe’s largest legacy nuclear
sites) [9,25,28-30]. However, there are several critical limitations to ion exchange column
operation which result in a low throughput. In particular, large particle sizes (>250 um)
are required to reduce frictional pressure drop issues. Therefore, as ion exchange in
zeolites primarily occurs through surface sites, resins are not materially efficient, due to
their low surface area to volume ratio. Indeed, previous work by the current authors has
shown clear enhancements to caesium and strontium uptake as clinoptilolite is milled to
increase the relative surface area [26]. Columns must also be run at relatively low liquid
velocities to further limit the frictional pressure drop in addition to mitigating the slow
adsorption kinetics associated with diffusive ion exchange interactions [7,9,26]. Overall,
these process limitations significantly increase the footprint of industrial ion exchange
operations, as a number of units have to be run in parallel to achieve the required output
rates.

Thus, there is industrial interest in enhancing ion exchange operational efficiencies,
where, importantly for this study, methods of process intensification (PI) offer particular
advantages [33]. In general, PI is focused on novel operational unit designs that can
provide step-changes in the process efficiency while considerably decreasing the
equipment foot-prints, energy consumption, and/or waste formation [34], often achieved
through unit modularisation and process combination. While originally focused on fine
chemical production, there is increasing research into the PI of multiphase solids handling
operations, driven largely by successes in the pharmaceuticals industry [35]. The use of PI
in effluent treatment specifically is comparatively less developed, although it is an area
with a lot of potential to drive solutions through technology transfer [33]. In many
respects, flotation can be considered one of the original PI techniques for effluent
treatment. While primarily adapted for mineral separation [36,37], it has gained increasing
use as a rapid solid-liquid separation technique for wastewater sludges and mineral
wastes, reducing unit footprints and enhancing throughput rates when compared to
traditional gravity separators. Indeed, there has been a number of studies published on
its use to separate nuclear wastes and adsorbents used for effluent treatment [14,37-43].
PI methods are also being used in conjunction with the development of related
nanotechnologies for effluent treatment [44], such as with rapid magnetic separation
methods to capture and recycle magnetic nano-adsorbents [45,46].

For adsorption or ion exchange processes, there is increasing research into using
intensified flow reactors to overcome constraints associated with diffusion limited adsorption
kinetics [34,47-50]. One of the most prevalent examples in the literature is rotating bed reactors
(RBRs), which were originally designed for gas-liquid separation operations, where high
centrifugal gravity fields lead to enhanced mass transfer characteristics [33]. More recently,
they have also been utilised for the removal of contaminants from liquids, including dyes,
fertilisers, and heavy metals [47-51]. However, the disadvantage of RBRs is that they have
relatively small residence times which are dependent on the rotation speed, and thus, for the
high percentage removal of species, effluent requires multiple passes. Therefore, flow reactors
which can generate additional shear (to improve mixing) independently of process
throughput or residence time would be highly beneficial. One approach is to generate shear
through vortex flows formed from pulsed pump cycles, as with oscillatory baffle reactors and
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pulse columns, which have been utilised as intensified liquid-liquid and solid-liquid
contactors [33,52,53]. However, the internal plate and baffle arrangements of these designs
would not easily accommodate large granular ion exchange media.

An alternative design for independently controlling mixing and throughput rates are
agitated tubular reactors (ATRs), which are intensified plug-flow reactors where high-rate
lateral shear is generated with an inner, hollow, agitator bar, decoupling mixing dynamics
from the bulk flow [49,54]. While they have been previously utilised for chemical synthesis,
they also present a flexible design to enhance mass transfer rates in solid-liquid adsorption
operations, owing to their relatively simple agitator arrangement. A number of authors have
characterised the mixing dynamics and performance of ATRs [44,54,55], such as in simulations
by He et al. [56,57], who found volumetric mass transfer more efficient with enhanced energy
dissipation in comparison to batch processes. However, while these initial characterisation
studies highlight the advantages of ATR mixing, the potential to use ATRs as novel intensified
exchange units has not previously been investigated by any authors.

Therefore, in this study the performance of a zeolite ion exchange resin is assessed in
both static vertical columns, as well an intensified ATR, to remove strontium and caesium
ions. Here, clinoptilolite is selected as the ion exchange media, owing to its common use
in nuclear effluent treatment [9,25,26,28-30]. In vertical elution column tests, kinetic
breakthrough is measured for various ion concentrations, residence times, and column
diameters in order to compare the adsorption data to previous batch studies of the same
systems [26], allowing the optimisation of column operation. An industrially relevant
pilot-scale ATR device was then selected for comparison, where the influence of different
column lengths was investigated by embedding the zeolite directly into the agitator bar.
Critically, the kinetic breakthrough performance matched the static column results, both
through enhancements in the equilibrium adsorption of the clinoptilolite as well as the
relative process flowrates achieved from either system.

2. Materials and Methods
2.1. Materials

Natural clinoptilolite was supplied from Holistic Valley, U.K. as a ~300 um powder
[26]. Caesium chloride (CsCl) and strontium chloride (SrClz) were of analytical grade with
a purity 299.0%, supplied by Sigma Aldrich, U.K. and Fisher Scientific, U.K., respectively.

Prior to column studies, treatment was required to gain a homogeneous particle size
with a low level of polydispersity and remove any naturally present ions, which have
previously been shown to impact on its performance [26]. Firstly, the clinoptilolite was
rinsed several times with distilled water at a neutral pH, where the supernatant on every
rinse was removed and measured using a conductivity meter until the values reached an
equilibrium low level. The rinsed clinoptilolite was then dried at 100 °C [6] and sieved
using an AS 200 shaker (Retsch GmbH, Germany) with a 250 um mesh for 30 min. Once
the process was completed, the clinoptilolite was separated using a course brush in order
to observe its uniformity. These processes were repeated three times in order to ensure a
low level of fines. The sieved clinoptilolite was analysed using a Mastersizer 2000E laser
diffractometer (Malvern Panalytical Ltd., U.K.). The particle size distribution is shown
within the Electronic Supplementary Materials (ESM), Figure S1, with a mean particle size
of ~312 pm.

2.2. Static Column Ion Exchange Experiments

Column ion exchange studies were carried out in a fritted chromatography glass
column with a 10 mm inner diameter and 300 mm height [29], as illustrated in Figure 1a.
The clinoptilolite was fixed at a 6 cm bed depth, which has been shown in previous
research by El-Kamash [29] to be sufficient for good performance. Additionally, liquid
flowrates through the column were adjusted to initially give a residence time of 30 min (2
bed volumes [BV] per hour), which was initially assumed to be a reasonable residence
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time for high performance from the previously determined adsorption kinetics of
strontium [26]. Industrially, similar ion exchange systems for nuclear effluent treatments
may operate at much reduced residence times to better balance the throughput capacity
and material performance (e.g., [9]). However, for this study the initial conditions were
chosen to maximise the ion exchange adsorption capacity. Nevertheless, further studies
were also completed with a faster flowrate to give a residence time of 15 min (4 BV per
hour) and thus an expected lower overall performance. Additionally, scale-up
experiments were conducted in a similar fritted glass column with a 2 cm diameter and a
residence time of 15 min. Scale-up tests were conducted with two different bed heights,
one where the volume of clinoptilolite was conserved (using a 1.5 cm bed height) and a
second with the same 6 cm bed height as the smaller column.
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Figure 1. Schematic diagrams showing (a) static vertical ion exchange column and (b) agitated tubular reactor (ATR) with
a horizontal ion exchange column.

The caesium and strontium were prepared by dissolving stock solutions of CsCl and
SrClL: (1 M) with Milli-Q water at neutral pH (which tends to ~6.5 [9]) for nominal initial
concentrations of 5-200 ppm, which is similar to the concentration range used in previous
research by the current authors [25,29]. The caesium and strontium solutions were
pumped through the column for a minimum of 24 h using two peristaltic pumps (Watson
Marlow, U.K. 323 series) to ensure that both the inlet to the top of the column and the
outlet were set at identical rates. Aliquots from the outlet were sampled every hour
regularly within working hours, until the outlet concentration equalled the initial ion
concentration. All the samples were filtered through 0.3 pm filters (to ensure no fine
particles were present) and analysed using an Atomic Absorption Spectrophotometer
(AAS) 240fs (Varian/Agilent Technologies, U.K.). For the initial caesium studies, a
caesium lamp with a wavelength and optimum working range of 459.3 nm and 5-
4000 ppm was used, while for the main strontium studies a strontium lamp was used with
a wavelength of 460.7 nm and an optimum working range of 0.02-10 ppm [26].

It is noted that all column exchange experiments were completed in triplicate.
Breakthrough data from all individual runs are shown within the Electronic
Supplementary material (Dataset S1, Table Sla—e), showing the outlet ion concentration
(Ce) against the processed liquid volume (in BVs). Good reproducibility was evidenced,
with percentage differences between average sample standard deviations < 5%.

2.3. Agitated Tubular Reactor (ATR) Studies

To understand whether static ion exchange processes could be intensified using shear
enhancement, a pilot-scale agitated tubular reactor (ATR) was modified utilising a Coflore
ATR (AM Technology, U.K.), and a schematic of the process is illustrated in Figure 1b.



ChemEngineering 2021, 5, 9

5 of 16

The ATR consists of an inner perforated agitator that sits within an outer reactor tube
which is subject to fast lateral movement (1-6 Hz), causing significant radial shear for low
plug flows. The design is similar to that described by other authors in recent publications
[55,56]. For testing purposes, a separated outer Perspex reactor tube of 25.4 mm inner
diameter, 3 mm thickness, and 392 mm length was utilised, with an inner perforated
stainless-steel agitator tube of 13.7 mm inner diameter and 0.6 mm thickness. For ion
exchange studies, the inner agitator was covered with a #152 um sieve mesh and pre-
sieved clinoptilolite was filled into the agitator to various lengths (25 and 34 cm). The sieve
mesh cover was small enough so that all the ion exchange resin was retained in the
agitator as a plug, while the mesh perforations allowed liquid diffusion into the resin,
with the aim of enhancing efficiency through the high lateral shear from agitation. For the
flow experiments, the agitation frequency was set to 5 Hz (with a corresponding
amplitude of 12.5 mm). A detailed schematic of the agitator arrangement is shown in
Figure 2.

@ 13.7 mm

Figure 2. Rendered image highlighting the motion of the inner agitator and outer tube of the ATR.

For the reactor studies, strontium solutions of 100 ppm concentration were pumped
for a minimum of 24 h through the ATR, again using identical peristaltic pumps (Watson
Marlow 323 series) at the reactor inlet and outlet. The flow rates were set to give an
equivalent residence time of 15 min for liquid contacting the ion exchange plug (based on
the calculated average streamwise velocity of fluid in the liquid annulus around the plug).
Therefore, the actual bulk flow rate varied depending on the length of the ion exchange
plug and the ratio between the plug volume and the total reactor volume. The supernatant
was then collected at regular intervals, where samples were filtered by a 0.3 pum filter and
analysed using AAS to determine the strontium uptake and breakthrough curves, with
the same parameters as previously described. Again, trials were conducted in triplicate,
with similar levels of reproducibility to the column studies (see Electronic Supplementary
Materials, Dataset S2, Table S2).
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2.4. Kinetics Breakthrough Model Analysis

To determine the breakthrough behaviour during static column ion exchange and
ATR experiments, the Thomas and Modified Dose Response (MDR) models were fitted to
the kinetic adsorption data [58-60]. The Thomas model is determined by the specific
adsorption rate during ion exchange (Krx) and the flowrate of the effluent injected through
the column (Q) [58,59]. Meanwhile, the MDR model has been shown in some studies to
improve breakthrough correlations by altering the rate fitting parameter (1) to be a simpler
(but non-physical) defined constant, dependent on the linear regression gradient function
[60]. In both cases, breakthrough models help determine the kinetics and critically give an
estimate of the final equilibrium adsorption amount (ge).

The Thomas model is defined in Equation (1):

Co 1

Co 1+exp[KTTH(qem—CoVeff)], @

where C. and Co (in ppm or mg/L) are the column outlet and initial influent concentration,
respectively; Krv (mL/mg.min) is the Thomas rate constant; Q (mL/min) is the liquid
effluent flowrate; m (g) is the adsorbent mass; Ve (L) is the effluent volume; and g (mg/g)

is the adsorption capacity. In order to determine Kru and g, the model can linearised as
follows in Equation (2), where plotting In(Co/C. - 1) versus V. gives a gradient of (kTT” CO)
and an intercept of }(TTH (qem):

C K K
In (22— 1) = 55 @em) = (G4Co) Very- @
Meanwhile, the Modified Dose Response (MDR) model is given in Equation (3).
Co 7L
Co 1+(Ve%)a. 3)

Here, a, the power law exponent and b (L) are constant values. The linearised model
is shown in Equation (4), where plotting In(Co/C. - 1) versus In(Ves) gives a gradient of a,
while b can be determined from the intercept. Importantly, the adsorption capacity (ge)
can be calculated from b, where ge = (b.Co)/m.

In (E—: - 1) =aln(b) —aln(Vyfy). 4)

3. Results and Discussion
3.1. Static Column Studies

Initially, the clinoptilolite’s performance in removing caesium and strontium was
compared, with the assumption from previous studies that the zeolite would be
considerably more effective at removing caesium [2,6,7,9,23,32,61-66]. A high
concentration of 200 ppm solution of the metal ions was chosen to reflect a worst-case
scenario in terms of potential effluent concentrations, although most nuclear treatment
operations generally consider much lower levels [2,9,66,67]. Very low ion concentration
effluents were also not considered in detail, owing to the long time periods required to
reach breakthrough (which was not experimentally feasible). Indeed, an initial trial with
5 ppm caesium was completed and is shown within the Electronic Supplementary
Material (Figure S2). Due to the time constraints, the breakthrough was still not achieved
after 4500 bed volumes (BV). This trend follows from other results for low concentrations
of caesium removal by nuclear grade clinoptilolite, as shown by Dyer et al. [9], where a
breakthrough started to occur after 10,000 bed volumes.

The static column comparison for 200 ppm Cs* and Sr?* at a 30 min residence time is
presented in Figure 3, in terms of the ratio of the column outlet to inlet concentrations
(Ce/Co) versus the number of effective bed volumes (BV) of liquid effluent processed. Also
given are the MDR and Thomas model correlations, with the linearised fits used to
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determine the optimised parameters shown in the Electronic Supplementary Material
(Figure S3). The fitted model parameters are given in Table 1.
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Figure 3. Static column breakthrough curve data for caesium and strontium at 200 ppm
concentration and 30 min residence time, along with the Thomas and Modified Dose Response
(MDR) model fits.

Table 1. Fitted Thomas and Modified Dose Response (MDR) model parameters for 6 cm-depth
static column breakthrough tests with Cs* and Sr?.

Experimental Parameters Thomas Model MDR Model
Diameter (cm) Co (ppm) Q (mL/min) Krz (mL/mg.min) g. (mg/g) R? g.(mg/g) R2?
Cs* (30 min residence time)

1 200 0.157 0.002 171.90 0912 17044 0.941
Sr2+ (30 min residence time)

1 200 0.157 0.004 1531 0981 16.67 0.948

1 100 0.157 0.012 48.10 0978 47.96 0.985
Sr2* (15 min residence time)

1 100 0.314 0.016 13.97 0925 13.15 0.962

100 1.257 0.014 17.83 0954 1651 0.968

It is clear based on Figure 3 that clinoptilolite is able to remove significantly more
caesium than strontium, with approximately a factor of 8-10 more bed volumes being
processed until the exhaustion of the ion exchange media (Ce/Co = 1). However, both
species show the expected breakthrough behaviour kinetics. In general, the breakthrough
criterion is considered the condition where the equilibrium concentration at a specific time
(C.) starts elevating exponentially over time [30], and it is caused by the rapid reduction
in adsorption once the ion exchange sites of the adsorbent are close to becoming fully
occupied [30,68]. Once the ion exchange media are fully occupied, no more adsorption
can occur, which is considered as the exhaustion point [30]. In this study, a breakthrough
level of 50% (Ce/Co = 0.5) was taken as a comparative point to help understand the
breakthrough kinetics.

Using the estimated breakthrough level of 50% as a comparison, the clinoptilolite was
able to process around 700 bed volumes with caesium and only 70 bed volumes with
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strontium, which is broadly consistent with a previous batch testing of the same
clinoptilolite [26]. The difference in performance from caesium and strontium is
considered because of the general low-energy state of adsorption for large monovalent
ions in clinoptilolite ion exchange sites, where the ion valency effect is significant
[26,32,69,70]. Additionally, as discussed by Woods and Gunter [71], the affinity of
adsorbent toward the ions is dependent on their hydrated ionic radii, where the hydrated
radii for caesium and strontium are 3.29 and 4.12 A, respectively [71,72]. Generally, the
hydrated ion radius is inversely proportional to the dehydrated ion size due to the better
distribution of the charges [73,74]. Smaller hydrated ions may diffuse more freely in or
out of adsorbent channels during the adsorption process [6,65,71,75], where additionally
in zeolite-cation exchange the process happens in association with the bound water
molecules. The dehydration of the bound water occurs prior to adsorption, which is more
energetically favourable for smaller hydrated ions [71,73].

It is also evident from Figure 3 that both the MDR and Thomas models were similar in
their goodness-of-fit for the breakthrough data, although the MDR model gave slightly higher
R? values (see Table 1). The fitted equilibrium adsorption capacity (ge) values were also
correspondingly similar between both models, where, importantly, the g. values for caesium
are considerably higher than for strontium (at 171.90 or 170.44 mg/g for caesium against 15.31
or 16.67 mg/g for strontium using the Thomas and MDR models, respectively). There is also a
direct correlation between the g. values and the number of bed volumes processed to
breakthrough, which is expected to follow a linear trend following previous research
[9,25,29,76,77].

It is interesting to compare the fitted g. values from this kinetic data with the
adsorption capacity values from equilibrium batch experiments for clinoptilolite, which
have been previously published by the current authors [26]. In fact, the g. values estimated
in the column tests are actually slightly greater than those found directly for the same
clinoptilolite pre-activated with NaCl in batch tests (which gave a maximum adsorption
capacity value, Qc = 140.53 mg/g, [26]). The slight discrepancy between the column and
batch capacities is most likely due to the additional uncertainties with g. estimates from
the column breakthrough model fits, although the good correlation between the Thomas
and MDR models gives confidence in the determined values. Additionally, as it is also
known that the clinoptilolite contains some ionic impurities [26], this suggests that the
long elution times in the column experiments may have self-activated the zeolite as the
fluid is exchanged, exposing additional ion exchange sites. Nevertheless, the fact that the
column adsorption capacity is close to, or, indeed, above the maximum adsorption
capacity estimates indicates that the experimental conditions (specifically the 30 min
residence time) lead to a high adsorption efficiency in the column.

It is also evident that the strontium exchange performs very differently. Here,
previous batch tests with NaCl pre-activated clinoptilolite (of the same type) gave a
maximum adsorption capacity of Q. = 47.5 mg/g, almost three times the g. value found
from the breakthrough data fitted to the MDR model (and even more than from the
Thomas model). The reason for the large difference in the case of strontium is mostly likely
due to its adsorption kinetics, where it has previously been found that the Pseudo Second
Order (PSO) rate constant for strontium adsorption on activated clinoptilolite was less
than half that for caesium. Thus, in these concentration conditions it appears that the 30
min column residence time is not sufficient for a high material uptake efficiency.

Given the significant difference between caesium and strontium uptake,
investigations were focused on modifying column conditions to better understand the
system limitations for strontium removal. The static column breakthrough data for
strontium contamination are presented in Figure 4, highlighting the effect of
concentration, residence time ,and column scale-up. Here, the concentration of strontium
was reduced to 100 ppm for column residence times of 30 min and 15 min. Additionally,
a trial using a residence time of 15 min was repeated in the larger 2 cm-diameter column
(increasing the liquid flow rate, Q, from 0.314 to 1.257 mL/min for the same contact time).
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The resulting Thomas and MDR breakthrough model fits are also shown in Figure 4, with
the linear forms used for parameter estimation shown in the Electronic Supplementary
Material, Figure S4. The resulting model parameters and R? fit values are also given in
Table 1.
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Figure 4. Static column breakthrough data for strontium contamination at 100 ppm concentration,
highlighting the effect of concentration, residence time, and column scale-up, along with Thomas
and Modified Dose Response (MDR) model fits.

It would be expected from previous research that reducing the strontium
concentration would expand the breakthrough curve [25,29]. Indeed, it is evident from
Figure 4 that reducing strontium concentration from 200 ppm to 100 ppm led to a
considerably enhanced column performance, where the 50% breakthrough occurred
around 400 bed volumes for the 100 ppm solution (as opposed to 70 bed volumes for 200
ppm in Figure 3). An increase in breakthrough time occurs due to the lower number of
ions per unit volume at 100 ppm, leading to a greater number of bed volumes being
processed until the material becomes exhausted. However, the performance difference is
greater than would be equated simply from the lower number of ions. In fact, the material
efficiency of the clinoptilolite is also much improved at the lower 100 ppm concentration,
with g. = 48.1 mg/g (from the MDR model, Table 1) which is around three times higher
than g of 200 ppm and consistent with maximum expected adsorption capacities from
batch studies [26].

The greater material efficiency for the lower 100 ppm strontium solution is assumed
to be due to the faster adsorption kinetics. Previous kinetic studies on strontium uptake
using clinoptilolite in batch systems have suggested the pseudo second-order rate
constant reduced by almost two orders of magnitude as the concentration increased from
5 to 300 ppm [26]. The reason for the faster adsorption kinetics at lower concentrations is
the reduced statistical competition between ions for exchange sites. The faster kinetics
coupled with the lower total amount of ions that must be removed in the 100 ppm system
results in large differences to overall column performance.

Figure 4 also shows the change in column performance for a residence time of 15 min
in comparison to 30 min, for the same 100 ppm of strontium concentration. By reducing
the residence time, the breakthrough curve is shifted to lower bed volumes, where the
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50% breakthrough point (Ce/Co = 0.5) is decreased to around 100 bed volumes. Testing
column residence time limits is industrially important, as obviously, reducing residence
times will also increase the effluent flowrate of solution (and increase process capacity)
while at the same time it will lower the contact time between the adsorbent and
contaminants [29,30,77]. In this case, the contact time is far too small at 15 min for efficient
material performance. In fact, it is observed from Table 1 that the g. for 15 min residence
time is only around 13-14 mg/g (taking an average between Thomas and MDR models)
and thus critically smaller than the value for 30 min at 100 ppm.

The effect of scale-up is also examined in Figure 4, with data for 100 ppm strontium
and a 15 min residence time for a double, 2 cm-diameter column (with the adsorbent depth
kept at 6 cm). The performance for the larger column was similar, although the 50%
breakthrough level and fitted g. values did increase slightly to around 128 bed volumes
and ~17 mg/g (average of Thomas and MDR values, see Table 1), respectively, for the 2
cm column. This result is similar to McCabe et al. [78], who used specific resins to remove
caesium and technetium from radioactive effluent waste in column ion exchange of
different sizes, where the results showed that the breakthrough kinetics were not changed
significantly. The slight reduction in performance from the smaller 1 cm diameter column
may be attributed to enhanced wall effects, most likely influencing local flow tortuosity
near the wall surface in relation to the bulk porous flow. It is noted also that similar
performance was evidenced for 2 cm column tests, where the volume of ion exchange was
conserved rather than the height (given in the Electronic Supplementary Materials, Figure
S5), highlighting a good consistency in the scale-up parameterisation. In general, for the
scale-up tests the MDR model was found to give a better fit to the collected breakthrough
data compared to the Thomas model (from R? values in Table 1), which is a similar finding
to that of other works [77,79,80], although differences between the models were minor.

3.2. Ion Exchange Performance Using an Agitated Tubular Reactor (ATR)

Breakthrough kinetic curves for the clinoptilolite incorporated within the agitator bar
of the agitated tube reactor (ATR) are presented in Figure 5. The results are given for two
comparative column lengths, 25 and 34 cm (noting the full reactor length is 35 cm) along
with resultant Thomas and MDR model fits, for 100 ppm strontium and a 15 min active
column residence time. In these conditions, it is reemphasised that the residence time is
that of the active ion exchange column and not the total reactor tube. Some data points for
the 25 cm trial at intermediate times were omitted due to some sampling issues that
occurred (however, data up to a breakthrough level of 70% and >90% were gained).
Linearised data for model fitting are presented within the Electronic Supplementary
Materials (Figure 56), where determined fit parameters are given in Table 2.
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Figure 5. Agitated Tubular Reactor (ATR) breakthrough data, along with Thomas and Modified
Dose Response (MDR) model fits, for strontium at a 100 ppm concentration and residence times of
15 min for two different bed lengths (25 cm and 34 cm).

Table 2. Fitted Thomas and Modified Dose Response (MDR) model parameters for agitated
tubular reactor (ATR) breakthrough tests. Sr** concentration was set at a 100 ppm concentration
and trials maintained a 15 min residence time along the active column length.

Experimental Parameters Thomas Model MDR Model
Bed Depth (em) Q (mL/min) Km (mL/mg.min) g.(mg/g) R> g.(mg/g) R?
25 7.102 0.094 1024 0993 1020 0.957
34 6.217 0.039 21.68 0987 21.32 0.939

From Figure 5, it is clear that the 34 cm-length column outperforms the 25 cm column
significantly (again noting that the residence time was 15 min through both lengths). The
25 cm adsorbent gives a 50% breakthrough level (Ce/Co = 0.5) of ~90 bed volumes, which
is around half that of the 34 cm length at 180 bed volumes. Correspondingly, the g. of the
25 cm column was determined as ~10.2 mg/g, which is also around half that of the 34 cm
column at ~21.5 mg/g (average of Thomas and MDR model values from Table 2). The
greater performance of the longer column is largely attributed to the larger column to
reactor ratio. Unlike in the static ion exchange columns, the ATR operates with the active
ion exchange (held within the agitator) completely submerged in the larger reactor tube,
which was initially filled with the strontium solution at the beginning of the extraction.
Therefore, for relatively small column lengths (low column to tube ratio) there is a large
number of solution metal ions initially held within the tube, which are washed out in the
initial start-up phase of the reactor. We believe the initial strontium ions in solution begin
to adsorb onto the clinoptilolite in this initial start-up, reducing the efficacy of the column.
To highlight this effect by changing the column to tube ratio, additional experiments were
conducted with a 12 cm column length (see Electronic Supplementary Materials, Figure
S7) which performed very poorly, where the 50% breakthrough level occurred after less
than 25 bed volumes.

The performance of the ATR is compared to the static columns in Figure 6 for 100
ppm strontium at a residence time of 15 min. Presented are the determined g. values from
the MDR model, for both 1 and 2 cm diameter () columns, in addition to the 25 and 34
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Figure 6. (a) The maximum adsorption capacity (g¢) and (b) number of bed volumes (BVs) for a 50% breakthrough (Ce/Co
=0.5) for both 1 cm- and 2 cm-diameter (&) static columns and the agitated tube reactor (ATR) for two different column
lengths. All the data for strontium are at a 100 ppm concentration and a 15 min residence time.

It is evident from Figure 6 that the 34 cm ATR column system considerably
outperforms both static column systems. The g. value is around 30% greater than the 2 cm
static column (and around 35% greater than the 1 cm diameter column), while the 50%
breakthrough level is increased to around 40% greater than the 2 cm column. This increase
in performance is assumed to be due to the lateral shear of the reactor causing enhanced
mixing between the fluid and the resin, increasing the adsorption kinetics from the purely
diffusion limited rate attainable in the static columns. Similar enhancements in mass
transfer have been evidenced in high centrifuge rotating bed reactors [50,51]; however,
the ATR has the advantage that the column residence times can be easily independently
controlled, giving additional operational flexibility and control for this type of intensified
system.

The increase in performance is even more considerable when the differences in the
process flowrate (Q) are analysed. As the 1 cm-diameter column has a much smaller
volume, the flowrate (at 0.314 mL/min) cannot be correlated directly to the ATR.
Nevertheless, the larger 2 cm column is of the same order of size, where the mass of the
static column is around half that of the 34 cm length ATR, while the process flow rate is
only ~1/6 that of the ATR (1.257 mL/min against 6.217 mL/min, respectively). Therefore,
for a comparative column volume, the ATR would achieve almost three times the volume
of treated liquid for a given time (because of its lower tube to column ratio). When this
increase in process liquid capacity is considered along with the enhanced material
performance from the lateral mixing, an industrial-scale ATR system would require a
significantly smaller footprint than traditional static columns, a key focus of process
intensification [35].

4. Conclusions

This study compared the performance of static column ion exchange with a process
intensified agitated tube reactor (ATR) for the separation of caesium and strontium ions from
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nuclear effluents using natural-grade clinoptilolite. In column ion exchange studies, it was
found that caesium had a ~10x greater removal efficiency than strontium with 200 ppm
solutions. Column performance envelopes were further evaluated using strontium systems,
where there was a significant improvement in the strontium removal when the concentration
was reduced to 100 ppm, with the 50% breakthrough level occurring after 400 bed volumes.
In comparison, minimising the residence time from 30 to 15 min reduced the 50%
breakthrough level to ~100 bed volumes. Scale-up parameterisation was also considered,
where doubling the column diameter to 2 cm resulted in a marginal relative increase in
performance. The breakthrough kinetic data of all systems were fitted with the Thomas and
Modified Dose Response (MDR) models, with adsorption capacities (ge) directly correlated to
previous batch adsorption experiments using the same systems [26]. It was highlighted that
for 30 min residence time conditions, 100 ppm strontium and 200 ppm caesium systems were
operating at close to the maximum adsorption capacity of the material, indicating optimum
column operation. For the intensified ATR comparison, two effective column lengths were
considered (25 and 34 cm), where the 34 cm length system was found to materially outperform
the static columns by ~30% (in terms of both g. and breakthrough values) due to the enhanced
mixing and adsorption kinetics from the lateral shear imparted in the ATR. Critically, the ATR
was able to operate at much greater relative flow rates of 2-3x those possible in static columns
due to the smaller column to tube volume ratio. Such performance increases would result in
a significant reduction in the overall industrial footprint of ion exchange columns, where the
ATR could be incorporated into mobile, modular units for nuclear effluent treatment with
flexible operating capacity.

Supplementary Materials: The following are available online at www.mdpi.com//5/1/9/s1: Figure
S1: Particle size distribution of clinoptilolite after sieving; Figure S2: The breakthrough of caesium
at 5 ppm initial concentration; Figure S3: Linearised column breakthrough fits for caesium and
strontium solutions at 200 ppm; Figure S4: Linearised column breakthrough fitting for strontium at
100 ppm; Figure S5: Experimental breakthrough data as well as Thomas and MDR fitting models
for strontium at 100 ppm concentration for two systems with identical residence times (15 min) and
the same adsorbent volume; Figure S6: Linearised breakthrough fitting data from the agitated
tubular reactor ATR; Figure S7: Preliminary breakthrough data from the agitated tubular reactor
(ATR) with a 12 cm column length (for 100 ppm strontium). Table Sla—e —raw dataset for column
breakthrough experiments. Table S2a,b raw dataset for ATR breakthrough experiments.
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