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Abstract Recovery of uranium in conventional ion exchange circuits, using strong
base or weak base resins containing quaternary or tertiary amine functional groups,
is based on an anion exchange mechanism. In saline liquors, chloride competes
with uranium for the active resin sites and reduces resin loading. This results in
significant negative impacts on the IX process in terms of plant throughput and
operating costs. In this paper we present the results of a study on the recovery of
uranium from an acidic in situ leach liquor containing approximately 9 g/L chlo-
ride. A range of resins was tested, and a high capacity strong base resin was
identified with significantly enhanced loading compared to conventional resins.
Other process-relevant criteria such as loading kinetics and elution efficacy are also
discussed. The process developed was successfully tested during a recent ion
exchange pilot plant operated in conjunction with a field-leach trial.
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Introduction

The Honeymoon Uranium Project is located in South Australia. A plant was
operated on the site by Uranium One between 2011 and 2013 using an in situ
recovery (ISR) process. The pregnant leach solution (PLS) contained relatively high
chloride concentrations, up to 10 g/L Cl, and a novel process using a mixed solvent
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was adopted to address this challenge. The mixed solvent suffered from a number of
drawbacks including a propensity for crud formation and poor phase disengagement
in stripping [1], in part due to iron transfer combined with the need for an alkali
stripping process [2]. Ion exchange (IX) technology is particularly well suited to
address these problems.

The main challenge with the application of IX to saline liquors is the resultant
depression in uranium loading on the resin. For example, 23–30 g/LWSR U3O8

loading was reported on strong base resin Duolite A101 DU for a fluidised CIX
pilot plant trial, using a feed of ∼250 mg/L U3O8 [3]. Experimental studies per-
formed more recently with macroporous SBA resin Dow Ambersep® 920, have
indicated that at equilibrium, a 50 mg/L U3O8 feed achieves a loading of
28 g/LWSR U3O8 with Ambersep® 920U SO4, and 21 g/LWSR U3O8, with the
larger size bead Ambersep® 920 U XL [4]. When chloride is present, the loading is
severely affected as highlighted by a study using SBA Dowex® 21 K XLT, where
equilibrium loading at 7.5 g/L Cl and 50 mg/L U3O8 was reported
as <10 g/LWSR U3O8 [5].

Fainerman et al. studied the potential of weak base anion (WBA) exchange
resins for the extraction of uranium from saline liquors and found that they are more
chloride tolerant than strong base anion exchange (SBA) resins that are routinely
applied for uranium recovery [6]. The study identified that whilst WBA resins
containing tertiary amines were effective up to chloride concentrations of approx-
imately 12 g/L, WBA resins containing more complex amine functionality were
effective at higher chloride concentrations (22 g/L Cl). For applications of moderate
salinity, ANSTO proposed a process combining the use of tertiary amine WBA
resins with NaCl elution and nanofiltration for eluant recycle [7].

Boss Resources has taken over the Honeymoon Project and is currently inves-
tigating options to restart the operation. The company has recently completed a
Pre-Feasibility Study [8] and carried out a Field-Leach Trial with an continuous
counter-current ion exchange (CCIX) pilot plant operated in parallel [9]. This paper
outlines results from a test work program conducted by ANSTO for BOSS
Resources, aimed at determining the most suitable resin for the extraction of ura-
nium from the saline ISR liquors. A range of resins was screened and their per-
formance with respect to loading, elution and kinetics assessed. The work
culminated with the operation of the ion exchange pilot plant at Honeymoon in
September 2017.

Materials and Methods

For the laboratory tests, a synthetic leach liquor was produced to simulate the
Honeymoon ISR leach liquor. The liquor composition is outlined in Table 1.
Commercially available resins were used, with properties as described in Table 2.
Resins were converted to sulfate form by contact with 1 M H2SO4 and not screened
prior to the tests.
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Resins were measured on a ‘wet settled resin’ basis [10]. For the chemical
equilibrium tests, the resin and aqueous solutions were contacted by bottle roll at
30 °C for 24 h at varying resin to liquor volumes. Uranium was doped into solution
in some points. For extraction kinetics experiments, a single bottle roll contact was
used with liquor sampled at regular intervals. A 27 mm inner diameter column
(80 mLWSR bed volume) was used for the loading experiments with pre-heated feed
liquor (30 °C) pumped down-flow. In the column based elution experiments, a
16 mm inner diameter jacketed column (15 mLWSR bed volume) was used and the
eluant was pumped down-flow. Liquors were analysed by ICP-OES, and resins
were analysed for uranium by Delayed Neutron Activation (DNA) analysis using
the OPAL reactor at ANSTO. Chloride concentrations in liquors and resin strip
solutions were determined by titration with AgNO3. During the pilot plant at
Honeymoon, liquors and resins were analysed by a portable XRF unit (Olympus
Innov-X X-5000). Selected liquor/resin samples were sent to ANSTO for analysis.

Table 1 Composition of liquor used for bench scale tests

Component Units Concentration Component Units Concentration

Al mg/L 290 U3O8 g/L 0.12
Ca mg/L 640 Na g/L 7.6
Total Fe mg/L 485 SO4 g/L 14.6
K mg/L 42 Cl g/L 8.8
Mg mg/L 600 pH 1.76
Zn mg/L 206 ORP (Ag/AgCl) mV 447

Table 2 Properties of resins used in the test work (as per supplier information)

Resin Functionality Matrix Capacity
(eq/L)

Particle size
(mm)

WBA
1

WBA
(tertiary amine)

Macroporous
polystyrene/DVB

1.8 0.5–0.6

WBA
2

WBA
(complex amine)

Macroporous
acrylate/DVB

3.4 0.4–1.25

SBA 1 SBA
(quaternary
ammonium)

Gel polystyrene/
DVB

1.3 0.52–0.62

SBA 2 SBA
(quaternary
ammonium)

Macroporous
acrylic

2.4 0.50–1.25
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Results and Discussion

Laboratory Extraction Isotherms

The extraction of uranium by several resins was characterised using loading curves
spanning a range of uranium concentrations encompassing the feed tenors expected
at the Honeymoon ISR operation. The resins selected included both a conventional
tertiary amine WBA resin (WBA 1) and a complex amine WBA resin (WBA 2).
The two SBA resins tested had different capacities and back-bones and did not have
conventional quaternary ammonium functional groups. The resins were selected
based on previous experience and all have shown an advantage in loading when
compared with conventional SBA resins. SBA 2 had only just been released at the
start of the project and had not previously been tested. It was included due to its
high capacity.

The results for the equilibrium extraction isotherms are shown in Fig. 1. SBA 2
exhibits a clear advantage in loading performance compared with the other resins,
reaching 57 g/Lwsr U3O8 at 100 mg/LU3O8 in solution, comparedwith the other resins
which loaded around 18–20 g/Lwsr U3O8. The resin loaded about 0.2–0.45 g/Lwsr Fe,
which shows that it is highly selective for uranium over Fe3+. The fact that the resin is
capable of loading that much uranium in the presence of almost 9 g/L Cl represents a
significant breakthrough for uranium processing using saline water sources.

The shape of the SBA 2 isotherm is quite steep, suggesting a strong interaction
between uranium and the resin in addition to the high capacity. While this is
advantageous in extraction, it also means that elution would be expected to be more
difficult. Of the other resins examined, SBA 1 and WBA 2 performed best at

Fig. 1 Uranium extraction isotherms from honeymoon leach liquor simulant pH (1.5–2.2),
8.8 g/L Cl, 30 °C
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elevated tenors (>100 mg/L U3O8), while SBA 1 and WBA 1 were better at lower
tenors. Thus, SBA 1 was the best performing of the other resins examined with
respect to equilibrium uranium extraction.

Laboratory Extraction Kinetics

Another important consideration for the ion exchange process is the kinetics of
extraction. The kinetics of extraction for the various resins tested is illustrated in
Fig. 2. Experiments were conducted as batch bottle roll experiments over a 24 h
period with liquor sampled at regular intervals during the first 8 h. The results show
that the order of decreasing extraction kinetics in terms of approach to equilibrium
extraction was SBA 1 > WBA 1 > SBA 2 > WBA 2.

Generally speaking, SBA resins extract uranium faster than WBA resins [11,
12], macroporous resins are kinetically quicker than gel resins [13] and resins with
smaller beads load faster than those with larger beads [11, 14]. SBA 1 and WBA 1
are both monodisperse resins with similar bead sizes (∼550 μm, with a uniformity
coefficient 1.1–1.2). Of the two, SBA 1 would be expected to be better kinetically
due to the strong base functionality. The other two resins are more polydisperse,
with uniformity coefficient of ∼1.7. SBA 2 and WBA 2 will therefore contain a
greater proportion of kinetically slow larger beads. The elongated tails evident in
the high loading tests for SBA 2 and WBA 2 could be due to slow penetration of the
larger beads.

Fig. 2 Uranium extraction kinetics from honeymoon leach liquor simulant pH (1.8), 8.8 g/L Cl,
30 °C
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Bench Scale Breakthrough Curve

Column-based breakthrough curves were obtained for each of the resins at a flow
rate of approximately 5 BV/h. The results are shown in Fig. 3, and highlight the
superior performance of SBA 2, which took approximately 360 BV to break
through to 5% of the feed concentration versus 130 BV for the next best performing
resin (SBA 1). The slope of the breakthrough curve was greatest for SBA 1,
followed by WBA 1, SBA 2 and WBA 2. This is consistent with the order of
extraction rate.

Bench Scale Column Elution

Ion exchange processes using SBA resins commonly use H2SO4 and NaCl for
elution [11, 12, 14]. Of the two, NaCl is more effective; but its use can introduce
chloride into recirculating liquors, which will have a deleterious impact upon
uranium extraction if not properly controlled. Nitrate elution is very effective and
has also been used in uranium IX circuits [14]. However, its use introduces similar
problems as chloride elution, with additional complications associated with nitrate
waste liquor disposal due to environmental concerns.

Fixed bed column elution experiments were conducted to explore potential
options for SBA 2, for which the elution characteristics were not known. Various
eluants were tested and the results are presented in Fig. 4. The results show that
elution with 1 M H2SO4 is ineffective, highlighting the very strong interaction

Fig. 3 Uranium breakthrough curves 30 °C, 4.5–4.8 BV/h
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between uranium and the resin in a sulfate environment. Elution with a total of 1 M
chloride (i.e. 0.1 M HCl + 0.9 M NaCl) was more effective, with a peak uranium
tenor of 4.0 g/L U3O8 for a loaded resin containing 38.6 g/Lwsr U3O8. However, the
elution profile was quite broad, and even after 20 BV the elution was not complete
(0.94 g/Lwsr U3O8 remaining on the resin).

Additional experiments were conducted to assess whether a further increase in
the feed chloride concentration would improve the uranium elution. The tests used
1.5 M total chloride with either 0.1 M HCl or 0.05 M H2SO4. The results (Fig. 4)
show that for sulfate free eluants, the elution peak was reached in fewer bed
volumes when using 1.5 M Cl than with 1.0 M Cl. This can most likely be ascribed
to higher chloride concentrations in the initial period of elution, when chloride
adsorption by the resin is strongest. It is also possible that the elution equilibrium is
more favourable for 1.5 M Cl.

Interestingly, the acid used to acidify the eluant had a significant impact on the
elution. The 0.05 M H2SO4 containing eluant was significantly less effective than
the 0.1 M HCl eluant. It was suspected that the cause of the difference is the resin’s
exceptional affinity for uranyl sulfate.

Continuous Counter-Current Ion Exchange Pilot Plant Site
Trial

The Honeymoon Field Leach Trial CCIX Pilot Plant was operated continuously at
site for a period of 10 weeks from Sep to Nov 2017, using live feed produced by
the Honeymoon field leaching trial (FLT). The plant consisted of 3 modules each
including 7 fluidised ion exchange contactors approximately 1 m in height. The

Fig. 4 Effect of chloride and sulfate concentration on fixed bed elution of SBA 1. Loaded resin:
37–39 g/Lwsr U3O8 Eluted at 1.0–1.1 BV/h, 30 °C
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contactors in each module were arranged as a cascade. The 21 contactors were
divided into loading (14 contactors) and elution (7 contactors). Each contactor
consisted of an annular space where the resin was fluidised, a central feed well and
a screened launder for screening of resin and liquor.

The feed consisted of blended PLS containing 50 mg/L U3O8, a tenor which was
historically typical for the site [1]. Later in the trial, a concentration of
75 mg/L U3O8 was also tested, but these results are not presented here. All the
liquors produced were returned to the FLT operation. Loading was conducted
continuously and in a counter current manner. The eluant consisted of 1.5 mol/L
NaCl and 0.1 mol/L HCl. Elution was also operated in a counter-current mode.
A short water wash of the resin in the lead contactor was conducted following
loading to minimise contamination of the eluate.

The results of the laboratory test work presented in this paper were modelled to
define the base case operating conditions. A summary of the operating conditions
are presented in Table 3. The loading and elution liquor to resin flow rate ratios
were 652 and 11, respectively. The elution circuit was operated for 0.83 h out of
every 6 h period, to allow for fluidisation of the resin bed under the lower flow
conditions of the elution circuit. The PLS generated by the FLT was blended to
maintain a constant feed concentration. The pH of the feed was lower than tested in
the laboratory work, but the chloride concentration was similar.

The results presented in Table 3 are based on 36 cycles, or approximately 9 days
of operation. The barrens concentration during this period averaged 4 mg/L U3O8,
equivalent to ∼92% extraction. During an 84 cycle operating period, corresponding
to 57% of the time the tenor of the feed to the plant was ∼50 mg/L mg/L U3O8,
higher extractions with barrens ≤ 1 mg/L were consistently achieved The loading
achieved was 28 g/LWSR U3O8, which was approximately 60% of the equilibrium
value.

Table 3 CCIX pilot plant conditions and performance

Description Units Value Performance Units Value

Loading

Feed flow L/h 533 PLS tenor g/L U3O8 0.049
Feed pH – 1.4 Barren g/L U3O8 0.004
Feed chloride g/L 8.1 Resin loading g/LWSR U3O8 28.3
PLS to resin ratio – 652 Extraction % 91.9
Loading cycle time H 5.75
ELUTION (1.5 M NaCl + 0.1 M HCl)

Eluant flow L/h 64.0 Eluted resin g/LWSR U3O8 1.58
Eluant to resin ratio – 11 Eluate g/L U3O8 2.44

Eluate Mg/L Fe 4–6
Elution % 97.7
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The resin loading achieved in this trial (∼28 g/LWSR U3O8) is comparable with
previously published pilot plant trial results with feeds containing no chloride and
in some cases higher uranium tenors.

A liquor and resin profile, sampled from the 14 contactors of the loading circuit
is presented in Fig. 5. The measured concentrations in both liquor and resin dis-
played good use of the entire length of the circuit. Also presented in Fig. 5,
alongside the sample profiles, are modelled results using equilibrium and kinetic
parameters estimated from laboratory test work data. The model gave a reasonable
fit of the plant data suggesting that pre-pilot plant modelling is very useful to predict
and set operating conditions for the plant.

The degree of elution consistently achieved was >97%, demonstrating that ura-
nium concentration <1 g/LWSR U3O8 on the eluted resin is possible. However, there
was limited opportunity to increase the eluate concentration above 2 g/L U3O8

without increasing the residual uranium in the eluted resin. Table 4 provides eluate
and eluted resin concentrations as a function of eluant to resin flow ratio for periods
of relatively stable operation. Further decrease in the ratio of eluant to resin flowrate
resulted in unacceptably high residual uranium remaining in the eluted resin. Future
work will focus on optimising and improving elution protocols to achieve higher
uranium concentrations in the eluate, while keeping the residual uranium in the
eluted resin at acceptably low concentrations. Additionally, a concentration step
such as nanofiltration can be employed prior to product recovery [15]. Interestingly,
the exceptional loading characteristics of this resin allowed for relatively low barrens
(<4 mg/L U3O8), at relatively high uranium in the eluted resin (2.4 g/LWSR U3O8).

The process showed good selectivity with respect to Fe, with concentration of Fe
in the eluate measured at 4–6 mg/L iron as compared to total Fe of 1 g/L in the
PLS. The eluate purity was reflective of the high selectivity of the resin towards
uranium.

Fig. 5 IX loading circuit profiles compared with modelled data
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Conclusions

In the course of a targeted test work program for BOSS Resources, a SBA resin
capable of effectively loading uranium in the presence of 9 g/L Cl was identified.
The resin exhibited exceptional loading characteristics and good selectivity over
ferric ions. Elution was tested and a mixed NaCl/HCl eluant was shown to be
effective. The resin was not amenable to sulfuric acid elution.

A continuous counter current ion exchange pilot plant was operated for
10 weeks to test the process and proved to be successful in achieving low barrens
(4 mg/L U3O8) and high resin loadings (28 g/LWSR U3O8). The eluate concentra-
tion was limited to ∼2.5 g/L U3O8, under the conditions tested in the pilot plant.

The results represent a significant improvement in the processing of uranium
ores using saline water sources.
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