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FOREWORD

Around the world, the demand for mineral commodities continues to grow; at the same time,
linear economy models are being transformed into circular ones. To ensure a steady supply of
inexpensive raw materials required for development, thermal processes capable of processing
resources that currently cannot be developed using traditional chemical processing might have
to be employed to process lower grade ores or yesterday’s mine wastes. These thermal mineral
extraction processes can be cleaner and can generate smaller quantities of waste than current
wet chemical processes, but they depend on the availability of large amounts of energy.
Currently, the unavailability of affordable and low carbon energy limits the sustainable
application of such thermal processes in extractive industries.

Thermal processes using high temperature nuclear heat or high temperature concentrated solar
heat could be a more sustainable and environmentally benign alternative to wet chemical
processing or fossil fuel fired thermal processes. Affordable, low carbon energy could enable
the production of higher quality end products from lower grade ores or mine tailings, which
could also improve the overall economics of the operation.

In this context, many mineral deposits contain low concentrations of accompanying uranium
and/or thorium that could be recovered and, after processing, used as nuclear reactor fuel. If the
amount of accompanying uranium/thorium is sufficient to provide energy for primary ore and
mine tailings processing and uranium/thorium recovery, as well as for other energy
requirements along the way, the process can be called an energy neutral mineral process. The
idea of energy neutral mineral processing was first developed at the IAEA and led to the
coordinated research project entitled ‘Uranium/Thorium Fuelled High Temperature Gas Cooled
Reactor Applications for Energy Neutral and Sustainable Comprehensive Extraction and
Mineral Product Development Processes’. Project participants generated basic data on the
availability and characteristics of various potentially suitable mineral resources and process
residues; determined and developed suitable technologies for the recovery of natural uranium
and thorium from some of these resources; and conducted conceptual and pre-feasibility studies
on appropriate thermal processes in which uranium/thorium fuelled high temperature gas
cooled reactors and concentrated solar power plants could provide the required energy for
mineral processing in the form of process heat.

The IAEA officers responsible for this publication were H. Tulsidas, P. Woods and
N. Haneklaus of the Division of Nuclear Fuel Cycle and Waste Technology and F. Reitsma of
the Division of Nuclear Power.
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1. INTRODUCTION
1.1 BACKGROUND

In contrast to the linear economy the circular economy aims to create closed-loop systems that
minimize resource input and waste creation. Realizing circular economy principles in mining
is challenging and presently limited to mine tailings utilization and reducing inputs of primary
materials as much as possible. Energy neutral mineral processing supports this approach to
mining by promoting processing of presently considered unconventional ores and mine
tailings that contain relevant concentrations of uranium and/or thorium. The basic idea behind
energy neutral mineral processing is that unconventional uranium (and/or thorium) is
recovered during primary ore/mine tailings processing for use as raw material to produce
nuclear reactor fuel. Energy neutrality is then reached if the extracted unconventional uranium
(and/or thorium) is used to generate energy equivalent to, or larger than, the amount of energy
required for mineral processing of the primary ore/mine tailings and uranium/thorium
extraction, -conversion, -enrichment and -fuel production. Figure 1 illustrates the very basic
idea of energy neutral mineral processing for uranium.

Primary Ore/Mine Primary Ore :
Tailings with Processing with Pr;:r'r:ggyugre
Accompanying Uranium Uranium Recovery

Electricity and Recovered
Process Heat Uranium
t Energy Neutral
Mineral Processing v
Nuclear Reactor Cg;?fgirl;?;n ]

Spent Nuclear Nuclear Fuel Uranium
Fuel Production Enrichment

FIG. 1. Brief overview of energy neutral mineral processing.

Extracted uranium, usually shipped as uranium ore concentrate (UOC), can be sent for
uranium conversion/enrichment and later for nuclear fuel production to a nuclear fuel
manufacturer in the same way that traditional uranium mines handle their product. Poly-
metallic mines such as the Olympic Dam mine in Australia (copper, uranium, silver, and gold)
are already in operation today. The efficiency of energy neutral mineral processing may
further be enhanced if the energy source is deployed in the vicinity of the processing plant and
even more so, if it is used to directly supply process heat for energy intensive mineral ore
development and/or supporting energy intensive operations such as water desalination. Spent
nuclear fuel from the energy source can be safely stored or reprocessed. The idea has the
potential to decarbonize a relevant share of the energy intensive mineral processing industry
that accounts for a considerable amount of anthroprogenic carbon emissions. Besides, mine
tailings with elevated uranium and/or thorium concentrations can pose a considerable risk to
local communities and the environment as well as an economic burden to the entities
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responsible for their management. In the longterm, processing such mine tailings is probably
the best solution to mitigating the mobilization of radiotoxic uranium and/or thorium.

1.2 OBJECTIVE

This publication summarizes the activities that were carried out under the IAEA coordinated
research project (CRP) (T11006) on “uranium/thorium fuelled high temperature gas-cooled
reactor applications for energy neutral and sustainable comprehensive extraction and mineral
product development” (UTHAM).

1.3 SCOPE

The scope of the CRP was to generate basic data on resource identification, unconventional
uranium/thorium recovery and non-fossil fuel powered thermal processing that is relevant to
Member States. These achievements are found in the case studies published here as well as
the other publications that resulted from the CRP that are listed in Annex I. Besides, the CRP
provided an indepth and often interdisciplinary analysis of energy neutral mineral processing,
or the feasibility of using nuclear reactors to provide process heat applications for the mineral
industry.

1.4 STRUCTURE

The CRP generated basic data on the availability and characteristics of various mineral
resources potentially suitable for energy neutral mineral processing that have been
summarized in Chapter 1: Resource Identification. Case studies were provided for Argentina
and the United Republic of Tanzania. Argentina is a particularly interesting case since
although the country has a very active nuclear program, conventional uranium mining is only
allowed in few provinces. Unconventional recovery of uranium could be particularly
interesting for Argentina since the recovery of radiotoxic uranium from intermediate products
such as fertilizers could be environmentally desirable while providing a domestic source of
uranium for the nuclear power program. The United Republic of Tanzania is an equally
interesting case in a way that the (unconventional) uranium concentrations in Minjingu
phosphate rock in the northern part of the country are among the highest in the world, higher
than for instance uranium concentrations in conventional uranium ore from Namibia.

Participants further determined and developed suitable technologies for the recovery of
unconventional uranium and thorium from some of these resources. These efforts were
summarized in Chapter 2: Unconventional Uranium/Thorium Recovery. Here Egypt and
Morocco provided case studies for unconventional uranium recovery from phosphoric acid,
an intermediate product during mineral fertilizer production. Both countries are among the
largest phosphate fertilizer producers in the world and also have considerable shares of the
world’s phosphate ore resources. The case studies provide meaningful introduction on how
unconventional uranium recovery can with little effort be already incorporated in existing
fertilizer production.

Lastly, participating experts conducted conceptual and pre-feasibility studies on appropriate
thermal processes in which low carbon energy sources such as thorium/uranium fuelled high
temperature gas-cooled reactors (HTGRs) or concentrated solar power (CSP) plants could
provide the required energy in the form of process heat for mineral processing. These efforts
have been summarized in Chapter 3: Thermal Mineral Ore Processing. India, Indonesia,



Malaysia, and Venezuela that operate or plan to operate energy intensive thermal mineral ore
processing operations provided meaningful case studies.

Figure 2 provides a graphic overview of the structure of this document.

Chapter1:
Resource Identification

Chapter 2: _
Unconventional Chapter 3:

Uranium/Thorium Recovery (Lo

FIG. 2. Structure of the document.






CHAPTER 1 CASE STUDIES ON RESOURCE IDENTIFICATION

1.1 ARGENTINA: PROSPECTING STUDIES OF UNCONVENTIONAL URANIUM IN
PHOSPHATE BASINS

Since the 1970s, the Argentinean Geological Mining Survey undertook systematic
prospecting studies to identify phosphate deposits in sedimentary basins. As part of these
studies, eighteen areas were delineated in various marine basins with phosphate potential,
comprising a total area of about 640 000 km? [1.1]. While these studies were still taking place,
a group of researchers of the Department of Geology of the University of Buenos Aires entered
a new phase of phosphates prospecting (mid-80s) with the study of new areas predominantly
focused on the genesis and paleo-depositional environments of phosphate-bearing deposits in
Argentinean basins. All the published information about these works, along with new data,
was compiled in a database which made it possible to define the main phosphate occurrences
and correlate them with the global phosphogenic events (Cambrian, Ordovician, Jurassic-
Cretaceous, Cretaceous-Paleocene, Miocene and Modern). [1.2].

In the framework of the IAEA Coordinated Research Project on “Uranium-thorium fuelled
HTGR applications for energy neutral sustainable comprehensive extraction and mineral
product development”, the National Atomic Energy Commission of Argentina (CNEA) and
the University of Buenos Aires, in co-operation with the National University of Salta, have
carried out the project denominated “Assessment of the uranium potential of phosphate rock
and testing low-grade phosphate ores extraction”. The project, whose main results are
summarized in this chapter, pursues the aim of accounting for a potential assessment of
unconventional uranium, thorium and rare earth element (REE) resources related to phosphate
rock. Moreover, it also strives toward a better understanding of how HTGRs can be used to
beneficiate and process these lower grade phosphate ores from Argentinean sedimentary
basins. [1.3].

General tasks carried out during the project, include both geological field work and specific
petrographic, mineralogical and chemical determinations at specialized laboratory facilities of
different institutions. Four field trips were carried out at different sites of phosphate-uranium
interest in order to perform geological characterization, sampling and ground gamma-ray
radiometric surveys.

Specific determinations can be summed up as following:

— Thin sections petrographic and mineralogical studies of phosphates;

— Ground gamma-ray total count data taken with a SRAT SPP2 Nal detector;

— Ground gamma-ray spectrometry data taken with a Radiation Solutions-230 BGO
detector and a Radiation Solutions-125 Nal detector;

— Chemical analyses by X ray fluorescence, carried out at CNEA laboratories and with
the NITON 3LX-THERMO portable device;

— Chemical determinations performed by Neutron Activation Analysis at the RA-3
CNEA Research Reactor facility.

The research project involved studies in three sedimentary basins, where lower grade
phosphate mineralization and uranium anomalies (up to approximately 200 ppm uranium)
have been detected. After completion of the evaluation of available information specific study
areas of the Ordovician North-Western Basin, Upper Jurassic - Lower Cretaceous Neuquén



Basin, and Paleocene - Miocene Patagonia Basin were defined. Figure 1.1 shows the location
of the basins in question at country scale.
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FIG. 1.1. Location map. Ordovician North-Western Basin, Upper Jurassic - Lower Cretaceous Neuquén
Basin, Paleocene - Miocene Patagonia Basin.

At the beginning of the project, the study has focused on the phosphate rock of the Ordovician
North-Western basin. On the basis of prior information two sites were selected within the
basin: Mojotoro Range (Salta Province) and Tilcara Range (Jujuy Province) which are located
approximately 1500 km and 1600 km away from Buenos Aires city (see Fig. 1.2).

Within the study area, six phosphogenic intervals were recognized in the Ordovician
succession; its Tremadocian to Floian part is composed of predominantly shales, sandstones
and coquinas characterized by higher content of P>Os; its Dapingian to Sandbian part is
composed of mainly sandstones with some fossil-rich shales and eventual phosphatics
coquinas with lower content of P,Os. The distribution of Ordovician phosphate deposits can
be linked to the paleogeographic basin evolution and to the temporal and spatial arrangement
of its phosphate-bioclastic accumulations [1.3].



455 450 4.5 6550 5% 25

a) North-Wastern Basin

¥ SAMPLE
—— FEDERAL ROAD
STATE ROAD

—— FEDERAL ROAD
—— STATE ROAD

FIG. 1.2. Studied North-Western Basin (a) with highlighted Tilcara- (b) and Mojotoro (c) site.

Two surveys were conducted in the selected sites that covered a total of nine stations.
Geological characterization, sampling and ground gamma-ray radiometric were implemented
on each station. Approximately 10 kg samples of phosphatic rocks, including all the
mineralized levels as well as the barren material as a background were placed into plastic
bags, labelled and sealed and were sent to the laboratories for specific analysis such as:
mineralogical determination, chemical characterization and an experimental study of integral
recovery of uranium and phosphorus.

Data of major, trace elements and some REEs for the studied phosphate samples were
obtained. The phosphorus grade ranges from 2.1% to 12.6% with an average of 5.8%. There
is a roughly positive correlation between phosphorus and uranium content (see Fig. 1.3). All
samples exhibit significant enrichment in Y, Sr, La, Yb, U, Th, Pb, Zr and REEs, if compared
to background/earth crust concentrations, which encourage further comprehensive extraction
tests (see Fig. 1.4).
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Fig. 1.3. Correlation between the concentration of phosphorus with uranium and thorium (by neutron
activation analysis).
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FIG. 1.4. Geochemical characterization of samples from the North-Western Basin by: a) Neutron Activation
Analysis and b) X-Ray Fluorescence.



At a second stage of the project, the focus has been on the Upper Jurassic - Lower Cretaceous
Neuquén basin. In the southern part of this basin. Two sites were selected for investigation:
the Cerro Salado site and the Vaca Muerta site, which are located in the Neuquén province,
approximately 1300 km away from Buenos Aires city (see Fig. 1.5)

The sedimentary phosphate occurrences are assigned to the Quintuco and the Vaca Muerta
Formations. The Vaca Muerta Formation consists of black shales with 20 m thickness and
bears early mid Berriasian ammonites. The Quintuco Formation consists of wackestones,
bioclastic rudstones and hybrid sandstones, is 218 m thick and bears middle Berriasian to early
Valanginian ammonites. The phosphate is present mainly in the form of nodules and to a lesser
extent in partially or totally phosphatized shells. This episode of phosphogenesis does
correspond with rising sea level and highstands in combination with low rates of clastic
sedimentation. In addition, such concentrations of phosphate particles are typical for periods
of reworking by waves due to the rise and fall of the sea level [1.1].
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FIG. 1.5. Studied Neuquen Basin (a) with highlighted Vaca Muerta- (b) and Ceno Salado (c) site.

A survey was conducted in the above-mentioned sites totaling seven locations where
geological characterization, sampling and ground gamma-ray spectrometry were
implemented. The methodology to study the samples was the same applied to those belonging
to the Ordovician North-Western Basin. The phosphorus grade ranges from 0,03% to 3.5%
with an average of 1.5%. The values are lower than average phosphate concentrations of the
Ordovician North-Western Basin. There is a strong positive correlation between phosphorus
and uranium content. The concentrations of major elements, trace elements and some REEs
of the studied phosphate samples is depicted in Fig. 1.6.
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FIG. 1.6. Geochemical characterization by: a) Neutron Activation Analysis and b) X-Ray Fluorescence of the
Upper Jurassic - Lower Cretaceous Neuquén Basin.

The final part of the project has been devoted to the characterization of phosphate rock of
Paleocene - Miocene Patagonia basin. The study area is located in Chubut province, close to
the towns of Trelew, Rawson and Puerto Madryn, approximately 1400 km away from Buenos
Aires city. In Fig. 1.7 location maps at different scales are shown.

The Patagonian phosphates are found in Early Miocene sediments of the Gaiman Formation
and equivalent strata. The Gaiman Formation is composed of a coarsening upward sequence
of mudstones, fine tuffs, tuffs, sandstones, tuffaceous sandstones and coquinas. These
sediments represent a storm-dominated shallow marine environment. Two types of phosphatic
levels were identified based on lithology and sedimentary environment: one consists of "in
situ" concretions which have developed within early transgressive highstand system tracts,
and the other is related to reworking and mechanical concentration of resistant particles such
as concretions, ooids, teeth, bones, etc., associated with transgressive surfaces.
Phosphogenesis of this period is related to the flooding of shelf environments with cold and
corrosive water mixed with warmer surficial water, probably because of the combined effects
of a global climatic transition and the increased oceanic circulation during the Late Oligocene
- Early Miocene [1.2].
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Within the study area, a survey was conducted covering a total of six locations where
geological studies, collecting 5 kg samples of phosphatic rock and ground gamma ray
radiometry were implemented. The phosphorus grade ranges from 4.6% to 8.2% with an
average of 6.6%. The value is similar to the average of the phosphate ore of the Ordovician
North-Western basin. Meanwhile, the concentration of uranium ranges from 50 to 192 ppm
averaging 130 ppm. This is within the common range of uranium concentrations (50-300
ppm) in marine phosphate rock deposits. The concentrations of major elements, trace elements
and some REEs for the studied phosphate samples are shown in Fig. 1.8.
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FIG. 1.7. Patagonia Basin (a) with highlighted Madryn- (b) and Gaiman (c) site.
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FIG. 1.8. Geochemical characterization by X-Ray Fluorescence of the Paleocene - Miocene Patagonia Basin.
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Since 1997, no uranium has been produced in the country, neither privately nor by the state,
while the uranium needs from operating nuclear power plants have been met with raw material
imports from abroad (i.e. Uzbekistan, Czech Republic, Kazakhstan and Canada). The
agricultural industry demands some 1200 000 t phosphate fertilizer per year, of which
approximately 75% is directly imported as mineral fertilizers and the remaining 25% is
produced domestically from imported phosphate rock at a plant near Buenos Aires city. For
example, in 2017 this plant processed approximately 300 000 t phosphate rock containing
between 68 and 122 ppm uranium. A recent study estimated the amount of uranium that could
theoretically be recovered from all phosphate fertilizers used in Argentina [3]. It is important
to note that to date no economically exploitable deposit of phosphate rock has been found in
Argentina and therefore commercial production of this material has not been carried out yet
either. Likewise, it can be mentioned that in the Neuquén and North-Western basins,
1 000 000 t P2Os have been evaluated as inferred resources, with grades between 2.5% and
6.3% P20s. Regarding the unconventional uranium resources contained in phosphates, they
have a low degree both of geological knowledge and confidence level of estimates. Besides,
P+U comprehensive recovery tests have only been carried out on a laboratory scale yet, and
therefore the respective technical feasibility and economic viability have not been established.
However, the existence of favorable basins and different mineralization models suggest
promising conditions to set up new projects to develop the phosphate potential in the country,
taking into consideration the perspective of uranium co-recovery from these sources.

The project carried out and described here is essentially prospective and provides basic
characterization studies that can guide future exploration activities in the basins under study
or in other areas of the country that have mining interest in uranium linked to phosphate
sediments. Likewise, other investigations at the level of characterization and comprehensive
recovery tests could focus on other unconventional sources of uranium such as porphyry
copper and carbonaceous shales.

Finally, it is noted that the IAEA project CRP on neutral uses of HTGRs would allow
accounting for a better understanding of heat processing of low-grade phosphates. It is thought
that this would aid to increase the socio-economic viability and technical feasibility to set up
productive projects in the long term This process would aid to increase the socio-economic
viability and technical feasibility to set up productive projects in the long term by providing
positive implications regarding food and energy security.
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1.2 UNITED REPUBLIC OF TANZANIA: URANIUM AND RARE EARTH ELEMENT
RESOURCES IN MINJINGU PHOSPHATE ROCKS, TAILINGS AND FERTILIZER
PRODUCTS

The United Republic of Tanzania is endowed with sedimentary-, igneous- and guano type
phosphate rock resources [1.4]. The country’s two principal phosphate rock deposits are the
igneous Panda Hill deposit in the southern part of the United Republic of Tanzania and the
lucastrine sedimentary Minjingu deposit in northern part of the United Republic of Tanzania
[1.5]. Agriculture contributes to more than 25% of the gross domestic product (GDP) and
employs around 75% of the labour force in the United Republic of Tanzania [1.6]. A large
ammonia and urea fertilizer plant is currently constructed at Mtwara in the southern part of
the United Republic of Tanzania with the goal to provide affordable fertilizer to farmers in
the United Republic of Tanzania and also to the East- and Southeast African countries starting
in 2022 [1.7]. At present, the Minjingu fertilizer plant is the only domestic source of mineral
phosphate fertilizer, producing some 100 000 t beneficiated phosphate rock per year for direct
use. 30 000 t fertilizer per year can be produced with a granulation plant [1.8]. This output
does not cover the 400 000 t fertilizer needed annually in the United Republic of Tanzania
[1.9].

According to the Minjingu Mines & Fertiliser Ltd. the Minjingu phosphate rock deposit
consists of a proven 10 000 000 t hard and soft phosphate rock with 29-30 wt% P>Os [1.8].
The soft phosphate rock consists of interbedded layers of soft and semi hard siliceous rock
which is mined and beneficiated into different types of fertilizers. Phosphate rock can show
elevated concentrations of trace elements [1.10, 1.11]. Minjingu phosphate rock show
particularly high uranium levels. Bianconi first reported a maximum uranium content of
680 ppm [1.12]. While there is presently no legal limit for uranium in fertilizers, the German
Commission for the Protection of Soils, proposed setting it to 50 mg U/kg P,Os[1.11] or 167
mg/kg uranium for fertilizer with 30 wt% P20Os. Besides Bianconi’s assessment, a similarly
high value of 9550 Bq kg™!'. ?*U or 767 ppm eU (uranium equivalent) was reported by
Mustonen and Annanmaki [1.13] for the uppermost phosphate rock layer, while reduced
radiation levels of 2850 Bq kg™! ?*Ra or 232 mg/kg eU was reported for the lower phosphate
rock layer. Makweba and Holm [1.14] who analysed ground phosphate rock, two fertilizers
(triple superphosphate and single superphosphate) and phosphogypsum from the Minjingu
mine reported concentrations of 337 and 377 mg/kg eU using alpha-spectrometry and 408 and
481 mg/kg eU using gamma ray spectrometry for ground phosphate rock. Banzi et al. [1.15]
complemented these works with activity measurements of phosphate rock, mine tailings, leaf
vegetation, cattle flesh, chicken feed and surface water as well as ambient radiation
background measurements around the Minjingu mine. Phosphate rock was assessed with
5760 Bq kg'! ??°Ra or 468 mg/kg eU and mine tailings with 4250 Bq kg! ?>°Ra or 346 mg/kg
eU. Renewed interest in the unique composition at the Minjingu deposit motivated this work
to systematically assess major elements (MgO, P>Os, CaO), heavy metals (Al, V, Cr, Fe, Mn,
Co, Ni, Cu, Zn, Ba, Pb), uranium and thorium as well as selected REEs (Y, La, Ce, Pr, Nd,
Sm, Eu, Gd, Dy, Ho, Er, Tm, Yb) in 10 Minjingu phosphate rock layers, four Minjingu mine
tailings and the five presently produced Minjingu fertilizer products.

After mining, Minjingu phosphate rock is concentrated in a way that unwanted material is
removed by handpicking. The remaining material is spread on the ground for sun drying. After
two to three weeks, the dried ore is inserted into an impact crusher, preliminary sieved and
passed into a hot air furnace in which the material is heated at 800—1000°C. The dried ore is
once more sieved before it is sent to gravity classification. Fertilizer powder that already has
a high P>Os content, is extracted after final sieving and applied directly on acidic soils in the
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United Republic of Tanzania, South Africa, Zambia, Kenya, Uganda and Rwanda [1.8]. After
gravity classification, fertilizer granules are produced in a granulation step. Lastly these
granules can be blended to obtain the final fertilizer products Mazao, Nafaka and Top
Dressing. Figure 1.9 provides a brief overview of the Minjingu phosphate rock process flow
with the red boxes indicating at which point samples were drawn. Samples were collected
from the phosphate rock (before hand-picking), the mine tailings, the fertilizer powder, the
fertilizer granules, and the final fertilizer products.
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FIG. 1.9. Minjingu phosphate rock process flow chart.

In total, samples from ten different phosphate rock layers (L0-9) were analysed for this study.
For each layer, ten 100 g dry samples were drawn, crushed, ground and oven dried at 100 °C
for 24 hours until a constant weight was reached, sieved in 150 um standard sieves and poured
into a bowl together with four spherical balls each of 3 mm radius, and inserted into a
pulverizer for homogenization. The pulverizer was operated at a speed of 150 rpm for
30 minutes for each sample. After homogenization, 50 g from each representative sample were
drawn and sent to Centre National de 1'Energie, des Sciences et des Techniques Nucléaires in
Morocco for Inductively Coupled Plasma-Mass spectrometry (ICP-MS) analysis. In the same
way, three samples of each of the four different types of tailings (T1-2) were analysed.
Samples from fertilizer powder, fertilizer granules and final fertilizer products (Mazao,
Nafaka, granules, powder and top dressing) (F1-5) were digested directly. Table 1.1 describes
the location of the 10 different phosphate rock layers (L0-9), 4 different tailings (T1-4) and
5 different fertilizer samples (F1-5) that were analysed in this study.
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TABLE 1.1. OVERVIEW OF THE ANALYSED SAMPLES

Sample Location

LO 0.0 m surface

L1 2.0 m phosphate layer (hard rock)
L2 2.5 m phosphate layer (soft rock)
L3 3.5 m phosphate layer (semi hard rock)
L4 4.5 m phosphate layer (soft rock)
L5 5.0 m phosphate layer (semi hard rock)
L6 6.0 m phosphate layer (semi hard rock)
L7 7.0 m phosphate layer (soft rock)
L8 8.0 m phosphate layer (semi hard rock)
L9 9.0 m phosphate layer (semi hard rock)
Tl Contaminated soil (surface)

T2 Overburden (surface)

T3 Tailing hip 1 (surface)

T4 Tailing hip 2 (surface)

F1 Fertilizer powder

F2 Fertilizer granules

F3 Mazao fertilizer

F4 Nafaka fertilizer

F5 Top dressing fertilizer

50 mg of each sample were digested in an acid mixture (3 mL HNO; ultrapure 60% + 5 mL
HF 40%) at high pressure and temperature by microwave SPEEDWAVE4 (BERGHOF).
After cooling, the liquid was transferred quantitatively in 50 mL flasks and filled to the desired
volume with high purity water. Nitric acid and ultra-pure hydrofluoric acid were purchased
from Merck. The measurements were conducted using the XSERIES 2 ICP-MS Thermo
Fischer Scientific. The spectrometer has been optimized to provide the minimum values of
CeO"/Ce" and Ba2*/Ba" and optimal density of analyses. External calibration was performed
using single-component CertiPrep SPEX solutions and lanthanoids of the ASTASOL mixture
(AN 9088 (MN)). The correlation coefficient for all the calibration curves was 0.99. SRM 694
Western Rock Phosphate (National Institute of Standards and Techniques, Gaithersburg, MD,
USA) was used as standard reference material to verify the accuracy of the method. Rh 0.01
mg/L and Ir 0.01 mg/L were used for internal procedures. The results of this study are

15



presented in Fig. 1.10 (phosphate rock), Fig. 1.11 (mine tailings) and Fig. 1.12 (final fertilizer
products). The major elements measured in phosphate rock were MgO, CaO and P>Os as
shown in Fig. 1.10.
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FIG. 1.10. Major elements in Minjingu phosphate rock process.

The average concentration of major elements of concern in the phosphate rock include MgO,
CaO and P20s. The concentrations of major elements in Minjingu phosphate rock, tailings and
fertilizers were assessed, based on criteria of saleable phosphate rock conditions, high P>Os
content (>30%), low CaO/P,0s ratio (<1.6) and low MgO content (<1%) [16]. The average
concentration of P>Os in the phosphate rock layers is about 10%. The concentration of MgO
ranges between 1% and 4% which is slightly higher than the recommended value of 1%. The
ratio of CaO/P»0s ranges between 0.5 and 1.5, while the average at 1.16 is comparable to the
required values for other commercial phosphate rock. Moreover, the concentration of P2Os is
less than 30%. This requires ore upgrade either through the wet or the thermal process. The
concentrations of MgO, CaO and P>Os were determined from mine tailings and overburden
stockpiled around the mine area as shown in Fig. 1.11.
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FIG. 1.11. Major elements in Minjingu tailings.

The average concentration of P>Os in mine tailings is 6%, which is comparable to that of semi
hard phosphatic layers.

The Minjingu phosphate mine and fertilizer company produce five types of fertilizers from
Minjingu phosphate rock. The phosphate fertilizers produced are Mazao, Nafaka, powder,

granules, and top dressing. The concentrations of MgO, CaO and P>Os were determined as
indicated in Fig. 1.12.
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FIG. 1.12. Major elements in Minjingu phosphate fertilizers.
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The average concentration of P20Os is 13%, which is less than the minimum recommendable
concentration of >30% for commercial phosphate fertilizers. However, it has been reported
that Minjingu phosphate fertilizer is agronomically effective for direct application in acid
soils, similar to superphosphate fertilizer [1.17]. The concentrations of uranium and REEs in
Minjingu phosphate rock, mine tailings and final fertilizer products were determined as shown
in Figs 1.13, 1.14 and 1.15 below.
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FIG. 1.13. Rare earth elements (REEs) and uranium concentrations in Minjingu phosphate rock.

The concentrations of uranium and REEs in mine tailings were determined and are presented
in Fig. 1.14.
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FIG. 1.14. Rare earth elements (REEs) and uranium concentrations in Minjingu mine tailings.
The mine produce five types of fertilizers from Minjingu phosphate rock. The phosphate

fertilizers produced are Mazao, Nafaka, powder, granules and top dressing. The
concentrations of MgO, CaO and P,0Os were determined as indicated in Fig. 1.15.
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FIG. 1.15. Rare earth elements (REEs) and uranium concentrations in Minjingu final fertilizer products.
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The uranium concentrations in Minjingu phosphate rock and fertilizers range from 149 to 659
ppm with an average of 387 ppm. Previous estimates on an average uranium concentration of
390 ppm in Minjingu phosphate rock agree well with the results of this study. The Minjingu
Mines & Fertilizers Ltd. reports that the annual phosphate production is about 100 000 t. This
means that some 39 t uranium are mined as an accompanying element at the Minjingu mine
each year. The available and recoverable amount of uranium that can be recovered from the
10 Mt of Minjingu phosphate using state of the art techniques, were estimated and are
presented in Table 1.2.

TABLE 1.2. UNCONVENTIONAL URANIUM (U) RESOURCES AT THE MINJINGU PHOSPHATE ROCK
DEPOSIT IN THE UNITED REPUBLIC OF TANZANIA.

Phosphate rock resources  Estimated U concentration Estimated U content Estimated recoverable U

10 000 000 t 390 ppm 3900 t 2359t

The observed difference between the available and recoverable uranium from Minjingu
phosphate rocks are based on the assumption that 72% of the phosphate production, is devoted
to phosphoric acid with an overall recovery rate of 84%.

Minjingu phosphate rock is mostly used for direct application, so that extracting radiotoxic
uranium may not only be relevant from a resource conserving point of view, but also be
beneficial for the environment and in particular for human health. The renewed interest in the
unique composition of Minjingu phosphate rock motivated this work to systematically assess
uranium and REEs in 10 Minjingu phosphate rock layers, 4 Minjingu mine tailings and the 5
presently produced Minjingu final fertilizer products.

In addition to uranium, Minjingu phosphate rock contains significant concentrations of REEs.
As part of this work, average REE concentrations of above 500 ppm were measured in several
Minjingu phosphate rock layers and mine tailings. This means that the Minjingu plant could,
in addition to phosphoric acid, produce significant amounts of unconventional uranium and
REEs which could enhance the economy and the GDP of the United Republic of Tanzania.
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CHAPTER 2 CASE STUDIES ON UNCONVENTIONAL URANIUM
AND THORIUM RECOVERY

2.1 EGYPT: URANIUM RECOVERY WITH LOW-COST AL>O3;-GRAFTED
KAOLINITE

Uranium is a radiotoxic element that is present in our environment. It can enter water bodies
as a result of leaching from natural deposits, release from mine- and mill tailings, emissions
from the nuclear industry, the combustion of coal [2.1] and other fuels as well as in the use of
mineral fertilizers that can contain considerable amounts of accompanying natural uranium
[2.2]. Chemical precipitation, ion exchange, liquid membrane extraction, solvent extraction
(SX) and adsorption are the methods commonly used to remove uranium from wastewaters.
Adsorption is one of the most effective methods for the removal of uranium (VI) from liquid
waste, frequently reaching recovery efficiencies well above 90%. Three types of adsorbents
can be differentiated: natural and modified clay minerals, synthetic adsorbents and bio-
sorbents. Natural and modified clay minerals may have an advantage over the other mentioned
adsorbents, in a way that they can be easily obtained at low prices, while showing high
chemical stability during the adsorption process.

Three or four main groups of clays: kaolinites, montmorillonite-smectites, illites, and chlorites
are usually differentiated. Chlorites are sometimes classified as a separate group within the
phyllosilicates. Roughly 30 different types of pure clays exist in the aforementioned
categories. Uranium (VI) adsorption was investigated by numerous researchers, using pure
clays as well as naturally occurring clays, that contain mixtures of different clay types, along
with other weathered minerals.

This work investigates uranium (VI) adsorption, using Al,Os grafted kaolinite. Kaolinite and
kaolin (natural rocks rich in kaolinite) have been used before for uranium (IV) adsorption
from aqueous solutions. Payne et al. [2.3], Krepelova et al. [2.4] as well as Sachs and Bernhard
[2.5] investigated uranium (IV) adsorption with treated Georgia kaolinite. Guerra et al. [2.6,
2.7] treated Amazon kaolinite and Campos et al. [2.8] natural kaolinite from Portugal.
Chemically pure kaolinite was further treated in numerous ways and used for uranium (VI)
adsorption from aqueous solution [2.9-2.15]. Ohnuki et al. [2.16] further accumulated
uranium (IV) by a bacteria in a slurry of kaolinite clay. Additionally, Gao et al. [2.17] and
Taha et al. [2.18] investigated uranium recovery from intermediate products of the phosphate
fertilizer industry, using treated kaolinite materials.

In this work low-cost adsorbents, fabricated from aluminium oxide (Al,O3) grafted kaolinite
that can remove uranium (IV) from an aqueous solution, are presented. The influence of
contact time, solution pH, initial uranium concentration, adsorption temperature and adsorbent
amount on the adsorption of uranium (VI) ions from a uranium standard solution was
examined. The aforementioned experiments were used to determine optimized process
conditions that can be used for the treatment of an exemplary liquid waste sample with 100
mg/L uranium.

A uranium standard solution assaying 1000 mg/L was prepared by dissolving 0.1782 g uranyl
acetate [UO; (CH3C0OO)2.2H>0] (purchased from BDH Chemicals Ltd. Poole, UK) in 100
mL distilled water. An actual liquid waste sample (raffinate solution) that was provided by
the Uranium Purification Unit of the Nuclear Materials Authority of Egypt was further used
for the experiments. The chemical composition of the waste sample is provided in Table 2.1.
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TABLE 2.1. CHEMICAL COMPOSITION OF THE PROVIDED LIQUID WASTE SAMPLE (RAFFINATE
SOLUTION).

Constituent Content
Fe203 0.60 g/L
HNO:; M
U 100 mg/L
Ca? 1.9 g/L

Uranium was analysed, using the Arsenazo-III spectrophotometric method described by
Marczenko [2.19]. The absorbance of the formed uranium Arsenazo-III complex was
measured at 650 nm against proper standard solutions using a Perkin-Elmer, USA UV/VIS
spectrophotometer. SO4>" and Fe*" were determined spectro-photometrically. The initial pH
of the working solution was adjusted using a buffer solution.

Commercial kaolinite clay samples were obtained from the Al-Amier Ceramic Company,
Egypt. The chemical composition of the kaolinite samples is provided in Table 2.2.

TABLE 2.2. CHEMICAL COMPOSITIONS OF THE PROVIDED KAOLINITE SAMPLES.

Constituent wt%
Si02 52.65
ALlOs 28.31
Fe203 4.71
TiO2 1.54
CaO 0.31
MgO 0.18
Na,O 0.19
Loss of ignition 11.27

Obtained kaolinite samples were crushed, ground and sieved to grain sizes of 90 um, using
the American Standard Test Sieve Series. Samples were subsequently analysed using X-ray
powder diffraction (XRD). Figure 2.1 shows the XRD pattern of the kaolinite samples.
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FIG. 2.1. XRD pattern of the natural kaolinite samples.

Kaolinite samples were grafted using Al>,O3, following the description provided by Ding et al.
[2.20] who grafted natural clay with NiO. The grafting process involved the following steps:
10 g of the dried clay was added to 100 mL of a 0.5 M AICI3 solution and mixed carefully for
about 10 min. Then, 100 mL of 1 M NaOH solution was gradually added to the mixture. The
resulting mixture was left to react for 1 hour under energetic stirring at 70°C. Subsequently
the kaolinite clay was repeatedly washed (to be nearly neutral), centrifuged and dried at
105°C. Finally, the dried clay was ground into powder form and heated in air at 600°C for
1 hour in a muffle furnace.

A series of batch experiments were conducted with the standard uranium synthetic solution,
to understand the effect of the contact time, ph, initial uranium concentration, temperature,
and adsorbent amount on the adsorption performance. The attained results were used to
determine Langmuir- and Freundlich isotherms. All adsorption experiments were performed
by mixing 0.01 g of the grafted kaolinite with 15 mL of the uranium synthetic solution (of 100
mg/L initial uranium concentration) using a magnetic stirrer. The adsorbed amounts of
uranium were determined by comparing differences between the equilibrium concentrations
and the initial concentrations. The amount of uranium retained in the solid phase, q. [mg/g]
was calculated using the following equation:

|74
Ge = (Co = Ce) — 2.1)
where

Co and C. are the initial concentrations [mg/L] and the equilibrium concentrations [mg/L] of
the uranium;

VL] is the volume of the aqueous phase;
m [g] is the weight of the grafted clay material.

The per cent of ions that were successfully removed from the aqueous phase can be calculated
using the following equation:

Uranium adsorption % = COC;OCE 100 (2.2)

The distribution coefficient (K4) of uranium between the aqueous bulk phase and the solid
phase was calculated using the following equation:
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Co—Co V
CO m

K; = (2.3)

To elute (desorption process) the loaded uranium from the grafted kaolinite, the kaolinite was
first washed with a diluted nitric acid solution that had a molarity equal to that of the working
liquor. Afterwards, several eluents (ascorbic acid, citric acid, H>O, HCI, HCI and NaCl
acidified by H2SO4) were tested. Uranium distribution in this study was done using the hydra-
medusa chemical equilibrium software.

The effect of the contact time was examined by contacting a fixed mass (0.01 g) of the grafted
kaolinite with the uranium solution (15 mL) having a concentration of 100 mg/L. Experiments
were conducted at room temperature with a pH =4 and a volume phase ratio of 0.66 g grafted
kaolinite per litre solution. The studied time intervals ranged from 1 to 180 min. Results are
depicted in Fig. 2.2.
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FIG. 2.2. Effect of the contact time on the uranium adsorption efficiency.

After 15 minutes contact time the uranium adsorption efficiency is approximately 55%.
Further increasing the contact time to 60 minutes, increases the uranium adsorption efficiency
to approximately 84%. This efficiency could further be increased to 89% after 90 min contact
time. After 90 min contact time, the absorption efficiency could not be further increased.

The influence of the pH of the solution on the uranium adsorption of the grafted kaolinite was
examined, using a fixed mass of grafted kaolinite (0.01g) and a fixed volume (15 mL) of the
prepared standard uranium solution (100 mg/L) again at 25°C for 90 min. A volume phase
ratio of 0.66 g grafted kaolinite per litre solution was chosen. The examined pH values ranged
from 0.6 to 8.2. The determined uranium adsorption efficiency, dependent on the pH of the
solution and is shown in Fig. 2.3.
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Fig. 2.3. Effect of the pH of the solution on the uranium adsorption efficiency.

Results depicted in Fig. 2.3 shows that the uranium adsorption efficiency increases gradually
with increasing pH values until pH = 4 is reached, at which point the uranium adsorption
efficiency reaches a maximum of approximately 85%. At pH = 6 the uranium adsorption
efficiency slightly deceases to about 82%. The last experiment was conducted with pH = 8.2
and a uranium adsorption efficiency of approximately 80%. These results show that a
relatively wide pH range from ph = 4 to pH = 8 results in good uranium adsorption
efficiencies.

Uranium adsorption is strongly dependent on the pH of the solution. At low (<4) pH values,
the number of H30" ions exceed the numbers of UO,%" ions several times and the surface is
most likely covered with H3O" ions that reduce the number of binding sites available for the
adsorption of UO,%" ions. At high (>4) pH values on the other hand, more H;O" ions leave the
clay mineral surface, making the sites available for a cation exchange with the UO»?" ions, so
that hydrolysis precipitation can start, due to the formation of complexes such as UO»(OH)",
(UO2)2(OH)2**, (UO2)3(OH)s** and (UO2)(OH)., in the aqueous solution that increases
uranium (VI) adsorption [2.21-2.25].

The aqueous speciation distribution of uranium was calculated, using hydra-medusa and
results are shown in Fig. 2.4. The results indicate that the complexes of UO2(NO3)" and UO,*"
were the predominant species at the pH range of 0—4 with a mean total per cent of 34% and
66% respectively. U-hydroxide complexes start to dominate the aqueous phase at pH near 3
of (UO2)2(OH)2** and (UO2)OH**. AtpH 4.5, the UO2(OH)2.H20(c) became the major species
with about 100% of total concentration at pH range from 5 to 12, while at pH 11, UO2(OH)3
and at pH 13 and UO»(OH)s> became the major species with nearly 100% of the total
concentration.
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FIG. 2.4. Expected aqueous speciations of U(VI) as a function of pH calculated using the hydra-medusa
equilibrium calculation program.

The effect of the initial uranium concentration on the uranium adsorption of the grafted
kaolinite was determined, using the fixed mass of grafted kaolinite (0.01 g), and a fixed
volume (15 mL) of prepared standard uranium solution (100 mg/L) at 25°C for 90 min. A
volume phase ratio of 0.66 g grafted kaolinite per litre solution was chosen.

The studied initial uranium concentrations ranged from 100 mg/L to 600 mg/L. The obtained
results are shown in Fig. 2.5. The uranium adsorption efficiency decreases significantly with
an increasing initial uranium concentration. For the efficient use of the grafted kaolinite
material, the initial uranium concentration in a liquid waste best does not exceed 100 mg/L.
The obtained data further indicates that the capacity of the grafted kaolinite adsorbent is
approximately 100 mg uranium per g.
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Fig. 2.5. Effect of the initial uranium concentration on the uranium adsorption efficiency.

Several common adsorption isotherm models were considered to fit the attained isotherm data
under the equilibrium adsorption of the grafted kaolinites. Most common examples of these
models are Langmuir, Freundlich and Dubinin-Radushkevich (D-R) isotherms. The Langmuir
model assumes that the adsorption occurs uniformly on the active sites of the sorbent, and
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once a sorbate occupies a site, no further sorption can take place at this site. The Langmuir
model is commonly expressed by Eq. (2.4) [2.26-2.28].
N

= 24
de bQq Qo ( )

where

Qoand b the Langmuir constants, are the saturated monolayer sorption capacity and the
sorption equilibrium constant, respectively.

A plot of Ce/qe versus Ce would result in a straight line with a slope of (1/Q,) and intercept of
1/bQ, as shown in Fig. 2.6. The Langmuir parameters given in Table 2.3 can be used to predict
the affinity between the sorbate and sorbent using the dimensionless separation factor Ry that
is provided in Eq. (2.5).

R, =— (2.5)

T 1+b

The Ry value indicates the type of isotherm to be irreversible (Rp = 0), favourable (0<R_<1),
linear (Rr = 1) and unfavourable (R.>1). The values of Ry for the adsorption of uranium (VI)
onto the grafted kaolinite material are shown in Fig. 2.6. Results shown in Fig. 2.7 indicate
that the adsorption of uranium (VI) is more favourable at higher initial uranium (VI)
concentrations than at lower concentrations.
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FIG. 2.6. Langmuir isotherm indicating the adsorption of uranium on the grafted kaolinite material.
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FIG. 2.7. Separation factor Ry of uranium (VI) adsorbed on the grafted kaolinite material.
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In the Freundlich isotherm the adsorbed solute at equilibrium, qe, is related to the
concentration of solute in the solution, Ce, as shown in Eq. (2.6):

Qe = KpC,M" (2.6)

This expression can be linearized as following:

1
logq, = logKr + (Z) log C, (2.7)
where

Kr and n are the Freundlich constants which represent sorption capacity and sorption intensity.

A plot of (logg.) versus (logC.) would result in a straight line with a slope of //n and intercept
of log Kr as shown in Fig. 2.8. The respective Freundlich constants are also provided in
Table 2.3.
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FIG. 2.8. Freundlich isotherm for adsorption of uranium on the grafted kaolinite material.

The Dubinin-Radushkevich (D-R) isotherm model was applied to the data, to better
understand the heterogeneity of the surface energies of adsorption and the characteristic
porosity of the adsorbent. The linear form of the D-R isotherm is given by the following
equation:

Ing, = Inqy — B &* (2.8)
where

gm 1s the maximum mass of ions that can be sorbed onto a unit weight of the grafted
kaolinite material, i.e. sorption capacity (mg/kg);

S is the constant related to the sorption energy (mol*/kJ?);
€ is the polanyi potential = RT In(1 + 1/Ce);

R is the gas constant (mol/kJ);

T is the absolute temperature (K).

The mean free energy of sorption can be calculated using the following equation:

1
Ea = %(—2!?)

(2.9)

30



The D-R plots of Inge versus &? for the sorption of uranium ions on the grafted kaolinite are
shown in Fig. 2.9. Linear regression analysis using pairs of Inge and &* resulted in the
derivation of g, f and the correlation factor (R?). These parameters are listed in Table 2.3.
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FIG. 2.9. Dubinin-Radushkevich (D-R) isotherm for adsorption of uranium on the grafted kaolinite material.

When comparing the determined isotherms with the experimental data, the Langmuir provided
the best fit, followed by the D-R isotherm and the Freundlich isotherm.

TABLE 2.3. LANGMUIR, FREUNDLICH AND DUBININ-RADUSHKEVICH (D-R) ISOTHERM
PARAMETERS FOR URANIUM ADSORPTION ON THE GRAFTED KAOLINITE MATERIAL.

Langmuir model parameters Freundlich model parameters D-R model parameters
Qo Kr E
b [L/ R | v R? P/KJ? Qnm ads :
[mg/g] [L/mg] " [mg/g] Blmob/k] - oke]  [kimol|
95.23 0.14 0.99 0.06 65.29 0.93 9 x 107 91.51 1 0.92

The effect of the temperature on the uranium adsorption of the grafted kaolinite was
determined using the fixed mass of grafted kaolinite (0.01 g) in a fixed volume (15 mL) of
prepared standard uranium solution (100 mg/L) at 25°C for 90 min. Again, a volume phase
ratio of 0.66 g grafted kaolinite per litre solution was chosen. Several experiments were carried
out at different temperatures ranging from 25 to 60°C. The experimental results are presented
in Fig. 2.10. The obtained results indicate that the uranium adsorption efficiency was not
affected by the applied temperatures.
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FIG. 2.10. Effect of temperature on the uranium adsorption efficiency.
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From an economic point of view, it is desirable to use as little adsorbent material as possible.
The influence of the adsorbent amount on the uranium uptake is shown in Fig. 2.11. A series
of adsorption experiments was conducted, using different adsorbent doses ranging from 0.25 g
to 2.66 g grafted kaolinite per litre solution. The uranium standard solution (100 mg U/L at
room temperature with 90 min shaking time and pH = 4) from previous experiments was used
again for this analysis. The obtained results show that the adsorption efficiency decreases with
an increasing adsorbent amount (adsorbent dose). This observation is most likely the result of
increased aggregation. Consequently, the available adsorptive capacity of adsorbent is not
fully utilized at higher adsorbent doses.
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FIG. 2.11. Effect of the adsorbent amount on the uranium adsorption efficiency.

Desorption (elution) of uranium from the loaded grafted kaolinite material was studied by
contacting a loaded amount (0.01 g) of loaded grafted kaolinite with ascorbic acid, NaCl
acidified with H2SO4, HCI, water and citric acid. The elution efficiency was calculated by the
change between the initial and the final concentration of uranium. The results of desorption
experiments are shown in Fig. 2.12. Ascorbic acid achieved the best results eluting about 95%
of the loaded uranium.

0.1 M ascorbic acid

1 M NaCl acidified with 0.1 H2SO4
0.1 M HCI

H20

0.1 M citric acid

Elution Efficiency [%o]

FIG. 2.12. Elution yields using different eluent reagents.

The Fourier-transform infrared spectroscopy (FT-IR) patterns of the grafted kaolinites before
and after uranium (VI) adsorption are compared in Fig. 2.13. Before the uranium adsorption,
the O—H stretching vibration transpired at 3775.72 and 3515.93 cm™'. This may be credited to
the silanol (Si—OH) group and water molecules (H-O-H) on the surface. The band at
1598.99 cm™! for the bending of AI-O-H and the stretching occurred in the band at
1081.1 cm™!. The bands for AI-O-Si stretching and bending vibrations were at 818.9 and
460.1 cm'[2.29]. After the adsorption of uranium (VI), the bands of most groups had changed
in their amplitudes and locations. The O—H stretching vibration bands shifted from 3515.9 to
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3485.62. In the meantime, the adsorption intensity greatly decreased which indicates that the
—OH group played an important role in the creation of the uranium bonds. We further observed
that a new peak appeared at 1384.5 cm™!. This may be the characteristic peak of the uranyl
ions adsorbed onto the grafted kaolinite material [2.30].

FIG. 2.13. Fourier-transform infrared spectroscopy (FTIR) analysis of the grafted kaolinites before and after
uranium adsorption experiments.

Scanning electron microscope (SEM) images of the grafted kaolinites before and after
uranium (VI) adsorption are presented in Fig. 2.14. Before uranium (VI) adsorption (Fig.
2.14a on the lefthand side) the surface of the grafted kaolinite was smooth and can be
described as neat and uniform. After uranium (VI) adsorption (Fig. 2.14b on the righthand
side) the surface became lumpy and covered with materials containing uranium. We also
observed that there were some cleavages and small openings after adsorption. The latter
observations may be due to the rehydration of the grafted kaolinite in the aqueous solution
which resulted in the improvement of the d-spacing [2.31].

FIG. 2.14. Scanning electron microscope (SEM) analysis of the grafted kaolinites before (A) and after (B)
uranium adsorption experiments.

The reliability of the attained data on the successive usage of the adsorbent was confirmed by
equilibrating 0.5 g of the grafted kaolinite with a 400 mg/L uranium solution under improved
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experimental conditions. The desorption was carried out (using 0.1 M ascorbic acid) and the
uranium concentration was assessed in each case. The results attained on a successive usage
of the same grafted kaolinite sample showed reproducible results with a standard deviation of
-3.89% after eight adsorption-desorption cycles. The obtained data suggest very good
reusability of grafted kaolinite adsorbent. Based on the obtained results, optimum adsorption
conditions for the grafted kaolinite material are summarized in Table 2.4. Such optimum
adsorption conditions may be most valuable for an economic assessment of using the grafted
kaolinite adsorbent for liquid waste treatment.

TABLE 2.4. PREFERRED PROCESS CONDITIONS FOR URANIUM ADSORPTION USING THE
GRAFTED KAOLINITES

Parameters Optimum conditions

pH 4

Contact time 90 min

Initial uranium concentration 100 mg/L

Adsorbent mass 0.25 g/L

Temperature 25°C

Capacity 95.23 mg/g

Desorption By using 0.1 M ascorbic acid
Reusability Up to eight cycles with R.S.D. of -3.89%

The prepared kaolinite adsorbent showed a good uranium adsorption capacity of about 95 mg
U/g adsorbent in laboratory tests. A first case study conducted with a liquid waste sample
provided by the Nuclear Materials Authority in Egypt is used to test the kaolinite adsorbent’s
performance in a more realistic setting. A batch experiment was performed by contacting 0.1
g of the grafted kaolinite with 200 mL of the raffinate solution for 90 min. Subsequent analysis
of the effluent samples showed that only 59 mg U/g adsorbent or 62% of the theoretical
adsorption capacity could be reached. This is not unusual and can be explained through a
competition of different ions present in the liquid waste samples. In this case specifically iron
ions. Using the 0.1 M ascorbic acid as an eluent was found effective for uranium desorption
of the loaded kaolinite adsorbent bed. About 96% uranium or 56 mg U/g adsorbent were eluted
in total.

The results of this study indicate that kaolinite clay could be converted into an efficient
adsorbent material for uranium removal from aqueous solution by aluminium oxide grafting.
The maximum adsorption capacity of the modified kaolinite clay for uranium is approximately
95 mg/g using the uranium standard solution. This is much higher than the absorption capacity
of the untreated kaolinite clay and may be explained as a result of the increase in negative
surface charge. A high pH value is preferred for uranium adsorption on the modified kaolinite
clay since this increases the negative surface charge. Adsorption isotherms indicate that the
uranium adsorption onto the modified kaolinite clay is a monolayer adsorption process. First
experiments with an exemplary liquid waste sample indicate reduced adsorption efficiencies
as other heavy metal ions are present.
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2.2 MOROCCO: URANIUM EXTRACTION FROM WET PHOSPHORIC ACID WITH
ARGAN NUTSHELL (ANS) SAWDUST

The argan nut is used in Morocco for the production of argan oil. Large quantities of argan
nut shells (ANS) are produced and largely disposed of every year. This chapter describes how
ANS can be used to produce a bio-sorbent for the extraction of uranium from phosphoric acid,
or other solutions. Today sustainable development is recognized as an emerging trend and
multifaceted methodology comprizing environmental, ecological, scientific, economic, social
and political issues of global significance. Two of the key aspects of sustainable development
from an energy and chemical perspective, are to develop more renewable forms of energy and
to reduce environmental pollution. Increased heavy metals pollution is one of the main
challenges to sustainable production today. Uranium is one of the most hazardous pollutant
metals, due to its chemical toxicity and radioactivity. Since natural radiation has permanently
been part of the human environment, large amounts of uranium have been discharged into the
environment through leaching from natural deposits, release from mine- and mill tailings,
emissions from the nuclear industry, the combustion of coal and other fuels as well as the use
of mineral fertilizers that can contain considerable amounts of accompanying natural uranium.

The presence of heavy metals such as cadmium that is already regulated [2.32, 2.33] and
uranium that is not regulated yet in phosphoric acid, is a potential risk for the environment
and public health. Phosphoric acid is a product of great importance in fertilizers, as well as in
the chemical and food industry. Phosphoric acid is the second most produced acid in the world,
after sulphuric acid. This acid is used as a raw material for the production of detergents, food
products, alimentary supplies for cattle, toothpastes and fertilizers [2.34]. Phosphoric acid is
manufactured using different processes. Most commonly, thermal, and wet processes are used.
The thermal process produces a pure acid and requires considerable amounts of energy, while
the wet process is presently considered more economic and practiced much more widely.
Approximately 90% of the phosphoric acid produced worldwide, is obtained by the wet
process [2.35]. The most common form of the wet process involves a digestion of the
phosphate mineral [Ca3(PO4)2] with sulphuric acid [2.36]. Phosphoric acid produced by this
process contains a variety of impurities, such as calcium sulphate, fluorine, cadmium, lead,
and arsenic, as well as uranium impurities. The impurities vary according to the origin of the
phosphate rock mineral [2.37]. The existence of such impurities in phosphoric acid adversely
affects the process performance and is detrimental to the quality of produced acid [2.37, 2.38].
For this reason, about 95% of the acid produced by the wet process is directly used almost
exclusively in agriculture as fertilizers and is excluded from the use in non-fertilizer
applications (food and detergent applications) where a higher-purity acid is required [2.39].
In the wet phosphoric acid (WPA) process, based on sulphuric acid dissolution, about 80—
90% uranium, passes into phosphoric acid and the rest precipitates into the phosphogypsum,
a byproduct of the WPA. Since phosphoric acid is used to produce fertilizers, most of the
uranium transfers to the final fertilizer products.

In view of the radio toxicity, the removal of natural uranium, contained in industrial
phosphoric acid, appears to be an important step for a more sustainable production of
phosphoric acid and the decontamination of phosphate fertilizers [2.40, 2.41]. It is further
worth noting that considerable amounts of unconventional uranium, that can substitute
uranium mining elsewhere, could be produced this way. Morocco possesses considerable
phosphate rock reserves [2.42] with relatively high (>100 mg/kg [2.43]) natural uranium
concentrations, is one of the largest phosphate rock producing countries in the world and by
far the largest exporter of phosphate rock [2.44]. Wet-acid processing of phosphate rock with
unconventional uranium (and potentially also REEs) recovery could be an attractive value
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proposition for Morocco. Methods for the recovery of uranium from phosphoric acid are well
known and were used in the USA and, to a smaller extent, elsewhere on an industrial scale
until the late 1990s, when uranium prices plummeted, making recovery uneconomic for
fertilizer producing companies. Other, less expensive methods may make uranium recovery
from phosphate rock viable again.

Among the various available techniques [2.45-2.47], adsorption may be an attractive
candidate, since it can combine effectiveness with cheapness. Adsorption is a simple attractive
process in view of its high efficiency, cost-effectiveness, easy handling and flexibility of
design, environmental amiability, low energy cost, lower toxicity and safe operation method,
as well as the availability of different adsorbents [2.47, 2.48]. In addition, the recovery of pure
metal for recycling, as well as for reuse of the adsorbent, are other advantages. To be
economical, the applied adsorbent needs to be inexpensive and efficient. It better not lead to
environmental concerns. Activated carbon (AC) is a conventional material widely used for
adsorption processes due to its high adsorption efficiency. High manufacturing costs and
difficulty in regeneration have imposed restrictions on its use though [2.47-2.49]. The search
for inexpensive and more environmentally benign materials lead to byproducts from
agricultural and food processing such as: wheat bran, sawdust, tree barks and chitin [2.45].
The most popular adsorbents among them are microbial biomass and lignocellulosic materials.
These are natural materials available in large quantities and, being waste products, have a low
price [2.50]. Sawdust is a natural lignocellulose material and is a promising adsorbent for
removing pollutants, because it is easily obtained from wood waste of carpentry, paper, and
furniture industries [2.50, 2.51]. According to Dupont et al. [2.52], the rapid metal uptake by
immobilized sawdust in general, can enable a large-scale application of a biosorption process
by an inexpensive adsorbent in a packed column.

Argan nutshell (ANS) sawdust from the argan fruit tree maybe a suitable biosorbent. The fruit
size varies from 17 to 30 mm in length and 10—17 mm in width [2.53]. It is one of the most
common trees in Morocco. All parts of the argan tree are used by local people: the almond
fruit, for production of argan oil for culinary and cosmetic uses [2.54, 2.55], and the fruit pulp
and seed cake residue from the production of argan oil is used as cattle feed. The wood and
woody shell of the fruit are burned for heating [2.56, 2.57]. Argan oil production is a major
industry with exponential growth in Morocco. Estimates on the available quantities of ANS
waste material vary widely. Zbair et al. [2.58] estimate that 2 700 t ANS are discharged every
year, while Tatome et al. [2.59] consider this number to be as high as 60 000 t. In any case,
ANS waste can be used as a secondary, renewable resource in the preparation of biosorbents
for the adsorption of heavy metals similar to AC.

Previously, ANS were used for adsorption experiments of: bisphenol A and diuron by Zbair
et al. [2.58, 2.60], copper by El-Boundati et al. [2.61], pharmaceutical compounds by
Benjedim et al. [2.62] and triphenylmethanes by El-Khomri et al. [2.63]. A researcher from
the Abdelmalek Essadi University further filed a patent for the use of ANS as a bio-sorbent
[2.64] and Moussaoui et al. [2.65] investigated the adsorption behaviour of argan leaves, pulps
and fruits. Besides the use as an adsorbent ANS may be used as a raw material for CO; capture
[2.66] or battery production [2.54, 2.67].

The raw ANS used in this work was collected in rural areas of the southwestern Morocco
(Souss Massa). The ANS was used as received, without any additional treatment, such as
washing or drying, and were converted into sawdust with a mortar grinder type Retsch RM
200. The sawdust was then sieved (for more homogeneity) to various particle sizes ranging
from 125 to 350 pm.
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A stock solution of uranium (1000 mg/L) was prepared in Milli-Q ultra-pure water. The
adsorption experiments were performed in 10 mL water with a 10 mg/L uranium
concentration. Different working solutions were prepared by proper dilution, using Milli-Q
ultra-pure water. Since single toxic metallic species rarely exist, a synthetic solution of several
heavy metals based on their concentrations in phosphoric acid was prepared. The synthetic
solution (10 mL) was prepared with 20 mg/L As, 20 mg/L Cd, 250 mg/L U, 110 mg/L Al and
50 mg/L Th. All other working solutions with varying concentrations were obtained by
successive dilution. Commercial phosphoric acid (85% purity, density = 1.57 and molecular
weight M = 98 g/mol, 0.007% heavy metals) was used to determine the chemical resistance
of the ANS sawdust in aggressive acidic media. Commercial phosphoric acid was obtained
from Sigma-Aldrich. Water was added to obtain 0.85% and 8.5% dilution. These dilutions
were chosen to reduce the viscosity and density effects in the exchange capacity. The
contaminated solutions of phosphoric acid were prepared by adding uranium. Milli-Q ultra-
pure water was used in all the experiments. The industrial phosphoric acid under investigation
was a 54% P20s (about 12 M H3POys) solution, containing numerous elements. Among them,
the behaviour of uranium was investigated for the adsorption studies. The chemical analysis
of the exemplary industrial phosphoric acid was performed by ICP-MS and the results are
depicted in Table 2.5. The experiments were done, using a 10 mL phosphoric acid solution.

TABLE 2.5. CHEMICAL ANALYSIS OF EXEMPLARY CRUDE PHOSPHORIC ACID PRODUCED IN
MOROCCO

Component Concentration Component Concentration
P,0s 54 wt% Cd 15 mg/kg
CaO 0.56 wt% Zn 90 mg/kg
AlO; 0.1 wt% As 14 mg/kg
MgO 0.97 wt% \% 144 mg/kg
Fe20s3 0.48 wt% Cr 197 mg/kg
K20 0.68 wt% U 156 mg/kg
Ni 48 mg/kg Th 44 mg/kg

Adsorption experiments were performed in a glass column of 20 mm diameter and 250 mm
height. Glass wool was placed at the bottom of the column to prevent leaching of the
adsorbent. About 1 g of the ANS sawdust-substrate was packed into the column. The sawdust
was repeatedly washed with double distilled water (until no brown colouration was visible) to
remove surface impurities. For each run, the adsorption experiments were carried out by
passing a given solution (10 mL) of a desired concentration of uranium through the column.
The flow rate of the eluent was controlled to be about 1 mL/min. The flow rate was determined
by preliminary experiments to ensure that no plugging occurs during the elution of the metal
solution. At the column outflow, the eluents were collected in plastic bottles. The
concentrations of the residual metals were determined by ICP-MS. All the experiments were
conducted at room temperature. To ensure high accuracy, reliability and reproducibility of the
collected data, all batch experiments were carried out three times. The mean values of the
three data sets are presented here.
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The adsorption efficiency was expressed as a percentage of adsorbed metal, compared to
initial metal concentrations. The per cent adsorption by the ANS sawdust was determined as
following [2.58]:

A(%) = %100 (2.10)

where
Co and C (mg/L) are the initial and residual concentrations of the respective metal ions.

Adsorption isotherms have traditionally been used for preliminary investigations and fixations
of the operating parameters. Information gained from the isotherms can, however, not be used
to accurately scale up the system. To know the practical applicability of ANS sawdust, column
operations have been investigated on the adsorption of uranium to obtain a factual design
model. The adsorbent dose is 1 g/L. The inlet concentration is 10 mg/L. The flow rate is
I mL/min. The results were used to build the breakthrough curve and to determine the
breaking point.

For any adsorption process, the most important factors are the recovery of the metal ions
adsorbed and the regeneration capacity of the adsorbent. To make the adsorption process more
economical and also to obtain practical information on the recovery of uranium, desorption of
adsorbed uranium from exhausted ANS sawdust was studied using organic acid. The
procedure was carried out using 50 mL of 1 M, 0.5 M and 0.1 M citric acid as elution solution.
A solution of each acid with a pre-determined uranium concentration was passed though the
column of the pre-adsorbed ANS sawdust. The desorbed solution of the column was again
collected for later analysis. The adsorbent was washed twice with double distilled water,
before each measurement, to remove loosely adhered uranium. The desorption percentage, D
(%) was determined using Eq. (2.11) [2.47]:

The concentration of desorbed meta (mg.L™1) 100

D(%) =

The concentration of adsorbed metal (mg.L™1) (2' 1 1)
The recyclability of an adsorbent is of crucial importance in industrial practice for heavy metal
removal. To test the suitability and the stability of the adsorbent, it is necessary to regenerate
the spent adsorbent. To regenerate the spent adsorbent, it was subjected to successive
adsorption and desorption cycles. The spent ANS sawdust was again washed with double
distilled water to remove any unadsorbed metal ions. Adsorption onto ANS sawdust was
easily regenerated adding 30 mL heated (75°C) Milli-Q ultra-pure water. Elemental analysis
was conducted using ICP-MS with a Thermo Scientific XSERIES 2 (Thermo Fisher
Scientific, Bremen, Germany). SEM images were recorded using a Quanta 200, manufactured
by the FEI Company. SEM was used to analyse the surface morphology of the ANS sawdust.
The samples were cryo-fractured under liquid nitrogen. Since the sawdust itself is not
conductive, a thin gold coating was applied, using sputtering. FTIR spectra were acquired
using a TWO spectrometer to identify functional groups on the bio-sorbent surface. FTIR
spectral analysis was performed within the wave number range of 100—4000 cm™ and a
resolution of 4 cm™. The results of the ICP-MS analyses are shown in Table 2.6. These results
indicate the presence of Ca and Zn. The analysis further shows the presence of Fe.
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TABLE 2.6. CHEMICAL ANALYSIS OF THE ANS SAWDUST

Element Concentration [mg/kg] Element Concentration [mg/kg]
Al 142 Na 25.43

Mg 214 Ca 1524

P 562 Mn 6

S 288 Fe 186

Cl 663 Ni 0.47

K 1771 Cu 2

Zn 7 As 0.43

Br 2 Se 100

The surface morphology of the raw ANS sawdust was determined, using SEM with different
magnifications. The SEM images shown in Fig. 2.14 reveal that the morphology of this
material can facilitate the adsorption of metals, due to the irregular rough surfaces with tangles
and microfibrils that form a coarse fibrous texture. This makes the surface amenable for the
attachment of reactive functional groups such as metal ions.
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FIG. 2.14. SEM images of ANS sawdust at different magnifications: (a): 500,(b): 1000, (c): 2500 and (d):
5000.
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To determine which functional groups were responsible for metal uptake, FTIR analysis in
solid phase was performed on the ANS sawdust. FTIR spectra of adsorbent solid samples
before and after the adsorption process are shown in Fig. 2.15.
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