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Abstract

The company EasyMining has developed a process, Ash2Phos, to recover P from
incinerated sewage sludge ash. The purpose of this report was to investigate the
cause of Na losses to the filter cake during separation of Fe in one of the process
steps. The project also aimed at exploring the influence of washing on the Na losses.
The investigation was done by conducting a process reproduction experiment on a
semi-pilot scale, including cycles with different washing conditions. Since the focus
of the project was the Fe separation step, the experimental setup was simplified
compared to the large scale process and did only include upstream process steps.
The evaluation of Na losses to the filter cake and the influence of washing were done
by constructing a mass balance, based on analyses with ICP-AES and ICP-MS,
over the process step for the cycles with different washing conditions. The evalu-
ation of the filter cake composition and elemental distribution was conducted by
SEM-EDS analysis on filter cakes with different washing conditions. Analysis with
XRD was also performed to investigate possible crystalline structures containing
Na. Additional experiments on lab scale were performed on one of the known filter
cake components, Al-silicates, to study its adsorption potential, washing behaviour
and influence on the Na losses. The studies identified three main Na containing
particles in the filter cake: Fe-precipitates, Al-silicates and Ca-precipitates. Exten-
sive washing was found to be efficient for Na removal from the filter cake, however,
only to a limited extent. Further, it was not possible to identify any crystalline
structures containing Na. Based on the lab scale experiment, the losses of Na to
the Al-silicates were not due to adsorption, instead it was related to trapped liquid
in the cake. Finally, Fe-precipitates were identified as the main contributors to the
Na losses but further studies are required to identify the mechanism and reduce the
losses. It would also be of great interest to optimise the washing by including a cost
perspective and large scale process conditions.

Keywords: sodium losses, filter cake washing, adsorption of sodium, phosphorus
recovery, sewage sludge ash.
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1

Introduction

1.1 Background

P is an essential chemical element for all living cells and the P supply to agriculture
is essential for global food production [1]. Due to a rising population and a globally
changing diet with an increasing meat consumption, the demand of P in agriculture
is continuously growing [2]. Today, P is mainly mined from phosphate rocks and
according to the International Fertiliser Association (IFA) [3], at least 80% of the
global output of mined phosphate rock is used for production of P-fertilisers. Be-
sides the use of P in the fertiliser industry, it is also used in several applications in
chemical and food industry [4]. However, since mined P is a limited, nonrenewable
resource that is only available in a number of countries, there is a global interest to
both find more sustainable produced P and to secure access for countries that lack
phosphate deposits [2]. One solution to secure access to more sustainable generated
P, is to increase the recovery and recycling from organic waste flows generated by hu-
man activities. In that way, the demand and dependency of mining from phosphate
rocks will be reduced [5]. Examples of suitable waste flows in society are wastewater,
livestock manure, food waste and food processing residues that possibly could be
used as sources of P in the near future [1].

A possible method to recover P is to recirculate it from sewage sludge from the
wastewater treatment system [2]. The sewage sludge can directly be spread on
agricultural land, but it is common to incinerate the sludge in order to reduce the
volume, and by that the cost for transportation [6]. Incineration can also be moti-
vated by legislation that prohibits landfilling in some countries [7]. By incinerating
the sewage sludge, the nutrient concentration is increased and the risk for contam-
ination of the soil from pathogens in the sludge is reduced. It is also possible to
reduce the amounts of heavy metals by extracting P in concentrated form from the
sewage sludge ash [6]. By further removing Al and Fe, a high quality of the P en-
riched product can be obtained [§].

EasyMining has developed a technology, called Ash2Phos, where P is recovered from
incinerated sewage sludge ash in several steps [9]. The ash is firstly treated in acid
to dissolve major constituents. Recoverable elements are thereafter separated from
the dissolved sewage sludge ash and are finally being converted into valuable P, Fe
and Al products in several steps. In the separation of Fe, a reactor is filled with an
acidic stream containing mostly Fe, P and Al as well as some minor elements from
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the ash. NaOH is also added to trigger Fe precipitation. The slurry is thereafter
filtered into a solid filter cake containing Fe and a liquid phase containing P, Al and
Na. The liquid phase is further treated to recover P and Al as separate product
streams, while the intention is to recover Na from downstream process steps and
recirculate it back to the reactor.

During the filtration Na is, however, partly trapped in the filter cake together with
the Fe, resulting in an increased requirement for expensive NaOH make-up. This
results in an increased operational cost and a decrease in resource efficiency. Since
both a reaction stage and a filtration stage is part of the separation of Fe, several
causes of the losses are possible. The reaction conditions, which aims at the disso-
lution of P and precipitation of Fe at high pH, can possibly lead to the formation of
other undesired Na containing solid compounds which are problematic to remove.
The following filtration stage, which involves vacuum filtration followed by washing
of the filter cake, can be hindered by several factors such as undesired Na adsorption
on filter cake components or a tortuous pore system [10]. These potential causes
need to be investigated in order to estimate the extent of the problematic losses and
evaluate possibilities of minimising them in a feasible way.
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1.2 Aim

The aim of the thesis is to study possible causes of undesired Na losses during
separation of Fe. The investigations is mainly based on reproducing a part of the
process on a semi-pilot scale and produce filter cakes representative to the large scale
process. The composition of the filter cake as well as the filter cake components will
be explored and the presence of solid compounds that directly or indirectly can affect
the Na losses will be investigated. Finally, the effect of varying washing conditions on
the filter cake composition, with a special focus on the Na content, will be evaluated
in order to draw conclusions regarding future optimisation strategies.

1.3 Limitations

The investigation was mainly limited by the possibility of reproducing the large scale
process step on a semi-pilot scale as representative as possible with respect to Na
losses within the limited scope of the project. The restriction introduced were those
on elements distribution and process steps, stated below.

1.3.1 Restrictions on elements

The main objective of the investigation was to evaluate possible mechanism respon-
sible for the Na losses in the separation of Fe step. Therefore, the focus of the
experiments were to evaluate the reaction and filtration efficiency with respect to
Na content in the filter cake. The behaviour of other elements and the effect of
washing on them and are not investigated.

1.3.2 Restrictions on process steps

The prior process steps to the Fe separation step were included in the experimental
part in a modified form but these are not a central part of the discussion. Down-
stream steps were not conducted and recirculating streams from these were instead
mimicked by addition of an artificial solution. Due to some of the deviations from
the large scale process, only the mechanisms and the trends of the Na losses can be
determined.
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Theory

This chapter starts with a more detailed input regarding the importance of a cir-
cular P system which serves as background to the need of the Ash2Phos process.
An overview of the process is thereafter presented followed by a more detailed de-
scription of the separation of Fe and the theory behind the operations involved.
Finally, possible mechanisms responsible for losses during filtration and washing are
provided as well.

2.1 Phosphorus theory

P is a finite resource that is essential for global food production and the interest is
growing of finding more sustainable and efficient sources of P than virgin extraction.
A potential source of P is to use organic waste flows generated by human activities,
where especially sewage sludge from wastewater is of high interest. In this section,
an overview of virgin extraction of P and examples of common production routes
for different P products are presented. This section also provides an introduction to
sewage sludge treatment and examples of possible strategies for recovery of nutrients
from sewage sludge.

2.1.1 Virgin extraction of phosphorus

Today, P is mainly produced by mining of phosphate rocks, and the main suppli-
ers are China, Morocco, United States, and Russia. The largest known reserves
are located in Morocco and Western Sahara and they account for 70-75 % of the
global available reserves [4],[11]. As with all mining activities of limited resources,
the extraction and processing of phosphate rock, is linked to several environmental
impacts. Locally, the mining can cause water contamination due to release of pro-
cess water or leaching of process waste. It can also be linked to an excessive water
consumption and disturbances to the local landscape [12]. Further, mining is related
to generation of emissions such as dust and greenhouse gases, where the latter may
contribute to global warming [12],[13]. The mining does also result in generation of
large hidden waste flows.

The uneven distribution of P resources in the world results in a large dependency
of import for many countries. In Europe, only a small share of the P demand is
covered by local manufacturing, meanwhile the majority is dependent on import.
According to the European Commission, the import reliance of phosphate rock for
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the European Union was 84 % in 2020 [14]. Due to the lack of efficient P sources
in Europe, the European Commission decided to add phosphate rock to their list of
critical raw materials [4]. Thus, phosphate rock is included in the action plan for
critical raw materials, where the focus is put on diversifying the supply, improving
resource efficiency as well as increased recycling [14].

2.1.2 Intermediary products of phosphorus

Extracted phosphate rock is typically processed into two main intermediary prod-
ucts, H3PO4 and P, [15]. Together, these compounds form the basis of the P
chemistry. H3PO, is closely related to the production of fertilisers and P, is the
starting material for several high-grade P products, with both industrial and food
applications [4]. H3 POy is typically produced through the wet process, which is the
most common treatment method applied today. The process consists of digestion of
phosphate rock by addition of concentrated HySOy, followed by removal of C'aSOy
by filtration. In order to be able to further process it into fertiliser products, it is
commonly required to reduce the liquid content of the product and purify them from
other inorganic compounds [16]. Pj is generated through reduction of phosphates
at elevated temperatures and it is primarily done by the Wohler process [4].

2.1.3 Phosphorus recovery from sewage sludge

Sewage sludge is a by-product from wastewater treatment of industrial, municipal
or rural sources [17]. The composition of the sewage sludge reflects the use of
elements and contaminants in the society [6]. In general, it contains a wide variety
of dissolved and suspended impurities and a lot of water (~99.9 wt%). Examples of
impurities in the sewage sludge are organic materials, nutrients, chemical compounds
and microbes [18]. The sewage sludge can also contain pollutants such as heavy
metals, pharmaceuticals and pathogens [6]. Due to the content of essential plant
nutrients, such as P, N and K, sewage sludge is considered to be suitable for recycling
of nutrients to agricultural soils [17]. The recycling is done either by spreading the
sewage sludge on agricultural soils or by nutrient recovery from incinerated sewage
sludge ash. The agricultural use of sewage sludge is restricted by legislation but also

influenced by public acceptance, population density and availability of agricultural
lands [7].

2.1.3.1 Treatment and disposal of sewage sludge

At the wastewater treatment plant, the sewage sludge is derived from primary, sec-
ondary and tertiary treatment processes [17]. The primary treatment is a physical
step that commonly includes chemical precipitation and sedimentation, meanwhile
the secondary treatment is by biological degradation. The tertiary treatment is an
additional processing, that could be required in some processes to improve the re-
moval of impurities. It can include treatments such as effluent polishing of suspended
solids and chemical precipitation of plant nutrients [18]. Before final disposal of the
sewage sludge, it is desired to reduce the volume by removal of water and stabilise
the organic materials to minimise odour and to remove pathogens [17]. Several steps
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can be included in the treatment of sewage sludge, but the most commonly applied
are thickening, stabilisation and dewatering [18].

Final disposal of sewage sludge is controlled by legislation and commonly applied
methods are spreading on agricultural land, incineration or landfilling. Statistics
from the European Union showed that in 2018, 50 % of sewage sludge was spread
on agriculture soils, 28% was incinerated and 18% was landfilled [7]. Spreading
on agricultural land is mainly applied in order to recirculate nutrients and organic
matter [17]. The main motivation to incinerate the sludge is to reduce the volume,
and thus the cost for transportation [6]. Incineration can further be motivated by
legislation that prohibits landfilling in some countries. It is also possible to recover
energy from the incineration and nutrients from the sewage sludge ash [7]. Nev-
ertheless, the incineration results in generation of emissions that requires handling
with air pollution control systems [15].

2.1.3.2 Spreading of sewage sludge on agricultural land

A commonly applied route for nutrient recovery from sewage sludge is spreading on
agricultural land. Most of the countries in the European Union have prohibited di-
rect disposal of untreated sewage sludge on agricultural lands and the most common
applications is spreading of treated sewage sludge, called biosolids [7]. The purpose
with the treatment is to dewater and stabilise the material and also reduce content
of pathogens, as mentioned in 2.1.3.1. Examples of common stabilisation treatments
are aerobic digestion, anaerobic digestion, composting and thermal drying [7].

By spreading the sewage sludge on agricultural lands, the plant growth and repro-
ductive success is enhanced. The sewage sludge will function as soil conditioner and
fertiliser by supplying the plant with nutrients and organic matter [17]. Further-
more, the spreading on agricultural land improves the physical properties of the soil
and reduces the negative effect of losses of organic matter due soil degradation [7].
However, even after treatment, there is still a risk of contamination from the sewage
sludge by heavy metals, organic pollutants and pathogens [2]. This has caused a low
acceptance to the material in several countries [17]. The contamination also limits
its agricultural application due to legislation that controls the content of heavy met-
als and pathogens in the sewage sludge [7]. Some authors, like Kirchmann et al [6],
argues that spreading of sewage sludge is an inefficient recycling method of P. This
is mainly due to the high water content and low nutrient concentration in sewage
sludge, which makes the transportation expensive and the plant yield low [6].

2.1.3.3 Recovery of phosphorus from sewage sludge ash

Due to the mentioned environmental and health risks related to spreading of sewage
sludge on agricultural lands, there is a growing interest to find other methods for
recovery of nutrients from sewage sludge [2]. One promising strategy is to recover it
from incinerated sewage sludge ash. Since combustion of sewage sludge is estimated
to increase as a treatment method, the ash will most likely be a key waste in the
future. Thus, the sewage sludge ash will become an available flow for P recovery.
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However, since the incineration not only results in enrichment of nutrients, but also
of heavy metals, direct application of the ash is most likely not a suitable option.
Instead, P should be recovered from the ash and then used as a fertiliser [6]. Today,
there exists several methods and techniques, already applied or under development,
for extraction of P in various forms from sewage sludge ash [2].

The main motivation to recover P from sewage sludge ash is that the incineration
destroys organic pollutants, pharmaceutical residues and pathogens [19]. It is also
possible to recirculate P to agricultural soil without a high content of heavy metals
[6]. Another important perspective is the high recovery rate of P (60-90% relative to
wastewater) [2]. However, during the combustion, the organic matter is destroyed,
which possibly could have been used for composting and soil improvement [19]. Also,
other nutrients such as N and K are lost during the incineration. N is lost as gas
during the combustion and only very small amounts of K is left in the sewage sludge
ash after the incineration due to its solubility properties in water. Nevertheless, the
losses of N and K could be considered to have little relevance to agriculture due to
their low content in the sewage sludge compared to P [6].

2.2 The Ash2Phos process

This section provides a theoretical basis for the investigated process. First, a general
overview of the main parts, input and outputs of the process is presented. There-
after, the separation of Fe, which is the main step of interest, are described in more
detail.

2.2.1 General overview

Ash2Phos is a continuous process for P recovery from incinerated sewage sludge ash
which consists of several steps at different pH levels. The main parts of the process
are acidic treatment, separation of recoverable elements and separation by elements
[9]. The main inputs to the process are ash, acid and lime [9]. The main outputs
are Cas(PO4)30OH, FeCls, Al product and silica sand. The most important steps,
inputs and outputs of the process are summarised in Figure 2.1.
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Figure 2.1: The main process steps in the Ash2Phos process together with the main
inputs and outputs.

As can be seen in Figure 2.1, heavy metals and other unwanted elements are sep-
arated from the recoverable elements. The elements of main interest are thereafter
treated futher into three different products in several process steps. The wastewater
containing harmful substances is also treated in other steps of the process.

2.2.2 Separation of iron

The first separation by element step is the separation of Fe which recovers Fe as a
separate stream that can be treated in further steps into the final FeCl3 product. In
this step, Fe is separated from P and Al by precipitation in alkaline conditions and
filtration, illustrated in Figure 2.2.

Wash water inlet

J

Solid inlet stream ——»| >
(P, Fe, Al)

Filter cake

X (Fe, Al, Na losses)
Separation of Fe
NaOH ———»|

Filtrate
Wash water outlet (Na, P, Al)
(Na, P, Al)

Downstream
processing and
recovery of Na

Figure 2.2: The Fe separation step together with the main components of interest.

The separation step is further divided into a reactor stage and a filtration stage,
described in more detail below. Ideally, all Fe ends up as precipitate in the filter
cake while all Na and P are kept dissolved and ends up in the filtrate. However,
during the development of the process, undesired losses of Na to the filter cake have
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been discovered. A reduction of these losses is desirable in order to increase resource
efficiency and reduce the operational cost related to the process step.

2.2.2.1 The reactor stage

The first stage of the Fe separation consists of a reactor which is fed with the
stream containing P, Fe and Al after removal of unwanted compounds. NaOH and
recirculated streams from downstream processing containing recovered Na are also
added and a slurry is created by mixing. The main purpose of the reactor stage
is to trigger the precipitation of Fe and the dissolution of P by increasing the pH.
However, other unwanted precipitates, possibly including Na, can simultaneously
form in the reactor due to the pH adjustment and addition of chemicals.

2.2.2.2 The filtration stage

In the filtration stage, the slurry from the reactor stage is filtered with vacuum and
the filter cake is washed on the filter bed with water. The filter cake is thereafter
directed for further processing and the filtrate is directed to the production of P
and Al products, according to Figure 2.2. After downstream processing, the liquid
streams are recycled back to the reactor in order to recycle NaOH and reduce the
need for expensive NaOH make-up. The dominating component in the filter cake
is Fe-precipitate but significant amounts of Al-silicates enter the reactor with the
solid inlet stream and follows to the filter cake. These silicates are interesting to
investigate since a variety of silicates have been proven to have suitable properties
for adsorption of metals in aqueous solutions [20],[21],[22],[23],[24] which is known
to be one mechanism responsible for material losses in filtration processes [10].

2.3 Precipitation and dissolution reactions theory

The reaction stage in the separation of Fe is based on precipitation of Fe and disso-
lution of P by addition of NaOH. This is an example of precipitation and dissolution
reactions which utilises the change in solubility of different compounds at varying
conditions. These reactions are commonly used in P recovery processes that has
been under development but can also be found in wastewater treatment [8],[25],[26].
This sections provides the theory of solubility in general as well as a small summary
of the utilisation of precipitation and dissolution in P recovery from sewage sludge
ash.

2.3.1 Solubility

The solubility of a solid compound in a liquid phase depends on pH, competing
ions and temperature [25],[26],[27]. It describes the maximum concentration of a
compound that can be dissolved under the specific conditions and can be expressed
in terms of g solute/mL of used solvent [28].
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2.3.1.1 The solubility product

There is always an equilibrium between the solid phase and the dissolved ions of
the same substance in a saturated solution [29]. The equilibrium constant of a
dissolution reaction is also known as the solubility product, Ky [27]. For the general
dissolution equilibrium reaction between the solid consisting of species A and B,
shown in equation (2.1),

AuBy(s) & aA™ + bB" (2.1)

the solubility product is expressed according to equation (2.2),

Ko = vivplA™ ] (B") (2:2)

where 7,4 is the activity coefficient for A and ~yp is the activity coefficient for B [27].
If the right term in equation (2.2) is larger than the left term, precipitation of the
solid phase will occur until the terms are equal. If the right term is smaller, the
solid phase will instead dissolve until the equilibrium has been reached.

2.3.1.2 Precipitation by addition of a common ion

The solubility of a certain substance in solution can be decreased by addition of a
common ion which forms a precipitate with the substance of interest. One example
is enhanced precipitation of heavy metals in wastewater by addition on excess hy-
droxide ions [29]. Due to the ion addition, the system will counteract the hydroxide
excess in the solution by precipitation of heavy metal hydroxides.

2.3.2 Precipitation and dissolution in phosphorus recovery

Heavy metals and other unwanted elements present in the sewage sludge ash need to
be removed from the P to limit the content of hazardous substances and to increase
the quality of the final product [30]. Several P recovery methods based on selective
precipitation and dissolution of compounds from incinerated sewage sludge ash have
been investigated [8],[25],[31].

The P in incinerated sewage sludge ash is often present as phosphates of Ca, Fe or
Al. Some processes are based on acid leaching at pH < 2 in which these P com-
pounds are completely dissolved [30]. One problem with this approach is that most
of the heavy metals are left in the dissolved phase after the treatment as well, and
need to be separated from the P. It is also desirable to separate the dissolved Al and
Fe from P in order to improve the quality of the product. Both these issues creates
a demand for further separation steps after the acid leaching [8],[25]. Ion-exchange,
solvent extraction and precipitation are some examples of methods that have been
suggested as possible solutions.
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Other proposed processes uses only alkaline leaching of the incinerated sewage sludge
ash [30],[31]. In this approach, only the Al-phosphates dissolve completely and heavy
metals are directly separated as solids from the P. The efficiency of this method is,
however, dependent on the content of Ca and Al in the ash [30].

Further studies have investigated combinations of both acidic and alkaline treat-
ments by triggering the precipitation of different compounds in several steps result-
ing in an efficient P recovery and a high quality product free from heavy metals
[8],[25].

2.4 Filtration theory

Filtration is used in the separation of Fe to separate the solid Fe-precipitate from the
dissolved P. Filtration is a commonly used unit operation in which mother liquor
and solids in a slurry are separated into a filter cake and a filtrate. The process
can be conducted as a batch process or as a continuous process and several driving
forces such as pressure or vacuum can be used [10]. To improve the efficiency of the
separation and increase the purity of the filter cake, it is common to use a washing
step for further removal of undesired elements [32]. However, several properties of
the filter cake have an effect on the efficiency of the filtration and washing processes.
This section provides the main theoretical concepts of filtration and washing and
possible causes of material losses in such processes.

2.4.1 Washing of filter cakes

There are two main types of particle washing procedures which can be conducted
separately or in combination, either in co-current or counter-current mode [10],[32].
The first type is dilution washing in which a filter cake is resuspended in the wash
liquid to a slurry which is separated in the next step. This sequence is thereafter
repeated several times until the desired purity of the solid has been reached. The
second type is only applicable in filter cake washing and is hence the main focus
in this section. This type is called permeation washing. In this procedure, mother
liquor in the filter cake is displaced with washing liquid on a fixed bed directly after
the filtration [33]. This introduces characteristic fixed particle-particle and particle-
wall interactions that cannot be targeted in the same way as in dilution washing
[33]. Two mechanisms are involved in permeation washing. These are displacement
and diffusion [32]. The phenomena observed during the permeation washing process
can be represented by a washing curve describing the relationship between amount
of impurities left in the filter cake and the amount of wash liquid used. A straight
forward way to express this is to use the concentration ratio, C*, based on the liquid
analysis of filtrate and wash liquid and the wash liquid ratio, W, [10],[33]. C* is
expressed as the ratio between the impurity concentration in the wash liquid (or
filtrate) after each wash, C [M], and the impurity concentration in the filtrate, C,
[M], expressed in equation (2.3) [10].
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C
= 2.
C a3 (2.3)

The wash liquid ratio is the ratio between the mass of wash liquid added, my, [kg],
or volume [L], and the mass of mother liquor, or volume, in the filter cake, my;
[kg], presented in equation (2.4) [10].

W= WL (2.4)
mmrL

However, the most accurate results are obtained by knowing the exact concentration
in the filter cake from the start and after each wash [32]. The concentration in the
outlet wash liquid can be related to the amount of impurities in the filter cake by
using the impurities loading, X. The loading is defined as the ratio between the mass
of dissolved and adsorbed impurities in the filter cake, (mgs,+maqs) [kg], and the
total mass of the filter cake, m, [kg, expressed in equation (2.5) [10].

o Mol + Mads
e

X (2.5)

The loading can thereafter be expressed in terms of the loading ratio, X*, between
the current loading, X, and the initial loading, Xy, according to equation (2.6) [10].

X' =— 2.6
T (26)

Furthermore, the loading ratio can also be expressed according to equation (2.7)
[10].

X =1— /WW:o CH(W)AW (2.7)

The relation between X* and W or the relation between C* and W can be plotted
after data have been collected in a washing experiment. It can, however, be noted
that the resulting plots in most cases can be considered to follow the same behaviour
[10]. In the ideal case, only one washing step using one bed volume of wash liquid
would be needed to reduce the impurities completely. However, this is generally not
the case in real washing processes. Instead, a real washing curve has three main
segments [32],[33]. A typical washing curve using C* as well as the ideal case is
represented in Figure 2.3.
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Figure 2.3: A representation of an ideal and a real washing curve during permeation
washing [10],[32],[33]. The three different regimes with the dominating mechanisms
are also marked in the figure.

Only in the first segment, the typical curve resembles the ideal curve quite well and
the main mechanism here is displacement, as can be seen in Figure 2.3 [10],[33]. In
practice, this means that pure mother liquor is obtained during the wash. Thereafter,
the dispersion region is reached. In this region, wash liquid and mother liquor are
undesirably mixed, which results in a deviation from the ideal behaviour. In the
last region, diffusion is the limiting factor and the washing continues more slowly
until an adsorption equilibrium has been reached [32].

2.4.2 Filter cake properties and limitations

A filter cake has several properties that can influences the filtration and the wash-
ing procedures [34]. One of the most important aspect is the porosity of the cake,
where the porosity itself also depends on other variables such as particle size distri-
bution, particle shape and cake formation conditions [35]. Some important aspects
of particle sizes, pore sizes and other limitations are summarised below.

2.4.2.1 Particle size distribution

The size of the particles is an important variable not only due to its effect on the
porosity, but also because small particles tend to form cakes of high resistance that
are more difficult to wash [36]. In such cases, it is possible to add a filter aid that
facilitates the filtration and washing processes [34]. If the particles are very porous,
on the other hand, smaller particles can be easier to wash since diffusion from the
inner pores of small particles are faster than from larger particles [10].
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2.4.2.2 Pore size distribution

The pore size distribution in a filter cake has a significant effect on the washing
efficiency [32],[35]. The reason is that a large variety of pore sizes results in a large
variety of flow rates through the different pore sizes which makes the flow deviate
more from an ideal plug flow. In turn, a less ideal flow of wash liquid increases
the washing time and the amount of wash liquid that will be needed to obtain the
correct purity of the filter cake. Another aspect of the porosity is that smaller pores
give more narrow channels in the cake. This results in a larger flow resistance which
in turn leads to a slower displacement process [33]. The surface charge and thus the
pH (among other variables) can affect the cake porosity and the flow resistance in
a filter cake, and thus also the filtration and washing [34].

2.4.2.3 Limitations of filtration and washing

It is not always possible to remove all undesired elements by filtration and washing,
even with large amounts of wash liquid added. Impurities trapped in the filter cake
after the washing can for instance be found in isolated pores, in the small space
between particles or adsorbed onto the particle or pore surfaces which makes the
mother liquor inaccessible for the wash liquid [10],[33]. A representation of different
areas that can be responsible for undesired impurities in a filter cake is displayed in
Figure 2.4.

Particle-particle Isolated pore

interaction
-

Adsorption on particle surface

Particle-wall
interaction

Stagnant zone

Liquid film

Figure 2.4: Ezamples of areas that are problematic to reach during washing [10].

From these hidden areas impurities can, for instance, be removed by adjusting pH
and temperature to affect the adsorption equilibrium concentration, by resuspen-
sion of the cake (as in dilution washing) or by total dissolution of the particles
[10],[32],[33]. Several technical limitations can also be added to the list but this will
not be mentioned further [32].

2.5 Adsorption theory

Adsorption is a surface phenomenon where the adsorbate from the bulk fluid are
adsorbed onto the solid adsorbent surface [37]. Adsorption is commonly divided
into chemisorption and physisorption, based on interaction strength. Chemisorption
occurs due to formation of covalent bonds between the adsorbate in the solution
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and the substrate on the solid surface. The adsorbed molecules form a monolayer
onto the adsorbent. Physisorption occurs due to the weak electrostatic interactions
where the adsorbate forms a multilayer on the adsorbent surface [38]. Adsorption
processes are commonly applied for separation and purification, both in gas and
liquid mixtures [37]. This sections provides the theory of adsorption in aquatic
systems, adsorption equilibrium and the construction of adsorption isotherms.

2.5.1 Adsorption in aquatic systems

Adsorption in aquatic systems can be seen as accumulation of substances at the
solid-liquid interface. It can influence the reactivity and the electrostatic properties
of the solid surfaces as well as the distribution of substances between the aqueous
and solid phase [39]. Adsorption reactions at solid surfaces consists of both chemical
bonds between the solutes and the surface atoms as well as electrostatic interaction
between ions and charged surfaces [40]. The rate of adsorption in aquatic systems is
controlled by accessibility of the surfaces to the ions in the solution [22]. This means
that the particle size distribution is an important factor for surface adsorption, since
it affects the surface area available for adsorption [40]. Thus, the smaller particles,
the larger total surface area. For porous systems, the rate is also controlled by the
rate of ion diffusion, which then is related to the size and shape of the pores inside
the particles [22].

In aquatic systems with oxides of Si, Al, Fe and Mn, metal ions and ligands can be
adsorbed on the oxide surface [40]. The adsorption of cations on the surface is typi-
cally a very rapid process [22]. Surface complex formation with metals involves both
coordination of the metal ion in the solution as well as coordination of the proton in
the OH-group at the metal oxide surface. The metal complexes can be formed either
as inner-sphere or outer-sphere complexes. An inner-sphere complex is formed by
covalent bonding between the metal ion and the oxygen at the surface ligand. An
outer-sphere complex is formed by ion pairing with H,O between the surface ligand
and the metal ion. The main differences between them are that outer-sphere com-
plexes are highly dependent on ionic strength, which involves electrostatic bonding
and are therefore less stable compared to inner-sphere complexes. The latter on
the other hand, typically involve covalent and/or ionic bonding, which results in a
higher stability [39]. Surface complex formation with ligands occurs mainly through
ligand exchange between a surface ligand and a solute ligand at the metal ion of the
oxide surface. They can also be formed as either inner or outer-sphere complexes
(39].

The tendency for adsorption on oxide surfaces depends on the affinity of the surface
sites for metal ions or ligands and the activity of the surface sites, which is dependent
on pH [39]. For ions of alkali and earth alkali metals, the adsorption affinity is
increasing with the ionic radius of the ion, as illustrated in equation (2.8) and (2.9),
respectively [39].

Lit < Na* < K" < Rbt < Cs* (2.8)

Mgt < Ca™ < Sr* < Ba™ (2.9)
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In general, the adsorption onto oxide surfaces is highly dependent on pH, and both
the binding of metals and ligands on oxides surfaces varies with pH [39]. The adsorp-
tion of metal ions on an oxide surface is favoured by higher pH, due to decreased
competition between H*' and surface ligands [40]. For adsorption of ligands, the
opposite applies since the adsorption is coupled to release of OH~ [39]. However, it
is also of great importance to notice that each metal and ligand has its specific pH
range, where it adsorbs on oxides surfaces.

2.5.2 Adsorption isotherms

In order to understand adsorption processes, information about the adsorption equi-
librium is crucial. Equilibrium performance of an adsorption process depends on
type of adsorbate and adsorbent as well as of various physical properties of the solu-
tion, such as pH, ionic strength and temperature [38]. A common method to describe
the adsorption equilibrium is to use adsorption isotherms that relate the concentra-
tion of adsorbate in the solution with the amount adsorbed onto the surface at a
constant temperature [39]. Adsorption isotherms can also give information about
the interaction mechanisms between the adsorbate and the adsorbent [38]. The ad-
sorption isotherms are considered to be fundamental tools to model and illustrate
adsorption systems and several models have been developed. The most commonly
applied optimum isotherms in adsorption studies are the Langmuir model and the
Freundlich model. The main reason is related to the simplicity of applying these
methods by linear regression [37].

2.5.2.1 The Langmuir model

The Langmuir model is the most frequently used model for adsorption in solutions
[22]. Tt is a chemical isotherm model based on four basic assumptions [37]. First of
all, it considers monolayer adsorption where the adsorbate molecules are adsorbed
at adsorption sites of the adsorbent. Secondly, the distribution of adsorption sites
is assumed to be homogeneous. Thereafter, the adsorption energy is assumed to be
constant and finally, the interaction between the adsorbate molecules is assumed to
be negligible. There exist both a linear and nonlinear Langmuir model, illustrated
by equation (2.10) and equation (2.11), respectively [22],

Ce 1 Ce

Q" k. G (2.10)
- QmKLCe
Qe - m (21]‘)

where @, is the maximum adsorption capacity [mol/g], Q. is the equilibrium metal
ion concentration on the adsorbent [mol/g], C. is the equilibrium metal ion concen-
tration in the solution [mol/L]and K7, is the Langmuir adsorption constant [L/mol].

2.5.2.2 The Freundlich model

The Freundlich model is an empirical model that lacks physical meaning [37]. The
Freundlich adsorption isotherm describes a reversible and non-ideal adsorption pro-
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cess and it can be applied for multilayer adsorption on heterogeneous surfaces [38].
There exist both a linear and nonlinear Freundlich isotherm, illustrated in equation
(2.12) and equation (2.13) [22],

1
InQ.=nKr+—-InC, (2.12)
n

Q. = KpCY" (2.13)

where K is an empirical constant related to the adsorption capacity and n is an
empirical constant related to the adsorption intensity.
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Methods

The first part of this chapter provides the theoretical background to the analytical
techniques applied. Thereafter, the conducted experimental procedure will be de-
scribed. Finally, the sample analysis procedures that were not externally analysed
will be presented.

3.1 Analytical techniques

This section gives a theoretical basis for the analytical techniques that are used for
the liquid and solid analyses described in section 3.2.

3.1.1 Spectrophotometry

Spectrophotometry is an analytical technique that uses light of different wavelengths,
such as UV-light, to determine the concentration of one specific compound in a sam-
ple [41]. The spectrophotometer usually consists of a radiation source, a monochro-
mator, a sample cell and a detector and a schematic overview of a typical setup is
illustrated in Figure 3.1.

P, | Sample | P

Detector
cell

)
\ U4
-Q- —— Monochromator

Radiation
source

Figure 3.1: Schematic overview of spectrophotometer setup where Py is the starting
irradiance and P is the the irradiance of the light after passing the sample cell [41].

When the light is emitted from the light source, it passes through the monochro-
mator in which one wavelength is being selected. After the monochromator, the
monochomatic light passes through the sample with the starting irradiance, Pq [en-
ergy/second/unit area of the light beam|. If the light has been absorbed by the
sample, the irradiance of the light after passing the sample, P [energy/second/unit
area of the light beam|, which is measured in the detector, will be smaller than
Py. The absorbance, A, correlates to the change in irradiance according to equation

A= log(];)) = —logT (3.1)
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where the ratio between Py and P, T, is the transmittance [41]. The absorbance
can thereafter be converted into a corresponding concentration according to the
Beer-Lambert law presented in equation (3.2),

A=ed (3.2)

where ¢ is the molar absorbtivity [M ~*em™!], ¢ is the molar concentration [M] and
1 is the optical length [cm] [41]. Since many light-absorbing compounds can be
present in the sample, it is important to measure the absorbance of a wavelength
that distinguishes the compound of interest from others present in the sample [41].
Furthermore, the measurement should be done at the wavelength corresponding to
the maximum absorbance.

3.1.1.1 LCK cuvettes for analysis of iron, aluminium and phosphorus

In some applications, LCK cuvettes from Hach Lange can be used for a quick spec-
trophotometrical analysis. The main idea is to use cuvettes that are pre-filled with
reagents that can form a compound with a target ion in a sample when it is added
according to the corresponding method for each individual element [42],[43],[44].

For the Fe determination, ascorbic acid must first be added to reduce all Fe(III)
to Fe(II). The Fe(II) ions can thereafter form a orange-red complex with 1.10-
phenanthroline present in the LCK321-cuvette within 15 minutes [42]. For the
Al determination, a weakly acidic acetate-buffered solution must be added to the
cuvette prior to the analysis [43]. When the sample is added, chromazurol S present
in the LCK301-cuvette can form a green colored lake with the Al present in the sam-
ple within 25 minutes. Finally, for the P determination, the diluted sample can be
directly added. Phosphate ions in the sample can thereafter form a yellow dye with
vanadate-molybdate reagent present in the LCKO040-cuvette within 10 minutes [44].
However, this type of analysis is only valid within a certain pH and concentration
range. The LCK cuvette number as well as the limitations of each method for Fe,
Al and P are summarised in Table 3.1.

Table 3.1: Summary of the Hach Lange methods for Fe, Al and P [42],[43],[44].

Element | LCK cuvette | pH range | Concentration range
Fe LCK321 3-10 0.2-6.0 mg/L Fe
Al LCK301 2.3-3.5 0.02-0.5 mg/L Al
P LCKO040 3-10 1.6-30.0 mg/L PO,4-P

The accuracy of each method can only be assured when the measurement is within
the ranges presented above. Due to the sensitivity of the cuvettes, samples can only
be measured within a certain concentration limit and elements of low concentraton
cannot be analysed. To obtain a more accurate and complete result of a sample
containing many elements, the analysis should therefore be combined with another

method such as ICP-AES.
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3.1.2 Inductively coupled plasma-atomic emission spectroscopy

Inductively coupled plasma-atomic emission spectroscopy (ICP-AES) is an analyt-
ical method, which is used to measure the concentrations of chemical elements in
a liquid sample by decomposing it to atoms and ions in a plasma and measure the
atomic emission spectra [45]. Since all chemical elements will generate emissions
simultaneously, it is possible to both do rapid sequential analysis as well as simul-
taneous multi element analysis [46].

An ICP-AES consists of two parts, an inductively coupled plasma part and an
optical emission spectrometer unit that detects the emissions [47]. The plasma can
be described as a flowing stream of hot gas, commonly Ar [46]. It is generated by
partially ionising the gas by a spark from a tesla coil in a ICP burner. Due to a high
radio-frequency field, the free electrons are accelerated and the energy is transferred
to the entire gas by collisions between the free electrons and atoms. The main
strength of the ICP is the stable and high operating temperature, that typically can
be between 6000-10000 K [45]. A schematic overview of a typical ICP-AES setup is
illustrated in Figure 3.2.

Emission
signal
Nebuliser ——{ A Y} » Monochromator |- » Detector

Sample
—_—

A 4

Pump

Plasma

Figure 3.2: Schematic overview of an ICP-AES setup [45].

The sample of interest is commonly added to the plasma as an aerosol of small
droplets by a nebuliser [47]. As the droplets of sample enters the plasma, they are
desolvated and vaporised at the high temperature and later also atomised and ionised
[48]. Inside the plasma, collisions between chemical elements and the gas will occur,
which causes a part of the atoms and ions to be excited. As the electrons deexcites
back to a lower energy state, they will emit photons [45]. The emissions generated
are separated in a monochromator based on wavelengths [41] and measured by a
detector, commonly a photomultiplier or charge coupled device (CCD) [45]. Since
the emission intensity is proportional to the concentration of specific elements, it
can be used to both identify and quantity the elements in the analysed sample.
The detection limit for ICP-AES is typically around 0.1-10 ng/g for most chemical
elements [45].

3.1.3 Inductively coupled plasma-mass spectrometry

Inductively coupled plasma-mass spectrometry (ICP-MS) is an analytical method
to determine composition and quantify chemical elements of a liquid sample [49].
It operates using many of the principles of ICP-AES, described in section 3.1.2.
The major difference is the detection method, which instead measures the ionised
elements in the plasma according to the mass-to-charge ratio [45]. In the mass

21



3. Methods

spectrometer, the ions in the plasma are separated according to their mass-to-charge
ratio with a mass analyser, commonly a quadrupole or magnetic sector. Further, the
separated ions are measured by a detector, which typically is an electron multiplier
[48]. As with ICP-AES, ICP-MS can be used to both identify and quantify the
sample composition. It is possible to detect all elements at once and the detection
limit is very low, typically between 0.00001-0.0001 ng/g [45]. Examples of important
factors that affect the detection limit are type of element, sample matrix, dilution
factor, equipment set-up and instrument operating conditions [48].

3.1.4 Scanning electron microscopy

A scanning electron microscope (SEM) is a type of electron microscope and it can
be applied to study surfaces of dry solid objects [50]. It can both be used to image
sample surfaces and to analyse bulk samples [51]. SEM utilises a beam of focused
electrons in vacuum as an electron probe of relatively low energy to scan over the
sample [50]. The electron beam is generated by an electron gun and it is converged
into a fine and focused beam by electromagnetic lenses [52]. It is the the interac-
tion between the sample surface and the electron beam that results in emissions
of low-energy secondary electrons, high-energy backscattered electrons, Auger elec-
trons and characteristic X-rays [51]. However, it is mainly secondary electrons as
well as backscattered electrons that are utilised in SEM for generation of images
of the sample. The secondary electrons are produced close to the sample surface
through inelastic collision with valence electrons of the atoms [53]. By detecting
these secondary electrons, an image of the topographical structure can be generated
[52]. The number of secondary electrons detected is affected by the inclination of
the sample surface [51]. The backscattered electrons are produced through elastic
collision with the nucleus of the sample atoms [53]. They can be detected and used
to produce an image of the compositional distribution of atoms at the surface. Num-
ber of backscattered electrons reflected are dependent on the composition, atomic
number and crystal orientation of the atoms [52].

3.1.4.1 Energy dispersive spectrometry

An elemental analysis of the sample can be accomplished by combining the SEM
with a detector that can detect emitted X-rays [52]. The X-ray signals can be utilised
for chemical identification of atoms on the sample surface [53]. A commonly applied
technique is to use an energy dispersive spectrometer (EDS), which measures the
energy of the characteristic X-rays from the number of electron-hole pairs generated
[54]. Since each chemical element is related to a particular wavelength, it is possible
to both detect and quantify elements in the sample [52]. The detection limit for
elements with EDS is in general 0.1 wt%. This means that it is possible to track
major and minor elements, meanwhile trace elements will not be detected. Another
important factor for the detection in EDS is the surface condition of the sample.
Thus, a smoother surface will give a lower detection limit [53].
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3.1.5 X-Ray powder diffraction

X-ray powder diffraction (XRD) is used to detect crystalline structures and to de-
termine their relative amount in a sample [55]. The very specific and structured
organisation of atoms and molecules in a crystalline material, as well as the size of
the distance between them, make it possible to use an X-ray beam to distinguish
one structure from another [55]. The analysis and the determination of the crystal
structure is based on the Bragg equation shown in equation (3.3),

nA = 2dsinf (3.3)

where n is an integer, A is the wavelength of the electrons, d is the spacing of crystal
planes and 6 is the angle of incidence [56]. The concepts are further represented in
Figure 3.3.

Figure 3.3: Definition of the spacing between the crystal planes as well as the angle
of incidence in the Bragg equation from [57], CC-BY-SA 3.0.

Before the analysis, wet samples need to be dried and coarse samples need to be
milled into a fine powder. The sample is pressed into a holder to even the surface
and is thereafter placed in the sample chamber. Often, only one specific X-ray
wavelength are allowed to reach the sample [55]. The X-rays are created in an X-ray
tube with a heated tungsten filament that are supplying electrons to another metal,
often copper, in vacuum [55],[58]. The resulting energy loss after the collision is
released as X-rays. During the measurement, the X-ray beam is directed towards
the sample which is scanned and simultaneously rotated using a goniometer [55].
When the beam hits the sample from a variety of angles, energy will be emitted
resulting in an X-ray pattern with peaks of different intensities at specific 260-values.
The spectra can thereafter be matched to certain structures from a database since
each specific set of peaks, with respect to size and location, corresponds to a specific
chemical composition and crystal structure. The detection limit for XRD is typically
around 1% [55].
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3.2 Experimental procedure

This section describes the practical aspects of the investigation which involved lab-
oratory experiments on semi-pilot scale and on lab scale.

3.2.1 Process reproduction on semi-pilot scale

The process reproduction experiment was designed to investigate the cause of Na
losses during separation of Fe as well as the influence of wash water ratio on the
filter cake composition. The process was, however, simplified and only performed on
a semi-pilot scale. The large scale process is continuous while the process steps in
these experiments were performed in batches. To create a representative simulation
of the process and bring the system to a certain equilibrium, some steps had to be
performed in several cycles. The first process step, ash leaching, was for simplicity
only conducted in one batch. The following steps, separation of recoverable ele-
ments (P, Al, Fe) and separation of Fe, were on the other hand performed in cycles.
Further, since the focus of the experiment was to investigate the Fe separation step,
downstream steps were not performed. However, the large scale process involves
several recirculations from downstream steps that have an effect on the steady state
composition of the process streams. Therefore, some artificial solutions, representa-
tive for recirculated streams, were prepared.

The down-scaling from large scale to semi-pilot scale was based on using 1 kg of the
ash leaching solution in the first process step into each cycle. Ratios between varying
process streams from the large scale process were thereafter used to recalculate all
streams. Further, all process steps conducted during the semi-pilot scale experiment
involved filtration followed by washing of the formed filter cake with fresh tap water.
The wash water amount needed after filtration in the ash leaching (section 3.2.1.2)
and the cycles (section 3.2.1.3 and 3.2.1.4) were calculated before the washing of
each cake was performed. The mass of wash water needed for the filter cake or cycle
i, My [kg], was calculated based on the dry solids (DS) [%)] measurement from the
previous cycle according to equation (3.4),

Mywi = Wm,i * Maet, fi (1 - DS(zfl)) (34)

where W,,,; is the desired wash water ratio and my,. r; [kg] is the mass of the cake
after filtration, but before the washing. For the ash leaching and for the first filter
cake produced in the first step of the cycles, the value was approximated based on the
large scale process. To avoid cracks in the cake, the washing of each cake was started
when the mother liquor reached the surface of the filter cake, meaning that the DS of
the cake was slightly lower compared to the cake after washing, after which all acces-
sible water has been removed. After finishing the cycles, the real wash water ratio,
Wi reat,i, Was calculated for each cycle based on the correct DS, wet cake mass after
washing, Mt [kg] and the mass of wash water added according to equation (3.5).

Wm,real,i = ! (35)
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The correct values of the wash water ratio were thereafter used together with the
results from the ICP-AES analysis of the outlet streams of the Fe separation step
to evaluate the washing performance of the filter cake. The following sections will
provide a more detailed description of the preparation of artificial solutions, the ash
leaching in batch and the following cycles that were performed with and without
addition of artificial alkaline solution.

3.2.1.1 Preparation of acidic and alkaline artificial solutions

One acidic solution was mixed in order to mimic inlet streams to the acidic part of
the process. To this solution, NaAlO, (s), CaCly - 2H50 (s), NaOH (50%), H3PO,
(85%), FeCl (40%) and tap water were added aiming at concentrations similar to
the recirculated streams of the large scale process to a total volume of 10 L. To
assure complete dissolution, solid chemicals were pre-dissolved with heating before
adding the additional water. Unfortunately, unknown precipitate was found in the
canister after one night. Therefore, the acidic solution was exchanged by tap water
and by adding some acidic streams from previous cycles.

One alkaline solution was also prepared as a representation of recirculated streams
to the Fe separation step. During the first attempt, NaAlO, (s), NaOH (50%),
H5PO4 (85%) were mixed with tap water to representative concentrations and a
total volume of 21 L. Again, solid chemicals were pre-dissolved before additional
water was added. However, precipitate was noticed in this canister as well after
one night. A second attempt was performed by exchanging the tap water with
demineralised water. In this canister, no significant precipitation was discovered
and the solution was used as an input to the cycles described in section 3.2.1.3.

3.2.1.2 Ash leaching

The ash leaching was performed in one batch prior to the reaction cycles to pro-
duce acidic filtrate and acidic wash water needed as input for all cycles at once.
The leaching was performed in a 30 L reactor and the rector was equipped with
baffles and the stirring was performed by a overhead mixer. The first step was to
add tap water to the reactor. In the second step, the ash was slowly added during
stirring and in the last step, addition of HCI solution (37%) was performed. The
slurry was made based on a certain ratio of water to ash as well as a certain ratio of
acid to ash, which both corresponds to optimised values from the large scale process.

After the reaction time had passed, the temperature was measured and the slurry
was filtered. Initially, the slurry was supposed to be dosed into a Biichner funnel for
vacuum filtration using Munktell filter paper (class 00M). However, due to blockage
of the filter and extremely low filtration rate, the filtration was performed on a pilot
scale Larox press filter with a filter area of 0.1 m?. The wash water amount used
was based on a wash water ratio of 1.5. Both filtrate and wash water was collected
and used in the upcoming cycles.
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3.2.1.3 Cycles with artificial alkaline solution

Two process steps, separation of recoverable elements and separation of Fe, were
mimicked in several cycles on a semi-pilot scale. This was performed by using
artificial alkaline solution to mimic recirculations from downstream steps until an
unwanted accumulation of Al in the filter cake was discovered after three cycles.

3.2.1.3.1 Separation of recoverable elements

In the separation of recoverable elements an initiation step (cycle 0) was needed
in which no recirculations were done and fresh chemicals of required amounts were
added to initiate the system. For all cycles, liquid from the ash leaching was mixed
with other recirculated streams in a 2.5 L reactor with overhead mixing. The pH
was adjusted to trigger precipitation of Fe, Al and P compounds and was there-
after continuously measured during the reaction. Thereafter, the temperature of
the slurry was noted and the solid and liquid phases were separated with vacuum
filtration on a Biichner funnel using Munktell filter paper (class 00M). The filter
cake was thereafter washed using a cylinder with tap water at 55-57 °C with a target
wash water ratio of 1.5. After each step, concentrations of P, Al and Fe in the liquid
phases were spectrophotometrically analysed with Hach Lange + LCK cuvettes in
order to estimate the reaction progress in each cycle (section 3.3.1). In addition, the
pH of the filtrate and wash water were checked. The solid phase was weighted and
analysed for DS. Some of the streams were also collected and used as input to the
next cycle.

3.2.1.3.2 Separation of iron

In the separation of Fe, the solid phase from the previous step was mixed with
tap water, artificial alkaline solution and other recirculated streams in a 5 L reactor
with overhead mixing. NaOH-solution was thereafter added to increase the pH to
the desired value to trigger the formation of Fe-precipitate and the dissolution of
P. The pH was also continuously checked during the reaction. The formed slurry
was thereafter filtered on a Biichner funnel using Munktell filter paper (class 00M)
and washed using a cylinder with tap water at 55-57 °C using a target wash water
ratio of 1.5. After each step, concentrations of P, Al and Fe in the liquid phases
were analysed spectrophotometrically with Hach Lange + LCK cuvettes to establish
mass balances and track the reaction progress in each cycle. The mass of the solid
phase was noted and the cake was analysed for DS. Liquid streams were collected
for recirculation and the volume and weight of the streams were noted. The pH of
the resulting filtrate and wash water was also checked.

During the tracking of concentrations, an undesired accumulation of Al in the cake
was, however, discovered after cycle 3. This was most likely due to precipitation of
an Al compound from one of the chemicals used in the artificial alkaline solution.
Therefore, the procedure had to be restarted by exchanging the artificial solution
with tap water (section 3.2.1.4). A part of the filter cake from the last cycle was
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however still dried in an oven at around 115 °C and saved for analysis with SEM-EDS
and XRD and another was sent for external dissolution and analysis with ICP-MS.

3.2.1.4 Cycles without artificial alkaline solution

To produce a filter cake without undesired Al precipitate, the alkaline artificial
solution was exchanged by tap water. Furthermore, precipitate was discovered in
both filtrate and wash water from the ash leaching before the initiation cycle was
started. This precipitate was filtered off and the remaining filtrates were analysed
with HACH Lange + LCK cuvettes for P, Al and Fe. Since the concentrations of
major elements were still within the acceptable range according to desirable com-
positions from the large scale process, the filtered solutions were used as liquid inlet
streams in the following cycles, however with some losses of elements that should be
present in the large scale process.

By using tap water instead of the artificial alkaline solution, the total liquid volume
into the reactor was kept equal. The cycles were performed until a near-equilibrium
was reached resulting in a total of six cycles. In these cycles, some additional
exceptions compared to the first run of cycles (section 3.2.1.3) were also added.
Since the time for experiments were limited, only the P concentration was tracked
in the filtrate with Hach Lange + LCK cuvettes. Instead, all filtrate and wash
water streams were diluted with demineralised water and sent for external macro
elemental analysis with ICP-AES. Solid streams were collected and sent for external
dissolution and analysis with ICP-MS.

3.2.1.4.1 Separation of recoverable elements

The separation of recoverable elements was performed in the same way as mentioned
in section 3.2.1.3. In the end of cycle 4, an extra sample of the solid outlet was
collected, dried in an oven at around 115 °C and saved for solid sample analysis
with SEM-EDS and XRD. Finally, the target wash water ratio was increased to 2.5
starting from the first cycle in order to get a better wash of the cake.

3.2.1.4.2 Separation of iron

Besides from exchanging the artificial alkaline solution with clean tap water, the
Fe separation step was conducted with the same procedure as described in section
3.2.1.3 but with some exceptions. The target wash water ratio was increased to 2.5
starting from the first cycle in order to get a better wash of the cake. During the
third cycle, the DS of the slurry was adjusted by decreasing the addition of liquid
streams aiming at the known steady state value from the large scale process. This
was repeated for the rest of the cycles.
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After the fifth cycle, an additional sample of the filter cake was dried in an oven at
around 115 °C and saved for analysis with SEM-EDS and XRD. This filter cake was
assumed to be near steady state and therefore saved as the sample for the conditions
which will be referred to as normal washing (target wash water ratio 2.5). Further-
more, it was also of interest to investigate potential Na release in acid. 13.8 g of
the wet cake was therefore dissolved in 6.67 ml HCI (37%). The mixture was left
overnight with stirring for around 16 hours and thereafter filtered on a small Biich-
ner with Munktell filter paper (class 00M). The obtained filter cake was thereafter
washed with tap water at around 57 °C. The resulting filtrate and wash water was
sent for external macro elemental analysis with ICP-AES to investigate the release
of Na from the filter cake in acidic conditions.

During the sixth and last cycle, an extensive wash of the cake was performed with
a total target wash water ratio of 7.5. This condition is further referred to as ex-
tensive washing. The washing was conducted in batches and samples were collected
separately for target wash water ratios of 1, 1.5, 2.5, 3.5, 5 and 7.5. An additional
part of the filter cake was also dried at around 115 °C and saved for solid sample
analyses with SEM-EDS and XRD.

3.2.2 Adsorption of sodium on aluminium silicates

An adsorption experiment was conducted on lab scale in order to investigate the
adsorption potential of Na onto Al-silicates, which is one of the known filter cake
components. In the experiment, a NaOH-solution with a similar concentration as
in the Fe separation step was prepared by mixing NaOH (50%) with demineralised
water. Three samples with different amounts of solid Al-silicates of similar type
as the one known to be present in the filter cake were prepared in three beakers
and mixed with a fixed volume of 50 ml NaOH-solution. The samples were left with
stirring at room temperature for 23.5 hours. Experimental set-up data is summarised
in Table 3.2.

Table 3.2: Ezperimental set-up for adsorption experiment on Al-silicates.

Sample VNaOH [ml] Msolid [g]
Ads-1 50 1.25
Ads-2 50 2.51
Ads-3 50 5.02

The samples were thereafter filtered with vacuum on a Biichner funnel with Munktell
filter paper (class 00M) and the resulting filtrates and filter cakes were collected.
Volumes of filtrate and weights of wet filter cakes were noted. The filtrates were
diluted with demineralised water and sent for external macro elemental analysis
with ICP-AES in order to evaluate the amount of Na potentially adsorbed onto the
solids. The three filter cakes were dried in an oven at around 115 °C. The weight of
wet and dried Al-silicate cakes was noted and used to calculate DS.
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3.2.2.1 Washing of aluminium silicates

In order to also investigate the washing behaviour of Na from the Al-silicates, a
washing experiment with three samples of equal amounts of solid Al-silicates was
conducted. The samples with Al-silicates were prepared in beakers and mixed with
a fixed volume of the same NaOH-solution as in the adsorption experiment. The
samples were left with stirring in room temperature for 23.5 hours. The samples were
thereafter filtered and washed with tap water using vacuum on a Biichner funnel
with Munktell filter paper (class 00M). The washing was performed with tap water
at a temperature of around 53 °C. The washing was based on three different target
wash water ratios, where the liquid content in the cake was estimated based on the
mass of the trapped liquid in each cake. The set-up of the washing experiment is
given in Table 3.3.

Table 3.3: Ezxperimental set-up for washing experiment of Al-silicates.

Sample | Vyoou[ml] | msoialg] | WW-ratio
Ads-4 50 2.50 1;2.5;5
Ads5 50 951 | 1,255
Ads-6 50 952 | 1,255

As with the adsorption experiment, volumes of filtrate and wash water were mea-
sured as well as the weights of wet filter cakes. The filtrates and wash waters were
diluted with demineralised water and sent for external macro elemental analysis
with ICP-AES to evaluate the amount of Na that potentially was washed out from
the cakes. Two filter cakes were dried in an oven at around 115 °C. The third filter
cake (3.64 g) was resuspended in 39 g week acid solution prepared by mixing HCI (1
M) and demineralised water. This was done to evaluate the effect of low pH on the
Al-silicates and its release of Na. The slurry was left under stirring for one hour and
thereafter filtered. The filtrate was collected, diluted and sent for external macro
elemental analysis with ICP-AES.

3.3 Analyses of experimental results

This section describes the analytical procedure of liquid and solid samples that were
internally analysed from the process reproduction as well as the adsorption on Al-
silicates experiments.

3.3.1 Liquids analysis (Hach lange DR3900 + LCK cuvettes)

The tracking of Fe, Al and P concentrations in filtrate and wash water performed
during the cycles was done using the Hach Lange DR3900 laboratory spectropho-
tometer together with LCK cuvettes. The cuvettes were prepared according to
the methods described below and inserted to the spectrophotometer which is pro-
grammed to automatically determine the concentration. The wavelengths used was
in the 320-1100 nm range [59].
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3.3.1.1 Concentration determination using LCK cuvettes

Due to the sensitivity of the analysis, samples were first diluted with demineralised
water to stay within the correct concentration range and the pH of the diluted
samples was always checked. Samples outside the pH range was diluted using an
appropriate amount of nitric acid (0.5 M) together with demineralised water.

In the Fe analysis, 2 ml of diluted sample was added to the LCK321-cuvette contain-
ing freeze-dried reagents. After the addition, the cuvette was closed and inverted
until complete dissolution occurred. The cuvette was left for 15 minutes before it
was inserted to the spectrophotometer. In the Al determination, 2 ml of an acidic
acetate-buffered solution, 3 ml diluted sample and a small addition of an included
powder was added to the LCK301 cuvette. The cuvette was inverted until com-
plete dissolution occurred and was left for 25 minutes before it was inserted to the
spectrophotometer. In the P analysis, 5 ml of the diluted sample was added to the
LCKO040-cuvette. The cuvette was inverted and left for 10 minutes before it was
inserted to the spectrophotometer.

3.3.2 Solids analysis

Solid analysis with SEM-EDS and XRD were primarily performed on selected, dried
filter cakes from the Fe separation step for the cycles without artificial alkaline so-
lution. The studies were performed on solid inlet stream and outlet filter cake of
cycle 5 with normal washing as well as outlet filter cake from cycle 6 with exten-
sive washing. To enable comparison with the cycles with undesired Al-precipitates,
analysis was also performed on the outlet filter cake of the last cycle (cycle 3) with
artificial alkaline solution. The procedures and setup are described in more detail
in following sections.

3.3.2.1 Analysis with SEM-EDS (Phenom ProX)

In order to perform cross-sectional analysis of solid samples with SEM-EDS, the
dried samples of interest were embedded in epoxy. To be able to study single par-
ticles, some filter cake were milled to fine powders before the embedding. This was
done for solid inlet stream and outlet filter cake of cycle 5 with normal washing as
well as the outlet filter cake from cycle 6 with extensive washing from the cycles
without artificial alkaline solution. It was also done on the final outlet filter cake
from the cycles with artificial alkaline solution (cycle 3). Since the potential influ-
ence of washing on filter cake morphology was of great interest, non-milled pieces
of filter cakes from cycle 5 with normal washing and cycle 6 with extensive washing
(from cycles without artificial alkaline solution) were also embedded and studied.
All the embedded samples were further grinded with sand papers of different rough-
ness to polish the sample surface. At the beginning, water was used as cooling agent
but it was later changed to ethanol to minimise cross-contamination of the samples
(see Appendix A).
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The SEM analyses were performed with a Phenom ProX instrument on one sample
at a time. The samples were always cleaned with pressurised air before they were
inserted to the instrument. In order to generate representative results, several ar-
eas of each sample were studied in SEM to understand morphology and types of
particles present. Imaging were done with an accelerating voltage of 15 kV. Point
analysis with EDS was performed on several location of each sample with repeated
analyses on similar particles. This was mainly done in order to evaluate typical
composition of common particles of each sample. Imaging and point analysis was
done with a magnification of 2200x and 3800x. For the embedded samples with
filter cake pieces, additional mapping of elements on a representative area were also
performed with EDS. The mappings were done on a selected area with magnifica-
tion of 2200x, map resolution of 256, pixel time of 50 and only one number of passes.

For all the completed analyses, unreasonable elements and elements with lower de-
tection accuracy (<0.94) were excluded based on the known elemental compositions
of the system. For the mapping results, C and O were also excluded, since they are
known to be commonly present and thereby difficult to quantify correctly. They are
also not considered as crucial elements in this investigation.

3.3.2.2 Analysis with XRD (D8 Advance)

To perform analysis of crystalline phases, the dried samples were milled into fine
powders. The powders were thereafter pressed into a sample holder and placed in
the sample chamber. The XRD analysis were performed in a D8 Advance instru-
ment and the angle of incidence (26) was set to 5-80°. The samples studied with
XRD were the inlet solids and outlet filter cake from cycle 5 with normal washing as
well as the outlet filter cake from cycle 6 with extensive washing from cycles without
artificial alkaline solution. XRD analysis was also done on the final outlet filter cake
(cycle 3) from the cycles with recirculation of artificial alkaline solution.

After the XRD analysis, the generated spectra for each sample was plotted as an
intensity vs. 26 diffractogram and evaluated in the software diffrac.suite eva. A
database of intensity diffractograms (COD) was available in the software. The el-
emental composition of the solids and filter cakes from EDS-analysis and exter-
nally performed ICP-MS was used to create a chemical filter for each sample, which
were used together with the database to identify and distinguish possible crystalline
phases. Firstly, the analysis was performed in automatic mode by the programme.
Secondly, the results were evaluated and improved by manually matching the in-
tensity peaks to diffractograms in the database. Finally, match lists of identified
crystalline phases were summarised and used as matching filter to search for similar
compounds in the different samples. The most feasible crystalline phases were kept
as possible matches in the intensity diffractogram and further evaluated based on
literature.
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Results

The first part of the results chapter presents the main findings from analyses of the
filter cake obtained from the cycles with artificial alkaline solution. However, these
cycles will not be considered any further in the results. The following parts will
instead provide a more detailed description of the general results obtained from the
cycles without the use of artificial alkaline solution. When the results for the last set
of cycles are presented, normal washing refers to the wash water ratio calculated as
2.33 which was used in cycle 5. The extensive washing refers to a total wash water
ratio of 6.79 which was used in cycle 6.

4.1 Impact of aluminium accumulation due to the
use of artificial alkaline solution

The cycles where artificial alkaline solution was used as an input to the Fe separation
step were only performed in a total of three cycles. The cycles were stopped due to a
discovered undesired Al accumulation in the filter cake when tracking the filtrate and
wash water compositions. The filter cake from the last cycle was, however, analysed
in SEM-EDS and XRD to study possible Al-precipitate and its possible influence on
Na losses. This section will provide a brief presentation of the findings from these
analyses with a special emphasis on comparing these results to the results from
the cycles without artificial alkaline solution. It will also provide a more detailed
explanation to the exclusion of artificial alkaline solution in the following cycles.

4.1.1 Impact of aluminium accumulation on sodium content

The accumulation of Al was not considered to be representative of the large scale
process since a new component was believed to be introduced to the system. It was,
however, of interest to investigate its influence on filter cake composition and Na
losses. The compositions of Al and Na in the filter cakes from solid phase analysis
with ICP-MS from cycle 3, with and without the use of artificial alkaline solution
respectively, were therefore compared and the results, expressed as the ratio between
cycle 3 with and cycle 3 without the solution, can be seen in Table 4.1.
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Table 4.1: Ratio of Al and Na from ICP-MS analysis of the filter cakes for cycle 3
with and without artificial alkaline solution respectively.

Element | Ratio with/without
Al 3.9
Na 1.3

The ratio between contents presented in the table above shows that the resulting Al
content was about four times larger in the filter cake when the artificial alkaline so-
lution was used while the Na content was only slightly higher. Hence, the Al content
was significantly larger in the cycle with artificial alkaline solution. The increase in
Na content is not as large and cannot be explained by the Al accumulation.

4.1.2 Aluminium accumulation in filter cake components

The compositions of the two main filter cake components, Al-silicates and Fe-
precipitates, were also studied in SEM-EDS to investigate the influence of Al accu-
mulation on Na losses in specific particles. Cakes with similar washing conditions
were only collected for cycle 3 with artificial alkaline solution and cycle 5 without
artificial alkaline solution and cakes from different cycles are therefore compared.
The results are shown in Table 4.2.

Table 4.2: Mean atomic concentration in Al-silicates from cycle 3 (C3) with arti-
ficial solution and the content compared to cycle 5 (C5) without artificial solution.
The compositions are normalised to the mean Si atomic concentration in the particles
in each sample.

Element | Mean C3 [%] | Ratio C3 with/C5 without
Si 100 1.00
Al 25 1.02
Na 10 0.58
K 7 1.06
Fe 4 0.27
Ca 2 0.20
P 1 0.09

It can be noticed that the Al content is only 2% higher which means that no clear
Al accumulation have occurred near these particles. A larger increase in Al content
was, however, noticed in the Fe-precipitates which can be seen in Table 4.3.
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Table 4.3: Mean atomic concentration in Fe-precipitates from cycle 3 (C3) with
artificial solution and the content compared to cycle 5 (C5) without artificial solution.
The compositions are the percentage of the mean Fe atomic concentration in the
particles in each sample.

Element | Mean C3 [%] | Ratio C3 with/C5 without
Fe 100 1.00
Na 42 0.80
Si 25 0.88
P 17 0.53
Al 15 1.71
Ca 14 0.41

As can be seen, the Al concentration is 70% higher in the cycles with artificial al-
kaline solution while the Na concentration is 20% lower for the same cycle. Thus,
no effect of the Al accumulation on the Na losses was observed. It is, however,
important to note that the differences in results also lies in the difference in num-
ber of cycles performed and the difference in washing conditions. These results can
therefore only serve as an estimation of where the Al accumulation possibly occurred.

The results show that accumulation of Al did occur, but not on the Al-silicate sur-
faces. Instead, it was observed around Fe-precipitates. Furthermore, it did not have
a significant effect on Na losses. In addition, no other Al-compounds in significant
amounts or crystalline compounds containing Na was detected in XRD when com-
pared to the cycles without artificial alkaline solution which suggests an amorphous
nature of the formed Al-precipitate. Finally, the occurrence of precipitation can also
be supported by the fact that the NaAlO, used for the preparation of the solution
was proved to be unstable in tap water by the noticed precipitation during the first
preparation of the solution, mentioned in section 3.2.1.1.

4.1.3 Exclusion of the artificial alkaline solution

Due to the Al accumulation, not expected in the large scale process, the results
from the cycles with artificial alkaline solution could not be seen as representative
for the process. Since the reason for the Al accumulation most likely was due to the
use of chemicals which precipitates in the presence of tap water, it should not be
expected to be a problem in the large scale process. Cycles mentioned below will
therefore refer to the cycles without the use of artificial alkaline solution since the
cycles mentioned above was not investigated further.
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4.2 Operational results and steady state tracking

The operational results for the six cycles without artificial alkaline solution are
summarised in this section. Values of measured DS, real wash water ratio used in
each cycle as well as the normalised concentration of Na, Fe and P in filtrate and
wash water can be found in Table 4.4. The normalised concentration of elements
in the filtrate is expressed as a fraction of the concentration of the filtrate in cycle
6 meanwhile the concentration of elements in wash water is expressed based on the
concentration in the filtrate for each cycle. The data is based on external macro
elemental analysis with ICP-AES for all liquid streams in the system.

Table 4.4: DS [%], real wash water ratio (WW-ratio) and concentration of Na, Fe
and P in filtrate (F), expressed as a fraction of the concentration in cycle 6 (C6)

[%], and in wash water (WW), expressed as a fraction of the concentration in the
filtrate of each cycle [%].

Co|C1|C2|C3 | C4|C5|Ce6

DS [%] 23.8 | 27.2 [ 30.8 | 35.9 | 36.6 | 36.5 | 36.7
WW-ratio | 1.42 | 2.45 | 2.51 | 2.46 | 2.35 | 2.33 | 6.79
Cna,r[ %] 46 | 86 | 89 | 79 | 93 | 99 | 100

Cnawwl|%] | 96 | 47 | 58 | 49 | 50 | 50 | 22
Crer|%) 100 | 100 | 100 | 100 | 100 | 100 | 100
Creww|%] | 100 | 100 | 100 | 100 | 100 | 100 | 100
Cp,r[%)] 50 | 68 | 67 | 8 | 94 | 95 | 100
Cpww(%] | 67 | 47 | 45 | 51 | 49 | 50 | 21

As can be seen in Table 4.4, the amounts of Na and P in the filtrate compared to
cycle 6 are varying between the different cycles but a stabilisation can be noticed
from cycle 4 to 6. This indicates that the system is close to reach steady state
conditions. This is also supported by the stabilisation of DS for these three filter
cakes. Further, it can be noticed that there are always Na and P present in the
wash water for all cycles. On average, the detected concentration in the wash water
is around half compared to filtrate concentration in cycle 1 to 5 but significantly
lower in cycle 6 with extensive washing. Lastly, the concentration of Fe is found to
be very stable in both filtrate and wash water for all cycles.

4.3 Sodium content at varying washing conditions

The effect of extensive washing on the Na losses was evaluated by looking at the
concentration of Na in the filter cakes from cycles with different washing conditions.
The cake composition were studied by external dissolution and analysis with ICP-
MS and the result describes the mass of Na in the dissolved part of the filter cake
per total dry cake mass. The effect of extensive washing is illustrated in Table 4.5
as the ratio of Na in the filter cake of cycle 6 with extensive washing compared to
the filter cake of cycle 5 with normal washing.
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Table 4.5: Ratio of the concentration of Na in the filter cake of cycle 6 with exten-
stve washing (WW-ratio of 6.79) compared to the concentration of Na in the filter
cake of cycle 5 with normal washing (WW-ratio of 2.33).

Cycle | ratio of Na in C5
Ch 1
C6 0.62

From Table 4.5, it is seen that extensive washing in cycle 6 result in better removal
of Na from the filter cake compared to normal washing in cycle 5. According to the
ICP-MS analysis, it is possible to reduce the Na content in the filter cake with 38%
by increasing the real wash water ratio to 6.79.

The effect of extensive washing was also evaluated by establishing a mass balance
over the Fe separation step. In that way, it was also possible to evaluate the distri-
bution of Na in the different streams. The mass balance were conducted for cycle 5
with normal washing and cycle 6 with extensive washing and the balance was based
on all inlet and outlet streams. The liquid flows were analysed externally with ICP-
AES and the solid phases were analysed by external dissolution and analysis with
ICP-MS. The result are presented as the distribution of Na in all streams in the Fe
separation step compared to the total inlet of Na for each cycle. The distribution
of Na for cycle 5 with normal washing is presented in Figure 4.1. The deviation
between total inlet and total outlet of cycle 5 was 2.6% of the total inlet of Na.

Solid Tap Recirculated
phase water NaOH streams

0.58 wt%J 0.07 wt% 93.12wt% 6.20 wt%

Wash water i Filter cake
w Separation of Fe
0.04 wt% C5 normal wash 5.51 wt%

74.35 wt%J 17.57 wt%

v
Filtrate Wash water

Figure 4.1: Amounts of Na in inlet and outlet streams in the Fe separation step
expressed as wt% of total inlet for cycle 5 (C5) with normal washing (WW-ratio of

As can be seen in Figure 4.1, 5.51 wt% of the Na added to cycle 5 is undesirably
trapped in the filter cake while 17.57 wt% is removed by washing. To be able to
evaluate the effect of extensive washing, a similar figure with the distribution of Na
was also established for cycle 6 with extensive washing and the result is shown in
Figure 4.2. By comparing the total inlet and outlet, the deviation of cycle 6 was
2.7% of the total inlet of Na.
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Solid Tap Recirculated
phase water NaOH streams

0.44 Wt%J 0.06 wt% 93.25wt% 6.13 wt%

Wash water i Filter cake
Separation of Fe
0.12 wt% C6 extensive wash 3.0 wt%

72.92 wt%J 21.45 wt%

v
Filtrate Wash water

Figure 4.2: Amounts of Na in inlet and outlet streams in the Fe separation step
expressed as wt% of total inlet for cycle 6 (C6) with extensive washing (WW-ratio
of 6.79).

As seen in Figure 4.2, the amounts of Na trapped in the filter cake is 3 wt% of the
total inlet of Na to cycle 6. By comparing the result with Figure 4.1, it can be
noticed that more Na is washed out from the filter cake in cycle 6 with extensive
washing than in cycle 5 with normal washing. This implies that it is possible to
reduce the losses by increasing the washing of the filter cake.

By further comparing the inlet distribution of Na between the different inlet streams
in Figure 4.1 and Figure 4.2, it can also be seen that they are similar in the two
cycles. It can also be noticed that the largest flow of Na is related to the addition
on NaOH as intended. Additionally, it should also be mentioned that the total con-
centration of Na in the reactor were kept similar in the two cycles.

By comparing the results from the ICP-MS analysis with the results from the mass
balance, it is seen that both approaches shows a decreased amount of Na trapped
in the filter cake between cycle 5 with normal washing and cycle 6 with extensive
washing. Thus, this indicates that extensive washing decreases the Na losses to the
filter cake.

4.4 Acidic exposure of the filter cake

As described in section 3.2.1.4.2, it was of interest to evaluate the effect of acidic
conditions on the release of Na from the filter cake. The release of Na in acidic
conditions from the filter cake in cycle 5 was investigated by dissolving a minor
part in HCl (37%) during 16 hours. The results from external macro elemental
liquid analysis with ICP-AES were used to calculate the amount of Na released in
acidic conditions compared to the total concentration of Na in the inlet to cycle 5,
expressed in wt%. The results are illustrated in Figure 4.3.
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Solid Tap Recirculated
phase water NaOH streams Wash
HCl  water
0.58 wt%| 0.07 wt%s 93.12 wt% 6.20 wt%
Acidic filter
Wash water Sepa ration of Fe Filter cake i cake
7 Acid (—»
0.04 wt% C5 normal wash 5.51 wt% 0.06 wt%
5.45 wt¥
74.35 wt% 17.57 wt%
Acidic
Filtrate Wash water Filtrate

Figure 4.3: Amounts of Na in inlet and outlet streams in the Fe separation step
cycle 5 and the release of Na from the filter cake after 16 hours in acidic conditions
with HCl (37%). All values are expressed as wt % of total inlet to cycle 5.

As can be seen in Figure 4.3, it was possible to almost fully release the Na trapped
in the filter cake by dissolving it in acid. At the same time, sufficient amounts of
acidic filter cake were left after the acidic exposure. Since almost all of the Na in
the filter cake were released in the acidic exposure, the majority of the trapped Na
is associated with the part of the cake which is possible to dissolve in acid.

4.5 Washing of the filter cake

To evaluate the washing procedure, samples of filtrate and wash water from cycle 6
were collected and analysed with ICP-AES for target wash water ratios of 0, 1, 1.5,
2.5, 3.5, 5 and 7.5. The wash water ratios were thereafter recalculated based on the
real DS of the filter cake according to the method described in section 3.2.1 and C*
was calculated according to equation 2.3. The obtained washing curve is shown in
Figure 4.4.

Washing curve extensive washing

Dispersion

Concentration ratio Na, C*

Diffusion

Wash water ratio, W
Figure 4.4: Washing curve based on the filtrate and wash water concentrations

from cycle 6 during the extensive washing with corrected wash water ratios. The
shift from dispersion region to diffusion region is also marked.
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It is seen that almost pure mother liquor was obtained during the first wash. There-
after, a clear dispersion behaviour can be observed from a wash water ratio of 0.91
to a wash water ratio of 2.26. The obtained results shows that Na can be targeted
by additional washing compared to normal washing conditions. However, at wash
water ratios larger than 2.26, the washing becomes less effective.

4.6 Investigation of aluminium silicates

One of the known filter cake components, Al-silicates, was investigated with respect
to adsorption potential and washing behaviour. The results are presented below.

4.6.1 Sodium losses to aluminium silicates

In order to investigate the possibility of adsorption of Na onto Al-silicates, experi-
ments were performed as described in section 3.2.2 and the result is presented in this
section. For the adsorption experiment with three different amounts of Al-silicates,
DS, initial and final volumes of NaOH-solution and initial and final dry masses of
Al-silicates are summarised in Table 4.6.

Table 4.6: Initial and final volumes of NaOH-solution (L) as well as initial and final
dry masses of Al-silicates (S) in the adsorption experiment. The table also includes
DS [%] and changes in volumes [%] and dry masses [wt%] during the experiment.

Sample DS[%] VL,m [ml] VL,out [ml] AVL [%] ms.in [g] ms out [g] Ams [wt%]
Ads-1 62 20 48.0 -4.0 1.25 1.11 -11.2
Ads-2 62 50 45.5 -9.0 2.51 2.34 -6.8
Ads-3 62 20 45.0 -10.0 5.02 4.73 -5.8

In Table 4.6, it is found that both volumes of solution and dry masses of solids are
decreasing for all samples during the experiment. The changes in volumes shows
that liquid is trapped in the solids. This can partly be explained by that the Al-
silicates naturally will take up some liquid as the dry solids are mixed with the
solution, which will reduce the liquid volume in the beaker and affect the DS of the
Al-silicates. As showed in Table 4.6, the DS has decreased from near 100% before
the experiment to 62% afterwards. At the same time, the change in masses indicates
that the solids are partly dissolved during the experiment.

In the washing experiment, described in section 3.2.2.1, three adsorption attempts

with equal amounts of Al-silicates were first performed. The initial and final volumes
of NaOH solution for the samples are summarised in Table 4.7.
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Table 4.7: Initial and final volumes of NaOH-solution in repeated adsorption ex-
periment with an Al-silicate mass of 2.5 g. The table also includes the change in
volume [%] during the experiment.

Sample | Vyeom,in[ml] | VNeonout[ml] | AVNeon|%]
Ads-4 50 46.5 -7.0
Ads-5 50 47.0 -6.0
Ads-6 50 47.0 -6.0

As can be seen in Table 4.7, the volumes of NaOH-solution are decreasing in all
three samples. Yet, it is noticed that the change in Ads-4 is slightly larger than
in Ads-5 and Ads-6. By further comparing these samples with Ads-2 (same oper-
ating conditions) in Table 4.6, it is seen that the change in volume are even larger
in Ads-2. However, even if there is a deviation of liquid left in the solids between
the samples, it is still clear that a part of the liquid was trapped in the Al-silicates
during the adsorption experiments.

To illustrate adsorption of Na for different adsorbent dosage of Al-silicates, an ad-
sorption curve was created based on the result from the adsorption experiment. The
result is shown in Figure 4.5 together with a curve illustrating the total Na losses in
the system, which also account the losses associated with the liquid trapped in the
Al-silicate filter cake.

Losses of Na to Al-silicates

N
o

[
w

Adsorption of Na

Total losses of Na

Losses of Na [%]
.
o

O]

o

0 20 40 60 80 100 120
Adsorbent dosage [g/l]

Figure 4.5: Adsorption of Na on Al-silicates as well as total losses of Na to Al-
silicates based on experimental data.

In Figure 4.5, it is well illustrated that the adsorption of Na is sufficiently low in
general, with only a maximum adsorption of Na of 1.3% at a adsorbent dosage of
100 g/1. Tt can also be seen that the adsorption is most likely not dependent on
adsorbent dosage, since the curve is flat. At the same time, it can be noticed that
the maximum total loss of Na to the Al-silicates is as high as 11%. By comparing
the two curves in the figure, it is clear that the majority of the Na losses to the Al-
silicates are associated with the liquid trapped in the Al-silicate filter cake and not
adsorption. Therefore, it is likely that adsorption represents a negligible phenomena
in the investigated system.
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It is possible to evaluate the adsorption behaviour and potentially also adsorption
mechanisms of a system by combining experimental data with isotherms models,
such as Langmuir and Freundlich. However, due to the negligible adsorption be-
haviour, it was decided to not continue the study of adsorption.

4.6.2 Washing of aluminium silicates

The washing of Al-silicates was evaluated based on the results from the washing
and acidic exposure experiments on Al-silicates, described in section 3.2.2.1. The
amount of trapped NaOH-solution during the repeated adsorption experiment with
Al-silicates were estimated to be slightly higher for Ads-4 than for Ads-5 and Ads-6.
The amount of wash water, which was based on the amount of liquid trapped by
the solid during the adsorption part of the experiment, added for the washing was
therefore larger in Ads-4 (Table 4.7). This can be seen in Table 4.8 where inlet and
outlet wash water amounts are presented.

Table 4.8: Inlet and outlet weight of the wash water used in the wash of Al-silicates.
The experiment number followed by the wash water ratio are marked in the table.

Sample - ww ratio | Wash water in [g] | Wash water out [g]
Ads-4-ww-1 3.7 4
Ads-5-ww-1 3.1 3.2
Ads-6-ww-1 3.31 3.53
Ads-4-ww-2.5 5.5 5.5
Ads-5-ww-2.5 4.7 4.6
Ads-6-ww-2.5 4.69 4.65
Ads-4-ww-5 9.2 9.1
Ads-5-ww-5 7.8 7.9
Ads-6-ww-5 7.82 7.58

It can also be noticed that the deviation between the experiments was small in the
first wash but increased for higher wash water ratios. The washing of these samples
were also tracked by analysing the outlet concentration of filtrate and wash water
and a washing curve was established, presented in Figure 4.6.
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Washing curve Al-silicates
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Figure 4.6: Washing curve for the Al-silicates from sample Ads-6 obtained in one
of the adsorption experiments.

The same behaviour was observed for Ads-5 and Ads-6, while Ads-4 deviated slightly
from the other two experiments. However, this is an effect of the difference in ad-
dition of wash water that was presented in Table 4.8. The diffusion region can be
observed to start somewhere between a wash water ratio of 1 and 2.5 but the correct
value cannot be determined since important data points in this region are missing.
It is also seen that almost all accessible Na have been washed out at a wash water
ratio of 5. Comparing the washing behaviour of the Al-silicates with the washing
behaviour of the filter cake (Figure 4.4), the dispersion region of the Al-silicates
appears to occur already during the first wash in contrast to the filter cake in which
almost pure mother liquor is obtained during the first wash.

The effect of washing on the Al-silicates was further evaluated based on comparing
the obtained Na from the washing to the total inlet of Na. As mentioned, sample
Ads-6 was also resuspended in acidic conditions to evaluate any possible release of
Na. The exposure showed that a significant part of the cake was still kept undis-
solved. In addition, only a minor part of the Na was released in the acidic conditions.
The results for the washing and the acidic exposure are presented in Table 4.9.

Table 4.9: Na trapped by the Al-silicates after the adsorption experiment, after the
washing and after the acidic exposure experiments based on the total inlet of Na in
the NaOH-solution and wash water.

Sample | Inlet [%] | After filtration [%] | After wash [%] | After acid [%]
Ads-4 100 5.31 0.04 -

Ads-5 100 D.77 0.50 -

Ads-6 100 9.49 4.06 3.97

It is clearly seen in the table that the small scale of the experiments as well as the
uncertainties in the analysis method results in large deviations in the experimental
results. However, most of the Na contained in the liquid trapped by the Al-silicates
seems to be removed during the washing.
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4.7 Solid sample analyses

The SEM-EDS and XRD analyses of the filter cakes from cycle 5 and cycle 6 as well
as the solid inlet stream of cycle 5 are the focus of this section. It is divided into
four main parts. First, the morphology observed in SEM is described. Thereafter,
the compositions as well as the distribution of the main elements in the particles
are presented. At last, the crystalline structures detected in XRD are presented.

4.7.1 Morphology of solid samples

The morphology of the filter cakes after normal washing, after extensive washing as
well as the solid inlet stream to the Fe separation step were studied in SEM and the
results are presented below.

4.7.1.1 Morphology of the solid inlet stream

The solid inlet stream was analysed in SEM in order to compare the structural
differences before and after the NaOH addition in the Fe separation step. Only one
particle type containing Na was found. These particles were dominated by Si and
were therefore believed to be the Al-silicates that were expected to be found. An
overview of the crushed solid inlet stream sample is shown in Figure 4.7.

Figure 4.7: Overview of particles in the crushed sample of the solid inlet stream
to the Fe separation step with (a) magnification 450x (b) magnification 2200z and
with Na containing Al-silicates marked.

As can be seen. Al-silicates were observed in two different shapes. However, both
types had similar compositions. It should also be noted that this sample is crushed
and the porosity and structure of the sample cannot be directly compared to the
morphology of the samples described in section 4.7.1.2 and 4.7.1.3. Other particles
were also present in the sample but did not contain significant amounts of Na.
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4.7.1.2 Morphology of the filter cake after normal washing

Particles of different sizes and forms were observed in the sample after normal wash-
ing conditions. Some particles were smaller and more compact while others appeared
like longer strings, similar to the ones found in the solid inlet stream. Both porous
and less porous parts of the filter cake after normal washing were observed as can
be seen in the overviews in Figure 4.8.

(o)l

Figure 4.8: QOverviews of the filter cake at different areas after normal washing,
both (a) and (b) at a magnification of 450x.

Three main Na containing particles were found in the filter cake after normal washing
conditions. These particles were either dominated by Fe (Fe-precipitate), Si (Al-
silicates) or Ca (Ca-precipitate). SEM-micrographs of the main particles marked
are shown in Figure 4.9.

Figure 4.9: Micrographs of the cake after normal washing grinded with ethanol
at a magnification of 2200x. (a) Fe-precipitate, Ca-precipitate and Al-silicates (b)
Fe-precipitate and Al-silicates
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As expected, most of the particles were Fe-precipitates followed by Al-silicates. A
minor part of the particles were those dominated by Ca. It can also be noted that
the different shapes of the Al-silicates are present in this sample as well as in the
solid inlet stream (section 4.7.1.1).

4.7.1.3 Morphology of the filter cake after extensive washing

The morphology of the filter cake after extensive washing had no clear differences
compared to the filter cake after normal washing. Two overview SEM-michrographs
can be seen in Figure 4.10.

Figure 4.10: Ouverviews of the filter cake at different areas after extensive washing,
both (a) and (b) at a magnification of 450z.

The three types of Na containing particles found after normal washing were also
found in the filter cake after extensive washing. Examples are shown in more detail
in Figure 4.11.

¢ ¢
Al-silicate

(bl

Figure 4.11: Micrographs of the cake from extensive washing grinded with ethanol
at a magnification of 2200x. (a) Fe-precipitate, Ca-precipitate and Al-silicates (b)
Fe-precipitate and Al-silicates.

46



4. Results

Comparing Figure 4.9 and Figure 4.11, it can be seen that the particles have the same
shape, size and form. No significant difference with respect to distribution of particle
types was neither noted when the filter cakes with different washing conditions were
compared, which means that the Fe-precipitates occupied, as expected, the largest
part of the cake.

4.7.2 Composition of solid samples

This section provides the results obtained from analyses with SEM-EDS of the two
filter cakes at different washing conditions as well as the solid inlet stream in cycle 5.
All compositions presented in this section are reported on a C and O free basis and
are based on point analyses of several particles in each sample. The distribution of
elements in certain areas of the filter cakes are presented as EDS-mappings. These
mappings were performed in one specific area for each filter cake. This means that
each mapping of an individual element in one specific filter cake can be compared
to all other mappings from the same sample. These areas can be seen in Appendix
B.

4.7.2.1 Composition of the solid inlet stream

Al-silicates, known to be present in the filter cake, were also observed in the filter
cake from the solid inlet in cycle 5. These particles were analysed with EDS to
compare the composition of solids before and after the NaOH addition. The mean
atomic concentration of the main elements in the Al-silicates entering the reactor
are presented in Table 4.10.

Table 4.10: Minimum, maximum and mean atomic concentration of main elements
in Al-silicates from the inlet of the separation of Fe based on 10 point measurements
normalised with the mean atomic concentration of Si. The standard deviation, o,
and the variance, o2, for the data points are also displayed.

Element | Min [%] | Max [%] | Mean o o’
Si 92 105 100 0.031 | 0.00099
Al 26 27 26 0.0018 | 3.2e-6
Na 6 14 10 0.016 | 0.00027
P ) 13 8 0.016 | 0.00027
K ) 9 7 0.016 | 0.00027
Fe 4 7 5) 0.0071 | 5.1le-5
Ca ) 13 3 0.0034 | 1.2e-5

The results in Table 4.10 shows that Na is the third most dominating component in
the Al-silicates prior to the separation of Fe based on average normalised composi-
tion. These results will further on be compared to the composition of the Al-silicates
after the separation of Fe.
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4.7.2.2 Composition of the filter cake after normal washing

The three main particles present in the sample, dominated by Fe, Si or Ca re-
spectively, were analysed with EDS in several representative points, as described in
section 3.3.2.1, and the average atomic concentration was thereafter calculated. The
average composition of the Al-silicates, expressed as the percentage of the average
atomic concentration of Si, are presented in Table 4.11.

Table 4.11: Minimum, maximum and mean atomic concentration of main elements
in Al-silicates after normal washing based on 25 point measurements normalised with
the mean atomic concentration of Si. The standard deviation, o, and the variance,
o2, for the data points are also presented in the table.

Element | Min [%] | Max [%] | Mean [%] o o’
Si 64 120 100 0.084 | 0.0071
Al 15 30 24 0.021 | 0.00045
Na 8 33 17 0.033 | 0.0011
Fe ) 36 15 0.048 | 0.0023
Ca 2 20 9 0.028 | 0.00077
P 0 17 6 0.024 | 0.00059
K 3 10 6 0.0097 | 9.4e-05

As can be seen in the table, Na is the third most dominating element in the Al-
silicates after normal washing based on average normalised composition. It is impor-
tant to note that the Al-silicates are already present at the inlet of the Fe separation
and the ratio between the Na and Si after normal washing has increased compared
to the ratio of the inlet stream presented in Table 4.10. This indicates that some
additional Na is trapped in the Al-silicates during the separation of Fe. In addition,
the contents of Fe and Ca in the Al-silicates have also increased compared to the
inlet solid stream analysis. The distribution of Na and Si after normal washing can
be compared in Figure 4.12.

(a)

Figure 4.12: Distribution of (a) Si and (b) Na, in same area of the filter cake after
normal washing. No clear similarities can be observed.
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It can be seen that Na is more evenly distributed throughout the area of the map-
ping while the Si are more concentrated in specific particles corresponding to the
shape of the Al-silicates shown in Figure 4.9. No clear similarities between the Na
and Si distribution can, however, be distinguished. Further, the EDS analysis was
also done on Fe-precipitates. The average composition based on the mean atomic
concentration of Fe are presented Table 4.12.

Table 4.12: Minimum, mazimum and mean atomic concentration of main elements
in Fe-precipitates after normal washing based on 25 point measurements normalised
with the mean atomic concentration of Fe. The standard deviation, o, and the
variance, o2, for the data points are also shown.

Element | Min [%] | Max [%] | Mean [%] | o o?
Fe 68 154 100 0.081 | 0.0065
Na 25 82 52 0.057 | 0.0032
Ca 14 69 35 0.52 | 0.0027
P 17 o1 33 0.034 | 0.0011
Si 19 48 28 0.028 | 0.00076
Al 0 13 9 0.012 | 0.00014

It can be seen that the Na is the second most dominating element in the Fe-
precipitates after normal washing based on average normalised composition. Fur-
thermore, the distribution of Na and Fe in the same part of the filter cake can be
compared in Figure 4.13.

(a)

Figure 4.13: Distribution of (a) Fe (b) Na, in same area of the filter cake after
normal washing.

It can be seen that both elements in Figure 4.13 appears as evenly distributed
throughout the area of the mapping. Further, Na was found in significant amounts
in the Ca-precipitates as can be seen in Table 4.13, where the average composition
based on the mean Ca atomic concentration, is presented.
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Table 4.13: Minimum, mazimum and mean atomic concentration of main ele-
ments in Ca-precipitates after normal washing based on eight point measurements
normalised with the mean atomic concentration of Ca. The standard deviation, o,
and the variance, o2, for the data points are also presented.

Element | Min [%] | Max [%] | Mean [%] | o o’
Ca 70 140 100 0.073 | 0.0054
P 26 91 74 0.032 | 0.0010
Na 29 102 67 0.084 | 0.0071
Fe 25 54 43 0.028 | 0.00080
Si 17 34 26 0.018 | 0.00032
Al 0 8 2 0.011 | 0.00013

The obtained results, based on average normalised values, shows that Na is the third
most dominating element in the Ca-precipitates after normal washing. In addition,
the distribution of Ca and Na can be compared in Figure 4.14.

(a) (b)

Figure 4.14: Distribution of (a) Ca and (b) Na, in same area of the filter cake
after normal washing. No clear similarities can be observed.

As can be seen, Ca is also distributed over the entire area of the mapping after
normal washing as was also noticed for Na and Fe. Hence, no clear similarities in
distribution were observed for any of the elements investigated in this section.

4.7.2.3 Composition of the filter cake after extensive washing

The compositions in the three Na containing particles after the extensive washing
were checked with EDS and compared to the composition in the corresponding

particles after normal washing. The result for the Al-silicates is presented in Table
4.14.
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Table 4.14: Minimum, maximum and mean atomic concentration of main elements
in Al-silicates after extensive washing based on 25 point measurements normalised
with the mean atomic concentration of Si. The standard deviation, o, and the vari-
ance, o2, for the data point are also shown.

Element | Min [%] | Max [%] | Mean [%] | o o’
Si 95 115 100 0.081 | 0.0065
Al 12 27 22 0.026 | 0.00067
Fe 6 o7 15 0.066 | 0.0044
Na 0 24 11 0.045 | 0.0020
K 4 15 8 0.016 | 0.00025
P 0 45 4 0.054 | 0.0029
Ca 0 15 4 0.021 | 0.00046

It can be seen that Na is the fourth most dominating element in the Al-silicates
after the extensive washing, compared to being the third most dominating in the
Al-silicates after the normal washing. The distribution of Si and Na after extensive
washing are shown in 4.17.

Figure 4.15: Distribution of (a) Si and (b) Na, in the same are of the filter cake
after extensive washing. Some areas to compare are marked in the figure.

It can be seen that the Na is more distinct in some areas of the mapping compared
to the normal washing conditions (Figure 4.15) where it was distributed evenly over
the entire area. Some of the areas of Na after extensive washing are also the same as
the ones for Si. Some of these areas are also marked in the figure. The Si distribution
in the mapping was mainly related to the Al distribution (Appendix C). Further, Na
was also found in the Fe-precipitates after the long wash. The average Fe-precipitate
composition after extensive washing is presented in Table 4.15.
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Table 4.15: Minimum, mazimum and mean atomic concentration of main elements
in Fe-precipitate after extensive washing based on 23 point measurements normalised
with the mean atomic concentration of Fe. The standard deviation, o, and the
variance, o2, for the data point are also presented.

Element | Min [%] | Max [%] | Mean [%] | o o’
Fe 68 122 100 0.055 | 0.0030
Si 26 73 39 0.043 | 0.0019
Na 0 64 38 0.048 | 0.0023
Ca 18 o1 35 0.030 | 0.00088
P 20 41 32 0.021 | 0.00046
Al 0 19 9 0.018 | 0.00034

As can be seen, Na is the third most dominating element in the Fe-precipitates
after the extensive wash based on average normalised composition. This can be
compared to the results from normal washing in which the Na was the second most
dominating element (Table 4.12). It can also be noticed that the composition of
other elements in the particles remain rather constant but the Si average, expressed
as the percentage of Fe concentration, has increased after the extensive washing.
The distribution of Na and Fe in the sample were also compared, shown in Figure
4.16.

(a)

Figure 4.16: Distribution of (a) Fe and (b) Na, in the same area of the filter cake
after extensive washing. Some overlapping areas are marked.

Similarities in Fe and Na distribution after extensive washing can be noticed in some
areas of the mapping that are marked in the figure. This results deviates from the
results seen after normal washing (Figure 4.13) in which both elements were evenly
distributed with no clear similarities. The Fe can especially be noticed to be less
distributed after the longer wash than after the normal wash. Furthermore, Na was
also found in the Ca-precipitates after the extensive washing as can be seen in Table
4.16 where the average composition is presented.

52



4. Results

Table 4.16: Minimum, mazimum and mean atomic concentration of main elements
in Ca-dominated particles after extensive washing based on nine point measurements
normalised with the mean atomic concentration of Ca. The standard deviation, o,
and the variance, o2, for the data point are also displayed.

Element | Min [%] | Max [%] | Mean [%] | o o’
Ca 65 128 100 0.088 | 0.0077
P 95 74 67 0.030 | 0.00091
Si 11 28 19 0.027 | 0.00071
Fe 0 32 17 0.041 | 0.0017
Na 0 49 16 0.067 | 0.0045
Al 0 7 2 0.012 | 0.00014

As can be seen in the table, the Na is the fifth most dominating element in the Ca-
precipitates after the extensive wash compared to being the third most dominating
after the normal wash (Table 4.13). It can also be noticed that the Fe concentration
has decreased significantly during the wash. Lastly, the distribution of Ca and Na
in the same area after the extensive wash should be compared, presented in Figure

4.17.

(a) (b)

Figure 4.17: Distribution of (a) Ca and (b) Na, in the same area of the filter cake
after extensive washing. The elements are not associated.

The obtained EDS-mapping results shows that Na and Ca are not cleary associated
after extensive washing. An association of Ca near P was, however, more clearly seen
(Appendix C). By further comparing all mapping results after extensive washing, it
can be noticed that the distribution of Na is more comparable to the distribution of
Fe and Si than to the distribution of Ca.

4.7.2.4 Washing behaviour of different particle types

To get an overview of the Na content in different particle types after varying washing
conditions, the results from normal (cycle 5) and extensive (cycle 6) washing were
summarised. Since some Na was already present in solid form in the Al-silicates
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entering the reactor, this content was not expected to be washed out from the
particles. The difference between normal and extensive washing in these particles
was therefore also based on the concentration increase from the solid inlet. The
washing results for the three particles found in the solid samples are presented in
Table 4.17.

Table 4.17: Comparison of the mean Na content in Si, Fe and Ca particles obtained
from EDS-analysis after normal and extensive washing. For the Al-silicates, the
original concentration from the solid inlet stream was not considered as available for
washing and was therefore also subtracted for comparison, expressed in brackets.

Sample Na/Si | Na/Fe | Na/Ca
Solid inlet 10 - -
Normal wash (C5) | 17 (7) 52 67
Extensive wash (C6) | 11 (1) 38 16
"Washed out" [%] | 35 (86) 27 76

From the obtained results, the largest Na ratio for normal washing conditions is
observed in the Ca-precipitates while the largest Na ratio for extensive washing con-
ditions is found in the Fe-precipitates. The smallest ratio can be observed in the
Al-silicates after both washes.

It can also be noticed that if only the total concentrations of the cakes from normal
and extensive washing are being compared, a minority of the Na present in cycle 5
has been washed out in cycle 6. However, since at least some of the Na in the solid
inlet stream particles is considered to be inaccessible for the washing, most of the
accessible Na have been washed out from the Al-silicates. Further, Ca-precipitates
appears to be rather easy to wash while Fe-precipitates still contains a significant
amount of Na after extensive washing.

4.7.3 Crystalline structures of solid samples

In order to identify crystalline structures in the Fe separation step, studies with
XRD were performed on the solid inlet stream and outlet of cycle 5 with normal
washing and the outlet from cycle 6 with extensive washing. The identification of
crystalline structures was based on the elemental results from external elemental
analysis of the filter cakes with ICP-MS. Due to the complexity of the spectrum,
the number of identified structures were limited. The structures found in XRD that
were well detected were categorised based on the identified particle types in section
4.7.1 and the number of each precipitate are summarised in Table 4.18.
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Table 4.18: Types of crystalline structures possibly found in XRD in solid inlet
and filter cake outlet in cycle 5 with normal washing as well as filter cake outlet in
cycle 6 with extensive washing.

Sample Al-silicates | Ca-precipitate | Na-precipitate
Solid inlet 3 1 -
Normal wash (C5) 2 1 -
Extensive wash (C6) 1 1 -

As can be seen in Table 4.18, it was possible to detect crystalline structures that
could be identified as Al-silicates and Ca-precipitates. No crystalline precipitate
containing Na was clearly identified in any of the studied samples.

In the solid inlet to the Fe separation step, it was possible to detect at least four
types of crystalline structures. Due to their chemical composition, three structures
were identified as Al-silicates and one as a Ca-precipitate. The Ca-precipitate was
most likely a type of Ca-phosphate.

In the filter cake obtained after normal washing (cycle 5), at least two types of Al-
silicates as well as one type of Ca-precipitate were identified. One of the Al-silicate
structure was of the same chemical composition as one of the structures identified
in the solid inlet. The Ca-precipitate was most likely a Ca-phosphate and also of
the same chemical composition as found in the solid inlet.

In the filter cake obtained after extensive washing (cycle 6), at least one type of
Al-silicates and one type of Ca-precipitate were identified. The Al-silicate structure
was of the same chemical composition as the Al-silicate found in both the solid inlet
and the filter cake after normal washing. The Ca-precipitate was also of the same
chemical composition as the Ca-phosphate in the two other samples.

95



4. Results

56



O

Discussion

In the first part of this chapter, important sources of errors related to the choice of
methods are briefly discussed. The following discussion mainly covers the behaviour
and influence of washing conditions on the filter cake as well as the filter cake
components. The Al-silicates have been investigated in more detail and is therefore
discussed to a larger extent. The results from the acidic exposure is also discussed
as a support to other findings. In the end of the chapter, suggestions of future work
are proposed.

5.1 Sources of error due to choice of methods

Since the main objectives of the experiments were to produce a representative filter
cake at normal and extensive washing conditions, some sources of error that possibly
affected these results are important to evaluate.

5.1.1 Deviations from the large scale process

The exclusion of the artificial alkaline solution in the Fe separation step removed
the errors related to the undesired Al-precipitate that was formed in the filter cake.
Most importantly, the noticed precipitation around the Fe-precipitates could have
affected the accumulation of Na in relation to these particles, meaning that these
results possibly would have been lost. However, some streams present in the large
scale process were removed which means that the total concentration of some el-
ements in the reactor are not as representative of the large scale process as first
desired which in turn increases the consumption of NaOH. The same conclusions
can be drawn regarding filtration of precipitates in the acidic filtrate and wash water
from the ash leaching discovered when the cycles were restarted without artificial
alkaline solution as well as the early exclusion of the artificial acidic solution. Some
elements that should be present are lost but the overall result is considered to be
a better representation of the process compared to including undesired precipitates
that should not be present as a solid compound in the process.
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5.1.2 Deviations in cycles with varying washing conditions

Filter cakes from different washing conditions could only be collected, analysed (ICP-
MS, SEM-EDS, XRD) and compared from different cycles. Since some chemicals
were added by pH, and not by specific amounts, the conditions under which the
cakes have been formed are not exactly the same. This means that some differences
between the filter cakes can be caused by the difference in reaction conditions and not
the washing itself. Another factor that can influence the comparison is differences
in filter cake composition with respect to particle types that in turn can lead to
differences in Na losses and washing performance. An increase of some element in
the inlet can also results in a lower Na content in the filter cake. However, the
only fresh chemical added to the reactor is NaOH and the decrease in Na can not
reasonably be caused by an increase in inlet composition.

5.1.3 Deviations due to precision of analytical methods

All methods used in this work (mass, volume, DS measurement) as well as the
analytical techniques (ISP-MS, ICP-AES) have a certain precision. This has to be
taken into account when using them for the construction of the mass balance for
Na since it affects the reliability of the results, especially when different instruments
with varying accuracy are used in the same evaluation. For both cycle 5 with
normal washing and cycle 6 with extensive washing, mass balances were constructed
based on the analyses of all inlet and outlet streams, both solid and liquid. The
deviation between total Na inlet and total Na outlet was 2.6 and 2.7 of the inlet.
For cycle 0, only liquid analyses of the Na content was available. For this cycle, a
low filtrate concentration compared to the other cycles can be noted in Table 4.4.
This corresponds to a significantly larger Na loss to the filter cake which either is
an indication of a measurement error in the liquid analyses for this cycle or that
high amounts of Na are lost to the cake during the initiation. However, since the
aim was to study Na losses under steady state operation representative to the large
scale process, this has not been investigated further.

5.2 Evaluation of sodium losses and washing

The influence of washing on the Na losses to the filter cake in the Fe separation
step was investigated by constructing a mass balance for cycle with normal and
extensive washing. The washing behaviour was evaluated by constructing washing
curves based on different wash water ratios. The obtained results related to washing
are discussed in this section.
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5.2.1 Sodium losses in the iron separation step

The estimations of Na losses to the filter cake, based on the cake composition anal-
ysis with ICP-MS as well as the mass balance, clearly showed an effect of extensive
washing (section 4.3). Therefore, it can be concluded that it is possible to reduce
the amounts of Na trapped in the filter cake by increasing the washing. Yet, at the
cost of large wash water expenses.

When evaluating the effect of washing between normal washing (cycle 5) and exten-
sive washing (cycle 6), a relatively similar reduction of Na was obtained based on the
Na concentration in the filter cake (ICP-MS) and the result obtained from the mass
balance. According to the filter cake concentration, extensive washing decreased
the Na losses by 38% and the mass balance showed a reduction of 46% (from 5.51
wt% at cycle 5 to 3.0 wt% at cycle 6 compared to the total inlet of Na). However,
it is also seen in both results (Table 4.5 and Figure 4.2), that a small amount of
Na was still left in the filter cake, even after extensive washing (WW-ratio of 6.79).
This implies that it is difficult to fully reduce the amount of Na trapped in the filter
cake by only extended washing, which further indicate that the washing capacity is
somehow limited.

Further, the effect of acidic conditions on the release of Na from the filter cake was
evaluated. As illustrated in Figure 4.3, the majority of the Na trapped in the filter
cake from cycle 5 was released in the acidic conditions. Thus, it is clear that the Na
trapped in the filter cake can be made almost fully accessible at low pH. At the same
time, the acidic exposure of Al-silicates showed that they were kept undissolved in
acidic conditions. Therefore, it is believed that the acidic filter cake obtained from
the acidic exposure of the filter cake, also is dominated by Al-silicates. Since almost
all Na were released from the filter cake during the acidic exposure, the majority
of the Na losses are most likely not related to the Al-silicates (left as a filter cake).
Instead the losses are related to the other cake components.

To conclude, it is possible to reduce the amounts of Na trapped in the filter cake
by increasing the washing. Yet, the washing capacity is somehow limited and the
increased washing is at the cost of a large wash water consumption. Further, the
majority of the Na losses is mostly related to other cake components than the Al-
silicates.

5.2.2 Washing behaviour of the filter cake

The washing curve displayed in Figure 4.4 also shows that most of the accessible Na
contained in the mother liquor has been washed out and indicates that some kind of
equilibrium has been reached. It should however be noted that this washing curve
only represents the washing behaviour of the filter cake on this particular semi-pilot
scale. Dispersion was observed from a wash water ratio of 0.91 to a wash water ratio
of 2.26 which means the washing becomes less efficient at larger wash water ratios
than normal washing conditions [32]. Nevertheless, the washing with a cylinder on
a Biichner funnel is most likely deviating significantly from a large scale washing
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process meaning that the corresponding point on a larger scale is believed to be
lower. These washing results should therefore not be directly used for the larger
scale. Instead, only the overall behaviour of the system can be observed. To find
the corresponding point for the large scale process, additional tests on this scale will
be needed. In such study, the optimisation should also include the cost of NaOH-
makeup and wash water.

Another aspect to mention is the establishment of the washing curve by the use of
filtrate and wash water concentrations. Theoretically, a more correct result would
have been obtained by tracking the real concentration of the filter cake for each wash
water ratio [10]. Since the amount of cake was limited and the initial concentration
of Na in the cake was unknown, this was not possible.

5.3 Behaviour of individual particles

In general, three main particles containing Na was found in the filter cake regard-
less of washing conditions. Most of the particles were Fe-precipitates followed by
Al-silicates and only a minor amount was Ca-precipitates. After the normal wash-
ing, Ca, Fe and Na were all distributed over the entire area of the EDS-mappings
while Si was distinguished from the other already after normal washing. The Na
distribution is more dense in certain areas after the extensive washing. These areas
corresponds more to the distribution of Si (Figure 4.15) and the distribution of Fe
(Figure 4.16) than to the distribution of Ca (Figure 4.17). This means that the
majority of the Na trapped in the filter cake after the extensive wash is associated
with Al-silicates and Fe-precipitates. The mechanisms of Na losses in the specific
particles are further discussed in this section.

5.3.1 Mechanism of sodium losses to aluminium silicates

The adsorption curve in Figure 4.5 showed that adsorption onto Al-silicates is a
negligible phenomena. It can therefore be concluded that adsorption on Al-silicates
is not the mechanism behind the observed Na losses. However, at the same time,
it can be noticed in Table 4.6 and Table 4.7, that part of the NaOH-solution was
trapped in the Al-silicate filter cake during the adsorption experiments. This means
that even if Na is not adsorbed onto the Al-silicates, a part of the NaOH-solution
will still be trapped in the Al-silicate filter cake. This is also confirmed in Figure
4.5, where it is clear that the majority of the Na losses are related to the trapped
liquid and not the adsorption.

According to the results from point analysis with EDS in Table 4.17, the mean
atomic concentration of Na in Al-silicates in the solid inlet was 10%. By comparing
this value with the composition of the filter cake after normal washing in the same
table, it is seen that the mean atomic concentration of Na in Al-silicates in cycle
5 has increased to 17% during the Fe separation step. This again shows that the
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Al-silicates somehow are increasing their content of Na during the Fe separation
step. Since, as already stated, no adsorption occurs, this result support the idea of
trapped liquid since the concentration of Na is higher.

In the washing curves for the Al-silicates in Figure 4.6, it is seen that they are ap-
proaching zero at a wash water ratio of 5, which means that Na no longer is washed
out. Further, the overall result in Table 4.9 indicates that very little Na was left
in the Al-silicates after washing at a wash water ratio of 5. This implies that the
Al-silicates are easy to wash. The effect of washing on Al-silicates is also distinct
when comparing the mean atomic concentration of Na after normal washing with
extensive washing in Table 4.17, based on EDS analysis. It is seen that the mean
atomic concentration clearly has decreased from 17% at normal washing to 11%
after extensive washing. From the results, a clear effect of washing can be noticed,
which means that Na is possible to wash out from the Al-silicates. At the same
time, by comparing the amounts of Na in Al-silicates in the solid inlet (10%) to af-
ter extensive washing (11%), it can be seen that the amounts of Na is almost equal.
Therefore, the results highly indicate that extensive washing is sufficient for removal
of Na, where it is possible to almost reduce the amounts of Na to the inlet level.
However, the reduction of Na losses is at the cost of additional wash water expenses.

By instead looking at the results from the acidic exposure experiment of Ads-6 (Ta-
ble 4.9), a very small release of Na from the solid cake can be noticed. This could
imply that the small amounts of Na trapped in the particles are difficult to access.
Yet, since there is a large deviation of Na trapped in the particles after washing in
Ads-6 compared to the other samples, it is difficult to fully trust the effect of acidic
treatment. Therefore, in order to understand the behaviour completely, the acidic
exposure experiments should be repeated for several samples.

To conclude, Na is not adsorbed to the surface of Al-silicates, instead the particles
seems to trap some of the liquid into the pore system. However, it is possible to
release a majority of Na from the Al-silicates with extended washing.

5.3.2 Mechanism of sodium losses to other cake components

Table 4.17 indicates that some Na is washed out from Fe-precipitates during the
extensive wash (27% compared to normal washing) but the main part is still present
in the particles. It also shows that Fe-precipitates are releasing the smallest relative
amount of Na during extensive washing. This shows that Fe-precipitates to a large
extent is responsible for the Na losses to the filter cake that cannot be removed by
washing. However, the mechanisms cannot be determined from the experiment per-
formed. Further observations of the Fe-precipitates would be needed to determine
the washing limitation of these particles and its causes.

According to the discussion in section 5.3.1, the released Na from the filter cake
in acid does not come from the Al-silicates but from Fe-precipitates and/or Ca-
precipitates. Since the Ca-precipitates are present only in small amounts, the Fe-
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precipitates are the main contributor. It is possible that an adsorption equilibrium
between Na and Fe-precipitates have been affected by the change in pH [33] or
that the dissolution of the cake releases Na trapped inside pores or from the par-
ticles in contact [10],[32]. Since these particles appeared to be rather compact, it
is likely that some is trapped between the particles. However, Na appeared, in
some areas, to be present over entire Fe-precipitate particles (Figure 4.16) suggest-
ing that it is attracted to the entire particle surface, for instance by adsorption.
Finally, the presence of an insoluble compound between Fe and Na cannot be en-
tirely excluded. These phenomenons can, however, only be confirmed by performing
additional washing experiments with pure Fe-precipitates. It would also be possible
to perform thermodynamic equilibrium calculations and diffusion time estimations
to support the findings and estimate adsorption and washing limitations further [10].

Finally, the mappings of Ca (Figure 4.14 and Figure 4.17) shows that Ca is washed
from most particles during the extensive washing. The Ca left in the cake there-
after is mainly associated with P in the Ca-precipitates (Appendix C). These results
aligns with the washing results for Ca-precipitates from Table 4.17 which shows that
76% of the Na present in the filter cake after normal washing is washed out during
the extensive washing. This result has also been observed in another study showing
that Na associated to Ca-phosphates of the same structure are rather easily washed
out or removed by acid treatment [60]. Given these results and the additional fact
that the Ca-precipitates is only a minor component of the filter cake, it can be con-
cluded that these particles cannot be the main contributor to the Na losses.

In conclusion, Fe-precipitates are the particles least affected by the extensive wash-
ing. The main part of Na associated to the Fe-precipitates after the extensive wash
was mainly believed to be trapped as adsorbed impurities or between particles.
Some losses can possibly also be located in isolated pores that cannot be targeted
by the wash water. However, a further investigation of the mechanisms behind the
Na trapped in Fe-precipitates will be needed to draw more certain conclusions.

5.4 Filter cake structures

No crystalline compounds with Na could clearly be detected with XRD. Instead, the
main crystalline compounds that are most likely present are Ca-phosphate and Al-
silicates. The presence of Al-silicates is supported by previous knowledge of the pro-
cess step as well as the SEM-EDS analysis revealing clear structures of Al-silicates.
The Ca-phosphate presence is supported by the observed crystalline structures in
the SEM of particles containing mainly Ca and P. Their phase distribution can
be further studied in Appendix C. In addition, Ca-phosphate has previously been
formed when NaOH has been added during P recovery from sewage sludge ash [25].
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The presence of non-crystalline Na-compounds cannot be confirmed or excluded as
a possibility from the analyses performed. Hence, insoluble Na-compounds in other
forms might still be present in the filter cake. Since no structures of the Al-silicates
with Na were detected, even though it was seen in the SEM-EDS, other crystalline
compounds of Na can also have been present in similar lower concentrations. This
can nonetheless not be the main cause of the Na losses. Na was also noticed over
the entire area in the mappings of the filter cake after normal washing (Figure 4.12).
This makes it more likely to believe that the main part of Na is present in ionic form.
However, this is the case for almost all elements which makes it difficult to draw
any conclusions. Further, since the mechanism of the Na losses to Fe-precipitates
have not been discovered, the possibility of a compound with Fe and Na cannot be
excluded. A further investigation of pure Fe-precipitate could help to answer the
question.

5.5 Future work

Due to limitations of this thesis work, only a few aspects have been investigated.
Together with the obtained results from the project, there are several aspects of
interest to further investigate in future studies.

The adsorption experiments in this study were limited to only Al-silicates. Since
the results were able to answer important questions regarding the behaviour of the
Al-silicates in this system, it is of great interest to perform similar studies on only Fe-
precipitates as well. A similar experiment on adsorption of Na onto Fe-precipitates
will allow to evaluate if adsorption could be the reason to the amounts of Na trapped
in the Fe-precipitates, found in EDS studies.

To fully understand the limitations of the filter cake washing, it would be desired
to perform a washing experiment on only Fe-precipitates to compare the washing
behaviour of these particles with the washing behaviour of the Al-silicates. It would
also be of interest to perform the extensive washing experiment on a larger scale to
understand the washing performance, but also be able to evaluate the optimal wash
water ratio in real washing conditions.

Since the washing experiment showed that extensive washing reduces the Na losses,
it would be of interest to further evaluate the optimal washing procedure by includ-
ing the cost perspective as well. This is since expensive washing naturally results
in increased costs for equipment and operation. In order to have a functional and
economical washing, it is necessary to find an optimum where the cost for Na make-
up and the cost of washing are in balance. Additionally, it could also be possible
to include temperature of the wash water as a parameter and evaluate the effect
of it on the release of Na from the filter cake. It could be of certain interest since
temperature for example can affect a possible adsorption equilibrium. However, a
cost optimisation with heating of wash water would also be necessary to add, if
desired results are obtained when using heated wash water.
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In the present work, Na losses to the filter cake in the separation of Fe in the
Ash2Phos process have been investigated. Experiments on semi-pilot scale have
been conducted in order to reproduce the process step in a modified form and filter
cakes have been washed with normal washing conditions (wash water ratio = 2.33)
and extensive washing conditions (wash water ratio = 6.79). Additional laboratory
experiments have also been conducted to support the findings. Samples of solid and
liquid streams have been collected and analysed mainly with ICP-AES, ICP-MS,
SEM-EDS and XRD. Three main particles with Na in the filter cake were found:
Fe-precipitates and Al-silicates and Ca-precipitates. Based on the obtained results
and discussion, several conclusions regarding the Na losses can be drawn which are
listed below.

o Extensive washing increases the Na removal from the filter cake, however,
only to a limited extent and to the cost of a significant increase in wash water
consumption.

e On the semi-pilot scale investigated, optimal washing is obtained at a wash
water ratio around 2.3. The corresponding point on a larger scale is believed
to be lower due to the non-ideal washing procedure.

o Ca-precipitates are only a minor cake component which makes them a small
contributor to the losses. Furthermore, these losses can rather easily be pre-
vented by additional washing.

e Na is not adsorbed onto Al-silicates but the particles can trap some of the
liquid which contains Na. However, since this liquid is accessible for washing,
the Na losses to Al-silicates can easily be prevented by extended washing.

o Fe-precipitates are the largest contributor to the Na losses and are only af-
fected by washing to a limited extent. This indicates that some mechanism
which makes the Na inaccessible for washing are responsible for the main trap-
ping. Likely causes are adsorption of Na onto the Fe-precipitates or trapping
in the contact area between particles. To draw more exact conclusions, addi-
tional adsorption and washing experiments of pure Fe-precipitates should be
conducted in future studies.

o The washing behaviour of the filter cake should be investigated on a larger scale
to obtain the corresponding behaviour of the real system. Further optimisation
of the washing should also include the cost of NaOH-makeup, wash water and
other factors such as washing temperature.
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A

Cooling agent contamination
during SEM-EDS sample
preparation

This appendix contains mappings from SEM-EDS analysis of Na from the same
filter cake but grinded with water and ethanol respectively. The mappings show the
distribution of the Na over the area of the mapping. The results can be compared
to investigate the influence of contamination of water in the samples. The examples
is from cycle 6 of cycles with artificial alkaline solution excluded.

Comparison of distribution of Na when grinded with (a) water and (b) ethanol,
showing the impact of water contamination.

The mappings show an Na distribution over the entire area after the polishing with
water in contrast to the polishing with ethanol which resulted in a more distinct
distribution in certain areas. This can indicate that the polishing with water resulted
in a contamination of Na or perhaps also other water-soluble compounds in the
sample.



A. Cooling agent contamination during SEM-EDS sample preparation
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Mapping areas in filter cakes from
cycle 5 and 6

The mappings of the filter cake from cycle 5 and cycle 6 without artificial alkaline
solution was performed on one area of each cake at a magnification of 2200x. This
makes it possible to compare the distribution of different elements and search for
similarities. In the following figure, the mapping areas that were used and presented
in the results for cycle 5 and cycle 6, can be seen.

(0) i :
Filter cake areas used for the EDS-mappings presented in the results for (a) cycle 5
and (b) cycle 6.
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B. Mapping areas in filter cakes from cycle 5 and 6
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C

Distribution of Ca, P, Si and Al
after extensive washing

This appendix provides some additional mappings of elements from SEM-EDS anal-
ysis in the filter cake after extensive washing (wash water ratio = 6.79) that can
serve as a deeper understanding of the elements distribution in the filter cake. The
area of the mapping is the same as for all other figures with mappings of elements
from cycle 6 with extensive washing. The figures gives an indication of other ele-
ments that are associated in the cake. In the following figure, the distribution of Ca
and P in the filter cake after the extensive washing can be compared.

(a) (b)

Comparison of distribution between (a) Ca and (b) P in the filter cake after ex-
tensive washing conditions grinded with ethanol showing a possible presence of Ca-
phosphates in the filter cake. The distribution of both elements are more distinct
after the extensive washing.



C. Distribution of Ca, P, Si and Al after extensive washing

Ca and P are associated in the filter cake according to the mapping results. In the
following figure, the distribution of Al and Si in the filter cake after the extensive
washing can be compared. It can be seen that both Al and Si are associated with the
Al-silicate particles only and are not distributed over the entire area of the mapping.

(b)

Comparison of distribution between (a) Al and (b) Si in the filter cake after extensive
washing conditions grinded with ethanol showing distinct Al-silicate particles.

Al and Si are associated in the filter cake according to the mapping results. This is
also an expected result since Al-silicates are known to be present in the filter cake.
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