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Abslract 

Arsenic disposaI is one of the most important environmental issues the mining and 

metallurgicai industries are faced with. This problem has worsened in recent years 

because of the increasing arsenic content of the low-grade and complex ores currently 

processed by the mining industry and the introduction of stricter environmental 

regulations. 

This Ph.D. thesis sought to develop a novel concept for arsenic fixation suitable for the 

long-term safe disposaI of arsenic generated and disposed by the mineraIs industry. In 

particular this research project investigates the encapsulation of scorodite, a weIl 

characterized Fe(III)-As(V) compound having the following formula FeAs04·2H20, with 

phosphate coatings, materials potentially not prone to reductive decomposition. 

Reductive decomposition is known to be responsible for the release of arsenic into the 

environment form arsenate solids such as scorodite. 

The subject matter of this thesis is the application of heterogeneous crystallisation 

techniques to produce stable phosphate coatings on scorodite particles. The experimental 

work reported in this thesis involved three different types of studies, namely (1) 

production of a number of synthetic mineraIs; (2) evaluation of their stability; and (3) 

encapsulation of scorodite with two of these synthe tic mineraIs. The synthesis work 

involved the production of aluminium and calcium phosphates via homogeneous, 

heterogeneous and seeded crystallisation. The stability work involved the study of the 

dissolution of hydrated aluminium phosphate (AIP04'1.5H20), dicalcium phosphate 

dihydrate (CaHP04·2H20), and calcium-deficient hydroxyapatite (CalO.x(HP04)x(P04)6. 

x(OH)2.x, x<2). Finally, the encapsulation work involved the deposition of hydrated 

aluminium phosphate and calcium-deficient hydroxyapatite on scorodite particles and 

the evaluation of their stability in simulated oxic and anoxie environments. 



The directed deposition of phosphate on scorodite partides was açhieved via the control 

of supersaturation. For the directed deposition of aluminium phosphate, the 

supersaturation was controlled via pH adjustment. On the other hand, for the controlled 

deposition of calcium-deficient hydroxyapatite on scorodite particles supersaturation 

was controlled via regulated mixing of two Ca(II) and P(V) solutions at constant pH. 

Both encapsulation techniques appeared to enhance scorodite stability under simulated 

oxic and anoxic environments by reducing the arsenic release rate up to one order of 

magnitude. 
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Abrégé 

Le rejet de l'arsenic dans l'environnement est l'un des principaux problèmes rencontrés 

par les industries minières et métallurgiques. Ce problème s'est accru ces dernières 

années du fait de l'augmentation de la teneur en arsenic dans les minerais couramment 

utilisées par les industries minières et également par de nouvelles normes 

environnementales plus strictes. 

L'objectif de cette thèse de doctorat est de développer un nouveau concept de fixation 

pour l'arsenic pour permettre une déposition sécuritaire à long terme de l'arsenic. En 

particulier, ce projet de recherche se focalise sur l'encapsulation de la scorodite, un 

composé Fe(III)-As(V) bien connu de formule FeAs04·2H20, par un minéral phosphaté, 

type de matériaux qui ne sont pas enclin à présenter une décomposition réductrice. Ce 

type de décomposition est connu pour être responsable du relarguage de l'arsenic dans 

l'environnement sous forme d'arsenate solide comme la scorodite. 

Le principal axe de recherche de cette thèse est l'étude détaillée des techniques de 

cristallisation hétérogène et leurs applications de façon à produire par déposition directe 

un revêtement phosphaté stable sur des particules de scorodite. Le travail présenté dans 

cette thèse est décomposé en trois grandes parties: (1) la production de plusieurs 

minéraux synthétiques, (2) l'étude de leur stabilité, et (3) l'encapsulation de la scorodite 

par deux de ses matériaux. Le travail de synthèse consiste en la production de 

phosphates d'aluminium et de calcium par cristallisation homogène, hétérogène ou 

cristallisation utilisant un précurseur. L'étude de la stabilité se focalise sur la dissolution 

de plusieurs composés: phosphate d'aluminium hydraté (AIPOd.5H20), phosphate de 

dicalcique dihydraté (CaHP04·2H20) et d'hydroxyapatite déficiente en calcium (CalO

x(HP04)x(P04)6-x(OH)2-x1 x<2). Enfin le travail d'encapsulation consiste en la déposition de 

phosphate d'aluminium hydraté ou d'hydroxyapatite déficiente en calcium sur les 
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particules de scorodite et il consiste également en l'évaluation de leur stabilité en milieu 

oxique et anoxique. 

Le dépôt direct de minéraux phosphatés sur des particules de scorodite fut réalisé par le 

contrôle de la supersaturation. Pour le dépôt direct de phosphate d'aluminium, la 

supersaturation fut obtenue par le contrôle du pH. De cette façon, l'expansion cristalline 

et la nuc1éation hétérogène furent favorisées par rapport à la nuc1éation homogène. Par 

ailleurs, pour le contrôle du dépôt d'hydroxyapatite déficiente en calcium sur les 

particules de scorodite, la supersaturation fut obtenue par un mélange régulé de 

solutions de Ca(II) et de P(V) à pH constant. Toutes ces techniques de recouvrements, 

permettent d'augmenter la stabilité de la scorodite, même si celle-ci est confrontée à des 

environnements oxiques ou anoxiques. Cette stabilité se traduit par une diminution, 

d'un ordre de grandeur, de l'arsenic relargué. 
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Chapter 1. Introduction 

Arsenic is a major contaminant in the non-ferrous extractive metallurgical industry and 

its disposaI is one of the most important environmental issues for the mining and 

metallurgical industries. This problem has worsened in recent years because of the 

increasing arsenic content of the low-grade or complex ores currently processed by the 

mining industry and the introduction of stricter environmental regulations [1,2]. 

Its removal and immobilisation from process effluents typically involves lime 

neutralisation and coprecipitation with ferric iron. The resulting precipitate is considered 

to be relatively stable provided that the Fe (III) to As(V) ratio is 4 or higher [3]. In the 

case, though, of arsenic-rich and iron-deficient effluents, such as acid plant effluents, the 

need to use a large excess of iron (a costly operation when dealing with large amounts of 

arsenic), the production of crystalline scorodite (FeAs04·2H20) is advocated as a better 

alternative. This mineraI is not only widely accepted as being one of the most stable 

forms of arsenic for disposaI, but scorodite dewaters much easier and is more compact 

than the amorphous sludge generally produced by coprecipitation [4,5]. 

However, questions have been raised, mostly based on thermodynamic grounds, with 

reference to the long term stability of scorodite. Thus, scorodite may decompose under 

oxic conditions according to thermodynamics at pH > 4 (different pH have been reported 

by different investigations) converting to goethite, releasing then arsenic into solution 

[6,7,8,9,10]: 

(1.1) 

A recently completed scorodite stability study revealed that no goethite forms even 

when scorodite is equilibrated at 75 oC for sever al months. Instead, the formation of a 

nano-crystalline ferrihydrite phase appears to block further breakdown of scorodite. But 

1 
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even in this case arsenic solubility in the order of 5 mglL (at 22 oC) was determined for 

scorodite at pH 7 increasing to higher values in the alkaline region [5,11]. Tailings pore 

waters in general should not, according to certain environmental regulations, exceed 1 

mglL [8)2]. Hence, scorodite despite meeting currently the EPA TCLP criterion « 5 

mglL of arsenic after 20 h extraction period at pH 5.0) may not be able to meet stricter 

environmental regulations in the future. 

Notwithstanding the limited stability of scorodite under oxic conditions the major 

concern with the disposaI of arsenic in the form of scorodite is its documented instability 

under anoxic conditions. Thus, according to Rochette et al. [13] scorodite undergoes 

reductive decomposition to Fe(II) and As (III) when Eh decreases below - 100 m V. In this 

manner, scorodite would dissolve releasing arsenious acid according to: 

(1.2) 

As a number of mining operations practice the method of sub-aqueous deposition of 

tailings reductive decomposition of scorodite might occur, releasing arsenic into the 

environment. It has been reported that crystalline ferric sulphoarsenate (resembling 

scorodite) produced in an autoclave (190°C) and stored in an impounded pond has 

undergone reductive dissolution releasing As (III) (and Fe(II» at the Campbell Mine of 

Placer Dome [14]. This was attributed to the presence of soluble organic carbon in the 

aqueous environment. Additionally, as reported in literature [15] below about 2 m 

depth, aqueous environments can become anaerobie; hence, under such conditions the 

possibility of reactive metal sulphides acting as reductants cannot be ruled out [1]. 

The main objective of this work is to investigate the development of a novel method of 

arsenic fixation based on the encapsulation of scorodite particles via direct crystallisation 

on them of stable phosphate coatings not prone to oxic and anoxie decomposition. 

In more specifie terms, the objectives of this research study are: 

i. To prepare crystalline aluminium and calcium phosphates by controlled 
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homogeneous and seeded crystallisation, under ambient pressure conditions and 

subject them to dissolution studies and thermodynamic modelling. 

ii. To design and describe novel encapsulation processes by coating scorodite 

particles with the above synthe tic phosphate mineraIs. 

iii. To evaluate the stability of encapsulated scorodite under simulated anoxie 

(anaerobic) and oxie (aerobie) environments. 

iv. To investigate phases, layers, and cohesion between the scorodite particles and the 

phosphate materials via a variety of characterisation tools, including: XRD (X-ray 

diffraction); FT-IR (Fourier Transform Infrared Spectroscopy), TOF-SIMS and TOF

LIMS (time of flight secondary ion mass spectrometer and laser ionisation mass 

spectrometer respectively), SEM-EDX (scanning electron microscope equipped 

with an energy dispersive X-ray analyser) and TGA (thermo gravimetrie analysis). 

The present work has been organised into a number of chapters as follows: Chapter 1 

and Chapter 2 are the introduction and an extensive literature survey of the subject 

matter of the thesis. Chapter 2 includes the current status of arsenic fixation and disposaI 

in the metallurgieal industry along with a review of the formation of scorodite and 

related compounds and sorne aspects of crystallisation theory of precipitation. Finally, a 

review of the chemistry and synthe sis of aluminium and calcium phosphates is 

presented. 

Chapter 3 describes the experimental equipment and procedures us~d to achieve the 

proposed objectives as well as the analytical methods employed. In Chapters 4 and S, the 

synthesis and stability of aluminium and calcium phosphates are investigated 

experimentally and via thermodynamic modelling with the aid of PHREEQC. 

In Chapter 6, the controlled deposition of aluminium phosphate and calcium phosphate 

onto scorodite particles is investigated, including the testing of the encapsulated solids 
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in oxic and anoxic chemical environments. Finally, Chapter 7 pravides a global summary 

of the major findings of this work, states the contributions made to knowledge, and gives 

a brief outline of how this work can be continued in the future. 
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Chapter 2. Literature review and theory 

In this chapter, the technical literature is reviewed starting with an overview of the 

problem and options of arsenic removal and disposaI in the metallurgical industry along 

with the formation of scorodite in aqueous solution. Afterwards, a review of the basic 

principles of aqueous crystallisation theory is given with the objective of defining the 

underlying theoretical foundations on which the present work is based. In particular, 

emphasis is given on the definition and role of supersaturation in controlling the 

crystallisation process. The chapter conc1udes with a brief review of coating technologies 

in aqueous media and the chemistry and synthesis of aluminium and calcium 

phosphates in aqueous media. 

2.1 The Arsenic problem 

Arsenic as a result of weathering processing of arseniferous mineraIs reports to water in 

the form of As (III) or As(V) state causing a number of diseases to those drinking arsenic

containing water. Among the diseases reported (in addition to its widely known 

poisoning properties) are keratosis (skin pigmentation) and cancer [1]. The drinking

water arsenic contamination produced in Bangladesh and West Bengal, lndia is now 

well documented and environmental activities are moving to implement stricter 

standards. This is exemplified with the new EP A standard for drinking water at 0.01 

mglL (10 f.lglL) for arsenic to be entered as of January 2006 [2]. 

The mining industry must deal with soluble arsenic because of the presence of arsenic in 

many ores and concentrates. Common mineraIs inc1ude the two sul phi des realgar (AS4S4) 

and orpiment (AS2S3) and the oxidised form arsenolite (AS203). The arsenides and the 

mixed arsenides-sulphides of iron, cobalt, copper, and nickel such as arsenopyrite 

(FeAsS), cobaltite (CoAsS), enargite (CU3AsS4), and gersdorffite (NiAsS) [3,4]. 

6 
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Clearly, if some of the arsenic present in the above mineraIs entered any metallurgical 

circuit it would increase the production costs due to arsenic interference with metal 

extraction, deterioration of the pro du ct purity, but more important increased 

environmental risk and tailings disposaI problems [5,6]. 

In hydrometallurgical operations, arsenic-containing ores are leached and soluble arsenic 

species of As (III) and/or As(V) are produced. In those cases where autoclaves are used, 

as in the processing of pyritic gold ores by pressure oxidation, arsenic is reported to be 

fixed by the formation of stable scorodite-type precipitates [5]. During bacterialleaching 

of pyritic gold ores or concentra tes, the arsenic leached is coprecipitated downstrearn 

with iron as a ferric arsenate at the final neutralisation stage [7]. 

In pyrornetallurgical operations such as roasting, smelting, and conversion, considerable 

amounts of arsenic are volatilised as AS203 or AS2S3, depending upon the overall 

temperature and oxygen potential of the respective process, which have to be captured 

in electrostatic precipitators as an arsenic-bearing flue-dust [8]. A normal industrial 

practice is the continuous recycling of arsenic-rich flue dust within the pyrometallurgical 

operations. However, this practice causes an increase of arsenic in the copper anode 

destined for electrorefining [5]. Several hydrometallurgical processes have been 

proposed to treat the flue-dust and sorne were irnplernented. These processes are based 

on either acidic or alkaline leaching in order to rernove arsenic and other impurities from 

arsenic-bearing dust [9]. Flue dust can also be upgrade in order to remove base metals 

and produce AS203 [10]. 

Modern smelters normally employ acid plants to control S02 ernissions from smelting 

and converting operations. Gases entering the acid plants are pre-cleaned, in gas 

scrubbing and cooling systems to remove dust, S03, and metals, for efficient acid plant 

operation and production of sulphuric acid. The solution generated, so-called weak acid 

effluent, contains, arnong other base rnetals, dissolved trivalent arsenic at high 

concentrations, approximately 2 up to 20 glL [11]. 
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The arsenic present in this effluent must be removed from solution and fixed in a 

storable, insoluble, and stable form. This is generally achieved by coprecipitation with 

Fe(III) [12,13], by precipitation of AS2S3, which must be suitably stockpiled [14]; or by 

precipitation with lime, which leads to the formation of several calcium arsenate 

compounds [15]. The latter method is not considered viable over the long term because 

of the graduaI formation of calcium carbonate and concomitant release of arsenic [16]. In 

the case of AS203 flue dusts, stockpiling in protected dry areas has been historically 

practiced as weIl [17]. 

During the electrolytic refining of copper anodes arsenic level is kept at a concentration 

less than about 15 g/L by withdrawing a bleed stream of the circulating electrolyte [18]. 

The electrolyte bleed stream after partial decopperising is advanced to a set of 

electrowinning cells -so-called liberator ceIls- to remove copper and arsenic as an 

arsenical sludge [19,20]. 

The amount of arsenic generated by the metallurgicai industry is several times higher 

than the arsenic demand. On the other hand, the arsenic demand is shrinking because of 

enforcement of legislation while the arsenic generation has increased because of the 

increasing arsenic content of the low-grade and complex ores, currently processed by the 

mining industry, and the introduction of stricter environmental regulations [5,13]. Since, 

the imbalance in the arsenic "supply and demand" the majority of the arsenic 

generated/mobilised by metallurgical operations necessitates being disposed as a waste. 

2.2 Arsenic removal and fixation 

2.2.1 Processing options 

The removal and fixation of arsenic by precipitation and, particularly, the solubility and 

stability of the resulting precipita tes is of considerable importance to the metallurgicai 

industry, as is illustrated by the increasing number of publications dealing with this 

problem as early as the 1950s [21]. 
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Coprecipitation of arsenic with iron at high Fe(III):As(V) molar ratio is one the most 

widely applied methods for disposing of arsenic in effluent streams [13]. This technology 

is the United States EPA "Best Demonstrated Available Technology" (BD AT) for the 

removal of dissolved arsenic [22]. The resulting precipitate is considered to be relatively 

stable provided that the Fe(III):As(V) ratio is 4 or higher [21]. According to the majority 

of investigations arsenic was retained in the precipitated via adsorption on ferrihydrite 

[23]. However, recent research has revealed that at least in the case of arsenic 

concentrated arsenic solutions, that the coprecipitate is comprised of two arsenic phases: 

amorphous ferric arsenate FeAs04'xH20 (x>2) and ferrihydrite with adsorbed arsenate 

[24]. 

Arsenic fixation in autoclaves becomes economically attractive only if arsenic 

stabilisation is operated co-currently with the processing of valuable concentra tes. This 

concept is reflected in the widely practised oxygen pressure leaching of refractory gold 

concentra tes as a pre-treatment procedure, and also in the proposed aqueous pressure 

process for treatment of arsenic-rich roaster waste and other arsenical sul phi de mineraIs 

with metal values [25]. In these processes, most of the arsenic reports in a stable 

scorodite-type precipitate. 

More complex compound s, such as the apatite structured calcium phosphate arsenate 

have recently been reported to be of low solubility and appropriate stability for disposaI 

considerations [26]. The produced compound is stable only at pH>9.5; hence, it requires 

special storage conditions. Precipitation of mimetite (Pb (II) chloroarsenate, 

Pbs(As04)3CI» has been studied in detail [27]; however, because of the complexing of 

lead by acetate mimetite does not pass EPA's TCLP [28]. 

Sorne efforts have been given to solidification/stabilisation [29,30], also known as 

encapsulation or fixation, with a summary of the various methods used and investigated 

published by Leads et al. [31]. Most of these methods include high temperature fixation 

of ceramic-type materials [32] or fixation with cement and lime [33]; however, the long-
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term stability of this material has not been convincingly demonstrated 

The encapsulation of arsenical solid wastes using pyrometallurgical slags has also been 

investigated by Twidwell [34] and more recently by Riveros and Utigard [35]. This 

process has been rejected due to the rapid de composition of the arsenate-arsenite at the 

operating temperatures (higher than 900 oC), and difficulties in injecting powdered 

arsenate-arsenite into the slag. Combining arsenic wastes with polymers such as HDPE 

has been reported for encapsulation of AS203 [36]. Nevertheless, the processing 

temperatures employed approach the sublimation temperature of AS2Ü3, and the process 

was both inefficient and hazardous. 

A summary of the current methods used for the bulk removal and disposaI of arsenic 

was conducted recently by Harris [21]. The methods currently being applied for the 

removal and fixation of arsenic can be classified in: (i) iron-arsenic coprecipitates; (ii) 

high tempe rature iron arsenates; (iii) lime neutralisation-calcium arsenate (arsenite); (iv) 

copper arsenate; (v) arsenic sulphide; and (vi) arsenic trioxide. In Figure 2.1 a 

distribution of the industrial operating practices is shown. 

lm Copper 

arsenate 

10% 

IIIIIJ High 

temperature 

iron arsenates 

21% 

o Arsenic 
trioxide 

17% 

~ o Arsenic 

sulphide 

2% 

Lime 

neutralisation-

calcium 

arsenate 

(arsenite) 

13% 

m:J Iron-arsenic 

coprecipitates 
37% 

Figure 2.1. Summary of industrial operating practice as of year 2000/2001 based on 48 

operations reported in reference [21]. 

It can be seen from Figure 2.1 that still sorne operations practice simple lime 
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neutralisation, Chiefly, they are located in extremely arid climates (e,g, the Atacama 

Desert in the north of Chile), where it rarely rains. 

For the treatment of arsenic-rich and iron-deficient waste solutions or solids, the fixation 

of arsenic in the form of scorodite (a crystalline ferric arsenate, FeAs04·2H20), c1early 

shows several operational advantages. Among those are its low solubility (typically <1 

mglL of As at pH = 5 [37,38,39]) compliance with environmental regulations [40]. 

Scorodite has a high arsenic content (25-30%), good thickening and filtration properties, 

compact volume, and low water retention Typical waste solutions or solids that can be 

treated for the production of crystalline scorodite are: acid plant effluents, Cu-ER 

electrolyte bleed streams, AS203 flue dusts, and arsenic-contaminated soils [41,42]. 

2.2.2 Formation of scorodite and related compounds 

The formation of crystalline scorodite has been reported by various researchers from a 

number of different chemical environments: from Fe(III)-As(V)-NÜ3 solution under 

hydrothermal conditions (>150°C) [43] and from Fe(III)-As(V)-S04 solution over the 

temperature range of 150 to 200°C [44]. In addition to scorodite, two other types of ferric 

arsenate compounds could be precipitated out of the solution, depending on the initial 

Fe(III):As(V) molar ratio in the solution and precipitation temperature [44]. Type l, with 

approximate composition Fe2(HAs04)3'xH20 (x<4), forms when the initial Fe to As molar 

ratio in solution is -1.0, and the temperature higher than 150°C. At temperatures above 

200°C and for Fe to As molar ratios of 1.5 or higher, Type II becomes predominant and 

its formula can be generalised as Fe4(As04)3(OH)x(S04)y (x+2y=3) [19,45]. It has been 

reported that Type II shows solubility levels as low as scorodite [38]. 

Papangelakis and Demopoulos [46] also reported the formation of scorodite during acid 

pressure oxidation (140-190°C) of arsenopyrite in a 0.5 mol/L H2S04 medium. Finally 

Van Weert and Droppert reported the production of scorodite via the hydrothermal 

processing of AS203 in the presence of HN03 solutions [47]. The formation conditions in 
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aIl these cases relate to the use of autoclaves, which are considered to being capital

intensive. 

It has been demonstrated that crystalline scorodite can also be formed at ambient 

pressure. Controlled crystallisation of scorodite from arsenic-rich waste acid solutions 

under atmospheric pressure conditions based on the concept of supersaturation control 

that favours the attainment of crystallinity was experimentally demonstrated by 

Demopoulos and co-workers [41,48,49,50,51,52]. This research pro gram was successful in 

determining the conditions for atmospheric precipitation of crystalline scorodite. This 

was first demonstrated in the case of chloride solutions [53] and subsequently in the case 

of sulphate media [48]. Before this study, precipitation of crystalline scorodite was 

possible only via autoclave pro cesses [44]. 

The ambient-pressure precipitation and fixation of arsenic in the form of scorodite by a 

supersaturation-controlled approach is described schematically in Figure 2.2. This figure 

shows the experimentally determined values of critical arsenic concentration Ccr and the 

equilibrium concentration Ceq in sulphate solutions of molar ratio Fe (III) to As(V) equal 

to 1.0 at 95°C. 

The region between the two lines defines the operating window for the precipitation of 

crystalline scorodite in the presence of seed. Stepwise increase of pH as shown on the 

figure ensures operation within the crystallisation zone. 

2.3 Crystallisation theory 

Crystallisation is an important separation and purification technique employed in a 

variety of industries to produce a wide-variety of materials in the chemical, 

metallurgical, and pharmaceutical industries. In medicine and biology, precipitation 

plays an important role in normal and pathological mineralisation (for example the 

formation of bones, teeth, or shell) [54]. Crystallisation (including precipitation) is of 

economic importance in the hydrometallurgical industry for the separation and/or 
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production of inorganic metal compounds in the form of good quality crystals, both in 

terms of purity and size [55]. 
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Figure 2.2. Supersaturation control area for atmospheric precipitation of scorodite at 95°C 

from Fe(III)-As(V)-S04 solution (reproduced from [41]). 

2.3.1 Supersaturation 

Crystallisation is a rate process; this means that the time required for the formation of a 

crystal depends on sorne driving force. In the case of crystallisation, the driving force is 

called Supersaturation. Supersaturation is the essential variable in any precipitation 

system and the level of supersaturation in the precipitation solution rules the rates of 

simultaneous processes, such as nucleation, growth, and Ostwald ripening [56,57]. 

Supersaturation can be measured by means of the saturation ratio S that is defined as the 

concentration of component ions in excess of the equilibrium concentration. It is 

expressed, in simple terms, as the ratio of the actual concentration to the equilibrium 

concentration [58]. 

(2.1) 
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C being the bulk solute concentration and Ceq the equilibrium concentration (solubility) 

of the solute at given temperature and pressure of the system. If S> 1, the solution is 

supersaturated. 

More strictly speaking, supersaturation for sparingly soluble salt AuBf3 is defined as [58]: 

(2.2) 

Where subscript eq refers to equilibrium conditions, a denotes the activities of the 

respective ions, lAP is the ion activity product in the supersaturated solution and Ksp is 

the solubility product. 

Supersaturation can be seen as a measure of the deviation of a dissolved salt from its 

equilibrium value. Figure 2.3 shows a solubility diagram for a soluble salt with inverse 

solubility (its equilibrium concentration in solution decreases with increasing 

temperature). At the point A the solid salt is in equilibrium with the solute, this 

equilibrium might be upset by: increasing the solution concentration at constant 

temperature (line AB), increasing the tempe rature (line AC), or varying concentration 

and temperature (line AD). 

Stable zone 
(no crystallisation) 

Homogeneous 
nucleation 

D zone 

Metastable zone ' ... , 
(growth) 

Temperature 

c 

Figure 2.3. Solubility-supersaturation diagram explaining the stable metastable and labile 

zones for a salt with inverse solubility (adapted from [60]). 

Nevertheless, there is a limit in the extent of deviation from equilibrium marked by the 
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dashed line in Figure 2.3. Once, this line is reached, spontaneous precipitation occurs. 

This range of supersaturation defines the homogeneous nucleation zone (also called 

labile zone) and the broken line is known as the critical homogeneous nucleation Une 

[59,60]. 

Below the solubility line, precipitation cannot take place. On the contrary, since in this 

range the solution is undersaturated dissolution takes place. The metastable zone is 

important information for designing and operating a precipitation process, since, 

industrial crystallisers are operated, in general, in the metastable zone for producing a 

desired product quality with respect to crystallinity, median size, particle size 

distribution, shape, and purity [61]. 

Supersaturation in solution can be developed in many ways including temperature 

fluctuation, metal complexation and dissociation, solids dissolution, or pH change. Any 

of these methods may be used to generate a particular solid phase. However, the most 

common method used in hydrometallurgical systems is pH change [55]. 

2.3.2 Nucleation 

The formation of a crystal in liquid solutions begins with nucleation. Once a critical 

supersaturation level has been reached nucleation takes place. 

Nucleation can be caused by various mechanisms. In the case of a crystal-free solution 

that contains no foreign particles, nuclei are formed by primary homogeneous 

nucleation. If nucleation takes place on the surface of foreign particles, primary 

heterogeneous nucleation is the mechanism. The difference from primary nucleation and 

secondary nucleation is that the latter is caused by the presence of the same material that 

is being nucleated. The presence of seed crystals is essential in this nucleation process; 

however, when the secondary nuclei do not come from the seed, i.e., its formation is due 

to external forces (apparent or contact) the mechanism is called non-activated secondary 

nucleation [58,62,63]. Figure 2.4 gives an overview of the different types of nucleation. 
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Figure 2.4. Classification of nucleation mechanism (adapted from [63]). 

Primary homogeneous nucleation: This occurs in the absence of a solid surface. With 

supersaturation as the driving force, mole cules or ion pairs form embryos or c1usters of 

10-1000 units, which grow to form stable nuc1ei as soon as they are above a minimum 

critical size, rer. It is presumed that in supersaturated solutions, solute embryos are 

constantly forming and dispersing but only those exceeding size rcr result in viable nuc1ei 

[64]. Accordingly, the embryo formation can be schematised as [58,65]: 

M+MHM2 

M2+M HM3 ... 

Mkcr-l + M HMker (critical embryo) 

Where Mk is embryo made of k molecules or ions (k=2, 3, ... , ker.l, kcr), and the Mkcr 

corresponds to an embryo with a critical size. 

The work, W, to form an embryo of size r in a supersaturated solution is defined as the 

difference between the free energy of the system in its final and initial states, Le., after 
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and before the embryo formation [64]. Considering the embryo having molar volume, Vm, 

and surface area, am, the overall free energy change resulting from an embryo nucleating 

homogeneously from solution is given by [54]: 

(2.3) 

where Ll)..lv = Ll)..lIVm, is the chemical potential difference for transition from liquid to solid 

state per molecular volume of the solid phase and yel is the interfacial free energy 

embryo-solution (assumed to be independent of embryo size). In every supersaturated 

solution Ll)..lv is a negative quantity, proportional to the nucleus volume and is a function 

of the saturation ratio (Ll)..l = - kBTLnS, kB is the Boltzmann constant and T the absolute 

temperature). In Eq. (2.3) both terms depend on the embryo size. Introducing the 

assumption that the embryo being a sphere of radius r, Eq. (2.3) can be written as [66]: 

(2.4) 

The molecular volume can be calculated from Vm = M/p'NA (M is the crystal molecular 

weight, p is the crystal density, NA is Avogadro' s number), and the interfacial free 

energy embryo-solution is considered such as an average of the specifie surface energies 

of the crystal faces present in the equilibrium form of the crystal (yel- ysl) [64]. 

In Figure 2.5 the nucleation to form an embryo is plotted. It can be seen that the negative 

volume-term (free energy gain) and the positive surface-term (free energy loss) in equation 

(2.4) result in a maximum of Wer at r = rer. Physically, the embryo of size rer is the critical 

nucleus, and Wer = W(rer) is the nucleation work. These two basic quantities in the theory 

of nucleation are obtained from equation (2.4) with the help of the condition ôWlôt = 0 at 

r=rcr for maximum: 

(2.5) 

(2.6) 

The critical nuclei size decreases and the number of nuclei increases as S increases. Thus, 
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at high S a large population of ultra fine colloidal partic1es will form at a very fast rate. 

The critical nuc1ei size is usually between 40 and 200 A and is a function of 

supersaturation. In practical terms then a high degree of supersaturation is expected to 

yield a large population of ultra-fine particles [55]. 

Nucleus radius, r 

Figure 2.5. Overall free energy change resulting from an embryo nucleating 

homogeneously from solution, according to equation (2.4) (reproduced from [54]). 

Considering primary homogeneous nucleation as an activated process, the nucleation 

rate, lhomo, can be expressed as an Arrhenius-type equation [66]: 

(2.7) 

The pre-exponential term (Ohomo) in equation (2.7) can be estimated for primary 

homogeneous nucleation by using Einstein' s equation for the relation between time, t, 

the root-mean-square displacement, A, and the diffusion coefficient, D (Le. A/2t = D), and 

assuming equilibrium exists among all embryos. This yields Ohomo = 2Dld5 where d is the 

interplanar distance in the crystallattice [67]. The theoretical estimation of Ohomo is 1039±3 

[s-1.m-3] while the experimental values obtained from nucleation of slightly soluble salts 

(of which, a homogeneous nucleation is expected) range widely between 1025 and 1056 

[68]. 
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Cornbining equations (2.6) and (2.7) results in the expression [66]: 

(2.8) 

Equation (2.8) indicates that three main variables govem the rate of nucleation: 

temperature; saturation ratio S; and interfacial free energy, Ysi . 

Primary heterogeneous nuc1eation: This is induced by surfaces of a different material 

than the one that is precipitated (for instance a foreign solid). Nucleation is induced due 

to the lower surface energy of these surfaces than that of a newly forming particle. Thus, 

nucleation takes place at supersaturation levels that are lower than the critical 

supersaturation for homogeneous nucleation. The overall free energy change or 

nucleation work associated with the formation of a critical nucleus under heterogeneous 

conditions, Wc~et, is less than, W cr ' associated with homogeneous nucleation, or [64]: 

where the factor $, less than unit y, can be expressed as 

$= (2 +cose)(l+cosei 
4 

(2.9) 

(2.10) 

In the above equation, e is the contact angle formed between the embryo and the foreign 

surface, which corresponds to the angle of wetting in a liquid-solid system and is given 

by Young's equation (see Figure 2.6). 

yle cos e = YsI- yse (2.11) 

where Ysi and Yel represent the interfacial free energies between the liquid phase (1) and 

the surface (s) and the embryo (e) respectively, and yse the interfacial free energy between 

the substrate surface and the embryo. 

In Young's equation, see Figure 2.7, at the limit e ~ 1t there is a complete mismatch 

between the crystalline lattices of the substrate and that of the embryo; while at e ~ 0 a 
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perfect match is implied [69]. 

liquid phase (l) 

embryo (e) 

foreign solids (s) 

Figure 2.6. Heterogeneous nucleation: a embryo (e) nucleating on catalytic foreign 

smooth surface (s) in liquid (l) (reproduced from [69]). 

liquid phase (l) 
e = rc/2 

e=rc 

e~o 

foreign solids (s) 

Figure 2.7. Nucleation on a foreign particle for different wetting angles e (reproduced 

from [69]). 

20 

Similarly to homogeneous nucleation, the rate of heterogeneous nucleation can be 

estimated from: 

[ 

whet 1 
lhet = 0het . exp __ cr_ 

ksT 
(2.12) 

where the pre-exponential factor Ohet< Ohomo [66]. 

Secondary nucleation: This is related to the growth rate of existing crystals. This is the 

most likely source of new crystals in continuous stirred crystallisers or seeded batch 

crystallisers in the crystal suspension itself. This occurs at a much lower supersaturation 

than that needed for primary nucleation [66]. The seed crystals facilitate surface 

nucleation of newly deposited material due to lower activation energy barriers [70]. 

According to Nielsen [67], the formation of a surface (2-D) nucleus is similar to the 

formation of 3-D nucleus in a supersaturated medium. The adsorbed ions on the crystal 

surface move randomly and collide among each other. Finally, these collisions lead to 
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the formation of a critical 2-D embryo with radius r in metastable equilibrium. The 

nucleation work for the formation of a cylindrical2-D is [66]: 

(2.13) 

where ye represents the edge energy per unit length, ye = ye/·d and d is the interplanar 

distance in the crystal lattice (d - (Vm)1/3). Analogously, with the theory of primary 

nucleation the critical size associated with the formation of a critical 2-D embryo on the 

crystal surface is [66]: 

rsurf = _~ = YelVm 

cr dLlllv kBT· Ln S (2.14) 

And the nuc1eation work associated with this embryo, W:rurf, is [66]: 

(2.15) 

The rate of crystal growth due to surface (two-dimensional) nucleation is given in the 

same form as that of homogeneous nucleation except in different units (# m-2 S-l): 

[ 
Wsurf 1 

jsurf = Osurf . exp - k:T (2.16) 

where aurf = D/d4 [66]. Mersmann [71], in order to convert the surface rate from crystal 

surface units to volume of solution units, proposed the following relation: 

(2.17) 

where ac represents the volumetrie crystal surface (m2/m3), and Ethe detachment 

probability of surface nuclei. At the limit E --t 1 every new surface nucleus will be 

detached from the surface. While on the contrary, when E --t a, results in !surf --t a and in 

this case the surface nuc1eation only contributes to the growth of the crystals (see section 

2.3.3). 

Two more secondary nuc1eation mechanisms have been reported in literature, apparent 

secondary nucleation, and contact secondary nuc1eation. 
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Apparent secondary nucleation takes places when the contact between crystals and 

crystal-crystalliser results in the formation of cracks on the crystal contacted. In 

indus trial crystallisers, an enormous number of attrition (or fracture) fragments are 

generated [69], these fragments have the ability to grow and to become active nuclei. 

Attrition and fracture become an important issue for crystals above 100 ).lm. In the case 

of reactive crystallisation (precipitation) this phenomena is neglected [72]. 

Contact secondary nucleation occurs when a growing particle collides with, the walls of 

the reactor, the stirrer, the pump impeller, or with each other, thus generating new 

residual solute particles [73]. 

These mechanisms are of non-activated nature, i.e., the generation of a new nucleus is 

due to external (mechanical) forces instead of activation energy associated driving forces. 

Induction time: Establishment of supersaturated conditions in the solution satisfies the 

thermodynamic prerequisite for crystal formation. However, after the initial moment of 

supersaturating the solution, a certain induction time, t, might elapse preceding the 

formation of a detectable amount of the new phase. This time (experimentally 

observable) is a measure of the "ability" of the solution to remain in metastable 

equilibrium [65]. The length of the induction time may vary from a fraction of a second 

to a few years. This time is influenced by several important operating variables such as 

supersaturation, temperature, pH, agitation speed, and impurities [74,75,76,77,78]. The 

induction time may be considered as the sum of the time intervals required for the 

achievement of the steady state of the nucleus distribution, td, the formation of the 

critical nucleus, tn, and the growth of the critical nucleus to detectable size, tg [54]. 

(2.18) 

Induction time depends on both nucleation and growth components. However, a 

simplifying assumption is made that t is essentially related to nucleation rate according 

to [79]: 
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1 
l'OC -

J 
(2.19) 

This equation is valid only if the transient period, the time intervals required for the 

achievement of the steady state of the nucleus distribution (l'd), is negligible and can be 

ignored. Sahnel and Mullin [80] suggest that non-steady state nucleation is unimportant 

during the formation of crystalline salts from aqueous solution, no matter whether the 

nucleation is homogeneous or heterogeneous. 

Supersaturation control: Another critical feature of the dependency of the nucleation 

rate on saturation ratio is the fact that nucleation starts only when a critical S value (Scr) 

is exceeded. In Figure 2.8 a generalised nucleation rate diagram is shown. It can be seen 

that there is a critical value of the saturation ratio, Ser, for homogeneous, heterogeneous, 

and surface nucleation and once this value is reached nucleation starts and propagates 

quickly. These critical saturation ratios are presented in increasing order, as follows: 

Scr,surf < Scr,het < Scr,homo (2.20) 
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Figure 2.8. Generalised nucleation rate diagram showing the dominant areas for 

homogeneous, heterogeneous and surface nucleation (reproduced from [66]). 
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At low supersaturation surface nucleation on own crystals domina tes a :::l /surf) whereas at 

very high supersaturation the rate is equal to /homo, i.e. homogeneous nucleation 

dominants. The rate of heterogeneous nucleation often prevails at medium 

supersaturation and depends on the specifie surface area of foreign particles and on the 

contact angle (8) of a nucleus on the foreign surface [71]. In general, the rate of activated 

nucleation can be composed of the three contributions according to: 

J = Jhom + het + Jsurf (2.21) 

In this work, heterogeneous nucleation is the route by which a phosphate-coating 

material has to be deposited on the surface of scorodite particles. Heterogeneous 

nucleation occurs at a lower critieal value of S, Scr,het, than homogeneous nucleation, i.e., 

Ser,het<Scr,homo. 

The importance of supersaturation control in scorodite encapsulation is evident: an 

increase in either pH or concentration will result in high supersaturation favouring 

homogeneous nucleation; hence, precipitation of phosphate phases will not occur on the 

surface of the scorodite substrate material [57]. Consequently, the encapsulation of 

scorodite must be done in a way that avoids surpassing the critical supersaturation level 

that corresponds to SeT,homo. On the other hand, for scorodite encapsulation, the 

supersaturation has to be kept higher than the critieal value of S for heterogeneous 

nucleation, i.e., Ser,het < S < SeT,homo. 

2.3.3 Crystal growth 

Nucleation is followed by the growth of the nuclei. The crystal growth rate along with 

nucleation controls the final particle size distribution, product purity, and crystal habit. 

Moreover, primary growth and secondary growth are responsible for the resultant shape 

of the final crystallites. Figure 2.9 shows the characteristic differences between these two 

growth mechanisms. Primary growth means that the increase in particle size is due to a 

new layer being continuously deposited onto an individu al particle. Whereas, during 
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secondary growth, a larger particle is formed by the collision and joining together of two 

or more particles. This mode of growth, known as agglomeration, results in an irregular 

morphology for the particle [61]. 

These two mechanisms often occur simultaneously, where at lower supersaturation 

values primary growth domina tes and at higher supersaturation values secondary 

becomes the dominant mechanism [55]. 

Primary crystal growth: The classical approach to crystal growth considers the overall 

growth rate as being determined by the relative magnitudes of two resistances in series, 

namely, the bulk diffusion step in which, the transport of growth units (molecules, 

atoms, or ions) from the bulk solution to the crystal surface, followed by the "integration" 

step in which the growth units build into the crystallattice [81]. 

One or more of elementary processes con troIs the rate of crystal growth. Thus, the 

determination of growth kinetics is important in the evaluation of the rate-determining 

mechanism. However, if the crystals are sparingly soluble, quite small <5 flm, or are in a 

well-mixed suspension, the diffusion of material to the surface will be rapid, and the 

surface integration is likely to be the controlling step [82]. 
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Figure 2.9. Simplified illustration of primary and secondary crystal growth. 
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Transport controlled growth: If the transport of growth units through the bulk medium 

controls the growth rate, their diffusion as illustrated in Figure 2.10 may be considered. 

In this case, the growth of partic1es is characterised by [82]. 

(2.22) 

where D is the diffusion coefficient, C is the solute concentration, Ceq is its solubility, kd is 

the mass transfer coefficient and L is the size of the crystallites. 

c 

ù 
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1 

Figure 2.10. Concentration variation in the fluid adjacent to the growing crystal surface 

(adapted from [62]). 

Surface integration controlled growth: The surface integration processes may 

compromise adsorption of growth units on the crystal surface (terra ce), the diffusion of 

hydrated or dehydrated ions along the surface, the formation of 2-D surface nuc1ei, and 

the integration of growth units into the energetieally favourable growth sites (kinks or 

steps on the crystal face, see Figure 2.11). 

The equation representing the surface integration step is essentially an empirieal 

equation that allows for aIl processes, but bulk diffusion, that are involved in the growth 

process and so enables growth data to be correlated without having to postulate any 

specifie physieal mechanism for this "surface integration" step [61]: 

G= dL =kr (S-lY 
dt 

(2.23) 

where kr is the growth constant and r the growth order. The kinetic or der and constant 

have no physieal signifieance; they depend on the possible surface integration 
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mechanisms. Surface adsorption, spiral growth, and surface nuc1eation (polynuc1ear) are 

most commonly proposed as controlling mechanisms [54,61,62,66,82,83]. 

Figure 2.11. Growth sites at a crystal surface showing the movement of solvated solute 

molecule. The interplanar distance in the crystallattice, d, is indicated (adapted from [54]). 

Secondary crystal growth: Two types of secondary growth of partic1es can be 

differentiated according to the intensity of interpartic1e force: aggregation for weak force 

such as van der Waals forces and agglomeration for strong forces such as chemical 

bond[84]. 

During aggregation partic1es collide among each other to form a cohesive mass or 

c1uster; the resultant structure is called an aggregate. Aggregation is favoured as the 

population density of colloid increases. High shear forces (agitation) tend to promote the 

formation of compact aggregates. Batch reactors are associated with extensive 

aggregation [55]. Agglomeration similarly to aggregation is a collection of two or more 

partic1es, agglomeration may alter the partic1e size, physical properties, and surface 

properties [61]. 

Primary crystal growth on a foreign surface: In the case of heterogeneous nuc1eation, 

the structural compatibility (lattice matching, crystal structure and lattice constant) as 

well as the chemical compatibility (chemical bonding) have a marked effect on deposit 
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morphology [85]. 

From a thermodynamic point of view, the growth morphology is controlled by the 

interfacial energy of the substrate (ysl), the embryo (yel) and the interfacial free energy 

between the substrate surface and the embryo (yse). The wetting condition in the growth 

of an embryo e on a surface s requires that [86]: 

(2.24) 

The deposit morphology is strongly related with the sing of !:1y in equation (2.24). 

Growth modes are placed in three mechanisms according to the resulting deposit 

morphology [85,86,87] (see Figure 2.12): 

o The Frank-van der Merwe (layer-by-Iayer): growth takes place when the deposit 

units are more strongly attracted to the substrate than they are to themselves, in this 

case !:1y < 0 the energy balance will favour "wetting" of the surface by the deposited 

(~ film, and layer-by-layer growth is expected. 

o Volmer-Weber (3D islands): occurs when deposit units are more strongly attracted 

to themselves than to the substrate, that is, when yal is sufficiently in excess of ybl that 

equation (2.24) is never fulfilled even for a strong attractive interaction between a 

and band little strain (yab <0) and, 

o Stranski-Krastanov (layer-plus-island): in this mode, the most common one, layers 

form first then misfit strain energy contributions can modify yes with increasing film 

thickness, Yel + yes exceeds ysl and the growth mode transforms from 2D layer-by-layer 

to 3D islands. 

2.3.4 Phase transformations 

When reactive crystallisation in aqueous solution is carried out at either low tempe rature 

or in the absence of supersaturation control (or both), the solids formed are often either 

poorly crystalIine or metastable phases, which upon ageing are converted to crystalIine 
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stable compounds [55]. 

Early in 1897, Ostwald [as cited in ref. 88] formulated his so-called step rule, which states 

that " ... the phase which is precipitating first is not the thermodynamically stable but 

rather a metastable phase" [88]. Later on, Stranski and Totomanow [as cited in ref. 89] 

studied this rule and c1aimed, " ... the least stable phase nuc1eates first, because the 

interfacial energy requirements are less stringent" [89]. 

t 

t 

Frank - Van der Merwe mode 
(2D growth mode) 

Volmer-Weber mode 
(3D - growth mode) 

Stranski - Krastanov mode 
(2D ~ 3D - growth mode) 

Figure 2.12. Classification of three epitaxy growth modes (reproduced from [87]). 

A c1ear demonstration of Stranski or Ostwald step rule is the hydrolysis of AI(III) salts at 

high supersaturation which begins with the formation of the least stable amorphous 

aluminium hydroxide phase that later transforms to a poorly-crystalline form of 

boehmite, sometimes called pseudoboehmite, followed by its transition to the more 

stable intermediate crystal phase (a-AI(OH)3,bayerite) and finally to the stable crystal 

phase (y-AI(OH)3 (gibbsite» [90,91]. 

Another manifestation of this rule is in calcium phosphate precipitation process, where, 

the formation of precursor phases, such as dicalcium phosphate dihydrate, 

CaHP04·2H20, or octacalcium phosphate, Ca8(HP04)2(P04)4·5H20, depending on the 

experimental conditions, precedes the formation of the most stable phase 
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hydroxyapatite, CalO(P04)6(OH)2 [92]. This type of phase transformation reaction in 

aqueous media has been shown to proceed mainly through stepwise dissolution and re

precipitation [88,92]. 

There is a special case of phase transformation called Ostwald ripening. This process is 

not a phase transformation itself; although it pro duces a change in the crystal size of the 

precipitates. This usually takes place in batch crystallisation systems, where, as the 

supersaturation decreases because of the crystallisation process itself, the nucleation 

barrier and the critical nucleus size increase (equations (2.5) and (2.6». Having as a 

result, the dissolution of small particles and the growth of large particles. As a 

consequence of this the average particle size over time increases while the number of 

particles in a system decreases [93,94]. 

2.4 Phosphate mineraIs 

Phosphate mineraIs are found under a wide range of environmental conditions such as 

silicate melts, natural soils and ocean floors. In naturally occurring mineraIs phosphorus 

is pentavalent (phosphate, P04), although, trivalent, tetravalent, and hexavalent 

phosphorus compounds can be synthesised [95]. The crystallisation of inorganic 

phosphate salts is of great importance because of its involvement in areas such as 

biological mineralisation, the removal of phosphate from wastewaters, and in the 

formation of lake and ocean sediments [96]. Moreover, the increase in phosphate 

concentrations in water bodies, such as lakes, estuaries, or slow-moving streams near 

heavily populated are as are directly responsible for eutrophication (accelerated growth 

of algae as a result of excess nutrients in water [97]). Therefore, the precipitation and 

dissolution of phosphate mineraIs are of great environmental interest [98]. 

In this section, two phosphate salts are reviewed in detail, namely aluminium phosphate 

and calcium phosphate, with the purpose of highlighting the nucleation and growth 

characteristics of these salts in aqueous media. 
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2.4.1 Aluminium phosphates 

Aluminium phosphates are of interest from both environmental as weIl as technological 

points of views. With reference to the former, the formation of aluminium phosphates 

helps remove phosphate from wastewaters or in other instances their dissolution helps 

regulate the release of phosphate in acidic soils [95,99]. In terms of technological 

relevance aluminium phosphates are important in the area of catalysis, due to their 

surface acidity and thermal stability [100,101,102]. 

Few well-crystallised aluminium phosphates, with an Ah03 to P20S molar ratio of 1, 

have been observed in nature [95]. These include anhydrous aluminium phosphate; 

berlinite, the quartz form of AIP04; tridymite; and cristobalite; and two hydrated 

aluminium phosphates, variscite and metavariscite, both compositionally AIP04·2H20 

[103,104]. Variscite is orthorhombic; 2/m2/m2/m whereas metavariscite is monoclinic; 

2/m. 

In addition to the naturally occurring aluminium phosphates a number of synthetic 

hydrated aluminium phosphates have been reported, so called AIP04-H (i: 1,2,3,4). 

AIP04-Hl and H2 exhibit properties of molecular sieves, however, AIP04-H3 and H4 do 

not represent microporous materials, although AIP04-H3 shows sorne prominent water 

adsorption characteristics [105]. According to McCusker and co-workers [106], AIP04-Hl 

is hexagonal having a molecular formula AltSPlS072·42H20 (AIP04·2.33H20), AIP04-H2 

structure is orthorhombic and its molecular formula is AI6P6024·4H20 (AIP04·0.67H20) 

[107]. The crystal structure of AIP04-H3, as determined by Pluth and Smith [108], is 

orthorhombic with a chemical formula Ah6P16064·24H20 (AIP04'1.5H20). The crystal and 

molecular structure of AIP04-H4 was recently determined by Poojary et al. [109] to be 

monoclinic with composition AIP04·H20. Variscite, metavariscite and the hydrates of 

AIP04-HI-H4 show important structural differences. In variscite and metavariscite all the 

aluminium atoms are AI04(H20)2 octahedral [103,104]; in AIP04-Hl and AIP04-H2, 33.3% 

of the framework aluminium atoms are AI04(H20)2 octahedral and 66.7% of Al atoms 
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are tetrahedrally (AI04) coordinated [110,111]. On the other hand, AIP04-H3 and AIP04-

H4 contain equal amounts of AI04 tetrahedral and AI04(H20)2 octahedral [108,109]. 

Several synthesis methods have been described in the literature in the production of one 

or more of these aluminium phosphate phases. These methods can be classified in two 

main routes: the first one involving crystallisation of aluminophosphate gels and the 

second one involving homogeneous precipitation of amorphous aluminium phosphate 

solids followed by their conversion to crystalline phases via ageing. In both routes 

chloride and nitrate solutions were used. d'Yvoire was the first one that reported the 

synthesis of AIP04-H (i: 1,2,3,4) along with variscite and metavariscite [112] using 

aluminophosphate gels (Ah03:P20S = 2.73) heated at temperature around 100 oC and 

subsequent refluxing. According to this procedure different hydrated aluminium 

phosphates are obtained by varying the amount of Al (III) and P(V) in solution. Thus, 

concentrated solutions ([AI(III)] =1.96 mol/L and [P(V)]= 5.35 mol/L) were found to 

produce metavariscite, while dilute solutions ([AI(III)] = 0.0032 mol/L and [P(V)] = 0.0089 

mol/L) were found to produce variscite. However, for solutions of intermediate 

concentration d'Yvoire observed the formation of metastable AIP04-H hydrates that 

upon prolonged equilibration converted to variscite or a mixture of variscite and 

metavariscite. d'Yvoire, though, was not able to isolate AIP04-HI, H2, H3, or H4 as single 

pure phases. 

Duncan et al. [105] reinvestigated the synthesis of these metastable hydrated aluminium 

phosphates, Hl through H4, by working at hydrothermal conditions. Thus, they were 

able to produce highly crystalline AIP04-HI and AIP04-H4 by reacting gels of different 

molar amounts of Ah03, P20S and HCI (Ah03:nP20s:mHCl:50H20 n=0.6,O.8,1.0,1.2 and 

m=O,O.5,1.0,1.5,2.0) at 140 oc. It was reported that AIP04-HI crystallised as a pure phase 

within four hours followed by its transformation to AIP04-H4 after extended period of 

time (18 h). They were not able to isolate pure AIP04-H2 material but they managed to 

produce pure AIP04-H3 phase using an aluminophosphate gel system with the following 

additions 1.0AhOd.2P20s:1.0HCI:50.0H20 at 140 oC after 4 h. 
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Garda-Carmona et al. [111] reported the synthesis of aluminium phosphate hydrates 

following the aluminophosphate gel route again but using a quatemary ammonium 

template. This template appears to control the structure of the synthesised material [113]. 

Their synthesis method involved reacting gels at controlled pH of composition 

n-dipropylamine:P20s:Ah03:40H20 at the solution boiling point and atmospheric 

pressure. The reaction products varied with pH: (1) at pH 3.5-3.8 variscite was the 

predominant phase, (2) in the pH intervals 3.8-5.2 and 5.4-5.7 AIP04-H3 was the major 

phase, and (3) at pH 5.2-5.4 AIP04-Hl and H2 were obtained. 

More recently Kunii et al. [114] reported the synthesis of AIP04-HI-H2-and H3 via this 

time of microwave heating of aluminophosphate gels made up of different kinds of 

aluminium sources, namely amorphous aluminium hydroxide, gibbsite, and boehmite. 

More specifically, the authors were able to produce pure AIP04-Hl, -H2, and -H3, by 

crystallising gels at 125, 118, and 90 oC containing aluminium hydroxide, gibbsite, and 

boehmite respectively. 

The second synthesis route involving homogeneous precipitation of amorphous 

aluminium phosphates followed by their conversion to crystalline phases via ageing has 

been limited to the preparation of variscite. Thus, Cole and Jackson [115] reported that 

upon addition of 0.1 M sodium hydroxide to slightly acid solutions of aluminium 

chloride containing a 2:1 excess of phosphate (as KH2P04 or NaH2P04) an amorphous 

aluminium phosphate precipitated, which after ageing at 90 oC from 8 h to 2 days 

yielded variscite, AIP04·2H20, contaminated with small amounts or sterrettite, 

Similarly, Bache [116] reported the synthesis of variscite by mixing dilute solutions of 

AICh and NaH2P04 in the molar ratio Al(III) to P(V) equal to 0.4 with the precipitation 

pH adjusted to 4.0 and ageing at 90°C for 14 days. Finally, Matijevié and co-workers 

[117,118] reported the production of colloidal crystalline variscite of several 

morphologies by ageing at elevated temperatures of 80 to 98°C acidified solutions 



Chapter 2. Literature Survey and Theory 34 

containing AI(NO}3, and K2HP04 at pH<2.2 for a t least 3 days. 

AU the methods described above require either tempe rature over the boiling point of 

water or long ageing times in chloride or nitrate media. Moreover, in many instances the 

yield of these reactions was low as dilute solutions were used or simply no pure 

hydrates were obtained. FinaUy, no synthesis method starting from sulphate solutions 

has been reported. 

2.4.2 Calcium phosphates 

Crystallisation of calcium phosphate mineraIs has attracted the interest of researchers in 

different fields due to its significance: (a) in municipal wastewater treatment processes 

[119,120], (b) in the field of water system scale control [121,122], (c) in the development 

and manufacture of biomaterials [123,124], and finaUy (d) in the study of biological 

processes as bone and tooth mineralisation [125,126]. 

Calcium phosphate phases: In the temary system Ca-P04-H20, there are ten weU

known crystalline calcium phosphates, with calcium to phosphate molar ratios ranging 

from 0.5 to 2 [127]. Monocalcium phosphate monohydrate (MCPM, Ca(H2P04)2·H20), 

mono calcium phosphate anhydrous (MCP A, Ca(H2P04)2), dicalcium phosphate 

dihydrate (DCPD, CaHP04·2H20), dicalcium phosphate anhydrous (DCPA, CaHP04), 

octaca1cium phosphate (OCP, Cas(HP04)2(P04)4·5H20), p-tricalcium phosphate (P-TCP, 

p-Ca3(P04)2), two forms of a-trica1cium phosphate (a-TCP, a-Ca3(P04)2), hydroxyapatite 

(HAP, CalO(P04)3(OH)2), and tetracalcium phosphate (TTCP, Ca4(P04)20). Besides, those 

well-crystalline calcium phosphate phases, another two poody crystalline calcium 

phosphate phases have been reported in literature, namely amorphous calcium 

phosphate (ACP, - Ca9(P04)6'nH20; n=9-14; 15-20% H20), and calcium-deficient 

hydroxyapatite (CDHAP, CalO-x(HP04)x(P04)6-x(OH)2-x, x<2). 

The phases reported ab ove can be c1assified, for practical purposes, in two different 

categories: (1) calcium phosphates obtained by reactive crystallisation in aqueous 
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solution at temperatures below the boiling point of water (low-temperature calcium 

phosphates), and (2) calcium phosphates obtained by a thermal reaction (high 

temperature calcium phosphates) [128]. 

Based on the former classification, high tempe rature calcium phosphates are 

monocalcium phosphate, ex and P tricalcium phosphate (exactly the same chemical 

composition but with a different crystallographic structure), hydroxyapatite, oxyapatite, 

and tetracalcium phosphate. All the traditional calcium phosphates used in medicine are 

high-temperature calcium phosphates, principally p-tricalcium phosphate, 

hydroxyapatite, and P-TCP+HAP composites called bicalcium phosphates (BCP) [128]. 

Among the low-temperature calcium phosphates are mono calcium phosphate 

monohydrate, amorphous calcium phosphate, dicalcium phosphate dihydrate, 

octacalcium phosphate, and calcium-deficient hydroxyapatite. The discovery of calcium 

phosphate cements (mixture of Ca-P04 powders and water that hardens with time at 

room temperature [128]) has led to a much wider use of low-temperature calcium 

phosphates in the field of biomaterials and, in particular, as bone and tooth substitutes 

[129]. A brief description of the synthesis of low-temperature calcium phosphates is 

given below. 

Calcium phosphate synthesis: The formation of calcium phosphates is contingent upon 

pH, tempe rature, and supersaturation [130]. The solubility isotherms for sorne calcium 

phosphate phases shown in Figure 2.13 were calculated with the aid of PHREEEQC 

[131]. Solubility products, dissociation constants, and ion pair formation constants used 

to calculate these solubility isotherms are those reported by Brown and co-workers 

[132,133,134,135]. It can be seen from Figure 2.13 that above pH 4.0 hydroxyapatite is the 

most stable phase followed by (in terms of solubility) p-tricalcium phosphate, 

octacalcium phosphate and dicalcium phosphate dihydrate. Therefore, all of the calcium 

phosphates listed above might be converted into hydroxyapatite at a pH higher than 4.0 

[130]. 
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Monocalcium phosphate monohydrate, (MCPM, Ca(H2P04)2·H20) is the most acidic and 

highest in solubility of aU calcium phosphates. It has been found to precipitate from 

highly acidic solutions that are normaUy found in the industrial production of 

phosphorus-bearing fertiliser (triple super-phosphate) [136]. 
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Figure 2.13. Solubility isotherms of calcium phosphate phases in the temary system Ca2+

P043--H20 at 25 oc. Calculated with the aid of PHREEQC for solutions in which Ca to P 

molar ratio is given by the stoichiometry of each phase. One phase each time was 

considered and no carbonates were present. 

Dicalcium phosphate dihydrate (DCPD or brushite) with the formula CaHP04·2H20 and 

dicalcium phosphate anhydrous (DCP A) with the formula CaHP04 are stable phases at a 

pH lower than 4.0 at 25°C [137]. Dicalcium phosphate dihydrate can be easily 

crystallised from aqueous chloride solutions at 25 oC under a great variety of conditions, 

such as concentration of calcium and phosphate ranging from 0.005 mol/L to 0.5 mol/L 

and pH from 3.0 to 6.0 via homogeneous nucleation conditions [138,139]. High 

tempe rature above 80°C, and pH<4.0, favour the precipitation of dicalcium phosphate 

anhydrous [140]. 
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Octacalcium phosphate (Cas(HP04)2(P04)4·5H20) is reported as an intermediate phase 

during the precipitation of hydroxyapatite from aqueous solutions. According to 

Fernandez et al. [141] octacalcium phosphate can be precipitated by homogeneous 

nuc1eation at temperatures as low as 40 oC when the pH is kept between 5.5 and 7.5. On 

the other hand, at higher temperature a lower pH range is required for the formation of 

octacalcium phosphate, for ex ample, at 70 oC the optimal precipitation range is 

4.5<pH<5.5. 

Amorphous calcium phosphate (A CP) is frequently found during homogeneous 

precipitation of calcium phosphate salts. This phase is characterised by the absence of 

peaks in the powder X-ray diffraction pattern. It consists of spherical Ca9(P04)6 c1usters 

c1ose-packed to form the larger spherical partic1es with water being held in the 

interstices [142]. Meyer and Eanes [143,144] reported that at pH 7.6 and 25 oC this 

material has a lifetime of less than 60 min after which octacalcium phosphate and then 

calcium-deficient hydroxyapatite crystallised. These transformations are considered 

solution-mediated rather than hydrolysis, hence, one phase disappearing with the 

development of the next. 

Calcium-deficient hydroxyapatite chemistry is very complex. This material can have a 

Ca:P molar ratio from 1.50 to 1.67 [145]. Calcium-deficient hydroxyapatite has been 

reported during seeded growth experiments with the precipitation pH determining the 

final Ca:P molar ratio. More specifically, the calcium to phosphate molar ratio has 

ranged from 1.49 to 1.65 as the pH changed from 6.0 to 9.0 [146]. 

Calcium-deficient hydroxyapatite with Ca:P=1.50 (Ca9HP04(P04)SOH) has been referred 

to erroneously as ~-tricalcium phosphate which has almost the same chemical 

composition, but a different crystalline structure. The name apatitic tricalcium phosphate 

has been also reported [147]. 

In general, the aqueous precipitation of calcium phosphate salts at pH>6.0 end up in the 

formation of calcium-deficient-hydroxyapatite. However, the degree of Ca-deficiency 
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has been found to relate with supersaturation, temperature, and precipitation pH 

[148,149]. 

Thus, stoiehiometric hydroxyapatite is expected if the precipitation is carried out at 

either low supersaturation [ISO], to prevent the formation of less stable calcium 

phosphates, or at high pH and high temperature to accelerate the transformation of such 

calcium phosphate phases to hydroxyapatite [151]. 

2.5 Review of coating technologies in aqueous media 

As was mentioned eadier, this work seeks to encapsulate scorodite with phosphate 

mineraI coatings. Evangelou and co-workers [152,153,154] have developed a similar 

concept for the purpose of preventing pyrite-pyrrhotite oxidation and acid production in 

pyritie waste. Their first encapsulation methodology involved coating pyrite with an 

iron phosphate coating. This was done by reacting pyrite with a solution composed of 

low but critical concentrations of H202, KH2P04, and a pH buffer [152]. A second 

encapsulation methodology involved the formation of an iron oxide coating. H202 was 

used to oxidise pyrite and pro duce an iron oxide coating on its surface. This oxide 

coating was not as effective as the phosphate coating [153]. A third coating methodology 

is that of an iron-oxide-silica coating [154]. This was done by leaching pyritic waste with 

a solution composed of H202 and silica at pH 5 adjusted with sodium acetate (NaOAc). 

Compared to iron phosphate or oxide coatings, the siliea coating was found to be more 

resistant to the acid environment. 

Another coating procedure has been developed by Paraskeva et al. [155] in order to 

prevent sand reentrainment during oil production from unconsolidated or poody 

consolidated reservoir formations. Consolidation was conducted through in situ 

precipitation of calcium phosphate on the grain surfaces, forming uniform coatings. The 

grains were gradually cemented with bridges of calcium phosphate crystallites and to 

form a consolidated and porous structure. 
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In the field of wastewater treatment, the removal and recovery of phosphorus (and 

ammonia) by heterogeneous precipitation of struvite (NH4MgP04·6H20) or 

hydroxyapatite (Cas(P04)30H) has been reported [156,157,158]. This technology after 

successfully piloting is used commercially in Europe and elsewhere [159]. Several crystal 

seed materials such as phosphate rocks [159], bone charcoal [159], calcium silicate 

hydrate [159], sands [160] and calcite [161] have been reported. Similarly, the deposition 

of CaC03 on sand pellets has been done in the Netherlands for water softening [162]. 

Hydroxyapatite Cas(P04)3(OH), which is the major constituent of bone and teeth, is an 

important biomaterial [163,164,165]. Especially, the formation of a hydroxyapatite 

coating on other substances has received much attention in the application as 

biocompatible materials. Investigations on heterogeneous precipitation of calcium 

phosphates from aqueous "synthetic body fluid" (SBF) solutions, containing urea 

(H2NCONH2) have been investigated onto the surface of another calcium phosphate 

[166,167], onto chitosan [168], Ti02 surfaces [169], silicate glasses [170,171,172], silica 

[173], cellulose [174], and onto protein films [175]. 
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Chapter 3. Experimental 

3.1 Introduction 

The experimental work reported in this thesis involved three different types of studies, 

namely: (1) production of a number of synthetie mineraIs; (2) evaluation of their 

solubility; and (3) encapsulation of scorodite with two of these synthetie mineraIs. The 

synthesis work involved the production of aluminium and calcium phosphates via 

homogeneous, heterogeneous and seeded crystallisation. The stability work involved the 

study of the dissolution of hydrated aluminium phosphate (AIPOd.5H20), diealcium 

phosphate dihydrate (CaHP04·2H20), and calcium-deficient hydroxyapatite 

(CalO o x(HP04)x(P04)6-x(OH)2o x, x<2). Finally, the encapsulation work involved the 

deposition of hydrated aluminium phosphate and calcium-deficient hydroxyapatite on 

scorodite particles and the assessment of their stability. 

Although, a separa te experimental section with specifie information is included in each 

chapter, sorne common features as the experimental set-up and analytieal 

characterisation methods are described here. In this chapter also a description of the 

procedure used to prepare the scorodite material used in the encapsulation studies is 

included. 

3.2 Crystallisation reactor and procedure 

The experiments were carried out in a 3 L Applikon® bioreactor adapted for inorganie 

precipitation research (Figure 3.1). The system was configured to measure and control 

pH, temperature, and agitation speed. 

The pH was controlled by the ADI 1010 BioController. When pH deviates above or 

below the set point, the controller activa tes a peristaltie pump, whieh introduces a base 
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(NaOH = 1 mol/L or 0.1 mol/L) or acid (H2S040.5 mol/L, HCl 0.1 mol/L) to either AI(III)-

P04-S04 or Ca(II)-P04-CI containing solution through a "triple inlet assembly" located in 

the bioreactor headplate. Two 0.5 L reagent addition bottles were used for these 

additions. For high tempe rature reactions, the solution temperature (95 oC) was 

maintained with a circulating oil bath. AH process parameters were controHed using PID 

(Proportional, Integral, Derivative) functions. BioXpert software was used to log data 

and to perform supervisory control. 

Acid or Base 

Reagents 

r --
1 
1 

Baffles 

j"--------------~ 
1 
1 
1 
1 T 
1 

control 

Figure 3.1. Crystallisation reactor set-up. 

During the course of the precipitation process, samples of slurry were taken at regular 

time intervals, were filtered through membrane filters (GE Osmonics Cameo 0.22 !-lm for 

precipitation conducted at 95 oC or Coming 0.25 /-Lm for tests carried out at room 

temperature) and diluted with acidified (WHN03~ 5%) deionised water. At the end of each 

test, the entire suspension was filtered. 

The final filtrate together with the filtrates of the intermediate samples were analysed by 
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inductive coupled plasma atomic emission spectrophotometry (ICP-AES) for P, As, Ca, 

and Al. The final slurry was filtered and the solids washed by repulping 3 times with 

1000 mL of deionised acidified hot water (60 oC). AlI experiments were carried out with 

deionised water prepared via a dual ion exchange system consisting of a Cole Parmer 

ion ex changer type 1506-25 "univers al" and an ion exchanger type 1506-35 "Research". 

AlI experiments were carried out in duplicate runs. 

3.3 Chemicals and materials used 

The chemicals used are listed below in Table 3.1 

Table 3.1. List of Chemical reagents used. 

Name Formula Supplier Grade 

Aluminium Sulphate Octadecahydrate Ah(S04)3·18H20 Fisher Reagent (AC.S) 

Sodium Phosphate Monobasic Monohydrate NaH2P04·H20 Fisher Reagent (AC.S) 

Calcium chloride dihydrate CaCh·2H20 Fisher Reagent (AC.S) 

Ferric Sulphate Pentahydrate Fe2(S04)3·5H20 Aldrich Reagent (AC.S) 

Arsenic Pentoxide Trihydrate AS20s·3H20 Aldrich Reagent (AC.S) 

Sodium Sulphate Na2S04 Fisher Reagent (AC.S) 

Sulphuric Acid H2S04 Fisher Reagent (AC.S) 

Nitric Acid HN03 Fisher Reagent (AC.S) 

Hydrochloric Acid HCI Fisher Reagent (AC.S) 

Phosphoric Acid H3P04 Fisher Reagent (AC.S) 

Sodium Hydroxide NaOH Fisher Reagent (AC.S) 

Magnesium Oxide MgO Fisher Reagent (A.C.S) 

Gypsum CaS042H20 Aldrich Reagent (A.C.S) 

Sodium hydrosulphide hydrate NaHS·H20 Aldrich Reagent (AC.S) 
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3.4 Chemical analysis and reproducibility 

The calcium, aluminium, iron, arsenic, and phosphorus contents in solution were 

determined by inductive coupled plasma atomic emission spectrophotometry (lCP-AES). 

Calibration was performed using 0, S, 10, 50, and 100 mg/L solutions of Ca, Al, Fe, As, 

and P. All standards were prepared from lCP grade standards of 1000 mg/L. 

The analysis of Arsenic(III) and lron(II) in solution was conducted using standard 

oxidation-reduction titration methods. The concentration of Fe(II) was determined by 

titration against potassium dichromate (K2Cn07) with sodium diphenylamine-4-

sulphonate as indicator. Determination of As (III) was made by a method involving 

separation of As (III) with the aid of a cation exchange resin (Dowex 50W-X8) as reported 

elsewhere [1]. Titration of the purified solution was conducted with KBr03 and methyl 

orange was used as indicator. As (III) was found not to interfere with the titration of 

Fe(II). 

The data presented and plotted in this work were expressed as the average of duplicate 

runs; then, the uncertainty reported was equal to the positive difference of the two 

measurements divided by two. Error bars are plotted along with the data and they are 

not visible when smaller than the symbol size. Chemical analysis of solids was 

performed by dissolving 0.5 g of mate rial in triplicate and the uncertainty in this case is 

estimated as the two standard deviations associated with the mean value. For data 

estimated by calculations such as solubility products, the errors are estimated as two 

standard deviations as well. 

3.5 Characterisation 

The solids were characterised via a series of techniques. For X-ray Diffraction (XRD) 

analysis, a Rigaku Rotaflex D-Max diffractometer equipped with a rotative anode and a 

copper target (Kw Copper with Ka = 0.15406 nm) was used. Chemical analysis of solids 

was performed by dissolving 0.5 g of material in very strong HCI solution (-5 mol/L), 
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followed by adjustment of concentration <100 mg/L and then determination by ICP-AES. 

The final solids were also observed with a JEOL 840A scanning electron microscope 

(SEM). The samples were gold-coated prior to examination. The size of particles and 

their mode of distribution were determined using a Horiba LA-920 Laser scattering 

particle-size distribution analyser. Thermogravimetric analysis (TGA Perkin-Elmer 

thermogravimetric analyser) was performed to determine the number of crystallisation 

waters. For infrared spectroscopy analysis, the powder was pressed into pellets of KBr 

and the spectra recorded with a Bruker Optics IFS66 FT-IR spectrometer in the range 400 

to 4000 cm· l • 

In addition, secondary electron microscopy analysis and elemental mapping were also 

obtained using a variable pressure scanning electron microscope (SEM type Hitachi S-

3000N). Grains were mounted in epoxy and polished to create grain mounts similar to 

those used for reflected light microscopy. 

Surface composition analysis and depth-profile of the encapsulated scorodite particles 

were investigated at AMTEL Ltd. Several microbe am techniques were applied, such as 

SEM-EDX (Scanning Electron Microscope equipped with an energy dispersive X-ray 

analyser), TOF-SIMS (Time of Flight Secondary Ion Mass Spectrometer), and TOF-LIMS 

(Time of Flight Laser Ionisation Mass Spectrometer) [2]. For surface analysis TOF-SIMS 

was operated in "static" SIMS mode, so, only top monolayers of the sample surface were 

analysed. For depth profiling the operation was in "dynamic" SIMS mode, Le., a higher 

energy primary ion beam ablated the sam pIe surface and depth profiles were acquired. 

Prior to TOF-LIMS the solids sample was prescreened at 40 !-lm and 20 !-lm to ob tain 

coarser particles more desirable for this technique. The process of screening the sample 

was conducted in deionised water, using fine nylon screens of 40 !-lm and 20 !-lm gauge. 

Screening was facilitated with the use of manual agitation of the pulp, and with a water 

jet from a wash bottle. 

For the analysis of particles via TOF-SIMS and TOF-LIMS scorodite particles were 
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randomly selected from the +40 flm fraction and mounted on indium foil. Indium is a 

soft metal with reasonable conductance that prevents charge accumulation during 

analysis. One row of grains was used for each of TOF-SIMS and TOF-LIMS analysis, 

SEM-EDX, TOF-LIMS and TOF-SIMS. 

3.6 Preparation of scorodite 

The scorodite substrate mate rial used in the encapsulation studies was produced via 

atmospheric precipitation as per the method previously developed at the McGill 

Hydrometallurgy laboratory [3,4,5]. A brief description of the basic principles on which 

this method is based was given in Section 2.2.2 of Chapter 2. In this procedure 1.5 L of 

As(V)-Fe(III)-H2S04 solution was first prepared from analytical-grade arsenic pentoxide 

(AS20S), ferric sulphate pentahydrate (Fe2(S04)3·5H20) and sulphuric acid (H2S04). The 

solution was then placed in the reactor (Figure 3.1) and heated to 95 oC while stirring. 

Slaked magnesium oxide (WMgO - 10%) was added slowly to reach the precipitation pH 

[3] at which seed was introduced into the solution. In the presence of seed, precipitation 

started and was allowed to continue for 2 h. The solution pH was monitored 

continuously throughout the experiment, and slurry samples were taken at regular time 

intervals. The pH was not controlled during precipitation since it has no impact on the 

arsenic removal efficiency [5]. 

The sample was subjected to XRD analysis that confirmed it to be scorodite, with good 

crystallinity (Figure 3.2). This precipitate was also characterised by Scanning Electron 

Microscopy (SEM); Figure 3.3 shows SEM images at different magnifications. It can be 

seen that the material consisted of dense agglomerated particles with size in the order of 

25 ~m. Particle size analysis (Figure 3.4) confirmed the SEM visual examination results. 

Chemical composition analysis of the solids also confirmed that the mate rial was 

scorodite. The mass fraction of As and Fe (WAs = 32.4% and WFe = 23.6%) are in agreement 

with the theoretical values of As and Fe in scorodite (WAs = 32.5% and WFe = 24.2%). A 
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minor amount of 5042- (mass fraction of 2.6%) was also found to be incorporated in the 

scorodite reflecting the fact that synthesis took place in a sulphate-based system [5]. 

10 15 20 25 30 
28 

35 40 45 50 

Figure 3.2 XRD pattern of FeAs04·2H20 produced by atmospheric precipitation. 

1----1 10 f-lm 1----1 5 f-lm 

Figure 3.3. Scanning electron micrographs of scorodite substrate material. 

A typical back-scattered electron image of the atmospheric scorodite is shown in Figure 

3.5. It is revealed that the particles have grown through surface deposition, Le., epitaxial 

growth. The lighter core observed from Figure 3.5 reflected that the original substrate for 

this synthesis was scorodite produced using a nitrate solution based on the autoclave 

described by Dutrizac and Jambor [6]. 

Finally, scorodite solids were stirred at pH=2 for 24 h three times in order to remove any 

amorphous material prior to their encapsulation. At the end of each step, the slurry was 

filtered and the solids washed by repulping 3 times with 1000 mL of acidified deionised 

hot water (pH -3, 60 oC). The freshly cleaned scorodite particles were subsequently used 



(\ 

Chapter 3. Experimental 

for encapsulation with phosphate coatings (Refer to Chapter 6). 
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Figure 3.4. Particle size distribution of scorodite produced by atmospheric precipitation. 

median = 22.8 Ilm, mean = 26.4 Ilm, and mode = 21.3 Ilm. 

Figure 3.5. Back-scattered electron image of scorodite precipitated under atmospheric 

conditions. 
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Chapter 4. Synthesis and stability of hydrated aluminium 

phosphate 

4.1 Introduction 

This chapter is devoted to the synthesis by reactive crystallisation of hydrated 

aluminium phosphate (AIPOd.5H20) and testing its stability. The synthesis method 

developed here differs from the ones previously reported in the literature (refer to 

section 2.4.1 of Chapter 2) as it involves direct crystallisation from sulphate media rather 

than long-term ageing or hydrothermal routes in chloride or nitrate media. Following its 

synthesis the dissolution mechanism and stability of AIP04·1.5H20 (AIP04-H3) is 

reported at 22 oC over the pH range 2.4 to 8.8. Finally, the experimental results are 

analysed with the aid of PHREEQC [1] and the solubility product for AIPOd.5H20 is 

determined. 

4.2 Synthesis 

4.2.1 Materials and methods 

Experimental set up: The experimental set-up used in this work was the same as the one 

described in Chapter 3 (Section 3.2). 

Crystallisation tests: The precipitation of AIPOd.5H20 in sulphate media is described 

by the following reaction: 

Ah(S04)3(aq) + 2 H3P04(aq) + 5H20 ~ 2 AIPOd.5lliO + 6lliS04(aq) (4.1) 

The precipitation process generates sulphuric acid; hence, it may be conducted with or 

without pH control. Moreover, the production of hydrated aluminium phosphate may 
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be done via homogeneous or seed-assisted precipitation. Both approaches were 

investigated in this chapter. 

In a typical homogeneous precipitation test, 1.5 L of AI:P=l:l solution, was first prepared 

from analytical-grade sodium phosphate monohydrate (NaH2P04·H20), aluminium 

sulphate octadecahydrate (Ah(S04)3·18H20) and sulphuric acid (H2S04). The solution 

was then placed in the reactor and heated to the desired temperature while stirring. 

Sodium hydroxide (NaOH, 1 mol/L) was added slowly to raise the solution pH up to a 

critical level (critical supersaturation) signifying the onset of homogeneous nucleation 

(becoming evident by cloud formation) [2]. 

Once this point was reached, precipitation was allowed to continue for 24 h in a free 

drift-mode; after this period of time the pH was recorded and the solution was analysed 

for P and Al. The final solution composition was considered to represent a practical 

equilibrium for the system. Via this series of tests the metastable zone of AIP04·1.5H20 

was determined and used to design the seed-assisted crystallisation tests. 

In a seed-assisted precipitation test, an acidic sulphate solution containing -0.17 mol/L of 

P(V) and AI:P of 1:1 was heated to 95 oC and then neutralised with 1 mol/L NaOH, until 

the precipitation pH of 1.7 was reached Oust before the critical supersaturation level was 

attained); the solution was allowed to stabilise for 30 min, hence assuring uniform 

supersaturated conditions. At this point, 30 g/L of seed produced by homogeneous 

precipitation (the experimental procedure described ab ove) was used to begin the 

precipitation pro cess; the pH in this case (in contrast to the homogeneous precipitation 

test) was kept constant using NaOH (1 mol/L) as base, and after 4.5 h of precipitation the 

product was collected. During the course of the precipitation process, samples of slurry 

were taken at regular time intervals, and were filtered through membrane filter (GE 

Osmonics Cameo 0.22 f.lm) and diluted with acidified (WHN03 - 5%) deionised water. 

Characterisation and analysis: At the end of each test, the entire suspension was 

filtered. The final filtrate together with the filtrates of the intermediate samples were 
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analysed for P and Al. The final slurry was filtered and the solids washed by repulping 3 

times with 1000 mL of acidified deionised hot water (60 oC). The final solids were 

subjected to a number of characterisation tests induding X-ray Diffraction (XRD) 

analysis, chemical analysis by digestion, SEM examination and thermogravimetric 

analysis (more details on these techniques can be found in Chapter 3). 

4.2.2 Metastable zone for aluminium phosphate precipitation 

Critical supersaturation curves of aluminium phosphate as determined by the 

homogeneous precipitation experiments are shown in Figure 4.1. This figure shows the 

metastable zone width, which is defined by the critical concentration for homogeneous 

nucleation line and the pseudo-equilibrium line [2]. The precipita tes obtained at the end 

of these experiments had a white colour. The precipitates were subjected to XRD 

analysis. A typical XRD pattern is shown in Figure 4.2. It can be seen from Figure 4.2 that 

the solids produced have good crystallinity and match the XRD pattern of hydrated 

aluminium phosphate H3, (AIP04'1.5H20) [3]. 
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Figure 4.1. Metastable zone width for the Ah(S04)3-H3P04-NaOH system at 95 oc. 
Symbols: 0 Initial point - Critical concentration for homogeneous nucleation; 0 Final point 

- pseudo-solubility. 
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Figure 4.2. XRD pattern of product obtained by homogeneous precipitation (relative 

intensity); solids produced from a solution with [P(III)]o = 0.2 mol/L and Al:P =1; AlP04-H3 

pattern from reference [3]. 

69 

Figure 4.3 shows SEM images of the produced material from an initial solution of 

[AI(III)] =[P(V)] = 0.2 mol/L. It appears from this examination that the product consisted 

of irregularly shaped agglomerates of the order of 2-5 ~m made up of primary 

crystallites smaller than 1 ~m. The particle size distribution of the produced hydrated 

aluminium phosphate is shown in Figure 4.4. It can be seen the median particle size to be 

3.3 /-lm and distribution mode equal to 4.2 /-lm. 

1--1 4 ~m 1--1 1 !-lm 

Figure 4.3. Scanning electron micrographs of hydrated aluminium phosphate produced 

by homogeneous precipitation. 
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Figure 4.4. Particle size distribution of hydrated aluminium phosphate produced by 

homogeneous precipitation. Median = 3.3 flm, mean = 3.6 flm, and mode = 4.2 flm. 

4.2.3 Seed-assisted precipitation of hydrated aluminium phosphate 

70 

Figure 4.5 shows the precipitation kinetics of a typical test ran within the determined 

metastable zone in the presence of seed and at constant pH. Both the variation of Al (III) 

and P(V) are plotted. It can be seen that 80% of the Al and P were removed in -2 h; 

moreover, aluminium and phosphorus precipitation proceeded at the same rate 

reflecting the stoichiometry of the reaction (Eq. (4.1». This product was then recycled 

three times using a similar approach, Le., 30 glL of the product was used as seed in each 

recycle. 

The final precipitate was characterised by scanning electron microscopy (SEM). Figure 

4.6 shows SEM images at a magnification of 1800 (left) and of 4000 (right). It can be seen 

that the product was cleady coarser than the solids produced by homogeneous 

precipitation (Figure 4.4), with apparent particle size coarser than 10 flm. The SEM 

micrographs show that the crystals have grown through a combination of surface 

deposition and agglomeration. Figure 4.7 shows the particle size distribution of these 

solids. This analysis revealed the formation of small amount of particles with a size 

between 0.45 and 3.41 flm; this might mean that either homogeneous nucleation was not 
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entirely prevented during precipitation or breakage (less likely) of the agglomerated 

solids took place during size distribution analysis. 
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Figure 4.5. One-stage aluminium phosphate precipitation with pH control using 

homogeneously produced seed (Seed concentration, 30 gIL); NaOH as base; 95 oC; 

precipitation pH 1.70. 
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Figure 4.6. Scanning electron micrographs of hydrated aluminium phosphate produced 

by seed-assisted precipitation after three recycles. 

The chemical make-up of the precipitate was determined via chemical analysis, XRD and 

TGA. For the chemical analysis, -100 mg of precipitate was dissolved in 100 mL of 

strong HCl solution (- 5 mol(L) by heating to about 70 oc. This analysis yielded a molar 
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ratio Al to P of 1.06±0.08. Moreover, the analysis revealed that small amount of 5042-

(WS04 - 0.4%) was incorporated (not removable by extensive washing) into the crystal 

structure of the product most likely via substitution. 
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Figure 4.7. Particle size distribution of hydrated aluminium phosphate produced by seed

assisted precipitation. median = 16.8 f.1m, mean = 16.7 f.1m and mode = 18.6 f.1m. 

XRD confirmed the presence of AIP04-H3 as the dominant phase, with good crystallinity 

(Figure 4.8) and TGA showed (Figure 4.9) that the weight loss for this material to occur 

between 80 and 130 oC and to amount to a reduction of 18.40%. This corresponds to a 

hydrated composition of AIP04'1.54H20, which is in agreement with the formula 

AIP04'1.5H20 reported by Pluth and Smith [4] for this material. The mass fraction of P 

and Al (wp = 18.7% and WAI = 20.2%) were in agreement with the theoretical values of P 

and Al in a compound with molecular formula AIP04'1.5H20 (wp = 18.1% and WAI = 

20.8%). 

4.3 Stability 

4.3.1 Methods 

Solubility Measurements: The AIP04'1.5H20 solids synthesised by the method just 

described were subjected to a special leaching procedure before actual solubility 

measurements were made in order to remove any soluble non-crystalline material that 
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could have distorted the measurements. This leaching procedure involved stirring 30 g 

of solids in 500 mL of 0.01 mol/L HN03-containing solutions for 3 periods of 24 h each. 

At the end of each 24 h period, the slurry was filtered and the solids washed by 

repulping 3 times with 1000 mL of acidified hot water (pH-3, 60 oC) before proceeding 

with the subsequent 24 h leaching period. 
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Figure 4.8. XRD pattern of product obtained by seed-assisted precipitation (AIP04-H3 

pattern from reference [3]). 
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Figure 4.9. TGA Analysis of hydrated aluminium phosphate produced by seed-assisted 

precipitation; heating rate 10 °Cmin-1• 

For the solubility tests, 200 mL of deionised water (prepared via a dual ion exchange 

system consisting of a Cole Parmer ion ex changer type 1506-25 "universal" and an ion 
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exchanger type 1506-35 "Research") was placed in 250 mL Erlenmeyer flasks, stoppered 

and agitated with magnetic stirrer. The experiments were performed at room 

tempe rature (22 oC). In each flask, 5 g of solids were added followed by pH adjustment. 

The pH of the slurry was measured and adjusted initially to 2.0 and 4.0 using HN03 

solution and to pH values of 5.5,6.5,8.0 and 10.0 using NaOH solution. The pH was not 

adjusted during the dissolution test. At predetermined times, samples were taken, 

filtered using 0.025 ~m pore size membranes, diluted with (5% HN03) solutions and 

analysed. The pH was measured using a ROSSTM combination electrode with a reported 

accuracy of ±0.02 pH units (±4.5% in H+ activities). The pH electrode was standardised 

versus buffer pH solutions 4.0, 7.0 and 10.0. AlI experiments were carried out in 

duplicate runs. 

Characterisation and analysis: solutions and solids were characterised using the 

techniques described in 4.2.1. 

4.3.2 Thermodynamic considerations 

The dissolution process: The congruent dissolution reaction of AIP04'1.5H20 is given by 

the following reaction: 

AIP04'1.5H20(s) -t AI3+ + POè + 1.5 H20 

Alternatively AlP04·1.5H20 may dissolve incongruently: 

AIP04'1.5H20(s) + 1.5 H20 -t AI(OH)3(s) + H3P04(aq) 

(4.2) 

(4.3) 

In this case the AP+ concentration would be governed by the re-precipitation of AP+ as 

one of the aluminium (oxy)hydroxide phases. Stranski's rule states that the least stable 

phase nucleates first, because the interfacial energy requirements are less stringent [5]. 

According to Lindsay and Walthall [6] the most soluble aluminium hydroxide material is 

AI(OH)3(amorphous), followed by a-AI(OH)3(bayerite), y-AIOOH(boehmite), y-AI(OH)3 

(gibbsite), and a-AIOOH (diaspore). Sorne authors, however, have reported a different 

stability sequence, namely gibbsite < boehmite < diaspore [7,8]. Gibbsite is the most 
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common mineraI found in weathered soils. Therefore, the formation of aluminium 

hydroxide phases, by re-precipitation, during the incongruent dissolution of 

AIP04'1.5H20 is expected to proceed (at least in part) via the foIlowing phase 

transformation stages: 

AI(III)(aq) ~ AI(OH)3 (amorphous) 

AI(OH)3 (amorphous) ~ a-AI(OH)3 (bayerite) 

a-AI(OH)3 (bayerite) ~ y-AI(OH)3 (gibbsite) 

y-AI(OH}3 (gibbsite) ~ y-AIOOH (boehmite) 

y-AIOOH (boehmite) ~ a-AIOOH (diaspore) 

(4.4) 

(4.5) 

(4.6) 

(4.7) 

(4.8) 

Ion activity pro du ct calculation: For the calculation of the ion activity product of 

AIP04'1.5H20 (lAP = a(AP+)'a(P043'» and Al(OH)3 (lAP = a(AP+)'a(OH')3) aIl aqueous 

speciation equilibria need to be taken into account. Reactions (4.9) and (4.10) describe the 

formation of AI-P04 complexes. 

AP+ + HP042, B AIHP04+ 

AP+ + H2P04' B AllliP042+ 

(4.9) 

(4.10) 

According to Bohn and Peech [9] the Logf3 values of the above reactions are 3.0 and 7.0 

respectively. These values are in agreement with the data reported by Langmuir. [10] 

who independently reported values of 3.1 and 7.4, respectively. In this study the values 

of Langmuir are used. 

The aluminium ion, AP+, exists as an octahedral hexahydrate ion, AI(H20)63+ in acidic 

solutions [11]. Hence, when the pH increases, the hexahydrate ion undergoes hydrolysis 

by four successive deprotonations, producing species with progressively increasing OH 

numbers as is shown in equation (4.11). 

AP+ ~ AIOH2+~ AI(OH)2+ ~ AI(OH)3(aq) ~ AI(OH)4' (4.11) 

The thermodynamic constants for aIl the complexation and solubiIity equiIibria 
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considered in the present study are listed in Table 4.1. The activity coefficients were 

calculated according to the Davies equation [12]. 

2( JÏ J LOgYk =-Azk l+JÏ -0.31 (4.12) 

where yk is the activity coefficient of ion k, Zk its valency, l the ionic strength and A the 

Debye-Hückel constant. 

Table 4.1. Equilibria and constants considered in the present PHREEQC study. 
----_._---~--",,,~~--

Reaction LogK Reference 

H3P04~ H2P04-+H+ -2.15 [13] 

H2P04-~ HP042-+H+ -7.20 [13] 

HP042-~ P043-+ H+ -12.35 [13] 

AP+ + H20 ~ AIOH2+ + H+ -5.00 [14] 

AI3+ + 2H20 ~ AI(OH)2+ + 2H+ -10.1 [14] 

AP+ + 3H20 ~ AI(OH)3(aq) + 3H+ -16.8 [14] 

AP+ + 4H20 ~ AI(OH)4- + 4H+ -22.70 [14] 

AP+ + HP042-~ AIHP04+ 7.40 [10] 

AI3+ + H2P04-~ AIH2P042+ 3.10 [10] 

AI(OH)3 (amorphous) + 3H+~ AP+ + 3H20 10.80 [15] 

AI(OH)3 (bayerite) + 3H+~ AP+ + 3H20 9.15 [7] 

AI(OH)3 (gibbsite) + 3H+~ AP+ + 3H20 8.11 [7] 

AIOOH (boehmite) + 3H+~ AP+ + 2H20 8.00 [7] 

AIOOH (diaspore) + 3H+~ AP+ + 2H20 7.37 [7] 

Note: Aluminium waters of hydration are omitted for simplicity 

The potential role of phosphate sorption onto Al (Ill) (oxy)hydroxide is ignored since 

according to mass balance calculations only a small portion of the initial mass is 
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converted to Al (III) (oxy)hydroxide phases under the tested conditions (except for pH 

8.8). 

4.3.3 Experimental data 

The variation of the solution concentration, in terms of AI(III) and P(V) along with pH, as 

a function of time for the experiments performed, is shown in Figure 4.10. It is observed 

that the aluminium concentration rose initially reaching a maximum after approximately 

6 d, hereafter followed by a decrease before a steady state was attained. This suggests a 

certain supersaturation level being built up before the nucleation of aluminium 

hydroxide started taking place. On the other hand, the P(V) concentration rose gradually 

reaching a plateau with the exception of the test with final pH 4.18 (Figure 4.10(d)). 

The final (after 30 d) AI(III) and P(V) concentrations are plotted as a function of 

equilibrium pH in Figure 4.11. A comparison of these values with the values published 

by Robins et al. for variscite «0.03 mmol/L of P(V) at pH 4.0 [16] ) revealed that 

AIP04'1.5H20 is more soluble than the latter. 

The data presented in Figure 4.10 and Figure 4.11 clearly indicate the dissolution pro cess 

to be incongruent in nature. This is better seen if the data of Figure 4.11 are replotted as a 

final (i.e. equilibrium) Al (III) to P(V) molar ratio versus pH (Figure 4.12). According to 

this figure, the transition from congruent to incongruent dissolution takes place at 

around pH 3. Bache [17] reported the same incongruent point for variscite, but Robins et 

al. found the incongruent point for variscite to be at pH - 7.0 [16]. It is suspected that 

Bache's data are not correct because of the admission by the author that the starting 

variscite material "".perhaps contained a small amount of amorphous material"; hence, 

causing the incongruent point to shift to lower pH. On the other hand, Robins et al. 

provided limited information to allow for independent assessment of the accuracy of 

their results. 
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Figure 4.10. P(V) and AI(III) concentrations and pH as a function of time at 22 oc. (a) final 

"'-'" , , 

pH of 2.43; (b) final pH of 3.62 (c) final pH of 3.79;. (d) final pH of 4.18; (e) final pH of 6.44 
, 

and (f) final pH of 8.80. (Symbols DAI(III); I!!!I P(V); 0 pH). 
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Figure 4.11. Experimental solubility determined for AIPOd.SH20 at 22 oC (equilibration 
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Figure 4.12. AI(III) to P(V) molar ratio in solution after 30 d of dissolution. 

79 

The equilibrated solids (after 30 d) were characterised by XRD in order to determine the 

type of aluminium (oxy)-hydroxide that had formed. The data are shown in Figure 4.13. 

The XRD analysis revealed the presence of gibbsite at elevated pHs (~ 3.62), while for the 

intermediate pH range, the coexistence of a minor aluminium(III) basic phosphate 

(kingite) cannot be ruled out. Transformation to variscite was not detected. 
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Figure 4.13. XRD pattern of solids before and after equilibriurn at various pH cornpared to 

synthetic AI(OH)3 (Gibbsite), Ab(OH)3(P04)2·9H20 (Kingite), AIP04·1.5H20 and 

AIP04·2H20 (Variscite). 

4.3.4 Determination of the solubility product 

80 

Using the final solubility data along with the equilibrium and thermodynamic data listed 

in Table 4.1, the solubility product for AlP04'1.5H20 was determined with the aid of 

PHREEQC (Table 4.2). It is interesting to note from the data of Table 4.2 that an 
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estimated Ksp values are reasonably close to each other over the whole pH range 

revealing that the estimation method is credible. From this calculation, the solubility 

product was determined to be LogKsp = -20A6±OAO (the data at pH 8.80 were excluded). 

Table 4.2. Solubility data and solubility product estimates using PHREEQC 

pH Concentration [mmol·L'l] 
,---.-_. ---'"" 

Initial Final Al(III) P(V) LogKsp 

2.00 2.43 5.659 4.733 -20.76 

4.00 3.62 0.148 0.439 -20.28 

5.50 3.79 0.063 0.490 -20.37 

6.50 4.18 0.021 0.422 -20.37 

8.00 6.44 0.001 0.841 -20.54 

10.00 8.80 0.632 11.106 -21.07 

The standard Gibbs free energy of formation (L\Gfo) for AIP04·1.5H20 was subsequently 

estimated using the determined solubility product and the following thermodynamic 

values: L\Gfo = - 489AO±lA kJ-mol'1 for AP+ [7], L\Gfo = -237.141±0.040 kJ·mol'1 for H20 [15] 

and L\Gfo = -1018.24±1.5 kJ-mol'1 for P043. [18]. This calculation determined the standard 

Gibbs free energy of formation (L\Gfo) for AIP04·1.5H20 to be -1980.5±4.3 kJ-moP. Upon 

comparison of these values to those reported for variscite LogKsp = -22.05 [19] and !:J.Gfo = 

2104.5 kJ-mol'1 [20] it becomes clear that AIP04'1.5H20 is metastable versus variscite. 

4.3.5 Evaluation of the dissolution mechanism with PHREEQC 

Similarly to the calculation of the solubility product, the Log(IAP) for aluminium 

phosphate and aluminium (oxy)hydroxide were estimated with the aid of PHREEQC as 

a function of time, so to better understand the AIP04'1.5H20 dissolution mechanism. The 

respective Log(IAP) calculated for each compound is presented in Figure 4.14 and Figure 

4.15. On the same Figures, the LogKsp of the various aluminium (oxy)hydroxides phase 
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(Figure 4.14) and AIP04'1.5H20 (Figure 4.15) are shown. 

It can be seen from Figure 4.14(a) that the system is always undersaturated versus a11 

aluminium (oxy)hydroxides confirming the congruent dissolution of AIP04'1.5H20 at 

pH 2.43. However, as the pH increases (see Figure 4.14(b, c, d and e», the system enters 

the incongruent region. 
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Figure 4.14. Ion activity product for aluminium (oxy)hydroxides during the dissolution of 

AIP04'1.5H20 as a function of time at 22 oC at different equilibration pHs. Log Ksp for (1) 

AI(OH)3 (amorphous) (2) AI(OH)3 (gibbsite), and (3)AIOOH (diaspore) are shown (broken 

lines) as well. 

According to the predicted data, the system is initially in equilibrium with an 

amorphous aluminium (oxy)hydroxide and supersaturated with reference to the more 
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stable crystalline phases. Diaspore rather than gibbsite is predicted to be the equilibrium 

aluminium (oxy)hydroxide phase after 30 d in the pH region 3.6 to 4.2 (Figure 4.14(b, c, 

and d». This, however, was not confirmed by the XRD analysis (Figure 4.13), where the 

characteristic peak of gibbsite at 29 = 18.28° was detected instead. This may in part reflect 

the quality of the solubility data used previously to determine the Gibbs free energy of 

formation of gibbsite. Thus, for example Mayet al.[21,22] had used 0.20 Ilm filters while 

Su and Harsh [7] used O.lllm membranes when they evaluated the solubility of gibbsite. 

In this study smaller filter sizes were used (0.02 Ilm) resulting in apparently lower 

solubility products. 

-15 

6 -18 

::ë 
111 -21 
.-1 

6 
~ -24 

~ -27 

.3 

9- -0- - -1:1 - --

Final pH 2.43 

-15 -15 

-18 -18 

-21 o_~_...Q.. __ O __ _ 
-21 

-24 -24 

-27 -27 

Final pH 3.62 
-30 -30 -30 

D ll!I ll!I _ ______ 0 __ _ 

Final pH3.79 

o 5 10 15 20 25 30 0 5 10 15 20 25 30 0 5 10 15 20 25 30 

Time [dl Time [dl 

-15 -15 

6 -18 -18 "'" B l!iiI 
::ë CID ""' 
111 0 
.-1 -21 ... ---A--O---[ -21 1'---------

~, :':!. -24 -24 

~ 
~ -27 

....J 

-30 
Final pH4.18 

o 5 10 15 20 25 30 

Time [dl 

-27 

-30 
Final pH 6.44 

o 5 10 15 20 25 30 

Time [dl 

-15 

-18 

-24 

-27 

-30 

Time [dl 

o 

Final pH 8.80 

o 5 10 15 20 25 30 

Time [dl 

Figure 4.15. Ion activity product of AIPOd.5H20 as a function of time at 22 oC at different 

equilibration pHs. LogKsp for AIPOd.5H20 is also shown (broken lines). 
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At higher pH the formation of a less stable AI(OH)3 phase like the amorphous one is 

predicted. This evolution of AI(OH)3 phases from amorphous in the early stages towards 

a more stable form (i.e. gibbsite, Figure 4.14(b,c, and d)) is in concordance with Stranski's 

rule [5]. Apparently, at elevated pH the phase transformation process that converts the 

amorphous AI(OH)3 phase to a crystalline (oxy)hydroxide is delayed. 

As far as the Al-phosphate phase transformation is concerned it can be seen (Figure 4.15) 

that the system is in equilibrium with AIP04'1.5H20 at pH 2.43 throughout the whole 

dissolution period (congruent dissolution), but slightly supersaturated during the initial 

stages of dissolution in the pH range 3.62 to 6.44. On the other hand, it is undersaturated 

in the early stages of dissolution at pH 8.8. Nevertheless, in aIl cases equilibrium was 

seen to be attained after 30 d. 

4.4 Conclusions 

A new synthesis method for hydrated aluminium phosphate AIP04'1.5H20 (AIP04-H3) 

was developed. The new method involved direct precipitation from a sulphate-matrix 

solution with aluminium to phosphorus molar ratio equal to one at 95 oc. For the 

initiation of homogeneous precipitation of crystalline material, supersaturation was 

increased to a criticallevel via pH adjustment. The critical pH at which homogeneous 

nucleation occurs is a function of solution composition. 

The homogeneously produced material characterised by XRD and SEM analysis was 

found to be highly crystalline and to consist of aggregate particles of me an size -3.5 /lm. 

Use of seed and maintenance of supersaturation within the metastable zone via pH 

control (at 1.70) allowed the production of coarse aggregate particles of average size -16 

/-Lm. Typically, 80% precipitation yield was obtained from a 5 glL of Al(III) (Al:P = 1) over 

a period of 2 h equivalent to 0.07 mol·L-1.h-1• 

The dissolution of AIP04'1.5H20 was studied under the following experimental 

conditions: 22 oC, 30 d, 20 glL and initial pH of 2.0, 4.0 5.5, 6.5, 8.0, and 10.0. It was 
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determined the dissolution to be congruent at initial pH 2.0 and becoming incongruent 

when initial pH was 4.0 or higher. It was observed that AI(III) concentration reached a 

critical level before the formation of AI(III) (oxy)hydroxide precipita tes occurs. The 

sequence of formation of Al (III) (oxy)hydroxides phases, as determined by XRD analysis 

over the 30 d dissolution period was found to conform to Stranski's rule, i.e., the least 

stable phase forming first followed by its transformation to next stable Al (III) 

(oxy)hydroxide. This behaviour was confirmed with thermodynamic analysis of the 

dissolution process with the aid of PHREEQC. Finally, the Ksp of AIP04'1.5H20 was 

determined to be 10-20A6±oAo at 22 oC and 1 atm (101.325 kPa). The calculated standard 

Gibbs free energy of formation (ilGJ,o) for AIP04'1.5H20 was -1980.5±2.0 kJ-mol-l. 
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Chapter 5. Synthesis and stability of selected calcium 

phosphates 

5.1 Introduction 

In this chapter, the synthesis by reactive crystallisation of two calcium phosphates is 

described, namely dicalcium phosphate dihydrate and hydroxyapatite (calcium

deficient). It is the scope of this work to elaborate a method of synthesis of these salts 

from chloride media at room temperature based on the concept of supersaturation 

control. The effects of supersaturation, residence time, and seeding on the stoichiometry 

and crystallinity of these compounds are reported. In addition, this chapter seeks to 

define the conditions for controlled deposition of these salts on scorodite particles. 

Following their synthesis, these two materials were subjected to dissolution studies as a 

function of pH in order to determine their dissolution behaviour in terms of phase 

transformation and stability. 

5.2 Synthesis 

5.2.1 Materials and methods 

Experimental set up: The experimental set-up used in this work was the same as the one 

described in Chapter 3 (Section 3.2). 

Metastable zone determination: The precipitation of calcium phosphates in chloride 

media was investigated by homogeneous and seed-assisted precipitation under 

controlled supersaturation conditions. However, given the fact that the critical 

supersaturation conditions, for the CaCh-NaH2P04-H20 system have not been reported 

in literature preliminary experiments were performed to identify the metastable zone 

88 
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width as was done with the aluminium phosphate system (Chapter 4). 

Acidified solutions (pH - 2.0) of NaH2P04 (2 to 90 mmol/L) and CaCh (2 to 150 mmol/L) 

were prepared at room temperature (the preparation considered two different Ca to P 

molar ratios in solution, 1.0 and 1.67 which are the stoichiometric ratios for dicalcium 

phosphate dihydrate and hydroxyapatite respectively) and stirred for 30 min. AlI initial 

solutions were undersaturated with respect to aIl modifications of calcium phosphate. 

The supersaturation in solution was built up by slow addition of 100 mmolfL NaOH 

solution in a step-wise fashion, in order to reach the critical supersaturation point. This 

point was determined by means of the evolution of pH, i.e., either the pH began to 

decrease spontaneously, due to acid generation, or remained constant for more than 5 

min. If the former were the case, the point was registered as a critical supersaturation 

point. When the pH was constant longer than five min the pH was increased again. The 

extent of each pH step was 0.1 pH units. 

Crystallisation of di calcium phosphate dihydrate: The reactive crystallisation of 

di calcium phosphate dihydrate was achieved via step-wise neutralisation of an acidic 

solution of CaCh-NaH2P04-HCI ([Ca(II)] = 100 mmolfL (4.0 gfL), [P(V)] = 100 mmolfL (3.1 

g/L) and pH - 3.0). The solution matrix and composition were chosen as per previous 

work published by Arifuzzaman and Rohani [1]. For the preparation of the feed solution 

analytical-grade sodium phosphate monohydrate (NaH2P04·H20), calcium chloride 

dihydrate (CaCh·2H20) and hydrochloric acid (HCl) were used. The solution was then 

placed in the reactor and the pH was slowly raised (using NaOH 100 mmolfL) with the 

purpose of building-up supersaturation. 

In homogeneous precipitation tests, the above feed was neutralised with 100 mmolfL 

NaOH to pH 5.40, which was above the critical concentration at which homogeneous 

nucleation occurs (the critical pH was determined to be 4.85 according to Figure 5.1(a)) 

In a seed-assisted precipitation test, the above solution was diluted to [Ca (II)] -37.5 

mmolfL (Ca:P of 1:1) and neutralised once more with 100 mmol/L NaOH, until the 
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precipitation pH of 5.0 was reached Oust 0.2 units of pH before the pH for homogeneous 

nucleation); the solution was allowed to stabilise for 30 min in order to assure uniform 

supersaturated conditions. At this point, la glL of seed produced by homogeneous 

precipitation (as per the experimental procedure described above) was used to begin the 

precipitation process. 

In both homogeneous and seed-assisted precipitation tests, the pH was kept constant 

during the course of precipitation using NaOH (100 mmollL) as base. Each test lasted 2.0 

h. AH experiments were carried out in duplicate runs. The experiments were carried out 

under open air; in other words, the presence of atmospheric C02 was not excluded. 

Crystallisation of (Ca-deficient) hydroxyapatite: The precipitation of hydroxyapatite 

via stepwise neutralisation is not feasible, since when an acidified solution is neutralised, 

the formation of metastable phases, such as dicalcium phosphate dihydrate or 

octacalcium phosphate, is favoured instead. Hence, a different approach was chosen to 

produce hydroxyapatite. This approach is an adaptation of the method reported by 

Rodriguez-Lorenzo et al. [2]. 

In a typical hydroxyapatite precipitation test, 1 L of a metastable supersaturated solution 

of CaCh-NaH2P04-NaOH ([Ca(II)] - 1.5 mmollL (Ca:P = 1.67) was prepared by slowly 

adding 500 mL of calcium chloride solution ([Ca(II)] = 3 mmol/L) to a 500 mL of sodium 

dihydrogen phosphate ([P(V)] = 1.8 mmol/L). The pH was then adjusted with 100 

mmol/L NaOH to the precipitation pH of 7.6 Oust 0.2 pH units below the pH for 

homogeneous nucleation) and the solution was allowed to stabilise for 30 min. 

Homogeneous precipitation was induced by controlling the build up of supersaturation 

via simultaneous addition of calcium chloride (50 mmollL) and sodium dihydrogen 

phosphate (30 mmol/L) at a rate of 20 mL/h (using one peristaltic pump with two pump 

heads). The pH was maintained at 7.6. After 6.0 h of reaction, the addition of reagents 

was stopped and the final product was coHected. 
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The seed-assisted precipitation tests were initiated by adding hydroxyapatite solids 

homogeneously produced into the metastable calcium phosphate solution previously 

defined. Right after the seed was added to the reactor, the simultaneous addition of 

calcium chloride and sodium dihydrogen phosphate (50 mmol/L and 30 mmol/L 

respectively) was started along with 100 mmol/L NaOH containing-solutions to control 

pH and supersaturation. During seed-assisted precipitation two different addition rates 

were investigated 40 mL/h and 80 mL/h for periods of 3 and 6 h respectively. AlI 

experiments were carried out in duplicate runs. The experiments were carried out under 

open air; in other words, the presence of atmospheric COz was not exc1uded. 

Characterisation and analysis: At predetermined times, samples were taken, filtered 

using 0.25 /-lm pore size membranes (Corning), diluted with HN03 solution (WHN03 - 5%) 

and analysed. At the end of each test, the entire suspension was filtered. The final filtrate 

together with the filtrates of the intermediate samples were analysed for P and Ca. The 

final slurry was filtered and the solids washed by repulping 3 times with 1000 mL of 

deionised hot water (60 oC). The finals solids were subjected to a number of 

characterisation techniques inc1uding X-ray Diffraction (XRD) analysis, chemical analysis 

by digestion, SEM examination and infrared spectroscopy analysis (more details on 

these techniques can be found in Chapter 3). 

5.2.2 Metastable region of calcium phosphate precipitation 

Critical supersaturation curves of calcium phosphate as determined by the 

homogeneous precipitation experiments are shown in Figure 5.1. This figure shows the 

metastable zone width, which is defined by the critical homogeneous nuc1eation line and 

the solubility line for the Ca:P =1 (a) and Ca:P = 1.67 (b). The solubility data shown in 

these figures were determined experimentally by dissolution as reported in section 5.3 of 

this chapter. 

It has been reported that different calcium phosphate phases form at different pH 
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regions. Thus, dicalcium phosphate dihydrate (brushite) is reported to be kinetically 

favoured when the precipitation pH is kept below 6.0 [1]; the formation of octacalcium 

phosphate, Cas(HP04)2(P04)4'5H20, is favoured when precipitation is carried out in the 

solution pH range between 6.0 and 7.0 [3]; and for pH values exceeding 7.0, 

hydroxyapatite is the expected final phase [4,5]. 
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Figure 5.1. Metastable zone width for the CaCh-H3P04-NaOH system at 22 oC: (a) Ca:P = 

1; (b) Ca:P = 1.67. 

By incorporating the data of Figure 5.l(a,b) and the pH region of stability mentioned 

above the generalised precipitation dia gram of Figure 5.2 was created. The boundaries 

between each phase, at pH 6.0 and 7.0, are only approximate and they heip only to 

define the precipitation strategy selected for the synthesis of dicalcium phosphate 

dihydrate and hydroxyapatite. On this diagram, the reported solubility of octacalcium 

phosphate is aiso shown [6] (broken line), although, the synthesis of this phase was not 

investigated here. 
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Figure 5.2. Generalised precipitation diagram for the synthesis of calcium phosphate 

phases. DCPD: CaHP04·2H20; OCP: Cas(HP04)2(P04)4·5H20; and HAP: Calo(P04)6(OH)2. 

5.2.3 Crystallisation of di calcium phosphate dihydrate 

93 

The variation of calcium and phosphorus concentration in solution during homogeneous 

precipitation of CaHP04·2H20 is plotted in Figure 5.3(a). It can be seen that the 

precipitation rate is reasonably high at the very beginning of the test with the reaction 

reaching apparent equilibrium after 30 min. The attainment of equilibrium was 

confirmed by making thermodynamic calculations using PHREEQC [7] and the 

thermodynamic data listed in Table 5.1. Compare [Ca(II)]actual = 8.68 mmol/L (after 30 

min) to [Ca(II)]eq = 8.73 mmol/L obtained from PHREEQC. Moreover, calcium and 

phosphorus precipitation progressed at equivalent rates confirming the stoichiometry of 

the reaction (i.e. Ca:P =1). 

Figure 5.3(b) shows the precipitation kinetics of a typical test ran within the determined 

metastable zone in the presence of seed and at constant pH. Both the variation of Ca (II) 

and P(V) concentration is plotted. It can be seen that only -65% of the Ca and P were 

removed in 2 h, moreover, the system did not reach equilibrium during the course of the 
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experiment: [Ca(II)](t=2 h) = 13.6 mmol/L vs. [Ca(II)]eq = 12.4 mmollL (calculated with the 

aid of PHREEQC). The discrepancy can be explained by the fact that for homogeneous 

nuc1eation the initial saturation ratio (5) was very high (calculated at 77.8) but it was 

only 7.9 in seed-assisted precipitation. 5 was calculated with the aid of PHREEQC as the 

ratio of the initial ion activity pro du ct (lAP = a(Ca2+)'a(HP042-» to the solubility product 

of dicalcium phosphate dihydrate. 

Table 5.1. Equilibria and constants considered in the present PHREEQC study 

Reaction LogK Reference 
_. __ ."~-" .. -

H3P04 +-'; H2P04-+H+ -2.15 [8] 

H2P04- +-'; HP042-+H+ -7.20 [8] 

HP042-+-'; P043-+ H+ -12.35 [8] 

Ca2+ + H2P04- +-'; CaH2P04+ 0.93 [27] 

Ca2+ + HP042- +-'; CaHP04( aq) 2.42 [27] 

Ca2+ + POè- +-'; CaP04- 6.46 [27] 

Ca2+ + OH- +-'; CaOH+ 1.30 [27] 

C02(g) +-'; C02( aq) -1.468 [9] 

C032-+ 2 H+ +-'; C02(aq) + H20 16.681 [9] 

C032-+ H+ +-'; HC03- 10.329 [9] 

Ca2+ + HC03- +-'; CaHC03+ 1.106 [9] 

Ca2+ + C032-- +-'; CaC03(aq) 3.224 [9] 

CaHP04·2H20 +-'; Ca2+ + HP042-+ 2 H20 -6.59 [24] 

~-Ca3(P04)2 +-'; 3 Ca2+ + 2 P043- -28.92 [25] 

Ca4H(P04)û.5H20 +-'; 4 Ca2+ + H+ + 3 P043- + 2.5 H20 -48.40 @ 23.5 oC [27] 

Cas(P04)30H +-'; 5 Ca2+ + 3 P043-+ OH- -58.52 [26] 
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Figure 5.3. One-stage dicalcium phosphate dihydrate crystallisation. (a) Homogeneous 

precipitation (precipitation pH 5.4); (b) Seed-assisted precipitation using homogeneously 

produced seed (precipitation pH 5.0 and seed concentration, 10 [g/L]); NaOH as base. 

5.2.4 Crystallisation of calcium-deficient hydroxyapatite 

Homogeneous precipitation: Figure 5.4 shows the precipitation of hydroxyapatite via 

the application of the well-known LaMer dia gram [10,11], along with the variation of the 

calcium to phosphorus molar ratio during the course of precipitation. It can be seen that 

the crystallisation of hydroxyapatite can be divided in four well-defined stages. 

In stage l the supersaturation, as was mentioned above, was buiIt up by slow addition of 

CaCh (50 mmol/L) and NaH2P04 (30 mmol/L) solutions, whereas the pH is kept constant 

at 7.6 by addition of NaOH (100 mmol/L). During this period no precipitation took place 

and no change in the Ca:P molar ratio was observed. When the phosphorus 

concentration reached a critical phosphorus concentration level, Cr,homo - 1.22 mmollL 

(see Figure 5.1(b» homogeneous nucleation occurred (stage II). Following homogeneous 

nucleation bulk precipitation occurs in stage III. 

At the beginning of stage III (this period is associated with growth, Le., deposition on the 
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homogeneously nuc1eated material) a sharp positive change in the slope of the Ca(II) to 

P(V) molar ratio in solution was detected (Figure 5.4(right)) which suggests the 

formation of a calcium phosphate mate rial with calcium to phosphate molar ratio less 

than 1.67. This change on Ca:P molar ratio may be associated with the formation of a 

metastable calcium phosphate phase (as was the amorphous phase reported to form via 

spontaneous precipitation of hydroxyapatite with a Ca to P molar ratio of 1.45±O.05 [12]). 

This is rather awkward, as the formation of a metastable phase is known to be favoured 

[13] when homogeneous nuc1eation dominates (Le. stage II) and not when precipitation 

proceeds via surface nuc1eation and growth (stage III). 
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Figure 5.4. Homogeneous precipitation (spontaneous) of hydroxyapatite: LaMer diagram 

(left)i evolution of calcium to phosphorus molar ratio (right). 

Finally, it can be seen from Figure 5.4(left) that a steady state is reached after -2.5 h 

(stage IV) meaning that the addition rate of phosphate matches the rate of phosphate 

precipitation. The precipitated calcium phosphate appears to be calcium-deficient 

hydroxyapatite judging from the increase of the Ca:P molar ratio in solution during this 

stage (the precipitation of stoichiometric hydroxyapatite would produce no change in 

the calcium to phosphorus molar ratio). Chemical analysis of the final precipitate by 
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digestion yielded indeed a ratio Ca to P of 1.48±0.06 confirming the formation of a 

calcium-deficient hydroxyapatite. More on the characterisation of the produced material 

is reported in Section 5.2.5. 

Seed-assisted precipitation: The semi-batch precipitation of (Ca-deficient) 

hydroxyapatite using two different reagent addition rates are shown in Figure 5.5 and 

Figure 5.6 for addition rates of 40 mL/h and 80 mL/h respectively. It can be seen from 

these Figures that during the course of the experiments the critical homogeneous 

nuc1eation was not reached for both addition rates. 
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Figure 5.5. Semi-batch seed-assisted precipitation of (calcium-deficient) hydroxyapatite. 

Concentration of phosphorus in solution (left); evolution of calcium to phosphorus molar 

ratio (right). Reagent solution addition rate 40 mL/h. 

However, the calcium to phosphorus molar ratio in solution increased with time, due to 

the apparent formation of calcium-deficient instead of stoichiometric hydroxyapatite. 

This was once more confirmed by digestion of -100 mg of precipitate in 100 mL of HN03 

solutions (- 0.1 molfL). This analysis yielded ratios Ca to P of 1.58±0.07 and 1.50±0.06 for 

the low and the high addition rates respectively. This calcium deficiency appears to be 

due to the low pH of the synthe sis solutions adopted in this work. According to 
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Nancollas et al. [14], seeded crystallisation of calcium-deficient hydroxyapatite yields 

calcium to phosphate molar ratio ranging from 1.49 to 1.65 as the pH changes from 6.0 to 

9.0. 
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Figure 5.6. Semi-batch seed-assisted precipitation of (calcium-deficient) hydroxyapatite. 

Concentration of phosphorus in solution (left); evolution of calcium to phosphorus molar 

ratio (right). Reagent solution addition rate 80 mL/h. 

5.2.5 Product characterisation 

Dicalcium phosphate dihydrate: Figure 5.7 shows SEM images of the produced 

dica1cium phosphate dihydrate (brushite) at magnification of 500. It can be seen that the 

solids produced by homogeneous nucleation and seed-assisted precipitation are similar 

in shape, with the latter one being generally larger than the former one (- 80 j,lm vs. - 40 

j,lm). Crystals have the characteristic plate-like morphology of synthe tic brushite 

(CaHP04·2H20) produced in aqueous media [1]. 

XRD analysis confirmed the presence of CaHP04·2H20 (brushite) as the dominant phase, 

with high degree of crystallinity (Figure 5.8). The stoichiometry of the precipitate was 

confirmed after digestion and analysis to be Ca to P molar ratio equal to 1.02±0.08. No 
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sodium nor chloride were deteded. 

1--1 20 Ilm, Homogeneous nucleation 1--1 20 Ilm, Seeded crystallisation 

Figure 5.7. Scanning electron micrographs of dicalcium phosphate dihydrate produced 

by homogeneous precipitation (left) and seed-assisted precipitation (right). 
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Figure 5.8. XRD pattern of products obtained by homogeneous precipitation and seed

assisted precipitation compared to CaHP04·2H20 (brushite). 
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Calcium-deficient hydroxyapatite: Figure 5.9 and Figure 5.10 show SEM images of the 

precipitate produced by homogeneous and seed-assisted precipitation respectively at 

different magnifications. It appears from this examination that the homogeneously 

produced material consisted of irregularly shaped agglomerates of the order of 5-15 /lm 

made up of primary crystallites smaller than 1 /lm. 
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It can be seen that the product obtained by seedwassisted precipitation (Figure 5.10) was 

undoubtedly coarser than the solids produced by homogeneous precipitation. Moreover, 

the SEM photographs show that the crystals have grown through a combination of 

surface nucleation and agglomeration. 

Figure 5.9. Scanning electron micrographs of hydroxyapatite produced by homogeneous 

precipitation. 

Addition rate 40 mL/hr 10,...m H Addition rate 80 mL/hr 10,...m H 
Figure 5.10. Scanning electron micrographs of hydroxyapatite produced by seed-assisted 

precipitation. 
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The XRD patterns of synthesised (Calcium-deficient) hydroxyapatites are shown in 

Figure 5.11. They are in good agreement with the pattern for hydroxyapatite with no 

apparent evidence of the presence of other calcium phosphates. The broad peaks are an 

indication of that synthesised material is of nano-crystalline nature [15]. 
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Figure 5.11. XRD patterns of hydroxyapatites produced with different precipitation 

strategies compared to CalO(P04)3(OH)2 (hydroxyapatite). 

The average crystallite size of the powder was estimated using the Scherrer equation 

[16]: 

t= KA 
B·cosS 

(5.1) 

where t is the average crystallite size (nm); K is the shape factor (K = 0.9); A is the 

wavelength of the X-rays (A = 0.15406 nm for Cu-Ka radiation); B is the full width at half 

maximum (rad) and e is the Bragg's diffraction angle. 

The values of t were calculated from the peak corresponding to (002) Miller plane family 
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with 28 = 25.80°; this diffraction peak was chosen since it is isolated from the other ones. 

This calculation yielded 19.0 nm for the homogeneously nucleated material and 20.4 and 

17.4 nm for the product obtained by seed-assisted precipitation at the low and the high 

addition rates respectively. In comparison, the crystallite size for stoichiometric 

hydroxyapatite has been reported to be - 80 nm [17]. 

From the data of the X-ray diffraction pattern the crystallographic characteristics of the 

crystals can be determined. For the hexagonal P63/m crystallographic system, in which 

hydroxyapatite belongs to, the relationship between the distance, d, of two adjacent 

planes and the (hkl) Miller indices of the reflection planes, is given by the following 

equation [18]: 

(5.2) 

The calculated crystallographic char acte ris tics of the c axis obtained by the (002) Miller 

index at 28 = 25.88° along the a and b axes obtained by the (310) Miller index at 28 = 

39.82° are reported in Table 5.2. 

Table 5.2. Lattice parameters and stoichiometry of produced solids 

Sample a=b (nm) c (nm) Ca:P Na(%wt.) 

Hydroxyapatite (JCPDS 09-0432) 94.18 68.84 1.67 

Ca-deficient hydroxyapatite [19] 94.38 68.66 1.40-1.67 

Hornogeneous precipitation 95.1 69.0 1.48±0.06 0.11% 

Seed-assisted precipitation (40 mL/h) 94.5 69.0 1.58±0.07 0.05% 

Seed-assisted precipitation (80 mL/h) 94.7 69.3 1.50±0.O6 0.08% 

As is seen in Table 5.2, the values are similar to the reported values of calcium-deficient 

apatites [19]. The increase in a axis value as compared to the stoichiometric 

hydroxyapatite may be due to lattice substitution of HP042- ions [16]. The presence of 

HP042- ions was indeed confirmed by IR analysis (as discussed in the next paragraph). A 
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small amount of Na was incorporated (not removable by extensive washing) into the 

crystal structure of the products most likely via substitution for calcium. 

The FT-IR spectra of produced Ca-deficient hydroxyapatites are shown in Figure 5.12. 

The presence of HP042- is associated with the bands at 1094, 961 and 868 cm-1 [18]. The 

solids show shown the characteristic bands of OH ions at 3572 cm-1 and phosphate ions 

at 1032, 602,and 561 cm-1 in hydroxyapatite [18]. 
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Figure 5.12. IR spectra of calcium-deficient hydroxyapatites. (a) homogeneous 

precipitation product; (b) seed-assisted precipitation product (40 mLfh); (c) seed-assisted 

precipitation product (80 mLfh). 

The characteristic peaks of dicalcium phosphate at 3539, 3487, 3280, and 3155 cm-1 [20]) 

or octacalcium phosphate (1270, and 917 cm-l [20]) were not found in the spectra. 

Moreover, water was found in the precipita tes as adsorbed water molecules (broad-band 

from 3600 to 2800 and at 1630 cm-l, [18]). No significant evidence of C032- was present in 

the precipitate (small peaks at 1452-1455 and 1415 cm-l [18]). 
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5.3 Stability 

In this section, the dissolution and stability of the two calcium phosphate materials, the 

synthesis of which was reported in the previous section, were investigated with the 

purpose of selecting the more appropriate one as candidate for the encapsulation of 

scorodite particles. In addition, the work reported here sought to evaluate the 

experimental results with PHREEQC [7] and to determine the solubility products of the 

two synthetic mineraIs in order to compare them with previously reported values. 

5.3.1 Methods 

Stability measurements: The CaHP04.2H20 solids were subjected to a special leaching 

procedure before actual solubility measurements were made in order to remove any 

soluble non-crystalline material that could have distorted the measurements. This 

leaching procedure involved stirring 30 g of solids in 500 mL of HN03-containing at pH 

5.0 solutions for 5 periods of 24 h each. At the end of each 24 h period, the slurry was 

filtered and the solids washed by repulping 3 times with 500 mL of deionised hot water 

(60 oC) before proceeding with the subsequent 24 h leaching period. For the stability 

tests, 100 mL of deionised water was placed in 150 mL Erlenmeyer flasks, stoppered and 

agitated with magnetic stirrer. In each flask, 2.0 g of solids were added followed by pH 

adjustment. The pH of the slurry was measured and adjusted initially to defined pH 

values using HN03 solution (4.5, 5.5, and 6.7). The pH was not adjusted during the 

dissolution tests. 

For hydroxyapatite, this leaching procedure was found inadequate, since the first 

solubility experiments performed yielded calcium to phosphate molar ratio in solution 

ranging from 10 to 0.05 for pH values from 5 to 8. This behaviour was attributed to the 

presence of a surface layer with a chemical composition different from that of the bulk. 

Bell et al. [21] reported similar behaviour during the dissolution of stoichiometric 

hydroxyapatite with solution pH between 4.90 and 9.94. The authors reported that 
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freshly prepared hydroxyapatite possesses a surface layer of extremely high solubility, 

however, after removal of this surface layer, the behaviour of hydroxyapatite was 

reproducible. This surface layer of one atom-Iayer thickness or less was believed to have 

formed during the preparation of the solid [22]. 

The presence of a small amount of a highly soluble material can lead to completely 

erroneous solubility results. In order to remove this material, Bell et al. [21] suggested 

that each leaching procedure has to be conducted at the same pH values with pH in 

which the actual stability test to be carried out. In view of this behaviour a modified 

leaching procedure was used as described in the next paragraph. 

The first step was performed at pH 7 for 24 h using a solid/liquid ratio of 2.0 g /100 mL 

calcium-deficient hydroxyapatite solids in pure water. The pH was adjusted to 7.0 with a 

HN03. The mixture was stirred with a magnetic stirrer bar at a constant speed. The pH 

was frequently adjusted with HN03 solution. After 24 h, a 10 mL sample was taken with 

a syringe and filtered on 0.25 Ilm pore size membrane (Coming). The solution was 

acidified and analysed for phosphorus and calcium concentration. The slurry was 

filtered on a O.lllm pore size membrane (Millipore) and the solid was washed with pure 

water using 3X the volume of filtra te. 

After this first "cleaning" step at pH 7, the solids underwent several 24 h equilibration 

steps at the pH adjusted initially to 5.0, 6.0, 7.0, 8.0 and 9.0. At the end of each 24 h 

period, the slurry was filtered and the solids washed by repulping 3 times with 100 mL 

of deionised hot water (60 oC) before proceeding with the subsequent 24 h leaching 

period. The actual stability test was started when molar ratio Ca:P for the step "k" was 

similar (±10%) to the one in the step "k-l" . If the latter were the case, the slurry was not 

filtered and the equilibration was allowed to continue for 30 d. The pH was not adjusted 

during the dissolution test. 

At predetermined times, samples were taken, filtered through a membrane filter 

(Coming 0.25 Ilm), diluted with HN03 solution (WHN03 - 5%) and analysed. The pH was 
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measured using a ROSSTM combination electrode with a reported accuracy of ±O.02 pH 

units (±4.5% in H+ activities). The pH electrode was standardised versus buffer pH 

solutions 4.0, 7.0 and 10.0. AU experiments were carried out in duplicate runs. Stability 

tests were performed at room temperature (22 oC). 

Characterisation and analysis: solutions and solids were characterised using the 

techniques described in 5.2.1. 

5.3.2 Thermodynamic considerations 

Under proper physical and chemical environment, different kinds of calcium phosphate 

phases may form, depending on the solution supersaturation. They are, in the order of 

decreasing solubility: Amorphous calcium phosphate (ACP), dicalcium phosphate 

dihydrate (CaHP04·2H20), anhydrous calcium phosphate (CaHP04), octacalcium 

phosphate (Cas(HP04)2(P04)4·5H20), ~-tricalcium phosphate (~-Ca3(P04)2), calcium

deficient hydroxyapatite (CalO-x(HP04)x(P04)6-x(OH)2-x, x<2), and hydroxyapatite 

(Calo(P04}3(OH)2) [23]. 

The saturation ratio (5) of a system with respect to a given calcium phosphate phase is 

defined as (see Eq. (2.1) in section 2.31 of Chapter 2): 

[ 
a(A)U .a(B)~) [IAP) 

5 = a( A)~ . a(B)~q = Ksp (5.3) 

Where subscript eq refers to equilibrium conditions, a denotes the activity of the 

respective ion. IAP is the ion activity product in the supersaturated solution and Ksp is 

the solubility product. 

In this work, the solubility product and the ion activity product for the main calcium 

phosphate salts of interest are calculated according to equations (5.4) to (5.7): 

(5.4) 

(5.5) 
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(5.6) 

(5.7) 

Moreover, a saturation index (SI) is defined as SI = Log S to facilitate further discussion. 

For the calculation of the ion activity product of calcium phosphate salts the aqueous 

speciation equilibria and thermodynamic data reported by Brown and co-workers 

[24,25,26,27] were used. The experiments were carried out in air; therefore, the presence 

of C02 was inc1uded in the modelling with PHREEQC. Thermodynamic data used in 

this study are given in Table 5.1. 

The activity coefficients were calculated according to Davies equation [28]. 

2( JÏ J LogYk=-Azk 1+JÏ- O.31 (5.8) 

where yk is the activity coefficient of ion k, Zk its valency, l the ionic strength and A the 

Debye-Hückel constant. The calculated values for saturation help to understand and 

interpret the dissolution mechanism of these calcium phosphate salts. 

5.3.3 Experimental data 

Dissolution of di calcium phosphate dihydrate: The variation of the solution 

concentration, in terms of Ca(II) and P(V) along with pH, as a function of time for the 

experiments performed, is shown in Figure 5.13. It is observed that solutions reached 

equilibrium in less than 5 d, the stability tests were allowed to last longer in order to 

evaluate solid phase transformations. The final (after 20 d) Ca(II) and P(V) 

concentrations are plotted as a function of equilibrium pH in Figure 5.14. The data 

presented in Figure 5.14(left) indicate the dissolution process was congruent in nature, 

that is, no transition from dicalcium phosphate dihydrate to more stable calcium 

phosphate salts is evident. This is better seen if the data of Figure 5.14(left) are replotted 

as a final (i.e. equilibrium) Ca (II) to P(V) molar ratio versus pH (Figure 5. 14(right)). 
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According to this figure, the molar ratio calcium to phosphorus in solution was around 

1.0. 
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Figure 5.13. P(V) and Ca(II) concentrations and pH as a function of time at 22 oc. (a) initial 

pH of 4.5; (b) initial pH of 5.50 (c) initial pH of 6.70. 

The equilibrated solids (after 20 d) were characterised by XRD in order to confirm the 

absence of hydrolysed products. The data are shown in Figure 5.15. The XRD analysis 

revealed the presence of dicalcium phosphate dihydrate as the sole phase. 

Transformation to octacalcium phosphate, ~-tricalcium phosphate, or hydroxyapatite 

was not detected whatsoever. 



Chapter 5. Synthesis and stability of selected calcium phosphates 109 

~ 
100 2.0 

S g [1] Ca(II) o P(V) 0 1.5 ".P g C\S 
1-< 

C\S 1-< 

U C\S 

g '0 Ca(II):P(V) = 1.0 
10 S 1.0 

Çl... 

~ ...... 
0 Çl... 

§ .8 • .t) 

El' 0.5 .§ '-" 
C\S 

§ u 

8 1 0.0 

4.0 5.0 6.0 7.0 4.46 5.25 6.62 
pH Final pH 

Figure 5.14. Experimental solubility determined for CaHP04·2H20 at 22 oc. (equilibration 

time 20 d). Final concentrations of Ca(II) and P(V) as a function of pH (left). Calcium to 

Phosphorus molar ratio in solution after 20 d of dissolution (right). 
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Figure 5.15. XRD pattern of solids before and after equilibration at various pH compared 

to CaHP04,zH20. 

Dissolution of calcium-deficient hydroxyapatite: The Ca:P molar ratio obtained from 

the repeated leaching of the solids prior to the stability test is shown in Figure 5.16. It can 

be seen that constant calcium to phosphorus molar ratio was obtained at the sixth 
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preparation step. A constant Ca:P molar ratio of ~ 1.58 was observed corresponding to 

the ratio of the original solids. The sm aIl variation is attributed to experimental error. For 

ex ample, an experimental error of 5% in the measurement of Ca (II) and P(V) in solution 

would yield an error in Ca:P of 0.12 units, hence, any molar ratio ranging from 1.46 to 

1.70 might be considered as congruent dissolution (this is the case of initial pH 5 to 8). 
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Figure 5.16. Ca(II) to P(V) molar ratio during solids preparation steps; (step 0 was 

performed at pH = 7.0 ). 

The variation of the solution concentration, in terms of Ca (II) and P(V) along with pH, as 

a function of time for the experiments performed, are shown in Figure 5.17. It is 

observed that the calcium and phosphorus concentration reached equilibrium at around 

10 d of dissolution, with the exception of the test with initial pH 9.0, which attained 

equilibrium after about 15 d of equilibration (Figure 5.17(e)). 

The final (after 30 d) Ca (II) and P(V) concentrations and Ca:P in solution are plotted as a 

function of equilibrium pH in Figure 5.18 and Figure 5.19 respectively. The data 

presented in these figures reveal that the dissolution process is near congruent with a 

slight excess in calcium release for aIl pH values except for final pH 8.10 (corresponding 

to initial pH 9.0). In the latter case, the calcium to phosphorus molar ratio in solution is 

weIl below the stoichiometric value, so, revealing incongruent dissolution behaviour at 

pH>8. 
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The lack of perfect congruent dissolution behaviour (Le. Ca:P slightly above 1.58) has 

been reported by others as weIl for the case of hydroxyapatite. For example, the best 

cited studies that of McDoweIl et al. [26] reports a Ca:P molar ratio of up to 2.32 after 

21 d of dissolution. This has been attributed to other phenomena taking place such as 

preferential adsorption of phosphate ions or a change on the surface layer of 

hydroxyapatite particles [29]. 

~ 
El 
], 
§ 
:tl 

la 

1 

~ 0.1 
u 

8 
0.01 

5.0 6.0 

o Ca(ll) 0 P(V) 

7.0 

pH 

8.0 

Figure 5.18. Experimental solubility determined for calcium-deficient hydroxyapatite at 22 

oC (equilibration time 30 d). 
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The XRD analysis of the equilibrated solids (after 30 d) revealed no-presence of another 

calcium phosphate phase (Figure 5.20) except the original calcium-deficient 

hydroxyapatite. 
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Figure 5.20. XRD pattern of solids before and after equilibrium at various pH compared to 

Cas(HP04)2(P04)4·SH20; ~-Ca3(P04)2 and CalO(P04)3(OH)2 (hydroxyapatite). 

5.3.4 Evaluation of the dissolution mechanism with PHREEQC 

Dicalcium phosphate dihydrate: Using the variation of Ca (II) and P(V) concentration 

and pH during the dissolution of CaHP04·2H20 along with the equilibrium and 

thermodynamic data listed in Table 5.1 the evolution of the ion activity product 

determined with the aid of PHREEQC was considered. The estimates are plotted in 

Figure 5.21. It can be seen that equilibrium was obtained rapidly as it was observed with 
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the precipitation tests (Section 5.2.3). Moreover, the constancy of the ion activity product 

means that no transformation to a more stable calcium phosphate salt occurs within the 

20 d of dissolution period. 
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Figure 5.21. Ion activity product of CaHP04·2H20 as a function of time at 22 oC at different 

equilibration pHs. Ion activity product expressed as equation (5.4). 

The final ion activity product CaHP04·2H20 (DCPD) values after 20 d of dissolution are 

in effect the Ksp• These Ksp values are shown in Table 5.3 along with the ion activity 

product that correspond to octacalcium phosphate (OCP), p-trica1cium phosphate (p

TCP), and hydroxyapatite (HAP). It is interesting to note that the estimated Ksp values for 

DCPD are very close to each other over the whole pH range revealing that the 

equilibrium with dicalcium phosphate dihydrate was attained and the calculation is 

good. From this ca1culation, the solubility product was determined to be LogKsp = 

-6.49±0.02. 

It can be further deduced from the data in Table 5.3 that the solutions were 

supersaturated versus hydroxyapatite at aIl pH values as weIl as at pH = 6.62 versus 

octacalcium phosphate, and ~-tricalcium phosphate. These findings confirms that 

CaHP04·2H20 is kinetically stabilised when pH is lower than 7.0 [30]. 

The standard Gibbs free energy of formation (~Gto) for CaHP04·2H20 was subsequently 

estimated using the determined solubility product and the following thermodynamic 
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values: ~Gto = -552.86±1.0 kJ-moP for Ca2+ [31], ~Gto = -237.141±0.040 kJ-mol-1 for H20 [32] 

and ~Gto = -1089.09±1.5 kJ-mol-1 for HP042-[31]. This calculation determined the standard 

Gibbs free energy of formation (~Gto) for CaHP04·2H20 to be -2153.3±1.8 kJ-moP. The 

estimated Ksp and ~Gto compare closely with the values reported in literature, namely 

LogKsp = -6.59±0.02 [24] and ~Gto = 2154.75 kJ-mol-1 [33] reported for dicalcium phosphate 

dihydrate, revealing that the experimental data and the estimation method are correct. 

Table 5.3. Solubility data, Ksp, and ion activity product estimates using PHREEQC for the 

dissolution of CaHP04·2H20 

Cone. [mmollL] Ksp Ion aetivity Product 
Final pH 

Ca(I!) . P(V) DCPD OCP ~-TCP HAP 

4.46 22.878 23.823 -6.49 -49.91 (-1.51) -30.97 (-2.05) -43.02 (15.5) 

5.25 7.925 8.181 -6.50 -48.57 (-0.17) -29.66 (-0.74) -40.43 (18.1) 

6.62 1.605 1.637 -6.49 -46.40 (2.00) -27.50 (1.42) -36.11 (22.4) 

DCPD: dicalcium phosphate dihydrate; OCP: octacalcium phosphate; ~-Tep: ~-tricalcium 

phosphate; and HAP: hydroxyapatite. Saturation index values are shown in bracket 

Calcium-deficient hydroxyapatite: Similarly to the calculation for CaHP04·2H20, the 

Log(IAP) for Calo(P04)3(OH)2 was estimated with the aid of PHREEQC as a function of 

time. The calculated Log(IAP) values are presented in Figure 5.22. It can be seen that for 

each pH a steady state value for the ion activity product was obtained in around 10 d. 

However, this steady-state value cannot be considered the equilibrium value for 

hydroxyapatite dissolution because the ion activity pro du ct showed a strong 

dependence with pH. 

The latter is better visualised when the final calculated IAP for hydroxyapatite is 

replotted versus final pH (Figure 5.23). According to this figure, the final ion activity 

product follows a lineal trend versus pH; in fact regression by the least squares method, 

gave the relation: 
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Log[IAP(hydroxyapatite)]= 1.11·pH - 62.33;,2 = 0.99 (5.9) 
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Figure 5.22. Ion activity product of CaJO(P04)3(OH)2 as a function of time at 22 oC at 

different equilibration pHs. Ion activity product expressed as equation (5.7). 

This behaviour is apparently an artifact of the made assumption that stoichiometric 

hydroxyapatite is involved. Larsen and Jensen [34] reported a similar behaviour for the 

dissolution of dental enamel, a biological calcium-deficient hydroxyapatite, [35]. The 

authors reported the following relation for the ion activity product of their calcium

deficient hydroxyapatite in the range of pH from 4.6 to 7.6: 

Log[IAP(hydroxyapatite)] = 1.42·pH - 63.10; ,2 = 0.880 (5.10) 
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Figure 5.23. Final Ion activity product (expressed as hydroxyapatite) versus final pH. 

In order to visualise if other calcium phosphate salts such octacalcium phosphate or p

tricalcium phosphate are controlling the calcium and phosphorus concentration in 

solution the so-called potential line was calculated. According to thermodynamics 

equilibrium between a calcium phosphate solid phase and an aqueous solution in the 

Ca(OH)2+H3P04+H20 system is defined by the potentialline [36]: 

Log a(H+)3'a(POè) = Q - q Log a(Ca2+)·a(OH-)2 (5.11) 

The logarithms of a(H+)3·a(P043-) and a(Ca2+)·a(OH-)2 are proportional to the chemical 

potentials of the components Ca(OH)2 and H3P04 in solution. In this equation, q 

represents the molar calcium to phosphorus ratio in the saturated solid, whereas Q is 

indirectly related to the free energy of the stability-controlling phase. They are constant 

as long as the free energy of the controlling phase and that of water are constant. 

In Figure 5.24, the negative logarithms of a(H+)3·a(P043-) and a(Ca2+)'a(OH-)2 are plotted 

for the experimental data along with potential lines defined by equation (5.11) for 

hydroxyapatite, octacalcium phosphate; IHricalcium phosphate, and dicalcium 

phosphate dihydrate. Weighted least squares analysis shows that the data faU on a 

straight line with a slope q of 1.37±O.03, This slope approaches the theoretical value of 

1.33 for octacalcium phosphate very weU, hence, the possibility that this material is 
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controlling the solubility behaviour in these dissolution tests cannot be ruled out. 
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Figure 5.24. Potential lines of hydroxyapatite, octacalcium phosphate; ~-tricalcium 

phosphate, and dicalcium phosphate dihydrate in the system Ca(OH)2+H3P04+H20 at 

22°C. Points represent experimental data after 30 d of equilibration. (Final pHs are shown 

in bracket). 

However, it can be seen from Figure 5.24 that aIl experimental points are between the 

potential lines of hydroxyapatite and octacalcium phosphate. This means that the 

solutions are undersaturated with respect to aIl calcium phosphates but hydroxyapatite. 

Hence, the presence of octacalcium phosphate or ~-tricalcium phosphate is not plausible. 

As is seen in Figure 5.24, the experimental data obtained at pH<7.0 seem to lie doser to 

the hydroxyapatite potential line than those obtained at higher pHs values. In order to 

investigate if this behaviour is due to the formation (via hydrolysis, for example) of sorne 

colloidal phase it was decided to filter the final solutions with a 0.02 !lm pore size 

membrane instead of the standard one of 0.25 !lm. Figure 5.25 shows the effect of filter 

size on Ca and P concentration; it can be seen that the difference between the two sets of 

calcium and phosphorus levels is negligible proving that the formation of colloidal 

partides of hydroxyapatite is not the source of this behaviour. For the period of 30 d the 

dissolution study revealed no evidence of transformation of the calcium-deficient 
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hydroxyapatite phase towards stoichiometric hydroxyapatite 
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Figure 5.25. Ca and P concentrations in solution vs. pore size membrane used. 

5.4 Conclusions 
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Two calcium phosphates were synthesised at ambient temperature: (1) dicalcium 

phosphate dihydrate (brushite) and (2) calcium-deficient hydroxyapatite. The synthesis 

of dicalcium phosphate dihydrate involved controlled neutralisation of a starting 

solution with Ca:P molar ratio equal to one. Homogeneous precipitation at pH 5.4 was 

found to be very fast, reaching equilibrium within 30 min. Seed-assisted precipitation, on 

the other hand, at pH 5 was slow. Nevertheless, in both cases weIl crystalline plate-like 

particles matching the stoichiometry of brushite (CaHP04·2H20) were produced 

The dissolution of CaHP04·2H20 was studied under the following experimental 

conditions: 22 oC, 20 d, 20 g/L and initial pH of 4.5, 5.5, and 6.7. It was determined the 

dissolution to be congruent at every pH studied; this behaviour was confirmed by XRD 

analysis and thermodynamic analysis of the dissolution process with the aid of 

PHREEQC. FinaIly, the Ksp of CaHP04·2H20 was determined to be 10-649±o.o2 at 22 oC and 

one atm (101.325 kPa). The calculated standard Gibbs free energy of formation (.6.Gf,o) for 

CaHP04·2H20 was -2153.3±1.8 kJ-mol-1• Both values in good agreement with previous 

published data. 

The production of hydroxyapatite was effected via mixing of CaCh and NaH2P04 
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solutions at constant pH of 7.6. Supersaturation was controlled by the addition rate. The 

produced hydroxyapatite was found to be calcium-deficient with nano-crystalline 

structure. The crystallite size was found to be in the order of 20 nm. The best material 

(Ca:P = 1.58) was obtained with seed-assisted precipitation at slow addition rate. The 

overall stoichiometry of this material was estimated to be 

(Ca9.48Nao.o2(HP04)O.51(P04)5.41(OH)1.49, Ca:P =1.58). 

The dissolution of this synthetic calcium-deficient hydroxyapatite (Ca:P = 1.58) was 

studied at initial pH of 5.0, 6.0, 7.0, 8.0, and 9.0. It was found this material to be 

metastable versus stoichiometric hydroxyapatite and more stable than all other calcium 

phosphate phases commonly found under aqueous precipitation conditions, such as, 

di calcium phosphate dihydrate or octacalcium phosphate. Furthermore, it was 

determined the dissolution to be congruent at initial pH 5.0, 6.0, 7.0, and 8.0 and 

becoming incongruent when initial pH was 9.0. Finally, analysis of the final Ca and P 

concentration levels with PHREEQC revealed the following relationship: 

Log[IAP(hydroxyapatite)]= 1. l1'pH - 62.33; r2 = 0.99 
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Chapter 6. Scorodite encapsulation with phosphate coatings 

6.1 Introduction 

In this chapter, the development of a novel method of arsenic fixation is investigated. 

This is based on the encapsulation of scorodite partic1es via direct crystallisation on them 

of aluminium and calcium phosphate coatings. 

The directed deposition of phosphate on scorodite partic1es was achieved via the control 

of supersaturation. For the directed deposition of aluminium phosphate, the 

supersaturation was controlled via pH adjustment. Thus, heterogeneous nuc1eation and 

crystal growth were favoured against homogeneous nuc1eation. On the other hand, for 

the controlled deposition of calcium-deficient hydroxyapatite on scorodite substrate 

supersaturation was controlled via regulated mixing of two Ca (II) and P(V) solutions at 

constant pH of 7.6. 

6.2 Encapsulation with aluminium phosphate 

6.2.1 Materials and methods 

Experimental set up: The experimental set-up used in this work was the same as the one 

described in Chapter 3 (Section 3.2). 

Deposition method: This procedure follows c10sely the seed-assisted precipitation of 

aluminium phosphate described in Section 4.2.1 of Chapter 4.1.5 L of an acidic sulphate 

solution containing -0.16 mol/L of P(V) and AI(III):P(V) of 1:1 was heated to 95 oC and 

then neutralised with 1 mol/L NaOH, until the precipitation pH of 1.7 was reached Oust 

before the critical supersaturation level was attained); the solution was allowed to 

stabilize for 30 min in order to assure uniform supersaturated conditions. At this point, 

125 
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50 g/L (wet basis) of scorodite solids produced by the procedure described in Chapter 3 

(section 3.5) was added to initiate the precipitation process; pH was kept constant using 

NaOH (1 mollL) as base, and after 6.0 h of precipitation, the pro du ct was collected. 

During the course of the deposition process, samples of slurry were taken at regular time 

intervals, filtered through a membrane filter (GE Osmonics Cameo 0.22 !lm pore size) 

and diluted with acidified (WHN03 - 5%) deionised water. 

Characterisation and analysis: At the end of each test, the entire suspension was 

filtered. The final filtrate together with the filtrates of the intermediate samples were 

analysed for As, Fe, P, and Al. The final slurry was filtered and the solids washed by 

repulping 3 times with 1000 mL of acidified deionised hot water (60 oC). The final solids 

were subjected to a number of characterisation techniques, such as XRD, SEM-EDX 

examination, TOF-LIMS, and TOF-SIMS analysis (more details on these techniques can 

be found in Chapter 3). 

6.2.2 Deposition kinetics 

Kinetics and stoichiometry: Figure 6.1(a) and (b) shows the precipitation kinetics of a 

typical deposition test in terms of P(V) and Al (III) removal and As(V) and Fe(III) 

dissolution with time respectively. According to the shape of P(V) and Al (III) removal 

and As(V) and Fe(III) dissolution curves the deposition pro cess can be divided into two 

main stages: 

The first stage corresponds to an induction period, of approximately 3 h of duration, 

during which very slow precipitation of P(V) took place (with almost no precipitation of 

Al (III», accompanied by the release of arsenic from scorodite and no iron release was 

observed. This behaviour can be explained by an "ion exchange"-type reaction between 

As(V) and P(V) according to: 

(6.1) 
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In stage 2, simple precipitation of aluminium phosphate apparently took place with no 

simultaneous dissolution of arsenic: 

(6.2) 

Aluminium and phosphorus precipitation proceeds at the same rate indicating the 

production of stoichiometric aluminium phosphate (1:1). In terms of overall kinetics, 

around 50% of P(V) was removed from the solution after 6 h (or 3 h if induction period is 

excluded). 
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Figure 6.1. Controlled deposition of aluminium phosphate on scorodite. (a) Variation of 

P(V) and AI(III) with time; (b) Variation of As(V) and Fe(lII) with time. Experimental 

conditions: P(V)= 0.16 mol/L, AI:P =1, T=95 oC, precipitation pH 1.7. 

The data of Figure 6.1 were further analysed in an effort to establish the reaction 

stoichiometry of the precipitation stages. Thus, in Figure 6.2 the molar quantities of 

aluminium and phosphorus removed along with the quantity of arsenic dissolved over 

consecutive periods of 1.5 h each are plotted. According to Figure 6.2 during the first 1.5 

h of reaction there were 3.8±0.3 mmol/L and 6.3±0.8 mmol/L of Al(III) and P(V) removed 

respectively, whereas the amount of arsenic released during the same period was 3.4±0.3 

mmol/L. This implies that roughly 50% of the phosphate was removed due to 
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aluminium phosphate precipitation and 50% due to ion exchange with arsenate. During 

the next 1.5 h (1.5-3.0 h), the amount of arsenic released was reduced to 1.3±0.1 mmol/L 

while the amounts of aluminium and phosphorus precipitated were 10.0±2.5 mmol/L 

and 12.3±1.6 mmolfL respectively. In other words, only -10% of phosphorus removed 

was due to ion exchange with arsenate. The subsequent 3-6 h period the release of 

arsenic was effectively stopped and the removal of aluminium and phosphate proceeded 

apparently according to the stoichiometry of the precipitation reaction (6.2). Thus, 

between 3.0 and 4.5 h the ratio aluminium precipitated to phosphorus precipitated was 

found to be O.97±O.02 while the same ratio during the last 1.5 h of reaction was 1.07±O.06, 

i.e. for aIl practical purposes equal to one. 
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Figure 6.2. Quantity of aluminium and phosphorus removed and arsenic release as a 

function of 1.5 h periods during controlled crystallisation-deposition of AIP04"xH20 on 

scorodite particles. 

Recycling-deposit growth: With the intention of evaluating the growth kinetics of 

aluminium phosphate deposits on scorodite surface, the solids produced from the first 

deposition run were recycled two more times using the same approach described above. 

Figure 6.3 shows the kinetics in terms of P(V) precipitation (a), and As(V) release (b). The 

precipitation kinetics were found to proceed at faster rates when recycled product was 

used rather than scorodite. In the former, the induction period was effectively eliminated 

reflecting the faster nucleation kinetics on a surface of mate rial of the same kind, i.e. 

aluminium phosphate, than on a foreign surface, that is scorodite, FeAsü4·2H2ü. As it is 
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seen in Figure 6.3(b) the release of arsenic stopped after the second deposition run 

indicating complete coverage of scorodite surfaces by aluminium phosphate. 
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Figure 6.3. Controlled crystallisation-deposition of aluminium phosphate on scorodite 

followed by two recycles. Experimental conditions: P(V)= 0.16 mol/L, AI:P =1, T=95 oC, 

precipitation pH 1.7. 

Similar to the calculations made above for the first controlled deposition test, the average 

quantities of phosphorus and aluminium removed over periods of 1.5 h for the two 

recycling tests are shown in Figure 6.4. It can be seen from Figure 6.4 that the 

precipitation of aluminium and phosphorus proceeded at the same rate during the 

course of the experiments confirming the stoichiometry (1:1) of the encapsulating 

material (refer to reaction (6.2)). Chemical analysis of the products following digestion 

yielded aluminium to phosphorus molar ratio of O.96±O.02, 1.04±O.05, and 1.02±O.05 for 

the first, second and third directed deposition tests. The molar ratio obtained for the 

solids produced using pure scorodite as substrate confirms that sorne phosphorus 

precipitated via ion exchange with arsenic (arsenate) rather than chemical precipitation 

(refer to reaction (6.1)). 
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Figure 6.4. Quantity of aluminium and phosphorus removed and arsenic release as a 

function of 1.5 h periods during controlled crystallisation-deposition of AIP04'xH20 on 

previously coated scorodite particles. (a) One recycle; (b) two recycles. 

Effect of base: In metallurgical industries, Ca(OH)2 is the neutralising agent of choice. 

However, the use of Ca(OH)2 will inevitably lead to the formation of gypsum that might 

act as substrate for the heterogeneous nuc1eation of aluminium phosphate, hence, 

resulting in the encapsulation process not being efficient. This is the reason that NaOH 

was used as base. However, MgO could be better suite d, from an industrial point of 

view, as base due to co st advantage. The effectiveness of MgO as neutralising agent 

(tested as slaked MgO, WMgO -10%) in this application can be evaluated from the results 

presented in Figure 6.5. 

It can be seen that the use of MgO did not have an adverse impact on the kinetics of the 

precipitation reaction. Both NaOH and MgO yielded similar amounts of phosphorus 

precipitation, although, as is seen in Figure 6.5(b) the final As concentration in solution 
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for the test carried out with MgO W8S slightly higher than the standard test. 
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Figure 6.5. Effect of base on the precipitation kinetics. (a) Variation of P(V) with time; (b) 

Variation of As(V) with time. Experimental conditions: P(V)= 0.16 mol/L, AI:P =1, T=95 oC, 

precipitation pH 1.7. 

6.2.3 Heterogeneous nuc1eation mechanism 

As was reported in Section 6.2.2, during the controlled deposition of aluminium 

phosphate, an induction period (-3 h), apparently relating to the slow heterogeneous 

nucleation kinetics of aluminium phosphate on scorodite surface, was observed. The 

analysis of the amounts of P(V) and AI(III) removal and As(V) released suggested the 

simultaneous occurrence of two reactions during this induction period: a "P04 ~ AS04 

ion exchange" (reaction (6.1)) and an "AIP04-precipitation" (reaction (6.2)). In order to get 

a better understanding of this behaviour a number of additional tests were performed. 

Ion exchange: in the first test the postulated "P04 ~ AS04 ion exchange" reaction was 

investigated by removing Al (III) form the system. In this test, an acidic solution 

containing -0.16 mol/L of P(V) was first prepared from analytical-grade sodium 

phosphate monohydrate (NaH2P04·H20), sodium sulphate (Na2S04, added to maintain 
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the same sulphate as in the standard test) and sulphuric acid (H2S04). The solution was 

heated to 95 oC and then neutralised until the precipitation pH of 1.7. At this point, 50 

g/L (wet basis) of scorodite solids was added to the reactor. The pH was kept constant 

using NaOH (1 mol/L) as base and after 3 h the product was collected. The final slurry 

was filtered and the solids were kept unwashed to be used as a substrate material in a 

subsequent controlled deposition test (described later). 

The variation of the concentration of P(V) and As(V) in solution for this "ion exchange" 

test is compared to that of a standard test in Figure 6.6. The obtained data clearly 

confirmed the exchange between P(V) (removed from solution) and As(V) (released from 

scorodite particles). After 3 h of equilibration, the concentration of arsenic in solution 

was 19.0±0.8 mmol/L as compared to 17.9±1.5 mmol/L of P(V) removed suggesting 

stoichiometric substitution of phosphate for arsenate as per reaction (6.1). 
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Figure 6.6. "Ion exchange" between scorodite and P04-containing solution. (a) Variation 

of P(V) with time; (b) Variation of As(V) with time. Experimental conditions: P(V)= 0.16 

mol/L, Al:P =0 in "ion exchange" test, Al:P=l in standard test, T=95 oC, precipitation pH 1.7. 

Moreover, the release of arsenic was higher than during the course of the direct 
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deposition of aluminium phosphate (19.0±1.5 mmol/L versus 4.7±O.4 mmol/L of As(V) 

after 3 h). The difference might be attributed to the effect of AI(III) on free phosphate ion 

activity. According to reaction (6.1) the extent of arsenic release should be proportional 

to the activity of "H3P04", where "H3P04" encompasses aU P04 species obtained from the 

dissociation of orthophosphoric acid. Figure 6.7(b) shows the predominant "H3P04" 

species at the pH region (around 1.7) of interest to this work are the species H3P04o and 

H2POC On the other hand, when AI(III) is present a number of AI(III)-P04 complexes 

form (refer to Figure 6.7(a)) that effectively lower the activity of free P04, i.e. H3P040 and 

H2P04-, hence, resulting in lower release of arsenate. Note that the speciation of Figure 

6.7 refers to 25 oC and not the temperature of reaction (95 oC), as no thermodynamic data 

were found in the databank of PHREEQC [1] (refer to Table 4.1 of Chapter 4) to allow 

extrapolation to the reaction temperature. Nevertheless, this comparison permits a 

qualitative basis to explain the observed behaviour. 
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Figure 6.7. Distribution of phosphate complexes (at 25 oC) as a function of pH. (a) In the 

presence of AI3+ ions, (b) in a solution without AP+ ions. 
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Use of P04-surface substituted scorodite as substrate: The solids produced in the "ion 

exchange" experiment were used as substrate for an aluminium phosphate deposition 

test using the same experimental conditions as described in 6.2.1. The obtained 

precipitation kinetics from this test are presented in comparison to standard deposition 

test in Figure 6.8. It can be seen from Figure 6.8 that the same precipitation pattern was 

obtained following "ion exchange" as in the case of deposition on unreacted scorodite 

surface. This suggests that the formation of a Fe(As04)1-x(P04}x-2H20 surface phase via 

ion exchange is not related to the heterogeneous nuc1eation of aluminium phosphate. 
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Figure 6.8. Deposition of aluminium phosphate on scorodite following "ion exchange". (a) 

Variation of P(V) with time; (b) Variation of As(V) with time. Experimental conditions: 

P(V)= 0.16 mollL, AI:P =1, T=95 oC, precipitation pH 1.7. 

Use of gypsum as substrate: In addition, deposition of aluminium phosphate on 

gypsum (CaS04·2H20) as substrate (instead of scorodite) was examined. It can be seen 

from Figure 6.9 that the deposition process proceeded at similar rates whether scorodite 

or gypsum was used as substrate confirming that the formation of a P04-substitud 

scorodite surface layer (i.e. Fe(As04)1-x(P04)x'2H20) does no influence the heterogeneous 

nuc1eation kinetics of AIP04·xH20. The nuc1eation of hydrated aluminium phosphate 
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clusters on the surface of gypsum crystals can be seen in Figure 6.10. It may be 

concluded, that the induction period seems to relate to the time necessary for the 

formation of aluminium phosphate hetero-nuclei rather than the formation of a 

Fe(As04)1-x(P04)x-2H20 layer via "ion exchange". 
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Figure 6.9. Effect of substrate material on the precipitation kinetics of aluminium 

phosphate Experimental conditions: P(V)= 0.16 mol/L, AI:P =1, T=95 oC, precipitation pH 

1.7. (CaS04·2H20 50 g/L). 

1-----11 5 !-lm 

Figure 6.10. Scanning electron micrograph of hydrated aluminium phosphate precipitated 

heterogeneously on gypsum crystals. 
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6.2.4 Characterisation of the coating 

Morphology: Figure 6.11 shows a scanning electron micrograph of a coated scorodite 

particle obtained with a variable pressure scanning electron microscope aiong with the 

associated X-ray elementai maps. This figure clearly shows the aluminium phosphate 

coating surrounding the original scorodite particle. 

H2j..lm 

Figure 6.11. Back-scattered electron (BSE) image of a scorodite particle coated with 

aluminium phosphate material (left) and elemental X-ray maps. 

The encapsulated scorodite particles (after one controlled deposition cycle) were 

separated by screening in three size fractions: +40 ).lm, -40+20 ).lm, and -20 ).lm in order to 

further evaluate their coating. Figure 6.12 shows BSE micrographs of the solids after 

screening. Via image analysis of the particles depicted in Figure 6.12 it was determined 

the thickness of the AIP04·xH20 coating to decrease from an average of 3.5±0.2 ).lm for 

+40 ).lm particles, to 3.2±0.4 ).lm for the -40+20 ).lm particles and finally to 2.5±0.2 !-lm for 

the particles sm aller than 20 ).lm. 

It was further determined, following screening, the AIP04·xH20 to partially detach form 

scorodite surface and dislodge into small fragments, visible in Figure 6.12 (-20 ).lm 

fraction) as grey dark particles. The fragmentation and dislodging of the coating is likely 
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to have been caused because of the drying of the partic1es prior to screening. Apparently 

mechanical stress and shrinkage experienced by the coating upon drying led to this 

fragmentation. Obviously, such fragmentation/dislodging of the coating is undesirable 

and drying should be avoided, which likely is the case for the generation and disposaI of 

hydrometallurgical waste solids. 

Figure 6.12. Back-scattered electron (BSE) images of encapsulated scorodite partic1es of 

different size fractions. 

Scorodite partic1es encapsulated via repetitive deposition of aluminium phosphate were 

also studied using scanning electron microscopy as is shown in Figure 6.13. It can be 

seen that the morphology of the coating changes with repetitive deposition. Thus, the 

deposition process appears to begin with an epitaxial growth layer-by-Iayer mode (1 st 

deposition) and switching with further deposition (2nd and 3rd) to 3D-island growth 

mode. 

But the mode of growth of the aluminium phosphate coating was also found to be 
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affected when sIaked MgO was used as base instead the standard NaOH (see BSE 

images in Figure 6.14). The use of slaked MgO appears to favour the 3D-island growth 

mode. This may be due to adsorption of Mg2+ on the surface of the scorodite substrate or 

the aluminium phosphate nuc1eation layer having as a result modification of the 

interfacial energy between substrate and solution (ysl), or between nuc1ei and solution 

(yel) or even between the substrate surface and the nuc1ei (yse). A change in interfacial 

energy causes then a change in the wetting condition l1y (see Eq. (2.26) of Chapter 2). 

This ultimately interferes with the growth process. 

1 st Deposition 

2nd Deposition 3rd Deposition 

Figure 6.13. Cross section scanning electron micrographs of scorodite particles coated with 

aluminium phosphate material after one-, two-, and three-deposition cycles. 
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H 2J.lm 

Figure 6.14. Back-scattered electron images of a scorodite particles coated with aluminium 

phosphate material. The particle on the left was obtained by deposition using NaOH as 

base, while the particle on the right was obtained with MgO as base. 

X-ray diffraction analysis: In order to confirm that the deposited hydrated aluminium 

phosphate coating was AIP04·1.5H20 (Le. AIP04-H3, refer to Chapter 4), the solids 

produced after three directed deposition cycles were subjected to XRD analysis. The 

XRD pattern of the coated scorodite mate rial along with the patterns of reference 

materials, scorodite, FeAs04·2H20, and hydrated aluminium phosphate, AIP04'1.5H20, 

are shown in Figure 6.15. It can be seen from Figure 6.15 that the solids produced have 

good crystallinity and is a mixture of scorodite and the hydrated aluminium phosphate 

H3, (AIP04·1.5H20) [2]. 

Compositional analysis and depth profiling: An encapsulated particle with aluminium 

phosphate scorodite particle was subsequently characterised with the aid of scanning 

electron microscope equipped with an energy dispersive X-ray analyser with the 

purpose of determining its radial composition. For this analysis, a particle that had lost 

almost aIl of the aluminium phosphate layer upon drying and screening (refer to earlier 

section) was used to better characterise the transition from scorodite to aluminium 

phosphate (Figure 6.16). In the backscattered electron image 12 different white spots are 

shown and each spot is a burn mark where EDX analysis was done. Only the analysis at 

point #12 represents the aluminium phosphate coating, while analysis at points 9, la, 

and Il appears to represent the phase formed at the very beginning of the deposition 
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process. The SEM-EDX analytical results (semi-quantitative) are shown in Figure 6.17. 
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Figure 6.15. XRD pattern of product obtained by directed deposition of aluminium 

phosphate after two consecutive recycles. Scorodite substrate (Chapter 3) and 

AlP04·1.5H20 produced by seed-assisted precipitation (Chapter 4) are also shown. The 

AIP04-H3 pattern is from reference [3]. 

At the contact zone between the scorodite mantle and Al-phosphate layer (points 9, 10, 

and 11) there is clear decrease in aIl scorodite components (Fe, As) with a simultaneous 

appearance of sulphur and phosphorus. The phosphorus appearance is believed to be 

explained by the presence of the phase surface Fe(As04)1.x(P04)x-2H20 that was 

stipulated earlier to form as a result of the ion ex change between As04 and P04. 

Based on the average SEM-EDX analyses from the spots 9, 10, and 11 the following 

composition was ca1culated for this phase: Feo.99Alo.olHo.43(As04)o.94(P04)o.ls(S04)o.os·xH20 

(H+ is used solely for charge balance purposes). The SEM-EDX analysis also revealed that 
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sorne of arsenic, sulphur, and iron were incorporated into the structure of the adjacent 

aluminium phosphate layer (analysis 12), most likely via substitution. The composition 

of this layer was estimated to be Alo.93Feo.o7Ho.ü1(As04)O.OS(P04)O.94(S04)O.02·xH20. 

Figure 6.16. Backscattered electron image of a scorodite particle coated with aluminium 

phosphate material after the bulk of the coating was dislodged. 
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Figure 6.17. SEM-EDX radial compositional analysis of coated scorodite particle shown in 

Figure 6.16. 



Chapter 6. Scorodite encapsulation with phosphate mineraI coatings 142 

To get more insight into the deposition process, further analysis was made this time 

using the TOF-LIMS and TOF-SIMS techniques. Fast TOF-LIMS (Time of Flight Laser 

Ionisation Mass Spectrometry) was used ta establish the depth profiling through an 

encapsulated scorodite particle. In this procedure repeated analysis on the same point of 

a particle was made by sequentially ablating through the aluminium phosphate coating 

(see Figure 6.18). In this manner, TOF-LIMS spectra were collected from the very surface 

region, a sub-surface region within the AIP04'1.5H20 coating, and from the scorodite 

core. 

40 shots 

Figure 6.18. Depth Profiling through the encapsulated scorodite by TOF-LIMS. 

The "surface" layer refers ta the surface of the aluminium phosphate coating (first "slice" 

in Figure 6.18); the "subsurface" layer refers to the aluminium phosphate coating

scorodite interfacial zone (second "slice" in Figure 6.18). Finally "core" refers ta the 

scorodite particle itself. The spectra were collected with a sampling depth of <O.lflm, 

hence, it took - 40 ablator laser "shots" to reach the scorodite. The analytical results are 

plotted in Figure 6.19. The concentrations are given in arbitrary units (counts in relevant 

peak over total counts in spectrum). On the left-hand side plot the concentration of 

positive ions (Al and Fe) is given while on the right-hand si de the concentration of 

negative ions (As04 and P04) is shawn. More than twenty encapsulated scorodite 

particles were analysed. 
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Figure 6.19. In depth profiling through AIP04 coated scorodite. Scatterplot of positive ion 

(+ve, left) and negative ion (-ve, right). TOF-LIMS data collected at moderate ablator laser 

energies. Symbols: 0 Core, ASubsurface, and 0 Surface. 

It can be seen from Figure 6.19(left) the iron concentration to be high in the core, 

intermediate in the subsurface region and low in the surface. Exactly the reverse 

happens with aluminium. As far the distribution of phosphate (P04) and arsenate (As04) 

is concemed (Figure 6.19(right» it can be seen, as expected, the phosphate concentration 

to decrease whereas arsenate concentration to increase with depth analysis. However, 

the analysis shows significant amount of phosphate present in the core which is believed 

to be related to the ablation process that resulted in certain amount of the coating to have 

been analysed with the core (see ablation front in Figure 6.18). 

Finally encapsulated scorodite partic1es were imaged by TOF-SIMS (Time of Flight 

Secondary Ion Mass Spectrometry) to display spatial distribution of aluminium and iron 

after various ablation times. It can be seen form Figure 6.20 that at time zero (surface; no 

sputtering) there is practically only aluminium with virtually no iron evident. 

Variation in aluminium across the image is topographically controlled, i.e., dark areas 

represent surface depressions. After 20 s sputtering, an increase in iron can be seen in 
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about 2 regions, where the core is partially exposed. Images at 180 sand 240 s sputtering 

are very similar and represent the scorodite core. The aluminium phosphate coating 

remains only in surface depressions. 

05 205 1805 2405 

Al 

Fe 

Figure 6.20. Spatial distribution of Al and Fe after various ablation times. 

6.3 Encapsulation with calcium phosphate 

This section is devoted to the study of controlled deposition of Ca1cium-deficient 

hydroxyapatite on scorodite particles. This material was selected as a candidate for the 

encapsulation of scorodite because of its low solubility under neutral to alkaline 

environment. The synthesis of this material was discussed in Chapter 5. In addition to 

the encapsulation of scorodite with calcium-deficient hydroxyapatite, deposition of 

dicalcium phosphate dihydrate was attempted but with po or results. A brief report 

summarising the deposition of CaHP04·2H20 on scorodite is given in Appendix A. 

6.3.1 Materials and methods 

Experimental set up: The experimental set-up used in this work was the same as the one 

described in Chapter 3 (Section 3.2). 
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Deposition method: The controlled deposition procedure adopted was similar to the 

one described in Chapter 5 (Section 5.2.1) for the semi-batch seeded crystallisation of Ca

deficient hydroxyapatite. Prior to the main semi-batch controlled deposition work sorne 

preliminary batch tests were designed to gain insight into the precipitation kinetics of 

the system. These batch tests were carried as described below: 

A metastable (as determined in Chapter 5) supersaturated solution of CaCh-NaH2P04-

NaOH having [Ca(II)] = 1.5 mmol/L, Ca:P= 1.67, and pH = 7.6 ([Ca(II) = 60 mg/L and 

[P(V)] = 28 mg/L ) was prepared by slowly adding 500 mL of calcium chloride solution 

(CaCh 3 mmol/L) to a 500 mL of sodium dihydrogen phosphate (NaH2P04 0.9 mmol/L) 

and the pH was then adjusted with 100 mmol/L NaOH. The solution was allowed to 

stabilise for 30 min to ensure uniform supersaturated conditions. Hereafter, 10 g/L (wet 

basis) of scorodite substrate mate rial was used to begin the precipitation process. The pH 

was kept constant using NaOH (100 mmol/L) as base and after 4 h of precipitation the 

product was collected. 

For the main deposition work, the experimental procedure consisted of two parts. In part 

one, the procedure was identical to that of batch precipitation procedure just described. 

Batch precipitation from a metastable solution (of the same composition as the one 

already described) on scorodite particles was allowed to proceed for 30 min. 

Subsequently to that, in part two, there was simultaneous addition (semi-batch mode) of 

two solutions of P(V) and Ca (II) (60 and 100 mmol/L respectively) at fixed rate into the 

slurry resulting from part one. The pH was maintained constant during the whole 

experiment using 100 mmol/L NaOH solution. Three different addition rates were 

investigated, namely 6 mL/h, 10 mL/h and 20 mL/h, with corresponding addition rates of 

24 h, 14 h and 7 h respectively. An experiments were carried out in duplicate runs. The 

experiments were carried out under open air; in other words, the presence of 

atmospheric C02 was not excluded. 
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Characterisation and analysis: During the course of the deposition process, samples of 

slurry were taken at regular time intervals, filtered through membrane filter (Corning 

0.25 J.lm pore size) and diluted with acidified (WHN03 - 1 %) deionised water. At the end of 

each test, the entire suspension was filtered. The final filtrate together with the filtrates of 

the intermediate samples were analysed for As, Fe, P and Ca. The final slurry was 

filtered and the solids washed by repulping 3 times with 1000 mL of deionised hot water 

(60 oC). The finals solids were subjected to SEM examination (see Chapter 3 for more 

details). 

6.3.2 Deposition kinetics 

Batch deposition: The precipitation kinetics of a typical batch test involving addition of 

scorodite substrate partic1es in a metastable Ca-P04 solution at constant pH is shown in 

Figure 6.21(a). It can be seen that around 30% of Ca(II) was removed form solution 

whereas the concentration of P(V) remained almost constant during the course of the test 

while a minor quantity of As(V) (0.07 mmollL or 5 mgIL) appeared in solution. Fe(III) 

was found to be below the detection limit (0.01 mgIL). In Figure 6.21(b) the evolution of 

the Ca (II) to P(V) molar ratio versus time is presented. According to this figure, the Ca:P 

molar ratio in solution dropped to 1.21 after 1 h and remained constant thereafter until 

the end of the experiment. 

Apparently, a calcium-containing phase other than calcium phosphate formed that 

hindered the nuc1eation of the latter. Alternatively it may be thought that heterogeneous 

nuc1eation of calcium phosphate was not energeticaUy favoured. In other words, despite 

the solution being metastable, to aU practical purposes, the supersaturation might have 

been less than Scr,het in the cases of nuc1eation on the surface of scorodite or the induction 

time for the nuc1eation of calcium phosphate may have been in this case much longer 

than 4 h. The latter appears very plausible, as it is known from literature the induction 

periods associated with the crystallisation of calcium phosphate phases on foreign 

surfaces varied with supersaturation and type of substrate [3]. For example, Wu and 
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Nancollas [4] have reported the induction period prier the heteregeneous nuc1eation of 

hydroxyapatite on anatase and rutile to last around 8 h and 12 h respectively at SIHAP = 

10.60 (as compared to this work where the initial saturation index for hydroxyapatite, 

SIHAP, for the above batch precipitation was 10.76). 
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Figure 6.21. Batch precipitation of (Ca-deficient) hydroxyapatite at controlled pH on 

scorodite partic1es (10 g/L); NaOH as base; precipitation pH 7.60. a) Variation of P(V), 

Ca (II), and As(V) with time; (b) Variation of Ca:P molar ratio in solution with time. 

In an attempt to modify the surface characteristics of the substrate material, hence 

facilitate the nucleation of calcium phosphate, the scorodite particles were equilibrated 

for 15 min in a solution at pH 7.6 (using NaOH) before added into the Ca-P04 metastable 

solution. It is reminded that as mentioned in section 3.5 of Chapter 3 the scorodite solids 

were stirred at pH=2 for 24 h (three times) to remove amorphous material followed by 

washing involving repulping the solids 3 times with 1000 mL of acidified deionised hot 

water (pH -3, 60 oC). 

Figure 6.22(a) presents the progression of precipitation (using the pre-equilibrated at pH 

7.6 scorodite as substrate). It can be seen; in this case, that calcium phosphate did indeed 

take place over the first hour with this time the calcium to phosphorus molar ratio 
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decreasing to 0.9. A minor amount of arsenic was once more released into the solution. 
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Figure 6.22. Batch precipitation of (Ca-deficient) hydroxyapatite at controlled pH on 

scorodite previously equilibrated at pH 7.6 (10 gIL); NaOH as base; precipitation pH 7.60. 

a) Variation of P(V), Ca (II), and As(V) with time; (b) Variation of Ca:P molar ratio in 

solution with time. 

4.0 

Analysis of the amount of calcium and phosphorus removed from solution and arsenic 

released after 30 min of reaction (Figure 6.21 and Figure 6.22) generated the data plotted 

in Figure 6.23. This reveals that the amount of calcium removed was higher when pre

equilibrated scorodite was used (0.37±0.02 mmol vs. 0.86±0.03 mmol) whereas arsenic 

dissolution reached similar values for both tests. In the case when pre-equilibrated 

scorodite was used as substrate material, 50% of the calcium was removed due to 

calcium phosphate precipitation whereas the other 50% due to precipitation of another 

calcium-containing phase. The question is what other type of calcium phase had 

precipitated. One possibility is that sorne calcium arsenate phase formed. There exist 

several calcium arsenates, most notably (in a descending pH order of stability): 

Ca4(OH)2(As04)2·4H20, (arsenate-apatite), Ca3(As04)2·3.66H20, 

Ca3(As04)2·4.25H20, and CaHAs04·H20 [5,6,7]. 
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Figure 6.23. Quantity of calcium and phosphorus removal and arsenic release after 30 min 

of batch deposition of Ca-deficient hydroxyapatite on scorodite with and without pre

equilibration at pH 7.6. 

To verify if any of these phases were thermodynamicaIly feasible to form under the 

conditions employed in this part of the work, PHREEQC was used to ca1culate their 

saturation index (SV. For these ca1culations, the equilibrium data listed in Table 6.1 and 

Table 5.1 (refer to Chapter 5) were used. 

The calculations revealed that in all cases the system was undersaturated (see Figure 

6.24) in terms of all calcium arsenate phases listed in Table 6.1. Thus, the excess removal 

of calcium cannot be attributed to the formation of a calcium arsenate phase. Another 

possibility is that calcium was removed because of the atmospheric C02 in the form of 

calcium carbonate. Once more PHREEQC was used to assess this possibility assuming 

fast equilibrium between atmospheric C02 (pC02(g) = 0.000316 atm), and the Ca-P04 

metastable solutions. Three modifications of calcium carbonate were considere d, 

namely, aragonite, calcite, and vaterite. In this case the equilibrium data listed in Table 

6.1 was used as well. The ca1culation showed (once more) that in aIl cases the system was 

undersaturated (Figure 6.25) vis-à-vis these phases. If no calcium arsenate or carbonate 

had precipitated then adsorption may have been (at least in part) responsible for the 

small fraction of calcium removed from solution. 
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Table 6.1. Equilibria and constants considered in the present PHREEQC study. 

Reaction LogK Reference 
_.-.---_ .. "-_."----------~----

H3As04 B lliAs04- + H+ -2.30 [8] 

H2As04- B HAs042-+ H+ -6.99 [8] 

HAs042- B AS043-+ H+ -11.80 [8] 

Ca2+ + H2As04- B CaH2As04+ 1.30 [7] 

Ca2+ + HAs042- B CaHAs04 2.66 [7] 

Ca2+ + AsOè B CaAs04- 4.36 [7] 
---" -------_.,--_._-------

C02(g) B C02(aq) -1.468 [9] 

C032- + 2 H+ B C02(aq) + H20 16.681 [9] 

C032-+ H+ B HC03- 10.329 [9] 

;-- Ca2+ + HC03- B CaHC03+ 1.106 [9] 

Ca2+ + C032-- B CaC03(aq) 3.224 [9] 
~-_. 

CaC03 (vaterite) B Ca2+ + C032- -7.91 [9] 

CaC03 (aragonite) B Ca2+ + C032- -8.34 [9] 

CaC03 (calcite) B Ca2+ + C032- -8.48 [9] 
--, _. _._-_ .. __ .. _-_-. _.~- .. __ . __ . 

Ca4(OH)2(As04)2·4H20 B 4 Ca2+ + 2 AsOè- + 2 OH- + 4 H20 -29.20 [7] 

Cas(As04)30H (As-apatite) B 5 Ca2+ + 3 AS043-+ OH- -38.04 [7] 

Ca3(As04)2·3.66H20 B 3 Ca2+ + 2 AS043-+3.66 H20 -21.00 [7] 

Ca3(As04)2·4.25H20 B 3 Ca2+ + 2 AS043-+ 4.25 H20 -21.00 [7] 

CaHAs04·H20 B Ca2+ + HAs042- + H20 -4.79 [7] 

r-\ 
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Figure 6.24. Evolution of the saturation index for sorne crystalline calcium arsenate 

compounds as a function of time during batch precipitation. (a) Using pre-equilibrated 

scorodite at pH 7.6 partic1es as substrate; (b) using "as is" scorodite partic1es as substrate. 
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Figure 6.25. Evolution of the saturation index for sorne crystalline calcium carbonate 

compounds as a function of time during batch precipitation. (a) Using pre-equilibrated 

scorodite at pH 7.6 partic1es as substrate; (b) using "as is" scorodite partic1es as substrate. 
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Semi-batch deposition: In this type of test, different addition rates were explored. As it 

can be deduced from the data of Figure 6.23 the P04 removal rate was -0.6 mmol·L-1.h-l 

when pre-equilibrated at pH 7.6 scorodite was used as substrate. Therefore, if aIl this 

phosphate were precipitated as hydroxyapatite the P(V) solution addition rate would be 

10 mL/h. Thus, the addition rates were selected, to be 6 mL/h, 10 mL/h, and 20 mL/h. The 

scorodite substrate material used here had been previously pre-equilibrated at pH 7.6 to 

enhance its activity as per findings reported in previous section. 

The progress of semi-batch deposition of Ca-deficient hydroxyapatite in the presence of 

scorodite substrate is depicted in Figure 6.26, Figure 6.27, and Figure 6.28 for addition 

rates of 6 mL/h, 10 mL/h, and 20 mL/h respectively. The figures on the left-hand side 

show the evolution of phosphorus and arsenic concentration with time; while, on the 

right-hand side the figures shown the variation of calcium to phosphorus molar ratio. 

On each Figure, three weIl defined stages can be distinguished. Stage 1 represents the 

initial (batch) period of precipitation (30 min). During this stage no addition of reagent 

solutions was made and the Ca:P molar ratio decreased exactly in the same way as it was 

observed previously (Figure 6.22). During this stage a smaU amount of phosphorus (-9.3 

mg or 0.3 mmol) and calcium (-36 mg or 0.9 mmol) precipitated on the surface (most 

likely) of scorodite substrate. 

Stage II corresponds to initial built up of supersaturation (by the addition of CaCh (100 

mmol/L) and NaH2P04 (60 mmolfL) solutions) and the release of the excess of 

supersaturation until the attainment of a "steady-state" is reached. It can be seen that at 

sorne point in stage II the concentration of phosphate reached a maximum value 

meaning the attainment of a critical value that signified the onset of primary nucleation 

(either homogeneous or heterogeneous). Stage III corresponds to the steady-state period 

or growth period, i.e. deposition on the nucleated material. In this period, no further 

nucleation was expected. 
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Figure 6.26. Semi-batch crystallisation of Ca-deficient hydroxyapatite using scorodite 

particles as substrate (10 g/L) (a) Concentration of P and As in solution; (b) Ca:P molar 

ratio. Reagent solution addition rate 6 mL/h. 
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Figure 6.27. Semi-batch crystallisation of Ca-deficient hydroxyapatite using scorodite 

particles as substrate (10 g/L) (a) Concentration of P and As in solution; (b) Ca:P molar 

ratio. Reagent solution addition rate 10 mL/h. 
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Figure 6.28. Semi-batch crystallisation of Ca-deficient hydroxyapatite using scorodite 

particles as substrate (la glL) (a) Concentration of P and As in solution; (b) Ca:P molar 

ratio. Reagent solution addition rate 20 mL/h. 

The data reported in Figure 6.26, Figure 6.27, and Figure 6.28 reveal that the maximum 

phosphorus concentration reached in each test was not the same. Thus; for the slowest 

addition rate (Figure 6.26(a) at 6 mLIh) the maximum P(V) concentration was lower than 

the critical phosphorus concentration for homogeneous nucleation (- 1.22 mmol/L or 38 

mg/L of P(V» as determined in Chapter 5. On the other hand, for addition rates of 10 

and 20 mL/L this level was surpassed (Figure 6.27(a) and Figure 6.28«a) respectively). 

Moreover, during stage l the calcium to phosphate molar ratio in solution decreased 

from 1.6 to around 1.0, whereas during stages II and III this ratio increased, although, at 

different rates in each stage. This change in Ca:P ratio with stage implies that Ca was 

preferentially removed from solution during stage l while during stages II and III P04 

precipitation took place preferentially to calcium (apparently) due to deposition of a Ca

deficient hydroxyapatite phase. 
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Stoichiornetry of Ca-deficient hydroxyapatite: A mass balance was attempted with the 

intention of determining the Ca:P molar ratio of the precipitating solid on each of the 

stages reported above. Considering that the amount of Ca(II) and P(V) added are known 

as weIl as the concentration of them in the solution, the average precipitation rate of 

Ca (II) or P(V) in a period of time M can be calculated as foIlows: 

C(t)·V(t) = C(t-MJ-V(t-M) + Q·M·M + (-91(t»'V(t)'M (6.3) 

where C(t) being the bulk concentration of Ca (II) or P(V) at time t (C in mmollL and tin 

h); V(t) the volume of solution at time t [L]; Q the reagent addition rate (6,10-3, 10.10-3 or 

20.10-3 L/h); M the reagent molarity (100 mmollL and 60 mmollL for Ca (II) and P(V) 

respectively) and -91(t) the precipitation rate [mmol·L-J.h-1]. Then, equation (6.3) can be 

rewritten as: 

-91(t) = [C(t). V(t)-C(t - M)· va -M)] _ Q. M 
V(t)·M V(t) 

(6.4) 

Therefore, the stoichiometric Ca:P ratio of the calcium deficient hydroxyapatite 

precipitated in a period of time M will be: 

91 Ca Ca 
=-

9{p t P 

CCa (t)· V(t)-CCa (t -M)· V(t-M)-Q·Mca ·M 
=~~-------=~--------------~~--

Cp(t)· V(t)-Cp(t -ilt)· V(t-M)-Q·Mp ·M 
(6.5) 

The determined Ca:P ratios for the three stages l, II and III that correspond to each 

addition rate are shown in Figure 6.29. It can be seen that during stage 1 the Ca:P molar 

ratio was - 3.0 (no calcium phosphate has been reported with that molar ratio) for aIl the 

experiments, being in agreement with the result found during one-stage (batch) 

precipitation of Ca-deficient hydroxyapatite (refer to Figure 6.23 in previous section). 

During stage II (nucleation period), no matter what reagent addition rate was used the 

precipitated solid seems to have a Ca:P molar ratio around 1.50. Finally, during the 

growth period (stage III) this molar ratio was found to be 1.56±0.01, 1.57±0.01, and 

1.52±0.01 when the addition rates were 6, 10, and 20 mL/h respectively. From the above 

analysis it can be concluded that the precipitated calcium phosphates phases (with the 
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exception of stage I) were indeed Ca-deficient hydroxyapatite (refer to Chapter 5). 

In order to check the above calculation the solids obtained via semi-batch deposition 

were subjected to chemical analysis after digestion in HCI solution. The comparison is 

shown in Table 6.2. It can be observed that the measured and calculated values are 

reasonably close to each other hence rendering the estimation reliable. 

.6mL/h 1iI10mL/h D20mL/h 
4 

2.80±O.15 3.20±O.20 3.10±O.20 1.50±O.Ol 1.52±O.Ol 1.50±O.Ol 1.56±O.Ol 1.57±O.Ol 1.52±O.Ol 

3 

2 

1 

o 
Stage 1 Stage II Stageill 

Figure 6.29. Ca1culated calcium to phosphate molar ratio in the precipitated product 

during the course of the semi-batch precipitation of Ca-deficient hydroxyapatite in the 

presence of scorodite substrate. 

Table 6.2. Ca1culated and measured stoichiometry of produced coated solids 

Sample Calculated Ca:P Measured Ca:P 

Low addition rate (6 mL/h) 1.59±O.Ol 1.58±O.02 

Medium addition rate (6 mL/h) 1.62±O.Ol 1.60±O.04 

High addition rate (6 mL/h) 1.57±O.Ol 1.57±O.03 

At this point it is not clear which phase or phases deposited during stage I (batch 

deposition). As was mentioned earlier, neither calcium arsenate nor calcium carbonate 

appears to have formed during the early stages of precipitation. One possibility (beyond 
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the adsorption scenario) is the formation of a surface compound consisting of Ca-Fe-P04-

AS04. During the study of aluminium phosphate deposition, it was determined ion 

ex change led to the formation of a Fe-Ca-P04-As04 with composition: Fe(As04)t

x(P04)x·2H20 (refer to section 6.2.2). On the other hand, it is known that Ca-Fe-As04 

secondary phases form as a result of natural [10] or simulated [11] weathering 

(de composition) of scorodite at pH>7. One of these phases is yukonite (a poorly 

crystalline Ca-Fe-As04 phase of composition approaching Ca2Fe3(As04)40H·12H20). Due 

to the isostructural resemblance of arsenate and phosphate mineraIs the formation of a 

Ca-Fe-P04 or for that matter Ca-Fe-P04-As04 phase cannot be ruled out. A surface 

reaction during the early stages of precipitation between the scorodite partic1es and the 

solution may have indeed led to the formation of such phase that explains the high Ca:P 

ratio observed. 

Evaluation of the precipitation mechanism with PHREEQC: Considering the results 

from the semi-batch tests (in particular stage II) the following questions becomes 

relevant: was the formation of Ca-deficient hydroxyapatite via primary homogeneous or 

via primary heterogeneous nuc1eation? A cursory examination of Figure 6.26(a), Figure 

6.27(a), and Figure 6.28(a) suggests that with the exception of addition rate 6 mL/h 

(Figure 6.26(a)) primary homogeneous nuc1eation occurred since the critical P(V) 

concentration level was exceeded. Such evaluation of supersaturation, however, is not 

accurate as it ignores the role of Ca(II). Saturation ratio, as reminder, is defined as the ion 

activity product over the solubility product, as is shown in Eq. (6.6). Thus, it was decided 

to revaluate the data with the aid of PHREEQC. 

[
IAP] [a(PO!-rx ·a(Ca2+)~ ] 

S = Ksp = a(PO!-)~q .a(PO!-)~q (6.6) 

For this analysis, the precipitation of an "amorphous" calcium phosphate with 

composition Ca3(P04)2 was assumed. The critical lAP for the onset of homogeneous 

nuc1eation (using the data from Chapter 5), Le., lAPer,homo of this compound was estimated 

to be ~ 10-24.80 (refer to Chapter 5). This critical lAP was used to evaluate the data of 
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Figure 6.26(a), Figure 6.27(a), and Figure 6.28(a) by calculating Log[IAP(Ca3(P04)2)]. In an 

three cases, the thermodynamic data listed in Table 5.1 (refer to Chapter 5) and Table 6.1 

were used. The respective evolution of Log[IAP(Ca2(P04)3)] for each of the three stages is 

presented in Figure 6.30(a,b,c). On the same figure the Log(IAPcr,hom) is also shown. It can 

be seen from Figure 6.30 that for the addition rate of 20 mL/h, the ca1culated ion activity 

product exceeded the critical value. For an addition rate of 10 mL/h this critical point 

was very close to the critical value (IAPmax = 10-24.84 vs. lAPer,homo = 10.24.86); and when the 

reagent addition rate was 6.0 mL/h this critical point was never reached. Thus, this 

ca1culation suggests that the mechanism in which Ca-deficient hydroxyapatite formed 

was clearly homogeneous for an addition rate of 20 mL/h, border-line for addition rate of 

10 mL/h, and undoubtedly heterogeneous for 6 mL/h addition rate confirming the earlier 

Figure 6.30. Ion activity product for Ca3(P04) during the semi-batch precipitation of Ca

deficient hydroxyapatite in presence of scorodite particles as a function of time. (a). 

Reagent solution addition rate 20 mL/h; (b). Reagent addition rate 10 mL/h; and (c). 

Reagent addition rate 6 mL/h. (Critical lAP is shown in broken lines). 
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6.3.3 Analysis of the deposition process using SEM 

To facilita te the evaluation of the deposition process, a cross section of the mate rial 

produced by the semi-batch tests was analysed by variable pressure scanning electron 

microscopy (VP-SEM). Figure 6.31 shows scanning electron micrographs of a scorodite 

partic1e coated with calcium phosphate. Since the brightness of each zone in SEM-BSE 

(Back-Scattered Electron) images is proportional to the average atomic number (Z) of the 

mate rial. The scorodite (heavy) and calcium phosphate (light) are c1early distinguishable. 

It can be seen different types of deposit to have been produced as a function if the 

reagent addition rate. 

As it is seen in Figure 6.31(a,b) that for addition rate of 20 mL!h resulted mainly in 

crystallisation of hydroxyapatite via primary homogeneous nuc1eation-dominated 

precipitation, not desirable from a deposition-encapsulation point of view. In the case of 

addition rate of 10 mL!h the crystallisation pro cess was a mixture of homogeneous 

precipitation and deposition in the form of 3D-island growth (Figure 6.31(c,d». Finally, 

with the slow addition rate (6 mL!h) no distinct formation of calcium phosphate was 

evident (Figure 6.31(e and f». Therefore, elemental information produced by X-Ray 

diffraction (XRD) was collected. This analysis revealed the presence of scorodite partic1es 

coated with a layer of calcium phosphate material. 

6.4 Stability 

This section examines the stabilising effect of phosphate coatings on scorodite partic1es. 

Two different stability tests were performed either under oxic or anoxie conditions. 

6.4.1 Materials and methods 

Materials: Six different materials were studied; the first one was the scorodite substrate 

material itself used in the encapsulation studies. In addition to the original materiat 

scorodite partic1es coated with aluminium and calcium phosphates, namely scorodite 
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coated by one controlled crystallisation-deposition of AIP04'1.5H20, (hereafter, AIP(l»; 

scorodite coated with AIP04·1.5H20 after one recycle of the coated substrate (hereafter, 

AIP(2»; and scorodite after two recycles of the coated substrate (hereafter, AIP(3». Ca

deficient hydroxyapatite coatings produced at addition rates of 6 mL/h and 10 mL/h 

(hereafter dHAP(low) and dHAP(med) respectiveIy) were studied. 

1---1 10 !lm 1-----11 lO!lm 

1---1 5 !lm 1---..,1 10 !lm 

1----1 10 !lm 1----1 10 I!m 

Figure 6.31. Back-scattered electron images of scorodite particles coated with calcium 

phosphate material. (a),(b) Reagent addition rate 20 mL/h; (c),(d). Reagent addition rate 10 

mL/h; and (e),(f) Reagent addition rate 6 mL/h. 
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lOJ.lm 

Figure 6.32. Back-scattered electron image of a scorodite particle coated with calcium 

phosphate material produced under reagent addition rate 6 mL/h(left). X-ray maps 

confirming the presence of CaP04-material deposited on scorodite (right). 

Oxic stability test: The stability of scorodite coated with phosphate mineraIs was 

studied as a function of pH under oxic conditions at room temperature: pH 4.0, 6.0 and 

8.0 for aluminium phosphate coatings and pH 6.0 and 8.0 for calcium phosphate 

coatings. 

Similar to the stability tests for aluminium and calcium phosphate reported in Chapter 4 

and Chapter 5, the solids were subjected to a special leaching procedure before actual 

stability measurements were made in order to remove any soluble non-crystalline 

material that could have distorted the measurements. This cleaning procedure involved 

stirring at the pH at which the oxic stability experiments were carried out for 24 h. For 

this procedure, 100 mL of deionised water was placed in 125 mL Erlenmeyer flasks, 

stoppered and agitated with the aid of an orbital shaker. In each flask, 3 g of solids were 

then added followed by pH adjustment. The pH of the solution was monitored and 

periodically adjusted by the addition of NaOH or HN03 solutions to assure the pH 

remains ±0.2 of the set point value. The experiments were performed at room 

temperature (22 oC). After 24 hours, a la mL sample was taken with a syringe and 
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filtered on 0.25 f..lm pore-size membrane (Corning). The solution was acidified and 

analysed for As, P, Fe, and Ca (or Al) concentrations. The slurry was filtered on a 0.1 f..lm 

pore size membrane (Millipore) and the solids were washed with pure water using 4X 

the volume of filtrate. The soHds were immediately repulped to undergo another similar 

test. The procedure was repeated three times. 

The oxie stability test was in fact very similar to this cleaning procedure. The only 

difference resides in the fact that these preparation steps were performed for 24 h only, 

whereas, the stability test lasted 10 d. At the end of the test, the solids were filtered on 

0.1 f..lm pore size membrane and washed with pure water using 4X the volume of filtrate. 

The solids were kept wet in a bag. 

Anoxie stability test: This test was conducted at controlled oxidation-reduction potential 

(Eh) conditions (100±20 mV, adjusted twiee a day) via addition of NaHS-containing 

solution (0.5 mollL). The pH of the solution was monitored and periodieally adjusted by 

the addition of NaOH or H2S04 solutions to assure the pH remains ±0.2 of the set point 

value 7.0. Prior to the anoxie stability test the solids were subjected to a leaching 

procedure as weIl. 

For each oxie stability test, 100 mL of deionised water was placed in 250 mL Erlenmeyer 

flasks, stoppered and agitated with the aid of an orbital shaker. The experiments were 

performed at room temperature (22 oC). In each flask, 5 g of solids were then added 

followed by pH and Eh adjustment. The anoxie stability test lasted 6 weeks. 

For both, anoxie and oxie tests, samples were taken at predetermined times, filtered 

using 0.25 f..lm pore size membranes (Corning) acidified with 3 drops of concentrated 

H2S04 solution (WH2S04 - 96%) and analysed. The pH was measured using a RossTM 

combination electrode with a reported accuracy of ±0.02 pH units (±4.5% in H+ 

activities). The pH electrode was standardised versus buffer pH solutions 4.0, 7.0 and 

10.0. For anoxie stability test the Eh was measured using a Cole-Parmer® ORP platinum 

combination electrode (Ag/AgCI) with a reported accuracy ±20 mV. The ORP electrode 
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was standardised versus Thermo-Orion ORP standard solution. AU experiments were 

carried out in duplicate runs and performed at room temperature (22 oC). 

Characterisation and analysis: Solutions and solids were characterised using sorne of 

the techniques described in Chapter 3. 

6.4.2 Stabi,lity in oxic environment 

Aluminium phosphate coatings: The variation of the solution concentration, in terms of 

As(V) as a function of time for the experiments performed, is shown in Figure 6.33. It is 

observed that the arsenic release kinetics were indeed reduced when the scorodite 

particles were covered with an aluminium phosphate layer. Naturally, the release 

kinetics were better affected when the solids were coated after two and three recycles of 

the scorodite substrate mate riaL The final arsenic concentration (after la d of 

equilibration) was reduced one order of magnitude with the AIP(3) coating. 
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Figure 6.33. Dissolution kinetics of Arsenic(V) versus time at different equilibration pH at 

oxic conditions. Symbols: 0 Scorodite substrate; ~ AIP(l); <> AIP(2); and I::!.. AIP(3). 

The latter is better seen when the final As concentration is plotted as a function of pH for 

each material studied. It can be seen from Figure 6.34 that the final arsenic concentration 
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is increasingly reduced, with consecutive number of deposition cycles. In Figure 6.35, the 

final concentrations of P and Al are shown. It is revealed from the observation of these 

figures that the dissolution of aluminium phosphate is incongruent in nature (as 

expected according to the stability test reported in Chapter 4). But equilibrium had not 

been attained after 10 days as the comparison with the solubility data indicates. 
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Figure 6.34. Arsenic concentration in solution after 10 d of dissolution for scorodite 

particles coated with an aluminium phosphate material. 
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Figure 6.35. Concentration after 10 d of equilibration compared to respective 

solubilities.(a) phosphorus concentration; (b) aluminium concentration. 
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Calcium phosphate coatings: Similar to the previous reported results, the variation of 

the solution concentration, in terms of As(V) along with pH, as a function of time for the 

scorodite particles coated with calcium phosphate (calcium-deficient hydroxyapatite) is 

shown in Figure 6.36 and the final As concentration is plotted as a function of pH in 

Figure 6.37. Vpon observation of those figures it is revealed that at pH 8 the arsenic 

release kinetics were slowed down when the scorodite particles were covered with a 

calcium-deficient hydroxyapatite coating. 
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Figure 6.36. Dissolution kinetics of As(V) versus time at different equilibration pH at oxic 

conditions. Symbols: 0 Scorodite substrate; ~ dHAP(low); and b. dHAP(med) 

The encapsulation effect, though, was not as effective as in the case of aluminium 

phosphate. For ex ample, at pH 8 after la days of equilibration the final arsenic 

concentration was 0.15 mmollL (11.2 mglL) when scorodite was encapsulated with 

AIPOd.5HzO after one controlled deposition test (AIP(l)) as compared to 0.24 mmollL 

(18 mglL) for Ca-deficient hydroxyapatite encapsulation (dHAP(low) and dHAP(med)). 

The latter appears to be related to the thickness of the coating; AIP(l) coating thickness 

was - 3 !lm whereas the Ca-deficient hydroxyapatite coating was clearly thinner. In 

Figure 6.38(a,b) the final concentrations of P and Ca are shown. It is revealed from the 

observation of these figures that the levels of calcium and phosphorus in solution were 
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similar to those obtained from stability test of calcium-deficient hydroxyapatite reported 

in Chapter 5. 
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Figure 6.37. Arsenic concentration after 10 d of equilibration for scorodite partic1es coated 

with a calcium phosphate material. 

iii Stability (Chapter 5) ~dHAP(low) llID dHAP(med) 

~ 10.0 ~ 10.0 
(b) (a) -0 

S 
g 
~ 
p.... 

a 
§ 

1.0 

'.0 0.1 
.§ 
§ 
U
§ 

0.0 

pH6 pH8 

g 
g 

1.0 
d 
....... 
o 
§ 
'.0 0.1 
.§ 
§ 
U
§ 

0.0 

pH6 pH8 

Figure 6.38. Concentration after la d of equilibration compared to respective 

solubilities.(a) phosphorus concentration; (b) calcium concentration. 

However, the encapsulation of scorodite with Ca-deficient hydroxyapatite coating seems 

to have a negative effect on the "solubility" of scorodite at pH 6.0. As is seem in Figure 

6.36 and Figure 6.37 the concentration of arsenic in solution reached higher values when 

scorodite was coated with Ca-deficient hydroxyapatite! 

The latter is better seen when the variation of the solution concentration, in terms of 
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Ca (II), P(V), and As(V) as a function of time for the experiments performed at pH 6 is 

considered (Figure 6.39(a,b». It can be seen that the phosphorus concentration reached a 

maximum value after 1 d of equilibration, thereafter followed by a decrease whereas 

calcium concentration remained reasonably constant during the course of the stability 

test. 
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Figure 6.39. Dissolution kinetics of As(V), P(V) and Ca(II) versus time at pH 6.0. (a) 

dHAP(low); (b) dHAP(med). 

This reduction in phosphorus concentration in conjunction with the release of arsenic 

from scorodite may be related to an "ion exchange" reaction between As(V) and P(V) (as 

determined in the case of aluminium phosphate) according to: 

(6.7) 

In Figure 6.40(a,b), the variation of calcium to phosphorus molar ratio along with 

calcium to phosphorus plus arsenic in solution are shown. It can be seen that Ca:P 

gradually increase during the course of the tests, whereas the Ca:(P+As) remained 

constant after 4 d of dissolution, confirming the above reaction. 

Moreover, during those oxic stability tests the phosphorus concentration reached very 

high levels of P. According to the US EPA, in order to prevent the development of 
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eutrophication total phosphorus (P) should not exceed 0.05 mg/L (1.6 !Jmol/L) in any 

stream at the point where it enters a lake or reservoir [12]. In this regard, therefore, this 

coating material will not be suitable for industrial application. 
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Figure 6.40. Ca:P and Ca:(P+As) in solution as a function of time at pH 6. (a) dHAP(low); 

(b) dHAP(med). 

6.4.3 Stability in anoxie environment 

Figure 6.41 shows the variation of the solution composition as a function of time for the 

experiments performed (duplicate runs) under anoxic conditions in terms of total arsenic 

(left) and total iron (right). It can be observed that the dissolution kinetics of arsenic and 

iron were indeed suppressed with the aid of these phosphate coatings. 

In terms of effectiveness, the best results were obtained for aluminium phosphate 

coating (AIP(l) and AIP(3)). This is better seen when the final concentrations of total 

arsenic and total iron are replotted in Figure 6.42. It can be observed that the final 

concentration of total iron and total arsenic were reduced, at least, one order of 

magnitude. On the same Figure, the final concentrations of phosphorus, aluminium, and 

calcium are also shown. 
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The relative high "noise" of the concentration data reported is attributed to the lack of 

precise Eh control. In Figure 6.43 the variation of pH and Eh is plotted (along with their 

standard deviation). It can be seen that the pH control was indeed more precise than the 

Eh control. 
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Figure 6.41. Dissolution kinetics of total arsenie(left) and total iron(right) versus 

equilibration time at under chemieally generated anoxie conditions. Symbols: 0 Scorodite 

substrate;. AIP(l); A AIP(3); and ~ dHAP(low). 
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Figure 6.42. Final concentration levels of elements from anoxie dissolution of scorodite 

substrate, AIP(l), AIP(3) and dHAP(low) at pH 7, Eh 100 mV, and 22 oC (equilibration time 

6 weeks). 
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Figure 6.43. Daily average values of pH and Eh during anoxie stability test. (a) Eh variation; 

(b) pH variation. Set-point values are also shown in broken lines. 

Further analysis determined the arsenic and iron speciation. The evolution of iron 

(ferrous and ferric ions) and arsenic (arsenate and arsenite species) is presented in Figure 

6.44. It can be seen from Figure 6.44 that during the anoxic dissolution of scorodite the 

predominant forms of iron and arsenic were Fe(II) and As (III) confirming that scorodite 

underwent reductive de composition to Fe(II) and As (III) according to: 

(6.8) 

6.4.4 Analysis of the coating stability with SEM 

The solids AlP(l), AlP(3) and dHAP(low) after the oxic stability test at pH 8 and after the 

anoxic stability test were analysed by variable pressure scanning electron microscopy in 

order to investigate morphological changes on phosphate coating and mechanical 

adhesion between the coating and the scorodite substrate. Figure 6.45 shows scanning 

electron micrographs of scorodite particles coated with aluminium and calcium 

phosphate before and after those stability tests. Upon observation of these micrographs 

it becomes clear that the coating remains on the surface of scorodite confirming the 
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adhesion between the scorodite substrate and the phosphate coating. However, as the 

dissolution tests indicated the coating does not provide complete sealing of the scorodite 

surface, hence allowing arsenic to be released to the environment albeit at reduced rate. 
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Figure 6.44. Dissolution kinetics and speciation of scorodite dissolution under chemieally 

generated anoxie conditions. Arsenie speciation (left); iron speciation (right). 
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Figure 6.45. Back-scaUered electron images of scorodite particles coated with calcium and 

aluminium phosphate before and after oxie and anoxie stability tests. 
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6.5 Conclusions 

Encapsulation with aluminium phosphate: A new encapsulation concept for scorodite 

was investigated for the first time. The encapsulation method involved directed 

de position of AlP04'1.5H20 (AIP04-H3) as coating on the surface of scorodite under 

controlled supersaturation conditions from a sulphate-matrix solution with AI(III):P(V) 

molar ratio equal to one at 95 oc. 

The controlled deposition of AIP04·1.5H20 on scorodite partic1es began with an 

induction period characterised by an "ion exchange" reaction between P04 and AS04. 

This "ion exchange" process led to the formation of a solid solution surface layer with the 

following composition: Feo.99Alo.D1Ho.43(As04)O.94(P04)O.ls(S04)O.08·2H20. An investigation of 

the induction period using gypsum as substrate instead of scorodite revealed to be still 

present suggesting that it relates to the heterogeneous nuc1eation of AIP04'1.5H20 rather 

than to the "ion exchange" process. The induction period was eliminated when AIP04-

coated scorodite partic1es were recyc1ed. 

The aluminium phosphate coating was characterised by XRD, SEM-EDX, TOF-LIMS and 

TOF-SIMS. The coating was crystalline AIP04'1.5H20. After one controlled deposition 

procedure a uniform in thickness coating, typically ranging from 2.5-3.5 !-lm was 

obtained. The coating thickness decreased or increased with the substrate partic1e size. 

Further deposition of AIP04'1.5H20 made the coating thicker changing its morphology 

according to 3D-island type growth. 

Encapsulation with calcium phosphate: The directed deposition of Ca-deficient 

hydroxyapatite on scorodite particles was achieved via mixing of CaCh and NaH2P04 

solutions a constant pH of 7.6. Supersaturation was controlled by the addition rate. It 

was found that for an addition rate of 20 mL/h the crystallisation process was mainly by 

homogeneous nuc1eationi whereas, for addition rates of 10 mL/h the crystallisation 

pro cess was a mixture of homogeneous crystallisation and deposition in the form of 3D-
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island growth. The best results were obtained with addition rate of 6 mL/h. 

The deposition of calcium-deficient hydroxyapatite begun with the formation of a 

calcium phosphate phase with Ca:P - 1.5, as determined by mass balance calculation, 

followed by growth of a Ca-deficient hydroxyapatite with Ca:P average molar ratio 

equal to 1.56±0.01, 1.57±0.01, and 1.52±0.01 when the addition rates were 6, 10 mL/h 

respectively. 

Stability: Encapsulation of scorodite particles with hydrated aluminium phosphate and 

calcium-deficient hydroxyapatite appears to be able to control (partially only) the release 

of arsenie under both oxie and anoxic conditions. The best results were obtained with 

aluminium phosphate reflecting most likely the thiekness of the respective coating. The 

more interesting results by far are those obtained under the anoxie stability test since the 

release of arsenie was decreased in more than one or der of magnitude. The high level of 

phosphorus release, though, is of concern. Hence, further work is necessary to improve 

this type of encapsulation process. 
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Chapter 7. Synopsis 

Key findings from each component of this work have already been summarised at the 

end of each Chapter. In this Chapter, global conclusions are given by considering the 

whole of the work rather than the individu al parts. Subsequently, what is considered as 

an original contribution to knowledge is outlined, and finally ideas for continuation of 

this work are presented. 

7.1 Global conclusions 

The encapsulation of scorodite particles with phosphate coatings was studied in the 

present research work as a novel method of arsenic fixation. The encapsulation method 

involved direct crystallisation of phosphate coatings on scorodite particles potentially 

not prone to oxie and anoxie decomposition. The major findings of this study are 

summarized below. 

1. A new synthesis method for hydrated aluminium phosphate AIP04·1.5H20 

(AIP04-H3) was developed that involves precipitation from a sulphate-matrix 

solution with aluminium to phosphorus molar ratio equal to one at 95 oc. 
Homogeneous precipitation tests led to the definition of the metastable zone of 

aluminium phosphate. This zone was used to design the supersaturation

controlled seeded tests. The homogeneously formed product consisted of 

aggregates of sub-mieron size crystallites of 3.5 !Jm average size that have grown 

to 16.5 !Jm after three cycles of seed-assisted precipitation. 

2. AIP04·1.5H20 was found to be more soluble than the better known dihydrate 

(variscite, AIP04·2H20). This material was determined to undergo incongruent 

dissolution at pH around 3.0 and higher producing initially amorphous AI(OH)3 
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which graduaUy (within 30-day dissolution period) converted to the stable 

gibbsite phase. Vpon evaluation of the experimental data with PHREEQC it was 

possible to calculate the solubility product (Log Ksp) and the standard Gibbs free 

energy of formation (ACf,o) for AlP04·1.5H20 to be respectively -20.46±0.40 and 

-1980.5±2.0 kJ-mol-1 at 22 oC 

3. A synthe sis method for the production of calcium-deficient hydroxyapatite was 

described. This method involved controUed mixing of CaCh and NaH2P04 

solutions at a constant pH of 7.6 and ambient temperature. The produced 

hydroxyapatite was found to be calcium-deficient with nano-crystalline structure 

having crystallite size in the order of 20 nm. 

4. The synthe tic calcium-deficient hydroxyapatite (Ca:P-l.58) was determined to be 

metastable versus stoichiometric hydroxyapatite and more stable than aU other 

calcium phosphate phases commonly formed under aqueous precipitation 

conditions. Furthermore, it was determined the dissolution to be congruent at 

initial pH 5.0, 6.0, 7.0, and 8.0 and becoming incongruent when initial pH was 9.0. 

5. By controlling supersaturation it was possible to form either an aluminium 

phosphate coating or calcium phosphate coating on scorodite. This coating of 

scorodite partic1es with aluminium or calcium phosphates was found to 

significantly reduce the release of arsenic under both oxic and anoxic conditions. 

Aluminium phosphate coatings seemed to provide better coverage of scorodite 

than hydroxyapatite coatings but further work is required for these coatings to 

prove effective in meeting arsenic and phosphorus acceptable release levels. 

7.2 Claims to originality 

Several aspects of the present work constitute, according to the opinion of the author, 

original contributions to knowledge. The most important of them are outlined below: 
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1. A novel synthesis method for hydrated aluminium phosphate AIP04'1.5H20 

(AIP04-H3) was developed. The new synthe sis method developed here differs 

from the ones previously reported in literature as it involves direct crystallisation 

in a sulphate solution rather than long-term ageing or hydrothermal-based 

synthesis routes in chloride or nitrate media. 

2. Equally nov el is the study of the dissolution of AIP04·1.5H20 via experimental 

and thermodynamic modelling. Moreover, the sequence of formation of AI (III) 

(oxy)hydroxides phases was found to conform to Stranski's ruIe, Le., the Ieast 

stable phase forming first followed by its transformation to next stable Al (III) 

(oxy )hydroxide. 

3. The finding that the dissolution of a synthetic calcium-deficient hydroxyapatite 

(Ca:P = 1.58) was metastable versus stoichiometric hydroxyapatite and more 

stable that aIl other calcium phosphate phases commonly found under aqueous 

precipitation conditions has never been reported previously. 

4. It is the first time that a systematic study on the heterogeneous crystallisation of 

aluminium and calcium phosphates, as it applies to the encapsulation of 

scorodite particles was undertaken, both from a fundamental perspective and 

from the stand point of its application to arsenic fixation. 

7.3 Recommendations for future work 

Future work of both fundamental and practical nature is proposed below that may help 

for better understanding and development of the scorodite encapsulation process: 

1. Further work is required to optimise the properties of the phosphate coatings in 

terms of thickness, adhesion, and complete coverage of the scorodite surface. 

Hence, the role of additives has to be explored and the formation of 

stoichiometric hydroxyapatite promoted. 
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2. Investigate the encapsulation of scorodite partic1es with other stable phosphate 

mineraIs such as fluoroapatite, CalO(P04)6F2, or partially fluoride substituted 

hydroxyapatite, CalO(P04)6Fx(OH)2-x, since both are known to be the most stable of 

aIl members of the hydroxyapatite mineraI family. 

3. FinaIly, encapsulation using other stable mineraIs not prone to reductive 

decomposition, for example, calcium carbonate coatings (calcite, CaC03) or 

aluminium (oxy)hydroxide coatings (gibbsite, y-AI(OH)3) are worthy to be 

investigated as weIl. 
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Appendix A. Deposition of CaHP04·2H20 

Introduction 

In this appendix, the exploratory work aimed to encapsulate scorodite particles with 

dicalcium phosphate dihydrate is reported. The controlled deposition of this material on 

the surface of scorodite, as is shown below, was not successful under the experimental 

conditions studied. However, it was decided report the results in this section since they 

could prove useful if sorne future work in this field is attempted. 

Materials and methods 

Experimental set up: The experimental set-up used in this work was the same as the one 

described in Chapter 3 (Section 3.2). 

Deposition test: The experimental tests aimed to deposit dicalcium phosphate dihydrate 

on scorodite were similar to the experimental procedure described in Section 5.2.1 of 

Chapter 5 for the seeded crystallisation of CaHP04·2H20, i.e., an initial acidic solution of 

CaCh-NaH2P04-HCI (-1.5 g/L (37.5 mmol/L) of Ca(II) and Ca(II):P(V) of 1:1) was 

neutralised with 100 mmol/L NaOH, until the precipitation pH of 5.0 was reached Oust 

0.2 units of pH before the critical supersaturation level was attained). The solution was 

allowed to stabilise for 30 min in order to assure uniform supersaturated conditions. At 

this point, 10 g/L of scorodite substrate material produced by atmospheric precipitation 

(see Chapter 2) was used to begin the precipitation process. 

Characterisation and analysis: During the course of the precipitation process, samples 

of slurry were taken at regular time intervals, and were filtered through membrane filter 

(Corning 0.25 !-lm pore size) and diluted with acidified (WHN03 - 5%) deionised water. At 

the end of each test, the entire suspension was filtered. The final filtrate together with the 
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filtrates of the intermediate samples were analysed for As, Fe, P and Ca. The final slurry 

was filtered and the solids washed by repulping 3 times with 1000 mL of deionised hot 

water (60 oC). The final solids were subjected to SEM examination (see Chapter 3 for 

more details). 

Results 

Figure A.1 shows the precipitation kinetics of a typical test ran within the determined 

metastable zone in the presence of scorodite particles as seed and at constant pH. The 

variation of Ca (II) and P(V) is plotted in Figure A.1(a), whereas, the variation of Fe(III) 

and As(V) is shown in Figure A.1(b). 

It can be seen the precipitation of CaHP04·2H20 followed similar behaviour with the one 

reported for the precipitation of AIP04"1.5H20 on the surface of scorodite (refer to 

Section 6.2.2 of Chapter 6). Initially an induction period was observed, which lasted less 

than 1 h, during which very slow precipitation of P(V) and Ca(II) took place 

accompanied by the release of arsenic from scorodite; no iron release was observed. 

Following this induction period, rapid precipitation of CaHP04·2H20 took place. 

However, the continuation of the dissolution of arsenic indicates that the scorodite 

particles were not covered with calcium phosphate. 

The latter is better seen when the solids produced with this procedure were 

characterised by scanning electron microscopy as is shown in Figure A.2. It can be seen 

from Figure A.2 that plate-like CaHP04·2H20 particles formed in the bulk of the solution 

rather on the scorodite substrate. In other words, precipitation took place 

homogeneously. 

This unsuccessful approach suggests that keeping supersaturation in solution below the 

critical supersaturation level for homogeneous nucleation (Scr,homo) is not a sufficient 

condition for directing deposition (nucleation) of this material on the surface of 

scorodite. This apparently relates to the induction period. In essence, the solution was 
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not in a "truly" metastable state and given enough time (in this case -1.15 h, 30 min for 

initial equilibration plus 45 min in presence of scorodite) homogeneous nucleation 

developed. 
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Figure A.l One-stage CaHP04·2H20 precipitation kinetics with pH control using 

scorodite particles as substrate. (a) Variation of P(V) and Ca(II) with time; (b) Variation of 

As(V) and Fe (III) with time. Seed concentration, 20 g!L; NaOH as base; precipitation pH 

5.0. 
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Figure A.2 Cross section back-scattered electron rnicrographs of scorodite and brushite 

particles after precipitation of dicalciurn phosphate dihydrate (left); Scanning electron 

rnicrograph of scorodite substrate along with dicalciurn phosphate dihydrate(right). 
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Hence, to directly deposit CaHP04·2H20 on scorodite particles the supersaturation has 

to be lower than the value used during this test. As reported in Chapter5 (Section 5.3.2) 

the initial saturation ratio in solution was -7.9 when S is expressed as the ratio of the 

initial ion activity product (IAP = a(Ca2+)'a(HP042-)) to the solubility product of dicalcium 

phosphate dihydrate or only 3.2 (expressed as CCa(II)/CCa(II),eq). This value is very low, so, if 

this value were reduced the yield of the process would be lowered as weIl. Thus, it was 

decided to end the study on this material in favour of controlled deposition of 

hydroxyapatite on scorodite particles. This was also driven by the realisation that the 

latter is more stable than the former at the pH region of interest to arsenic disposaI. 


