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ABSTRACT 

Industrial experience has revealed that when used to treat multi-component metal chloride waste 

liquors, existing fluidized bed acid regeneration facilities are not as efficient as when employed 

for the pyrohydrolysis of conventional iron chloride solutions (i.e. waste pickle liquor). As a 

result, experimental studies and thermochemical modelling were performed to characterize the 

transformation of a saturated AI-Fe-Mg-CI solution at 105°C, after it is injected into a reactor 

at 850°C. Efforts were geared toward defining the sequence of reactions that take place as the 

liquor gradually transforms into oxides. 

Upon completing a comprehensive literature review, testwork was initially performed with a 

simplified experimental set-up to study the physical behaviour of the chloride solution as it is 

exposed to a static b~d of oxides at 850°C, and ultimately identify the various phases of the 

transformation process. Subsequently, controUed evaporative crystaUization experiments were 

conducted under pseudo-equilibrium conditions to define the MeClx yH20 precipitation path that 

takes place during the H20 evaporation phase and to determine whether the chlorides precipitate 

independently or as complex compounds. Further experiments were performed in a fully 

instrumented tube furnace to elaborate on the nature of the reactions (dehydration and/or 

pyrohydrolysis) that take place after aU of the water in the starting solution has evaporated (i.e. 

T=300°C+). 

In an effort to assist with the interpretation of the experimental results, thermochemical 

modelling was performed to predict the equilibrium phase assemblages that could occur 

during the transformation of the saturated AI-Fe-Mg-CI solution, at reaction temperatures of 

200°C+. 

The research studyat hand has shown that when the saturated Al-Fe-Mg-CI solution at 105°C is 

exposed to fluidized bed pyrohydrolyzer operating conditions at 850°C, the following sequence 

of events take place: 

• rapid solvent H20 evaporation (i.e. vigorous boiling) and onset of solid metal chloride 

precipitation. 
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• slurry densification due to a graduaI increase in crystal content (i.e. AIC1"6H20, 

FeChxH20, and MgChxH20, where x = 2 or 4). 

• hydrated crystal drying and onset of pyrohydrolysis (i.e. thermal decomposition of 

MeClxyH20). 

The same holds true for the high temperature hydrolysis of typical waste pickle liquors (i.e. 

primarily FeCh solution). 

The crystallization studies revealed that when the AI-Fe-Mg-CI solution is allowed to 

gradually evaporate at 105°C,. AICh'6H20 precipitates when 15% of the solvent water evolves 

from the liquor, followed by FeChxH20 and MgCh'xH20 (where x = 2 or 4) at 26 and 41% 

evaporation, respectively. Ferric chloride remains in solution even after 54% of the water has 

been driven from the liquor. The latter result suggests that higher ferric concentrations in the 

reactor feed are more than likely to favour an increase in the quantity of liquor entrainment by 

the fluidizing gases and therefore lead to lower process efficiencies. 

Dedicated pyrohydrolysis experiments, with a simulated reactor atmosphere (gaseous, not 

dynamic), have shown that exc1uding kinetic effects, the transformation of the AI-Fe-Mg-CI 

solution occurs primarily over the 300 to 600°C temperature range. 

Thermochemical modelling revealed that with the exception of AICh·6H20 hydrolysis, the 

majority of the reactions taking place as the saturated AI-Fe-Mg-Clliquor is introduced into 

and eventually reaches 850°C are govemed by either reaction kinetics or diffusion. 

Furthermore, the resulting phase assemblage at any given temperature was predicted to vary 

significantly with oxygen potential. A liquid chloride phase (inc1uding molten salt), other than 

the feed liquor, was not predicted to form at any temperature (i.e. 200°C or above) under the 

range of oxidizing or reducing conditions considered. 

The findings of this research were quite useful in identifying the means for improving the 

performance of a commercial fluidized bed pyrohydrolyzer for a spent chloride liquor 

containing the said species. 
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RÉsuMÉ 

L'expérience industrielle a démontré que quand la technologie de régénération d'acide en lit 

fluidisé est utilise pour traité une solution de chlorures métalliques multi-composé, le procédé 

n'est pas aussi efficace que pour la pyrohydrolyse des acides usés de décapage (c.à.d. solution 

de chlorure ferreux). Alors, une série d'expériences et de la modélisation thermochimique ont 

été effectuées pour caractériser la transformation d'une solution d'AI-Fe-Mg-CI (saturé à 

105°C), après avoir été injecté dans un réacteur à 850°C. L'étude visait à définir la séquence 

de réactions qui décrit la transformation graduelle de la solution en oxydes. 

Après avoir complété une revue compréhensive de la littérature, des essais préliminaires ont été 

effectués avec un montage simplifié P01lf étudier le comportement physique de la solution de 

chlorures une fois exposée à un lit d'oxydes statique à 850°C. Le but était d'identifier les 

diverses phases de transformation. Par la suite, des expériences de cristallisation par 

évaporation ont été réalisées, sous des conditions « quasi-équilibre », pour définir la séquence 

dans la quelles MeClx·yH20 précipite lors de la phase d'évolution d'eau. De plus, cette étude 

à servi à déterminer si les chlorures précipite sous forme de sels simples ou complexes. 

Finalement, une troisième série d'essais ont été effectuées dans un four à tube bien 

instrumenté pour élaborer la nature des réactions (déshydratation et/ou pyrohydrolyse) qui se 

produisent après que tout l'eau dans la solution de départ est évaporé (c.à.d. T=300°C+). 

La modélisation thermochimique a été entreprise pour prédire les assemblages de phase qui 

peuvent se produire en conditions d'équilibre lors de la transformation de la solution AI-Fe­

Mg-Cl saturé, et ce a des températures de 200°C et plus. Ces résultats ont aidé à interpréter les 

résultats des expériences ci-haut mentionnées. 

L'étude de recherche en question a illustré que quand la solution d'Al-Fe-Mg-CI saturé à 105°C 

est exposé à un environnement de pyrohydrolyse à 850°C elle passe à : 

• l'évaporation rapide de l'eau, suivi par la précipitation des chlorures métalliques en forme 

de sels solides. 

• la formation d'une boue du à l'augmentation du contenu en cristaux (c.à.d. AIC1"6H20, 

FeChxH20 et MgChxH20, ou x = 2 or 4). 
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• le séchage des cristaux hydratés et le début de la pyrohydrolyse (c.à.d. décomposition 

thermique des MeClxyH20's). 

Les mécanismes d'hydrolyse à haute température des acides de décapage usé (solution de FeCh 

en majorité) sont pareils. 

L'étude de cristallisation a révélé que quand la solution d'AI-Fe-Mg-CI est soumise à des 

conditions d'évaporation graduelle à 105°C, l'AICh6H20 précipite quand 15% de l'eau de 

solution évolue de la liqueur, suivi par le FeChxH20 et MgClzxH20 (ou x = 2 or 4) à 26 et 

41 % d'évaporation, respectivement. Le chlorure ferrique reste en solution même après 

l'évolution de 54% de l'eau de départ. Ceci suggère qu'une augmentation de la concentration 

de ferrique dans la solution alimenter à un réacteur de pyrohydrolyse, favorise plus 

d'entraînement de liqueur par les gazes de fluidisation et donc des efficacités inférieures. 

Les expériences de pyrohydrolyse, dans une atmosphère de réacteur simulé (gazeux et non 

dynamique), ont illustré qu'en excluant les effets de cinétiques, la transformation de la 

solution AI-Fe-Mg-CI est réalisée en gros parti entre 300 et 600°C. 

La modélisation thermochimique a démontré qu'avec l'exception de l'hydrolyse 

d'AICl)'6H20, la majorité des réactions qui se produisent une fois que la solution d'AI-Fe-Mg­

Cl saturé est introduit dans le réacteur et approche 850°C sont contrôlés par les cinétiques ou 

la diffusion. De plus, les assemblages de phase à l'état d'équilibre varient de façon importante 

avec le potentiel d'oxygène et ce à tous les températures considérées. Selon l'étude, à part la 

solution de départ, les chlorures liquides (incluant des sels fondus) ne devraient pas former (à 

200°C et plus), ni sous des conditions oxydantes ou réductrices considérées. 

Avec les résultats de cette étude de recherche, il a été possible d'identifier les moyens pour 

améliorer la performance d'un réacteur de pyrohydrolyse commercial (lit fluidisé), utilisé pour 

le traitement d'une solution de chlorures d'aluminium, fer et magnésium. 
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NOMENCLATURE 

T = Temperature (OC) 

T* = Species saturation temperature caC) 

TM - Species supersaturation labile zone temperature caC) -

R - Univers al ideal gas constant (8.314 J·mor1.K-I) -

AGo - Standard Gibbs Free Energy (kcal'morI) -

AG = Gibbs energy change (J'morI) 

MI = Change in enthalpy (J"morI) 

AS - Change in entropy (J"K-I) -

cp - heat capacity at constant pressure (J"morI'K-I) -

k - Kinetic rate constant (mol"min-I) -

Re - Reynolds number -

Sc - Schmidt number -

Pr - Prandlt number -

Sh = Sherwood number 

Nu - Nusselt number -
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1.0 INTRODUCTION: 

1.1 Background: 

Based on a review of the literature (see Section 2.1), it appears as though the 

majority of the technical developments in the area of fluidized bed pyrohydrolysis, 

for the regeneration of hydrochloric acid, have been limited to physical aspects of 

the process (i.e. alternative offgas cyclone design, feed lance orientation, seed 

additions, etc ... ). This may be attributed to the fact that most of the existing 

installations involve the thermal decomposition of an iron chloride solution: a 

relatively simple single component system. As a result, after having success:fully 

operated commercial scale facilities for a number of years, the concerned fluidized 

bed technology suppliers did not see much reason to further their understanding of 

the process fundamentals. The users of these pyrohydrolysis units have never really 

been inclined to study the fundamentals either, as the technology has been until very 

recently, used almost exclusively for the regeneration of waste acid from steel 

pickling plants (a relatively small unit operation within the overall steelmaking 

process)Pl 

As for the nonferrous industry, the recovery of hydrochloric acid from waste liquors 

makes up a much more noteworthy portion of the overall production costs. Given 

this, as weIl as the fact that spent liquors generated by a nonferrous chloride leach 

process typically contain a number of metal species, the incentives for developing an 

improved understanding of multi-component metal chloride pyrohydrolysis are 

much more significant. This is further supported by the fact that the use of 

hydrochloric acid as lixiviant, by the nonferrous metals extraction industry, bas 

become increasingly more popular during the last 20-30 yearsP-71 

In light of the above-mentioned considerations, fundamental studies were initiated 

to develop an improved technical understanding of the mechanisms behind multi­

component metal chloride pyrohydrolysis. An AI-Fe-Mg-CI-H20 based system was 

selected for the study at hand. Furthermore, given that non-ferrous leaching 
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operations typically generate large quantities of waste liquor and that fluidized bed 

pyrohydrolysis facilities are generally much more cost effective for high volume 

processes[8-12], it was decided that the given research be geared toward fluidized bed 

systems. 

1.2 Justification: 

Industrial experience has revealed that when used to treat multi-component metal 

chloride waste liquors, existing fluidized bed acid regeneration facilities behave 

differently from those employed for the pyrohydrolysis of conventional iron chloride 

solutions (i.e. waste pickle liquor). [13,14] Therefore, in an effort to minimize the 

operating costs of such an acid regeneration plant, it was decided that an improved 

understanding of the mechanisms behind high temperature multi-component 

MeClx hydrolysis is essential. 

The significance of the project may be summarized as follows. From an· 

environmental standpoint, the results of the given study should assist in defining the 

meanS for reducing fmes emissions from the concemed acid regeneration facilities. 

While these fines are typically inert, they Can lead to very unpleasant hygiene 

conditions within the plant and the immediate surroundings. Additionally, poor 

process efficiencies result in increased fuel consumption that obviously have 

negative effects on the environment. Therefore, the ability to optimize the process 

would result in fewer emissions (gaseous toxins and particulate matter) and 

therefore make a positive contribution to the preservation of the environment. 

Furthennore, a better overall understanding of multi-component metal chloride 

regeneration fundamentals would further reassure metallurgicallchemical companies 

that are considering the construction and operation of HCI based leach processes. 

Typical hydrometallurgical installations, which include acid regeneration facilities, 

may cost anywhere between 250-450M$ to build; therefore, the concemed research 

may favour very noteworthy investments within the industry. These types of capital 
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projects typically benefit the fmancial well-being of the surrounding communities by 

providing job opportunities, stimulating economic activity, generating additional 

income/property taxes for the concemed govemment bodies, etc ... 

It should be mentioned that during the course of the given research study, the author 

was responsible for initiating an acid regeneration technology program for a fairly 

large and reputable company in the metallurgical industry, which shall remain 

unnamed for confidentiality reasons. This four-year program inc1uded building, 

commissioning, and operating a sizable pilot acid regeneration plant (i.e. multi­

million dollar project), as well as conducting numerous trials to understand the 

effects of various parameters on process performance and to support the commercial 

operation. Several bench scale tests were performed in parallel to further the 

research team's comprehension ofrelated fundamentals. As a result, the author was 

fortunate enough to have the support of many highly skilled research professionals 

during his studies and has therefore gained a considerable amount of experience in 

the area of acid regeneration technology. Clearly, the scope of the research 

performed for the purposes of the concemed doctoral study was partly derived from 

the author' s experience as well as from input provided by his colleagues. 

1.3 Objective: 

The ultimate objective of the author's research was to define the conditions 

required for the efficient and environmentally friendly regeneration of a spent AI­

Fe-Mg-Clliquor generated by the non-ferrous metals industry. While fluidized 

bed pyrohydrolyzer performance is no doubt dependant upon numerous parameters 

such as fluidizing gas velocity, bed granulometry, MeClx solution distribution within 

the reactor etc ... , chloride conversion mechanisms must be well understood from the 

start. Until now, the thermal decomposition of the said aqueous metal salts has been 

simply described by the following chemical reactions. 

MeCh (s,l,g) + H20(g) --> MeO(s) + 2HCI(g) (1) 
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2MeClz (s,l,g) + 2H20(g) + 1/202 (g) -->Me203 (s) + 4HCl(g) (2) 

Therefore, a study was initiated in an attempt to characterize the reactions that take 
( 

place and the sequence in which they occur, from the moment at which the nearly 

saturated solution.is injected into the reactor. This investigation will also serve to 

challenge industry claims that aqueous metal chloride pyrohydrolysis in fluidized 

bed reactors is simply a vapour deposition process.[1,15] Fundamental 

considerations suggest that such a declaration may be misleading. 

In an effort to characterize the transformation of an aqueous yet saturated Al-Fe­

Mg-Cl solution (at ~ 105°) upon injection into a reactor at 850°C, initial plans 

consisted of building a laboratory scale fluidized bed pyrohydrolyzer, complete with 

an offgas cyclone, and gas scrubbing facilities. The proposed set-up would have 

allowed for an accurate simulation of the gaseous atmosphere and dynamics within 

such a reactor, as well as complete mass balance calculations. While this would 

have been ideal, the author' s experience with a similar set-up and much larger pilot 

acid regeneration facility revealed that the given lab installation would have been 

literally impossible to operate reliably. A more detailed description of this test rig is 

provided in Section 3.1.1. 

As a result, it was decided to proceed with a series of experimental studies (three 

phases) instead. The trials were designed to help define the sequence of reactions 

that take place as the liquor converts into oxide. 

Phase!: 

Preliminary testwork was conducted with a simplified experimental set-up 

to study the physical behaviour of the chloride liquor as it is exposed to the 

high temperature reactor environment, and to identify the various phases of 

the overall transformation process. Vi suaI observations, temperature 
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measurements, and sample analyses were used to study the mechanisms by 

which the multi-component metal chloride solution pyrohydrolyzes as its 

temperature increases within the reactor. 

Phase II: 

In light of the observations made during Phase l, controlled bench scale 

trials were performed to define the crystallization path that occurs as the 

H20 in solution evaporates and to identify the compounds that form. 

Phase III: 

Further experiments were undertaken within a fully instrumented tube 

furnace, to elaborate on the sequence in which the chlorides of interest (i.e. 

FeCh, FeCh, AICh, and MgCh) actually pyrohydrolyze. Typical 

pyrohydrolysis conditions were more c10sely simulated during the 

concemed series of tests. 

To conc1ude, thermochemical modelling studies were undertaken to assist with the 

interpretation of the experimental results obtained during the studies mentioned 

above. 

It should be mentioned that Fourrier Transform Infra-Red spectroscopy (FTIR) 

combined with ThermoGravimetric Analysis (TGA) was considered as a means to 

defining the saturated MeClx solution transformation process. Unfortunately, 

FTIR-TGA could not be used due primarily to the corrosive nature of the HCI(g) 

generated by the pyrohydrolysis reactions and due to the presence of water vapour 

in the system. Further details are provided in Section 3.1.2. 
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2.0 LITERATURE REVIEW: 

2.1 Introduction: 

The use of a spray roaster to pyrohydrolyze a metal chloride waste liquor, for 

hydrochloric acid (HC1) regeneration purposes, was first proposed and patented by 

a world renowned process engineering company, Lurgi GmbH, in 1935 (DP No. 

721358)Y] At that time, Lurgi engineers had also almost simultaneously 

developed a process involving fluidized bed reactor technology for the roasting of 

pyrite and/or sphalerite concentrates. Lurgi eventually decided to adopt the use of 

a fluidized bed reactor for the pyrohydrolysis of metal chloride waste liquors as 

well, and abandoned the spray roasting alternative which was ultimately taken 

over by Ruthner-Andritz (Vienna, Austria). [1,16] 

With the introduction of commercially available HCl regeneration facilities, the 

steel industry tumed to the use of this muriatic acid, to replace sulphuric acid 

(H2S04), for the pickling of steel. The waste pickle liquor generated by the use of 

H2S04, to remove the oxide layer from the surface of raw steel products, was 

neutralized or its ferrous sulphate content was crystallized to recover the free acid. 

The resulting environmentally unfriendly waste sludges were then disposed of. 

Given that the previously mentioned hydrochloric acid regeneration technologies 

resulted in close to 99% HCl recovery and the production of very stable iron oxide 

(a sometimes sellable by-product), many steelmaking companies (such as 

DOF ASCO, and STELCO) decided to replace their existing pickling and waste 

liquor treatment facilities with HCl based processes.[3,9-11,16-25] 

Over the years, Lurgi and Ruthner succeeded in further improving their respective 

acid regeneration processes.[1,12,15-17,22,23] In 1995, Peek[l] reported that over 200 

spray roaster type acid regeneration facilities had been erected worldwide within 

the chemical and metallurgical industries. It is worth mentioning that a number of 

these installations were designed and built by a competing process engineering 
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company, Babcock-Woodall-Duckham (Crawley, Englandi3,26]. Since 1968, 

Keramchemie GmbH or KCH (another multi-disciplinary engineering company) 

has marketed the Lurgi fluidized bed acid regeneration technology and has 

constructed 71 related plants for the iron and steel industry.[1,1l,14,24] The growing 

popularity of the aforementioned acid regeneration processes inspired others to 

develop and patent derivations of the Lurgi and Ruthner technologies[2,5,6,26-35]. 

Additional concepts, such as the Wean-Pori Process[36-38], a diffusion dialysis 

technique[39], the Vicarb Process[40], the use of anion exchange[41], the APU 

Process[42], and a few others[43-48] were also developed for the treatment of waste 

pickle liquors. Despite these efforts, spray roaster and fluidized bed 

pyrohydrolysis still dominate as the acid regeneration technologies of choice 

within the steelmaking, mineraIs, and non-ferrous extraction industriesp,3,4,7,9-
18,20,23,24,25] 

2.2 Available Hydroehlorie Aeid Regeneration Proeesses: 

As discussed in the previous section, hydrochloric acid may be recovered from 

spent liquors by either of the following methods; 

• pyrohydrolyzing a eoneentrated waste aeid in either a jluidized bed reactor 

(800_900oCj1,8-J2,15,20,22,U,49,501 or spray roaster (600_700°cj1,3,4,7,16-

18,20,23,25,26,51,521 to generate an HCI:H20 bearing offgas stream and stable 

metal oxide partieles. The resulting offgas is typically quenched by direct 

contact (in a venturi scrubber, for example) with the spent liquor to; 

~ cool the gas stream before feeding it to an adiabatic absorption column 

~ concentrate the waste acid prior to pyrohydrolysis. 

A scrubber is typically installed at the tail end of the process to minimize HCI(g) 

emissions to the atmosphere. 
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• oxidizing ferrous chloride (FeClz) to ferric chloride (FeCiJ) and 

subsequently hydrolyzing the latter to generate HCl and hematite (Fe203). 

This technology is referred to as the WEAN-PORI PROCESSJ36-3BJ The 

waste FeCh liquor is concentrated in a gas/oil-fired evaporator and 

subsequently fed to a stirred pressure vessel where the ferrous chloride is 

oxidized at a temperature of approximately 150°C and a pressure of 690 kPa. 

The resulting FeCh and black Fe203 mixture is then hydrolyzed by contacting 

the slurry (T = 155-160°C) with the combustion gases (of a bumer) in a venturi 

scrubber. The HCI(g) generated by the hydrolysis reaction reports to an 

absorber for hydrochloric acid production, and the Fe203 rich slurry is 

subjected to settling. The unreacted FeCh liquor returns to the hydrolyzer 

vessel. 

• diffusion dialysis membrane separation technique, operating at ambient 

temperature and pressure. J39J A recirculating bath of spent acid is separated 

from a water bath by an anion exchange membrane diaphragm; therefore, acid 

molecules diffuse into the water, which contains a lower acid concentration. 

By maintaining counter-current flows of the absorbing water and spent acid on 

the opposite sides of the diaphragm, a significant percentage of the acid is 

recovered in the water. With this process, the spent acid is basically stripped of 

its HCI content, but the metal chloride concentration remains essentially 

unchanged; therefore, the resulting effluent requires further treatment. 

All three techniques have been commercialized at one time or another. On the other 

hand, with over 40 years of commercial scale operation, high temperature 

pyrohydrolysis based processes (i.e. fluidized bed reactor or spray roaster) are 

considered well established and are most commonly employed for the regeneration 

of metal chloride waste liquors generated by the steelmaking, mineraIs, and non­

ferrous extraction industries. [1,3,4,7,9-18,20,23,24,25] 
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Given that the research at hand will focus on characterizing the transfonnation of a 

multi-component metal chloride solution within a fluidized bed reactor, a brief 

description of this HCI regeneration technology is certainly in order. 

2.3 Keramchimie - Hel Regeneration Process: 

Overall, this type of acid regeneration plant (ARP) is composed of the following; 

fluidized bed reactor, hot gas cyclone, venturi, gas/liquid separating vessel, adiabatic 

HCI absorption column, exhaust fan, and a tail gas scrubber. A schematic 

illustration is shown in Figure 1. 

Generally speaking the process involves pyrohydrolyzing a saturated metal 

chloride solution (at ~ 105°C) in the fluidized bed (as per reactions 1 and 2), at 

temperatures of 800-900°C, to generate an HCI bearing offgas and stable 

disposable or saleable oxide granules. Once cooled, the HCI is recovered as 

regenerated acid to be reused in the pickling plant or for leaching purposes. 

atJHephenl .::.:fnIe::::h:...:watIIr= __ -. 

T 
venturi 

Figure 1: Schematic illustration of the KeramchemielLurgi Acid Regeneration Process. 

As shown in Figures 1 and 2, spent acid (i.e. MeClx (aq» units are introduced into the 

process through the separator vessel (in the pre-evaporator circuit), and are 
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ultimately used to cool the reactor off-gases in the venturi to approximately 95-

105°C, for the subsequent HC~g) absorption stage. The direct quenching of the hot 

reactor off-gas with spent liquor, results in the evolution <?f a predominantly H20(vap) 

phase (containing between 0-5% HCI(g» that reports along with the quenched off­

gas. The resulting aqueous solution is usually concentrated to just below the 

saturation limit to avoid the onset of metal chloride precipitation, while 

simultaneously maximizing the amount of water reIJ10val from the incoming spent 

acid. Up to 30% of the solvent water in the feed can be evaporated in this manner. 

The ability to eliminate as much of the water within the waste liquor prior to feeding 

it into the reactor translates into lower fuel costs per unit ofHCI recovered. It is also 

worth mentioning that the given venturi scrubber configuration also allows for the 

capture of particulate matter that may have made it past the off-gas cyclone, as well 

as its return to the reactor. Given that the waste liquor is concentrated to its 

saturation limit when it is used to cool the reactor off-gases, the venturi/gas-liquid 

separating vessel combination is commonly referred to the pre-evaporation or pre­

concentration circuit. It should be noted that process water is sometimes also added 

to the pre-evaporation circuit, when the incoming waste acid is relatively 

concentrated to begin with or when the reactor off-gas contains too much enthalpy, 

to suppress the onset of metal chloride crystallization. 

While most of the HCI (i.e. 99.5%) in the quenched reactor offgas is recovered. as 

hydrochloric acid[1,1l,15,22] (14-19 wt% strength) in the adiabatic absorption column,' 

a fraction of the pre-concentrated liquor is bled from the recirculation loop and is 

introduced to the pyrohydrolyzer (i.e. reactor). A very characteristic feature of 

Keramchemie (KCH) technology is that the aqueous reactor feed is usually injected 

into the fluidized bed to ensure that the hydrolysis reaction occurs on the surface of 

existing oxide particles within the vesseL This results in the production of fairly 

large (0.2-2mm) and dense granules that are periodically or continuously discharged 

from the bed. In order to minimize atmospheric emissions, any remaining trace 
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HCI(g) in the absorber ofIgas is recovered by a scrubber at the tail end of the process. 

The slightly acidic scrubber water is recycled to the absorber for HCI(aq) generation. 

Oxides 

Figure 2: 

MeO/Fez03 
(-2S0+25mn) 

HC~. IIzOvop. & MeOI 
Fez~ (-25mn). T-850"C 

Pre-Conc. 

Wash 
Walu Regat. 

Ad. 
(19%HCI) 

Simplified flowsheet for the regeneration ofHCI from metal chloride 
solutions with the KCH process. 

The performance of an acid regeneration plant IS govemed by a number of 

considerations (such as gas/liquid equilibria in the pre-concentrator and absorber, 

feed water distribution in the towers), but the process is most dependent on the high 

temperature hydrolysis of the MeClx's in the reactor. The thermal decomposition 

reactions themselves are influenced by kinetics and thermodynamics, MeClx 

solubility in the liquor, surface tension/viscosity of the solution, etc... Therefore, 

any academic studies aimed at better defming the fundamentals behind multi­

component metal chloride pyrohydrolysis are certainly justified. 

Of the major components that make up the KCH acid regeneration process, the fluid 

bed reactor influences plant performance and efficiency most. While the venturi, 

cyclone, absorber, and tail end scrubber are essential for economical and 
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environmentally sound ARP operation, the latter three are standard equipment that 

have no special design features that are specific to the Keramchemie process. In 

fact, when designing an acid regeneration plant for a specific application, KCH 

generally provides only duty specifications for the absorber and scrubber, and 

subsequently subcontract the manufacture to typical suppliers such as KOCH 

engineering. In light of these considerations, only the fluidized bed reactor will be 

described in detail. 

2.3.1 Fluidized Bed Pyrohydrolyzer: 

The fluidized bed reactor is a vertical, refractory lined cylindrical vessel with 

a combustion zone located at the base (i.e. hearth) to maintain the desired 

operating temperature. The front view of the bottom section of an existing 

commercial fluidized bed pyrohydrolyzer is shown in Figure 3. 

Fluidizing/combustion air and gaseous fuel (e.g. natural gas) are evenly 

distributed through the hearth by a number of vertical tuyeres that enter from 

the base of the reactor. The available technical literature suggests that a 

reactor with an internaI diameter of 2.5m, is typically fitted with 60-70 

tuyeres. The concerned tuyere design is considered Keramchemie 

intellectual property; therefore, further details cannot be provided. On the 

other hand, it is worth mentioning that the tuyeres are designed to deliver a 

well-blended air/fuel mixture to the nozzle openings. This is reported to 

favour complete fuel combustion in the hearth, and minimize the possibility 

of after-buming in the upper sections (i.e. freeboard) of the reactor. [1,15,22] 

Adequate fuel and air volumetrie flowrates are required to generate the heat 

for hydrolysis, provide oxygen for the reactions, and fluidize the bed of 

oxide granules in the reactor. KCH daims that fluidization of the solids 

induces thorough mixing in the bed, which in tum favours a relatively 

homogeneous temperature distribution in the reaction zone (i.e. base of the 
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pyrohydrolyzer).[53] It should be mentioned that the superficial gas 

velocities typically maintained in practice (i.e.- 2 mis) and are apparently 

based on production capacity instead of ideal fluidization behavioury,53] 

SI2D 

Figure 3: 

...,----.... 

----+-~ 
l-'-.... -

..... -----.------041 
Blueprint of the fluid bed reactor design (bottom section) 
typically employed in KCH Acid Regeneration Plants[l] 

Where: 1 - indicates manhole location 
2 - shows inlet for oxide particles (i.e. to establish initial bed or for 

periodic seed addition) 
3,4 - thennocouple locations 
5 - points out site glass 
6 - indicates point at which elutriated fines return via cyclone underflow 
7 - shows pre-concentrated acid feed lance location 
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While smaller bed particles will be e1utriated by the upward moving gas 

stream, a relatively homogeneous mixture is periodically discharged from 

the bottom of the reactor. Despite the fact that fluid bed reactors are 

typically designed with an expanded freeboard (i.e. vesse1 diameter is larger 

at the top than at the base), the KCH pyrohydrolyzer is designed with a much 

narrower freeboard (as shown in Figure 1) to minimize the capital 

COSt.[I,22,53] As a result, the installation of a hot gas cyclone at the reactor 

exhaust, is essential for the recovery of any elutriated solids which are then 

subsequently fed back into the pyrohydrolyzer. 

Although the mass and volume of the fluidized bed is dependent upon the 

size of the reactor, the literature suggests that the bed is typica11y composed 

of 3-8 tonnes of oxide particles (when referring to iron oxide).[l] As the 

oxides within the bed grow gradually during pyrohydrolysis, and the finer 

particles circulate between the reactor and the cyclone, it is not surprising 

that typical solids retention times will range from 1-8 hours. Oxide 

discharge from the reactor is regulated by bed weight (i.e. constant windbox 

pressure). 

With regards to the manner in which pre-concentrated acid is introduced into 

the reactor, the literature has clearly revealed that the solution is not sprayed, 

but injected as a robust liquid stream (between % - 1 Yz" in diameter). This 

"rope-feeding" technique has been promoted by KCH to encourage the 

formation of large drop lets that will not be carried away by the upward 

flowing combustion gases, and actually remain in the bed.[1,15,22] This, in 

turn, provides the reactor feed liquor with the opportunity to be quickly 

distributed throughout the thoroughly mixed fluidizèd bed and ultimately 

ensure that the pyrohydrolysis reaction occurs on the surface of the bed 

particles; thus favouring oxide growth. 
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Three methods of pre-concentrated aeid injection are currently employed by 

existing installations.[1,53] KCH originally favoured the use oftwo or three 

titanium lances, equally spaced from one another around the circumference, 

to inject the pre-concentrated acid through the sides of the reactor, at 

approximately O.2m above the hearth. The lances were typically installed to 

ensure that the pre-concentrated liquor was injected downwards "toward the 

hearth. ln an effort to reduce ultrafine oxide formation when 

pyrohydrolyzing waste pickle liquor, DOF ASCO deeided to inject the pre­

concentrated acid vertically upward and parallel to the gas stream through 

three titanium lances, installed through the bottom of the reactor. Krupp 

Hoesch Stahl (Bochum, Germany) has also refrained from injecting through 

the sides of the reactor, and is currently feeding the pre-concentrated aeid 

downward into the vesse1 through a top lance located just above the bed. 

2.4 Pyrohydrolysis Fundamentals: 

Generally speaking, pyrohydrolysis may be described as the thermal decomposition 

of metal chlorides (MeClx), in the presence of water vapour and oxygen, into 

metallic oxides (MeyOz) and gaseous hydrogen chloride. Metal chloride 

pyrohydrolysis may be theoretically characterized by either of the following 

chemical reactions. [1,15,22] 

2MeCI(s,Lg) + H20(g) H Me20(s) + 2HCI(g) (3) 
MeCh (s,l,g) + H20(g) H MeO(s) + 2HCI(g) (4) 

2MeCb (s,l,g) + 3H20(g) H Me203 (s) + 6HCI(g) (5) 
MeC4(s,1,g) + 2H20(g) H Me02(s) + 4HCI(g) (6) 

2MeCh (s,l,g) + 2H20(g) + 1/.02 (g) H Me203 (s) + 4HC~g) (7) 
3MeCh (s,l,g) + 3H20(g) + 1/.02 (g) H Me304 (s) + 6HCI(g) (8) 
2MeCb (s,l,g) + 3H20(g) + 02 (g) H Me205 (s) + 6HCI(g) (9) 

The difference between the former and latter series of reactions is that the metal 

speeies undergo a change in valency (i.e. oxidation) during pyrohydrolysis reactions 

7 through 9. While the metal chloride may hypothetically be reduced to the metallic 
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state, it is less common during pyrohydrolysis as oxidizing (or at worst slightly 

reducing) conditions are typically maintained within both fluidized bed reactors or 

spray roasters. ln light of the basic chemical reactions shown above, 

thermodynamic and phase equilibria considerations . clearly suggest that metal 

chloride pyrohydrolysis is dependent upon; temperature, metal chloride 

stability/volatility, and oxygen partial pressure. 

1.4.1 Thermodynamic Considerations: 

Based on a review of the available literature[1,15,16,46,52], it appears as though single 

component Standard Gibbs Free Energy (AGO) has been generally used to predict 

how various metal chlorides behave when exposed to high temperature 

hydrolyzing conditions. One reference[l] has used the following "rule of thumb" 

in a general discussion on the pyrohydrolysis of several metal chlorides: 

• when AGo < -15 kcal/mole (the equilibrium constant, K > 1010), the 

reaction is expected to go to completion 

• the reaction is not very likely to proceed when AGo > 15kcal/mole (i.e. K < 

10-1°). 

Standard Gibbs free energy data (per mole of H20) of several metal chloride 

pyrohydrolysis reactions are provided as a function of temperature in Figures 4 

through 8. The manner in which the vapour pressure of these metal chlorides 

varies with temperature is shown in Figure 9. The need to take vapour pressures 

into consideration when discussing metal chloride pyrohydrolysis will become 

rather clear in the following paragraphs. 
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Figure 4: 

... zinc + cadmium * lead ... iron(IQ * iron QIQ 
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Standard Gibbs Free Energy as a function of temperature for the 
pyrohydrolysis of ferrous and gaseous ferric chloride, as well as 
zinc, lead, and cadmium chloride. [1] 

As mentioned previously, most of the existing acid regeneration installations 

involve ferrous chloride pyrohydrolysis. With the assumption that the above­

mentioned "rule ofthumb" is indeed valid, Figure 4 suggests that a FeCh solution 

will be fully pyrohydrolyzed at reaction temperatures of 900-1300K (i.e. 627-

1027°C). It is therefore, not surprising that most iron chloride pyrohydrolyzers 

maintain operating temperatures of 600-900°C. As far as ferric chloride is 

concemed, Figure 9 reveals that this trivalent compound is much more volatile 

than FeCh. It is generally accepted within the industry that aqueous ferric 

chloride injection into conventional spray roasters or fluidized beds results in 

instantaneous vapourization, and ultimately to the entrainment of the metal 

chloride vapour into the reactor offgas phase. [1,3,10,11,22,23,50] Despite the fact that 

the standard Gibbs free energy data (Figure 4) implies that temperatures as high as 

1400K (1127°C) are required for the gaseous ferric chloride pyrohydrolysis 
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reaction to go to completion, operating experience indicates otherwise. In fact, the 

literature suggests that FeCh hydrolyzes in the vapour state and results in ultrafine 

hematite formation that fosters a number of operating difficulties and 

inefficiencies within the more conventional acid regeneration processes. Clearly, 

even ferric chloride hydrolysis does not appear to be very well understood. 

With regards to lead and cadmium chloride, Figure 4 reveals that it is very 

difficult, thermodynamically to pyrohydrolyze the se compounds, even at 

temperatures as high as 1400K. While the standard free energy for ZnCI 

pyrohydrolysis reaches a minimum at 1000K, it is unfortunately still positive; 

therefore, the reaction may not necessarily go forward. The literature[l] does, on 

the other hand, suggest that if the ZnCI and water vapour concentrations are high 

enough, then the chloride will partially hydrolyze. 

Figure 5: 
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* iron ~IQ ... cobaIt(Il.IIQ 
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Standard Gibbs Free Energy Diagram for the pyrohydrolysis of 
ferrous, gaseous ferric, nickel, cobalt, and chromium (N) 
chloride. [I] 
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Based on the data provided in Figure 5, chromium oxide appears to be more stable 

than hematite. Unfortunately, the regeneration of Cr bearing pickle liquors in 

industry has revealed that the formation of highly volatile complex chromium (ID, 

IV) chloride species results in negligible Cr203 formation during pyrohydrolysis. [1] 

It is unknown whether the complex itself hydrolyzes in the vapour state, but 

operating experience with chromium bearing waste pickle liquors has confrrmed 

that the Cr will actually accumulate in the recirculating loop between the reactor and 

pre-concentration circuit. While the thermodynamic data (Figure 5) does not 

necessarily suggest that nickel and cobalt chlorides will convert into oxides when 

exposed to typical spray roaster or fluidized bed reactor operating conditions, 

these metal chlorides have been successfully pyrohydrolyzed at the commercial 

scale. The literature[I,15], once again, mentions that high reactant and low product 

concentrations are essential for reasonable NiCh and CoCh hydrolysis rates. 

Figure 6: 
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Standard Gibbs Free Energy Data for the hydrolysis ofMnCh over 
a range of temperatures into a number of manganese oxides. [1] 
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As shown in Figure 6, while manganese chloride pyrohydrolysis is not that 

favourable from a thermodynamic point ofview, one of the references c1aims that 

when a relatively concentrated MnCh solution reacts with excess water vapour, 

Mn203 and Mn304 are likely to form. [1] Figure 7 c1early reveals that silica, 

cassiterite (Sn02) and titanium dioxide are very stable over a wide range of 

temperature. As a result, it is not surprising that SiC4, SnC4, and TiC4 

hydrolyze readily, even at room temperature. 

Figure 7: 

+ tinOQ-tin(ll) 

-Ir tin{lV)-tin(ll) 

"* tin(IQ-tin(N) 

400 600 800 1000 1200 1400 1600 

TEMPERATURE (1<) 

Standard Gibbs Free Energy data illustrates that while TiCl4 & 
SiC4 hydrolyze readily, SnCh will transform into Sn02 & not 
SnOyl 

Finally, the Standard Gibbs free energy diagram for the hydrolysis of sodium, 

potassium, calcium, and magne siUm is shown in Figure 8. While the curves 

suggest that MgCh is likely to hydrolyze at temperatures in excess of 1200K, the 

other alkali earth metal chlorides are not expected to convert into oxide. 
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Figure 8: 
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Standard Free Energy Diagram for the pyrohydrolysis of alkali 
earth chloridesYl 

While the thermodynamic considerations provide a basic indication as to how 

various metal chlorides behave in the presence of high temperature hydrolysis 

conditions, the discussion was limited to single component systems. The presence 

of several metal species within a waste chloride solution (i.e. non-ferrous leach 

liquors) will certainly influence the hydrolyzing tendency of the mixture or the 

individual components involved, by affecting activities, though complexation in 

the aqueous phase, etc. This must therefore be taken into consideration when 

using the data in Figures 4 through 8 to predict whether a metal chloride in a 

multi-component solution will actually react with water vapour and oxygen at 

high temperature (as per either of reactions 1 through 9). Based on the 

literature[I,15,53] it appears as though the rather simplified thermodynamic data has 

been typically used along with pilot plant trials to select the reaction temperatures 

for most of the metal chloride solution pyrohydrolysis units currently in operation. 
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The thermodynamic data presented above also reveals that the stability of a metal 

chloride, in the presence of water and oxygen, is related to the valency of the 

metal species within the salt. The monovalent chlorides (e.g. NaCI, PCI) are 

extremely stable, and temperatures in excess of 2000°C are required for 

hydrolysis. Tetravalent compounds such as titanium, tin, and silicon chlorides are 

very instable and will readily convert into oxides. As for the di- and tri-valent 

metal chlorides, it appears as though temperature and the ability of the metal 

species to undergo a valency change are the dominant factors that influence the 

hydrolysis reaction. Aluminum chloride, for instance, hydrolyzes readily at 

relatively low temperatures (below 2oo°ci54
,55], and a minimum of 425°C is 

required for the hydrolysis of aqueous ferric chloride at atmospheric pressure. [15] 

While some divalent chlorides, such as nickel and cobalt chloride, may be 

pyrohydrolyzed at temperatures of 750°C and up, lead and cadmium chloride will 

never really convert into oxides. This may be explained by the fact metal chloride 

stability, which essentially governs hydrolysis tendency, is related to both metal 

valence state and ion size. 

In light of the fact that the trivalent metal chlorides appear to hydrolyze much 

more readily and at lower temperature than their divalent counterparts, it is 

reasonable to suggest that the ability to oxidize a divalent metal to the trivalent 

state should result in a more favourable pyrohydrolyzing tendency. The 

disadvantage with trivalent chlorides is that they are typically quite volatile (see 

FeCh, SbCh, & AsCh vapour pressures in Figure 9); therefore, pyrohydrolysis of 

these compounds may occur in the vapour state, and therefore result in the 

production of extremely fine oxides. 
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As mentioned previously, spray roasting and fluidized bed acid regeneration 

technology has been employed extensively by the steel industry during the last 40 

years for the pyrohydrolysis of waste pickle liquors. Despite this, the actual 

mechanisms behind FeCh.decomposition are still not yet fully understood. The 

concemed spent liquors are primarily composed of FeCh, with measurable 

quantities of FeCh and unreacted HCL While it is presumed that the FeCh 

pyrohydrolysis reaction is oxygen assisted to produce hematite (as per reaction 7), 

the actual mechanisms and order in which they occur, are still somewhat 

unknown[IJ. For instance, it is not c1ear whether ferrous chloride hydrolyzes to 

produce wustite (FeO) which is then further oxidized to hematite (as per reactions 

10 and Il), or whether the FeCh is oxidized to ferric and the latter is immediately 

pyrohydrolyzed to hematite. In fact, neither the scientists nor the engineers who 

have performed research or have practiced in the field of pyrohydrolysis have been 

able to provide an indisputable explanation of the phenomenon that occurs during 

the conversion of iron chloride to hematite. 
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2FeClz (s,l,g) + 2H20(g) H 2FeO(s) + 4HC1(g) 

2FeO(s) + lf.02 (g) H Fe203 (s) 

2FeClz (s,l,g) + 2H20(g) + lf.02 (g) H Fe203 (s) + 4HC~) 

3FeClz (s,l,g) + 3H20(g) + lf.02 (g) H Fe304 (8) + 6HC1(g) 

(10) 

(11) 

(12) 

(13) 

Assuming that ferrous chloride is pyrohydro1yzed to wustite and then subsequently 

oxidized to hematite, the enthalpies of reactions 10 and Il confmn that reaction 12 

is indeed exothermic at typical pyrohydrolysis temperatures (i.e. MIolloOK = -56.5 

kJ/mol Fe). If fuel rich conditions were maintained in the pyrohydrolyzer, FeClz 

might react with H20(vap) to produce magnetite, as per reaction 13 (MIO 1 lOOK = -17 

kJ/mol Fe). The oxygen partial pressure (P02) within the system obviously 

influences the nature of the oxide produced by the reaction (i.e. hematite or 

magnetite). The Fe-O-H-CI phase stability diagrams in Figures 10 and Il clearly 

illustrate that by decreasing the p02 from 10-2 to 10-5 atm (at 1100K), typical 

pyrohydrolyzer operating conditions (indicated by the square at the top right hand 

corner) approach the magnetite stability region. 

It is worth mentioning that despite the 1ack of any firm conclusions on the 

mechanisms behind the FeClz decomposition reaction, it does appear to be 

generally accepted that ferrous chloride pyrohydrolysis is a chemical vapour 

deposition process. [1,15,22] It is unclear as to how the authors have come to this 

conclusion. 
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Figure 10: 
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partial pressure of 10-2 atmosphere. [1 

With regards to Co Ch pyrohydrolysis, the literature review has revealed that a 

spray roaster is employed for the production of high grade cobalt oxide (CoO) by 

Union Minière (Métallurgie Hoboken) in Olen, Belgium, through a two step 

reaction mechanism which is dependent on the operating temperature. [1] While 

reaction 14 will proceed at temperatures as low as 460°C, much higher 

temperatures (T>870°C) are required for reactions 15, and ultimately 16, to go 

forward. 

3CoCh (s,l,g) + 3H20(g) + Va02 (g) H C0304 (s) + 6HC~) (14) 

C0304 (s) H 3CoO(s) + lf.02 (g) (15) 

3CoCh (s,l,g) + 3H20(g) H 3CoO(s) + 6HC4g) (16) 
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Given that CoO is known to react with HCI(g) to generate Ch (g) (see reactions 17 

and 18). at temperatures below 700°C, adequate controls are required when 

pyrohydrolyzing CoCh. In fact, if it is impossible to reliably control the offgas 

temperature, a chlorine removal stage must be integrated within the reactor exhaust 

system. 

Figure Il: 
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The Fe-O-H-CI phase stability diagram at 1l00K and an oxygen 
partial pressure of 10-5 atmosphere. [1] 

2.4.2 Oxide Nucleation & Growth Phenomena: 

As mentioned in section 2.3, when fluidized bed technology is used for acid 

regeneration purposes, the concentrated metal chloride solution is injected into a 

fluidized bed of oxides to ensure that the pyrohydrolysis reaction takes place on the 

surface of a particle. This is often referred to heterogeneous pyrohydrolysis. While 

previous research studies have failed to provide an accurate account of the physical 
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mechanisms that take place as a metal chloride transforms on the surface of the . 

granules in the fluidized bed, metallographic examinations have confrrmed that the 

final product is made up of several oxide layers (see Figure 12). 

Figure 12: Cross-sectional view of the oxides produced in a fluid bed reactor 
that illustrates the onion-skin structure (low magnification). [1] 

The resulting multi-Iayered calcine particle morphology is typically referred to as an 

onion-like structure. Common sense suggests that the onion-like configuration is 

the result of the following series of events. 

• At the start of the oxide growth cycle, given that the original nucleus is 

presumably a very small particle, it will undoubtedly be entrained by the 

fluidizinglpyrohydrolysis gases, and ultimately captured by the cyclone. 
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Nuclei particles are most likely the result of liquor drop let pyrohydrolysis in 

free space or bed particle fragmentation. 

• Upon returning to the bed via the cyclone underflow, the fine particle will 

very likely be coated with incoming liquor that subsequently pyrohydrolyzes 

and transforms into an oxide layer. 

• In light of the fact that layers are quite thin and numerous, it is reasonable to 

assume that the said particle circulates between the fluidized bed and the 

cyclone a number of times, before it is finally large enough to remain in the 

bed and eventually exit the reactor. The particle must therefore be coated 

with a metal chloride layer (which ultimately converts into oxide) during 

several of these cycles and therefore explains the rather long calcine 

residence times mentioned in Section 2.3.1. 

While the suggested onion-skin formation phenomenon is conceivable, it does not 

appear to have been confmned by fundamental studies or experimental work. It is, 

for example, quite possible that the multiple oxide layers are simply the result of 

periodic contact between the seed particles and the pre-concentrated acid feed, as the 

gradually growing calcine moves around in the bed. 

Given that a fluidized bed is made up of a number of oxide granules, particle size 

distribution plays an important role in goveming whether pyrohydrolysis occurs on 

existing calcine surface or in the free space between the solids. This results fromthe 

fact that for a relativelyconstant bed mass, the total surface available for the reaction 

is actually dictated by the size of the particles within the bed. Obviously, since finer 

particles have a higher surface area to volume ratio than larger granules, a finer bed 

dpso will naturally result in more favourable conditions for heterogeneous 

pyrohydrolysis (i.e. chloride conversion on the surface of calcine in the bed). 

-28-



t 

• 

The importance of the relation between partic1e size and pyrohydrQlysis efficiency 

within fluidized beds appears to be well understood by the industry as it has been 

addressed by several of the references.[I,I0,11,22,49,50,53] In addition to surface area 

considerations, uniform metal chloride distribution throughout the bed is also an 

essential requirement for heterogeneous hydrolysis. Assuming that adequate surface 

area is available for the reaction, the solution must coat nearly ALL of the solid 

partic1es within the bed to ensure that the majority of the metal chloride 

pyrohydfolyzes on existing calcine in the reactor. 

For the sake of completeness, it is worth mentioning that while a narrow particle 

size distribution is not necessarily required for heterogeneous pyrohydrolysis, the 

literature suggests that with relatively heavy oxides (i.e. hematite; s.g. = 5.7g/cm3) a 

wide distribution is undesired as it is likely to result in slugging behaviour in the 

bed. In fact, the literature review has revealed that a narrow partic1e size distribution 

of relatively fme calcine (typically 0.2-0.4 mm) is more favourable when dealing 

with iron oxide systems. 

2.5 Aqueous Metal Chlonde Transformation - State of Cu"ent Knowledge: 

The majority of the spent hydrochloric acid regeneration related technical 

publications that were reviewed during an initial benchmarking exercise dealt with 

overall process and/or specific equipment descriptionsy,3,4,7,8-12,15-18,20,22-26,49,50] 

The results of general plant scale testwork performed to demonstrate the 

importance of bed partic1e size and the need for adequate surface area for 

"heterogeneous " pyrohydrolysis were also provided. [1,10,11,22,49,50,53] 

Most of the available metal chloride pyrohydrolysis literature has been geared 

toward the thermal decomposition of iron (primarily ferrous) chloride solutions. 

Despite the number of studies undertaken in this area, there still appears to be sorne 

confusion as to the actual mechanisms behind the conversion of this relatively 

simple system (see equations 10 through 13). While thermodynamics suggest 
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otherwise, ferric chloride (which is also present in waste pickle liquors) is believed 

to decompose in the gaseous state and lead to the production of very fme hematite 

that results in plant operating difficulties. 

The fact that very general chemical reactions (see equations 1 through 9) are 

typically used to describe aqueous metal chloride pyrohydrolysis, further suggests 

that the conversion mechanisms are still not very well understood. The literature 

search has also revealed that the thermal decomposition of multi-component metal 

chloride solutions does not appear to have been studied very much either. 

Moreover, a few references[I,15,22,53] have c1aimed that aqueous metal chloride 

pyrohydrolysis in fluidzed bed reactors is generally presumed to be a vapour 

deposition process. Fundamentals, on the other hand, would suggest that once 

injected into the reactor, the nearly saturated metal chloride solution at T ~ 105°C 

would begin by boiling vigorously, followed by the precipitation of the metal salts 

contained within, dehydration, and eventually hydrolysis. 

In light of all this, as well as the fact that acid regeneration plant performance is 

highly dependant on the spent liquor pyrohydrolysis step, it was decided that a better 

overall understanding of the manner in which a metal chloride solution travsforms is 

certainly in order. Based on recent industrial experience[13-141, this is particularly 

true for multi-component waste liquors. Therefore, a secondary literature review 

was performed to benchmark any studies that may support the proposed 

transformation process or provide a more undisputable description of the 

mechanisms behind fluidized bed pyrohydrolysis, especially for multi-component 

systems. More specifically, the author has elected to focus on the transformation of 

an AI-Fe-Mg-Cl solution. 
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Given that thennodynamic modelling, usmg the FactSage Systeml and data 

generated by the F ACT Consortium, was also considered as a means to defining the 

aqueous AI-Fe-Mg-CI transfonnation process, efforts were also geared toward 

gathering as much solubility and thennodynamic data as is currently available for 

the system at band. The most relevant findings are summarized in the following . 

2.5.1 Chemical & Kinetic Considerations: 

Gardner and Messing[56] studied the evaporative decomposition of various 

magnesium solutions, inc1uding MgCh, into MgO. The characteristics of the salts 

were detennined using differential thennal analysis and thennogravimetric 

analysis. Tests were perfonned at heating rates of 10 and 100°C/min, and used 

either N2 or air as a purging gas at a flow rate of 250 ml/min. The samples used 

were in the order of 32.5 mg, and a temperature correction was applied to 

detennine the sample weight to initial salt weight ratio. Solutions of 1 M were 

prepared and atomized in the EDS (evaporation decomposition of solutions) 

furnace (Figure 13). 

For all experiments, a solution flow rate of 4 ml/min and an atomizer gas pressure 

of 0.13 MPa were targeted. The set-up yielded a median droplet size of 10 ~ in 

diameter. The nominal EDS furnace temperature ranged between 500 and 1000 

oC, and the furnace atmosphere was maintained by the atomizing gas. 

Upon heating MgCh·6H20 at 10°C/min, three distinct phases were observed. At 

temperatures less than 300°C, the sample underwent dehydration. In the range of 

400 to 800°C, the sample decomposed to MgO. In the early stages of hydrolysis 

(--450 OC), Mg(OH)CI was also identified in the sample. The corresponding 

reaction equations are: 

1 Thermochemical Software and Databases. Registered Trademark ofThermfasct Ltd. (except for 
ChemSage). 
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MgCh·H20 ~ Mg(OH)CI + HCI 

MgCh·H20 ~ MgO + 2HCI 

r-SOl. .. ITION 
f JI COMPP.ESSED AIR 

COOl.ING WA::.TE:R::::":" ~II~--,-.., }:~ 
. _MUl.LITE REACTION 

HEATING 
El.EMENT 

Figure 13: 

I.L-_-r-

Schematic of the EDS furnace. [56] 

(19) 

(20) 

The third phase involves the melting of anhydrous MgCh. At the melting point of 

714 oC, any anhydrous salt still present in the sample transforms to liquid. The 

liquid MgCh preferentially decomposes to MgO, therefore the formation of 

Mg(OH)Cl stops at this point. It is the authors' opinion that the general reaction 

of the EDS furnace is a combination of the two mechanisms. This is supported by 

their identification of both species in the samples at various stages of 

decomposition. The decomposition of MgCh is highly dependent on the partial 

pressure of water vapour during transformation. Peak temperature of 

decomposition was found to be 425 or 460°C, depending on the instrument, the 

peak temperature of the final stage of decomposition was 805°C, and the 
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temperature of full decomposition 830°C. When the heating rate was increased to 

100°C/min, the peak temperature of decomposition shifted to 530 oC, the peak 

temperature associated with the final stage of decomposition was 1117°C and the 

full decomposition temperature increased to 1080°C. Droplets sprayed in the 

EDS furnace at 1000°C produced partic1es of a fractured hollow sphere 

morphology. Crystal fur was observed where the sti11liquid interior of the droplet 

spilled when the hollow sphere fractured. The smooth surface of the partic1e 

suggests that the MgCh crust melted before hydrolyzing. Only partial 

decomposition of the chloride was observed at that temperature. 

Dutt et al. [57] have investigated the thermal decomposition of magnesium chloride 

hexahydrate in a muffle furnace. It was observed that initially, five of the water of 

hydration molecules evolve. Recalling equations 19 and 20, the resulting 

MgCh·H20 undergoes one of the two decomposition reactions. 

The first reaction (i.e. equation 19) begins at a temperature of 200°C, but it is 

extremely slow. This reaction is optimized at temperatures in the range of 450 to 

500°C, where it is very rapid and may go to completion in a short period of time. 

The second reaction (i.e. equation 20) begins at 500°C and is very rapid at 

temperatures over 650°C. It has been reported that at temperatures above 527°C, 

MgO is produced rather than Mg(OH)CI. It has been suggested that the 

equilibrium HCI pressure reaches 1 atm at 555°C, the temperature above which 

Mg(OH)Cl is unstable in the presence of HCI at 1 atm. The experiments were 

carried out in a muffle furnace at temperatures of 250-650°C. Tests in the range 

of 700 to 1000°C were performed in a kerosine-frred crucible furnace. 20g 

samples of MgClz·6H20 were used, and the samples were removed after a 

specified residence time, cooled, and weighed. The weight loss was used to 

estimate the nature of the decomposition products. It was observed that between 

350 and 450°C, the only product of decomposition was Mg(OH)Cl, as the weight 

loss remained constant with time. At temperatures above 650°C, the sample 
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converted completely to MgO and HCL Higher temperatures did not have a 

significant effect on the composition and percent recovery of magnesium, and the 

optimal temperature range was determined to lie between 700 and 750°C and the 

optimal decomposition time 90 to 120 minutes. 

Vilcu et alJs8] studied the kinetics of anhydrous FeCh hydrolysis, in the 580-

620°C temperature range. The purpose of this study was to develop a 

mathematical model of the conversion kinetics of the system. The tests were 

conducted in a H2 reducing atmosphere and the reaction observed was: 

3 FeCh (8) + 4 H20 ~ Fe304 (8) + 6HCI (g) + H2 (g) (21) 

When the H21H20 flowrate ratio was above 1.1, at T= 823K, the reaction occurred 

in 2 steps: 

3 FeCh (8) + 3 H20 ~ 3 FeO (8) + 6HCI (g) (22) 

3 FeO (8) + 3 H20 ~ Fe304 (8) + H2 (g) (23) 

The reaction rates were computed as: 

VR = Cwoaw / 4'tlllFeC12 (24) 

Where Cwo is the initial water stream concentration, aw the concentration ofwater, 

't the space time and mFeC12 the non-reacted FeCh mass. 

Significant amounts of a-Fe203 was found in the products, which was explained 

by the following reaction: 

Fe304 (8) + 2HCl (g) ~ FeCh (8) + '1.-Fe203 +H20 (g) (25) 

The kinetics data was analyzed using different models of solid-gas interaction. 

The control of the reaction rate by the diffusion of gaseous water through an 

adsorbed layer of gas at the solid partic1e surface was rejected. The non-reacted 
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core model was also rejected. Based on the data, the homogeneous model was 

retained. The homogeneous model, as described by Froment and Bischoff59
], can 

be applied to very porous material, when the transport through both reacted and 

non-reacted structures is relatively fast compared to the true reaction rate. 

Therefore, the kinetics are actually govemed by the reaction rate. It is assumed 

that there are no significant concentration gradients inside the partic1e. In other 

words, the particle reacts evenly throughout its whole volume, as opposed to from 

the outside in. 

The kinetic study resulted in the following equation: 

(Cwo/mo)(da/dt) = 380exp(-12l000IRT)(Cw)"3.z a<0.8 (26) 

where Cwo is the initial water stream concentration, mo the initial mass of FeClz, a 

is the fraction of FeClz converted, R the universal ideal gas constant, T 

temperature, and Cw is the water stream concentration. It should be mentioned 

that the experiment was conducted away from equilibrium cO:J;lditions. 

Dutrlzac and Riveros[60, 61] studied the precipitation of hematite from a ferric 

chloride solution. Other impurities were also present in the liquor. The two main 

equations describing the system under investigation were: 

FeCh + 2HzO ~ FeO'OH (akaganeite) +3HCI 

2FeCh + 3HzO ~ FeZ03 (hematite) + 6HCI 

(27) 

(28) 

At temperatures over 150 oC, the rate of hematite production is so fast, that the 

precipitate is composed uniquely of hematite. At 100 oC, reaction time had a 

significant effect on the composition of the product. During the first 20 hours of 

the experiment, the precipitates formed were composed exc1usively of akaganeite. 

The precipitates formed after 96 hours of reaction were composed exclusively of 
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hematite. The precipitates formed in between those periods were a mixture of the 

two. The results contirm that akaganeite is metastable relative to hematite, but that 

the akaganeite to hematite rate of transformation is slow. The authors propose the 

following mechanism that involves a combination of two pathways. The tirst 

involves akaganeite precipitating "fast" and reaching equilibrium with the 

solution. Once hematite starts precipitating from the ferric chloride solution, the 

equilibrium is upset, therefore dissolving the akaganeite back into the solution. 

The newly formed hematite seed promote the direct precipitation of hematite over 

that of akaganeite. The precipitation of hematite produces a more acidic solution, 

therefore inhibiting the further precipitation of akaganeite. The second 

mechanism is the direct transformation of akaganeite to hematite via a dissolution­

precipitation mechanism. The net result is the rapid conversion of akaganeite to 

hematite as weIl as direct precipitation of hematite from the solution. 

Tests were conducted to determine the effect of temperature on hematite 

precipitation. The range studied was 50 to 170 oC. A constant reaction time of 

two hours, and tive hours were investigated. Results indicated that as temperature 

is increased, more product precipitates, but as mentioned earlier akaganeite is 

present at lower temperatures. 

The study also demonstrated that the addition of hematite seed promoted the 

precipitation of hematite at the expense of akaganeite, and increased the rate of 

hematite precipitation. As expected from the goveming equation, a higher initial 

concentration of FeCh led to higher product yield, whereas higher HCI 

concentration led to decreased yields. 

The effect of other species in the starting solution was investigated. It was shown 

that adding sodium and calcium chloride to the solution decreased the hematite 

yield, but their presence had no signiticant effect on the purity of the precipitates. 
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Zinc chloride, on the other hand, did not modify the amount or the composition of 

the precipitates produced. 

As part of a study performed to define an alternative process for alumina 

production, Hamer, of Canmet[54] performed a few experiments to study AICh 

pyrohydrolysis. The proposed process consists of leaching the raw material, 

followed by a series of crystallization steps aimed at removing the impurities, and 

finally pyrohydrolyzing (calcining) the crystals to produce alumina. The flowsheet 

in Figure 14 illustrates the process in more detail. 

Fluldlz.d B.d 
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Mak.-Up HCI---@~~ 

---..... --Jr...-.... -~~--_R .. ldu. 

SIOZ _Product 

~-Alkali Brin. 

t:~ lb E~"~ •• 

AIZO, 

Figure 14: Flowsheet ofHCl process for fluidized bed ash.[54] 
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The main soluble impurities found in the solution were: Fe, Ca, Mg, K, and Na, 

the minor impurities were: V, Ti, Zn, Ni, P, Cu, etc. Quantities varied from one 

solution to the next, but all were present to a certain extent. 

Crystallization was achieved at low temperature (40-60 OC) by sparging HCI gas 

in the solution. It was observed that the solubility of AICh-6H20 dropped as HCI 

concentration of the solution increased, therefore sparging increased the 

precipitation rate. The crystallization of AICb·6H20 was not found to be too 

dependent on temperature, but the inclusion of impurities (NaCI, MgCh·H20 , 

etc ... ) was. 

AICb·6H20 decomposition in a fluidized bed reactor was observed to start at 

118°C, but complete conversion required calcining to about 1000°C. The method 

used in the study to remove the impurities was calcining to 400°C, then water 

leaching to remove non-reacted Ca, Na, Mg and K chlorides, followed by further 

calcining to 1100 OC. The composition of the final calcine is shown in Table 1. 

Table 1: Alumina by the hydrochloric acid-gas sparge process average of 10 
leach cycles, Jlg/g[54] 

Element Target lst 20d Water 
crystallization crystallization leached 

calcine 
Fe 200 >1000 42 24 
Si 115 84 52 60 

M2 12 >1000 102 14 
Ca 600 430 37 Na 
Cr 12 121 35 22 
V 11 107 6 Na 

Na 3000 >1000 >1000 Na 
Mn 12 18 >8 Na 
Zn 160 27 >25 Na 
Ti 30 37 5 Na 
p 4 Na na 35* 
K 40 52** na >6** 

na - Not analyzed 
* - average 5 samples 
** - one sample 
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Another experiment was conducted involving an aluminum chloride bearing 

liquor. The solution was subjected to evaporative crystallization to produce a dry 

(but not necessarily anhydrous) salt that was subsequently calcined for 3 hours at 

350 oc in a fluidized bed to produce a satisfactory calcine. A calcine of a tan 

brown colour, indicating conversion of ferric chloride to oxide, was considered of 

good quality. Under these conditions, magnesium chloride partially decomposed 

to oxides and oxychloride. Calcium, sodium, and potassium were not significantly 

decomposed. To purify the product, a water leach was performed. The final 

compositions are shown,in Table 2. 

Table 2: Analyses of calcine prodUCt.[S4] 

Calcine Wasbed Calcine 
3 Yz b 400 oC dried 105 oC 

m% m% 
Ah03 83.6 70.2 
Fe203 14.1 11.9 
CaO 2.67 0.05 
MgO 1.43 1.16 
P20S na 0.184 
Na20 na <0.01 
K20 na <0.01 
Cl 7.55 0.14 

LOI na 20.26 

High temperature (i.e. 150-700°C) hydrolysis kinetics of various single 

component metal chlorides (i.e. Fe, Ni, Mg, Cu, Zn, Mn, and Cd) were 

investigated by Chunpeng et al. [62] According to the experiments, the rate 

constants ofhydrolysis follows this order: 

k FeC12 » k MgC12 > kcoC12 > kNiC12 > kMnC12 > k ZnC12 > kcuC12 > kcdC12 

Given that the rate constant for FeCh hydrolysis is significantlY greater than the 

others, the authors daim that it is possible to selectively pyrohydrolyze this salt, in 
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the presence of air at 350°C, from a solution containing Fe, Ni, Mg, Co, Cu, Zn 

and Cd chlorides. It appears as though the non-ferrous impurities in the calcine 

were primarily in chloride form and were easily removed via a hot water leach. 

The kinetics of hydrolysis for FeCh and MgCh at a temperature of 400°C can be 

described as a chemically controlled process, which changes to a phase boundary 

process, whose rate is controlled by diffusion. In the initial period, the kinetics are 

first order, and may be represented by the following equation: 

( 
100 ) log =Ks ·t+B 

100-x% 
(29) 

Subsequently, the thermal decomposition of these salts is govemed by a second 

order relationship: 

dx ~2 -=km(l-vj +const. 
dt 

(30) 

where .t>1o is the extent of reaction and 8 is the rate equation. 

2.5.2 Physical Mechanisms: 

The mechanisms behind the evaporative crystallization of a salt from a liquor 

droplet exposed to a hot gas stream were studied by Charlesworth and Marshall[63] 

in the 1960's. A 275 J.lm droplet was suspended on a filament and an air stream 

was blown directly undemeath the drop let at different flow rates to control the rate 

of evaporation. Visual observations were made and the weight of the droplet was 

monitored. In all cases, a reduction in drop let size was initially observed with no 

signs of any solid phase. Solid precipitation fIfst appeared at the base of the 

drop let, and the crust grew symmetrically from the bottom up until the whole 

drop let was encased inside the crust. From then on, further drying depended on 

the physical properties of the precipitated salt. A summary of all the observations 
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made is provided in Figure 15. The chlorides tested were found to follow path Il. 

Drying rates for a droplet without crust formation were similar to a pure water 

drop let. 

Once the crust completely covers the droplet, the drying rate always decreases, but 

to a different extent depending on the behaviour of the crust structure. According to 

Charlesworth and Marshall, the water mass transfer mechanism trough a porous 

crust is by capillary force. 

CRUST STRUCTURE Sf;QUENCE" 

AM Tt ... ~""tufIU 

9-9-9-i1-...... , ...... ""'" ..... , l 
Alill TDlHllAlUftU 

loItO\'I: IOIUN' ,...T 

Figure 15: Appearance changes in drying droplets.[63] 

Taniguchi et al. [64] devised an experimental procedure that allows for the 

measurement of both drop let weight and temperature versus time as an aqueous 

sodium chloride solution droplet evaporates. When the drop let first started 

evaporating, a reduction in its size was observed with no appearance of crystals. 

The presence of crystals was first observed at the front stagnation point of the 

drop let. Crystallization occurred before the average concentration inside the 
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droplet reached its saturation point. The crystal then proceeded to grow in the 

form of a shell around the droplet. A local Sherwood number analysis reveals that 

it reaches a maximum at the front stagnation point. This may indicate that salt 

concentrations inside the droplet reach a maximum at the stagnation point, which 

would explain the location of the initial crystallization. The time of crystal 

appearance was found to be related to the free-stream velocities. A model was 

developed to describe the system. The system is illustrated in Figure 16, and the 

goveming model equations are presented in Table 3 and Figure 17. 

130mm 

Analytical balance 

tube 

O.2SmmC-A 
sheathed thermocouple 

Supporting polystyrene disk 
(D.=2.1mm,6' =l.Omm) 

drop 

Figure 16: Detail of supporting tube.[64] 
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Table 3: Basic equations for simulation. [64] 

Mass balance 

Heat balance 

Mass flux 

Heat flux 

Effective surface area 

Il 

dW 
--=N ·A 

dt A e 

dTp qG ·A-Â,·NA ·Ae +Qc 
-= 

dt CL ·W 

Qc = 
At . Kt (Too - Tp ) 

lt 

Sh(1-OJs) = 2 +0.6· Re~2. Sc1I3 

Nu = 2 + 0.6· Re~2. Pr1l3 

A = trDA (~D2 _D 2 +h) e 2 A S 

- . 
~(4h3_3D2h+D3)= (C-C )·W 
12 A A 100 Psc 

Evaporation 
ofWater 

Cystal1ization 
of Salt 

Figure 17: Schematic diagram ofproposed model.[64] 
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Link and Schlünder[65] have investigated the coating process of fluidized bed 

spray granulation by perfonning experiments on a single particle. The authors 

claim that the particles can grow in one of two ways: agglomeration and layering 

as shown in Figure 18. 

Figure 18: 

o 0 
o 0 

o 0 
ftuidized partides 

wetting 

e 
- ...... 0 G 

(:) 

• 
Agglomeration and surface layering during fluidized bed spray 
granulation. [65] 

Depending on the operating parameters, one of the mechanisms will dominate. 

The main parameters affecting growth of a particle are liquid feed concentration, 

viscosity, and surface tension. Agglomeration occurs when liquid is present in 

between particles. The fast drying of the solvent leaves a solid bridge binding 

particles together. Although agglomeration mechanisms favour an increase in the 

growth rate of particles, the resulting product in not mechanically "strong" and is 

likely to break apart. Figure 19 illustrates six different interactions. between 

droplet and particle, the frequency of which detennines particle growth rate and 

size distribution. In the experiment, a single particle of aluminum (inert to the 

coating solids) was sprayed intennittently to simulate the movement between wet 

and dry zones in the fluid bed reactor. 
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Figure 19: 
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Mechanisms detennining the adhesion-probability and therefore 
the partic1e growth rate. [65] 

J. G. M. deLau[66] was concemed with densities of oxides produced by the spray 

drying and roasting of sulfate solutions. Although most tests perfonned focused 

on the final densities of the resulting oxides, sorne observations are worthy of 

mention. At temperatures between 800 and 1000°C, only the metallic species 

found in dissolved fonn in the feed liquor were present in the final oxide partic1e. 

It was also found that the rapid evaporation of the solvent reduces the likelihood 

of segregation in the final product. When the solvent evolves very quickly, ions 

do not have the time to diffuse and therefore stay where they are. The end result is 

that the final product is very homogeneous in composition. This was the case in 

this system due to the high temperatures and the fine drop let size (high surface 

area for evaporation) in the range of lOto 20 J..l1l1. The resulting morphology of 

the partic1es was that of agglomerated, sintered, thin-walled hollow spheres. 

The high-temperature solid-state reaction of a mixture of oxides to fonn a multi­

component calcine was also discussed. The mechanism involves the mutual 

diffusion of. cations through the oxygen lattices by way of the contact areas 
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between the particles of the different oxides. Oxygen diffusion is not necessary. 

At those high temperatures, sintering also occurs, in which both cations and 

oxygen ions diffuse therefore reducing the active surface of the particle. Reaction 

temperature and residence time must be carefully chosen to obtain a good 

compromise between homogeneity and sintering activity. 

Chess et al.[67] are in agreement with deLau on the claim that rapid evaporation 

decreases segregation and produces a homogeneous product. Their work 

consisted of studying the production of sulfide ceramics from nitrates by 

atomizing aqueous solution in a 500 to 550°C oxidizing atmosphere and 

subsequent exposure to HzS at 1000 oC 

Panda et al. [68] have undertaken a study on spray granulation in a fluidized bed 

reactor. The paper mentions that the particles move randomly between 

humidifying and drying zones of the bed. This effect, combined with fines 

recycling via a cyclone gives rise to the layered, onion-skin morphology of the 

final product. Experiments were conducted on a single aluminum particle. The 

experimental set-up, as shown in Figure 20 consisted of a glass cylinder 150mm in 

diameter. A nozzle carries the drying air from the bottom with a velocity, V, 

towards the top. The fluidizing air temperature was regulated with the use of a 

heating element with a heat load, H. A thermo element (carrying the inlet air) was 

installed to touch the nozzle and was protected from liquid droplets by Teflon 

tape. The sample nucleus, made of aluminum of about 1.3mm in diameter, was 

suspended in the fluidizing air stream coming out of the nozzle (D). The solution 

is transported from a storage tank (cell) through a micro-(;osing pump (P) to an 

ultrasonic atomizer (Z) suspended from the top of the [ranulation chamber and 

was atomized. A carrier air stream was used to accelerate the 

coagulatedlagglomerated droplets (of about 40 J,1m). The droplets, which did not 

collide with the nucleus, were removed and carried away by a hot stream of air 
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coming out at a velocity, Vcarrier air. The temperatures of aIl inlet and exit air 

streams were measured and the signaIs were monitored with a data logger. 

The solutions that coated the particle consisted of aqueous sodium chloride (20%), 

calcium chloride (20%), lactose (16%), and maltodextrin (20%). Small amounts 

of polymer (PVP, CMC) were mixed with the lactose solution to modify its 

viscosity. Tests were conducted with various solution compositions, different 

drop let velocities, and a range of fluidizing air temperatures to determine growth 

kinetics. A summary of the experimental conditions employed is provided in 

Table 4. The morphology of the surface was examined, and densities and 

viscosities were measured. 

~.hAIr 

v CIInIer Àtr 

Figure 20: Experimental set-up to study spray granulation process. [68] 
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Table 4: Experimental Conditions[68] 

V washair 200 lIhr 

Distance between partic1e & nozzle 5mm 

Time between consecutive strokes 5 seconds 

Volume of liquid sprayed per stroke 4 JlL 

Number of strokes 600 

Duration of pause per 200 strokes for 3-5 min. 
sample drying 

It was discovered that the growth rate was dependent on fluidizing temperature. 

The range of temperatures investigated lies between 30 and 100°C and tests were 

conducted ·using droplet velocities of 31, 47, 74, and 93 cm/s. For the fluids 

tested, some maxima and minima were observed in the partic1e growth rate. 

These seemed to correspond to changes in physical characteristics such as optimal 

surface tension, temperatures, changes in wettability, and the formation of an 

amorphous phase. It was also observed that as the fluidization temperature 

increases, the dust production due to overspray also increases. 

It was concluded from the test with binder addition, designed to modify viscosity, 

that the growth rate increases with viscosity. This effect was predicted by Link[66], 

based on an energy balance. 

The morphology of the final partic1e was dependent on the coating used. Lactose 

displayed a crystalline phase at lower temperature, but revealed an amorphous 

coating at higher temperatures. In the case of sodium chloride, porosity increased 

as fluidizing temperature increased. 

T 0 summarize, partic1e growth rate reaches an optimal point as drying temperature 

is varied. Furthermore, the growth rate decreases with increasing droplet velocity, 

and the physical properties (such as surface tension and viscosity) were found to 

have a significant effect on particle growth rate. 
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Kleinbach and Riede[69] have studied the coating of solids on an inert fluidized 

particle bed. The coating material was composed of solids in a water-based slurry. 

It was found that the more dilute the slurry is, the more even the coating will be. On 

the other hand, it was reported that slurry dilution can lead to the partial dissolution 

of the solid to be coated which may be undesirable. If moisture enters ~demeath 

the coating, it may lead to cracking during subsequent drying steps. Spreading the 

slurry in small droplets leads to a good distribution but may also foster premature 

drying, causing fines and deteriorating coating quality. Bed temperature has a 

significant effect on drying rates, and may cause particles to stick together. 

2.5.3 Existing Al-Fe-Mg-Cl-H10 Thermochemical Data: 

2.5.3.1 Solid Hydrates: 

H20-AICll 

Aluminium chloride apparently forms only one hydrate, the hexahydrate 

AICh.6H20, according to the aqueous phase diagram at atmospheric pressure. [70] 

The hexahydrate is the only aluminium-containing solid phase observed in the 

AICh - H20, AICh - HCl - H20 and AICh - FeCh - H20 systems PO] 

Thermodynamic data are available for anhydrous aluminium chloride and for the 

aluminium chloride hexahydrate in the F ACT System. 

fuO-MgClz 

Six hydrates containing 12, 8, 6, 4, 2 and 1 molecules of water per molecule of 

magnesium chloride have been identified and their phase equilibria with aqueous 

solutions has been reportedPI,72] When in contact with a liquid solution under 

pressures greater that atmospheric, the tetrahydrate persists to a temperature of 

117°C and the dihydrate persists to 184°C. Magnesium also forms a solid 

hydroxy-chloride, or basic chloride, MgCIOH. The relative stability of the various 
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magnesium chloride hydrates and hydroxy-chloride solids at temperatures above 

the aqueous solution normal boiling point at atmospheric pressure will depend on 

the concentration ofwater and ofhydrogen chloride in the gas phase.[73] 

Thermodynamic data are available for the 1, 2, 4 and 6 hydrates at low 

temperature and ambient conditions (25°C, 1 atm). [73,74] Thermodynamic data to 

higher temperatures are available only for the magnesium chloride 0, 1 and 2 

hydrates and for the basic chloride in the F ACT System. 

Vapour pressure and other data, but not solubility data, for magnesium chloride 

aqueous solutions are summarised by Wang and PitzerPS] They indicate that the 

available thermodynamic data for the solid hydrates and the anhydrous phases is 

not of sufficient quality for accurate, aqueous solubility calculations. That is, the 

solids and aqueous solution thermodynamic data, cannot be used to accurately 

reproduce published solubility data, such as that of Linke. [70] While it would have 

been possible to refine or optimize the thermodynamic data to accurately 

reproduce aqueous solubility measurem'ents, it was decided not to for the reasons 

provided in Section 3.1.3. On the other hand, the available thermodynamic data 

are considered to be of sufficient accuracy to reasonably predict solid - gas phase 

equilibria. 

fuO-FeCI2 

The 6, 4 and 2 hydrates of ferrous chloride have been identified in the aqueous 

phase diagram. [70,72] When in contact with its aqueous solution, the dihydrate 

persists to temperatures higher than 120°C at pressures greater than atmospheric. 

No low or high temperature heat capacity or heat content data have apparently 

been measured for any of the iron II chloride hydrates. Only enthalpy of 

formation data at 25°C is available for the di- and tetra-hydrates. Detailed phase 

equilibrium modelling of the aqueous liquid - solid system would be required to 

accurately estimate the missing data. 
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fuO-FeCll 

The 10, 6, 3.5, 2.5 and 2 hydrates of ferric chloride have been identified in the 

aqueous phase diagram.!70.721 When in contact with its aqueous solution, the 

dihydrate persists over the temperature range 50 to 73.5°C, with only the 

anhydrous salt being in equilibrium with the solution at higher temperatures; 

2.5.3.2 Multicomponent Systems with Water 

fuO-MgCI2-FeCI~ 

Afonichkin and Gaidukova[76] investigated solubilities in this system at 

temperatures of 0, 15 and 25°C. They found substitution between magnesium and 

iron II in the hexahydrate and in the tetrahydrate. Similar substitution is found in 

the anhydrous salts (Mg,Fe)Ch where a continuous series of solid solutions has 

been reported in the binary system. [77] Substitution of iron II for magnesium II has 

been found to be very common in the solid oxide systems studied by the F ACT 

Group. [78] This is because magne sium II and iron II have a similar ionic size. 

Consequently, sorne substitution of magne sium by iron II in the magnesium 

dihydrate, the monohydrate and hydroxy-chloride there would be expected to 

occur. Unfortunately, no experimental information is available on these latter 

systems; therefore, pure magnesium chloride salts (in either hydrated and 

hydroxy-chloride form) would have to be used for any thermodynamic modelling 

exercise. 

fuO-AICI,rFeCll 

An extensive series of solid solutions has been reported in the anhydrous binary 

system[79] but neither of the concemed compounds are expected to form at the 

conditions maintained in typical MeClx pyrohydrolyzers. No evidence of atomic 

substitution has been reported in the solid hydrates. [70] This is probably because 

of the strong tendency of aluminium atoms in salts to direct bonding with water, 
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thus producing the hexahydrate grouping in the solid. Iron III does not have the 

same inclination in the salt; therefore, anhydrous ferric chloride can exist in 

equilibrium with its aqueous solution. AIso, there is sufficient difference in the 

ionic size of aluminium III and iron III to give only limited substitution and wide 

miscibility gaps in the aluminium - iron III oxide systems studied by the F ACT 

GroupPS] 

2.5.3.3. Chloride Formation Reactions ofMe&~ with HClUù: 

The chloride formation reactions of metal oxides with HCI gas and the reverse 

reactions were studied by Kasaoka et al. [SOl to obtain basic information about the 

corrosion of materials, recovery of waste catalysts, mineraIs with volatilization of 

chlorides, and the catalytic mechanism of the Deacon reaction or oxychlorination. 

The experiments were carried out by using a thermobalance, X-ray diffraction, and 

gas analysis under atmospheric pressure and at temperatures in the range 25-

500°C. Inlet gases were composed of 0-1.5% HCI, 0-21 % O2, 0 or 4% H20, N2, 

etc., and the total gas flow rate was 500cm3/min for 80mg of metal oxides. The 

metal oxides were mainly prepared by the precipitation reaction of metal salts 

with NaOH at 70 or 100°C. The following results were obtained. 

(1) The chloride-formation reactions are brought about by 

MO+2HCI =MCh+H20 

for MO (MgO, CaO, NiO, CuO, ZnO, PbO, HgO, etc.) and by 

MxOy + 2y HCI = x MCh + y H20 + (y-x) Ch (31) 

for MxOy (V20S, Mn203, Mn304, C0304, Pb304, Pb02, etc.). 

AIso, for CuO above approximately 300°C the reaction of 

CuO + 2HCl = CuCI + H20 + (1I2)Ch occurs. (32) 
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Alz03, Si02, Cr203, Fe203, Fe304, zr02, Ce02, W03, etc. do not react under the 

present conditions. 

(2) The chloride-formation reactions (Eq. 31) are the combination of 

MxOy + 2x HCI = x MClz + x H20 + [y-x)/2] O2, and 

MClz + (y/2x) 02 = (l/x) MxOy + Clz (33) 

which is the decomposition-oxidation reaction of metal chloride (MClz) with 

oxygen (02). 

(3) The decomposition-oxidation reactions of chlorides in water vapour are 

given by 

MClz + (y/x) H20 = (l/x) MxOy + 2HCl + [(y/x) - 1] H2 (34) 

at lower temperatures, and by 

MClz + H20 = MO + 2 HCI (35) 

at higher temperatures. AIso, in the mixtures of oxygen (02) and water vapour 

(H20), it is shown by 

MClz + [(y-x)/2x] O2 + H20 = (l/x) MxOy + 2 HCL (36) 

(4) The catalytic mechanism of the Deacon reaction 

4 HCI + O2 = 2 Clz + 2 H20 

was elucidated in terms of the combination ofEqs. 31 and 33. 
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2.6 Summary ofFindings: 

The aforementioned studies can be used to help explain the mechanisms behind high 

temperature metal chloride hydrolysis. However, neither is specific enough to 

provide an accurate or undisputed account of the reactions that take place as a nearly 

saturated aqueous solution is introduced into a typical fluidized bed reactor. 

Furthermore, other than the studies performed by Dutrizac et al.[60,61], Hame~54], and 

Chunpeng et al. [621 , most of the aforementioned research was performed with single 

component systems. 

Given that nearly saturated solutions at -105°C are typically injected into fluidized 

bed pyrohydrolyzers, MeClx precipitation will no doubt occur, but will the crystals 

be hydrated or anhydrous? If anhydrous, will the salt melt prior to hydrolysis? Will 

complexation, which often takes place in concentrated chloride solutions, lead to the 

formation of multi-component crystals (i.e. FeMgCh)? How will these salts 

-subsequently hydrolyse? The ability to optimize multi-component chloride 

pyrohydrolyzer performance lies (at least partially) in the answers to these questions. 

Sorne of the findings that may prove useful in helping to defme aqueous AI-Fe-Mg­

Cl hydrolysis (i.e. conversions process) are summarized below. 

Firstly, Gardner and Messing[56] reported that when heating MgCh·6H20 rather 

slowly at 10°C/min., the salt undergoes dehydration until the temperatures reaches 

300°C, followed by partial decomposition to Mg(OH)CI at --450°C, and ultimately 

full hydrolysis. Given that the experiments were performed in the presence of a 

N2 or air atmosphere, the presence of molten MgCh at higher temperatures (i.e. 

714°C) may be explained by the lack of H20 for hydrolysis. Moreover, it was 

shown that at heating rate of 10°C/min, the temperature of full decomposition was 

805°C. This temperature increasedto 1080 oC with a heating rate of 100°C/min. 
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Based on the infonnation provided by Dutt et al. [57], it is possible to dehydrate 

MgCh'6H20 at temperatures as low as 200°C, and the resulting monohydrate may 

begin to decompose, albeit very slowly, at that point. Furthennore, the authors 

c1aimed that MgCh'H20 decomposes preferentially to MgO at temperatures in 

excess of 527°C. While optimum hydrolysis conditions were reported to lie 

between 700 and 750 oC and a residence time of 90 to 120 minutes, a minumum of 

650°C is required for the complete transfonnation of the salt. 

Vilcu et al.[58] developed a mathematical model for the kinetics of anhydrous 

FeCh hydrolysis, in the 580-620°C temperature range and H2 reducing 

atmosphere. 

When the H21H20 flowrate ratio was above 1.1, at T= 823 K, the reaction 

occurred in 2 steps: 

3 FeCh (s) + 3 H20 H 3 FeO (s) + 6HCI (g) (22) 

3 FeO (s) + 3 H20 H Fe304 (s) + H2 (g) (23) 

The reaction rates were computed as: 

(24) 

Where ewO is the initial water stream concentration, C1.w the concentration ofwater, 

't the space time, and mFeCl2 the non-reacted FeCh mass. 

Significant amounts of a-Fe203 was found in the products, which was explained 

by this reaction: 

Fe304 (8) + 2HCI (g) H FeCh (s) + a-Fe203 +H20 (g) (25) 

Based on the data, Froment and Bischoff's[59] homogeneous model was retained 

and it was conc1uded that the kinetics were actually govemed by the reaction rate. 
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The kinetic study resulted in the following equation: . 

(CwO/Illo)(da/dt) = 380exp(-121000IRT)(Cwr3.2 a<0.8 (26) 

where Cwo is the initial water stream concentration, Illo the initial mass FeCh, ais 

the fraction of FeCh converted, R the universal ideal gas constant, T temperature, 

Cw water stream concentration. Related experiments were conducted away from 

equilibrium conditions. 

Dutrizac and Riveros[60,61] studied the precipitation of hematite from a ferric 

chloride solution. Other impurities were also present in the feed liquor. The two 

main chemical reactions describing the system under investigation were: 

FeCh + 2H20 ~ FeO·OH (akaganeite) +3HCI 

2FeCh + 3H20 ~ Fe203 (hematite) + 6HCI 

(27) 

(28) 

At temperatures over 150 oC, the rate of hematite production is so fast, that the 

precipitate is composed uniquely of Fe203. At 100°C, reaction time had a 

significant effect on the composition of the product. The results confirm that 

akaganeite is metastable relative to hematite, but that the akaganeite to Fe203 rate 

of transformation is slow. 

The study also demonstrated that the addition of hematite seed promoted the 

precipitation of Fe203 at the expense of akaganeite, and increased the rate of 

hematite precipitation. 

Hamer[54] reported that AICh ·6H20 decomposition in a fluidized bed reactor was 

observed to start at 118°C, but complete conversion required calcining to about 

1000°C. The aluminum chloride was precipitated from a solution containing Fe, 
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Ca, Mg, K, and Na. The process actually consisted of calcining to 400°C (to 

oxidize the Al & Fe), then water leaching to remove unreacted Ca, Na, Mg and K 

chlorides, followed by further calcining to 1100 oc. The aforementioned solution 

was also subjected to evaporative crystallization to precipitate a dry (but not 

necessarily anhydrous) AICh salt that was subsequently calcined for 3 hours at 350 

oC in a fluidized bed. A calcine of a tan brown colour, indicating conversion of 

ferric chloride to oxide, was produced. In this case magnesium chloride partially 

decomposed to oxides and oxychloride 

Based on high temperature (i.e. 150-700°C) hydrolysis kinetic studies performed 

by Chunpeng et al.[621, the rate constant for FeCh hydrolysis is significantly 

greater than that of MgCh. As a result, the authors claimed that it is possible to 

selectively pyrohydrolyze iron chloride, in the presence of air at 350°C, from a 

solution containing Fe, Ni, Mg, Co, Cu, Zn and Cd chlorides. It appears as though 

the non-ferrous impurities in the calcine were primarily in chloride form and were 

easily removed via a hot water leach. 

With regards to the physical mechanisms behind· aqueous metal chloride 

conversion, Charlesworth and MarshaIl[631 as weIl as Taniguchi et al.[641 claimed 

that when exposed to "evaporative" conditions, the first appearance of the solid 

phase was observed at the bottom of a salt bearing liquor droplet. Furthermore 

both studies revealed that the crust grew symmetrically from the bottom up until 

the entire droplet was encased within the solid phase. Taniguchi et al. claimed that 

crystallization occurred before the average concentration inside the droplet reached 

the saturation point. 

Research related to the coating process observed during fluidized bed spray 

granulation was conducted by Link and SChlünder[651, Panda et al.[681, as weIl as 

Kleinbach and Riede[691. The most noteworthy findings of the given studies may 

be summarized as follows: 
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1. bed partic1es can grow in one of two ways: agglomeration and layering 

(i.e. onion-skin morphology). 

2. the main parameters affecting partic1e growth are liquid feed 

concentration, viscosity, and surface tension. 

3. while uniform liquor distribution throughout the bed is favourable, liquor 

droplet size must be controlled to avoid fines formation and deteriorating 

coating quality. 

4. bed temperature has a significant effect on drying rates, and may cause 

partic1es to stick together. 

As far as the available thermochemical data is concemed, other than the MgCh­

FeCh-H20 sub-system, there does not appear to be any evidence that other mixed 

metal salts (anhydrous or hydrated) form in the combined AICh-FeCh-FeCh­

MgCh-H20 system. AlI available information indicates that in the other cases, 

the concemed metal salts will precipitate as pure chloride hydrates or ailhydrous 

chloride from the concentrated solution of interest. On the other hand, the solid 

solubility of iron II in magne sium chloride dihydrate, monohydrate, and hydroxy­

chloride has not been measured and would require an experimental investigation. 

The literature review also revealed the lack of thermochemical data for both the 

aqueous solution phase, as weIl as solid compounds likely to be in equilibrium 

with the chloride solution. 

With aIl of the aforementioned considerations in mind, three phases worth of 

experimentation was performed to characterize the transformation process that takes 

place as a saturated AI-Fe-Mg-CI solution at ~105°C is exposed to typical 

pyrohydrolyzer operating temperatures (i.e. 850°C). Efforts were geared toward 

defming the sequence of reactions that take place as the liquor gradually transforms 

into oxide. The results are expected to help explain the differences in fluidized bed 
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reactor behaviour, when employed to treat single versus multi-component metal 

chloride solutions. 
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3.0 EXPERIMENTAL FACILITIES & METHODOLOGY : 

3.1 General Approach & F acilities: 

3.1.1 Lab Scale Fluidized Bed Pyrohydrolyzer: 

In an effort to defme nearly saturated MeClx liquor conversion mechanisms, initial 

plans consisted of building a laboratory scale fluidized bed pyrohydrolyzer, 

complete with an offgas cyclone and gas scrubbing facilities (see Figure 21). The 

proposed apparatus would have allowed for a more accurate simulation of the 

gaseous atmosphere and dynamics within the reactor, as well as thorough mass 

balance calculations. While this would have been ideal, the author's experience 

with a similar but much larger pilot acid regeneration facility revealed that the given 

lab installation would have been virtually impossible to operate reliably. 
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Figure 21: Schematic of proposed lab scale pyrohydrolysis set-up. 
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Based on personal experience with a similar bench scale set-up for an unrelated 

project, the ability to pre-heat the incoming gases to the targeted operating 

temperature would have been extremely difficult and would have required a 

ridiculously large heat exchanger. Furthermore, experience with a similar pilot 

facility revealed that it would have been literally impossible to reliably feed the 

saturated liquor (i.e. pre-concentrated acid) into the reactor due to MeClx salt 

precipitation in the lance and the feed Hne. Even the use of heat tracing coupled 

with a very sophisticated control system would have been insufficient to avoid 

crystallization in the piping to the reactor. Feed line and lance blockage would have 

been further amplified by the very small diameter needed to maintain typical 

solution injection velocities. 

In addition to the aforementioned considerations, a careful review of the concemed 

lab .scale installation revealed that it was not very likely to shed any more light on 

the transformation mechanisms than the fully instrumented pilot plant at the author's 

disposition. As a result, it was decided to proceed with the series of experimental 

studies (three phases) briefly described in Section 1.3. 

3.1.2 FTIR-TGA: 

Theoretically, the use of Fourrier Transform Infra-Red spectroscopy (FTIR) 

combined with ThermoGravimetric Analysis (TGA) would have been preferred to 

define the sequence of reactions that take place as the saturated MeClx liquor 

transforms into oxide. The two analytical techniques complement one another as 

the reaction products are identified through spectrographie analysis while the TGA 

unit (Figure 22) monitors sample mass. Combined the results can be used to define 

the reaction taking place at a specifie temperature. When coupling a TGA unit to a 

FTIR system, any gas ions that evolve from the feed sample as its temperature 

increases are directed towards the FTIR device that uses discrepancies in light 

wavelengths to identify the molecular bonds in a compound. Therefore by 

combining TGA with FTIR, it is possible to better define the nature of the reaction 
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that takes place during a specifie change in mass, as any gaseous reaction products 

will have been identified. 

Unfortunately, FTIR-TGA could not be used to characterize the transformation 

process for the system at hand for the following reasons. Firstly, the FTIR is 

sensitive to corrosive gases and is therefore incapable of accommodating the 

HCI(g) generated by the pyrohydrolysis reactions. Furthermore, the presence of 

water vapour (produced during evaporation and purposely injected to simulate 

typical pyrohydrolyzer atmosphere) hinders FTIR analysis. Given that the starting 

solution contains several components and that the actual reaction mechanisms are 

unknown, the interpretation of the thermograms without the FTIR analysis results 

would have been virtually impossible. 

Figure 22: Typical TGA Unit. 
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3.1.3 Thermochemical Modelling of the Transformation Process: 

As mentioned in Section 2.5, the use of the FactSage System and data generated by 

the F ACT Consortium was also considered as a means to defming the aqueous AI­

Fe-Mg-CI conversion process. Unfortunate1y, the literature review revealed: 

~ a deficiency in thermochemical data for both the aqueous solution phase, 

as well as for the solid compounds likely to be in equilibrium with the 

chloride liquor. 

~ that the precipitation of simple metal chloride salts, from the starting 

solution, would have to be assumed due to the lack of any data that would 

suggest otherwise. 

~ that the solid solubility of iron n in magne sium chloride dihydrate, 

monohydrate, and hydroxy-chloride has not been measured and would 

require an experimental investigation. 

Furthermore, fundamental considerations would suggest that heat transfer and 

kinetics, rather than equilibrium thermochemistry, would play a major role in 

determining the most likely phase assemblages at lower temperature. Therefore, 

detailed thermodynamic modelling would have to be restricted to temperatures of 

200°C and above, and to non-aqueous oxide and chloride salt phase plus gas 

equilibria. These assumptions were believed to grossly oversimplify the system 

and cause the concemed results to be open to considerable interpretation. 

Moreover, a few preliminary calculations also revealed that both the iron and 

aluminum chloride pyrohydrolysis reactions are irreversible and would most likely 

be under kinetic control. Magnesium chloride hydrolysis is reversible at lower 

temperature, where its chlorides are stable, and irreversible at higher temperature. 
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Therefore, the thermodynamic modelling results would only serve as a first 

approximation of the transformation process. 

As a result, it was decided to proceed with the experimentation described in the 

sections that follow, and that thermochemical modelling be used to help interpret 

the results of the studies undertaken to define the saturated AI-Fe-Mg-CI solution 

pyrohydrolysis process. 

3.1.4 Phase 1: Liquar Respanse ta High Temperature 

Initially, testwork was performed with a simplified experimental set-up to study 

the physical behaviour of the concemed chloride solution as it is exposed to a bed 

of oxides at 850°C (i.e. typical reactor operating temperature), and ultimately 

identify the various phases of the transformation process. Visual observations, 

temperature measurements, chemical analyses and mass balance calculations were 

used to develop a preliminary understanding of the mechanisms by which the 

saturated AI-Fe-Mg-Clliquor pyrohydrolyzes. The experimental set-up employed 

for the given study is shown in Figure 23. 

The trials were performed by injecting a fixed quantity of the saturated solution 

onto a known mass of iron oxide partic1es (from an industrial fluidized bed 

reactor). A Brinkmann Eppendorf Research Series 2100 adjustable volume 

pipette (available from Fisher-Scientific) was employed to ensure that a constant 

volume of solution was used for each test. The accuracy of the instrument was 

reported to be approximately +/-1 % for a volume of 850J.lL. 

The oxide partic1es were evenly spread as a' thin layer over the base of a shallow 

Pyrex crucible. The bed was heated to the targeted system temperature with the use 

of a natural gas-fired Bunsen bumer, located be10w the horizontal centre of the 

crucible. A spring loaded contact thermocouple (custom made by the Cole-Parmer 

Instrument Co.) was placed on the surface of the oxide layer and used to measure 
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and control the operating temperature. The shaft and housing were made of Inconel 

600, due to the rather corrosive nature of the liquor, and the response time was 

reported to be 30 seconds. Given that this probe was simply used to set and control 

the bed temperature at 850°C during the tests, quicker response times were not 

deemed necessary. A Digi-Sense® Dual thennometer (also from Cole-Panner) was 

used to display the oxides surface temperature on a continuous basis. The accuracy 

of the unit was reported to be +/-0.1% or 0.85°C in this particular case. 
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Figure 23: Experimental set-up employed to study physical behaviour of 
saturated feed liquor subjected to 850°C. 

The second Type K thennocouple (i.e. fast-response, small diameter) was used to 

measure the temperature of the atmosphere 2mm above the surface of the oxides, 

prior to introducing the liquor into the crucible. This probe was subsequently used 

to measure the feed liquor temperature during transformation. As a result, an 

Inconel 600 shaft and quickest available response time was specified to Cole­

Parmer during the purchase of these custom built thennocouples. The response 

time was reported to be 3 seconds (10 to 30 seconds is typical for standard 

probes). The temperature profile was recorded with the use of a Hewlett Packard 
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Data Logger (Model No. 34970A) and related BenchLink Software. Efforts were 

made to ensure that the thermocouple was consistently located in the centre of the 

pool of liquid, and that it remained in contact with the sample until the very end of 

each test mn. The accuracy of the data acquisition system was also reported to be 

+/-0.1%. 

A two litre batch of the concentrated liquor was prepared by adding certified 

reagent grade salts to hydrochloric acid (18 wt% HCI) for each series of tests. 

Related details are provided in Section 3.2.1.1. Subsequently, a Thermolyne 

MIRAK Hot-Plate with integrated temperature controller (Model No. 72725) and 

magnetic stirrer was employed to maintain a constant solution temperature of 

105°C and to continuously agitate the bath (for homogeneity). This temperature 

was selected, to avoid further concentrating the liquor (i.e. boiling point 

approximate1y 125°C at atmospheric pressure), and to simultaneously minimize 

the risk of metal chloride precipitation. Despite this, distilled water was 

periodically added to the solution to make up for any evaporation that may have 

occurred during the course of a test run. A Fisherbrand precision specific gravity 

hydrometer (with integrated thermometer) with a minimum accuracy of +/-0.9% 

was used to continuously monitor solution density and to estimate required water 

additions. Liquor samples were also periodically taken throughout the course of 

the experiments to ensure that the composition did not drift in time. 

The physical behaviour of the solution, when exposed to the hot oxide surface, 

was recorded with the use of a Sony Hi8 Handycam (CCD-TRV70). 

3.1.5 Phase II: Crystallization Path During Evaporation 

The results obtained during the aforementioned simplified pyrohydrolysis 

experiments revealed that during the vigorous boiling phase, the chloride liquor 

temperature ranged from approximately 140-170°C. At the end of the solution 

densification stage, the liquor temperature had risen to 260°C. Given that neither 
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FeCh, FeCh, MgCh, or AICh are expected to melt at such low temperatures, 

fundamentals would suggest that the violent boiling and viscous phases may be 

characterized primarily as the solution concentration and metal chloride (MeC lx) 

precipitation phases. In other words, as the H20 is driven from the solution, the 

liquor becomes supersaturated and MeClx crystallization occurs. 

In light of this, controlled evaporative crystallization experiments were conducted 

under pseudo-equilibrium conditions to define the MeClx'yH20 precipitation path 

that takes place during the vigorous boiling phase (i.e. H20 evaporation) and to 

determine whether the chlorides precipitate independently or as complex 

compounds. 

Ideally, the ability to reproduce a gradually increasing temperature profile (as would 

occur upon liquor injection into the pyrohydrolyzer) during the experiments would 

have been preferred. Unfortunately, given the difficulties with sample manipulation 

at higher temperature (due to spontaneous MeClx precipitation), the crystallization 

tests were performed at 105°C under progressively increasing vacuum, to maintain 

gentle boiling conditions and to gradually concentrate the liquor until at least 50% 

of the water in the saturated liquor of interest had evolved. The ability to further 

concentrate the solution was hampered, once again, by difficulties with sample 

manipulation due to uncontrollable MeClx precipitation. The selected system 

temperature was based on the fact that saturated liquor is typically at 105°C as it is 

injected into the acid regeneration reactor. 

Clearly, the proposed crystallization experiments do not simulate the dynamic 

intense boiling that takes place as the AI-Fe-Mg-CI solution is injected into the 

pyrohydrolyzer. On the other hand, based on the author's personal experience as 

well as discussions with several experts in the area of MeClx precipitation (e.g. G.P. 

Demopoulos, McGill University, R. Farrell & J. Sendra, Swenson Process 

Equipment, D. Le Flammec, GEA Kestner S.A.S), the selected approach was 
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considered to be the best possible compromlse. Given that a rather slow 

evaporation rate was employed and that the system was allowed to equilibrate for 15 

minutes prior to solution and crystal sample acquisition, the resulting procedure is 

believed to simulate pseudo-equilibrium conditions. As far as crystallization path 

definition is concemed, this procedure was also expected to produce reasonable 

sample quality and therefore, the most meaningful and reliable results. 

A schematic illustration of the experimental set-up employed for the given study is 

shown in Figure 24. At the start of each test ron, a known volume of the metal 

chloride solution was placed into an airtight heavy-walled, agitated Pyrex kettle 

(4L capacity) equipped with an electric heating mande. CAL 3200 autotune 

controllers were employed to regulate the heating mande setting and maintain a 

constant liquor temperature of 105°C during the experiments. Given that the 

boiling point of the saturated solution at atmospheric conditions is approximately 

125°C, an eductor was used to gradually lower the pressure (i.e. apply vacuum) in 

the kettle to initiate and maintain gentle boiling for solution concentration 

purposes. The system temperature was controlled to within +/-1 oC. 

VENT 

SEALED ""'-+--'...--.---+---1 
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HCITRAP 
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CONDENSATE 
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Figure 24: Experimental set-up for the evaporative crystallization tests. 
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At the onset of boiling (t=O), time and the total pressure in the system were 

periodically recorded. The degree of evaporation (or solution concentration) was 

determined over time by collecting and measuring the amount ofwater vapour and 

HCI(g) that evolved from the system. The eductor aspirated the vapour through a 

condenser that served to collect the gases in liquid form within a volumetric flask. 

A vapour trap, filled with 200ml of IN NaOH, was used to ensure that any 

uncondensed HCI was recovered. It should be mentioned that a number of initial 

experiments were performed to define the most suitable vapour trap for maximum 

HCI capture. 

As the solution became more concentrated, its boiling point increased; therefore, 

the kettle pressure was periodically lowered (in step-wise fashion) to maintain 

boiling at 105°C. Prior to increasing the vacuum in the system (at the end of each 

step), the mass of the condensate was measured, the degree of evaporation (DOE) 

calculated, and the [HCI] in the condensate was determined by titration (using 0.1 

N NaOH). Similarly, after each vacuum (or concentration) step, the NaOH within 

the vapour trap was analysed to account for any HCI vapours that made it past the 

condenser. 
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Figure 25: Schematic of the hot filtration unit. 
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The slurry samples, taken at specific degrees of evaporation, were vacuum filtered 

using a double-wa11ed Buckner funnel through which hot oïl (l20°C +/- 1°C) was 

circulated. For DOE's of 45% or less, solution samples were aspirated through 

the W' heavy gauge Teflon tubing with the use of an eductor and co11ected within 

a preheated volumetric flask. Heat tracing was used to ensure that MeClx 

precipitation did not occur within the solution sampling line A schematic 

illustration of the hot filtration unit is shown in Figure 25. 

The resulting solution and crystal samples were submitted for chemical analysis to 

define the crystallization path. Due to their extreme hygroscopic nature, the 

chloride crystals were stored in sealed bags, kept within a desiccator, and 

submitted for analysis as soon as possible. 

3.1.6 Phase III: Characterizing the Solution Transformation Process as a 
Function of Temperature 

The results of the simplified pyrohydrolysis experiments described in Section 

3.1.4 revealed that as the feed sample temperature approaches 300°C, a11 of the 

solvent water has been driven from the saturated liquor. Fundamental 

considerations would suggest that at this point, the evaporative crystallization 

phase is essentially complete, and the precipitated metal salts begin to or are 

already dehydrating or hydrolysing as the temperature continues to rise. Based ·on 

thermodynamics (see Section 4.4.5) and reported experimental observations[541, 

the AlCh'6HzO will most likely have decomposed (at least partially) at a 

temperature of 300°C. A fraction of the FeCh (aq) or FeCh'xH20 may have also 

hydrolysed. 

With this in mind, a third series of experiments were performed in a fully 

instrumented tube furnace (Figure 26) to elaborate on the nature of the reactions 

(dehydration and/or pyrohydrolysis) that take place after a11 of the water in the 

starting solution has evaporated (i.e. end of metal chloride precipitation). 

Saturated liquor samples (32ml) at 105°C were introduced into the ThermoLyne 
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electric tube furnace with integrated temperature controller (Model No. F21135) 

and allowed to react, in the presence of a simulated pyrohydrolyzer atmosphere, to 

temperatures of 300, 400, 500, 600, 700, and 800°C. The system was capable of 

controlling the fumace temperatures to within +/-2.5 OC at 800°C, and as tight as 

+/-1.5 oC at 300°C. 

A two litre batch of the concentrated liquor was prepared prior to starting two to 

three of the concemed series of tests. A Thermolyne MIRAK Hot-Plate with 

integrated temperature controller (Model No. 72725) and magnetic stirrer were 

employed to maintain a constant solution temperature of 105°C and to 

continuously agitate the bath (for homogeneity). As mentioned in Section 3.1.4, 

distilled water was periodically added to the solution to make up for any 

evaporation that may have taken place during the course of a test run. 

Furthermore, liquor samples were periodically taken throughout the course of the 

experiments and submitted for analysis, for an accurate measure of the starting 

solution composition . 

After preheating the reactor to one of the aforementioned target operating 

temperatures and stabilizing the N2 and H20(g) flows, the concentrated solution 

samples (at 105°C) were poured into a preheated Titanium Grade 7 crucible, 

introduced into the furnace, allowed to react for one hour, and then slowly cooled to 

room temperature. A 50ml pipette with 0.2ml graduations combined with a 

"Finnpipette Biomate" pipetting aid (available from Fisher Scientific) were 

employed to ensure that a constant volume of solution was used for each test. The 

accuracy of the apparatus was reported to be approximately +/-2% for a volume of 

32mL. Gas flow into the reactor was terminated one hour after introducing the feed 

sample into the furnace. Titanium Grade 7 is able to withstand the corrosive nature 

of the concemed liquor and is typically employed for the fabrication of 

pyrohydrolyzer feed lances. It was selected over Pyrex, as the thermal conductivity 

of the metallic crucible is greater than of its silica-based counterpart and would 
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therefore bring the feed sample to the target operating temperature more quickly. As 

with all of the utensils used to hand1e the saturated liquor, the crucible was also 

preheated in the beaker of gently boiling water. 
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Hench scale facility employed to perform the Phase m 
pyrohydrolysis experiments. 

Agas flowmeter (Model No. 4336-S from Advanced Specialty Gas Equipment) 

was used to regulate the N2 injection rate into the reactor. The steam was 

introduced into the system by boiling distilled water in a volumetrie flask and 

forcing the vapour through semi-rigid Teflon tubing connected to a stainless steel 

inlet at one end of the tube fumace. Errors related to èondensation were 

minimized by using the shortest possible length of tubing between the volumetric 

flask and the fumace and by heat-tracing the line. While schematically shown as 

two separate entries into the reactor, the nitrogen was actually introduced into the 

freeboard of the boiling water flask, and used to "carry" the water vapour to the 

tube and through the diffuser plate that was installed at the front end of the 

fumace. The latter was located between the gas inlets and the centre of the 

reactor, to evenly distribute gas flow over the diameter of the tube. The minimum 
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temperature observed within this zone was measured to be approximately 200°C; 

therefore, H20(g) condensation ahead of the diffuser did not occur. The opposite 

ends of the mullite tube were sealed with customized caps, Garlock gaskets, and 

specialized clamps. A slightly positive pressure was maintained within the 

furnace to ensure that the reaction products were continuously exiting from (and 

not accumulating within) the system. A fume hood was used to capture the 

resulting exhaust gases. 

An Inconel 600 sheathed Type K thermocouple (i.e. fast-response, small 

diameter), located in the centre of the fumace and approximately 15mm above the 

crucible, was used to measure and control the system temperature. The response 

time of the probe supplied by Cole-Parmer was reported to be 3 seconds. The 

thermocouple was inserted into the fumace through rigid stainless steel 9.5mm 

0.0. tubing to avoid it from sagging at higher temperature. The probe tip was 

made to protrude approximately 25mm through to the end of the supporting pipe. 

Unlike the simplified pyrohydrolysis experiments (Section 3.1.4), the liquor heat­

up profile was not measured during the Phase ID trials due to difficulties in 

consistently introducing a thermocouple into the solution feed sample without 

causing a spill. Furthermore, actual contact between the thermocouple tip and the 

crucible contents could not be reliably ensured throughout the duration of each 

test. 

At the end of each trial, the reaction products were analyzed by X-ray 

Fluorescence (XRF) and X-Ray Diffraction (XRD). A mass balance was 

conducted to quantify the degree of pyrohydrolysis as a function of temperature. 
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3.2 Experimental Procedures & Analytical Methods 

3.2.1 Phase 1: Liquor Response to High Temperature 

Preliminary testwork was geared toward defming the various phases of the 

transfonnation process (i.e. physical characteristics), measuring the corresponding 

temperature profile, and correlating the resulting temperature data to the visual 

observations. The tests consisted of injecting O.85ml of the saturated liquor (at 

T ~ 105°C) onto a 30g bed of oxide particles at 850°C. The said feed solution 

volume was selected as it appeared to represent a reasonable liquor drop let size 

(from a commercial point ofview), it allowed for reliable mass balance calculations, 

resulted in a pool of liquid that was large enough for visual inspection and that 

facilitated sample manipulation during the experiments. As mentioned in Section 

2.3.1, the liquor is injected as a rather robust stream (i.e. 19-38 mm in diameter) into 

commercial fluidized bed pyrohydrolyzers to favour so-called "roping" action. This 

is believed to encourage the fonnation of large droplets that will not be carried away 

by the upward flowing combustion gasesy,22,531 While fmalliquor droplet size in 

commercial units is dependant upon a number of parameters (i.e. fluidizing gas 

velocity, lance orientation and angle of inclination, bed fluidizing regime etc ... ), it is 

expected to be considerably larger than those generated by a spray nozzle. 

The solution was introduced onto the hot bed surface, after equilibrating the oxides 

at 850°C for approximately 15 minutes. It should be mentioned that all the utensils 

used to handle the pre-concentrated acid (including the pipettes) were preheated in a 

3L beaker of gently boiling water to avoid any MeClx precipitation. This procedure 

was used during the Phase II and ID experiments as well. 

The initial composition of the liquor (including maximum allowable variations) and 

solids employed during the test program are provided below. 
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Solution Composition Oxide Composition 
[Fe Ch] = 10 +/- 0.2wt% [Fe203] = 98.3 wt% 
[FeCh] = 12 +/- 0.2wt% [MgO] = 0.21 wt% 
[MgCh] = 18.5 +/- O.3wt% [Ah03] = 0.41 wt% 
[AICh] = 8.5 +/- O.2wfllo [Mn203] = 0.32 wt% 
[HCI] = 1.5 +/- 0.005wt% [Si02] = 0.20 wt% 

[CaO] = 0.12 wfllo 
[Cr] = 0.15 wt% 

The starting solution preparation procedure is described in Section 3.2.1.1. 

Visual observations during preliminary trials revealed that the solution begins by 

boiling vigorously, followed by densification (result ofmetal chloride precipitation), 

and ultimately chemical conversion (i.e. dehydration and pyrohydrolysis of the 

hydrated chlorides). 

A series of tests were then subsequently performed to define the various reactions 

taking place during transformation (as a function of temperature). This was 

accomplished by taking samples of the partially reacted liquor at 225,300,500, 750 

and 850°C. The reaction was allowed to progress until the desired temperature 

was reached at which point the entire sample was removed from the crucible, 

cooled with a gentle flow of gaseous nitrogen at ambient temperature, and 

weighed. To generate sufficient material for chemical analysis, five repetitions 

were needed for each stage. AlI five samples (see Figure 28) were then used to 

generate a composite that was submitted for analysis (X-Ray Fluorescence). 

Sample contamination with bed oxide partic1es was impossible to avoid; 

therefore, the mass of entrained oxide (which was known to contain 0.15% Cl) 

was measured after each test and accounted for during the mass balance 

calculations. 
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Figure 28: 

B 

Photos of the samples taken at: A) 300°C (i.e. end of liquid phase, 
sample composed primarily of dark crystals), B) 500°C (i.e. middle 
of crystal pyrohydrolysis phase), C) 750°C (i.e. near end of full 
pyrohydrolysis ). 

Clearly, a number of tests needed to be performed to generate aIl of the samples 

required for the study at hand. A total of 29 experiments were conducted (4 were 

rejected) just to collect the samples, and based on visual observations alone, the 

process appeared to be very repeatable. AlI of the concemed tests were performed 

in a span of five days to minimize the effects that any variations in lab atmosphere 

may have had on the results. 
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The resulting chlorine concentration was used to calculate the relative degree of 

transformation, which was expressed as the percentage of chlorine remaining in 

the starting sample as a function of time and temperature. 

While the concemed experimental set-up does not accurately simulate the conditions 

that exist within typical fluidized bed pyrohydrolyzers, the results were used as a 

first approximation of the transformation process, and also served to defme the 

nature of any future work that need be performed (i.e. Phases n & Ill). 

3.2.1.1 Starting Solution Preparation: 

The saturated solution employed as feed for aU of the experiments (S~ctions 3.1.4, 

3.1.5, and 3.1.6) was syntheticaUy produced by adding reagent grade AlCh·6H20, 

MgCh·6H20, FeCh·4H20 crystals, and anhydrous FeCh to hydrochloric acid at 18 

wt% HCL These reactants were purchased from Fisher-Scientific. While avai1able 

in hexahydrate form, anhydrous ferric chloride was used as it was of higher purity 

and could be obtained as powder. Certified FeCh·6H20 was only sold as lumps. 

The other hydrated chloride salts were purchased in the form of relatively fine 

crystals. 

In the case of the Phase 1 and ID trials, 400ml of the acid was agitated with a 

magnetic stirrer and heated to approximately 50°C, before gradually adding 414g of 

the aluminium chloride to the solvent. The liquor temperature was monitored at all 

times. Given that AlCh·6H20 dissolution is rather favourable, a slight increase in 

system temperature was usually observed. Once the crystals were fully dissolved, 

422g of the ferrous chloride tetrahydrate, followed by 323g of the FeCh were added 

to the solution. After each addition, the temperature was allowed to stabilize for 

approximately 5 minutes before introducing any other salt. 1062g of the magnesium 

chloride were then slowly added to the stirred bath until solid crystals were no 

longer observed in the solution. Given the rather opaque colour of the fmalliquor, 
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samples were periodically taken after the last of the MgCh'6H20 additions and 

filtered through the heated Buckner funnel described in Section 3.1.5. 

It took just over an hour to prepare the starting solution for each test and despite 

aU the precautions taken, the resulting liquor was sampled and submitted for 

analysis by ICP to confirm the starting solution composition. The procedure 

proved to be quite practical and reliable, as the variation in the desired chloride 

concentrations was rather narrow (see Section 3.2.1) and very few batches of the 

synthetic liquors or test results were disposed of due to the composition being off 

target. 

The starting solution preparation methodology was based on pure component 

solubilitY811 and thermodynamic data, as well as a few initial experiments. The 

AICh'6H20 was added frrst as it is quite soluble at low temperature and while 

exothermic, was not expected to favour a significant increase in solution 

temperature. The ferrous chloride was added immediately afterward as its solubility 

is relatively low (compared to the others) and it also resulted in additional H20 units 

in the solvent for the anhydrous FeCh dissolution. The ferric chloride and 

MgCh'6H20 were kept for last as these are extremely soluble (especially at the 

higher temperatures) and their dissolution quite favourable from a thermodynamic 

point of view; therefore, these salts were expected to readily dissociate despite the 

increasing salt concentration in the liquor. The heat released during the addition of 

these two. chlorides would raise the solution temperature to approximately 90°C. 

The hot plate Was then used to heat the liquor to lOS-110°C to ensure that the 

crystals were fully dissolved. Clearly, the HCI content dropped from 18% in the 

initial solvent to approximately 1.5% in the product liquor due to the dissolution 

of the waters of hydration within the crystals and the evaporation of some HCI 

during the salt additions. 
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Given that the solution preparation procedure and the evaporative crystaIlization 

tests were quite long, it was decided that a large batch (approximately 20L) of the 

feed liquor of interest be produced for the Phase II study. 

3.2.1.2 Analytical Methods: 

Inductively Coupled Plasma (lCP) 

A Perkin Elmer Optima 4300 DV Inductively Couple Plasma Spectrometer 

was employed to analyse the starting solution used for each of the 

experiments. This analytical method is based on the principle of atomic 

emissions, which are defmed as the radiation emitted by atoms or ions that 

have been energized to their excited states by an arc, spark or flame. In this 

particular case, a plasma torch is used to heat the aqueous sample to 

temperatures of 8000 to 10000K to excite the atoms or ions contained 

within. This excited condition does not last very long and upon returning to 

their normal state of existence, excess energy is released in the form of 

electromagnetic radiation. When an atom of a specific element is excited, it 

emits light with a characteristic wavelength when it retums to its initial 

orbitaIs. The resulting light is then filtered to obtain the spectra for the 

elements in the sample. A photomultiplicator is used to measure the 

intensity of the resulting rays, which are proportional to the concentration of 

the corresponding element in the solution. 

Prior to submitting the saturated AI-Fe-Mg-Clliquor for ICP analysis, it is 

diluted 100:1 (volume basis) in slightly acidified distiUed water (pH = 4-5). 

Furthermore, synthetic reference samples are used to regularly confirm that 

the unit is functioning properly and providing reliable results. The accuracy 

ofthis analytical device is reported to be within +/_0.1%.[83] When taking 

sample preparation into consideration, the ISO 9002 lab used to analyse the 

samples certifies that the error lies within +/-1 %. 
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X-Ray Fluorescence (XRF) 

A Rigaku 3270 XRF was employed to analyse the solid composite samples 

collected at the various stages of the transformation process. This analytical 

technique consists of bombarding a solid sample with X-rays that, in turn 

emit electrons at different wavelengths that are reflected by a crystal to a 

detector for analysis. The crystal and detector rotate, through the use of a 

goniometer, at angles that satisfy the Bragg relationship M=2dsin8 and 

allows for all the elements in the sample to be identified. Collimators are 

located in front of the crystal and detector to select the x-rays ofinterest. A 

generator is used to supply the 50kV and 50mA of current required by the X­

ray tube during analysis. The unit is regularly calibrated with reference 

standards, dependant on the type of samples being analyzed (i.e. chlorides, 

oxides, metals, etc ... ). 

XRF can be used to analyse for any element whose molecular weight is 

greater than that of fluorine, and the accuracy of the reported analytical data 

is estimated at +/1 % (or as much as +/-3% absolute).[841 

Before submitting a solid sample for analysis by XRF, a fused button must 

be prepared. The sample of interest must be ground (to -325 mesh), and a 

few grams must be well mixed with a lithium meta- and tetra-borate (50-50 

blend) on al: 14 basis (by weight), respectively. The mixture is then heated 

to approximate1y 950°C (in a Claisse Fluxy 10), at which point the 

submitted sample dissolves completely into the flux. The crucibles 

employed to make the fused buttons· are rotating (so as to stir the 

sample/lithium borate blend) to ensure the homogeneity of the sample that 

will be analyzed. 

Given that the chlorine in the partially reacted liquor samples will evolve if 

heated to 950°C, a pressed pill is used for chlorine analyses with the XRF. 
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The corresponding sample preparation technique is described in Section 

3.2.2.2. 

3.2.1.3 Sources ofError: 

In addition to the inaccuracies associated with the analytical methods, instruments, 

and procedures employed during the experiments described in sections 3.1.4 and 

3.2.1, a summary of the other miscellaneous sources of error that may have affected 

the results is summarized in the following .. 

Firstly, the chemical composition of the oxides used during the trials is a based on a 

composite sample taken from two 10L pails. While efforts were made to collect a 

representative sample for analysis through the use of splitters, some variation in the 

oxide assay may have been incurred from one test run to the next. Furthermore, the 

oxides were manually spread as a uniform layer over the base of the crucible. 

Variations in bed thickness and compaction over the 3" crucible diameter may have 

lead to deviations in heat flux from one experiment to another. 

The partially reacted liquor samples taken as a function of temperature were also 

manually acquired; therefore, the exact temperature at which the various samples 

were recovered to generate the composite may have varied by a few degrees. 

Moreover, given that the samples were not "quenched" to ensure that no further 

reactions are taking place after it has been removed from the bed of oxides, it may 

not necessarily be an exact representation of the degree of conversion that has taken 

place to that point in time. 

While it is difficult to accurately quantify the degree of error that may have resulted 

by the aforementioned conditions, a review of sections 3.1.4, 3.2.1 and 3.2.1.2 

suggests that the solid sampling method, XRF analyses of the oxides and acquired 

samples (+/-1 %), the precision of the pipette (+/-1 %), and materiallosses have the 
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greatest impact on the accuracy of the results. It is estimated that the reported results 

are accurate to within +/- 6-7%. 

3.2.2 Phase II: Crystallization Path During Evaporation 

3.2.2.1 Procedure: 

Two to three litres (V Initial) of the starting solution were poured into an airtight 

heavy-walled Pyrex "kettle" and heated to 105°C, while maintaining gentle 

agitation (375 - 400rpm) to ensure uniform temperature throughout the bath. At 

atmospheric conditions, the liquor does not boil at the prescribed temperature. 

Upon equilibrating the system at 105°C, a sample of the starting solution was 

taken. 

Given that the synthetic solution preparation procedure (see Section 3.2.1.1) and the 

evaporative crystallization tests were quite long, it was decided that a large batch 

(approximately 20L) of the feed liquor ofinterest be produced for the study at hand. 

Since the AI-Fe-Mg-CI solution is saturated at 105°C, cooling to room temperature 

would result in MeClx precipitation, as ferric, ferrous, and magnesium solubility are 

temperature dependant. [82] The resulting synthetic feed liquor was therefore diluted 

with distilled water (1 part water per 3 parts liquor), stored insealed 10 litre pails, 

and used for the concemed series of experiments. This approach was also favoured 

as it was expected to minimize anY errors that may have been incurred by the use of 

different starting solutions for each test. 

Vacuum was gradually applied to the kettle (using the eductor) until the solution 

began to boil gently (P Abs ~73kPa). This marked the beginning of a trial run (t=O). 

The time and total pressure in the system were periodically recorded from this 

point onward. The remainder of the experimental procedure may be summarized 

as follows. 
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1. As boiling stopped, the degree of evaporation (or solution concentration) 

was determined by weighing the condensate collected in the graduated 

cylinder and measuring the corresponding [HCI]. Similarly, the NaOH 

within the vapour trap was analysed to account for any HCI vapours that 

may have made it past the condenser. Subsequently, the NaOH in the 

vapour trap was replaced with 200ml of fresh solution. Furthermore, the 

liquor/slurry was let to stand for 15 minutes (for equilibration purposes) 

prior to moving on to the next step. 

2. Solutionlslurry samples were taken from the kettle, filtered and diluted 

with slightly acidified distilled-water, and eventually submitted for 

chemical analysis. At the lower degrees of evaporation (DOE<45%), 

approximately 25ml of solution was drawn from the bath through the W' 

Teflon piping with the use of a vacuum source (i.e. eductor). The more 

concentrated liquor (i.e. DOE>45%) was sampled by temporarily cutting 

the vacuum, removing the lid from the reactor, and pouring a small 

quantity of the slurry (100-200ml) directly into the hot filtration set-up. In 

doing so, further metal chloride precIpitation, due to the rapid cooling of 

the solution, is avoided thanks to the rather high thermal inertia of the 

reactor contents. Filtrate dilution serves to avoid any error or difficulties 

with crystallization as the solution cools. Regular filter paper was unable 

to resist the rather high temperature (i.e. 120°C) HCI-based application 

and was carbonized; therefore, Whatman glass microfibre filters (type 

GF/D) were used instead. The crystals were washed with diethyl ether 

directly in the funnel and then dried ovemight in the oyen at - 50°C. 

Subsequently, the chloride crystals were stored in sealed bags and kept 

within a dessicator. 
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3. The system pressure was lowered once again until the onset of gentle 

boiling was re-established within the kettle. Once boiling ceased, Steps 1 

and 2 were repeated. 

This overall procedure was repeated until 74% of the water in the initialliquor 

had evaporated. The absolute pressure required to maintain boiling to this point 

was measured to be approximately 6 kPa. Given that the starting solution 

employed for these experiments is actuallya diJuted version of the AI-Fe-Mg-CI 

liquor of interest, the actual degree of evaporation is in the order of 62%. Beyond 

this point the solution was extremely supersaturated and was simply too difficult 

to work with. The ability to take reliable and representative liquor or crystal 

samples was often hampered by uncontrollable (catastrophic) crystallization. 

For the sake of completeness it is worth mentioning that four preliminary 

experiments were performed with the experimental set-up to fully define and fine­

tune the aforementioned test procedure. 

With regards to the washing of the crystal samples, diethyl ether was selected 

because it did not appear to dissolve the salts, as did sorne of the other alcohol­

based agents that were tried. Moreover, as the viscosity of the slurry increased, 

larger quantities of the diethyl ether and more intense washing was required for 

the samples recovered at higher DOE, to avoid the crystals from cementing 

together with entrained solution. 

As mentioned in Section 3.1.5, the solution and crystal samples were submitted 

for chemical analysis (i.e. ICP, XRD, and SEM-EDS) to define the crystallization 

path as a function of DOE. In an attempt to avoid analytical errors related to 

crystal hydration, efforts were made to submit related samples for analysis as 

quickly as possible. With the mass of water collected in the condenser, its HCI 

concentration, along with the quantity of HCI recovered in the vapour trap after 
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each vacuum step, it was possible to calculate PH20 and PHCl in the offgas phase as 

a function of the DOE. While the results are not presented in this thesis for 

confidentiality reasons, the PHCl data will be used to further support conclusions 

regarding the onset of crystallization. 

3.2.2.2 Sample Preparation & Analytical Methods: 

Acid-Base Titration 

The HCI concentration In the condensate, at different degrees of 

evaporation (vacuum levels), were monitored by titration with NaOH 

O.IN. An automatic titrator (Radiometer Copenhagen Titralab™90), 

equipped with a high precision ABU 900 Autoburette System and glass pH 

electrode (i.e. Fisher Accu-pHast), was employed. Similarly, HCI 0.1 N 

was used to titrate the liquid collected by the vapour trap to quantify the 

mass of HCI(g) that made it past the condenser. 

Solution & Crystal Sample Analysis by ICP 

The Perkin Elmer Optima 4300 DV Inductively Coupled Plasma 

Spectrometer described in Section 3.2.1.2 was employed to analyse the 

concentrated solution and filtrate samples collected as a function of the 

DOE. 

The 25mlliquor samples taken at DOE's of less than 45%, were initially 

diluted up to 100mi with acidified distilled water (pH 1) in a volumetric 

flask, to avoid any MeClx precipitation as the mixture cooled to room 

temperature .. The saturated filtrate samples (100-200ml) recovered at 

DOE's of 45% and higher were immediately diluted to 500ml with the 

acidified distilled water (pH 1). Prior to submitting the resulting solutions 

for analysis, they were subsequently diluted 50: 1 (volume basis) in slightly 

acidified demineralized water (pH = 4-5). The accuracy of the volumetric 

flasks employed is reported to be +/-1%. 
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The crystals were analyzed by dissolving 19 of the washed sample into 

IOOml of the acidified distilled water (pH = 4-5). The salts were still in 

crystalline form prior to dissolution. 

X-Ray Diffraction (XRD) 

A Phillips PW1710 XRD was used to analyze the crystal samples 

collected, to identify the nature of the resulting metal chlorides and to 

quantify the number of crystallization water molecules associated with 

each of the precipitated salts. This analytical technique consists of 

bombarding the submitted sample with X-rays (emitted from a Cu tube) at 

different angles. Upon reflection, the X-rays emit wavelength which form 

a pattern that is characteristic of each crystalline phase within the sample. 

A graphite monochrometer is used to record the patterns. 

The phases present within the salts were then identified by comparing the 

major spectral lines obtained for each of the samples to the characteristic 

peaks of reference standard spectra contained within the computer' s 

database (MeClx·yH20, where Me = Fe, Mg and Al, respectively). Clearly, 

the reliability of this technique is somewhat dependant on the availability 

of standard spectra for every possible compound that may be present in the 

sample. The identification of the phases within the sample is further 

complicated by the fact that the presence of more than one compound in 

the matrix may cause the spectral lines to shift from where they should 

actually be, and therefore go unidentified. Furthermore, if a compound is 

present in amorphous (instead of its crystalline) form, it will go 

undetected. When the crystal structure of the compounds within a sample 

are not weIl formed, the resulting X-ray diffraction pattern will show a 

considerable degree of background noise which may also complicate the 

interpretation of the data. 
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The crystals samples were manually ground with a pestle and mortar, 

poured into an aluminium capsule and then compressed with a 70ksi load 

for 3 seconds, to produce the pressed pill required for analysis by XRD. 

Scanning Electron Microscopy (SEM) 

Due to its ability to provide images of high spatial resolution for solid 

specimens with minimal sample preparation, a JEOL 840A SEM operating 

with an accelerating voltage of 15 ke V was used to examine the crystals 

generated during the experiments. Given the fairly large size of the 

concemed partic1es (i.e. 300-400J.1m), the magnification employed ranged 

between x16 to x200. Prior to analysis, the samples were gold-coated in a 

Hummer VI plasma sputter coater. The images obtained were used to 

visually characterize sample morphology, texture, and quality. 

The SEM was equipped with a Noran Energy-Dispersive Spectroscope 

(EDS) that was used to perfonn spot analyses on individual crystal 

partic1es within the samples to detennine whether the chlorides were 

precipitating as basic or complex salts. EDS analyses can vary by as much 

as +/-20% and are therefore rather subjective. It is generally accepted that 

for reliable EDS analyses, a polished, fiat, homogeneous sample is 

required. This is physically impossible to guarantee for a single crystal; 

therefore, EDS analyses were perfonned on the fiattest possible surfaces 

available within a crystal sample. 

3.2.2.3 Calculation Fonnulae: 

• Degree ofWater Evaporation: DOE (%) = (mCond/mH20initial)*100, where: 

mCond = mass (weight) of condensate collected for a certain vacuum step (g) 
mH20initial = quantity of water present within a given mass of the starting 

solution (g). This was detennined by subtracting the weight of the 
known elements (metal cations, cr, HCI) from the overall initial 
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liquor mass and therefore inc1udes the dilution water added to the 
saturated solution of interest. 

• Acid Titration for the Condensate: 

mA = the mass ofHCI within the condensate (g) 
NA = NB*VBN A: HCI normal concentration 
VA = volume of analyte used in titration (ml) 
VB = volume ofNaOH used in titration (ml) 
NB = NaOH normal concentration (0.1 N) 
Eg,A = 36.45: HCl gram-equivalent (g/mol) 
W1:cond. = the quantity of condensate collected (g) 

• Base Titration for the Trap: mu = Nu*Eg,u*Voltrap*10·3, where: 

mB = the mass ofNaOH reacted with the HCl in the trap (g) 
NB = NA *V ANB: NaOH normal concentration 
VB = volume of analyte used in titration (ml) 
V A= volume ofHCI used in titration (ml) 
NA = HCI normal concentration (0.1 N) 
Eg,A = 40: NaOH gram-equivalent (g/mol) 
Voltrap = the quantity ofNaOH in the trap (ml) 

• Partial Pressures: 

Partial pressure of species "i" in the gas mixture: 
Mole fraction of species "i" in the vapour phase: 

Ptot = absolute pressure (kPa) 
ni = moles of species "i" in the vapour phase 
ntot = total quantity of moles in the vapour phase 

• Percent HCI in the Vapour Phase: 

• Solids Density of Crystal Sam pIe: 
SD(%) = 

3.2.2.4 Sources ofError: 

Pi = Yi*Ptot 

Yi = Di/Dtot, where: 

mass of crvstals xl00 
mass of slurry 

A summary of the errors that may have been incurred during the experiments and 

that may have affected the results are summarized in the following. 
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While ICP results are reported to be accurate to within +/-1%, differences of 0.6 to 

13.5% were observed between the actual and theoretically calculated AICh and 

FeCh concentrations of the solution samples taken before the dilution water had 

evaporated (i.e. DOE < 32%). These values should have been nearly identical. 

The degree of error was lesspronounced for MgCh, and the agreement between 

actual and theoretical values for FeCh was actually quite good (i.e. within -8%). 

Careful review of the experimental and sample preparation procedures suggest . 
that dilution is the most probable culprit for the observed differences. This may 

be explained by the fact that the solution samples were diluted in steps (upon 

acquisition and again just prior to analysis) and that a volumetric flask was used to 

measure and dilute during the experiments. Volumetric flasks are much more 

subjective than pipettes and are therefore more prone to producing error. The 

explanation for the much larger deviations observed for AICh and FeCh (as 

compared to MgCh and FeCh) is much less obvious. 

Despite the significant differences between the actual and calculated solution 

concentrations, the reader is reminded that the objective of these experiments was 

to define the crystallization path and the nature of the salts that form. Efforts were 

not geared toward defining the degree of supersaturation required for AICh to 

precipitate homogeneously from solution, for example. Therefore, the accuracy of 

the DOE's and solution concentrations at which the chlorides precipitate are not 

that critical for the study at hand. On a more positive note, it is worth mentioning 

that the experiment was repeated and the overall results were very similar from 

one run to the next. 

With regards to the crystals, despite efforts made to avoid further hydration of the 

samples after they were taken (i.e. drying, placing the crystals in sealed bags and 

storing them in a dessicator, etc ... ), it is very difficult to confirm with certainty 

that no additional water pickup occurred. 
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Other noteworthy sources of error, such as the effects of crystal sample washing 

with diethyl ether, were provided along with the results in Sections 4.2.2.1 and 

4.2.2.2. 

3.2.3 Phase III: 

3.2.3.1 Procedure: 

Characterizing Solution Transformation as a Function of 
Temperature 

During the third series of experiments, six 32ml saturated liquor samples (at 

105°C) were individually introduced into the ThermoLyne electric tube furnace 

and allowed to react, in the presence of a simulated reactor atmosphere, to 

temperatures of 300, 400, 500, 600, 700 and 800°C, respectively. Prior to starting 

the tests, a sample of the feed solution was submitted for chemical analysis by 

ICP. The composition of the liquor employed during the concemed experiments 

was similar to that provided in Section 3.2.1. The starting solution preparation 

procedure was described in Section 3.2.1.1. 

After preheating the reactor to one of the aforementioned target operating 

temperatures and stabilizing the N2 and H20(g) flows, a concentrated liquor sample 

(at 105°C) was poured into a Titanium Grade 7 crucible, introduced into the 

furnace, allowed to react for one hour, and then slowly cooled to room 

temperature. A 50ml graduated pipette along with a pipetting aid were used to 

accurately measure the required feed solution sample volume (i.e. 32 ml) and 

subsequently pour it into the crucible that was preheated in the beaker of gently 

boiling water (mentioned in Section 3.2.1) to avoid MeClx precipitation and to 

help minimize the drop in furnace temperature as it is introduced into the mullite 

tube. A reaction time of one hour was selected in an effort to favour pseudo­

equilibrium conditions at each of the given temperatures and therefore generate 

samples that would produce meaningful and reliable XRD results. While a 

flowmeter was used to regulate the N2 injection rate, a few trials were performed 
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(with the use of nitrogen as a carrier) in advance of the pyrohydrolysis 

experiments to define the hot-plate set point required for the desired steam 

flowrate. 

The crucible was inserted into the reactor as quickly as possible through the 

exhaust end of the fumace to avoid disturbing the desired gaseous atmosphere 

during charging. In an effort to minimize the duration of the temperature drop 

incurred during this operation, the fumace controller was programmed to heat at 

maximum power until the system was within 10°C of the setting. At this point, a 

heating rate of 1°C/min. was specified to avoid significantly overshooting the 

target operating temperature. The time required to re-establish system 

temperature during the concemed series of tests varied between 12 and 18 minutes 

and a maximum overshoot of 8°C was observed. 

It should be mentioned that the vigorous boiling observed during the simplified 

pyrohydrolysis experiments was detected once again, when the saturated liquor 

was placed within the reactor. In fact, the starting solution volume of 32ml was 

selected to avoid liquid overflow and materiallosses during the experiments. The 

concemed feed sample volume was also chosen to generate sufficient reaction 

product for chemical analyses. Interestingly enough, the degree of bubbling and 

frothing observed upon introducing the sample into the fumace was relatively 

constant, regardless of system temperature. Furthermore, no splashing was 

observed, and no material was found on the sides or ceiling of the mullite tube. 

At the end of each test, the resulting product samples were recovered from the 

crucible, weighed, and submitted for chemical analysis (X-Ray Fluorescence and 

X-Ray Diffraction). The accuracy of the scale was reported to be +/-0.2%. 

Special care was taken to minimize material los ses upon retrieving the concemed 

reaction products. The crucible was weighed at the end of each trial to estimate 

the quantity of reaction product (if any) that remained glued to the walls. The 
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degree of conversion was quantified by calculating the percentage of chlorine loss 

realized at each stage of the transformation process (i.e. as a function of 

temperature). XRD was used to identify the phases/compounds present in the 

product generated during each of the tests. The accuracy of each of these 

analytical methods was provided in Sections 3.2.1.2 and 3.2.2.2. 

3.2.3.2 Test Condition Definition: 

Given that natural gas is typically bumed with air (using an air/fuel ratio of 

approximately 9.8) to generate the heat required for the pyrohydrolysis reactions 

and to maintain the target operating temperature, the combustion gas (prior to 

liquor injection) is essentially composed of CO2, H20, and N2. In light of this, as 

well as the fact that the CO2 is considered inert (stoichiometrically speaking) 

when it cornes to the pyrohydrolysis reactions, it was simply replaced by N2 

during the experiments. Therefore, the combustion gas (i.e. 9%C02, 73%N2, & 

18%H20) was simulated by injecting 82%N2 and 18% steam into the furnace. 

The flowrates employed were based on maintaining the Same combustion gas 

volume/liquor injection rate as that of a commercial unit, where the 32 ml of feed 

solution were assumed to be injected over a period of two minutes (i.e. time 

required for liquor to reach 850°C during Phase 1 experiments). This is 

considered a conservative estimate, as the time required for the feed solution to 

reach the target operating temperature in the tube fumace is likely to be much 

faster than that realized with the crucible/Bunsen bumer set-up used during the 

simplified pyrohydrolysis trials. In other words, an excess of reagent (i.e. water 

vapour and oxygen) was most likely made available for the reactions of interest. 

It is certainly worth mentioning that the surplus H20(g) available in commercial 

pyrohydrolyzers has been estimated to lie between 1100-1400%. 60-70% ofthis 

excess cornes from the evaporation of the water contained with the feed liquor 

alone. Therefore, the experimental procedure was designed to ensure that once 

the target system temperature was reached, the Same excess (if not a little more) 

was provided to the feed solution. As a result, once the furnace set-point was 
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attained, designated H20(g) and N2 flows in the reaction chamber were maintained 

for a duration of two minutes, after which the water vapour flow was cut and a 

simple nitrogen purge was maintained until the end of the trial. For the sake of 

completeness, it should be mentioned that the oxygen required for the 

pyrohydrolysis of the FeCh in the feed solution came from the specially produced 

grade ofN2 that contained 0.24% 02. 

The actual combustion gas volume/liquor injection rate employed and the data 

used to calculate the excess amount of water vapour available in commercial 

reactors are not provided for reasons of confidentiality. 

As far as the steam flowrate is concemed, the mass of the distilled water in the 

volumetric flask was measured at the start and end of each test, and the difference 

was used to calculate the injection rate incurred over the concemed time interval. 

The trials performed to define the hot-plate set point required for the desired 

steam flowrate revealed that once stabilized, the H20(g) generation rate is 

relatively constant over time. 

AlI of the concemed tests were performed in a span of two weeks to minimize the 

effects that any variations in atmosphere in the lab may have had on the results. 

3.2.3.3 Sample Preparation: 

As mentioned in Section 3.2.1.2, the starting solution samples periodica1ly taken 

throughout the course of the Phase ID experiments were diluted 100:1 (volume 

basis) in slightly acidified distilled water (pH = 4-5) prior to analysis by ICP. 

The test procedure described in Section 3.2.3.1 resulted in the production of 

approximately 12g of reaction product that was divided in two with 'the use of an 

appropriate splitter. Halfwas submitted for analysis by XRD and the other by XRF. 
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Due to presence of chlorine, aIl of the samples were manually ground with a pestle 

andmortar. 

Given that the reaction product generated during the lower temperature tests (i.e. 

<500°C) were likely to contain hygroscopic chlorides, they were stored in a 

dessicator to avoid moisture pick-up prior to analysis. Furthermore, efforts were 

made to analyze the samples as quickly as possible after they were produced. 

In light of the fact that the chlorine in the reaction product evolves if heated to 

950°C, a pressed pill was used for chlorine analyses via XRF. The corresponding 

sample preparation technique is described in Section 3.2.2.2. 

Moreover, the manually ground reaction product was poured into an aluminium 

capsule and then compressed with a 70ksi load for 3 seconds, to produce the pressed 

pill required for analysis by XRD. Fused buttons were avoided to conserve any 

chlorides that may be present in the samples generated at lower reaction temperature 

(i.e. <500°C). 

3.2.3.4 Sources ofError: 

In addition to the inaccuracies associated with the analytical methods, instruments, 

and procedures employed during the experiments described in sections 3.1.5 and 

3.2.3, sorne of the other miscellaneous sources of error that may have affected the 

results are summarized in the following. 

Firstly, while test work was performed to ensure that the H20(g) flow to the furnace 

was relatively constant over the course of the test, the actual flowrate was not 

regulated or monitored as for the nitrogen. On the other hand, the experiments were 

run with an excess of water vapour; therefore, if the flo\\! did vary, this condition is 

not likely to have significantly affected the results. 
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Furthennore, while efforts were made to recover aU of the reaction product from the 

crucible prior to proceeding to the next trial, residual amounts of solid remained 

glued to the waUs, especiaUy after the tests perfonned at 300 and 400°C. The 

impact of any error that this may have caused was minimized by weighing the 

crucible before and after each experiment. 

A careful review of the experimental procedure and methods of analysis suggests 

that the sources of error that are most likely to have affected the results arise from 

the accuracies related to: 

• the pipette employed to measure the starting solution volume (+/- 2%) 

• the balance used to weigh the product sample and the crucible (+/- 0.2%) 

• feed liquor and reaction product assays (+/-1 %). 

In light of this, it is estimated that the reported results are accurate to within +/- 4-

5%. 
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4.0 RESULTS & DISCUSSION: 

4.1 Phase 1: Liquor Response to High Temperature 

4.1.1 Initial Findings: 

The visual observations made during the simplified pyrohydrolysis experiments 

revealed that the saturated AI-Fe-Mg-Cl solution transformation process consists 

of four distinct phases: 

• rapid H20 evaporation (i.e. vigorous boiling) and onset of metal chloride 

precipitation. 

• slurry densification due to a graduaI increase in crystal content (i.e. 

AIC1"6H20, FeCh'xH20, and MgChxH20). 

• crystal drying and onset of pyrohydrolysis. 

• thermal decomposition of the remaining metallic salts (MeClx·yH20). 

Clearly, the presence of several metal chlorides in the liquor favours a certain 

degree of overlap between each of these stages due to differences in solubility and 

the stability of the individual compounds over the temperature range of interest. 

The physical characteristics of each of the aforementioned phases are shown in 

Figures 29 through 32. A c1earer image of the intense boiling stage is shown in 

Figure 33. The temperature profile observed upon injecting the saturated liquor 

onto the static bed of hot oxides is provided in Figure 34. When superimposing the 

profiles measured during each trial, the degree of variation was calculated to be 

approximately +/-5%. 
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Figure 29 

VIGOROUS BOILING 
MeClx Precipitation 

Figure 32 

PYROHYDROL YSIS 
Pyrohydrolysis ofhydrated salts. 
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Figure 30 

DENSIFICATION PHASE 
Pronounced Degree of Crystallization 

Figure 31 

ONSET DRYING & HYDROL YSIS 
Solvent water evaporation complete. Start 

of dehydration and/or pyrohydrolysis. 
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Figure 34: Average temperature profile measured upon injecting saturated 
chloride liquor onto hot oxides. 

The various stages of transformation were initially classified by qualitative 

process, namely colour and state changes. The feed liquor temperature profile and 

fundamental considerations were used as a preliminary means of defining the 

phases present or the reactions taking place during each stage. Once all of the 

concemed phases had been observed, subsequent tests were conducted to quantify 

-98-



, 
• 
t 

t , 
t 

the transformations occurring during each stage (Section 4.1.2). An initial attempt 

to describe the conversion process as a function of temperature (based on the 

profile, visual observations, and theoretical considerations) is provided in the 

following paragraphs. 

During the intense boiling phase, the chloride solution temperature ranged from 

approximately 140 to 170°C. Obviously, as the saturated liquor came into contact 

with the hot oxide bed, the vapour pressure of the water contained within the 

solution increased to a level greater than atmospheric and thus favoured boiling. 

As H20 is driven from the solution, the liquor becomes supersaturated and 

theoretically MeClxyH20 crystallization will occur (see Section 4.2.1). The 

chlorides will precipitate as hydrated salts since the crystals will be in intimate 

contact with a water-saturated atmosphere. The rapid rise in the solution boiling 

point (i.e. 30°C in 10 seconds) may be explained by the steadily increasing salt 

concentration. Given the differences in the solubilities of AICh, FeCh, FeCh, and 

MgCh, the dissolved metal concentration will continue to rise until the saturation 

limit of the most soluble species (or the degree of supersaturation required for that 

salt to precipitate) has been reached. Increased solute concentration raises the 

entropy of the system by augmenting the random arrangement of molecules. For 

the solvent water to vaporise, the dissolved salts must precipitate, which lowers 

entropy because it increases the order of the system. Therefore, to vaporise the 

water, additional heat is required to increase the probability that all the solute 

atoms in any given area of the solution should leave that area by random 

movement. In other words, as the solute concentration increases, so must the 

energy required for the water to vaporise because there are greater concentrations 

of solute atoms that must be displaced before vaporisation can occur. 

Beyond 170°C, the froth observed upon initial contact between the liquor and hot 

oxide particles collapsed into a thicker, slow bubbling, tar-like substance. 

Fundamentally, the increase in viscosity is directly related to the rise in 
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precipitated metal chloride crystal concentration as the solvent water continuously 

evolves from the solution. The viscous phase exists for approximately 15 seconds 

and attains a temperature of nearly 250°C. The last remaining pools of viscous 

liquor disappear at approximately 300°C. 

In light of the aforementioned considerations and given that neither FeCh, FeCh, 

or MgCh, are expected to melt at such low temperatures, fundamentals would 

suggest that the violent boiling and solution densification stages may be 

characterized primarily as the liquor concentration and metal chloride (MeClx) 

precipitation phases. While anhydrous AICh can theoretically melt at 193°C, it is 

not very likely to occur as this salt has a very high affinity for water and the 

hydrated crystal has been reported to start hydrolysing at temperatures as low as 

118°C.[54] It should be mentioned that the absence of any molten chloride phase 

during transformation was further confirmed by thermochemical modelling (see 

Section 4.4). 

It is worth mentioning that the so-called "viscous" phase (during which the salts 

are precipitating) may be prolonged by hydrated metal chloride drying. In other 

words, the last few units of liquid phase observed during the liquor densification 

stage may actually be water molecules released during the dehydration of 

previously precipitated salts (such as FeCh'4H20). 

As the feed sample temperature approached 300°C, all of the solvent water appeared 

to have been driven from the saturated liquor, leaving behind a darkgreen (nearly 

black) hydrated crystal-like phase. Theoretical considerations would suggest that at 

this point, the evaporative crysta11ization phase is essentially complete, and any 

remaining hydrated metal salts begin to "dry" as the temperature continues to rise. 

This is further supported by visual observations which revealed that from this point 

onward, the colour of the sample in the crucible began to transform from black to 

yellow-green, which is characteristic of metal chIoride crystals. 
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It should be mentioned that AICh·6H20 decomposition is extremely favourable 

(thermodynamically) at a temperature of 200°C. Under oxidizing conditions, both 

ferrous and ferric chloride hydrolysis is also quite favourable at such low 

temperatures. On the other hand, these chlorides are likely to undergo a certain 

degree of dehydration prior to decomposition. In light of this, it is reasonable to 

suggest that only iron and magnesium chloride will undergo drying as per the 

following chemical reactions, provided that the said metal ions precipitate as pure 

and not complex multi-component salts. 

FeCh '4H20(s) ~ FeCh"2H20 +2H20(g) 
MgCh'6H20 (s) ~ MgCh.4H20 (s) +2H20(g) 
MgCh'4H20 (s) ~ MgCh.2H20 (s) +4H20(g) 
MgCh'2H20 (s) ~ (MgOHCl) + HC~g)+ H20(g) 

(38) 
(39) 
(40) 
(41) 

The onset of iron chloride decomposition was highlighted by yet another 

significant change in sample colour; from yellow-green to the charaeteristic terra­

eotta colour of Fe203. Samples taken when the system temperature reaehed 

750°C, after a considerable fraction of the crueible contents had turned reddish­

brown, contained close to 15% Cl which suggested that the magnesium chloride 

had not yet fully pyrohydrolyzed. 

4.1.2 Preliminary Quantification orthe Transformation Process 

In an effort to quantify the above-mentioned observations, a series of tests were 

initiated to eollect data at specifie points along the transformation process. In 

other words samples of the liquor, which had reacted to a certain degree, were 

taken at predefined temperatures over the profile shown in Figure 34. 0.85mL of 

the saturated solution was introduced onto the surface of a static 30g bed of iron 

oxides at 850°C. The aforementioned oxides were produced in a commercial 

fluidized bed waste pickle liquor regeneration faeility, and were used due to the 

absence of any magnesium or aluminium; thereby reducing the probability of error 

during the mass balance calculations. The reaction was allowed to progress until 

the desired temperature was reached at which point the entire sample was 
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removed from the crucible. To generate sufficient material for chemical analysis, 

five repetitions were needed for each stage of transformation to produce a 

composite that was submitted for chemical analysis. The resulting chlorine 

concentration was then used to calculate the relative degree of transformation, 

expressed as the percentage of chlorine remaining in the feed sample as a function 

of time and temperature. The results are shown in Figures 35 and 36. 
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Figure 35: Degree of pyrohydrolysis expressed as a function of chlorine 
remaining in the starting sample over time. 

As shown in Figure 36, approximately 14.5% of the chlorine in the starting 

solution evolved by the time that the system temperature has reached 225°C (Le. 

middle of liquor densification stage). Based on fundamentals, this suggests that 

most of the HCI has evaporated and close to 55% of the AICh in the feed sample 

has hydrolysed. Combined, the HCI and AICh make up 23.2% of the chlorine 

units in the saturated liquor of interest. 

Once the system reached 300°C, just over 50% of the originally available chlorine 

has been consumed. Given that the HCI, AICh, and FeCh make up approximately 

45% of the chlorine units in the starting solution, thermodynamic considerations 
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would suggest that all of the aluminum and ferric chloride as well as a small 

fraction of the FeClz have hydrolyzed at this time. 
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Figure 36: Degree of pyrohydrolysis expressed as chlorine remaining in the 
starting sample as a function of temperature. 

Justunder 27% of the initial chlorine units were left in the sample taken at 500°C. 

This result, combined with the fact that MgClz accounts for close to 39% of the 

chlorine in the feed sample, indicates that aIl but 69% of the magnesium salts have 

pyrohydrolyzed at this point. Given that as much as 38% of the original MgClz 

related chlorine units are still present at 750°C, it is reasonable to suggest that the 

hydrolysis of this salt may be kinetically and not thermodynamically controlled. 

The lack of H20 vapour in the atmosphere surrounding the sample, with the given 

experimental set-up, may also be partially to blame for incomplete MgClz 

conversion at 750°C. On the other hand, Figures 35 and 36 do show that given 

enough time, the magnesium salt will fully decompose at 850°C. 
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4.1.3 Implications on Commercial Reactor Performance: 

In an effort to help further explain the aforementioned observations and their 

impact on fluidized bed reactor performance, the temperature profile measured 

during the transformation of the saturated AI-Fe-Mg-CI solution was compared to 

that generated during the pyrohydrolysis of a typical waste pickle liquor (i.e. 

saturated, primarily FeClz solution). These spent solutions are reported to contain 

85-95% ferrous and 5-15% ferric.[1l Clearly, the phases observed upon injecting 

the saturated ferrous chloride liquor onto the hot oxide bed is similar to that of the 

AI-Fe-Mg-CI system; intense boiling, followed by solution densification, 

dehydration, and hydrolysis. The main difference is that the duration of each of 

these phases is much shorter, and the reacting sample reaches the system operating 

temperature in 30% less time. 

As shown in Figure 37, once the FeCh solution cornes into contact with the hot 

surface, it boils at a constant temperature of 119°C for approximately 7.5 seconds, 

before the vigorously bubbling froth collapses into the viscous phase. This 

observation may be explained by the fact that once saturated in FeCh, the boiling 

point remains constant until the majority of the solvent has evaporated and the salt 

precipitated.· Under thesame conditions, it takes closer to 10.5 seconds to densify 

the AI-Fe-Mg-Clliquor into the dense tar-like sludge. This is due to the presence 

of MgClz and much more significant quantities of FeCh (which have higher 

solubilities)in the system; therefore, higher degrees of solution concentration 

must be reached before these salts precipitate. The duration of the crystal drying 

and decomposition phases were also observed to be much shorter with the iron 

chloride solution. This is, once again, explained by the fact that there is only one 

and not a multitude of salts (with differing solubilities and stabilities) that needs to 

undergo dehydration and hydrolysis. 

Given that fluidized bed pyrohydrolyzer performance is dependant on the need for 

the majority of the injected liquor to coat and react on existing particle surfaces, 
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the impact of the aforementioned observations on the process are rather 

straightforward. The longer it takes for the chlorides to precipitate from solution, 

to provide the relatively hot crystals with the opportunity to adhere to bed partic1es 

and to fully transform, the higher the probability that the incoming liquor will be 

carrled off by the fluidizing gas. This, in turn, favours an inefficient recirculating 

loop and negatively impacts on process performance. Solid chlorides are known 

to be quite sticky at elevated temperature. 
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Average temperature profile observed upon injecting saturated 
FeCh and AI-Fe-Mg-CI solutions onto hot oxide surface. 

Clearly, given that typical fluidized bed reactor operating conditions (i.e. 

atmosphere, dynamics, heat flux/unit volume of solution, etc ... ) were not 

simulated during the simplified pyrohydrolysis experiments, all of the above­

mentioned findings may only be considered as indicative of what truly takes place. 

On the other hand, the trials were quite instrumental in generating a preliminary 

understanding of the mechanisms by which the AI-Fe-Mg-CI solution of interest 

transforms into oxide. Furthermore, the corresponding test results served to 
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define the nature of the experimental studies that needed to be performed to 

further elaborate on the sequence of reactions that take place as the saturated 

liquor temperature increases within the pyrohydrolyzer (i.e. Phase II and ID 

testwork). 

4.2 Phase II: Crystallization Path During Evaporation 

4.2.1 Fundamentals: 

In the hydrometallurgical industry, crystallization is a process that involves 

precipitating a solid phase from an aqueous solution that is usually laden with 

dissolved metals. Crystallization takes place via nucleation and growth. Nuc1eation 

may occur spontaneously (i.e. homogeneous), or may require the presence of some 

type of solid-liquid interface upon which the crystal will form (i.e. primary 

heterogeneous or secondary). Primary heterogeneous refers to the precipitation of a 

salt onto the surface of a solid compound of similar composition, while 

crystallization that takes place on a foreign object (i.e. dissimilar to aqueous species 

of interest) is referred to as secondary ( or surface) nuc1eation. 

The driving force behind nuc1eation and growth is supersaturation. An aqueous 

solution has the capacity to dissolve a fixed quantity of a metallic species at a given 

temperature and pressure. This is referred to as the solubility or saturation limit. 

The solubility of a metal species can actually increase or decrease with temperature 

and is dependant upon the presence of other ions in solution. Based on 

crystallization fundamentals, the dissolved salt concentration must exceed the 

solubility limit before the metal compound of interest can precipitate from the 

liquor. A supersaturated solution is characterized by significant solute 

concentrations that lead to extensive ion-association (due to a reduction in aH2o) and 

ultimate1y fosters electricaUy neutral ion-pair formation. Supersaturated liquors 

favour the aggregation-polymerization of the solute species that promotes ion­

pair/molecule c1uster formation (10-1000 monomers per c1uster). 

-106-



As shown in Figure 38 for a. classic cooling crystallization system, when the 

temperature (TF) of a dissolved metal bearing solution drops to T*, it is essentia11y 

saturated in that species. Upon further cooling, the liquor enters a metastable zone 

where crystal growth occurs, provided that a solid surface is available. No 

spontaneous nucleation takes place at this point. Once the system temperature drops 

below TM, it enters the labile zone where both crystal growth and nucleation can 

occur simultaneously and compete for solute. [82] Clearly, a higher degree of 

supersaturation is needed for primary homogeneous nucleation to occur. 

While many of the solid phases that precipitate from aqueous solutions are 

originally amorphous in nature, they will eventually age to form a crystalline 

compound. Generally, high solution temperatures and lower degrees of 

supersaturation favour the formation of crystalline salts upon precipitation. [85] 
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These same principles hold true for evaporative crystallization. In this case, the 

solution is being concentrated in metallic salts by driving off water molecules from 

the liquor. Therefore, each of the dissolved species will eventually reach and exceed 

their respective saturation limits and ultimately result in the precipitation of the 

corresponding salts from solution. Given that no solid particles were present in the 

AI-Fe-Mg-CI starting solution, a relatively high degree of supersaturation was 

required to initiate the crystallization process. 

4.2.2 Crystallization Sequence & Resulting Compounds: 

Crystallization studies are typically performed to obtain solubility data for a system 

of interest at specific conditions (i.e. temperature and pressure). Therefore, the 

related apparatus and test procedures are usually designed to ensure that equilibrium 

conditions exist between the liquid and solid phases. In this particular case the 

experiments were performed under pseudo-equilibrium conditions (Section 3.1.5 & 

3.2.2), as the main objectives were to define the order in which the aluminium, 

ferrous, ferric, and magnesium salts precipitate as the solvent water is driven from 

the liquor, as weIl as to identify the resulting solid phases. Efforts were not geared 

toward defming solubility limits of the individual metal chlorides or the degree of 

supersaturation required for precipitation to occur. 

The sequence in which the dissolved MeClx's precipitate was determined by plotting 

actual salt concentrations alongside theoretical values (based on the amount of water 

removed alone), both as a function of the degree of evaporation (DOE). The results 

for the individual metal chlorides are shown in Figures 39 through 42. The onset of 

crystallization for each of the salts is defined as the point at which the actual and 

theoretical metal chloride concentrations begin to deviate considerably. The 

composition of the crystal samples recovered from the liquor at various degrees of 

evaporation, were also used to support any conclusions drawn through the analysis 

of the previously mentioned data. 
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As a reminder, the saturated AI-Fe-Mg-Clliquor ofinterest was diluted (1 part water 

per 3 parts liquor, on a volume basis), and the resulting mixture was used as the 

starting solution for the evaporative crystallization experiments. The dilution water 

is eliminated from the mixture (i.e. typical pyrohydrolyzer feed) as the DOE 

approaches 32%. 
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Figure 39: AICh(aq) concentration as a function of the degree of evaporation. 

ln light of this, Figure 39 reveals that the aluminium chloride precipitates once at 

least 15% of the solvent water has evaporated from the original saturated (undiluted) 

liquor (i.e. DOE > 42.5%). This observation coincides with the corresponding 

profile for PHCl as a function of solution concentration, which is not presented for 

confidentiality reasons. It reveals that the partial pressure drops significantly after 

increasing exponentially to the peak observed at a DOE of approximately 45%. 

This decrease in PHCl indicates that the equilibrium of the system bas been disturbed 

and suggests that MeClx precipitation has begun. Clearly, as long as aIl the metal 
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chlorides remain in solution, HCI will be driven from the aqueous phase in 

increasing quantities (due to rising degrees of supersaturation) during evaporation, 

as it is the most volatile of aIl in the system of interest. Once a salt begins to 

precipitate from the solution, the degree of supersaturation rises less dramatica1ly 

with the DOE, and the HCI is not as compelled to evolve with the solvent water. 

This argument is supported by a levelling off of the PHC1 between DOE' s of 50-60%. 

Further increases in the partial pressure of HCI will occur if the solution 

concentration (or H20 evaporation) rate exceeds the MeClx precipitation rate. This 

phenomena was observed as the degree of evaporation approached and exceeded 

70%. While the onset of MeClx precipitation could not be based on visual 

observations due to the rather opaque (nearly black) nature of the saturated solution, 

it is worth mentioning that yellow crystals were first observed on the kettle walls 

and on the impeller shaft at a degree of evaporation of approximately 50%. 
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Figure 40: F eClz(aq) concentration as a function of the degree of evaporation. 
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Ferrous and magnesium chloride crystallization take place when approximately 26% 

and 41 % of the solvent water has evolved, respective1y (Figures 40 and 41). As 

shown in Figure 42, ferric chloride remains in solution even after 54% of the solvent 

water has been driven from the saturated liquor (i.e. DOE = 69%). This is no 

surprise since ferric is extremely soluble in high temperature Hel systems. The 

solids density at this point was calculated to be 31.5wt%. As mentioned in Section 

3.2.2.1, while it was possible to evaporate as much as 74% of the water in the 

starting solution, no meaningful liquor or crystal samples were recovered for 

analysis due to instantaneous crystallization during liquor manipulation at this DOE. 
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Figure 41: MgCh(aq) concentration as a function of the degree of evaporation. 

The above-mentioned crystallization sequence is generally supported by the XRD 

analyses of the crystal samples taken at DOE's of 53%, 60%, and 69% (which 

correspond to the evaporation of 30.7, 41.0, and 54.3% of the solvent water in the 

original saturated liquor, respectively). As shown in Figures 43 through 45, the line 
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complexity in the crystal sample spectra increases with solution concentration, 

which suggests the presence of several different types ofMeClx salts. 
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Figure 42: FeCh(aq) concentration as a function of the degree of evaporation 

Based on the XRD pattern shown in Figure 43, AICh'6H20 is c1early the dominant 

phase present in the crystals recovered after 30.7% of the water in the typical 

pyrohydrolyzer feed solution is eliminated. The presence of reasonable quantities of 

FeChxH20 (where x = 2 or 4) conftrms the onset of ferrous chloride precipitation. 

The faint MgCh·2H20 signaIs would suggest that the presence ofthis chloride is due 

to entrained liquor between and on the surface of the crystals. This argument is 

further supported by ICP analyses of the crystals that indicate the presence of ferric 

in this sample (which is known not to precipitate). Despite dedicated efforts to 

thoroughly wash the crystals with diethyl ether, liquor entrainment between the 

crystals could not be eliminated without damaging the chloride partic1es. 
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The crystals retrieved from the solution at a DOE of 60% (Figure 44) were 

composedof AICh'6H20, FeCh"2H20, and MgChxH20 (where x = 2 or 4) with the 

tetrahydrate being most prominent. Based on the XRD data of the samples 

recovered at a DOE of 53 and 60%, as well as the analytical results presented in 

Figures 39 to 41, the crystallization sequence may be summarized as follows: 

AlCh'6H20 precipitates first, followed by FeChxH20 (where x = 2 or 4), and then 

MgCh4H20. 
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XRD spectra of crystal sample recovered from the solution at a DOE 
of 52,9%. 

Interestingly enough the crystals recovered at a DOE of 69% are composed 

primarily of AICh'6H20, with small quantities ofFeCh"2H20, MgChxH20 (where 

x = 2 or 4) and even anhydrous FeCh (see Figure 45). Further ICP and EDS 

analyses (see Sections 4.2.2.1 & 4.2.2.2) suggest that the XRD results for this 

particular sample are misleading. A thorough review of the analytical data and 

experimental procedures suggest that the apparent decrease in ferrous and 

magnesium chloride salt content is actually due to the washing of the crystals. As 
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mentioned previously, increasing amounts of the rather hygroscopie diethyl ether 

were used to rinse the crystals recovered at the higher DOE's. Therefore, it is 

reasonable to suggest that waters of hydration were stripped away from any 

FeChxH20 (where x = 2 or 4) during washing. This would explain the presence of 

the anhydrous FeCh in the concemed sample, as well as the absence of any 

FeCh'4H20 in the crystals collected at a DOE of 60%. In fact, based on all of the 

aforementioned XRD results, the degree of ferrous chloride hydration appears to 

decrease with increased level of washing. While technically possible, the organic 

washing agent is not believed to have stripped any significant amounts of 

crystallization waters from the MgCh'xH20, as it is also quite hygroscopic. On the 

other hand, it is possible that the ferrous and magnesium salts are somewhat soluble 

in the diethyl ether and that the crystal structure was being damaged during sample 

rinsing. In such a case, the presence of the corresponding salts would not be 

detected by XRD. 
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XRD spectra of crystal sample recovered from the solution at a DOE 
of 69%. 

While the XRD data tends to support the solution concentration profiles shown in 

Figures 39-42 for the most part, it is worth recalling that this analytical technique is 

qualitative and the results must be interpreted with care. Analytical error arises from 

the fact that the spectrallines of difIerent MeClx's may actually overlap and the 

presence of several species in one sample may cause certain peaks of the resulting 

XRD pattern to shift. Moreover, standard spectra for complex multi-component 

chlorides may not even be available in the database. Therefore, certain 

unexplainable observations, such as the presence of anhydrous FeCh, mayactually 

be due to the inaccuracies of this analytical technique. 

4.2.2.1 Crystal Analyses by ICP: 

In an effort to validate the XRD data, the crystal samples recovered at the various 

DOE's were dissolved and submitted for analysis by ICP. The results are reported 

as wt% of the salts in their expected hydrated form in Table 5. 
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Table 5: Chemical composition of the crystal samples collected during the 
experiments. 

%DOE 
Chemical Composition (wt%) 

FeCh"2H20 FeCh AICh'6H20 MgCh"6H2O 

53 0.0 1.8 94.8 2.9 

60 3.3 2.6 87.9 6.1 

69 9.1 3.5 66.5 20.6 

The presence of any ferric in the crystal samples may be explained by liquor 

entrainment (i.e. insufficient washing) and was arbitrarily assumed to be in 

anhydrous form. While the XRD analyses suggest that magnesium chloride 

precipitated as a di- or tetra-hydrate, it was assumed to be present as MgCh"6H20 in 

the crystals submitted for analysis. This may be explained by the fact that 

magnesium chloride is extremely hygroscopic. As a result, despite every effort to 

avoid moisture pickup prior to analysis, previous experience suggested that a certain 

degree of MgCh"xH20 (where x = 2 or 4) hydration would occur. Based on the 

XRD data, the iron was assumed to be in the form of a dihydrate. It should be 

mentioned that these were the very first assumptions made by the author, and 

interestingly enough, the resulting chemical composition of the crystals added up to 

99%+ in aIl three cases. 

Surprizingly, unlike the previously reported results (i.e. Figures 39 and 42), the 

crystal sample taken at a DOE of 53% appeared to contain negligible quantities of 

FeCh2H20. This observation may be related to the fact that a very small amount of 

crystals (i.e. Ig) was used for analysis; therefore, the sample may not have been 

representative of the bulk. In fact, the composition suggests that the concerned 

crystals were literally pure AlCh·6H20. The presence of ferric and magnesium 

chloride are clearly due to liquor entrainment between the crystals. The absence of 

any FeCh (which should have been entrained as weIl) indicates that sampling or 
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analytical error may have occurred, or that the diethyl ether may have dissolved the 

small amount of ferrous present in the bulk sample. 

If one were to assume that the MgClz and FeCh were entrained in the same 

proportion as in the frrst sample recovered and that ferric concentration is the most 

reliable indicator of the amount of liquor entrained, mass balance calculations 

indicate that the crystals collected at a DOE of 60% are actually composed of 94.4% 

AICh·6H20, 3.5% FeClz2H20, and 2% MgCh"4H20. This coincides with the 

previously reported results which suggest that once 60% of the water in the starting 

solution has evolved, ferrous and magnesium chloride will have precipitated from 

the liquor as well. The rather high AICh·6H20 concentration may be explained by 

the fact that the crystals submitted for analysis are essentially composed of a bulk 

sample of all the salts present within the slurry at any given time. Therefore, given 

that the aluminium chloride starts to precipitate well before the others, and that its 

concentration in solution also drops much more dramatically (Figure 39), the 

relative amount of AICh·6H20 in the bulk crystal sample taken at a DOE of 60%, 

will obviously remain very high. While the solution concentration curves suggest 

that ferrous chloride starts precipitating at considerably lower DOE's than 

magnesium, one might have expected a much higher FeClz°2H20 concentration 

relative to MgCh"6H20. The observed deviation may, once again, be explained by 

the fact that a fraction of the ferrous chloride salt was dissolved by the diethyl ether 

during sample washing. 

Using the same methodology described above, the crystal sample recovered at a 

DOE of 69% consists of 73.4% AICh·6H20, 10% FeCh"2H20, and 16.6% 

MgCho4H20. These results suggest that either magnesium chloride crystallization is 

more favourable (for thermodynamic reasons, perhaps) at the given conditions, the 

nucleation and growth kinetics are faster than those of FeCh"2H20, or that the 

concentration of the latter was negatively atIected by sample washing. Moreover, 

these ICP results further support the claim that the XRD data for the same sample is 
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not as representative of the chemical composition, especia1ly from a quantitative 

point ofview. 

4.2.2.2 SEM and EDS Analysis of the Crystals: 

Scanning Electron Micrographs of the aforementioned crystal samples are shown in 

Figures 46, 47, and 48. 

Figure 46: 

Figure 47: 

A B 

SEM micrograph of crystals recovered at a DOE of 53%. A) Mag. 
x40, B) Mag. x200. 

A B 

SEM micrograph of crystals recovered at a DOE of 60%. A) Mag. 
x40, B) Mag. x200. 
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Figure 48: 

A B 

SEM micrograph of crystals recovered at a DOE of 69%. A) Mag. 
x40, B) Mag. x200. 

Generally speaking, the images illustrate that the evaporative crystallization 

procedure resulted in the production of relatively clean, well-formed individual 

MeClx crystals of polygonal shape with remarkably sharp edges. The texture of 

the crystals recovered at the lower degrees of evaporation (i.e. 53 and 60%) is 

rather uniform, and close examination does not reveal any significant signs of 

pores or cracks. As the solution becomes more concentrated, the surface of the 

corresponding crystals is rougher (see Figure 47B) and started showing signs of 

cracking. This is most likely due to attrition that results from collisions between 

the soft crystals (which are present in much more numerous quantities at higher 

DOE's), and with the impeller blades or reactor walls. A significant fraction of 

the crystals recovered at a DOE of 69%, were obviously present in the slurry for a 

much longer period of time than those sampled from the less concentrated slurry. 

Furthermore, the figures reveal the appearance of an increasingly noticeable crust 

layer on the surface of the crystals with rising DOE. This may be explained by the 

fact that as the liquor density and degree of supersaturation increases, the 

probability that a fracÙon of the solution remains trapped between crystals and 

that the corresponding MeClx's precipitate there also rises. This observation 
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supports the ICP results that revealed increasing ferric chloride concentration in 

the crystals recovered at higher DOE's. 

Based on the micrographs, it appears as though aU of the crystals in any one sample 

examined by SEM are essentiaUy the same. On the other hand, the XRD and ICP 

analyses have c1early revealed that each of the concerned samples is composed of 

more than one type of salt. As a result, EDS was used to perform spot analyses on 

various crystals within a given sample to determine whether any significant 

differences in composition would be observed. The resulting spectra were relatively 

constant. Furthermore, EDS analyses revealed that while the Fe and Mg 

concentrations of the individual crystals increase with the DOE, the aluminium 

content drops. These observations would suggest either the formation of complex 

chlorides, or that the ferrous and magnesium are simply precipitating on the surface 

of the previously formed AICh'6H20 crystals. In fact, once the DOE surpasses 

60%, the AICh, FeCh, and MgCh are competing for surfaces to precipitate on; 

therefore; the formation of crystals with various and perhaps altemating layers of 

AICh'6H20, FeCh"2H20, and MgCh4H20 is quite probable. Moreover, in light 

of the fact that aluminium chloride starts precipitating weU before the others, the 

core of most crystals will most likely be composed of that hydrated salt. 

Given that EDS analyses can vary by as much as +/-20% and are therefore rather 

subjective, it would be very difficult to define the true form of the crystals (i.e. 

complex or layered) or to provide an undisputable description of the mechanisms 

of formation. It is generaUy accepted that for reliable EDS analyses, a polished, 

flat, homogeneous sample 1S required. This is physicaUy impossible to achieve 

with a single crystal. The previously mentioned results were base on performing 

EDS analyses on the flatte st possible surfaces available within a crystal sample. 

On the other hand, as far as pyrohydrolysis is concemed, the important thing to 

retain from the EDS results is that the chlorides will most likely salt out as 
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intimately mixed crystals during the vigorous boiling phase. This conclusion is 

further supported by the fact that the duration of the crystallization process that 

occurs in the fluidized bed reactor, is order of magnitudes shorter than that of the 

aforementioned experiments; therefore, co-precipitation and the formation of 

mixed crystals is inevitable. 

4.2.3 General Comments: 

As mentioned previously, the evaporative crystallization experiments were 

performed in an effort to define the MeClx'yH20 precipitation sequence that 

occurs as the AI-Fe-Mg-Clliquor of interest is exposed to typical pyrohydrolyzer 

operating conditions. Given that the gradually increasing temperature profile or the 

dynamics observed during the Phase 1 study were not reproduced, the corresponding 

test results serve as a first approximation of the manner in which MeClx' s 

crystallize during the vigorous boiling phase 

Despite sorne of the discrepancies observed in the results, the XRD data for the 

samples recovered at DOE's of 53 and 60% together with the analytical results 

presented in Figures 39 to 41, suggest that AICh'6H20 precipitates frrst, followed by 

FeCh"xH20, and then ultimately by MgCh"xH20 (where x=2 or 4). While it is 

difficult to conclude whether the chlorides precipitate independently or as complex 

compounds, the SEM and EDS data indicate that once 41 % of the solvent water in 

the saturated liquor has evolved, the formation of crystals with various and perhaps 

altemating layers of AICh'6H20, FeChxH20, and MgChxH20 is quite probable. It 

also appears as though the core of most crystals will very likely be composed of the 

former most. This may complicate the overall transformation process, as aluminium 

chloride is also the frrst salt to hydrolyse. With regards to FeCh, it is expected to 

remain in solution to very high DOE's, since it did not precipitate even after 54% of 

the solvent water had evaporated at 105°C, and its solubility actually increases with 

temperature. As mentioned in Section 4.1.1, the liquor temperature actually rose to 

250°C during the densification (i.e. MeClx precipitation) stage. 
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It is worth mentioning that based on the results of a few additional evaporative 

crystallization experiments overseen by the author, the total amount of HCl that 

evolves from the solution at a DOE of approximately 70% increases with 

temperature (i.e. 60% for 105°C vs. 70% for 130°C). Therefore, the assumption 

that aIl of the HCl has evolved from the feed liquor at 225°C (see Section 4.1.2) is 

valid. 

4.3 Phase III: Characterizing Solution Transformation as a Function 
of Temperature 

4.3.1 Summary ofResults: 

The saturated AI-Fe-Mg-Clliquor transformation profile, obtained by allowing the 

solution to react in the presence of a simulated pyrohydrolyzer atmosphere at a 

series of temperatures for close to an hour, is expressed as a percentage of chlorine 

loss versus temperature in Figure 49. Given that a little over 95% of the chlorine 

within the feed solution is consumed as the system temperature approaches 600°C, it 

is reasonable to conclude that excluding diffusion or kinetic effects, the overall 

conversion process occurs primarily over the 300 to 600°C temperature range. 

The XRD analyses of the reaction product samples retrieved from the furnace at 

300, 400, 500, 600, 700, and 800°C (see Figures 50-55), confirms that the 

transformation of the multi-component metal chloride solution proceeds in step­

wise fashion. 
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Figure 49: Degree of pyrohydrolysis versus temperature. 

As suggested by the simplified pyrohydrolysis experiments, the XRD data (Figure 

50) along with the results shown in Figure 49 lend further support to claims that the 

dissolved MeClx's are primarily precipitating and undergoing dehydration as the 

reactor feed solution temperature increases to 300°C. XRD analysis of the sample 

that was allowed to react at this temperature shows the presence of bischofite (25-

0515), magnesium hydroxy-chloride (03-0100), and hematite (33-0664). The 

unidentified peak at 5.36A is believed to be low-symmetry iron hydroxy-chloride. 

Based on thermodynamics and other experimental observations[54], the 

AICh'6HzO should have pyrohydrolyzed; therefore, the absence of any alumina is 

most likely due to the fact that this phase is primarily amorphous in nature. [86] 

The presence of hematite may be explained by the partial thermal decomposition 

of FeCh. Given that 29,8% of the chlorine within the starting solution was 

consumed (see Figure 49), fundamental considerations and the starting solution 

composition would suggest that at 300°C, the residual HCl has completely 
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evaporated, and that rnost of the AICh as well as sorne FeCh have 

pyrohydrolyzed. Assuming that 90% of the AICh in the feed liquor has 

decornposed and that only the ferric has also undergone conversion, rnass balance 

calculations would suggest that close to 30% of the ferric chloride has also reacted 

once the solution reaches 300°C. 
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l, 

Figure 50: 
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XRD spectra for the feed liquor sample that was allowed to react at 
300°C for 1hr. 

Clear1y, a fair degree of background noise was observed within the aforernentioned 

XRD pattern. This suggests that the crystal structures of a few of the cornpounds 

present within the concerned sample were not well formed. 

While the magne sium is present primarily as hydroxy-chloride at 400°C, the 

chlorine assay and XRD spectra (Figure 51) for the corresponding sample, along 

with rnass balance calculations indicate that the rnajority of the iron has 

transformed into hernatite. Assuming that the rnajority of the AICh and FeCh in 
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the starting solution have decomposed, the degree of pyrohydrolysis calculation 

suggests that up to 52% of the ferrous has also pyrohydrolyzed. 
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XRD pattern for the starting solution sample that was allowed to 
react at 400°C for lhr. 

As the system temperature reaches 500°C (see Figure 52), a significant fraction of 

the MgOHCl has pyrohydrolyzed and a portion of the hematite reacts with the 

magnesium compounds to form magnesioferrite, MgFe204. Based On the chlorine 

assay of the sample, it is estimated that approximately 76% of the MgCh in the 

feed liquor has pyrohydrolyzed, provided that aIl of the other salts have 

decomposed. 
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XRD· spectra for the feed liquor sample that was allowed to react at 
500°C for lhr. 

l , 

2, 
; l"~ .Il 

, 1 , 
30 

, SI)"",o' , 
2· ThetatiJeg) 

XRD pattern for the starting solution sample that was a110wed to 
react at 600°C for Ihr. 
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Given that the hematite digressed from a major to a minor phase (Figtrre 53), it is 

reasonable to suggest that the iron oxide continues to combine with magnesium 

compounds as the temperature rises from 500 to 600°C. Despite what the results in 

Figure 49 may infer, no chloride-based compounds were observed in the XRD 

pattern. 

°l~========~~~==~~~~ 
1 1 1 

.17 __ ............ _._ 

. . . l, 1 

Figure 54: XRD spectra for the feed liquor sample that was allowed to react at 
700°C for lhr. 

At 700°C (Figure 54), the presence of aluminium reappears as it combines with the 

magnesioferrite to form ferrian spinel or Mg(AI, Fe)204. The absence of any 

hematite in the XRD pattern suggests that it is primarily tied up with the magnesium 

and aluminium. Based on the stoichiometry, there is an excess ofmagnesium in the 

starting solution, relative to iron and aluminium, for the formation of MgFe204 and 

the ferrian spinel. This explains why MgO is present as a major phase in the 

concerned sample. The XRD spectra of the sample that was allowed to react at 

800°C is literally identical to that shown in Figure 54. And with a degree of 
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pyrohydrolysis of 97.2%, a small amount of MgOHCl must still be present within 

the concemed product sample and therefore suggests that higher temperature or 

longer reaction times are required for it to fully decompose. 

4.3.2. Phase 1 vs. III Results: 

A comparison of the relevant data reveals that the degree of pyrohydrolysis as a 

function of reaction temperature obtained during the Phase 1 and ID experiments 

are significantly different. During the simplified pyrohydrolysis tests, a little over 

50% of the chlorine in the starting solution had evolved as the temperature 

reached 300°C. The degree of pyrohydrolysis was calculated to be 29.8% at the 

same temperature during the Phase ID trials. This difference is most likely due to 

the fact that the atmosphere was much more oxidizing during the former series of 

experiments and this favoured iron chloride hydrolysis. 

At higher reaction temperatures (i.e. 500 and 700°C), the percentage of chlorine 

loss was much more pronounced during the Phase ID trials. This is most likely 

explained by the longer reaction times maintained during the latter series of 

experiments. 

Clearly, given that a typical reactor atmosphere was maintained during the 

secondary pyrohydrolysis trials, it is reasonable to conclude that the corresponding 

results serve as a much more reliable account of the transformation process. 

Despite this it was decided that thermodynamic modelling be performed to 

validate the resulting conclusions and to elaborate further on the series of 

reactions that take place throughout the conversion of the multi-component 

chloride liquor. 
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4.4.' Thermochemical Modelling: 

4.4.1. Introduction: 

In an effort to assist with the interpretation of the aforementioned experimental 

results, thermochemical modelling was performed to predict the equilibrium phase 

assemblages that could occur during the transformation of the saturated Al-Fe­

Mg-Cl solution, at reaction temperatures of 200°C and above. The FactSage 

System, plus thermodynamic data generated by the F ACT Consortium Project, 

was employed to model the equilibrium phase changes that occur as the feed 

liquor is hydrolysed in a high-temperature, natural gas-fired fluidised-bed reactor. 

A fluidised bed reactor is usually considered to be very well mixed, that is, limited 

temperature and composition ranges occur within the overall bed. Consequently, 

there will be steep temperature gradients within very localized zones in the 

reactor. The highest temperature will exist where the natural gas fuel and air 

combust but on mixing the combustion gases should quickly cool to the bed 

temperature. The lowest temperature will be that of the injected aqueous liquor, 

but on mixing this should rapidly heat to the reactor temperature. 

Similarly, there will be sharp composition gradients within very localized regions 

of the reactor. One composition gradient will be between the combustion gases 

and the bulk exit gas. Another will be around the drops of evaporating liquor and 

the reaction products derived from that liquor and the bulk reactor gases. 

The relative rates at which fuel, air and liquor are fed to the reactor may vary in 

time. This produces a range of oxygen potentials over time, from oxidizing to 

reducing conditions. 

When a quantity of liquid is injected into the fluidised bed it is exposed to the 

bulk gas atmosphere within the reactor. A drop ofliquid may either be in contact 

with reactor solids of varying partic1e size or may be freely suspended in the gas. 
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Water will evaporate and the liquid temperature will increase from that at 

injection to that of the bed in a manner depending on the heat transfer mechanisms 

that supply the heat of evaporation of water. Only the overall thermal energy 

changes involved in a particular transformation could be predicted by 

thermochemical calculations. 

It is very likely that heat transfer rates and kinetics, rather than equilibrium 

thermochemistry, would play the major role in determining the phase assemblage 

at low temperatures. As a result, it was decided to only consider general aqueous 

chemistry and to restrict detailed thermochemical modelling to temperatures of 

200°C and above and to non-aqueous, that is, oxide and chloride non-aqueous 

condensed phase plus gas equilibria. 

4.4.2. Equilibrium Modelling: 

Thermochemical modelling requires a characteristic reaction temperature, 

pressure and input chemical composition in order to calculate an equilibrium 

phase assemblage. Equilibrium thermochemical modelling assumes infinite 

chemical reaction rates. As described above, a range of temperature and 

composition conditions can occur at various locations within a fluid bed reactor 

and over time, making it unsuitable to be completely described in total by a single, 

simple equilibrium model. A compromise was sought and, after sorne exploratory 

calculations, it was decided to calculate the stable phase assemblage that would 

result from simple mixing of the feed fuel, air and liquor over the temperature 

range 200 to 1000°C. The lower temperature limit was chosen so that only 

species for which reasonable thermodynamic data exists are likely to be stable and 

where significant chemical reaction rates might be expected. The upper 

temperature limit is believed to be significantly above that occurring during 

normal reactor operation. 
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It is known from experimental observation that aluminium chloride precipitates 

from saturated liquor as the hexahydrate[70] and that it undergoes reactive 

hydrolysis to yield aluminium oxide plus hydrogen chloride at relatively low 

temperatures. [54,55] The aluminium oxide formed is either amorphous or is in the 

form of gamma alumina, which has a defect spinel structure. [86] 

(42) 

Solid magnesium chloride monohydrate (MgCh.H20) is predicted to be stable at a 

temperature of 200°C in the reactor atmosphere by the exploratory F ACT 

calculations. 

Iron is the only metal in the feed liquor that can undergo oxidation and reduction 

chemistry under reactor conditions. Preliminary equilibrium calculations 

indicated that under oxidizing conditions at a temperature of 200°C, ferrous 

chloride is predicted to convert to ferric chloride plus ferric oxide. 

(43) 

Under reducing conditions at 200°C, ferric chloride is predicted to convert to 

ferrous chloride. 

FeCh + 0.5 H2 = FeCh + HCI(g) (44) 

The kinetics of the iron chloride oxidation and reduction reactions are unknown. 

Therefore, the quantities of FeCh and FeCh present within the feed liquor were 

chosen as direct inputs to the model. 

The equilibrium modelling of this system is considered only at atmospheric 

pressure. From Le Chatlier's Principle, as hydrolysis of a metal chloride produces 

more gaseous molecules in the products than existed in the reactants, an increase 
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in reactor pressure would be expected to stabilize metal chlorides relative to the 

metal oxides. 

MClz + H20(g) = MO + 2 HCI(g) (45) 

In reality, an exhaust fan is used to evacuate excess gas from within the reactor 

and maintain a constant pressure, which is slightly negative (i.e. ~95kPa, 

absolute), to avoid any corrosive HCI(g) emissions into the atmosphere 

immediately surrounding the vessel. 

The metals are initially intimately mixed on an atomic scale because they enter the 

reactor in the form of an aqueous solution. As a result, unless significant 

demixing occurs as the individual chlorides crystallize, only short solid-state 

diffusion paths would be required to form mixed metal phases and this process 

should be fast. Given that heating in the reactor is likely to be rapid, significant 

demixing should not occur. Aqueous solutions are often used commercially as the 

starting phase from which to prepare solid mixed metal oxides. [86] 

In the model, the possible phases covered included gas, a molten chloride 

solution, a chloride solid solution, spinel solid solutions, a monoxide solid 

solution and pure solids. The anhydrous MgClz-FeClz, spinel and the MgO-FeO 

solid phases were modelled by solid-solution models using optimized F ACT data. 

The corundum phase of alumina, Alz03, and hydrated aluminium oxides, such as 

diaspore, AIOOH, were excluded from the model because published experimental 

observations[55] indicated that they would not form for kinetic reasons, despite 

being found to be thermodynamically stable during preliminary equilibrium 

calculations. 
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4.4.3. Model Feed Composition: 

Based on a review of the literature[I,531 and sorne of the author's personal 

experience, the most oxidizing conditions that appear to be maintained in 

fluidized bed pyrohydrolyzers are generated by air/fuel ratios of close to 10, where 

the fuel is assumed to be natural gas. An air-to-fuel ratio as low as 9.2 was also 

reported to have been used, which constitutes reducing conditions. The feed 

liquor composition was assumed to be constant at 49.5 wt% H20, 8.5 wt% A1Ch, 

18.5 wt% MgCh, 12.0 wt% FeCh, 10.0 wt% FeCh and 1.5 wt% HCL 

TypicaHy, natural gas is composed ofmethane (appr()ximately 97.2 mole percent), 

about 1.4 mole percent ethane and limited quantities of propane, nitrogen and 

carbon dioxide. In an effort to simplify the calculations, the natural gas feed to the 

reactor was assumed to be pure methane. The effect of this hypothesis is not 

likely to be significant. The air was assumed to be dry and to be composed only 

of oxygen and nitrogen. The "dry air" assumption will have a negligible effect on 

the results given the large quantities of water introduced by the liquor. AH gas 

was assumed to behave as a perfect mixture. 

Linear interpolation was used between oxidizing and reducing flow rates to 

calculate intermediary input conditions. . Hence the most oxidizing condition is 

represented as zero (A=O) and the most reducing condition is represented as unity 

(A=I) on the oxidizing - reducing scale. The constant for the nitrogen input 

equation into the reactor was reported as "B", and feed rate equations for aH the 

other species or compounds use fractions of B as their constant. Given that the 

sources of information from which the data was obtained are considered 

confidential, the actual value for B could not be provided. The inputs to the 

thermochemical model are summarized in Table 6. 
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Table 6: Inputs to the thermochemical model 

Input Speciesl Flowrate 
Compounds (molelhour) 

N2(g) 30955.3A + B 

02(g) 8179.lA + O.264B 

CH4(g) 14279.4A + O.127B 

H20 (1) 69269.7A + O.495B 

FeCh(aq) 1989.0A + O.0142B 

FeCh(aq) 1865.0A + O.0133B 

MgCh(aq) 4898.4A + O.0350B 

AICh (aq) 1607.1A + O.Ol15B 

HCI (aq) 1037.2A + O.OO74B 

4.4.4 Madel Results: 

The results calculated using the FactSage pro gram EQUILffi are summarized in 

the following. The predicted variation of gas composition in terms of major 

components, for conditions ranging from oxidizing to reducing, is shown in 

Figure 55. The minor component and oxygen concentration profiles are shown in 

Figures 56 and 57, respectively. On the oxidizing-reducing scale, zero 

corresponds to the most oxidizing feed flow-rate considered, unity corresponds to 

the most reducing feed flow-rate and the intermediate values to linear 

interpolation between the these two limiting flow-rates. The kilo mole per hour 

scale is provided to allow insight into the chemical changes predicted to occur 

during the process and also reflects relative volumetric concentrations in the gas 

phase. This information would not be so obvious in a mass flow rate scale. 
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The molar flowrates of ferrous chloride observed in the gas phase at 900°C over 

the range of oxidizinglreducing conditions considered is graphically illustrated in 

Figure 58. FeCh(g) flowrates observed with increasing temperatures under 

reducing and neutral conditions are provided in Figures 59 and 60, respectively. 

The variation of solid phase production rates for oxidizing to reducing conditions 

on the above scale and for varying temperatures are shown in Figures 61 to 67. 

The composition of the product solid phases and the production rate of the 

components of those phases at a temperature of 900°C are provided in Figures 68 

to 77. 
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Figure 59: FeCh(g) flowrate observed in gas phase, under reducing conditions, 
as a function of temperature. 
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Figure 74: Molar production rates of MgAh04 based spinel solid-solution 
components, over range of oxidizinglreducing conditions 
considered, at 900°C. 
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4.4.5. Predicted EfJect of Temperature: 

The decomposition mechanism for magne sium chloride is predicted to be similar 

under both oxidizing and reducing conditions, with magnesium monohydrate 

converting to magne sium chloride hydroxide at temperatures between 200 and 

250°C and magne sium chloride hydroxide converting to magnesium oxide at 

temperatures between 440 and 460°C (Figures 61 to 63). The relative quantity of 

magne sium in the spinel and monoxide phases is predicted to depend on both 

oxygen potential and temperature. 

The decomposition mechanism for aluminium chloride is predicted to be similar 

under both oxidizing and reducing conditions, with aluminium chloride 

hexahydrate converting to oxide, probably as a defect spinel phase, at 

temperatures below 200°C then appearing in spinel phases at temperatures at and 

above 200°C (Figures 61 to 63). The relative quantity of aluminium in the spinel 

phases is predicted to be almost independent of both temperature and oxygen 

potential, as a MgAh04-rich spinel phase is predicted to be the major product 

containing aluminium under aH conditions investigated. 

Iron is the chemical element that is predicted to display the most diverse chemistry 

with respect to both oxygen potential and temperature. Under oxidizing 

conditions, iron is predicted to convert to the trivalent state and to hydrolyse to 

ferric oxide at temperatures below 200°C (Figure 61). At temperatures around 

300 to 330°C, the ferric oxide is predicted to convert to a MgFe204-rich spinel 

phase. Under reducing conditions, iron is expected to convert to the divalent state 

but to persist as a ferrous chloride-rich phase to temperatures around 480 to 520°C 

at which time it converts to a MgFe204-rich spinel phase (Figure 62). Under 

reducing conditions, as the temperature increases, this spinel phase is predicted to 

contain increasing concentrations of iron II oxide (FeO) and magne sium oxide 

(MgO) is expelled from the spinel phase to the monoxide (Mg1-x,Fex)O phase. 
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The monoxide phase is also predicted to contain increasing concentrations ofFeO 

with increasing temperature under reducing conditions. It is important to note that 

under reducing conditions, the gas phase is predicted to contain significant 

concentrations ofFeCh as well as hydrogen and carbon monoxide (see Figures 56 

and 59). The gaseous ferrous chloride is predicted to result from the reversible 

reaction of hydrogen (or carbon monoxide) and hydrogen chloride with the 

magnesium ferrate spinel. 

MgFe204 + H2 (g) + 4 HCl(g) = MgO + 2 FeCh (g) + 3 H20(g) (46) 

MgFe204 + CO(g) + 4 HCl(g) = MgO + 2 FeCh(g) + 2 H20(g) + CO2(g) (47) 

The relative concentrations of the major gas phase constituents, N2, H20, HCI and 

CO2 are predicted to not significantly change under the range of oxidation 

potentials considered. 

Under neutral conditions, a ferrous chloride solid solution is predicted to exist to 

approximately 420°C, and the Fe203 tends to disappear as the temperature 

exceeds 300°C (Figure 63). 

The MgAh04-rich spinel phase and the MgFe204-rich spinel phase are not 

completely miscible so two phases, each with the spinel structure, are predicted to 

co-exist over the wide range of the conditions observed in regeneration reactors 

and in the solid product (Figures 61 - 63, and 65 - 67). These phases would be 

difficult to differentiate by X-ray diffraction unless operational care was taken in 

noting peak positions and intensities. 

Spinel phases may be considered in a number of ways. One example is the 

crystallographic approach. There are two distinct crystallographic sites for metals 

in oxide spinels in which the metals have either tetragonal or octahedral 
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coordination with oxygen atoms. These sites may be either occupied or vacant. 

Hence a spinel phase may be described by listing the metals together with their 

oxidation state at each of the sites in the crystal structure. The F ACT spinel 

model generates enough information to use the crystallographic approach if so 

desired. Altematively, in a chemical approach, a spinel may be simply regarded 

as a mixture of divalent (MIlO) and trivalent (Mill
20 3) oxides. The chemical 

approach is adopted for describing spinels in this work because the oxidation­

reduction chemistry of iron is considered to be important to the process analysis. 

Hence magne sium oxide (MgO) and ferrous oxide (FeO) are considered to be the 

divalent oxides (MIlO) and aluminium oxide (Alz03) and hematite (Fe203) are 

considered to be the trivalent oxides (Mill203). Magnesium aluminate spinel is 

considered to have the following chemical formula: (Mg(l_x),Fex)O.(AI(l_y)Fey)203 

where the x and y values lie between 0 and 0.5. The magnesium ferrate spinel 

may be represented by (Mg(l_x),Fex)O.(Fe(l_y~ly)z03 where x and y have values 

between 0 and 0.5. Corresponding spinel compositions are reported in Figures 76 

and 77, according to this model. 

It should be noted thatthe calculations performed here predict phase assemblages 

under equilibrium conditions. In the actual reactor, sorne of the predicted phases 

may not form until higher temperatures are attained or may not form at all, 

because of kinetic considerations. 

4.4.6 Predicted E(fect of O.ngen Concentration: 

At a temperature of 900°C under oxidizing conditions, thermochemical modelling 

suggests that the solid reaction product is composed primarily of magnesium 

ferrate (MgFe204) spinel, magnesium aluminate (MgAh04), and MgO as a 

monoxide phase (see Figures 74 to 77). Small amounts of Alz03 and FeO would 

be expected to exist in the MgFe204, while the magnesium aluminate would 

contain sorne Fe203 and FeO. Under reducing conditions, ferric oxide, Fe203 is 

predicted to be partially reduced to ferrous oxide FeO. The composition of the 
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MgAh04 spinel is predicted to change by only a small amount relative to 

oxidizing conditions. However, the composition of the magnesium ferrate spinel 

is presumed to change significantly, with FeO displacing MgO from the structure 

and increasing the quantity of monoxide phase, which is now predicted to contain 

a significant concentration of FeO, that is, a composition with the general formula 

(Mg(1oz),Fez)·O (Figures 72 - 73). 

At a temperature of 900 oC under oxidizing conditions, the product gas phase is 

predicted to contain a small concentration of free chlorine in addition to the 

normal combustion gases plus hydrogen chloride (Figures 55 - 57). Under 

reducing conditions, the gas phase is foreseen to contain noteworthy amounts of 

ferrous chloride (FeCh(g») as weIl as hydrogen (H2) and carbon monoxide (CO). 

The formation of ferrous chloride is considered to be significant as it indicates that 

the targeted iron hydrolysis reaction is effectively reversible. The ferrous chloride 

gas could condense as liquid or solid in the gas train causing build-up of deposits. 

The ferrous chloride could also react with oxygen from air that is infiltrated into 

the gas train, producing ferric chloride (FeCh) and ferric oxide (Fe203). The 

ferric chloride could oxidize or hydrolyse to ferric oxide, most likely as very fme 

partic1es, in the offgas stream. 

6 FeCh (g) + 1.5 02 = 4 FeCh (g) + Fe203 (8) (48) 

2 FeCh (g) + 1.5 O2 = Fe203 (8) + 3 Ch (49) 

2 FeCh (g) + 3 H20 = Fe203 (8) + 6 HCl(g) (50) 

When the reducing reactor product gas makes contact with incoming liquor during 

pre-concentration, any residual gaseous ferrous chloride (and any secondary ferric 

chloride) would dissolve into the concentrated liquor and be returned to the 

reactor, creating a recircu1ating load. This situation would result in lower process 

efficiencies. 
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The model's predictions imply that, with respect to iron chloride hydrolysis, the 

reactor yield is likely to be under kinetic control under oxidizing conditions but 

under either kinetic control or thermodynamic equilibrium control under reducing 

conditions. This conclusion is based on the fact that the iron chloride hydrolysis 

reaction is predicted to be reversible or equilibrium controlled under reducing 

conditions in that sorne iron chloride is believed, by thermochemistry, to be 

present in the reaction products.It is irreversible or strongly favoured under 

oxidizing conditions because iron chloride is not among the predicted reaction 

products and hence thermodynamic considerations are not likely to influence the 

process yield. For aluminium chloride, the hydrolysis reaction is predicted to be 

irreversible because aluminium reports only to oxide phases and therefore the 

yields are likely to be controlled by kinetic considerations under aIl the conditions 

examined. For magne sium chloride, the hydrolysis reaction is predicted to be 

reversible at lower temperatures where its chlorides are stable and irreversible at 

higher temperatures where magnesium reports only to oxide phases. 

For a reversible process the Gibbs energy of reaction has a relatively small 

magnitude and changes in conditions can affect the yield. For an irreversible 

reaction, the Gibbs energy of reaction has a large negative value and the yield is 

largely unaffected by changes in conditions. The thermodynamic properties of 

reaction for the hydrolysis of AICh, MgCh, FeCh (reducing) and FeCh 

(oxidizing), as calculated by the FactSage System, are provided in Appendix 1. 

The predicted compositions of the gas, mixed solids, spinel phase and monoxide 

phase under varying oxidizing and reducing conditions were reported in Figures 

55-60, 64-68, and 72-77. 

It is worth highlighting that when operating under reducing conditions at 900°C, 

the equilibrium product offgas is expected to contain more hydrogen on a volume 

basis than CO. 
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As mentionedin Section 2.5.3.3, metal chloride hydrolysis and the reverse 

hydrochlorination reaction have been studied by Kasaoka et al. [80] Their 

experimental observations appear to be consistent with the predictions made in 

this work, particularly with respect to the reversibility of the chloride hydrolysis 

reaction under certain conditions. 

4.4.7 Predicted Liquid Phase Formation: 

The modelling exercise indicated that a molten chloride salt phase would not form 

at any temperature under either oxidizing or reducing conditions. Based on the 

author's experience and that ofother researchers in this area[86], small amounts of 

alkali metals (that are resistant to hydrolysis under sorne conditions) may favour a 

~olten chloride salt phase during pyrohydrolysis. Additional thermochemical 

ca1culations revealed that the presence of even a small amount of sodium chloride 

would stabilize the formation of a liquid chloride phase over a wide temperature 

range (i.e. up to 900°C). The presence of a sticky liquid phase could have 

significant implications on the operation of a fluidised bed pyrohydrolyzer (i.e. 

build-up on reactor and offgas handling system walls, bed particle agglomeration 

and defluidization, etc ... ). Furthermore, any residual chlorides in the reactor 

oxide product are likely to be water-soluble and could therefore be leached by 

rainwater. Clearly, the effect of minor impurities on the pyrohydrolysis of the 

concemed AI-Fe-Mg-CI system is certainly worth investigating. 

4.4.8 Thermochemical Modelling Conclusions 

The FactSage System, and thermodynamic data generated by the F ACT 

Consortium Project, has made it possible to predict the equilibrium phase 

assemblages that could form during the pyrohydrolysis of the AI-Fe-Mg-Clliquor 

of interest. The resulting phase assemblage is predicted to vary significantly with 

temperature and with the oxygen potential in the reactor. 
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The presence of gaseous ferrous chloride in significant quantities at higher 

temperatures (under reducing conditions) is likely to limit reactor performance 

and yields in these circumstances. Because of this, it is believed that, with respect 

to iron chloride hydrolysis, the reactor yield is like1y to be under kinetic control 

when oxidizing conditions prevail, but under either kinetic or thermodynamic 

equilibrium control when the conditions are reducing. 

A solid solution chloride phase, consisting mainly of iron II (ferrous) chloride 

together with sorne magne sium chloride, was predicted to persist to intermediate 

temperatures under reducing -conditions. This phase was not predicted to be 

present under oxidizing conditions. 

Thermochemical modelling indicated that a liquid chloride phase, other than the 

feed liquor, would not form at any temperature (i.e. 200°C or above) under the 

range of oxidizing or reducing conditions considered. A solid chloride phase was 

predicted to persist to intermediate temperatures under reducing conditions. A 

molten salt phase was determined to be nearly stable under reducing conditions. 

In other words, the predicted thermodynamic activity of a molten salt phase was 

less than, but close to, unity. 

Through additional calculations, the model predicted that small amounts of salt 

forming impurities (such as NaCl) in the liquor might be enough to stabilize a 

chloride phase to higher temperatures. The effect of minor impurities could be the 

subject of further work. 

Aqueous solution phase behaviour was not modelled in this work, in part because 

of inadequate thermochemical data for both the liquor phase and the solid 

compounds that are likely to be in equilibrium with the solution. Modelling in 

this area could be the subject of further work. This work would require 

optimization of the appropriate phase model parameters. 
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The solid solubility of iron II in magne sium chloride dihydrate, chloride 

monohydrate and chloride hydroxide has apparently not been measured and would 

require an experimental investigation. The development of thermochemical 

modelsof solid solutions involving iron II and magnesium chloride hydrates and 

chloride hydroxides could be the subject of further work. 

More information regarding the non-thermodynamic properties of the different 

solid phases, such as their individual fluidising behaviour, would be required to 

predict their influence on reactor performance under the different conditions. 
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5.0 CONCLUSIONS: 

Unlike what experts in the field have suggested[1,15,531, the research study at hand has 

shown that when the saturated AI-Fe-Mg-CI solution at 105°C is exposed to 

fluidized bed pyrohydrolyzer operation conditions at 850°C, the following sequence 

of events take place: 

• rapid H20 evaporation (i.e. vigorous boiling) and onset of metal chloride 

precipitation. 

• slurry densification due to a graduaI increase in crystal content (i.e. 

AICl6H20, FeChxH20, and MgChxH20, where x = 2 or 4). 

• hydrated crystal drying and onset of pyrohydrolysis (i.e. thermal 

decomposition ofMeClx·yH20). 

The same holds true for the high temperature hydrolysis of typical waste pickle 

liquors (i.e. primarily FeCh solution). The simplified pyrohydrolysis experiments 

(i.e. Phase I) have shown that the transformation of the AI-Fe-Mg-CI reactor feed, 

which is obviously composed of numerous species with differing solubilities and 

stabilities, can take 30% longer than that of a FeCh solution under similar 

conditions. Given that fluidized bed pyrohydrolyzer performance is dependent on 

the need for the majority of the injected liquor to coat and react on existing bed 

partic1es, the impact of the aforementioned observations on the process are rather 

straightforward. The longer it takes for all of the salt to precipitate from solution, 

adhere to the bed partic1es and eventually transform, the higher the probability that 

sorne of the incoming liquor will be carried off by the fluidizing gas. This, in turn, 

favours an inefficient recirculating loop an~ negatively impacts on process 

performance. 

It is generally accepted that solid metal chlorides are rather "sticky" at elevated 

temperature. Furthermore, the presence of a gaseous boundary layer around the 
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surface of vigorously boiling droplets will impede any noteworthy adhesion of the 

feed liquor to the fluidized bed partic1es and most likely favour repulsion between 

thetwo. 

The crystallization studies (i.e. Phase II) revealed that when the AI-Fe-Mg-CI 

solution is allowed to gradually evaporate at 105°C, AlCho6H20 precipitates when 

at least 15% of the solvent water has evolved from the saturated liquor. FeChxH20 

and MgCh"xH20 crystallization (where x = 2 or 4) takes place when approximately 

26% and 41 % of the solvent water has evaporated, respectively. Ferric chloride 

remains in solution even after 54% of the water has been driven from the liquor. 

While it is difficult to conc1ude whether the chlorides precipitated independently or 

as complex compounds, related SEM and EDS data indicate that once 41 % of the 

solvent water in the saturated liquor has evolved, the formation of crystals with 

various and perhaps altemating layers of AICh·6H20, FeCh"xH20, and MgChxH20 

is quite probable. This is even more likely to occur when the said liquor is actually 

introduced into the fluidized bed reactor, where the evaporation process is much 

more rapid. Additionally, the core of precipitated crystals will very likely be 

composed of the aluminium chloride. This will have implications on the overall 

transformation process, as this salt is also the first to hydrolyse when the spent 

solution temperature rises within the reactor. Furthermore, the crystallization results 

have revealed that F eCh will remain in solution to very high degrees of evaporation, 

especially since its solubility actually increases with temperature. Therefore, the 

proportion of liquor that remains in aqueous form during the slurry densification 

phase increases with the ferric concentration in the starting solution. In light of this 

and for the same reasons cited above, higher ferric concentrations in the reactor feed 

are more than likely to favour an increase in the quantity of liquor entrainment by 

the fluidizing gases and therefore lead to lower process efficiencies. This coincides 

with observations made in industrial practice.[13,14] 
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The sequence and manner in which the precipitated chlorides pyrohydrolyze as the 

system temperature exceeds 300°C was elaborated upon during a dedicated series 

of experiments (i.e. Phase III), with a simulated reactor atmosphere (gaseous, not 

dynamic). These studies have shown that exc1uding kinetic effects, the 

transformation of the AI-Fe-Mg-Cl solution occurs primarily over the 300 to 600°C 

temperature range. When allowed to react for one hour at temperature, iron chloride 

begins hydrolysing at 300°C and is fu11y transformed at approximately 500°C. The 

kinetics of MgChxH20 conversion are much slower as temperatures in excess of 

800°C or longer reaction times are required for this salt to fully hydrolyse. The frrst 

signs of magnesioferrite were observed when the liquor was allowed to react to 

500°C, and Mg(AI, Fe)204 appeared at a reaction temperature of 700°C. 

When compared to the results of the Phase ID experiments, thermochemical 

modelling revealed that with the exception of AICh'6H2ü hydrolysis, the majority 

of the reactions taking place as the saturated AI-Fe-Mg-Clliquor is introduced into 

and eventually reaches 850°C are govemed by either reaction kinetics or diffusion. 

Furthermore, the resulting phase assemblage at any given temperature was 

predicted to vary significantly with oxygen potential. Under the reducing 

conditions considered, gaseous ferrous chloride was determined to be present in 

significant quantities at temperatures in excess of 700°C, and a solid solution 

chloride phase (i.e. FeCh-MgCh), was predicted to persist to nearly 500°C. A 

liquid chloride phase (inc1uding molten salt), other than the feed liquor, was not 

predicted to form at any temperature (i.e. 200°C or above) under the range of 

oxidizing or reducing conditions considered. It was shown that the presence of 

small amounts of salt forming impurities (such as NaCI) in the liquor would 

stabilize a liquid chloride phase over a rather wide temperature range. 

AlI of the aforementioned findings have helped to provide a much c1earer 

understanding of the niechanisms behind the transformation of a saturated AI-Fe­

Mg-Clliquor (at 105°C), as it is exposed to typical reactor operating temperatures 
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(i.e. 850°C). The effects of oxygen potential and other impurities have also been 

shown. Clearly, sorne of the theories advanced in this thesis in regards to how 

the sequence of reactions influence the high temperature fluidized bed hydrolysis 

process can be extended to other saturated multi-component metal chloride 

systems. While bound by a confidentiality agreement, the author can comfortably 

confirm that the findings of this research were quite useful in identifying the 

means for improving the performance of a commercial fluidized bed 

pyrohydrolyzer for a spent chloride liquor containing numerous species. 
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6.0 CONTRIBUTIONS TO ORIGINAL KNOWLEDGE: 

The research has shown that the high temperature hydrolysis of a saturated metal 

chloride solution in fluidized bed reactors is not necessarily a vapour deposition 

process[I,15,531, but depending on the spent liquor composition, actually consists of 

the following: 

» rapid H20/HCI(aq) evaporation which triggers the precipitation of the 

dissolved salts, 

» followed by dehydration of the resulting crystals, which eventually 

transform into oxides. 

The aforementioned transformation process has never been used to describe the 

mechanisms behind the fluidized bed pyrohydrolysis of a saturated ferrous or 

multi-component metal chloride solution. Furthermore, the manner in which 

metal chloride solubility in the reactor feed impacts on fines generation and 

ultimate1y influences process efficiency, was either not weIl understood or simply 

not published by Keramchimie (i.e. supplier of technology). While it is generally 

accepted that an, increase in the ferric concentration of waste pickle liquors results 

in poorer process efficiencies, no one has proposed that the relatively high 

solubility of FeCb(aq) in the reactor feed solution is to blame for the corresponding 

generation of fines. 

The thesis goals are unique since this is the first time that the pyrohydrolysis of a 

saturated AI-Fe-Mg-CI liquor has been studied in such detai!. The the ory, 

experlmental techniques, and modifications to existing industrial practices and 

equipment that have emerged are new to this area of metallurgy. Moreover, the 

bench scale studies and modelling performed to define the series of reactions that 

take place as the said liquor is introduced into and reaches the reactor operating 

temperature have never been attempted in the literature. 
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The experimental procedure and samplinglanalytical techniques developed to 

define the sequence and manner in which the metal chloride chlorides precipitate 

from the saturated AI-Fe-Mg-CI solution, as the solvent H20 and HCI evaporate at 

105°C, was quite novel. The concemed test methods were elaborated upon in 

collaboration with industry experts, such as Prof essor G.P. Demopoulos et al. 

(McGill University), R. Farrel & J. Sendra (Swenson Process Equipment, MI, 

USA), and D. Le Flammec (GEA Kestner S.A.S, St. Quentin-Yv., France). 

The approach taken to model the AI-Fe-Mg-CI solution transformation process 

during pyrohydrolysis required careful consideration and was developed in 

collaboration with specialists in the area of thermodynamics and thermochemistry, 

such as M. Wadsleyand A. Pelton of L'École Polytechnique. Such a technique 

has never been used to fundamentally describe the series of steps that take place 

during the conversion of a saturated multi-component metal chloride solution in a 

fluidized bed pyrohydrolyzer. Once again, the results were instrumental in 

helping to interpret the findings of the three phase experimental approach. 

Furthermore, the thermochemical modelling exercise also helped explain the 

impact of certain parameters that were not considered during the bench scale 

studies, such as the effect of reactor atmosphere (oxidizing and reducing) or 

impurities in the feed. Based on an extensive review of the literature, the use of 

the given approach to study the effects of these variables on the fluidized bed 

pyrohydrolysis of a saturated AI-Fe-Mg-CI solution is c1earlyoriginal. 

Given that the results of the concemed research has proved useful in defining the 

means to significantly improve the efficiency of an industrial fluidized bed 

pyrohydrolyzer, the combined three-phase experimentallmodelling approach 

turned out to be quite practical, and rather novel in this particular field. The 

results have provided for a much clearer understanding of metal chloride 

pyrohydrolysis in such reactors and have also shown that the chemical reactions 

that are often used to describe the process (see reactions 3 through 9) are over-
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simplified. Therefore, unlike what Kerarnchimie may suggest[l,15,531, these 

reactions cannot be used in combination with basic Gibbs Free Energy data alone 

to identify the pararneters for efficient fluidized bed pyrohydrolyzer performance. 
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APPENDIXI 

Thermodynamic Properties of Reaction for the Hydrolysis of AICh, MgCh, FeCh 
(reducing) and FeCh (oxidizing) 
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1.-

Output from FactSage program Reaction 

2 AICl3 + 3 H20 = Al203 + 6 HCI 
(T) (T) (T) (T) 

---- - --- - -- - ---
T(C} 

AIC13(l-FACT} H20(g-FACT} A1203(s4-FACT} HCl(g-FACT} 
200.00 
250.00 
300.00 
350.00 
400.00 
435.90 

-169397.5 -273389.3 1.1637E+02 219.786 -76.887 
-173162.7 -284185.0 1.2868E+02 212.219 -73.829 

AICI3(1 mol}: 
435.90 
450.00 
500.00 
550.00 
600.00 
650.00 
700.00 
750.00 
800.00 
850.00 
900.00 
950.00 
1000.00 

-176789.6 
-180301. 3 
-183714.8 
-186112.6 
AICI3(g-FACT) 
DH = 70565.2 
-327243.0 
-326907.4 
-325690.5 
-324434.0 
-323141.1 
-321815.1 
-320459.4 
-319077.7 
-317673.5 
-316250.4 
-314808.4 
-313350.4 
-311879.1 

MgCl2 + H20 = MgO + 2 HCl 
(T) (T) (T) (T) 

T(C} 

200.00 
250.00 
300.00 
350.00 
400.00 
450.00 
500 .. 00 
550.00 
600.00 
650.00 
700.00 

MgCI2(s-FACT) 
95705.6 
95239.5 
94766.6 
94285.2 
93793.6 
93290.5 
92774.3 
92243.7 
91697.2 
91133.4 
90551.1 

713.85 90386.2 
MgC12 (l-FACT) 

MgC12(l mol): DH = 43095.0 
713.85 47291.2 
750.00 46606.9 
800.00 
850.00 
900.00 
950.00 
1000.00 

45669.0 
44739.7 
43818.7 
42904.8 
41996.9 

-294626.9 
-304757.0 
-314609.0 
-321527.2 
H20(g-FACT) 
DG = 0 
-321527.2 
-321416.8 
-321078.1 
-320819.4 
-320638.2 
-320532.0 
-320498.4 
-320535.2 
-320640.1 
-320810.9 
-321045.5 
-321341. 9 
-321698.2 

H20(g-FACT) 
39920.6 
34049.3 
28222.9 
22438.2 
16692.5 
10983.8 
5310.3 
-329.3 
-5936.2 
-11511.3 
-17055.4 
-18585.7 
H20(g-FACT) 
DG = 0 
-18585.7 
-20986.1 
-24266.7 
-27503.8 
-30699.7 
-33856.5 
-36976.0 

1.4099E+02 
1.5330E+02 
1.6561E+02 
1.7445E+02 
AI203(s4-FACT) 

205.596 
199.720 
194.450 
190.980 
HCI(g-FACT) 
DS = 99.521 
-8.061 5.8209E+01 

5.9366E+01 
6.3469E+01 
6.7571E+01 
7.1674E+01 
7.5777E+01 
7.9880E+01 
8.3983E+01 
8.8086E+01 
9.2189E+01 
9.6292E+01 
1.0039E+02 
1.0450E+02 

MgO(s-FACT) 
3.8796E+01 
4.2899E+01 
4:7002E+01 
5.1105E+01 
5.5207E+01 
5.9310E+01 
6.3413E+01 
6.7516E+01 
7.1619E+01 
7.5722E+01 
7.9825E+01 
8.0961E+01 
MgO(s-FACT) 

8.0952E+01 
8.39l8E+01 
8.8021E+01 
9.2124E+01 
9.6227E+01 
1. 0033E+02 
1.0443E+02 

-7.593 
-5.966 
-4.391 
-2.867 
-1. 390 
0.040 
1. 425 
2.764 
4.060 
5.317 
6.534 
7.712 

HCl(g-FACT) 
117.901 
116.965 
116.102 
115.296 
114.538 
ll3.817 
ll3.127 
112.462 
lll. 817 
111.190 
110.575 
110.407 
HCl(g-FACT) 
DS = 43.662 
66.745 
66.064 
65.169 
64.322 
63.520 
62.757 
62.030 

-71.321 
-69.204 
-67.378 
-66.211 

23.679 
23.923 
24.745 
25.505 
26.200 
26.828 
27.386 
27.871 
28.281 
28.657 
29.010 
29.301 
29.542 

-9.268 
-9.383 
-9.537 
- 9.724 
-9.942 
-10.188 
-10.464 
-10.767 
-11.098 
-11.457 
-11.843 
-11. 955 

-19.008 
-18.854 
-18.669 
-18.501 
-18.345 
-18.214 
-18.103 

1.5162E+30 
2.3665E+28 
7.0867E+26 
3.5088E+25 
2.5834E+24 
4.8499E+23 

4.8500E+23 
1. 6445E+23 
4.9176E+21 
2.2789E+20 
1.5175E+19 
1.3684E+18 
1.5944E+17 
2.3110E+16 
4.0410E+15 
8.3112E+14 
1.9689E+14 
5.2792E+13 
1.5786E+13 

3.9171E-05 
3.9845E-04 
2.6788E-03 
1.3158E-02 
5.0668E-02 
1.6093E-01 
4.3776E-01 
1.0493E+00 
2.2652E+00 
4.4805E+00 
8.2307E+00 
9.6289E+00 

9.6289E+00 
1.1786E+01 
1.5175E+01 
1.9015E+01 
2.3274E+01 
2.79l3E+01 
3.2886E+01 

T 

T 



FeC12 + H20 = FeO + 2 HCl 

(T) 

T(C) 

200.00 
250.00 
300.00 
350.00 
400.00 
450.00 
500.00 
550.00 
600.00 
650.00 
676.85 

(T) 

FeC12 (1 mol) : 
676 .. 85 
700.00 
750.00 
800.00 
850.00 
900.00 
950.00 
1000.00 

(T) (T) 

FeC12(s-FACT) H20(g-FACT) FeO(s-FACT) 
132813.8 73488.2 3.8798E+01 
132615.8 67228.7 4.2901E+01 
132372.2 60990.3 4.7004E+01 
132088.4 54774.9 5.1106E+01 
131770.9 48583.7 5.5209E+01 
131426.3 
131060.7 
130679.9 
130288.9 
129892.2 
129678.1 
FeC12(1-FACT) 
DH = 43012.0 
86666.1 
86132.0 
84996.6 
B3BBB.1 
B2808.6 
81760.9 
80747.0 
7976B.3 

42417.0 
36275.0 
30157.2 
24062.B 
17991. 0 

5.9312E+01 
6.3415E+01 
6.751BE+01 
7.1621E+01 
7.5724E+01 

14739.4 7.7927E+01 
H20(g-FACT) FeO(s-FACT) 
DG = 0 
14739.4 
12993.1 
9264.1 
5589.9 
1966.8 
-1609.0 
-5140.9 
-8631.9 

7.7927E+01 
7.9827E+01 
8.3930E+01 
8.8033E+01 
9.2135E+01 
9.6238E+01 
1.0034E+02 
1.0444E+02 

2 FeC13 + 3 H20 Fe203 + 6 HCl 

(T) (T) (T) (T) 

------------

T(C) 

HC1(g-FACT) 
125.384 
124.987 
124.543 
124.069 
123.579 
123.085 
122.597 
122.120 
121. 658 
121.217 
120.988 
HCl (g-FACT) 
DS = 45.276 
75.712 
75.157 
74.019 
72.961 
71. 978 
71.065 
70.219 
69.434 

FeC13(s-FACT) H20(g-FACT) Fe203{sl-FACT) HC1(g-FACT) 

-3.481 
-4.432 
-5.295 
c6.035 
-6.643 
-7.121 
-7.481 
-7.734 
-7.891 
-7.966 
-7.975 

-23.184 
-22.961 
-22.446 
-21.888 
-21. 279 
-20.621 
-19.932 
-19.211 

200.00 
250.00 
300.00 
303.85 

141639.8 -23817.6 1.1640E+02 349.694 -35.105 

FeC13(1 mol): 
303.85 
350.00 
400.00 
450.00 
500.00 
550.00 
600.00 
645.33 

FeC13 Cl mol) : 
645.33 
650.00 
700.00 
750.00 
800.00 
850.00 
900.00 
950.00 
1000.00 

139737.2 
137760.3 
137615.2 
FeC13 (l-FACT) 
DH = 43095.0 
51425.2 
48647.7 
45810.1 
43177.1 
40788.5 
38703.5 
37013.2 
35943.1 
FeC13 (g-FACT) 
DH = 76950.9 
-117958.7 
-117557.3 
-113961.9 
-111448.9 
-109166.1 
-107026.1 
-104982.9 
-103011. 7 
-101097.3 

-41207.3 
-58408.7 
-59725.9 
H20(g-FACT) 
DG = 0 
-59725.9 
-68506.9 
-77794.9 
-86879.1 
-95789.2 
-104553.9 
-113203.0 
-120971.2 
H20 (g-FACT) 
DG = 0 
-120971. 2 
-120987.6 
-121280.5 
-121721. 3 
-122278.9 
-122939.4 
-123692.9 
-124532.0 
-125450.5 

1.2870E+02 
1.4101E+02 

345.875 
342.265 

1.4196E+02 342.012 
Fe203(sl-FACT) HC1(g-FACT) 

DS = 74.688 
1. 4196E+02 
1.5332E+02 
1.6563E+02 
1.7794E+02 
1.9025E+02 
2.0256E+02 
2.1486E+02 
2.2602E+02 
Fe203(sl-FACT) 

7.5398E+01 
7.5782E+01 
7.9885E+01 
8.3988E+01 
8.8091E+01 
9.2194E+01 
9.6296E+01 
1.0040E+02 
1.0450E+02 

192.636 
188.004 
183.622 
179.847 
176.651 
174.036 
172.039 
170.842 
HC1(g-FACT) 
DS = 83.781 
3.280 
3.716 
7.520 
10.040 
12.219 
l4 .168 
15.949 
17.594 
19.128 

-39.945 
-37.920 
-37.460 

-61.718 
-58.603 
-54.813 
-50.375 
-44.976 
-38.129 
-29.005 
-17.587 

85.172 
86.573 
53.596 
47.549 
44.033 
41.723 
40.083 
38.816 
37.795 

7.7139E-09 
1.9392E-07 
2.7652E-06 
2.5626E-05 
1. 6988E-04 
8.6338E-04 
3.5423E-03 
1.2200E-02 
3.6351E-02 
9.5948E-02 
1.5473E-01 

1.5473E-01 
2.0072E-01 
3.3655E-01 
5.3447E-01 
8.1009E-01 
1.1793E+00 
1.6578E+00 
2.2602E+00 

T 

4.2592E+02 
1.3010E+04 
2.1037E+05 
2.5510E+05 

2.5510E+05 
5.5250E+05 
1.0877E+06 
1.8849E+06 
2.9609E+06 
4.3103E+06 
5.9155E+06 
7.5784E+06 

7.5786E+06 
7.0093E+06 
3.2335E+06 
1.6370E+06 
8.9468E+05 
5.2171E+05 
3.2159E+05 
2.0797E+05 
1.4023E+05 

T 



APPENDIX2 

Signed Waiver and Une of Credit for Previously Copyrighted Canadian Institute of 
Mining, Metallurgy and Petroleum Material, Inc1uded in Thesis. 
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