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ABSTRACT 

 

Neodymium–iron-boride (NdFeB) magnets are the strongest commercially available, and as 

such are used in technologies where high performance is needed, such as electric vehicles, 

computer hard drives, and high efficiency wind turbines.  The manufacture of these magnets 

consumes a large amount of rare earths, and as  supply concerns exists for these materials, 

recycling of magnet scrap is seen as a possible domestic source.  A difficulty in processing is that 

iron makes up the majority of the magnet, and the subject of this research is the development of a 

selective recycling method for the contained rare earths. 

Two pathways for selective sulfation roasting were investigated.  The principle for both of 

these is to perform a roasting process which results in the formation of rare earth sulfate and an 

iron oxide by taking advantage of the differing thermal stabilities of the phases.  A water leach 

can then effectively separate the soluble rare earth sulfates from the insoluble iron oxides. 

The first method investigated involved first pugging the magnet material with sulfuric acid, 

followed by a drying and roasting stage.  It was found that on water leaching almost all of the 

rare earths dissolved, with almost all of the iron being left in the residue.  A scale up effort was 

undertaken with a bench scale semi-continuous rotary kiln, which proved successful.  An 

economic study on this process was performed.   

The second method investigated was the sulfation of magnet material by roasting in an air-

sulfur dioxide atmosphere.  A thermal gravimetric analysis experimental setup was constructed 

and iron oxide and neodymium oxide pellets reacted under various conditions.  The mass gain 

curves were compared against a constructed grain model.  It was found that the majority of the 
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neodymium could be extracted utilizing a water leach.  Very little iron was found to dissolve at 

any of the conditions investigated. 

Scoping studies involving the gas phase sulfation of magnet powder were also performed. It 

was found that magnet material was resistant to forming rare earth sulfates, but the addition of 

alkali earth sulfate promoter helped greatly, and the majority of rare earths could be extracted.   
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CHAPTER ONE 

THE RARE EARTHS 

1 The Rare Earths 

1.1. What are the Rare Earths? 

The lanthanides, along with yttrium and scandium, are a series of elements collectively 

known as the “rare earths” in the same fashion of the historical terms “alkaline earths” or “alkali 

earths”.  These materials form an important part in much of the technology used today and of the 

expected future, such as, fluorescent and LED lights, cell phones, computer hard drive and 

electric cars. 

The lanthanides, shown in Figure 1.1 are relative newcomers to scientific understanding 

and engineering applications. The first of the rare earths as a group were discovered in 1787.  

Through painstaking processes such as repeated crystallization permutations, the rare earths 

where separated, and the last naturally occurring rare earth, lutetium, was isolated in 1907 

(Gupta & Krishnamurthy, 2005).   This demonstrates some of the principle traits of the 

lanthanides; that they are very chemically similar, are found naturally in a mixed state, and can 

be difficult to separate, all if which help to give them the moniker, “rare.”  The crustal abundance 

of these elements is in contrast to this name, as seen in Figure 1.2. In fact, some of the rare 

earths, such as cerium, are found at similar or higher levels in the earth’s crust than other more 

“everyday” metals, such as copper and lead.   
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Figure 1.1 The Lanthanides (Haxel, Hedrick, & Orris, 2002) 

 

The rare earths were first mined on a large scale as monazite, a rare earth phosphate with 

a formula of :(Ce,La...)PO4.  The first application for this mineral was in lantern mantles, which 

used the thorium, and a small amount of the cerium, found in monazite. The production of these 

lantern mantles led to the creation of a large by-product stream of rare earths.  The search for a 

use of these by-products lead to their first widespread use as lighter “flints”, to be used to ignite 

lanterns,  composed a pyrophoric alloy made from an admixture of metallic rare earths and 30% 

iron.  
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Figure 1.2 The Crustal Abundance of Elements (Haxel, Hedrick, & Orris, 2002) 

 

Monazite, mined from heavy mineral sands deposits, continued to be the predominant 

source of rare earths until a large, high grade carbonatite deposit was discovered in southwest 

California, which became known as the Mountain Pass deposit.  The Mountain Pass mine 

became the world’s dominant source of the lanthanides.  This mine continued its dominance of 

the industry until the 1980’s, when similar deposits were found in China.  The new mines there 

proved to be much lower cost producers,  as shown in Figure 1.3, and Mountain Pass closed 

down.   
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Figure 1.3 Global source of Rare Earth over time (Haxel et al., 2002) 

 

Since their discovery and introduction, rare earths have begun to play a much larger role 

in society, especially in the production of high end technology, as seen in Figure 1.4.  They are 

used as lamp phosphors in fluorescent lighting, in the motors and batteries of electrical vehicles, 

the generators in high efficiency wind turbines, and computer hard drives to name a few.   

As China became the producer of the vast majority of rare earth material, demonstrated in 

Figure 1.5, concern over supply lines began to rise.  This was brought to a head in the rare earth 

spike of the late 2000’s.  Because of the introduction of certain export policies by China, prices 

of the rare earths, which are traded as oxides, skyrocketed.  The world outside of China began to 

wonder how might supply shortfalls be met in the future, and recycling has been seen as a viable 

source of these materials. 
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Figure 1.4 2008 World Rare earth consumption by industry in kt/y (Tanaka, Oki, Koyama, 
Narita, & Oishi, 2013) 

 

 

Figure 1.5 World rare earth production in 2009 by country, in kt/y (Tanaka et al., 2013) 
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1.1.1. End Uses of Nd, Pr, and Dy  

As can be seen in Table 1.1, magnets are the primary end use of Nd, Pr, and Dy, 

accounting for 76 %, 70% and 100% of consumption, respectively.  The next highest use of Nd 

and Pr is as metallurgical alloying additions, accounting for 8% and 7% percent of Nd and Pr 

use, respectively.  This is followed by the battery industry, where Nd and Pr are used as 

components of the negative electrode in nickel metal hydride batteries, as seen in Figure 1.6 

consuming approximately of 5% of Nd and Pr.   Another use is in the glass industry, where Nd 

and Pr oxides are used as additions to glass as well as components of glass polishing powder.  

Small amounts of Nd and Pr are also used in fluid cracking catalysts, glazing components in 

ceramics, and other miscellaneous uses such as chemicals.(Goonan, 2011) 

1.2. Nd-Fe-B Magnets 

1.2.1.  Introduction 

Following the discovery and development of SmCo type magnets, an alternative rare earth 

compound that would not have the potential supply constraint of the samarium and the cost of 

cobalt was desired.  In the 1980’s GM and Sumitomo developed the Nd2Fe14B compound which 

exhibited excellent magnetic properties(Campell, 1994).  This material is a highly engineered 

product, as exemplified by the crystal structure of NdFeB magnet seen in Figure 1.7. This new 

magnet variety possessed a field strength much higher than any other commercially available 

permanent magnet, as shown in Figure 1.8 
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Table 1.1 End use of Nd, Pr, and Dy oxide in 2008 (Goonan, 2011) 

 

End Use 

 

Catalysts Ceramics 
Glass 

Industry 
Metallurgy 

NdFeB 

Magnets 

Battery 

Alloys 
Other  Total 

Rare Earth 

Oxide 
Tons 

% of 

Total 
Tons 

% of 

Total 
Tons 

% of 

Total 
Tons 

% of 

Total 
Tons 

% of 

Total 
Tons 

% of 

Total 
Tons 

% of 

Total 
Tons 

Neodymium 228 0.95 840 3.51 360 1.51 1900 7.95 18200 76.15 1210 5.06 1130 4.73 23900 

Praseodymium 152 1.74 420 4.81 694 7.94 633 7.24 6140 70.25 399 4.57 300 3.43 8740 

Dysprosium - - - - - - - - 1310 100.00 - - - - 1310 
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Figure 1.6. Diagram of nickel metal hydride battery where the metal hydride is a rare earth 
containing alloy (GlobTek.) 

 

 

Figure 1.7 Crystal structure of NdFeB (Herbst, Croat, Pinkerton, & Yelon, 1984) 
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Figure 1.8 Magnet variety development by year and corresponding strength. (Kramer, 
McCallum, Anderson, & Constantinides, 2012) 

 

These NdFeB type magnets allow a much smaller magnet to be used compared to other 

varieties, as explained in Figure 1.9.  This leads to the use of Nd-Fe-B magnets to be used where 

their slightly higher cost can be offset by the corresponding size and weight reductions, which in 

turn leads to the use of these magnets in many high tech applications.  

 Although alternative techniques have been developed, the majority of sintered rare earth 

magnets are produced by a traditional powder metallurgy process, seen in Figure 1.10    Ingot 

material can be formed by melting together 99.9% electrolytic iron, 98% purity neodymium 

metal, ferro-boron, as well as minor alloying elements.  This takes place in an induction furnace 

under an inert atmosphere as seen in Figure 1.11.(Harris, 1996) 
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Figure 1.9 Size and Shape of different magnet types necessary to achieve a 1000 gauss field at 
5mm from the pole face (Darcy et al., 2013) 
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Figure 1.10 Flowsheet for the production of sintered NdFeB magnets by the traditional powder 
metallurgy route (Harris, 1996) 

 

 

Figure 1.11 Induction furnace used in the melting of NdFeB magnet alloy (Harris, 1996) 
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An alternative to this method is a co-reduction process, which is shown in equation 1.1.  

This is performed in a vacuum at 1100 °C.  The CaO and the extra Ca is washed out with water.  

This process produces alloy powder with more oxygen contamination than induction melting. 

 

+ + + + →  +          1.1 

 

The alloy ingot is then to be broken down.  This can be done by jaw crushing under inert 

conditions or through hydrogen decrepitation (HD).  The HD process, seen in Figure 1.12, works 

by introducing the alloy material to a hydrogen atmosphere, resulting in the formation of Nd 

hydrides.  The expanded volume of this phase causes the magnet to crack and fall apart.  Heating 

this material under a vacuum then causes the hydride to decompose back into Nd, the hydrogen 

gas being removed.   

The magnet alloy is then milled to a fine powder.  This can be performed in an attrition 

mill with hardened steel media under cyclohexane, or more favorably with jet mill, as seen in 

Figure 1.13.  The goal of this process is to produce a powder with a particle size of 3 microns 

(Harris, 1996)  

After the correctly sized powder is produced, it can then be pressed into a “green 

compact.”  Here, the anisotropic magnet powder is aligned by an external magnetic field before 

being pressed into shape.  As can be seen in Figure 1.14 this can be accomplished several ways.  

Parallel alignment is often used for cylindrical or ring type magnets.  Perpendicular, or 

transverse, pressing results in a higher quality magnet, and is well suited for pressing medium 
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sized blocks.  For large blocks, and for the best quality of magnetic alignment, isostatic pressing 

can be used.    Rubber isostatic pressing is a hybrid between isostatic and uniaxial pressing.   

 

 

Figure 1.12. Hydrogen Decrepitation of NdFeB alloy (Harris, 1996) 

 

These green compacts can then be sintered, normally at approximately 1080 °C, in a 

furnace similar to the one seen in Figure 1.15.  At these temperatures, a Nd-rich phase along the 

grain boundary undergoes liquid phase sintering, resulting in a compact of 99% density.  These 
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operations must be done in an inert environment, as the material is very prone to oxidation.  

After sintering, an annealing stage, performed at 650 °C, gives the magnet the optimal properties. 

 

 

Figure 1.13.  Jet milling of NdFeB powder (Harris, 1996) 

 

The magnets will have undergone some dimensional changes during sintering, and must 

be machined to their final shape.  Traditional machining is difficult due to the material brittleness 

and high hardness, so grinding is used to achieve the final dimensions, which is performed under 
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a coolant.  Often, a large magnet will be sliced to form smaller magnets at this stage.  These 

processes result in the production of magnet waste material or “swarf”. 

 

 

Figure 1.14. Sintered NdFeB pressing methods (Harris, 1996) 

 

The magnet material is subject to corrosion, and must be protected.  To accomplish this, 

coatings are often used.   There are many forms of coatings used, such as resin or epoxy, but 

nickel coatings have been most effective.(Harris, 1996) 
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Figure 1.15. Sintering green magnet compacts (Harris, 1996) 

 

1.2.2. Melt Spun Magnets 

An alternative route to the traditional powder metallurgy sintered magnet process is the 

use of melt spun material.  Here, liquid magnet alloy is rapidly cast onto a rotating wheel, 

resulting in thin “ribbons” of magnetic material, as seen in Figure 1.16.  This alloy has an 

extremely fine grain size, approximately 50 nm, and when ground, will produce an isotropic 

magnet material. (Harris, 1996) This material can be processed in several different ways, as seen 

in Figure 1.17.  It is also possible to form anisotropic material from melt spun material through a 

two stage die upsetting, where a pellet is hot pressed in one die and then deformed in another, 

allowing for anisotropic material to form by crystallographic means. (Campell, 1994) 
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Figure 1.16 Melt spinning of magnet material (Campell, 1994) 

 

Most commonly, melt spun material is used in bonded magnets, that is magnet powder 

that is mixed with plastic binder.  These magnets have lower magnetic properties than sintered 

magnets, but can be made quickly into a variety of shapes without the need for excessive 

machining.  A thermoplastic binder such as nylon is used for magnets to be injection molded, 

while thermoset binders are used in compression bonded magnets, and rubber in extrusion 

magnets.  (Campell, 1994) 
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Figure 1.17 Melt spun Magnet production  (Harris, 1996) 
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CHAPTER TWO 

RARE EARTH MAGNET RECYCLING 

2 Rare Earth Magnet Recycling 

2.1. Rare Earth Magnet Waste 

Rare earth magnet waste consists of bulk scrap and magnet “swarf.”   Bulk scrap can be 

large pieces of magnet that didn’t meet specifications, or were broken during manufacturing.  As 

RE magnets are fairly brittle, it is not uncommon for this to occur. Swarf is produced when 

magnets are cut and ground into final shape and is composed of finely divided magnet particles.  

This material, as seen in Figure 2.1 can be quite finely ground and contaminated with grinding 

media. (Bounds, 1994)   

 

 

Figure 2.1 SEM micrograph showing finely divided magnet alloy (light grey) along with alumina 
(A) and Silicon carbide (S) (Bounds, 1994) 
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As RE magnet alloys are very reactive, especially NdFeB magnets, cutting and grinding  

occurs underneath a cutting fluid, which is composed of soluble orgainic compounds diluted in 

water.  This leads to swarf being contaminated with carbon as well as much of the finely divided 

alloy shavings becoming at least partially hydrolized.  This is evident in the composidtion of 

magnet swarfs, presented in Table 2.1 and Table 2.2.   As it is currently the most widespreadly 

used and of higher value, NdFeB magnet waste will be focused on in the following sections. 

 

Table 2.1 Composition of SmCo swarf (Bounds, 1994) 

 

 

Table 2.2 Composition of NdFeB magnet swarf (Bounds, 1994) 
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2.2. Direct Re-Use and melting 

 Rare earth magnet alloys are highly engineered materials, and as such, there is a desire to 

re-use them with minimal reprocessing.  Direct re-use is likely only feasible with large magnets, 

as those found in direct drive wind turbines.(Binnemans et al., 2013)  Another option that 

appears fairly straightforward is to remelt scrap magnets into alloy material to be re-introduced 

to the magnet manufacturing stream.  The issue with this is the fact that even relatively clean 

scrap, such as bulk magnets broken during manufacturing, still can contain significant impurities, 

such as oxygen from the oxide layer that develops on magnets.  If this material was to be 

introduced into a melt, the impurities could harm the magnetic properties of the resulting alloy.  

Many researchers have sought to tackle this problem. 

Ellis has reported that an electro-slag refining method may be applicable to fairly clean 

pieces of broken magnet.(Ellis, Schmidt, & Jones, 1994)  In this process, the magnet alloy is re-

melted by an electric arc and allowed to settle through a bath of molten fluxes, such as CaCl2-

CaF2-ReF3, capable of removing impurities such as oxygen, nitrogen and carbon.  The alloy is 

then solidified as an ingot as it reached the water cooled bottom of the reactor, as shown in 

Figure 2.2.  Simply adding magnet material to a molten bath with a layer of fluxing slag may 

also accomplish this goal. (Ellis et al., 1994) 

Another method using a reactive fluoride flux is outlined in Figure 2.3.  Here rare earth 

magnet scrap is melted with a RE-Li-F flux at 1503 K.  A slag metal separation results in a RE 

magnet alloy, and a slag containing the dissolved RE oxide impurities.  This fluoride slag can be 

used as a feedstock for molten salt electrolysis, resulting in RE metal and a clean flux to be re 

used in the magnet melting unit operation.  This process was shown to reduce the oxygen content 

of the magnet alloy from 5000 to 160 ppm.  (Takeda, Nakano, & Sato, 2014) 
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Figure 2.2 Electro-slag refining(Ellis et al., 1994) 

 

In certain scenarios, scrap magnets may be re-used directly to re-produce magnets.  The 

production of melt spun isotropic magnets directly from nickel coated HDD magnets has been 

demonstrated to produce magnets close to the quality of those of commercially made bonded 

magnets, as seen in Figure 2.4. (Itoh, Masuda, Suzuki, & Machida, 2004) 

By doping with alloying components, it was found that an anisotropic sintered magnet 

could be produced with 97.5% Br 92.5 Hcj 93.1% of the (BH)max of the original magnet, as can 

be seen in Figure 2.5.  This was accomplished by the addition of 2% “special alloy” consisting of 

(Nd20Dy80)76Co20Cu3Fe1. (Li et al., 2014)   
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Figure 2.3Flowsheet for the recycling of oxidized NdFeB magnet waste by melting with fluoride 
fluxes (Takeda et al., 2014) 

 

A similar process using a proprietary alloy addition blend has been demonstrated on a 

commercial level in batches up to 120 kg.  Using the method shown in Figure 2.6, it was found 

that a complete recovery of magnetic properties could be achieved.  (Zakotnik & Tudor, 2015) 

A novel method for the recycling of magnet from HDD is via hydrogen decrepitation.  

Here the voice coil motor (VCM) corner the HDD was removed then placed in a sealed vessel 

containing a rotating screen drum under a hydrogen atmosphere at 2 bar pressure.  After 2 hours, 

the hydrogen decrepitated the magnet, pulverizing it; and the magnet alloy was allowed to pass 

through the rotating screen, leaving the HDD components and the magnet coating behind.  This 

resulted in a recover of 90% of the starting magnet alloy.  It was found that the nickel coating on 

the magnets had to be broken prior to decrepitation.  The resulting magnet powder could be 
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degassed and re-melted, or recycled directly back to sintered magnets without much loss in 

magnetic properties.  Various possible uses for this produced powder have been surmised, and 

are presented in Figure 2.7 (Walton et al., 2015)  

 

 

Figure 2.4 Hysteresis loop of commercial MQPB magnet and bonded magnet made with powder 
produced by melt spinning a recycled magnet. (Itoh et al., 2004) 

 

The direct recycling of magnet swarf presents more of a challenge, as it is highly 

contaminated with oxygen and carbon containing material.  As seen in Figure 2.8, to remove the 

carbon containing impurities, the material is first roasted with oxygen, converting the carbon to 

CO2.  The now oxidized magnet material then undergoes a two part oxygen removal.  Hydrogen 

is first used to reduce the iron oxide component, followed by calciothermic reduction of the RE 
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containing oxides.  The carbon and oxygen content was brought down to less than .001% and 

0.1%  respectively.  (Saguchi, Asabe, Fukuda, Takahashi, & Suzuki, 2006) 

 

 

Figure 2.5 The effect of special alloy (SA) addition on the a) B and b) H of recycled magnets 
(Li et al., 2014) 

 

2.3. Pyrometallurgical Based Recycling 

2.3.1. Selective Oxidation 

Researchers have investigated a process in which NdFeB magnet swarf is heated in a 

furnace to above 1550 oC under an argon atmosphere with a partial pressure of oxygen from 10- 

10 to 10 -25 atm.  Iron forms as a liquid with solid rare earth rich oxide phase forming at the top.  

It was reported that nearly all of the rare earths reported to the slag, which contained iron values 

as low as 0.4% Fe.  (Tanaka, 2013) 
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Figure 2.6 Method for the direct recycling of Nd-Fe-B magnets utilizing alloy additions 

 

2.3.2. Molten Salt Electrolysis 

   Several techniques have been proposed for the processing of rare earth scrap by molten 

salt electrolysis.  Here an electric potential is used to dissolve a scrap containing anode into a 

molten salt, and deposit metallic rare earths or a RE alloy at a cathode.  For example, the (Li-Ca-

Dy)-F system has been investigated where dysprosium is deposited as a Dy-Ni alloy (Kobayashi 

et al., 2012)   In some systems, a rare earth alloy diaphragm in between the anode and cathode 

allows for a more selective deposition as seen in Figure 2.9. (Firdaus, Rhamdhani, Durandet, 

Rankin, & McGregor, 2016)  These technologies are still in development.   
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Figure 2.7 Possible routes for recycling of magnet powder produced by hydrogen decrepitation 
of HDD’s. (Walton et al., 2015) 

 

 

Figure 2.8 Treatment of rare earth magnet swarf to produce low carbon and oxygen feedstock for 
re-use. (Saguchi et al., 2006) 
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Figure 2.9 Selective electro-refining of magnet scrap (Firdaus et al., 2016) 

 

2.3.3. Selective Chlorination 

A number of reaction schemes for the recycling of NdFeB magnet waste have been 

developed around the high temperature formation of rare earth chlorides.  By mixing powdered 

magnet waste with ammonium chloride, and heating to 573 K under N2 gas, it was found that the 

iron remained in as a metal and Fe-B alloy while the rare earths formed rare earth chlorides.  The 

soluble rare earth chlorides could then be leached away with water, resulting in 90% extraction 

of the RE values as seen in Table 2.3.  The resulting powdered iron may be useful as microwave 

absorbing material.(Itoh, Miura, & Machida, 2009) 
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Table 2.3. Rare earth extraction by selective chlorination and leaching (Itoh et al., 2009) 

 

 

Several dry selective chlorination methods have also been investigated.  These methods 

rely on the differing volatility of metal chlorides to make a separation.  In one embodiment, iron 

chloride and activated carbon were mixed with NdFeB magnet waste and placed in a specially 

constructed apparatus, shown in Figure 2.10.   It was found that Nd and Dy chlorides formed on 

the high temperature collector at 99.2% purity and 76% recovery.  These RE chlorides could 

then be made into oxides by pyro-hydrolysis, and the resulting HCl gas recycled to form 

FeCl2.(Uda, 2002)   

Another investigation utilized chlorine gas and aluminum chloride as the chloridizing 

media.  Both SmCo and NdFeB type magnet swarf were investigated.  A boat with magnet 

material was placed in furnace B and heated to 1050°C as seen in figure 2.11.  A temperature 

gradient existed in the furnace, decreasing left to right as seen in Figure 2.11.  Through this 

process tube N2 and Cl2 gas was passed.   As metal chlorides were volatilized, they would 

condense on different zones of the furnace based on their condensing temperatures in an effort to 
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make a separation between the different metals.  In some experiments, aluminum chloride gas 

was used as a complexing agent.  In these, an ampoule with aluminum chloride was place in 

furnace A.  This would be heated to 200 °C to form aluminum chloride gas which would escape 

through a small hole in the glass ampoule.  As can be seen in Figure 2.12, a separation can be 

made between iron and neodymium by this method.   (Murase, Machida, & Adachi, 1995) 

 

 

Figure 2.10 Furnace construction allowing for the volatilization and differential collection of 
NdFeB magnet waste materials.(Uda, 2002) 

 

 

Figure 2.11.  Experimental apparatus used to chlorinate and selectively condense rare earths 
from RE magnet scrap. Numbered zones become cooler left to right.(Murase et al., 1995) 
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Figure 2.12 Results of chlorination NdFeB magnet sludge under a flow of N2 and Cl2 gas while 
using aluminum chloride as a complexing gas.(Murase et al., 1995) 

 

2.3.4. Liquid Metal Extraction 

Researchers at Ames national laboratory developed a technique where rare earths could be 

extracted from rare earth magnets scraps via dissolution in molten magnesium. 

(Xu, Chumbley, Laabs,Lyman, & Palmer, 2000)  This method  takes advantage of the fact that 

neodymium and other rare earths are soluble in magnesium, where iron and boron are not to 

make an effective separation.  An apparatus to perform this separation is presented in Figure 

2.13.  Here molten magnesium drips through a bed of bulk NdFeB scrap, where some of the Nd 

partitions to the magnesium metal.  This Nd bearing molten magnesium then drips into a crucible 

in the bottom on the furnace.  Here Mg, having a much high vapor pressure than Nd, is 

volatilized and re-condensed on the lid of the system.  Here it re-melts, restarting the process. It 

was found that 95% of the Nd could be extracted in 24 hours.  (Takeda, Okabe, & Umetsu, 2006)   
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Figure 2.13.  Apparatus for the extraction of Nd from NdFeB scrap with liquid Mg 

 

The resulting magnesium-RE alloy could then be separated by vacuum distillation, resulting 

in RE metal.  Alternatively, the alloy may be sold as is to the magnesium casting industry as 

there is a demand for RE bearing magnesium alloys. (Vander Hoogerstraete et al., 2014)  A 

similar separation is also possible using molten silver.  Oxidizing the silver-RE alloy results in 

the selective formation of RE oxides, which can be separated as a solid dross.  Liquid metal 

extraction has the limitation of only being applicable to non-oxidized scrap. (Binnemans et al., 

2013) 

2.3.5. Sulfuric Acid Pugging and Roasting 

Researchers have demonstrated the use of the differing thermal stability of iron and rare 

earth sulfates to make a separation.  (Önal, Borra, Guo, Blanpain, & Van Gerven, 2015) This 
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technique will be discussed in detail in subsequent sections.   A similar method was 

demonstrated on SmCo magnet waste.  (Stanton, 2016) 

2.3.6. Glass Slag Method 

Another method takes advantage of the differing solubility of iron and neodymium in a 

borate slag.  Here, NdFeB magnet waste is mixed with boric oxide and heated to 1650 K.  The 

neodymium partitions almost completely to the slag phase, while iron and boron are left behind.   

As seen in Table 2.4, it is possible to achieve good selectivity and recovery for the rare earths by 

this method (T. Saito, Sato, Ozawa, Yu, & Motegi, 2003)  The resulting Nd-Boron trioxide glass 

can then be leached with sulfuric acid and the rare earths precipitated as a double sulfate or 

hydroxide. (Tetsuji Saito, Sato, & Motegi, 2006)  This process has also been applied to the Sm-

Fe and SmCo systems with similar results.  (Tetsuji Saito, Sato, & Motegi, 2005; Tetsuji Saito, 

Sato, Ozawa, & Motegi, n.d.) 

2.4. Hydrometallurgical Methods 

2.4.1. Whole Magnet Dissolution 

Several earlier efforts in magnet recycling focused on dissolution of the entire magnet.  

Lyman and Palmer developed a flowsheet for recycling of NdFeB scrap, shown in figure 1, 

involving the dissolution of the magnet in sulfuric acid, followed by selectively precipitating a 

Na-RE double salt through the addition of NaOH.  The spent solution was then sent to a jarosite 

precipitation circuit to remove iron.  Neodymium could then be converted to a fluoride by the 

addition of HF to the double salt filtrate, as seen in Figure 2.14.  (Lyman & Palmer, 1993).   
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Table 2.4 Results of Nd extraction from NdFeB alloy by the glass slag method (T. Saito et al., 
2003) 

 

 

Bounds proposed a similar method could be used, but with the addition of a solvent 

extraction circuit to improve the purity of the Nd stream, as seen in Figure 2.16.  A similar 

method was proposed for the recovery of values from SmCo magnet swarf, seen in Figure 2.15.  

Bounds also proposed a method for selective leaching of rare earths which will be presented 

later, and the researcher performed a thorough chemical and physical characterization of magnet 

industrial swarf materials, both of NdFeB and SmCo type magnets, which were presented earlier.    

(Bounds, 1994)  

Researchers have also investigated the use of ultrasonic leaching of NdFeB magnets.  As 

can be seen in Table 2.5, this leads to the rapid leaching of magnet material.  In this study, 

scoping trials on leaching with NaOH, HNO3, HCl, and H2SO4 were performed, and HCl and 

H2SO4 down selected.  Acid concentration, leaching time, leaching temperature, and pulp density 
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were investigated.  A fairly selective precipitation of rare earths was achieved by pH adjustment.  

(Lee et al., 2013) 

 

 

Figure 2.14 Whole magnet dissolution and selective precipitation (Lyman & Palmer, 1993) 

 

2.4.2. Selective Leaching  

 Several methods have been proposed for the selective leaching of RE values from NdFeB 

magnet swarf.   A process proposed and confirmed to be used industrially involves first calcining 

the RE magnet waste, resulting in the formation of iron and neodymium oxides.(Bounds, 1994)  

This resulting oxidized magnet then undergoes a sulfuric acid leaching stage which, owing to the 

relative reactivity of neodymium oxide compared to iron oxide, is relatively selective, as shown 
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in Figure 2.17.  The basis for this selectivity is the relatively stabilities of iron and neodymium 

oxides, allowing for a region where iron oxide is stable whereas neodymium is dissolved, as 

demonstrated in the Eh-pH diagram in Figure 2.18. (Tanaka et al., 2013)    

 

 

Figure 2.15.  Possible whole magnet digestion flowsheets for the recycling of SmCo swarf 
(Bounds, 1994) 

 

Some researchers have also investigated the use of autoclave leaching to achieve 

selectivity.  (Binnemans et al., 2013)  The scrap is first fully oxidized by calcining.   Leaching is 

then performed with acid at elevated temperatures in a pressure vessel.  A study using HCl at a 

temperature of 180 oC reports 80% of Nd  and dysprosium is dissolved while the iron is left as 

hematite, with less than 10% of  Fe going to the leach solution, as seen in Figure 2.19. (Koyama, 
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Kitajima, & Tanaka, 2009)  Depending on purity of solution, direct precipitation of the rare earth 

as a double salt or oxalate could be performed.   

 

 

Figure 2.16. Hydrometallurgical methods of treating NdFeB magnet waste. (Bounds, 1994) 

 

Table 2.5. Ultrasonic leaching of NdFeB under different times using 50 mL of 6N acid on 1g of 
magnet material.(Lee, Chen, Liao, & Popuri, n.d.) 
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Figure 2.17. Selective Leaching Method (Tanaka et al.) 

 

 

Figure 2.18 Iron and Neodymium Eh pH diagrams superimposed showing a region of stability 
for Fe2O3 and Nd3+ 
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Figure 2.19 Effect of HCl concentration on autoclave leaching of NdFeB magnet waste (Koyama 
et al., 2009) 

 

2.4.3.  Solvent Extraction and Ionic Liquids 

Industrially, solvent extraction is commonly used to purify and concentrate the rare earth 

content of leach solutions.  Using this technique, it is possible to separate the rare earths away 

from transition metals, and consequently, separate the rare earths from each other.  Solvent 

extraction, though often taking many stages, is the current industry standard for the separation of 

the rare earths.  Many extractants have been utilized industrially, and a recent paper has reviewed 

them.  A table of some of the more common extracting agents can be seen in Table 2.6 (Xie, 

Zhang, Dreisinger, & Doyle, 2014)   

The use of ionic liquids has emerged as an attractive alternative to traditional solvent 

extraction. (Vander Hoogerstraete et al., 2014)   These materials have been successfully applied 

to the separation of Nd and Dy from Co.  Using a simulated nitric acid leachant, the ionic liquid 

trihexyl(tetradecyl)phosphonium nitrate was able to make an effective separation between the rare 
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earths and cobalt, as seen in Figure 2.20.    It was also shown that Dy and Nd could be further 

separated by EDTA. Products of Nd2O3, Dy2O3 and CoO were produced at purities of 99.6%, 99.8% 

and 99.8%, respectively. (Riaño & Binnemans, 2015) 

 

Table 2.6 Commercial solvent extraction agents used for the rare earths 
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Figure 2.20 Separation of the rare earths Nd (■) and Dy (o)away from Co (▲) in a simulated 
nitrate leach solution. (Riaño & Binnemans, 2015) 

 

A new membrane solvent extraction technique has been developed and applied to the 

separation of rare earths from NdFeB magnet leach solution.  This system, seen in Figure 2.21, is 

composed of hollow fibers filled with an organic solvent extraction agent, through which leach 

solution flows orthogonally.  The rare earths are bound to the solvent extraction agent, which can 

subsequently be taken off with strip solution.  Many different conditions, organic extracting 

agents, and leach solutions where investigated, and it was found that the rare earths could be 

effectively separated from transition metals contained in NdFeB leach solution.  (Kim et al., n.d.) 
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Figure 2.21.  Schematic of membrane assisted solvent extraction (Kim et al., n.d.) 
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CHAPTER THREE 

SULFATION ROASTING 

3 Sulfation Roasting 

3.1. Introduction 

Sulfation roasting involves the use of a sulfating media and heat to convert a feedstock from 

a metal compound, often an oxide, into a metal sulfate.  The following is not a complete review 

of sulfation roasting as a field of study, but rather a selection of subjects and publications 

believed to be relevant to this research.  In extractive metallurgy, the object of this process is to 

convert an insoluble oxide in an ore into a soluble sulfate material which is leached downstream 

with water.  Oftentimes, the goal is to do this selectively, that is, to sulfate one component of an 

ore and leave another un-reacted, an example being the extraction of nickel from an iron rich 

laterite ore.  A similar process, but with a different end goal, is the scrubbing of sulfur from 

exhaust gas streams for environmental reasons.  Here, a metal oxide is used to absorb and 

eliminate a sulfur contaminant from a gas stream, such as the flue gas from a coal fired power 

plant.   

The media which imparts sulfur to the metal oxide can take several forms.  Sulfuric acid can 

be mixed with the ore or feedstock prior to roasting.  A solid sulfating compound, such as 

ammonium sulfate, may also be mixed with the feedstock prior to roasting.  Alternatively, a 

metal oxide can be roasted in an atmosphere containing sulfur dioxide and oxygen.  In exhaust 

gas scrubbing, the sulfur contaminant can be sulfur dioxide as well as hydrogen sulfide.  There 
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are many methods of flue gas desulfurization, and it is often accomplished by an aqueous phase 

or slurry scrubber.  Here, the “dry” scrubbing of SO2 will be focused on. 

3.1.1.  The Role of Promoter Additions 

The addition of a certain compounds, such as sodium sulfate, has been shown to increase the 

rate and extent of sulfation in several systems.   The mechanism for this effect has been proposed 

to be one of several possibilities.  In the case of the sulfation of nickel to nickel sulfate with the 

addition of sodium sulfate, the formation of nickel-sodium sulfate binary phases, as seen in the 

phase diagram in Figure 3.1, can lower the activity of nickel sulfate and therefore increase the 

stability of nickel sulfate.  (Yu, Utigard, & Barati, 2014) 

 

   

Figure 3.1.  Phase diagram for NiSO4-NaSO4 showing existence of binary phases (Yu et al., 
2014) 
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Sodium sulfate may also help to destroy the difficult to sulfate nickel-ferrite by reaction 

3.1.  It may also act as a delivering vehicle for sulfate forming species via reaction 3.2.  (Yu et 

al., 2014) 

 

� +  , =   +  � ,                   3.1 

 

+  =                                        3.2   

 

 In a study investigating the effect of sodium sulfate on the sulfation of cobalt, cobalt 

oxide samples were coated with a thin film of Na2SO4 and heated to 600 °C-900 °C under an O2-

SO2-SO3 atmosphere.  It was suggested that the presence of sodium sulfate increased the rate of 

sulfation by the dissolution of CoSO4 into a liquid salt eutectic, and the ability of sodium sulfate 

to act as an SO3 carrier by the formation of pyrosulfate species, as shown in Figure 3.2. (Luthra, 

1982) 

3.2. Sulfuric Acid Based Sulfation 

3.2.1. Limonitic nickel extraction 

Many researchers have investigated the possibility of treating oxide nickel ores by a 

sulfuric acid sulfation roasting leaching process. An investigation into a limonitic nickel laterite 

from the Philippines involving the sulfuric acid pugging and roasting, as seen in the flowsheet in 

Figure 3.3, was shown to recover nickel and cobalt selectively.  Parameters such as roasting time 

and temperature, acid amount, and sodium sulfate addition were investigated.  It was found that  
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Figure 3.2.  Schematic of the sulfation mechanism of cobalt oxide in the presence of sodium 
sulfate : a) the mechanism by which CoO is oxidized to Co3O4   b) the mechanism of sulfation in 

the absence of a Co3O4 film. C) the mechanism of sulfation in the presence of a Co3O4 film. 
(Luthra, 1982) 
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88 % of Ni, 93% of Co could be leached while less than 4% of iron was extracted, and that 

sodium sulfate positively increased recovery, as seen in Figure 3.4. (Guo, Li, Park, Tian, & Wu, 

2009)   

 

 

Figure 3.3.  Flowsheet for the sulfuric acid based sulfation-roasting-leaching of nickel Indian 
laterite ores. (Guo et al., 2009) 

 

A similar study involving Indian low grade nickel laterite ore was performed.  Parameters 

investigated included the addition of acid, roasting temperature and time, as well as the effect of 

two temperature stages and the role of moisture in roasting.  As can be seen in Table 3.1, 700°C 

was found to be the best roasting temperature.  In some trials, the sample was heated to 450 °C 

prior to heating to the final roasting temperature.  As can be seen in Table 3.2 this led to 

increased recovery of nickel.  The authors state that this is because of the evolution of SO3 from 
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decomposition of iron sulfate, leading to the subsequent sulfation of nickel at the lower 

temperature.  Also, the addition of 20% moisture was found to also increase the extraction of 

nickel.  Once again, the authors state that this increase in extraction is due to the formation of 

SO3 from the iron sulfate decomposing.  Here, water vapor promotes the formation of SO3 by 

reaction 3.3.  The use of several different promoters was investigated.  It was found that sodium 

sulfate was the most effective, as seen in Table 3.2, achieving an extraction of 96% of the 

contained nickel and only 3% of the iron. (Kar & Swamy, 2000)  

 

 

Figure 3.4.  Effect on extraction by addition of sodium sulfate(Guo et al., 2009) 

 

In a subsequent study, the nickel laterites from three districts first underwent a thorough 

mineralogical characterizing.  As before, the use of a two stage roasting and moisture yielded 

better extraction of nickel, as seen in Table 3.3 and Table 3.4. (Swamy, Kar, & Mohanty, 2003) 
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Table 3.1. The effect of temperature, moisture, and two stage roasting on the recovery of nickel 
and iron in the sulfation roasting of a nickel laterite ore.(Kar & Swamy, 2000) 

 

 

+ = [ ] +                                                  3.3 

 

Table 3.2.  The effect of promoter addition on the recovery of nickel and iron in the sulfation 
roasting of a nickel laterite ore.(Kar & Swamy, 2000) 
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Table 3.3 Extraction of nickel and iron in three different nickel laterite samples using one and 
two stage roasting  (Swamy et al., 2003) 

 

 

Table 3.4. Extraction of nickel at different temperatures and moisture additions, results are from 
“Kansa” ore, similar results found for other ores (Swamy et al., 2003) 

 

 

A recent study performed a factorial analysis on the sulfuric acid pugging and roasting of 

a nickel laterite ore from the Philippines.  From the results of these experiments, contour plots of 

extraction as a function of roasting time and temperature were constructed.  As can be seen in 
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Figure 3.5, a region of temperature and time was found, shown in grey,  where 75-78% Ni and 5-

10 % Fe was extracted.  (LI, PARK, WU, & GUO, 2010) 

 

 

Figure 3.5.  Contour plot of Fe and Ni extraction as a function of roasting time and temperature. 
(LI et al., 2010) 

 

3.2.2. Rare Earth Sulfuric Acid Roasting 

Rare earths have previously been produced by a “sulfuric acid baking” method where 

rare earth ore, such as monazite, a rare earth phosphate mineral, is combined with concentrated 

sulfuric acid, and heated to 200ºC, effectively breaking down the mineral.  After this, a water 

leaching stage allows for the effective leaching of the contained rare earths, as seen in Figure 3.6. 

It should be noted, that in these, “sulfuric acid baking” type processes are fairly low temperature 
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processes, and don’t necessary fall into the category of roasting, rather digestion (Gupta & 

Krishnamurthy, 2005)    

 

 

Figure 3.6. Acid baking of monazite (Gupta & Krishnamurthy, 2005) 

 

Recently, researchers have developed a selective sulfation roasting method involving adding 

sulfuric acid to a NdFeB magnet swarf analog followed by roasting and water leaching (Önal et 

al., 2015).  This process will be discussed in depth later.   
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3.3. SO2 Based Sulfation and SO2 Capture 

3.3.1. SO2 Roasting of Nickel Laterite Ores 

In an effort to selectively extract nickel from a high iron low nickel laterite, a SO2 air roast 

method was investigated.  Differing temperatures, gas compositions and times utilized.  As can 

be seen in Figure 3.7 and Figure 3.8, 700 °C and an SO2 partial pressure of 0.12-0.25 atm 

provided the best selectivity of nickel sulfation against iron, allowing for 85% of the nickel to be 

extracted while only 4% of the iron being dissolved.   The addition of promoters was also 

investigated, and the use of sodium sulfates increased extraction by 10%.  Interestingly, sodium 

chloride had a similar effect, which the authors attributed to the formation of sodium pyrosulfate.  

Reaction kinetic parameters are also reported  (Kar & Swamy, 2001) 

 

 

Figure 3.7.  Effect of roasting temperature on Ni and Fe sulfation using an SO2-Air ratio of 1:6, 
a roasting time of 1 hour and a particle size of -106 um (Kar & Swamy, 2001) 

 



54 
 

In an earlier study, a researcher investigated the sulfation of a nickel bearing laterite by a 

two step SO3 roasting procedure.  In this experiment, a tube furnace with a sulfuric acid drip 

addition system was used as the source of sulfur trioxide.  A nonselective sulfation roast was 

performed at 700 °C with a partial pressure of SO2 of 0.2 atm and was followed by an iron 

sulfate decomposing stage at 180 °C at 0.1 atm SO3.  This resulted in 87 % of nickel, 97 % of 

cobalt and only 2 % of iron being extracted.  Reaction rate constants are also reported.  

(Bainbridge, 1973) 

 

 

Figure 3.8.  Effect of SO2 partial pressure on the extraction of Ni and Fe, using a temperature of 
700 °C, a roasting time of 1 hr and a particle size of -106 um (Kar & Swamy, 2001) 

 

3.3.2. SO2 Roasting of Manganese Ores 

A recent paper investigated the sulfur dioxide roasting of an iron oxide rich manganese 

ore.  It was desired to extract the manganese selectively away from iron, and a thermodynamic 

study revealed this as a possibility.  Interestingly, it is possible to convert manganese dioxide 
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directly into a sulfate without the action of oxygen, as per equation 3.4.(You, Li, Zhang, Peng, & 

Jiang, 2015) 

 

+  =                                                        3.4. 

 

In this study, manganese ore was roasted under a SO2-N2 atmosphere at differing times, 

temperatures and gas compositions, particle size and leaching conditions.  As seen in Figure 3.9, 

it was possible to extract 90.6% of the manganese while only 3.5% of the iron was leached.  This 

was accomplished at 1% SO2 and a roasting temperature of 500 °C, as seen in Figure 3.10.   

(You et al., 2015) 

 

 

Figure 3.9.  Extraction of iron and manganese as a function of SO2 concentration while roasting 
at 500 °C for 1 hr using a 104 micron particle size. (You et al., 2015) 
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In an earlier study a low grade manganese ore underwent a sulfation by blending with 

ammonium sulfate and roasting.  The thermal decomposition of ammonium sulfate by equations 

3.5 and 3.6 supplied the sulfur dioxide for the sulfation.   It was found that it was possible to 

extract manganese selectively in scoping trials, and maximum manganese extraction was 

achieved at a roasting temperature of 550°C -575°C, a 55-60 min roasting time, and 12-13 g 

ammonium sulfate per 10 grams ore, achieving an extraction of 89% Mn.  The extraction of iron 

was not reported for the optimized conditions, though iron extraction was less than 10% in 

preliminary investigations (Sahoo & Rao, 1989) 

 

 

Figure 3.10.  Extraction of manganese as a function of temperature while roasting with a 1% SO2 
atmosphere using a 104 micron particle size (You et al., 2015) 

 

=  +  +                                       3.5 
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+ =  + +                                      3.6 

 

3.3.3. SO2 Roasting of Nickel Concentrates  

An early paper addressed the sulfation roast of a sulfide concentrate containing nickel, copper 

and iron sulfides in a fluidized bed reactor at 680 °C with an atmosphere of air and 10 % SO2, 

followed by leaching in boiling water. It was found that addition of alkali metal sulfates greatly 

increased the recovery of nickel and copper.  It had been reported that previous low recovery of 

nickel was due to the formation of nickel-iron ferrites that were difficult to sulfate.  To explore 

this, nickel and iron oxides were sulfated under different conditions.  As seen in Table 3.5, the 

recovery of nickel increased with increasing Fe:Ni ratio.  XRD was used to determine the amount 

of nickel present as ferrite in the leach residue, as seen in Table 3.6. (Fletcher & Shelef, 1964) 

Researchers have proposed an alternative nickel sulfide processing route involving a two 

stage roasting process, the first being an oxidative roast to preferentially oxidize iron sulfide to 

an oxide followed by a sulfation roast.  A thermodynamic study was undertaken and it was 

shown that there is the potential to convert copper nickel and cobalt to sulfates while leaving iron 

as an oxide, as seen in figure 3.11. (Yu et al., 2014) 

 

Table 3.5.  Amount of nickel sulfated as a function of Fe:Ni ratio using 8 mol% sodium 
sulfate and 10 minutes roasting at 680 °C (Fletcher & Shelef, 1964) 
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Table 3.6.  Amount of nickel sulfated and percent present in ferrite as a function of sodium 
sulfate using an  Fe:Ni ratio of 2 and roasting at 680 °C (Fletcher & Shelef, 1964) 

 

 

     

Figure 3.11.  Kellogg diagram composed of superimposed (Cu-Fe-Ni-Co )-SO2-O2 systems, with 
an area of stability of target metal sulfates in grey (Yu et al., 2014) 
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Several factors were investigated including addition of sodium sulfate, sulfation roasting 

temperature and time, and oxidation roasting temperature.  It was found that under an 

atmosphere of 95% air, 5% SO2,a roasting temperature of 700 °C and a time of 150 minutes, 

91% of copper, 79% of nickel , 95% cobalt and  4% of iron were extracted.  (Yu et al., 2014) 

The addition of sodium sulfate markedly increased the extraction of the desirable 

elements, as seen in figure 3.12.   The mechanism proposed for sulfation is presented in figure 

3.13.  It is thought that the addition of sodium sulfate promotes the formation of nickel sulfate” 

micrograins” and cracks, preventing the particle pores from being closed off.  It is also put 

forward that the liquid sodium-nickel sulfate on the surface of the particle promoted the interior 

partial pressure of sulfur dioxide and trioxide.  (Yu et al., 2014) 

 

 

Figure 3.12.  Extraction of contained elements as a function of addition of sodium sulfate 

(Yu et al., 2014) 
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Figure 3.13.  Proposed reaction mechanism for the sulfation of nickel sulfides with sodium 
sulfate (Yu et al., 2014) 

 

3.3.4. SO2 Roasting of Other Ores 

The SO2 roasting of chromite ore was undertaken, with the goal of improving the grade of 

chromium in the ore by sulfating and leaching of impurities, such as iron.   Reaction kinetics was 

investigated using TGA analysis, and parameters investigated included promoter addition, time, 

temperature,  particle and pore size, atmosphere composition.  Though thermodynamically 

feasible, difficulty was encountered in sulfating chromite.  The use of pyrosulfate forming 

promoters, such as sodium sulfate, helped to overcome this.  Through selective flotation, 

sulfation and leaching, the Fe/Cr ratio was increased by 50%.  An in depth kinetic study was also 

undertaken, which will be detailed later. (Anderson, 1987) 

3.4. Flue Gas Desulfurization by Metal Oxides 

There has been a large amount of research performed aimed at the capture of SO2 from 

industrial gas streams, such as the flue gas desulfurization from coal fired power plants.  Many of 
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these methods proposed utilize a metal oxide as a sorbent, with the possibility of regenerating 

and recycling the oxide, under a scheme similar to figure 3.14.   

 

 

Figure 3.14.  Scheme for the use of regenerable metal oxide sorbents (Lowell, 
Schwitzebel, Parsons, & Sladek, 1971) 

 

A survey of possible metal oxide sorbents was conducted by evaluating the 

thermodynamic ability for an oxide to absorb SO2 down to the concentration required by power 

plants,  and the corresponding decomposition temperature at which the sorbent could be 

regenerated.  As can be seen in figure 3.15, a large number of possible metals were investigated, 

and 16 were selected as good potential candidates.  (Lowell et al., 1971)   
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Figure 3.15.  Metal oxides considered for a regenerable sorbent for SO2, fully cross hatched 
elements considered, vertically cross hatched elements selected (Lowell et al., 1971)     

 

This research was continued and 14 of the potential metal oxides indicated underwent 

SO2 adsorption trials.  A thermo-gravimetric apparatus was used to measure the absorbance of 

SO2 at various temperatures using a simulated flue gas contain 14.3 % CO2, 3.4% O2, 2% H2O, 

0.1%-0.35% SO2, and the balance being N2.   It was found that some oxides did not absorb SO2 

at a significant rate at temperature range of 25 °C to 800 °C in this study.  These include: Al2O3, 

Sb2O5, SnO2 ,TiO2, V2O5, WO3, ZnO, and ZrO2.  The oxides that absorbed SO2 at a significant 

rate, forming sulfates, were CeO2, Co3O4, Cr2O3, CuO, Fe2O3, and NiO2.  Of these, CeO2 and 

CuO absorbed SO2 the fastest.  Rate expressions were developed for many oxides.  (Deberry & 

Sladek, 1971) 
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A fluidized bed was used to study the ability for an iron oxide flue metallurgical dust to 

scrub SO2 from a simulated flue gas, with the goal of also removing NOx by the catalytic action 

of the flue dust.  The dust was composed of mainly iron oxide with some silica and calcium 

oxide as shown in table 3.7. It was found that using a fluidized bed reactor at 500 °C, 60% of 

SO2 from a 500 ppm SO2 gas stream could be captured. (Gao, Suzuki, Nakagawa, Bai, & Kato, 

1995)   

 

Table 3.7.  Composition of metallurgical flue dust used in SO2 (Gao et al., 1995) 

 

   

Manganese sea nodules have received attention as a possible source of metals such as 

nickel, cobalt, copper and manganese, as they can contain significant amounts of these materials, 

as seen in table 3.8.   A kinetic study was undertaken to determine the applicability of this 

material as a sorbent for SO2, with the advantage of extracting valuable metals by water leaching 

afterwards.  TGA analysis was used to determine the rate of SO2 absorption under different 

conditions and rate expressions were developed.    It was found that on leaching in boiling water 

most of the manganese; little of the iron, 99% of the copper, 82 % of the nickel, and 97% of the 

cobalt was dissolved.  (Hecke & Bartlett, 1973) 

In another study, copper oxide was investigated as a possible regenerable sorbent for 

SO2.  Pellets of CuO were produced and the reaction measured by a TGA method.  Temperature, 
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gas flow rate and composition were analyzed.  A comparison of several different gas solid 

reaction models was made using the acquired data. (Bahrami, Ebrahim, & Halladj, 2015) 

 

Table  3.8.  Composition of Manganese sea nodules from the Atlantic Blake Plateau (Hecke & 
Bartlett, 1973) 

 

 

         As a readily available material which forms a stable sulfate, limestone has garnered much 

attention as a sorbent for SO2.  Many researchers have investigated this system, the governing 

equation of which can be seen in equation 3.7.  Researchers found that the ability for absorption 

was dependent on temperature, porosity, SO2 concentration, temperature, and particle size.  The 

best temperature for absorbing SO2 fell into between 850°C- 900°C, and the extent of reaction 

was controlled by the blocking of pores by the formation of sulfates.  Much work was also done 

on modeling of this system.   (Hartman & Coughlin, 1976) 

 

+  + . =  +                          3.7 
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    CHAPTER FOUR 

GAS SOLID REACTION KINETIC MODELING 

4 Gas Solid Reaction Kinetic Modeling 

4.1. Introduction 

The modeling of gas solid reactions is important when trying to understand data obtained 

in an experimental setting and applying it to a larger scale processes.  These models include 

factors for mass and heat transfer over time, and can also be used to simulate structural changes 

of in a solid over time.  Several different models have been put forward, a selection of which will 

be reviewed.   When a new variable is used , it will be listed below the equation as well as at the 

end of the chapter.       

4.2. The Shrinking Core Model 

4.2.1. Introduction  

One of the early and most studied gas solid reaction model is the “shrinking core” model.  

In this system, the solid reactant is initially non-porous and when reacted leaves behind a porous 

“ash” layer, as seen in Figure 4.1.   In this model, the reaction takes place along the interface of 

the un-reacted core, and, as it progresses, the unreacted core grows smaller, until, at completion, 

the particle is entirely converted to the solid product.    In a general form, this reaction can be 

written as a solid and gas reacting to form a reactant solid and gas, as seen in equation 4.1.  This 

model has been widely used, as it is fairly straightforward and fits a number of systems 

reasonably well. 
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+   → +                                                    4.1 

 

 

Figure 4.1 Schematic of the shrinking core reaction model (Szekely, Evans, & Sohn, 1976) 

 

The steps for this reaction to occur can be defined as: 

  1) The diffusion of reactant gas A from the bulk to the surface of the particle  

 2) The diffusion of reactant gas A through the porous product layer  

3) The reaction of reactant gas A and solid reactant B  

4) The diffusion of product gas C through the porous product layer  

5) The diffusion of product gas C from the surface of the particle to the bulk.    

Any one of the preceding events can be the limiting step in a given reaction.      

(Levenspiel, 1999): 
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4.2.2. Mathematical Representation 

For the case were the reaction is dependent of step 1, ie. under gas film control, the 

amount of reactant gas at the surface approaches zero, as seen in Figure 4.2.  The time it takes for 

the unreacted core to reach as size can be written as: (Levenspiel, 1999) 

 

=  ℎ [ − ]                                                               4.2 

Where: 

t = time    

 h = mass transfer coefficient  

 b = Stoichiometric coefficient of reactant b 

 = Concentration of reactant gas in bulk 

rc = Radius of solid core 

R  = Size of particle overall 

 

The time for the reaction to reach completion can be written as: 

 

= =  ℎ                                                               4.3 
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Where: 

 tE=1 = time for complete reaction of solid 

B =   molar density of solid reactant B 

 

And the reaction extent as a function of time is: 

 

= =  −  =                                                       4.4 

Where: 

E = Reaction extent 

 

When the reaction is controlled by the diffusion of the reactant gas through the “ash” 

layer, as shown in Figure 4.3, the time for the reaction to reach completion can be written as: 

(Levenspiel, 1999) 
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Figure 4.2.  Schematic of shrinking core particle undergoing reaction under gas film control 
(Levenspiel, 1999) 

 

 

= =                                                            4.5 

Where: 

 Deff = Effective Diffusivity  

 

And the reaction extent as a function of time is: 
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= = − − / + −                                          4.6 

 

When the chemical reaction is the rate controlling step, as seen in Figure 4.4, the time for 

the reaction to reach completion is: 

 

= =                                                                 4.7 

Where: 

k = Reaction rate constant  

 

And the reaction extent as a function of time is: 

 

= = −  − /                                                         4.8 

 

 

 

 



71 
 

 

   

 

 

 

Figure 4.3. Schematic of shrinking core particle undergoing reaction under diffusion control 
(Levenspiel, 1999) 
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Figure 4.4.  Schematic of shrinking core particle undergoing reaction under chemical control 
(Levenspiel, 1999) 

 

4.2.3.  Examples of Applications and Variations   

Many variations on the shrinking core model have been postulated, and a selection will 

be outlined here.    A model accounting for a variable diffusivity was put forward to describe the 

direct sulfation of limestone.  Here, the diffusivity of the product layer was allowed to change as 

a function of position and time.  It was found that good agreement could be found between 

theoretical and experimental data for particles in between 53 and 350 microns  seen in Figure 4.5 

and Figure 4.6.  However, as seen in Figure 4.6, a disparity existed between the model and actual 

experimental  data for small particles.   (Krishnan & Sotirchos, 1993) 
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Figure 4.5. Experimental vs. predicted values for the thickness of product layer of different 
particle sizes at 850 °C, 0.15% and SO2 (Krishnan & Sotirchos, 1993) 
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Figure 4.6 Experimental vs. predicted values for conversion of different particle sizes at 850 °C, 
0.6% and SO2 (Krishnan & Sotirchos, 1993) 

 

4.3. The Grain  model 

4.3.1.   Introduction    

The grain model is based off the idea that a solid pellet is composed of individual grains, 

as seen in Figure 4.7.  During a gas-solid reaction, the reactant gas will travel through the pores 

in between these grains, and the grains will react, becoming individual “shrinking cores” 

themselves.    (Szekely et al., 1976) 
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Figure 4.7 Diagram of grain model showing of partially reacted pellet and corresponding reactant 
gas concentration (Ramachandran & Doraiswamy, 1982) 

 

4.3.2.   Mathematical Representation 

In the grain model, when under chemical control, the reactant gas concentration is the 

same throughout the pellet, and, as shown in Figure 4.8, each individual grain acts as a shrinking 

core.  This can be expressed as equation  (Szekely et al., 1976) 

 

( ) = − − /                                               4.9 

Where: 

B = Molar density of solid reactant B 



76 
 

Vg = Volume of individual grain 

  

 

Figure 4.8 Schematic of the grain model under chemical control  (Szekely et al., 1976) 

 

When diffusion of reactant gas through the pores of the pellet is the rate controlling step, 

as shown in Figure 4.9, the pellet behaves as a shrinking core.  

4.3.3.   Examples of Applications and Inclusion of Expansions 

 

Several researchers have modified the grain model to account for structural changes 

during reaction.  These include the changes in porosity from sintering and the effects of grain 

swelling or shrinkage from reaction. (Garza-Garza & Duduković, 1982).  A study was performed 

to mathematically investigate how porosity changes and sintering affect gas solid reaction rates 

in the particle pellet model, shown in Figure 4.10. The effects of molar density changes and the 
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effects of sintering were considered, and both isothermal and non-isothermal cases were 

developed.  Results were compared with experimental results from the fluorination of uranium 

dioxide pellets.  (Ramachandran & Smith, 1977)   

 

 

Figure 4.9  Schematic of the grain model under pore diffusion control (Szekely et al., 1976) 

 

A study for a regenerable SO2 sorbent which used copper oxide bound in an alumina sol-

gel bound included an “expanding grain model” to describe the capture of SO2.  In this study, 

grains were assumed to be spherical and expanded to their full reacted volume without 

interacting with each other, as seen in Figure 4.11.  As shown in Figure 4.12 the model 

performed very well in matching experimental data.  The model was then used to predict the 

optimal copper oxide content for maximum sulfur loading capacity, as seen in Figure 4.13.  The 

results from the model were then used in a fluidized bed reactor model, which showed good 

agreement with experimental results.  (Gavaskar & Abbasian, 2007) 
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Figure 4.10 Comparison of conversion for a modified particle pellet model with and without 
sintering occurring (Ramachandran & Smith, 1977) 

 

4.4. The Random Pore model 

4.4.1.   Introduction  

In this model, a solid contains cylindrical pores which over at random intervals.  As seen in 

Figure 4.14, as the reaction progresses, the reactant solids form around the pores, and eventually 

intersect.   
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Figure 4.11.  Diagram of Expanding Grain Model (Gavaskar & Abbasian, 2007) 

 

4.4.2.    Mathematical Representation 

Under  chemical reaction control, the random pore model can be expressed as eq 4.10 

(Bhatia & Perlmutter, 1980) 

 

− =  − − −                                             4.10 

Where: 
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V = Volume enclosed by reaction surface per unit volume  

Vo = Initial value of V at t=0 

ks = Surface reaction rate constant  

 R = Radius of particle 

 

 

Figure 4.12 Conversion over time for several different SO2 gas concentrations and corresponding 
model fit.  (Gavaskar & Abbasian, 2007) 
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Figure 4.13 Using Expanding Grain Model to Determine Optimal CuO Content (Gavaskar & 
Abbasian, 2007) 

 

 

Figure 4.14 Random pore model development. A) small amount of reactant product, gray, forms 
around pores, white, in unreacted solid, black.  B)  solid product acea grows and begins to 

overlap.  c) product layer fully developed and gas of uniform composition dotted line. (Bhatia & 
Perlmutter, 1981) 
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To simplify a model, it is often advantageous to include dimensionless terms.  Often, 

these can be used to solve the model in general terms if it is in dimensionless form.  This is the 

case for solving the random pore model under diffusion control: (Bhatia & Perlmutter, 1981) 

 

dEdτ =  CA∗ −E √ −ψ −EΒZψ [√ −ψ −E  − ]                                                 4.11 

Where: 

 = Dimensionless time  

∗ = Dimesionless gas concentration   

 = Structural parameter 

B = Group of constants  

 

Here dimensionless time “”, is equal to  

 

=  −                                                        4.12 

Where: 

k (T) = Reaction rate constant at given temperature, T 

So = Initial reaction surface per unit volume 
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o = Initial porosity 

 

And the dimensionless gas concentration ∗  is: 

 

∗ =                                                       4.13 

Where: 

 C = Local concentration of reactant gas 

 = Concentration of reactant gas in bulk 

 

And the dimensionless structural parameter “”, is: 

 

=  −
                                                  4.14 

Where: 

Lo  = Initial total length of overlapped system per unit volume 

 

And the group of constants B is equal to: 
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=  −
                                                     4.15 

Where: 

ks = Surface reaction rate constant  

a, b,c  = Stoichiometric coefficients  

MB = Molecular weight of reactant B 

Dp = Effective diffusivity of product layer 

 

4.4.3.   Examples of Applications and Variations 

  In a study investigating the use of copper oxide as sorbent for SO2 gas, experimental 

results were compared to a modified grain model, a random pore model, and a volume reaction 

model, not reviewed here.  A thin cylindrical pellet of copper oxide was reacted with SO2 and 

nitrogen in a TGA at varying SO2 concentration and temperatures.  It was found that the random 

pore model fitted the experimental data best, followed by the grain model, with the volume 

reaction model the least accurate, as seen in Figure 4.15 
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Figure 4.15 Comparison of a random pore model, modified grain model and volume reaction 
model on the sulfation of copper oxide using TGA 

 

4.5. Conclusion 

Several different fluid-solid reaction models have been considered, including the shrinking 

core, grain model and random pore model.  Each can be used to better understand a given gas-

solid reaction system and lead to optimization of reaction conditions.  In the following chapters, 

a model will be developed and the reaction parameters investigated.   
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CHAPTER FIVE 

THEORETICAL MODELING 

5 Theoretical Modeling 

5.1. Introduction 

Given the structure of the samples used in this study, composed of individual grains 

compacted by die pressing, the grain model, presented in the previous chapter, was chosen to 

represent this system. Modifications will be made to this model to account for the increasing 

grain size, due to the molar volume difference between oxide and sulfate species.  The system 

will also be put into general form by the use of dimensionless groups.  These will allow the 

system to be solved in the general sense.  These dimensionless groups will be used to analyze 

how the model will perform.  When a new variable is introduced, it will be defined below the 

equation, and will also be at included at the end of the chapter 

5.1.1. Assumptions Made 

To simplify some aspects of building a model, several assumptions about the reaction system 

can be made.  These are: 

1) The quasi-steady state assumption is valid 

2) The chemical reaction at the grain proceeds as in the shrinking core model i.e. in a 

topochemical fashion 

3) The grains are spherical and uniform in size 

4) Irreversible chemical reactions occur 

5) Bulk flow of the reactant gas is negligible, and can be ignored 
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5.2. Model Development 

A molar balance of reactant gas through a volume of the particle gives: (Manrique, 1975) 

 

− −    =                                   .                   
Where: 

De =  Effective Diffusivity 

    =  Porosity 

R =  Radial Coordinate 

Cg  =  Reactant Gas Concentration ( a function of R and time ,t) 

 mr =  Molar Density of Reactant (g/cm3) 

n =  Number of moles of reactant gas per mole solid reactant 

G =  Rate of disappearance of gas reactant per mole of solid reactant 

   

And a molar balance through a volume of individual grain yields:(Manrique, 1975) 

 

= � �                                                        5. 2   
Where: 
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Ng  =  Moles Reactant Gas  

ri =  Radial position of reaction front within grain  

t = Time 

 

The rate the reaction front moves through a grain can be expressed as:(Manrique, 1975) 

 

− = =  −                                                      5. 3 

Where: 

 rr
 = Reaction Rate 

  k  =  Reaction rate constant 

SA =  Surface Area of reaction 

 

The rate of progress through each grain, where: 

 

∂ri∂t = − ρm Cg ;  ≤  ri  ≤ r                                         5.4  

Where: 

ro = Initial radius of grains  
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G can be defined as the rate of disappearance of gas reactant divided by the number of 

moles of initial solid reactant or in other terms: 

 

=                                                                          .  

 

Inserting equation 3 and 4 into equation 5 yields: 

=  �r                                                                                  .  

 

And on taking equation 5.1 and 5.6: 

 

− −  �    =                                         .  

Where: 

R =  Radial Coordinate 

 

5.2.1. Initial conditions 

At the beginning of the reaction: 
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� , = =                                                            .  

 

And at the center of the particle: 

 

, = =                                                          .9 

 

5.2.2. Boundary Conditions 

At the center of the particle: 

 

=  =                                                              .  

 

And at the gas-solid interface: 

=Φ t = ℎ ∞−                                              5.11 

Where: 

  = Radius of pellet, a function of time 

 h = Mass transfer coefficient 
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C∞  =  Reactant Gas Concentration in bulk 

   

5.2.3. Extent of Reaction 

The local extent of reaction can be expressed as:  (Manrique, 1975) 

 

=  − � = − ( � )                      .  

Where: 

  EL = Local Extent of Reaction 

 

And the total extent can be found by analyzing a volume in between shells separated by 

R: 

 

− =  + ( � − )                                                   .  

Where: 

ns = number of moles product per mole solid 

 mp =  Molar Density of Product  
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NC = Moles of solid reactant converted to product 

NI = Moles of Solid Reactant in volume  

 

As: 

 

=  �                                                                        5.14  

 

So: 

 

� − =  � − = −                                        5.15 

 

And rearranging 3.15 yields: 

 

− = ( + ( − ))                                             5.16 

 

The total extent of reaction at a given time can be given by: (Manrique, 1975) 
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= ∫� −                                                         5.17 

Where: 

E(t)  = Total Extent of Reaction 

∫V dNC   =       Summation of  NC over the whole pellet 

Ro =  Initial radius of Pellet 

 

The limit of equation 5.16 is substituted into 5.17: 

 

=  ∫ (�� + − )ϕ                                                           5.18 

 

The volume balance when the extent of reaction is E is: 

 

ϕ t =  E Roρmρm +  −                                           5.19 

 

And rearranging yields: 
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=  ( − ϕ� )( −�� )                                                         5.20 

 

5.2.4. Dimensionless groups  

In order to put the above model into more general terms, and to ease the numerical computation, 

it is advantageous to put it into dimensionless form. (Manrique, 1975) 

The dimensionless concentration of the reactant gas is: 

 

∗ = ∞ 
5.21

 

The dimensionless radial coordinate is: 

 

=  
 5.22

 

As the pellet is expanding, the outer radius must be brought to rest: 

 

= �  
 5. 23
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The dimensionless radius of the pellet: 

 

� = �
 

 5. 24

 

The dimensionless radius of the grain: 

 

� = �
  5. 25

 

Dimensionless time can be expressed as: 

 

=  
 5. 26

  

The ratio of pellet to grain size: 

 

=  
 5.27 

 

The relative effect of chemical reaction rate to the diffusion rate within the pellet: 
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� =  
 5. 28

 

The relative effects of thin film mass transfer to diffusion rate in the pellet are: 

 

� = ℎ
 

 5. 29

 

The ratio of the reactant gas concentration in the bulk to the solid reactant molar density is: 

 

= ∞
 

 5. 30

 

The ratio of the solid reactant to the solid product molar density: 

 

=  

 

 5. 31 

5.2.4.1. Expression of Model in Dimensionless Form  

In dimensionless form, equation 5.4 becomes: 
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� ( ∗ + ∗) − − �� � ∗ =  
 5. 32

Where: 

  C* = Dimensionless reactant gas concentration 

p = Dimensionless radius of the pellet 

  Dimensionless radial coordinate   

G = Dimensionless radius of grain 

  Dimensionless ratio of pellet to grain size 



And equation 5.4  is expressed as: 

�� = −� ∗ 
       5. 33

Where  

  Relative effect of chemical reaction rate to diffusion rate in pellet

  Dimensionless time 

  Ratio of bulk reactant gas concentration to the solid reactant molar 

density 

 

The initial conditions become: 
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�� , = =                                                  5.34 

Where: 

G = Dimensionless radius of grain 

  Dimensionless time 

  Dimensionless radial coordinate   

 

And  

∗ , = =                                                      5.35 

 

The boundary conditions then are:               

∗� �= =                                                         5.36 

 

The extent of reaction equations then are: 

= − ��                                                         5.37 

 

and 
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= ∫ ( − − )�
                                                     5.38 

Where: 

  Initial dimensionless radial coordinate is 

  Ratio of the solid reactant to the solid product molar density 

 

And 

 

= −�−                                                          5.39 

 

It should be noted that if the expansion is not taken into account, and are equal to one, the 

model will reduce to the standard grain model. (Manrique, 1975) 

5.3. Discussion of Dimensionless Terms and Asymptotic Solutions 

 The relative effect of chemical reaction rate to diffusion rate in pellet is .  If this large, 

the chemical reaction rate is fast, the diffusion rate will control the reaction rate.  If it is small, 

the diffusion is fast, so the chemical reaction rate will control the process.   

The ratio of pellet to grain size is As the grain size increases, the chemical reaction 

rate becomes important, while if the grain size decreases, the diffusion rate becomes the rate 

limiting step. 
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The porosity of the pellet is , and when low, diffusion accounts for the governing rate of 

reaction.  At high levels of porosity, diffusion is less controlling and chemical control becomes 

more important 

 The ratio of thin film mass transfer to diffusion is and as this increases, the fluid film 

mass transfer becomes faster that the diffusion rate, and the bulk concentration becomes close to 

the concentration of reactant gas at the surface of the pellet.  As it becomes small, thin film mass 

transfer becomes more important.   

 A method of graphically examining the varying controlling mechanisms is a 

predominance reaction control diagram.  Here the control mechanism is examined by varying  

and  while holdingandconstant.  

5.4. Fluidized bed reactor equations    

To understand how the material may be processed in a fluidized bed, the grain model 

above can be included into a uniform fluidization model.  (Gavaskar & Abbasian, 2007) 

Assuming steady state behavior, a molar balance can be performed on the reactant gas: 

 

� + − �                                           5.40 

Where: 

Ug  =  Superficial velocity of gas in fluidized bed 

Cgbed  =  Reactant gas concentration in bed 
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z  = Axial coordinate in bed 

bed  =  Bed porosity 

 

The last term can be written as an average through the bed: 

� =  , �,                                          5.41 

Where: 

Cgbed, avg = Average  reactant gas concentration  

 

And assuming the bubbles move through the bed in plug flow: (Szekely et al., 1976) 

 

, = ( � − ��( ��� ) )                                                   5.42 

 

=  ∫ �+ � − �′                                 5.43 

Where: 

  Deg = Effective diffusivity through grain 
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ri = Radius of unreacted section of grain 

Cg  =  Reactant gas concentration in particle 

ri
’ = Radius of expanded grain 

  

,� = [ − , ∫ � �+ � − �′ ]                                   5.44 

 

The above equations can be used to model fluidized bed breakthrough curves.  
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CHAPTER SIX 

ESTIMATION OF PARAMETERS 

6 Estimation of Parameters 

6.1. Mass Transfer Coefficient  

Ranz and  Marshall investigated the nature of mass transfer coefficient  of spherical 

particles in a flowing fluid and found that (Szekely et al., 1976): 

 

ℎ =  + . / /                                                      6.1 

Where: 

  NSh=  Sherwood number = kmRo/D 

NRe=  Reynolds number = V Ro/D 

NSc=  Schmidt number = /D 

km =  mass transfer coefficient (cm/sec) 

Ro =  characteristic dimension (cm) 

D =  molecular diffusivity (cm2/sec) 

 Kinematic viscosity of the fluid (cm2/sec) 

V=  Velocity of the fluid (cm/sec) 
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6.2. Viscosity  

The viscosity of a gas can be calculated from the Chapman-Enskog theory, such that : 

(Bird, Stewart, & Lightfoot, 2007)  

 

=  . − √� Ω�                                             6.2 

Where: 

   Viscosity (poise) 

  T =  Temperature (K) 

M =  Molar Mass of gas (g/mol) 

=  Collision Diameter (Angstroms) 

   =  Collision Integral for viscosity  

 

The force constants needed for the Lennard Jones Potential can be found in Table 6.1.  

Tabulated data were used to find the value of the collision integral, from the force constants.  A 

graph for calculating these based off temperature, collision diameter and energy of attraction is 

presented in Figure 6.1 
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Table 6.1 Force Constants for the Lennard Jones Potential ((Sohn & Wadsworth, n.d.) 

Gas /k (K)  (Angstroms) 

Air 97 3.62 

N2 91.5 3.68 

O2 113 3.43 

SO2 252 4.29 

 

 

 

Figure 6.1 Collision Integrals 

 

The viscosity of a mixture of gasses can be calculated using the formula put forward by 

Wicke (Bird et al., 2007):   
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�� = ∑ �  �∑ � Φ=                                            6.3 

Where:   mix  =  Viscosity of gas mixture 

  N  =  Number of gas species in mixture 

  XA  =  Mole fraction species A  

  A  =  Viscosity of component A at temperature and pressure of interest

  XB  = Mole fraction species B 

 

And: 

Φ = √ ( + ΜαΜ )− / [ + (�� ) / ΜΜ / ]                          6.4 

 

6.3. Diffusion  

6.3.1.  Binary Diffusion  

Diffusivity can be calculated from Chapman Enskog kinetic theory (Sohn et al 1979): 

 

 =  . √  +
Ρ� Ω

                               6.5 

Where:   
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DAB  =  Binary interdiffusivity (cm2/sec) 

  T  =  Temperature (K) 

MA  =  Molar Mass component A (g/mol) 

  MB  =  Molar mass component B (g/mol) 

  P  =  Total Pressure (atm) 

   =  Collision Diameter (Angstroms) 

  D  =  Collision Integral for mass diffusivity 

 

For mixtures of gasses, the maximum energy of attraction, AB, can be found by: 

 

= /                                                      6.6 

 

And collision diameter of a mixed gas, AB,  can be found by: 

 

� = � +�
                                                        6.7 
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6.3.2. Knudsen Diffusion  

Knudsen diffusion becomes important when molecules are more likely to hit the sides of a 

pore wall than with each other.  This can occur when gas pressure is low or when pore size is 

small.   

 

= √                                                       6.8 

Where : 

Dk  =  Knudsen Diffusivity (cm2/sec) 

 r   =  Pore radius (cm)  

T  = Temperature (K)  

M   =  Molecular Weight of the Gas Species (g/mol) 

 

6.3.3. Effective Diffusivity 

When gasses are diffusion through a porous solid, one must be able to account for the effect 

of the solid on the flow of gas.  This is done be finding the effective diffusivity, which accounts 

for the porosity of the solid, the pore size, and the tortuosity of path of the gas:  (Gavaskar & 

Abbasian, 2007) 
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=  + −
                                                 6.9 

Where: 

  De =  Effective Diffusivity 

    =  Porosity 

    =  Tortuosity 

  DAB  =  Binary Interdiffusivty 

  DK  =  Knudsen Diffusivity 

 

6.4. Structural Parameters  

6.4.1. Grain Size 

The size of the individual grains and pores can be estimated by taking the average of the 

sieve sizes used as seen in Table 6.2 

 

Table 6.2 Screen sizes used and average diameter 

Screen sizes (Mesh) size Screen sizes ( m) Average (m) 

-150+270 -104 +74 141 

-200 +270 -74 +53 100.5 

-270+325 -53+44 48.5 
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6.4.2. Porosity 

   The porosity of a pellet can be calculated using the known volume of the pellet and the 

known density of its constituents, which can be found in Table 6.3. 

 

=  −
                                                 6.10 

Where: 

   =  Porosity 

  dense   Theoretical fully dense porosity (g/cm3) 

apparent  easured porosity (g/cm3) 

 

Table 6.3 Density of solid species 

Species 

Density 

(g/cm3) 

Nd2O3 7.24 

Fe2O3 5.24 

Nd2(SO4)3 3.7 

Fe2(SO4)3 3.097 
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6.4.3. Expansion Factor 

During a reaction, the reaction product will likely have different molar density than the 

reactant.  This can be quantified by calculating the expansion factor: 

= � −                                             6.11 

Where: 

Zv   =  Expansion factor 

product  =  Density of reaction product (g/cm3) 

 reactant  =  Density of reactant (g/cm3) 

MW reactant  =  Molecular weight of reactant (g/mol) 

MW product  =  Molecular weight of product (g/mol) 

s   =  Porosity of product layer 

 

6.5. Chemical Reaction Parameters 

For a heterogeneous, irreversible chemical reaction: 

 

+ + =   

 

The rate of reaction can be written as: 
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− = �                                                  6.12 

Where: 

  r  =  Overall chemical reaction rate (mol/sec cm3)  

  XA  =  Mole fraction species A in sample  

  k1  = Chemical reaction rate constant (cm/sec) 

  PB  =  Partial pressure reactant gas B (atm) 

  PC = Partial pressure reactant gas C (atm) 

  N1,2  =  Reaction order 

 

The temperature dependence of a reaction rate constant can be found by the Arrhenius 

Law: 

 

� = −��                                                        6.13 

Where:  

k1  = chemical reaction rate constant (cm/sec) 

k0  =  frequency factor (cm/sec) 

EAC  =  Activation energy (J/mol) 
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R  =  gas constant 

T  =  Temperature (K)  
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CHAPTER SEVEN 

 EXPERIMENTAL SYSTEM DESIGN 

7 Experimental Design 

7.1. Thermodynamic Considerations 

The reactions of interest to the sulfation roasting of NdFeB magnet waste can be found in 

equations 6.1 through 6.9 listed below.   

 

+  − +  + +  . = +              7.1  

 

+  − +  + +  . = +              7.2 

 

+ + +  − =  +                       7.3 

 

+ + +  − =  +                       7.4 

 

                     =  +                                               7.5  

 



115 
 

=  +                                           7.6  

 

+  + . =                                 7.7  

 

+  + . =                                 7.8  

 

Nd SO + Fe O =  NdFeO +  SO g +  . O g                              7.9 

 

The thermodynamic data for the above reactions was calculated using the thermodynamic 

software HSC 5.0 and can be found below in tables 7.1-7.9.   Included are changes in enthalpy, 

entropy, and Gibbs free energy as well as values for the equilibrium constant “K” and logK . 

Gibbs energy minimization is a technique that can be used to determine the most 

thermodynamically stable phases of given inputs as a function of temperature.  A Gibbs energy  

 

Table 7.1 Thermodynamic data for equation 7.1 calculated using HSC 5.0 

2Nd + 3SO4(-2a) + 6H(+a) + 1.5O2(g) = Nd2(SO4)3 + 3H2O   

T deltaH deltaS deltaG K Log(K) 

C kcal cal/K kcal     

0.000 -497.723 -48.213 -484.554 1.000E+308 308.000 

50.000 -478.133 19.340 -484.383 1.000E+308 308.000 

100.000 -465.600 55.384 -486.267 6.676E+284 284.825 

150.000 -451.059 91.861 -489.930 1.153E+253 253.062 
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Table 7.2. Thermodynamic data for equation 7.2 calculated using HSC 5.0 

2Fe + 3SO4(-2a) + 6H(+a) + 1.5O2(g) = Fe2(SO4)3 + 3H2O   

T deltaH deltaS deltaG K Log(K) 

C Kcal cal/K kcal     

0.000 -183.021 -22.488 -176.878 3.416E+141 141.533 

50.000 -163.474 44.908 -177.986 2.421E+120 120.384 

100.000 -150.818 81.301 -181.156 1.288E+106 106.110 

150.000 -136.074 118.290 -186.128 1.380E+096 96.140 

 

Table 7.3 Thermodynamic data for equation 7.3 calculated using HSC 5.0 

2Nd + 6H(+a) + 3SO4(-2a) = Nd2(SO4)3 + 3H2(g)   

T deltaH deltaS deltaG K Log(K) 

C kcal cal/K kcal     

0.000 -287.903 86.636 -311.568 2.036E+249 249.309 

50.000 -273.755 134.604 -317.253 3.795E+214 214.579 

100.000 -262.369 167.349 -324.815 1.805E+190 190.257 

150.000 -249.011 200.855 -334.002 3.317E+172 172.521 

 

Table 7.4 Thermodynamic data for equation 7.4 calculated using HSC 5.0 

2Fe + 6H(+a) + 3SO4(-2a) = Fe2(SO4)3 + 3H2(g)   

T deltaH deltaS deltaG K Log(K) 

C kcal cal/K kcal     

0.000 26.799 112.361 -3.892 1.301E+003 3.114 

50.000 40.904 160.172 -10.856 2.201E+007 7.343 

100.000 52.412 193.266 -19.705 3.482E+011 11.542 

150.000 65.975 227.283 -30.200 3.971E+015 15.599 

 

minimization graph was made of the iron, neodymium, sulfuric acid system, and can be seen in 

Figure 7.1.  The ratio of iron to neodymium used was as in NdFeB magnets, and a stoichiometric 

amount of sulfuric acid was used to fully convert the iron and neodymium to sulfates.  An excess 

of air was included.   
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Table 7.5 Thermodynamic data for equation 7.5 calculated using HSC 5.0 

Fe2(SO4)3 = Fe2O3 + 3SO3(g)       

T deltaH deltaS deltaG K Log(K) 

C kcal cal/K kcal     

0.000 136.916 131.630 100.961 1.634E-081 -80.787 

50.000 136.819 131.308 94.387 1.445E-064 -63.840 

100.000 136.678 130.902 87.831 3.579E-052 -51.446 

150.000 136.530 130.532 81.296 1.020E-042 -41.991 

200.000 136.366 130.166 74.778 2.863E-035 -34.543 

250.000 136.148 129.729 68.280 2.972E-029 -28.527 

300.000 135.910 129.295 61.805 2.698E-024 -23.569 

350.000 135.676 128.903 55.350 3.856E-020 -19.414 

400.000 135.447 128.549 48.914 1.312E-016 -15.882 

450.000 135.226 128.233 42.495 1.433E-013 -12.844 

500.000 135.021 127.959 36.090 6.272E-011 -10.203 

550.000 134.845 127.738 29.698 1.301E-008 -7.886 

600.000 134.717 127.586 23.315 1.458E-006 -5.836 

650.000 134.660 127.522 16.938 9.767E-005 -4.010 

700.000 134.607 127.467 10.562 4.244E-003 -2.372 

750.000 134.230 127.090 4.198 1.268E-001 -0.897 

800.000 133.792 126.672 -2.147 2.737E+000 0.437 

850.000 133.317 126.240 -8.469 4.448E+001 1.648 

900.000 132.828 125.814 -14.771 5.648E+002 2.752 

950.000 132.327 125.396 -21.051 5.776E+003 3.762 

1000.000 131.815 124.985 -27.310 4.881E+004 4.689 

 

 

 

 



118 
 

 

 

 

Table 7.6 Thermodynamic data for equation 7.6 calculated using HSC 5.0 

Nd2(SO4)3 = Nd2O3 + 3SO3(g)       

T deltaH deltaS deltaG K Log(K) 

C kcal cal/K kcal     

0.000 216.101 153.344 174.215 3.959E-140 -139.402 

50.000 215.993 152.976 166.558 2.216E-113 -112.655 

100.000 215.955 152.866 158.913 8.293E-094 -93.081 

150.000 215.962 152.883 151.270 7.334E-079 -78.135 

200.000 215.994 152.953 143.624 4.509E-067 -66.346 

250.000 216.023 153.012 135.974 1.552E-057 -56.809 

300.000 216.056 153.072 128.322 1.161E-049 -48.935 

350.000 216.085 153.121 120.667 4.745E-043 -42.324 

400.000 216.090 153.129 113.011 2.023E-037 -36.694 

450.000 216.057 153.082 105.355 1.435E-032 -31.843 

500.000 215.975 152.973 97.704 2.395E-028 -27.621 

550.000 215.835 152.798 90.059 1.222E-024 -23.913 

600.000 215.631 152.558 82.425 2.329E-021 -20.633 

650.000 215.358 152.254 74.804 1.946E-018 -17.711 

700.000 215.011 151.889 67.201 8.069E-016 -15.093 

750.000 214.587 151.464 59.617 1.839E-013 -12.735 

800.000 214.083 150.983 52.055 2.500E-011 -10.602 

850.000 213.496 150.449 44.519 2.170E-009 -8.664 

900.000 212.824 149.864 37.011 1.272E-007 -6.895 

950.000 212.066 149.232 29.534 5.279E-006 -5.277 

1000.000 211.220 148.554 22.089 1.614E-004 -3.792 
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Table 7.7 Thermodynamic data for equation 7.7 calculated using HSC 5.0 

Fe2O3 + 3SO2(g) + 1.5O2(g) = Fe2(SO4)3     

T deltaH deltaS deltaG K Log(K) 

C kcal cal/K kcal     

0.000 -207.786 -198.767 -153.493 6.630E+122 122.822 

50.000 -207.831 -198.923 -143.549 1.235E+097 97.092 

100.000 -207.767 -198.741 -133.606 1.812E+078 78.258 

150.000 -207.647 -198.442 -123.676 7.622E+063 63.882 

200.000 -207.475 -198.059 -113.763 3.566E+052 52.552 

250.000 -207.227 -197.563 -103.872 2.495E+043 43.397 

300.000 -206.931 -197.023 -94.008 7.069E+035 35.849 

350.000 -206.612 -196.489 -84.170 3.329E+029 29.522 

400.000 -206.278 -195.973 -74.359 1.392E+024 24.144 

450.000 -205.939 -195.487 -64.572 3.285E+019 19.517 

500.000 -205.604 -195.040 -54.809 3.122E+015 15.494 

550.000 -205.290 -194.646 -45.067 9.259E+011 11.967 

600.000 -205.018 -194.324 -35.343 7.034E+008 8.847 

650.000 -204.811 -194.094 -25.633 1.172E+006 6.069 

700.000 -204.604 -193.877 -15.933 3.789E+003 3.579 

750.000 -204.071 -193.343 -6.252 2.166E+001 1.336 

800.000 -203.473 -192.772 3.401 2.029E-001 -0.693 

850.000 -202.836 -192.193 13.025 2.919E-003 -2.535 

900.000 -202.184 -191.625 22.620 6.104E-005 -4.214 

950.000 -201.518 -191.069 32.188 1.771E-006 -5.752 

1000.000 -200.840 -190.525 41.728 6.862E-008 -7.164 
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Table 7.8 Thermodynamic data for equation 7.8 calculated using HSC 5.0 

Nd2O3 + 3SO2(g) + 1.5O2(g) = Nd2(SO4)3     

T deltaH deltaS deltaG K Log(K) 

C kcal cal/K kcal     

0.000 -286.971 -220.480 -226.747 2.737E+181 181.437 

50.000 -287.004 -220.591 -215.720 8.054E+145 145.906 

100.000 -287.044 -220.705 -204.688 7.822E+119 119.893 

150.000 -287.079 -220.793 -193.650 1.060E+100 100.025 

200.000 -287.102 -220.846 -182.609 2.264E+084 84.355 

250.000 -287.102 -220.847 -171.566 4.776E+071 71.679 

300.000 -287.076 -220.800 -160.525 1.642E+061 61.215 

350.000 -287.020 -220.706 -149.487 2.705E+052 52.432 

400.000 -286.921 -220.553 -138.455 9.030E+044 44.956 

450.000 -286.769 -220.337 -127.433 3.280E+038 38.516 

500.000 -286.558 -220.054 -116.423 8.176E+032 32.913 

550.000 -286.280 -219.707 -105.429 9.864E+027 27.994 

600.000 -285.932 -219.296 -94.453 4.402E+023 23.644 

650.000 -285.509 -218.826 -83.500 5.885E+019 19.770 

700.000 -285.009 -218.298 -72.572 1.993E+016 16.299 

750.000 -284.428 -217.717 -61.671 1.494E+013 13.174 

800.000 -283.764 -217.083 -50.801 2.221E+010 10.347 

850.000 -283.015 -216.402 -39.964 5.984E+007 7.777 

900.000 -282.180 -215.675 -29.161 2.710E+005 5.433 

950.000 -281.257 -214.905 -18.397 1.938E+003 3.287 

1000.000 -280.245 -214.093 -7.672 2.075E+001 1.317 
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Table 7.9 Thermodynamic data for equation 7.9 calculated using HSC 5.0 

Nd2(SO4)3 +Fe2O3 = 2NdFeO3 + 3SO2(g) +1.5O2(g)   

T deltaH deltaS deltaG K Log(K) 

C kcal cal/K kcal     

0.000 263.849 209.622 206.591 4.908E-166 -165.309 

50.000 263.882 209.739 196.105 2.296E-133 -132.639 

100.000 263.821 209.564 185.622 1.881E-109 -108.726 

150.000 263.710 209.288 175.150 3.391E-091 -90.470 

200.000 263.576 208.987 164.693 8.340E-077 -76.079 

250.000 263.422 208.679 154.252 3.588E-065 -64.445 

300.000 263.257 208.377 143.825 1.422E-055 -54.847 

350.000 263.081 208.084 133.414 1.605E-047 -46.795 

400.000 262.886 207.782 123.017 1.140E-040 -39.943 

450.000 262.662 207.461 112.636 9.045E-035 -34.044 

500.000 262.401 207.113 102.271 1.225E-029 -28.912 

550.000 262.090 206.724 91.925 3.903E-025 -24.409 

600.000 261.712 206.279 81.600 3.748E-021 -20.426 

650.000 261.247 205.761 71.299 1.315E-017 -16.881 

700.000 260.759 205.245 61.025 1.968E-014 -13.706 

750.000 260.575 205.060 50.767 1.429E-011 -10.845 

800.000 260.431 204.922 40.518 5.593E-009 -8.252 

850.000 260.301 204.805 30.275 1.284E-006 -5.892 

900.000 260.163 204.684 20.038 1.848E-004 -3.733 

950.000 260.015 204.560 9.807 1.769E-002 -1.752 

1000.000 259.854 204.432 -0.418 1.180E+000 0.072 
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Figure 7.1 Gibbs Energy Minimization of Nd-Fe-Air-H2SO4 system computed using HSC 5.0 

 

Predominance diagrams, also known as Kellogg diagrams, show the thermodynamic 

stability of species as a function of partial pressures of gasses at constant temperature.  An 

example of the Nd-Fe-SO2-O2 system at 700 °C is shown in Figure 7.2.  Other subsequent 

figures show how the stability of phases change with temperature, and shown in Figure 7.3 

through Figure 7.7.   
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Figure 7.2 Kellogg diagram composed of superimposed (Nd & Fe)-O2-SO2 diagrams at 700°C 
calculated using HSC 5.0 
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Figure 7.3 Kellogg diagram composed of superimposed (Nd & Fe)-O2-SO2 diagrams at 550°C   
calculated using HSC 5.0 
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Figure 7.4 Kellogg diagram composed of superimposed (Nd & Fe)-O2-SO2 diagrams at 650°C 
calculated using HSC 5.0 
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Figure 7.5 Kellogg diagram composed of superimposed (Nd & Fe)-O2-SO2 diagrams at 750°C   
calculated using HSC 5.0 
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Figure 7.6 Kellogg diagram composed of superimposed (Nd & Fe)-O2-SO2 diagrams at 850°C   
calculated using HSC 5.0 
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Figure 7.7 Kellogg diagram composed of superimposed (Nd & Fe)-O2-SO2 diagrams at 950°C 
calculated using HSC 5.0 
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7.2. Sample Preparation 

7.2.1.  Sulfuric Acid Roasting Sample Preparation 

For the sulfation roasting experimental studies, a magnet swarf analog was prepared from 

commercial NdFeB magnets.  Magnet material was placed in a “Spex” mill and ground with 

isopropyl alcohol.  A sample was digested in nitric acid, as performed by previous researchers, 

and analyzed by ICP-MS.  (Potter) The composition of this material can be found in Table 7.10. 

A particle size analysis of the material was performed by laser size diffraction. 

 

Table 7.10 Composition of magnet swarf simulant 

Element Fe  Nd Dy Pr  Co  B 

% Composition 59.58 16.31 8.24 4.41 1.97 1.71 

 

 

Figure 7.8  Particle size analysis of magnet swarf analog 
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For the larger scale sulfuric acid roasting experiments, the magnet powder was produced 

by grinding the same magnets in a lab rod mill at a pulp density of 1 kg magnets per liter of 

water until they were in particles of -125 m. 

7.2.2.  Gas Phase Roasting Sample Preparation 

For the preliminary SO2 roasting experiments, the same magnet swarf stimulant was used 

as in sulfuric acid trials.  Experiments took place in a small alumina boat. 

For the TGA experiments reagent grade components were utilized.  The powders were 

sieved to the appropriate size ranges.  Samples contained Nd2O3 and Fe2O3 in a 1:7 mol Fe:Nd 

ratio, corresponding to the Nd2Fe14B phase utilized in NdFeB type magnets.  Each pellet 

composition was mixed with ammonium bicarbonate so that this fraction took up a certain 

fraction of the sample volume.  These components were pressed into 12.7 mm cylindrical die.  

These pellets were heated at 100 °C for one hour, sublimating the contained ammonium 

bicarbonate, leaving behind a porous structure, and then sintered at 600 °C for 6 hrs.  They were 

then turned to spheres by rotating the pellet in a 12.7 mm hole drilled in 4.8 mm steel plate.   

7.3.  Sulfuric Acid Roasting Experimental Setup and Procedure 

The preliminary experiments, 0.5 grams of magnet swarf weighed into 20 mL porcelain 

crucibles.  1 mL of DI H2O was added to this to form a slurry.  To this was added an aliquot of 12 

M sulfuric acid.  The mixture was allowed to react and mixed, breaking up any hard “clumps” 

that may have formed.  These were then placed in a drying oven overnight.  The resulting “cake” 

was then broken up before being placed in a pre-heated box furnace fitted with an air purging 

system. 
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In larger tests, the mixing of magnet powder took place in a large “Kitchenaid” type 

mixer.  The magnets material was added, and mixed with water and acid in the same ratios as in 

the small scale tests.  The acid was added slowly via a drop funnel. 

In determining necessary residence time for the rotary kiln studies, a batch rotary kiln 

system was assembled, as diagramed in Figure 7.9. The kiln body was loaded with sulfated 

magnet material and placed in the pre-heated clam-shell furnace.  The temperature of the burden 

in the kiln was measured by an inline thermocouple.  The reaction extent was measured by 

monitoring the pH change of a sodium hydroxide scrubbing system. 

Semi continuous took place in the same  studies took place in the glass rotary kiln setup.  

Here a feed hopper held the sulfated material, which was fed into a glass rotary kiln by a screw 

conveyer, as seen in Figure 7.11. The solids exited the kiln into a discharge bin, while the off 

gasses were scrubbed with a NaOH solution prior to being vented.  The speed of the kiln and the 

feed screw were adjusted by gear motors with speed controllers. 

7.4. 6.4 Gas Phase Roasting Experimental Setup and Procedure 

7.4.1. SO2 Scoping Studies 

Preliminary roasting trials were performed in a small 1” tube furnace.  The temperature 

for this furnace, as seen in Figure 7.12, was monitored by a thermocouple inside the process tube 

and was maintained by the adjustment of a “Variac” autotransformer.   Gasses were mixed 

through a gas proportioning rotameter, and the off gas treated with a scrubber composed of a 

graduated cylinder of sodium hydroxide solution and a gas sparger, seen in Figure 7.13.     
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Figure 7.9.  Schematic of batch rotary kiln system 
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Figure 7.10  Schematic of semi-continuous rotary kiln system 

 

 

Figure 7.11 Semi-continuous rotary kiln system, discharge bin not shown. 
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Figure 7.12  Tube Furnace Schematic 
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Figure 7.13 Tube furnace system. 

 

7.4.2.  Gas Phase Kinetic Studies 

Kinetic Studies on the sulfation reaction were conducted in a thermo-gravimetric 

apparatus, a schematic of which can be seen in Figure 7.14.  It consisted of a vertical 2” stainless 

steel process tube in a clam-shell furnace, the temperature of which was changed by a furnace 

controller.  The furnace was mounted on a vertical rail so it could be raised and lowered to ease 

in sample introduction.   An Ohaus Pioneer series analytical balance was able to measure the 

samples mass change over time.  This was accomplished by a  0.0025"“ nichrome wire 

connecting the sample and scale through a .006” ID glass capillary tube.  The sample was held in 

a nichrome wire basket. 

The cap of the process tube, a 1” length of 2” stainless steel rod, had a shoulder machined 

into it, which, when coated with high temperature anti-seize compound (i.e. “silver goop”), 
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allowed for the cap to seal.  When in operation, the cap was held in place by a spring pull draw.    

The cap also had two ports machined into it, one for a thermocouple and the other for the glass 

capillary tube.  This tube contained a small amount of mineral oil allowing for a gas seal and 

providing some dampening to the scale.     

The gasses used in the TGA were controlled through a gas proportioning rotameter.  

Stainless steel wool in the lower section of the process tube allowed the gas to be pre-heated to 

the furnace set point before contacting the sample.  The gasses exited the furnace through a 1” 

stainless steel pipe, as seen in Figure 7.15 .  The gasses then passed into a 1” plastic tube which 

ran into a gas scrubber.  This scrubber consisted of a 10 L carboy filled with 4 M NaOH, 

effectively removing the SO2 from the gas stream.  The off gas was then allowed to be 

discharged up the exhaust vent.  The whole system was contained in a fume hood to guard 

against the leaking of any fugitive sulfur dioxide.  A sulfur dioxide monitoring device was 

maintained outside the fume hood. 

7.5.  Water Leaching System  

In the lab scale sulfuric acid roasting studies, the sample was removed from the crucible, 

weighed, and broken up to -20 mesh with a mortar and pestle.   The sample was then added to 

100 ml de-ionized (DI) water in a beaker, and stirred with an overhead mixer for 60 minutes.  

The sample was then filtered through a Whatman 44 paper, and the residue washed with 100 mL 

DI water.  The filter paper was dried overnight, and weighed.  A similar setup was used in the 

leaching of the sulfur dioxide roasting study.  
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Figure 7.14 Schematic of TGA system 
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Figure 7.15 Picture of TGA system 
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  Trials where leaching conditions were investigated were undertaken in 15 mL centrifuge 

vials.  In these experiments, 15 mL of DI water was used, and Eh and pH were measured prior to 

filtering.  Leaching time trials were performed in a setup similar to the small crucible test 

leaching trials detailed earlier.   Leaching was performed at room temperature, as neodymium 

sulfate becomes less soluble at increasing temperature, while ferrous sulfate does the opposite, as 

seen in Figure 7.16 and Figure 7.17. (Roine, n.d.) 

 

 

Figure 7.16 Solubility of ferrous sulfate as a function of temperature (Roine, n.d.) 

 

7.6. Analytical Techniques 

Elemental analysis of leach solutions were performed by inductively coupled mass 

spectroscopy (ICP-MS) on a Thermo-Scientific ICAP-Q.  X-ray fluorescence (XRF) was used to 

determine the elemental composition of solid samples on a Thermo-Scientific ARL Perform’x 

XRF.  Crystal structure was determined by X-ray diffraction (XRD), and scanning electron 
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microscopy (SEM) employing back-scatter electron (BSE) imaging was performed on samples to 

investigate physical structure of materials.  

 

 

Figure 7.17.  Solubility of neodymium sulfate as a function of temperature (Roine, n.d.) 
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CHAPTER EIGHT 

RESULTS AND DISCUSSION 

8 Results and Discussion 

8.1. Sulfuric Acid Based Sulfation Process 

8.1.1.  Scoping Studies 

Based off the Gibbs energy minimization graph presented in the experimental setup 

chapter, it seemed thermodynamically feasible to sulfate and selectively roast NdFeB magnet 

powder to produce iron oxide and neodymium sulfate.  A sample of magnet powder was 

produced, as explained previously, by grinding of a commercial RE magnet.  This material was 

reacted with the stoichiometric sulfuric acid to form neodymium sulfate and iron sulfate.  A 

DSC-TGA system was used to measure the temperature and mass change of a small sample at 

increasing temperature.  As can be seen in Figure 8.1, there exists several temperature peaks in 

the 150°C to 350°C range, indicating an endothermic reaction, accompanied by a mass change.  

A gas mass spectrometer indicated H2O in the off-gas at these temperatures, pointing to the 

reaction being a de-hydration of chemically bound water, likely from hydrated sulfates.   On 

increasing temperature, a stronger endothermic peak and mass loss was observed at 

approximately 650 °C.  The gas mass spectrometer indicated sulfur oxides at this point, 

indicating a decomposition of a sulfate species.   A similar event was seen at approximately 

900 °C.  These two events pointed to separate sulfate species decomposing, with significant 

temperature differences, helping to confirm the thermodynamically favorable reaction of 

selectively decomposing iron sulfate before neodymium sulfate.   
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Figure 8.1 TGA trial used as scoping experiment.  The mass differential is labeled as TGA, and 
the temperature as DSC. 

 

8.1.2. Small Scale Crucible Test Work 

8.1.2.1. General Method and Observations  

As mentioned previously, the small scale acid baking trials took place in small 20 mL 

porcelain crucibles, into which 0.5 grams of magnet material was placed.  On the addition of 

water, the magnet powder, apparently slightly hydrophobic, tended to clump up, as seen in 

Figure 8.2. 

The water and magnet material was mixed and to this, the amount of 12 M H2SO4 

dictated by the experimental conditions was added.  On the addition of acid, a somewhat 

vigorous reaction occurred, resulting in the formation of significant heat.  The acid was added 

drop-wise to avoid any of the material from “boiling over,” as seen in Figure 8.3.  On the 

-25

-20

-15

-10

-5

0

5

-120

-100

-80

-60

-40

-20

0

20

40

0 200 400 600 800 1000

W
e

ig
h

t 
C

h
a

n
g

e
 (

%
)

D
T

e
m

p
e

ra
tu

re
 (
V

)

Temperature (oC)

DSC

TGA



143 
 

addition of acid, the magnet powder appeared to become hydrophilic, presumably due to the 

formation of metal sulfates.     

 

 

Figure 8.2 Magnet material with water added 

 

After all of the acid was added, an amount of water was added to bring the total solid to 

liquid ratio to 1 g magnet 3 mL liquid.   This was then mixed with a small stainless steel spatula 

for 1 minute, resulting in a thick slurry.  The material clinging to the spatula was carefully 

scraped off on the edge of the crucible.   

After mixing with acid the crucible was then transferred to a drying oven, as mentioned 

previously.  After removal, the cake, seen in Figure 8.4 was broken up and roasted at the 

appropriate time and temperature.  On removal from the furnace, the magnet material appeared 



144 
 

black, as seen in Figure 8.5.  This dark material makes up a very thin layer on the surface, and 

upon breaking this calcine appears bright red, as seen in Figure 8.6. 

 

 

Figure 8.3 Magnet powder immediately after the addition of acid 

 

On leaching in water, the calcine formed a dark red slurry.  When filtered, the solution 

was clear leaving behind a red residue, as seen in Figure 8.7 

8.1.2.2. Effect of Temperature 

  To investigate the effect of roasting temperature on recovery, samples of 0.5 grams magnet 

material were prepared in the same fashion as that described in the experimental methods 

chapter.  This starting magnet material was found to be composed of very fine metallic particles, 

with some larger particles, as can be seen in Figure 8.8, 
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Figure 8.4 Crucible upon removal from drying oven 

 

 

Figure 8.5.  Crucible and calcine upon removal from furnace 
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Figure 8.6 Roasted calcine after being broken up 

 

 

Figure 8.7  Leach residue 
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Figure 8.8 BSE SEM image of pulverized magnet material. 

 

The magnet material was sulfated using the conditions previously mentioned, i.e.  0.5 mL 

of DI Water followed by  0.727 mL of 12 M H2SO4 and 0.37 mL DI H2O, mixing for one 

minute, drying for 12 hours at 70°C.  After drying the material, seen in the micrograph in Figure 

8.9, it was found to be composed of hydrated rare earth and ferrous sulfates, as seen in Figure 

8.10.  Some unreacted cores of larger magnet particles were observed, as seen in Figure 8.9. 
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Figure 8.9 SEM BSE image of sulfated and dried magnet material 

 

The samples were then placed in a muffle pre-heated to varying temperatures and roasted 

for 1 hour.    Samples were then leached as before, with 100 mL DI H2O for 1 hr.  The results of 

this experiment can be seen in Figure 8.11. 

As can be seen in Figure 8.11, at 400 °C, there is complete dissolution of all elements.  

At increasing temperatures, the amount of iron leached begins to go down, and 700°C, almost all 

iron is insoluble, while almost all of the rare earths are leached, and at 800 °C, the rare earth 

sulfates begin to decompose and recovery goes down. 
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Figure 8.10.  XRD pattern of sulfated and dried material 

 

 

 

Figure 8.11 Recovery as a function of roasting temperature 
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The drop in iron leaching is explained by decomposition of iron sulfate, where iron 

decomposed to an oxide while the rare earths remain sulfates.  This is demonstrated in the XRD 

spectrum in Figure 8.12, and the micrograph in  Figure 8.13where the sample, after roasting, no 

longer contains iron sulfates, while the neodymium is present as a sulfate.  An unreacted magnet 

material core can be seen in the micrograph.  After leaching, the rare earths go into solution, 

leaving behind the iron as an oxide.  This is demonstrated in Figure 8.14, where the main phase 

present in the leach residue is iron oxide.  The leach residue, as seen in Figure 8.15 has an 

porous, appearance.  Some pieces of bright unreacted magnet were also observed.   

 

Figure 8.12.  XRD of product after heating to 700° C 
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Figure 8.13.  SEM BSE image of roasted material 

 

Figure 8.14. XRD spectrum of leach residue 
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Figure 8.15  BSE SEM image of leach residue 

 

8.1.2.3. Effect of Roasting Time 

To investigate the effect of roasting time on recovery, samples of 0.5 grams magnet 

material, prepared in the same fashion as that material in 7.1.2.2, and sulfated using the 

conditions previously mentioned, i.e., 0.5 mL of DI Water followed by  0.727 mL of 12 M 

H2SO4 and 0.37 mL DI H2O, mixing for one minute, drying for 12 hours at 70°C.  The samples 

were then placed in a muffle pre-heated to 700 °C, as before.  Samples were pulled out at 

increasing times. Samples then were leached as before, with 100 mL DI H2O for 1 hr.  The 

results of this experiment can be seen in Figure 8.16.  It appears that roasting times of 30 minutes 
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are sufficient to decompose all of the iron, and extended roasting times of 75 minutes don’t 

significantly reduce the recovery of rare earths. 

 

 

Figure 8.16. Recovery of elements as a function of roasting time 

 

8.1.2.4. Effect of Acid Addition 

A series of experiments were performed as in section 8.1.2.2, utilizing a 700 °C roasting 

temperature, but using varying amounts of sulfuric acid, while keeping the total s/l ratio of the 

pugging stage the same by addition of DI H2O.  The results of these experiments can be seen in 

Figure 8.17.  As can be seen, there is a small decrease in recovery when acid addition is below 

1.45 ml 12 M H2SO4 per gram magnet material.   
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Figure 8.17 Effect of acid addition on recovery 

 

8.1.2.5. Effect of particle size 

To investigate the effect of particle size on magnet recovery, a sieve stack was 

assembled, the size ranges of which can be found in Table 8.1.  A 0.5 gram fraction of each size 

range was weighed out and reacted using the midpoint values, i.e., 0.5 mL of DI water followed 

by  0.727 mL of 12 M H2SO4 and 0.37 mL DI H2O, mixing for one minute, drying for 12 hours 

at 70°C, and calcining at 700 °C for 1 hour followed by leaching with 100 mL DI H2O for 1 hr.  

The results of this experiment can be seen in Figure 8.18 with the size of the particles taken as 

the mean of the sieve size ranges they fell between. From Figure 8.18, it seems that extraction of 

the rare earths is almost complete at a particle size less than 125 microns.   
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Table 8.1 Mesh sizes used for sieving of NdFeB powder 

Mesh Size Average size (m) 

-50+70 250 

-70 +100 177.5 

-100+150 125.5 

-150+200 63.5 

-200+270 89 

-270+325 48.5 

 

 

Figure 8.18 Effect of Particle size of recovery 

0

10

20

30

40

50

60

70

80

90

100

050100150200250300

E
x
tr

a
ct

io
n

 %

Particle size ( mm)   

B

Nd

Dy

Pr

Fe



156 
 

8.1.2.6. Effect of Drying Time and Conditions 

In an effort to quantify the effect of drying time on overall recovery, a series of 

experiments were performed, where the materials were treated as before, but utilizing drying 

times of 12 and 24 hours in the drying oven, as well as 24 hrs. at room temperature.  The results 

of these experiments can be seen in Table 8.2. Here it is seen that drying at increased 

temperature does indeed lead to an increase in RE extraction, though an increase from 12 to 24 

hours of elevated temperature drying did not seem to make a significant difference.   

 

Table 8.2 Effect of Drying Conditions on Extraction. 

 Extraction % 

Drying Conditions Fe Pr Nd Dy 

24hr. Air Drying 0.18 88.95 88.8 80.67 

12 hr. Oven Drying N.D. 92.5 92.24 85.48 

24 hr. Oven Drying 0.41 92.72 92.07 86.38 

 

8.1.3. Small Scale Leaching Trials 

To investigate the effect of solid to liquid ratio on recovery, a series of leaching trials 

were devised.  1.5 g of magnet material was prepped as before, sulfated as in section 8.1.2.5 and  

roasted for one hour  at 700 °C.  The material was broken up to -20mesh, and split into several 

samples using a small Jones riffler.  Differing amounts of this material was weighed into 15 mL 

centrifuge vials, combined with 15 mL DI H2O, and shaken in a vortexing mixer for 1 hour.  The 

vials were then centrifuged, and a small aliquot of each vial taken and diluted for ICP-MS.  The 
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results of these trials can be seen in Figure 8.19. It appears that a 25g magnet equivalent per liter 

can be used, which is around approximately 40 g/L of sulfated material.   

 

 

Figure 8.19 Extraction results of solid liquid ratio leaching experiments. 
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metal sulfates forming metal-aqua complexes.   
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was again broken to -20 mesh.  This was combined with 100 mL of DI water in a 150mL beaker 

and mixed using an overhead stirrer at 350 rpm as before.  At 5 minutes of mixing, the mixer 

was turned off, and after 1 minute, a 1 mL sample was taken from the top clarified layer of the 

leach solution, and filtered.  The mixer was immediate turned back on, and this procedure 

repeated at 10, 15, 30, 45, 60, and 90 minutes.  The leach solution at each of these time 

increments was analyzed by ICP-MS, and can be seen in Figure 8.21.  It is shown that the 

leaching of the rare earths takes place quite rapidly, and is almost complete at the first data point 

of 5 minutes.   A small amount of error is introduced into this study by the loss of leach solution 

from sampling.  The increased amount of iron found to dissolve is likely from the increased 

roasting sample size, which likely influenced the kinetics of the iron sulfate decomposition.   

 

 

Figure 8.20 Eh-pH results of solid liquid ratio leaching experiments. 
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Figure 8.21  Kinetic leaching data 

 

8.1.4.   Batch and Semi- Continuous Rotary Kiln Testing 

8.1.4.1. Bulk sulfation observations 

In an effort to determine the residence time required to achieve iron sulfate decomposition in 

a rotary kiln environment, a batch kiln system was assembled, as mentioned in the experimental 

setup chapter.  The material for the larger scale tests were mixed in a “Kitchen-aid” type mixer, 

as mentioned previously.  After the first addition of water, 12 M H2SO4 was added, resulting in 

the formation of metal sulfates, heat, and gas, as seen in  Figure 8.22 

As more acid is added, eventually, the material became much thicker in consistency, and 

eventually was a crumbly solid, as seen in Figure 8.23. 
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Figure 8.22 Material on initial mixing of acid 
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Figure 8.23 Magnet material after half of acid added 
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At the end of the acid addition however, the consistency of the magnet material again 

returned to thick paste, possibly from the accumulation of un-reacted acid, as seen in 8.24. 

 

 

Figure 8.24 Magnet material near end of acid addition 

 

On the second addition of water, the consistency was a pourable slurry, as seen in Figure 

8.25, which was transferred to a refractory dish.  This was left to sit in the drying oven, as before 

in the small scale tests, as seen in Figure 8.26  
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Figure 8.25 Magnet material after final addition of water 
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Figure 8.26 Magnet material after sulfating and drying 

 

8.1.4.2. Batch Rotary Kiln Trials 

8.1.4.2.1. Batch Rotary Kiln Operation 

As mentioned previously, this experiment was performed by placing a kiln inside a pre-

heated furnace.  As there is significant thermal shock involved, a stainless steel kiln was used in 

place of a standard glass laboratory kiln body.  The stainless steel rotary kiln, can be separated 

via a flange where the kiln body meets the smaller diameter tube.  Originally, this flange was 

sealed by high temperature anti-seize, but it was found that as the organic fraction of this 

compound burnt off, the seal was lost.  Instead, a soft copper gasket was used to seal the flange, 
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which provided good service.  A thin coating of anti-sieze was placed on the gasket to prevent it 

from bonding to the surface of the flange. 

As shown in the schematic of the batch rotary kiln system in Figure 7.9, air was swept 

through the kiln.  This kept sulfur dioxide and water vapor bubbling through the scrubbing 

system.  Issues arose however as the fine particles in the kiln charge, composed of the sulfated 

magnet material, were swept up in the gas.  These particles would settle in the discharge line 

where they would react with condensing water vapor to form a thick paste.  Although a small 

fraction of the charge, this proved to be a serious issue, as the material would almost completely 

block the ¼” gas discharge line, causing pressure to build up in the kiln.  As the kiln would heat 

up and both H2O and SO2 were evolved, the seals on the kiln became difficult to maintain, and 

the run had to be abandoned.  After several trials, it was found that using wider 1” glass tubing 

for the gas outlet line immediately after the kiln, followed by a settling chamber made from an 

empty gas bubbler, alleviated this issue enough for the kiln test to proceed. 

 On the resolving of the aforementioned issues, the batch test was performed.  The 

sulfated magnet material, corresponding to 50 grams of starting magnet material, was placed in 

the stainless steel kiln.  The kiln was closed up, and the air input and exhaust line were attached, 

and the whole system was checked for leaks by monitoring gas flow through the bubbler.  When 

the furnace had reached 700 °C, the clamshell was opened via an installed pulley system, and the  

kiln was placed in the furnace.  The drive gear was set and turned on, at approximately 3 rpm.  

The temperature was recorded as a function of time and, as seen in Figure 8.27, the kiln heated 

up quickly. 
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8.1.4.2.2. Batch Rotary Kiln Results 

After a short time, water vapor could be seen leaving the kiln through the glass exhaust 

tubing.  This, along with the SO2 gas, gave the exhaust the appearance of a quickly moving gray 

fog. The pH of the scrubber solution was monitored over time, as seen in Figure 8.27.  There was 

an initial slight drop, followed by a steep drop starting at 50 minutes, and leveling out again 

somewhat at 60 minutes.  After 2 hours, the kiln was allowed to cool.     

 

 

Figure 8.27  Kiln temperature and scrubber solution pH over reaction time 

 

After cooling, the calcine from the batch kiln was leached with 2.5 L DI H2O, for 1 hour, 

as before, then filtered.  The results from this leaching test can be seen Table 8.3.  Good 

selectivity against iron was found, though at a lower extraction of rare earths than that seen in 
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previous crucible trials. As the furnace remained at high temperature for several hours after the 

experiment was complete, the test does not necessarily reflect an actual normal kiln environment, 

possibly explaining the decrease in recovery of rare earths through sulfate decomposition.    

 

Table 8.3Leaching results from batch kiln trial. 

Extraction % 

Fe Pr Nd Dy 

0.02 82.53 81.7 84.66 

 

8.1.4.3. Semi- Continuous Rotary Kiln Testing 

8.1.4.3.1. Operation of System 

After the batch tests were complete, the semi-continuous kiln was assembled, as seen in 

Figure 7.10.  The kiln itself has several variables which can be adjusted.  The speed of the feed 

screw adjusts how fast the sulfated magnet material is pushed into the kiln, and the speed of 

rotation and angle of the rotary kiln both affect the residence time of material in the body of the 

kiln.  Based off the data from the batch reactor, a 1 hour residence time was decided on.  The 

capacity of the kiln at this residence time was found by taking the steady state volume of the 

kiln, the length of the kiln, and the measured bulk density of the sulfated magnet material.  It was 

found that the kiln had a capacity of approximately 100g/hr of NdFeB magnet equivalent. 

 To find the appropriate feed rate of the sample feed system, the hopper was loaded with 

activated carbon, a fairly good equivalency to the density of sulfated magnet material.  The 

output of the feed screw was adjusted to give an output volume equivalent to 100 g/ hr of 
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sulfated magnet material.  This was accomplished by measuring the output of the feeder at 

different RPM values and measuring the volume of activated carbon per several minute trial, and 

extrapolated to an hourly rate.  The RPM of the feeder was controlled by a Variac 

autotransformer.   

The slope of the kiln was set at 1°, a common slope for an industrial kiln, which allowed for 

one variable in kiln throughput to be isolated.  The kilns speed was controlled by a Dalton speed 

controller connected to the gear motor which drives the kiln.  While cold, the kiln was filled with 

activated carbon to a level equal to that seen when the kiln would be at stead state operation.  

The kiln was then operated for a few minutes time at varying RPMs, and the output volume 

measured.  It was found that 3 RPM allowed for 100 g/hr of magnet material was appropriate. 

The sealing of the rotary kiln during operation presented many challenges. One of the first 

was to maintain a gas seal at the interface between the rotating feed screw shaft, which is 

powered by an external motor, and the feed hopper.  The shaft of the feed screw goes through a 

small pipe nipple close to the size of the shaft, and it was originally theorized that this pipe 

interior of the nipple could be greased and a seal could be maintained with rotary motion of the 

shaft.  This was proved true on preliminary trials.  However, during the actual experimental run, 

it was found that the grease in the pipe tended to thin out due to slight eccentricities in the shaft 

motion despite the use of a Love-joy shaft couple to the motor.  It was found that grease had to 

be continuously added to maintain a seal, which could be periodically breached.  The grease also 

was found to work its way through to the feed hopper and was introduced into the kiln which 

was undesirable.  A solution was found by assembling an ad-hoc Teflon bearing system.  Here, 

several layers of Teflon tape were wrapped around the auger shaft just outside the pipe nipple 

that the shaft enters the feed hopper through.  This Teflon tape was covered with a small amount 
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of vacuum grease.  Several wraps of Teflon tape then were place over the pipe nipple 

overlapping the shaft.  This allowed for the shaft to move freely but maintain a fairly good seal. 

All of the rotary seals on the kiln system utilized ground glass ball and socket fittings which 

were sealed with halo-carbon grease and clamped together.  These allowed, , both a gas seal and 

rotary motion to be maintained  for the fittings directly attached to the kiln.   All other seals and 

joints were kept stationary.     

A batch of 100 grams of magnet material was prepared, as before in the batch kiln trials.  

This material was loaded into the hopper, and when the kiln reached 700 °C, the feed screw was 

turned on.  It was noticed that a significant temperature drop was seen in the kiln after the 

sulfated material entered, likely from the endothermic reaction of the iron sulfate decomposition 

along with the required sensible heat required to bring the sample to temperature.  Shortly after 

this was noted, a clog in the off gas line occurred.  It had been thought that the large diameter of 

the kiln output coupled with the discharge bin and vertical direction of the off gas would be 

enough to counteract the clogging issues seen in the first of the batch sulfation tests, but this was 

not the case.  It was apparent quite quickly that a gas seal could not be maintained, and though 

the furnace was under a hood, it was decided to quit the test as a matter of safety.  

On consideration, it was decided that carefully crushing the sulfated material to the requisite 

size, and not finer, could help alleviate the issues with solids being entrained in the off gas.  This 

was accomplished sizing the material by pressing through a 150 mesh screen and by sieving out 

the fines.  On re-sizing the material in the hopper and discharge bin from the previous run, it was 

decided to test this theory.  It was found that sieving the fines performed quite well, and no 

significant amount of “clay like” solids were found to block the off-gas line.  Approximately half 
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way through this experiment however, another problem presented itself.  10 M Sodium 

hydroxide was being used as the scrubber solution in order to accommodate the scrubbing of the 

large volume of SO2 with the fairly small volume of the scrubber.  Because of this high 

concentration of caustic in the scrubber, the solubility of sodium sulfate was decreased 

somewhat, resulting in a fairly dense salt precipitating in the scrubber.  This salt settled in the 

bottom of the scrubber and eventually began to interfere with the tube which brought the gas in, 

which opened fairly close to the bottom of the scrubber.  Soon, this salt layer had sealed off the 

gas outlet, and pressure began to build in the kiln.  This caused the seal to begin to leak, and once 

again, the test had to be called off for safety.  

From this experience, a different gas scrubber geometry was devised, with a primary and 

“backup” scrubber, plumbed in parallel.   The primary scrubber was fashioned from a 1000 mL 

graduated cylinder, sealed with a stopper with two 3/8” holes.  Through one of these holes the 

3/8” exhaust line from the kiln bubbled into the scrubber, several inches into the scrubber 

solution, with the concept being any precipitated salt would settle into the bottom of the cylinder, 

where it would not interfere with gas flow.  The other whole in the primary scrubber stopper 

flowed to the exhaust hood.  The secondary exhausts scrubber was the same glass “bubbler” used 

before, and as the exhausts would flow out near the bottom of the scrubber, would only be used 

if the pressure drop through the primary scrubber became large enough that it could overcome 

the increased pressure drop from the exhaust tube’s depth in the secondary scrubber. 

Another issue which manifested itself during the semi-continuous operation was a difficulty 

in maintaining temperature inside the kiln.  This was likely due to both the sensible heat of new 

material coming into the kiln, as well as the endothermic nature of the calcining reactions.  This 

issue was countered by increasing the temperature of the clamshell furnace. 
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8.1.4.3.2. Semi- Continuous Rotary Kiln Results 

After  the semi-continuous rotary kiln rate was functional, a set of experimental runs 

were performed.  These were done using the kiln settings found previously during the activated 

carbon trials, and the parameters shown in  

Table 8.4. The furnace charge was loaded into the hopper, and the furnace pre-heated.  

When the set point was reached, the feed screw was turned on.  After the last material had come 

out of the kiln, the furnace was turned off and allowed to cool. 

 

Table 8.4  Parameters used in semi-continuous kiln experiments 

 Experimental Parameters 

Kiln Trial Furnace Set Point (°C)  Air Flow Rate 

(L/min) 

Furnace Charge through kiln 

(g magnet equivalent) 

1.5  730 3 88.8 

1.6 800 3 60.6 

 

 

On cooling, any residue left in the hopper was removed and weighed, and its mass 

subtracted from the original mass.  Any residue in the kiln body was added to the kiln discharge 

material.  These were both weighed and then leached with DI water, as before, and filtered.  The 

results from the leaching trials can be seen in Table 8.5.  It was found that there was a higher iron 

extraction of the first run, possibly due to particles short circuiting the kiln and not possessing 

the desired residence time.  To address this, the second trial was performed at slightly higher 

temperatures, which was found to decrease the amount of iron leached with affecting the 
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resulting rare earth extraction.  This however, came at the cost of slightly lowering the recovery 

of rare earths. 

 

Table 8.5 Extraction of elements upon water leaching of semi-continuous kiln trial calcines 

 Extraction % 

Kiln Trial Fe Pr Nd Dy 

1.5  29.77 99.51 98.81 99.49 

1.6 13.65 90.33 89.75 94.18 

 

8.1.5. Precipitation Feasibility Trials 

In an effort to investigate the feasibility of precipitating the rare earths selectively from a 

solution containing other transition metals, a scoping study was performed.  A solution was used 

from a previous rotary kiln trial that contained significant quantities of iron as well as rare earths 

as can be seen in Table 8.6.  A solution of 1.25 M oxalic acid was prepared.  Based off literature 

data, using a large beaker, shown in Figure 8.28 oxalic acid was added to a 1.25 stoichiometric 

amount, at room temperature.  Almost instantaneously on addition of the oxalic acid, a white 

precipitate was formed.  After several minutes, the stirring action of the impeller sheared these 

particles to a smaller, though still visible size.  The solution  was allowed to stir for an hour, after 

which it was filtered through a vacuum funnel, where it was easily separated.   At this point, the 

precipitate had a confectionary appearance and a pinkish hue. (Chi & Xu, 1999)  

The solid dried, and then the solids ignited at 900 °C.  This decomposed the oxalate, 

leaving behind a mixed RE oxide.  From the mixture of oxides, neodymium oxide (blue), 



173 
 

dysprosium oxide (white) and praseodymium oxide (black), this material appeared grey.  The 

filtrate was then analyzed by ICP-MS, and was found to contain very little rare earths, as shown 

in Table 8.6. 

8.2. Gas-Solid Sulfation Experiments and Model Correlation 

8.2.1. Sample Composition 

Pellets were made as detailed in the experimental setup chapter, by pressing and sintering 

sieved metal oxide powders.   XRD analysis was performed after sintering, and as shown by the 

spectrum in Figure 8.29, were composed of Fe2O3 and Nd2O3. 

An as-sintered pellet, shown in Figure 8.30, was cross sectioned, mounted in epoxy, and 

polished for examination by SEM.  As shown in the  SEM BSE image in Figure 8.31 and Figure 

8.32 there exists discrete particle of neodymium and iron oxides.  The iron oxide appears as a 

darker grey, and the neodymium as a lighter shade, as shown in Figure 8.32. While the 

constituents of the pellet were sieved to  200 +270 mesh prior to pressing and sintering, it 

appears that many of the particles exist as agglomerates of finer particles.   

8.2.2. Thin Film Mass Transfer  

 

A series of experiments were performed to determine the gas flow rate which will minimize 

the effect of fluid film mass transfer. As mentioned previously, 0.5” spherical pellets of mixed 

iron and neodymium oxides were prepared and reacted under an atmosphere of 0.175 atm of SO2 

and 0.175 atm O2, at 750°C, with increasing bulk gas flow, and the initial reacting rate measured, 

as seen in Figure 8.33.  At 5 liters per minute, no further increase in reacting rate was measured, 

and this was the gas flow used in subsequent experiments.  The reason for the slightly higher 
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initial reaction rate at 4 liter per minute is not known.  A similar effect has been seen in previous 

studies, however.  (Anderson, 1987) 

 

 

Figure 8.28 Leach solution on addition of oxalic acid. 

 

Table 8.6 Leach solution before and after oxalic acid precipitation 

Solution B (ppm) Fe (ppm) Pr (ppm) Nd (ppm) Dy (ppm) 

Leach  79.37 19000.17 927.65 3299.64 1652.33 

Post-Precip. 56.51 1358.06 3.39 8.44 6.91 
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Figure 8.29 XRD spectrum of pellet as prepared prior to roasting 

 

 

Figure 8.30 Pellet as sintered and turned down to a sphere. 
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Figure 8.31 Low magnification SEM BSE image of pellet cross section as sintered 
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Figure 8.32 High magnification SEM BSE image of pellet cross section as sintered 

 

8.2.3. Effect of Atmosphere on Extraction 

A series of TGA trials were performed on differing atmosphere compositions.  As 

mentioned in chapter seven, 0.5” spherical pellets of mixed iron and neodymium oxides were 

reacted under a number of atmospheres shown in Table 8.7, for 1 hour at 750 °C. After this, the 

pellet, as shown in Figure 8.34 was bisected, one quarter was crushed to -50 mesh, and leached 

with 100 mL DI water.    
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Figure 8.33 Effect of bulk flow of gas on initial reaction rate 

 

Table 8.7 Gas compositions used 

 1 2 3 

PSO2 (atm) 0.05 0.175 0.3 

PO2 (atm) 0.202 0.175 0.148 

PN2 (atm) Rem. Rem. Rem. 

 

As can be seen in Figure 8.35, increasing the amount of SO2 in the system resulted in the 

increasing extraction of neodymium.  It is interesting to note that atmosphere 3 contained the 

stoichiometric ratios of oxygen and SO2 for the sulfation of neodymium oxide.   Surprisingly, 

iron was not found to dissolve even at the higher SO2 concentrations.    As can be seen in the 

XRD spectrum in Figure 8.36 there does not appear to form any iron sulfate species.  
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Figure 8.34 Sample roasted for 60 minutes at 750 °C and 0.3 P SO2, 0.202 PO2 

 

The bisected pellet was examined in the SEM.  The low magnification image of the 

reacted pellet, seen in Figure 8.37, looks very similar to the unreacted pellet, with iron species 

once again appearing dark and neodymium as a lighter shade.  In the higher magnification 

image, shown in Figure 8.38,  there seems to be evidence of the agglomerates of neodymium 

oxide pellets have become more compact.  This is possibly due to the formation of neodymium 

sulfate cementing the particles together. 

Electron dispersive spectroscopy (EDS) was used to measure the sulfur content of the 

pellet across its diameter in the SEM.  An area scan 0.5 mm square was analyzed at 2 mm 

increments across the surface of the pellet, after being calibrated against an external standard 

made from a pellet of Nd2O3, FeS2 and Fe2O3. Although this technique is semi-quantitative, it 

can be seen that there exists a gradient of across the pellet, therefore there is a gradient in 

reaction extent, seen in Figure 8.39. 
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Figure 8.35 Sample extraction as a function of SO2 pressure 

 

 

Figure 8.36  XRD spectrum of sample roasted at 750 °C and 0.3 P SO2, 0.148 PO2 
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Figure 8.37  Low magnification SEM BSE image of sample roasted at 750 °C and 0.3 PSO2, 
0.148   PO2 
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Figure 8.38  High magification SEM BSE image of the sample roasted at 750 °C and 0.3 PSO2, 
0.148 PO2.  Iron species marked as (Fe), and neodymium species as (Nd) 
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Figure 8.39 Sulfur content as a function of radial position in a pellet roasted for 60 minutes at 750°C and 
0.3 PSO2, 0.148 PO2 

 

The effect of sulfation roasting on the sample’s porosity was measured by BET in 

samples of an unreacted pellet and a pellet roasted for 60 minutes at 750 °C and 0.3 PSO2, 0.202 

PO2.   As shown in Table 8.8 and Table 8.9, there is a marked decrease in pore volume and size 

before and after roasting.     

 

Table 8.8 BET measurement of sample as sintered prior to roasting 

Pore Volume 0.0711 cm3/g 

Surface Area 5.1775 m2/g 

Mean pore diameter 54.97 nm 
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Table 8.9BET measurement of sample roasted for 60 minutes at 750 °C and 0.3 PSO2, 0.148 PO2 

Pore Volume 0.01526 cm3/g 

Surface Area 2.4288 m2/g 

Mean pore diameter 25.14 nm 

 

8.2.4. Effect of Temperature on Extraction  

A series of TGA trials were performed using differing temperatures.  As mentioned in 

chapter 5, 0.5” spherical pellets of mixed iron and neodymium oxides were reacted under an 

atmosphere of 0.175 atm of SO2 and 0.175 atm O2, the remainder being nitrogen, for 1 hour at 

650, 750 and 850 °C. After this, the pellet was bisected, and one quarter was crushed to -50 

mesh, and leached with 100 mL DI water.   As can be seen in Figure 8.40, when increasing the 

temperature, an increase in extraction of neodymium away from iron was demonstrated.  It is 

somewhat interesting that no iron was found to leach, even at the lower temperatures.    

 

 

Figure 8.40 Extraction of Iron and Neodymium as a function of temperature 
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XRD spectrums of these experiments appeared very similar to the spectrum in Figure 

8.36, and none of the samples roasted appeared to contain iron sulfate species.  XRD analysis of 

the leach residue material shows the disappearance of the soluble neodymium sulfate species, as 

seen in Figure 8.41. 

 

 

Figure 8.41 XRD spectrum of leached sample roasted at 650 °C for 1 hour at 0.175 PSO2 0.175 PO2 

 

7.1.1. TGA Results and Model Correlation  

Using the model developed in the previous chapter, the results of the TGA experiments 

were compared with the expected model results.  For these studies, 2 and g were set to 1, and 

SO2 was used as the reactant gas, as oxygen was always in stoichiometric or excess amounts.  

During the TGA trials, difficulty was encountered in data collection as poly-sulfate species 
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condensed on the capillary tube.  Because of this, data from the experiment would not be 

collected reliably for the entire 60 minute experiment.  The final weight change data for the 60 

minute mark was measured directly by the weight of pellet on removal from the furnace.  The 

TGA data points shown are 1 minute moving averages of the scale outputs. 

As can be seen in Figure 8.42 through Figure 8.45, the model consistently over-predicts the 

amount of conversion seen in the experimental data.  It should be noted that the experiment 

shown at 750 °C, 0.175 PSO2,  0.175 Pair, was not a true TGA run, but a series of experiments 

stopped at differing times, with the weight change measured on removal from the furnace.   

 

 

Figure 8.42 TGA curve for sample roasted for 60 minutes at 750 °C and 0.3 PSO2, 0.148 PO2 
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Figure 8.43 TGA curve and grain model results of sample roasted at 850 °C for 1 hour at 0.175 
PSO2, 0.175 PO2 

 

 

Figure 8.44 TGA curve and grain model results of sample roasted at 750 °C for 1 hour at 0.175 
PSO2, 0.175 PO2 
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Figure 8.45 TGA curve and grain model results of sample roasted at 650 °C for 1 hour at 0.175 
PSO2, 0.175 PO2 

 

It can be seen that there exists a differential between the observed reaction extent and the 

amount of neodymium found to be leached. Almost all of the samples appear to gain more mass 

than that correlating to the amount of neodymium leached, assuming all of the leached material 

exists as sulfates. Examining the leach residue under SEM, as seen in Figure 8.46, may yield 

some explanation.  

Here, iron species once again appear as darker gray, and neodymium species as lighter grey. 

Taking EDS measurements of the residue, sulfur can be seen. On further examination of the light 

gray vs. the dark grey areas by EDS, as shown in Figure 8.47 and  Figure 8.48 it is seen that 

sulfur tends to be associated more with the light grey areas, ie. the neodymium species.  This 

points to the existence of undissolved neodymium/sulfur species. It may be possible that a 

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

0 10 20 30 40 50 60

R
e

a
ct

io
n

 E
x

te
n

t

Time (min)

Experimental Data

Grain Model



189 
 

neodymium oxy-sulfate species, which is insoluble in water, was formed. This would explain the 

overestimate of reaction extent by weight compared to the soluble species.  

 

 

Figure 8.46 High magnification SEM BSE image of leach residue of sample roasted at 750 °C 

and 0.3 PSO2, 0.148 PO2. 
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Figure 8.47 EDS spectrum of darker areas in SEM BSE image of TGA sample leach residue 
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Figure 8.48 EDS spectrum of lighter areas in SEM BSE image of TGA sample leach residue 
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8.2.5. Investigation of Temperature of Pellet during Roasting 

An experiment was undertaken to investigate the temperature of the pellet during roasting. 

A 1/16” hole was drilled to the center of the pellet, into which was placed a thermocouple. The 

pellet was then reacted at 750 °C for 60 minutes under an atmosphere of 0.175 PSO2, 0.175 PO2, 

and the temperature recorded as a function of time. As can be seen in Figure 8.49, the reaction is 

fairly exothermic, as predicted by the enthalpy change presented in chapter seven. There is a 

sharp increase in temperature immediately after the reaction begins, reaching 30 °C above the 

furnace temperature a few minutes into the experiment. The temperature slowly descends during 

the rest of the experiment as the reaction rate slows and the heat balance moves toward steady 

state. 

 

 

Figure 8.49 Temperature profile of pellet reacted 750 °C for 1 hour at 0.175 PSO2, 0.175 Pair 
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8.2.6. Scoping Studies on Sulfation Roasting of Magnet Material 

In order to determine the applicability of sulfation roasting of actual magnet material, a 

series of scoping tests were performed on magnet material similar to that used in section 8.1.2.  

These were performed in the tube furnace experimental setup detailed in section 7.4.1.  It was 

observed that on introduction of reactant gas, an exothermic reaction occurred at all parameters 

investigated. The temperature of the furnace was kept at its set point by manual adjust of the 

power supply.   The experimental parameters used can be seen in Table 8.10.   

 

Table 8.10 Experimental conditions for magnet sulfation scoping experiments 

Sample Temp. C Time (min) PSO2 Pair Addition Amt.(g) 
SSR 1.2 750 60 0.175 0.175   

SSR 1.4 400 60 0.175 0.175 -- -- 
SSR 1.5 700 60 0.175 0.175 K2SO4 0.1024 
SSR 1.6 700 60 0.175 0.175 K2SO4 0.2004 
SSR 1.7 700 120 0.175 0.175 K2SO4 0.0996 
SSR 1.10 700 60 0.175 0.175 Na2SO4 0.0812 
SSR 1.11 700 60 0.175 0.175 Li2SO4 0.0631 

 

It was found that the roasting of magnet material did not result in comparable extraction of 

Nd as in the TGA studies, as seen in Table 8.11. This could be due to the formation of a NdFeO3 

phase which is difficult to sulfate, as seen in the XRD diagram in Figure 8.50.  As a way to 

improve the extraction, a series of experiments were performed with the addition of alkali sulfate 

“promoters.”  As can be seen in Table 8.10 Li2SO4, Na2SO4, K2SO4, were tried, at equal molar 

concentrations.  It was seen that potassium sulfate was the most effective promoter, followed 

closely by lithium sulfate.  However, there appeared to be a differential in rare earth deportment, 

with potassium sulfate being much better at Dy extraction compared to lithium sulfate.  An 
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experiment was performed with two times the amount of potassium sulfate, with resulted in 

increased extraction, as seen in Table 8.11.  Another experiment was performed with potassium 

sulfate and at double the roasting time, which resulted in a modest increase in extraction.   

 

Table 8.11 Sample extraction of magnet sulfation scoping trials 

Sample Fe Co Nd Pr Dy 
SSR 1.2 N.D. 0.05 12.47 10.52 5.86 
SSR 1.4 2.37 0.76 0.69 0.08 0.06 
SSR 1.5 1.10 47.46 54.45 53.04 49.95 
SSR 1.6 4.96 44.51 65.09 64.43 65.64 
SSR 1.7 0.90 51.15 59.02 57.64 54.98 
SSR 1.10 0.92 1.82 6.41 5.61 2.20 
SSR 1.11 0.15 3.69 55.84 50.96 22.92 

 

 

A micrograph of the potassium sulfate addition roast can be seen in Figure 8.51.  It can 

be seen that the reacted and sulfated material, dark gray, forms around the starting magnet 

material, light gray.  From the micrograph it can be observed that original particle size of the 

magnet material may be an important factor in extraction.   

The addition of promoters for the selective sulfation roasting shows that it is possible to 

selectively sulfate neodymium away from iron in a magnet alloy.  It would also be of interest to 

find oxidative roasting conditions that form separate neodymium and iron oxide phases, which 

have shown to be amenable to selective sulfation, even in the absence of promoters, during the 

TGA trials.   
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Figure 8.50 XRD spectrum of experiment SSR 1.2 
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Figure 8.51 BSE SEM micrograph of SSR 1.7 as roasted.  Unreacted magnet material is light 
grey, the medium gray being the reacted layer, and mounting material appearing dark 
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CHAPTER NINE 

FLOWSHEET DEVELOPMENT AND ECONOMIC CONSIDERATIONS 

9 Flowsheet Development and Economic Considerations 

9.1. Introduction   

In order to evaluate the economic feasibility of the sulfation roasting of magnet swarf, 

several flowsheets will be assembled and the associated equipment costs and reagents costs will 

then be estimated based on previous experimental results.  Internal rates of return (IRR) and net 

present value will be used to compare the different possibilities.   

9.2. Sulfuric Acid Based Sulfation Process 

9.2.1. Overall General Flowsheet 

The general flowsheet for the acid based selective sulfation roasting process is presented in 

Figure 9.1.  Here incoming magnet scrap is first reduced in size in the grinding circuit, after 

which it sulfated with sulfuric acid in the sulfation circuit.  After which, the kiln circuit used to 

decompose the contained iron sulfate to iron oxide and sulfur dioxide.  The offgass from this 

process is sent to a gas cleaning circuit where scrubbers remove the SO2 before the offgas is 

vented.  The basic solution from the scrubbing circuit is then regenerated in the following circuit.  

The leaching circuit receives the solids from the kiln circuit, and dissolves the RE sulfates.  The 

solids containing the iron oxides are filtered and sent to tails, while the leach solution is sent to 

the precipitation circuit.  Here the oxalic acid is used to precipitate the rare earths as an oxalate 
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which if filtered.  The rare earth oxalate is calcined to an oxide, while the solution is recycled 

back to the leach circuit.   

 

Figure 9.1  Overview of Flowsheet 

 

9.2.2. Grinding Circuit 

The grinding circuit, shown in Figure 9.2, starts with a primary size reduction of the scrap 

magnets via a jaw crusher.  The output from the jaw crusher is sent to a storage bin, from which 

it is withdrawn to feed a ball mill.  A slurry pump then pumps the output of the ball mill to a 

hydro-cyclone.  The oversize material in the underflow is sent back to regrind in the ball mill.  

The overflow, containing the fine particles, is then sent to a thickener, where the clarified water 

is sent back to the ball mill.  The thickener underflow is then sent to the sulfation circuit.   
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Figure 9.2 Grinding Circuit 

 

9.2.3. Sulfation Circuit 

In the sulfation circuit, the ground magnet material is fed into a pug mill/mixer along 

with the sulfuric acid and mixed.  When the appropriate amount of acid has been added, the 

resulting paste is then fed into a drying oven, as seen in Figure 9.3 

9.2.4. Kiln Circuit 

The sulfated magnet material is fed into a hopper bin.  From here, it is fed into an indirect 

rotary kiln via a ram feeder, as seen in Figure 9.4.  In the rotary kiln, which is kept under 

negative pressure, the sulfated material is heated, upon which, the iron sulfate will decompose 

into iron oxide and sulfur dioxide, while the neodymium sulfate remains.  The off-gasses, 

containing water vapor, air, sulfur dioxide, and some suspended solids, are then sent to the gas 
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cleaning circuit.  The solid calcine product is then fed into a discharge hopper, where it will be 

sent to the leaching circuit.   

 

 

Figure 9.3 Sulfation Circuit 

 

9.2.5. Batch Leaching Circuit 

The calcine from the roasting stage is fed into a storage bin, where it is fed into a stirred 

leaching tank, as seen in Figure 9.5.  Here, the solids are mixed with water, dissolving the RE 

sulfates, while leaving iron as a residue.  After all the leaching is accomplished the slurry is 

withdrawn and fed into a plate and frame filter press.  The solids, containing the iron oxide, are 

sent to tails, and the liquids are sent to the precipitation circuit. 
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Figure 9.4 Kiln Circuit 
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Figure 9.5 Batch Leaching Circuit 

 

9.2.6. Batch Precipitation Circuit 

The solution from the leaching stage, containing RE-sulfate, is sent to a precipitation 

circuit.  Here it is combined with oxalic acid in a stirred tank, as shown in Figure 9.6.  After the 

appropriate amount of acid has been added and the precipitation is complete, the thin slurry is 

pumped through a filter press.  The clarified solution can be recycled to the leaching circuit.  The 

solid rare earth oxalates are removed from the filter and sent to the calcining furnace.  Here, the 

oxalates are heated, converting them to rare earth oxides.  The converted rare earth oxides are 

then sent to storage and packaging, and then to sale and transport.   
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Figure 9.6 Rare Earth Precipitation Circuit 

 

9.2.7. Gas Scrubbing Circuit 

The off-gas from the kiln must be cleaned before it can be discharged, as it contains dust 

and sulfur dioxide.  The suspended solids, as seen in Figure 9.7, are first removed by a gas 

cyclone.   The particle free oxide is then sent to a venturi scrubber where caustic solution is 

sprayed into the gas stream, and the sulfur dioxide is removed by the formation of sodium 

sulfate.  This takes place in two scrubbers placed in series.  The effluent from this process is sent 
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to a de-mister before being sent to the stack.  The solution from the scrubbing process is then 

sent to the regeneration circuit.   A blower at the stack draws air through this system 

.   

 

Figure 9.7 Gas cleaning circuit 
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9.2.8. Scrubbing Solution Lime Regeneration Circuit 

It is desirable to regenerate the soda ash/caustic solution used to scrub the off-gas with.  

To accomplish this, a lime based regeneration process is used, shown in Figure 9.8.  Here, the 

scrubbing solution, composed of dissolved sodium sulfate, is pumped into a mixed tank, where it 

is combined with calcium oxide, also known as lime.  The sodium sulfate reacts with the lime to 

form sodium hydroxide/carbonate and hydrated calcium sulfate, also known as gypsum, as seen 

in Figure 9.8.  Gypsum is relatively insoluble in water, and after the reaction is complete, a 

thickener and a filtering stage can be used to separate the regenerated caustic solution and the 

solid gypsum.  The gypsum can be sent to waste, while the regenerated caustic is sent to a 

holding tank where it is mixed with makeup soda ash before being sent back to the scrubbing 

circuit.   

9.3. Economic Model 

9.3.1. Capital Costs 

The capital costs for a 1 ton per day plant were determined using Cost-Mine cost 

estimating guide and available retail prices, and are shown in Table 9.1.  From the fixed capital 

equipment costs, published cost estimation factors were used to determine the total capital costs, 

as shown in the bottom portion of  Table 9.1. (Mular, 2002) 

9.3.2. Operating Costs 

  The operating costs running a 1 ton per day plant utilizing the aforementioned 

flowsheets are presented in Table 9.2.  These numbers have been based on a combination of 

literature values and experimental results.  The sulfuric acid use is extrapolated from 

experimental data, while the oxalic acid is based off previous studies. (Chi & Xu, 1999)   
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Figure 9.8 Gypsum precipitation and regeneration circuit 
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Table 9.1 Capital Expenses for 1 t/d pilot plant 
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Table 9.1Continued 
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Table 9.1.Continued 

 

 

The use of soda ash and lime are from a study performed on a dual alkali scrubber at a 

South African smelter. (Bezuidenhout, Davis J., Van Beek, & Eksteen, n.d.)  The magnet 

composition numbers are based off an industry survey of NdFeB magnet waste performed 

previously. (Bounds, 1994)  Values of rare earth oxides are from spot values published online. 

(“Rare Earth Oxides,Rare Earth - Shanghai Metals Market,” n.d.) Labor values are from Cost-

Mine, and values for reagents were sourced from Cost-Mine and from retailers.  Electrical power 

requirements are sourced from Cost-Mine’s flotation mill power requirements, extrapolated to 

the plant size.  Revenue is reported as the contained rare earth oxide value times the recovery, 

and minus the feedstock price, which was set at 50% of the contained value.   
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9.3.3. Calculation of Economic Outcomes 

A cash flow diagram was constructed for above economic model, which can be found in 

full form in the appendix.  From this, a ten year net present value (NPV), utilizing a 8% discount 

rate, was calculated to be $4,282,640, as seen in Table 9.3.   An internal rate of return of 31% 

and a buyback period of 3.04 years were found.  A sensitivity analysis was performed, and can 

be found in Figure 9.9  Here, the effect of OPEX, CAPEX, REO price, feedstock price, and 

production were varied by plus and minus 20% and the resulting change in NPV found.  It can be 

seen that REO price and feedstock price are the most significant factors, a 20% of input change 

resulting in a 54% change in NPV, as shown in Figure 9.9 

9.4.  Optional Flowsheet Modifications  

9.4.1. Acid Regeneration 

The regeneration of sulfuric acid from sulfur dioxide in the off-gas is concept which could 

reduce the consumption of reagents.  One method that this is accomplished industrially is 

through the contact acid process, where sulfur dioxide is converted to sulfur trioxide by a 

vanadium catalyst.  The sulfur trioxide is then sparged through sulfuric acid, where it is absorbed 

making concentrated sulfuric acid.  While this process is very attractive, it requires a consistent 

stream of SO2, which the semi-batch nature of this process may not be able to deliver.   

Another method of regenerating the acid from sodium sulfate is by electro-dialysis.  In a 

three compartment cell, as shown in Figure 9.10, sodium sulfate is split into sulfuric acid and 

sodium hydroxide via electrolysis while being separated by selective membranes.  
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Table 9.2 Operating Costs and Revenue of 1 ton/day Plant 
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Figure 9.9 Sensitivity analysis for 1 ton/day plant 

 

 

Figure 9.10 Bipolar membrane Electrodialyis (Kroupa, Cakl, Kinčl, & Toman, n.d.) 
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Using an arrangement of a system as shown in Figure 9.11, sulfuric acid could be sent back 

to the sulfation circuit, while alkali may be re-used in the gas scrubber circuit.  These regenerated 

reagents are not free, however.  As the sodium sulfate is split by electrolysis, a significant 

amount of electricity is required to regenerate these reagents, as shown in Table 9.4, the life of 

the membrane must also be taken into account. (Thompson, R. Paleologou, M. Berry, 1995).  

Further study is needed to determine if electro membrane dialysis may be a feasible unit 

operation. 

9.4.2. Coating Stripping 

 

If treating a large number of nickel coated magnets, such as whole HDD magnets it may 

be necessary to remove the nickel coating prior to processing.  As outlined in the coating 

removal appendix, a commercial proprietary nickel stripper was found quite effective.  Based off 

those experiments and manufacturer recommendations, a flowsheet was developed shown in 

Figure 9.12 which would take place prior to the crushing and grinding operation.  Here, nickel 

coated magnets are mixed with the stripping solution inside a mixed drum and remain until the 

coating is removed.  After which the coating stripper is returned to its tank and the de-coated 

magnets are sent to the grinding circuit.  Itemized capital equipment estimation is shown in Table 

9.5. Based on preliminary experiments, and quotes from retailers, an operating costs estimate 

was assembled, and can be seen in Table 9.6. As shown, this step entails significant expense, and 

would warrant further study to determine if it is necessary.   
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Figure 9.11General concept for EMD acid regeneration circuit 

 

 

Figure 9.12 Coating Strip Circuit 
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Table 9.3 Cash Flow Diagram for 1 ton/day plant 
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Table 9.4  EMD Operating costs(Thompson, R. Paleologou, M. Berry, 1995) 

3 compartment EMD Operation 

Costs 

2.822 kWhr/kg H2SO4 

0.2 $/kWhr 

107,200 $/year membrane costs 

412.3077 

Membrane costs $/ton 

magnets processed 

 

Table 9.5 Capital cost of 1 t/day stripping circuit. 

Coating Removal Circuit 18,038.00 $ 

55 gallon drum Mixer 2200 $/unit 

 2 units 

Stripping Solution tank 1,400.00 $/unit 

 1.00 units 

Drum Lifter 1,738.00 $/unit 

 1.00 units 

Process Pump 10500 $/unit 

 1.00 units 

   
 

Table 9.6 Operational expenses of 1/ton day coating circuit. 

Stripping Costs 390,000.00 $/year 

 B-929 Nickel Stripper 6.61 $/kg 

  227.00 kg/ton used 
 

-  
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CHAPTER TEN 

CONCLUSIONS AND RECOMENDATIONS  

10 Conclusions and Recommendations 

10.1. Conclusions 

It was found that the H2SO4 sulfation roasting process could effectively, selectively, and 

economically extract rare earths from NdFeB magnet waste.  This was accomplished by a multi-

stage process of pugging crushed magnet powder with sulfuric acid, drying, roasting and water 

leaching.  The NdFeB magnet waste formed both RE and iron sulfate upon pugging and drying.  

On roasting, the rare earths remained as sulfates while the iron sulfate was seen to decompose 

into iron oxide.  On water leaching, almost all of the rare earths sulfates were found to readily 

dissolve, while the iron oxides were left in the residue.  A scale up effort of this process 

successfully showed it could be processed in a rotary kiln system. 

A study was performed to determine the feasibility of gas phase sulfation roasting of 

magnet waste.  Samples were composed of reagent Nd and Fe oxides and a stand in for magnet 

material, which were formed into spherical pellets.  The trials were performed in a TGA system 

which allowed for the reaction at high temperatures under an atmosphere of SO2 and air.  It was 

shown that neodymium formed sulfate species while iron oxide was left mostly unreacted under 

the conditions used, and that the reaction was exothermic.   The pellets were then crushed and 

water leached, and it was found that the majority of neodymium could be selectively leached 

away from iron.   It was observed that the reaction extent calculated from the weight change was 

larger than that observed on leaching.  This may be due to the formation of an insoluble 

neodymium oxy-sulfate species. 
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A grain model was constructed, based off the work of previous researchers, and the TGA 

results gained were compared to this model.  The grain model was shown to overestimate the 

conversion of neodymium to sulfate.  This is may be due to the structural changes in the pellet 

during reaction, and the change in molar volume of neodymium oxide going to neodymium 

sulfate.  BET analysis showed that there are indeed changes to the pellet’s porosity during 

reaction.   

It was found that the direct SO2 sulfation roasting of NdFeB magnet material was 

difficult, possibly due to the formation of a recalcitrant FeNdO3 phase.  The use of alkali metal 

sulfates as promoters proved effective at circumventing this problem, with potassium sulfate 

being the best performing. 

An economic analysis of a 1 ton/day pilot plant operating a sulfuric acid sulfation process 

was performed.  An IRR of 31% was calculated with a buyback period of 3.01 years 

10.2. Recommendations 

  Future work could be focused on a number of areas: 

 Further scale up and optimization of the rotary kiln system 

 A study could be performed on the oxidative roasting conditions of NdFeB 

material to form Fe2O3 and Nd2O3 species, which have proven amenable to direct 

sulfation roasting 

 Optimization of the sulfur dioxide sulfation roasting in a fluidized bed system 

 Incorporation of  structural changes into the grain model  

 Economic analysis of a larger H2SO4 sulfation based plant, as well as an 

economic analysis of a SO2 sulfation roasting process 



219 
 

LIST OF SYMBOLS 

 

a, b,c  = Stoichiometric coefficients  

B = Group of constants  

Cg  =  Reactant Gas Concentration ( a function of R and time ,t) 

C∞  =  Reactant Gas Concentration in bulk 

Cgbed  =  Reactant Gas Concentration in Bed 

Cgbed, avg = Average Reactant Gas Concentration  

C* = Dimensionless reactant gas concentration 

De =  Effective Diffusivity 

  EL = Local Extent of Reaction 

E(t)  = Total Extent of Reaction 

G =  rate of disappearance of gas reactant per mole of solid reactant 

h = Heat transfer coefficient 

k  =  reaction rate constant 

ks = Surface reaction rate constant  

Lo  = Initial total length of overlapped system per unit volume 

n =  Number of moles of reactant gas per mole solid reactant 
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NC = Moles of solid reactant converted to product 

NI = Moles of Solid Reactant in volume  

Ng  =  Moles Reactant Gas  

MB = Molecular weight of reactant B 

ns = number of moles product per mole solid 

 mr =  Molar Density of Reactant (g/cm3) 

 mp =  Molar Density of Product  

R =  Radial Coordinate 

Ro =  Initial radius of Pellet 

ri =  radial position of reaction front within grain  

ro = initial radius of grains  

rr
 = Reaction Rate 

 ri
’ = radius of expanded grain 

SA =  Surface Area of reaction 

So = Initial reaction surface per unit volume 

t = time 

Ug  =  Superficial velocity of gas in fluidized bed 
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  V = Volume enclosed by reaction surface per unit volume  

Vg = Volume of individual grain 

Vo = Initial value of V at t=0 

z  = axial coordinate in bed 

∫V dNC   =       summation of  NC over the whole pellet 

  =  Porosity 

bed  =  Bed Porosity 

B = Molar density of solid reactant B 

  = radius of pellet, a function of time 

p = dimensionless radius of the pellet 

  Dimensionless radial coordinate   

G = Dimensionless radius of grain 

  Dimensionless ratio of pellet to grain size

  Relative effect of chemical reaction rate to diffusion rate in pellet 

  Relative effects of thin film mass transfer to diffusion rate in the 

pellet is: 
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  ratio of bulk reactant gas concentration to the solid reactant molar   

density 

  Ratio of the solid reactant to the solid product molar density 

  Dimensionless time 

 = Structural parameter 

  Initial dimensionless radial coordinate i
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APPENDIX  A  

ANALYTICAL SOLUTIONS 

A 1. Chemical Reaction Control 

 

In the case where the reaction in controlled by the chemical reaction step, the reactant gas 

concentration becomes the same throughout the particle.  The system can be described by( 

Manrique, 1975)  

 

� = −  

 

 A.1

It can be seen that the rate is independent of the radial coordinate.  Using the initial 

condition: 

� = =    A.2 

 

And integration yields: 

 

( � − ) =  −  

 

 A.3

As mentioned before if thin film gas diffusion effects are negligible, then Cg is constant 

throughout the sample.  It can then be put into dimensionless form: 
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�� = − � = −   A.4 

 

Where dimensionless chemical dimensionless time is: 

 

=  �   A.5

 

And reaction extent is given by: 

 

= − �� = − −  

 

 A.4 

A 2. Thin Film Diffusion Control  

During mass transfer control, the diffusion of reactant gas from the bulk to the surface is the 

limiting step in the reaction.  At the asymptotic solution, the concentration at the surface of the 

particle is much smaller than the bulk concentration.  If this is the case, the flux of the reactant 

gas to the surface will only depend on the mass transfer coefficient and the concentration in the 

bulk.  This flux can be expressed as:  (Manrique, 1975) 

 

= ℎ( ∞ − ,    

A.5

When the concentration at the surface becomes very small compared to the bulk:
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= h ∞  A.8 

 

The molar rate of gas transferring to the surface is 

 

   � = ℎ ∞ 

 

 A.9 

Using the stoichiometric amounts found in section 7.1, three moles of reactant gas are 

required per mole of solid reacted.  Therefore, a molar balance of this is equal to  

 

ℎ ∞∆ =  ∆  
 A.10

 

Where DEnT are the number of moles solid reacted, as DE is the change in reaction extent 

in time Dt, and nT is number of moles of solid reacted initially, and: 

 

= −  
 A.11

 

As Dt approaches zero: 
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= ℎ ∞ −  
 A.12

 

And integrating yields 

 

= ℎ ∞ − +  
A.13

 

Using the initial condition where at t = 0, E = 0 

 

= ℎ ∞ −  
 A.14

 

Putting this into dimensionless form 

 

= � − = �                                                    A.15 
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Where G is the gas film-dimensionless time: 

 

� = � −                                                         A.  

 

A 3. Diffusion Control 

Given: (Manrique, 1975) 

 

∞ + =  
 A.17

 

When: 

� < < �   A.18

 

Putting in dimensionless form: 

 

∗ + +  (� − ))
∗ =  

 A.19
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When: 

 

< <  

 

And where is the dimensionless position of the reaction front in the particle 

 

= �
 

  A.20

 

The initial and boundary conditions are given by: 

 

∗ , = =   A.21 

∗ = , =   A.22

∗ = , =   A.23

And 
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∗|�= = � ( − ∗|�=  
 A.24

 

A molar balance of the reaction interface gives the advancement rate of the reaction front: 

 

� = − | = � 
 A.25

 

And the initial condition of: 

 

� = =    A.26 

 

Putting this in dimensionless form 

 

=  − − (� − ∗|�=  
 A.27

 

And 

= =   A.28
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The extents is given by: 

 

= − ( � ) = − �� 
 A.29 

 

 

= −   A.30

 

Also 

 

= −−  
 A.31

 

Combining 

 

− � =  −  
 A.32

 

Rearranging 
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(� ) = − +  
A.33

 

Using the above equation: 

 

∗ =  + ∗ =  
 A.34

 

= ( − + ) / −  
 A.35

 

And: 

  

= − − − + − ∗ ∗|�=  

 A.36

 

 

� = θ = − + / − ) 

 A.37
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∗` + ` ∗` =  
 A.38

 

In other terms: 

 

` ( ` ∗̀) =  
 A.39

 

And given the initial and boundary conditions: 

 

∗( `, = =   A.40

 

∗( `, = =   A.41

 

∗( ` = � , =   A.42

 

∗( ` = + � , =  

 

 A.43 

 

Integrating  from equation A80 yields: 

∗ = − ` ` + ′  
 A.44
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Here f1
` and f2

` are functions of dimensionless time, and: 

` =  � + �   .
 

′ =  + �   A.46

 

And substituting equation A84 is: 

 

∗ = + � ( − �` ) 
 A.47

 

Taking this, equation A76 can be written as: 

 

= − − � ∗̀|�`=  
 A.48

 

And: 

  

∗̀ =  ` =  `  � + �    A.49
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Then: 

 

∗̀|�`= =  ( + �� ) 
 A.50

 

Taking the above equation and replacing into equation A88 becomes: 

 

= −�  + �  
 A.51

 

And defining K as: 

 

� = −   A.52

 

Unfortunately, equation A50 can’t be integrated because of the expression for K2.  Also, 

numerical integration becomes difficult because when dimensionless time t=0, the dimensionless 

position of the pellet reaction front is 1, and K2 goes to infinity.  One must find an analytical 

solution which is valid for the first bit of time, so the solution can be used for the starting point 

of the numerical solution:   
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� = + / −  
 A.53

 

Where: 

 

= ( − ) 
 .

 

And: 

 

+ � = + /+ / − = − + − /  

 

 .  

Then for when time is close to zero, is close to one, so x will be small.   So taking terms 

smaller than x2: 

  

+  � = ( − ) 
 A.

 

And  differentiating equation  53A: 
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=  −  
 A.

 

= − = �  
 A.

 

And making a subsittuition: 

 

=   A59

 

=  
 A.

 

And putting this into equation 53A: 

 

= ( + ) /
 

 A.
 

Replacing equations 58A, 59A, and 60 A into 57A: 
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+ / − = �
 

 A.  

 

And integrating equation A61 yields: 

 

+ / ( + ) + + − / ( + ) − + − ( + ) = �
 

 A.
 

The above equation is used for a starting point for the numerical solution, when the 

dimensionless time is close to 0.   
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APPENDIX  B    

 

MODEL PARAMETERS 

B. 1 Porosity 

For a given pellet, the porosity can be found by comparing its weight to that of a 100% dense 

pellet.  This can be found by finding the bulk density of the components, as done in Table B.1 

 

Table B.1 Calculation of bulk density of pellet components 

Species Density 
Wt added to 

Sample Batch 

Fe2O3 5.24 g/cm3 10 g 

Nd2O3 7.24 g/cm3 3.01 g 
Bulk 
density 5.597763 g/cm3   

 

Taking the above value, the pellet dimensions are compared against a calculated dense 

sample, as done in Table B.2 

B. 2 Reaction Extent 

The reaction extent was found by calculating the weight which would be gained by the 

neodymium oxide converting to neodymium sulfate.  This was found by taking the constants 
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seen in Table B.3, the pellet composition seen in Table  B.4, to find the corresponding weight 

gain at 100% reaction in Table  B.5. 

 

Table B.2  Calculation of porosity of example pellet. 

Weight Pellet 2.529 g 
Diameter Pellet 1.27889 cm  
Volume Pellet 1.095211 cm3 
Theoretical 
100% Cense 
Sample  6.130732  g 
Porosity 0.587488   

 

Table B.3 Constants used in calculating reaction extent 

Species Mol. Wt. (g/mol) 
Fe2O3 159.69 
Nd2O3 336.48 

Nd2(SO4)3 576.675 
 

Table  B.4 Pellet composition used in  calculating reaction extent 

Component Wt sample (g) 
Fe2O3 10 
Nd2O3 3.01 
Total 13.01 
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Table  B.5 Calculated mass gain at reaction extent =1, assuming neodymium sulfate formation 

g Nd2O3contained per 
g pellet 0.23136 

g gain per g pellet @ 
E=1 0.165156 

mg/g  @ E=1 165.156 
 

B. 3 Calculation of Gas Properties 

The values for the various gas properties were calculated using the methods outlined in 

chapter six.   

B. 4 Gas Viscosity 

Gas viscosity was estimated by the Chapman-Enskgog method, as mentioned in chapter six, 

at varying compositions and temperatures, as seen in Table B.6and Table  B.7 

 

Table B.6 Viscosity of reactant gas calculated at differing temperatures at a composition of PAir 
=0.825 atm, PSO2 = 0.175 atm 

Temp.(°C) Viscosity (cp) 

650 0.038 

750 0.0407 

850 0.0433 

   

B. 5 Gas Density 

Gas density was estimated by the Chapman Enskgog method, as mentioned in chapter six, at 

varying compositions and temperatures, as seen in Table  B.8 and Table  B.9 
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Table  B.7 Viscosity of reactant gas calculated at differing gas compositions at a temperature of 
750 °C 

PAir PSO2 Viscosity(cp) 

0.95 0.05 0.0400 

0.825 0.175 0.0407 

0.7 0.3 0.0412 

 

Table  B.8 Gas density calculated at differing temperatures at a composition of PAir =0.825 atm 
PSO2 = 0.175 atm 

T (oC) (g/cm3) 

650 0.000463 
750 0.000418 
850 0.000381 

 

Table  B.9 Gas density calculated at differing temperatures at a composition of PAir =0.825 atm 
PSO2 = 0.175 atm 

Pair Pso2 (g/cm3) 

0.95 0.05 0.000366 
0.825 0.175 0.000418 

0.7 0.3 0.00047 
 

B. 6 Mass Transfer Coefficient 

The mass transfer coefficient, h, as a function of gas velocity, can be found in Table  B.10.    

These were calculated via the Ranz-Marshall Relationship outlined in Chapter six 

As mentioned previously, a bulk flow rate of 5 L/min was used for the remainder of the 

TGA experiments, and this value was used to calculated the mass transfer coefficient with 

differing temperature and gas composition, as seen in Table  B. and Table  B.12 
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Table  B.10Mass Transfer coefficient as a function of gas velocity for a 1.27 cm pellet at 700 °C, 
PAir =0.825 atm PSO2 = 0.175 atm 

Bulk Gas Flow (L/min) Velocity (cm/s) h (cm/sec) 

1 1.062 2.296 

2 2.124 2.538 

3 3.186 2.723 

4 4.247 2.879 

5 5.309 3.017 

6 6.371 3.141 

 

Table  B.11Mass Transfer coefficient as a function of temperature for a 1.27 cm pellet at 750 °C, 
gas velocity of 5.309 cm/sec, PAir =0.825 atm PSO2 = 0.175 atm 

Temp. (°C) h (cm/sec) 

650 2.636 

750 3.017 

850 3.416 

 

Table  B.12 Mass Transfer coefficient as a function of gas composition for a 1.27 cm pellet at 
750°C, gas velocity of 5.309 cm/sec 

Pair (atm) PSO2 (atm) h (cm/sec) 

0.95 0.05 2.992 

0.825 5.309 3.017 

0.7 0.3 3.040 
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B. 7 Diffusivity 

B. 8 Molecular diffusivity 

Molecular diffusivity was estimated by the Chapman-Enskgog method outlines in chapter 

six, and can be found as function of temperature in Table  B.13 

 

Table  B.13 Molecular diffusivity as a function of temperature 

Temp (°C) Dab(cm2/sec) 

650 0.915 

750 1.088 

850 1.273 

 

B. 9 Knudsen Diffusivity 

Knudsen diffusivity was calculated using the formula found  in chapter six.  The parameters 

used to calculate the diffusivity, can  be seen in Table B.14, and the corresponding diffusivity as 

a function of temperature can be seen in Table B.15.  The values for pore geometry were found 

by BET.  

Table B.14 Parameters used in determining the Knudsen diffusivity 

Pore Diameter (nm) 54.971 

Pore Radius (cm) 2.74855E-06 

Molecular Wt Gas (g/mol) 
64.06 
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Table B.15 Knudsen Diffusivity as a function of temperature calculated using the measured 
parameters 

Temp. (oC) Dk (cm2/sec) 

650 1.012005 

750 1.065417 

850 1.116277 
 

B. 10 Effective Diffusivity 

Effective diffusivity was calculated as outlined in chapter six as a function of temperature, as 

seen in Table B.16 

Table B.16 Effective diffusivity as a function of temperature 

Temp. (oC) De (cm2/sec) 
650 0.04715 

750 0.052707 

850 0.058315 

 

B. 11 Chemical Reaction Constant 

To estimate the chemical reaction constant, k, can be estimated by plotting of --.  (1-E)(1/3)  

over time of the first stage of reaction over time.  If a straight line results, the reaction can be said 

to be under chemical control, and  the slope of this line can be said to equal to: (Manrique, 1975) 

= − ∗
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Knowing the parameters for a given experiment, k can be found.  This was performed on 

the first initial period of reaction  for experiment performed at 850°C and 650°C, as seen in 

Figure B.1  and  Figure B.2. 

 

 

 

Figure B.1 (1-E)1/3 over time of initial period of experiment performed at 850 °C 

 

Using the values obtained for k from these plots, an Arrhenius expression can then be developed 

using the equation: 

 

� = −
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Figure B.2  (1-E)1/3 over time of initial time period of experiment performed at 650 °C 

 

The parameters can be found using the two calculated values for k at different 

temperature, as shown in Table B.17.  These values can then be substituted into the Arrhenius 

equation to find the chemical reaction rate constant, seen in Table B.18 

 

Table B.17 Calculated Arrhenius factors 

ko (frequency factor) 0.409958 

Eac, activation energy (kcal/mol) 7.9226 
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Table B.18 Calculated chemical reaction rate constants with differing temperatures 

Temp (oC) k (cm/sec) 

650 0.005443 

750 0.008304 

850 0.011751 
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APPENDIX  C  

TGA EXPERIMENTAL RUN PARAMETERS 

A summary of the experimental measurements and parameters will be presented for the TGA 

studies in Table C.1 through  

 

Table C.20 

 

Table C.1 Initial pellet measurements “650 °C” TGA experiment 

Wt. Pellet Initial 
2.502 

g 

Diameter Initial 
0.5022 

inches 

Porosity 
0.588715 

 
 

Table C.2. Roasting conditions for “650 °C” TGA experiment 

Bulk Flow Rate 5 L/min 
PSO2 0.175 Atm 
PO2 0.175 Atm 
Roasting Temp 650 C  
Roasting Time  60 minutes 
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Table C.3 Modeling parameters for “650 °C” TGA experiment 

Ro 0.63779 Cm 

ro 0.00503 Cm 

De 0.047149 cm2/sec 

pmr 0.00385 mol/cm3 

k 0.005443 cm/sec 

h 2.636071 
 

C oo 2.1E-06 CSO2 (mol/cm3) 

Porosity 0.588715 
 

 126.924 Ro/ro 

 0.07362 kRo/De 

 35.6586 hRo/De 

 0.000542 Coo/pmr 

 

Table C.4 Pellet measurements after roasting for “650 °C” TGA experiment 

Wt. Pellet Final 2.691 g 

Diameter Final 0.5096 inches 

Wt Change 0.189 g 

Change mg/g 75.53957 
 

Diameter Change 0.0074 inches 
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Table  C.5 Initial pellet measurements for “750 °C” TGA experiment 

Wt. Pellet Initial 2.502 g 

Diameter Initial 0.5022 inches 

Porosity 0.588715 
 

 

Table  C.6 Roasting conditions for “750 °C” TGA experiment 

Bulk Flow Rate 5 L/min 
PSO2 0.175 atm 
PO2 0.175 atm 
Roasting Temp 650 °C  
Roasting Time  60 minutes 
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Table  C.7 Modeling parameters for “750 °C” TGA experiment 

Ro 0.634683 cm 

ro 0.005025 cm 

De 0.0527073 cm2/sec 

pmr 0.003849 mol/cm3 

k 0.0083039 cm/sec 

h 3.0170719 
 

C oo 2.085E-06 CSO2 (mol/cm3) 

Porosity 0.5622849 
 

 126.305 Ro/ro 

 0.099993 kRo/De 

 36.33053 hRo/De 

 0.000542 Coo/pmr 

 

Table  C.8 Pellet measurements after roasting “750 °C” TGA experiment 

Wt. Pellet Final 2.691 g 

Diameter Final 0.5096 inches 

Wt Change 0.189 g 

Change mg/g 75.53957 
 

Diameter Change 0.0074 inches 
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Table C.9 Initial Pellet Measurements “850 °C” TGA experiment 

Wt. Pellet Initial 2.538 g 
Diameter Initial 0.5044 inches 

Porosity 0.588232  
 

Table C.10 Roasting conditions “850 °C” TGA experiment 

Bulk Flow Rate 5 L/min 
PSO2 0.175 atm 
PO2 0.175 atm 
Roasting Temp 850 °C  
Roasting Time  60 minutes 

 

Table C.11 Modeling parameters “850 °C” TGA experiment 

Ro 0.64059 cm 

ro 0.00503 cm 

De 0.05832 cm2/sec 

pmr 0.00385 mol/cm3 

k 0.01175 cm/sec 

h 3.4158 
 

C oo 2.1E-06 CSO2 (mol/cm3) 

Porosity 0.58823 
 

 127.48 Ro/ro 

 0.12908 kRo/De 

 37.5224 hRo/De 

 0.00054 Coo/pmr 
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Table C.12 Pellet Measurements after roasting “850 °C” TGA experiment 

Wt. Pellet Final 2.839 g 
Diameter Final 0.4948 inches 
Wt Change 0.301 g 
Change mg/g 118.5973  
Diameter Change -0.0096 inches 

 

Table C.13 Initial pellet measurements for “High SO2” TGA experiment 

Wt. Pellet Initial 2.529 g 

Diameter Initial 0.5035 inches 

Porosity 0.587488 
 

 

Table C.14 Roasting conditions for “High SO2” TGA experiment 

Bulk Flow Rate 5 L/min 

PSO2 0.3 atm 

PO2 0.148 atm 

Roasting Temp 750 °C 

Roasting Time 60 Min. 
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Table C.15 Modeling parameters for “High SO2” TGA experiment 

Ro 0.63945 cm 

ro 0.00503 cm 

De 0.052707 cm2/sec 

pmr 0.00385 mol/cm3 

k 0.008304 cm/sec 

h 3.040263 
 

C oo 3.57E-06 CSO2 (mol/cm3) 

Porosity 0.587488 
 

 127.252736 Ro/ro 

 0.10074287 kRo/De 

 36.8844943 hRo/De 

 0.000929 Coo/pmr 

 

Table C.16 Pellet measurements after roasting for “High SO2” TGA experiment 

Wt. Pellet Final 2.847 g 

Diameter Final 0.5177 inches 

Wt Change 0.318 g 

Change mg/g 125.7414 
 

Diameter Change 0.0142 inches 
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Table C.17 Initial pellet measurements for “Low SO2” TGA experiment 

Wt. Pellet Initial 2.44 g 

Diameter Initial 0.4953 inches 

Porosity 0.581909 
 

 

Table C.18 Roasting conditions for “Low SO2” TGA experiment 

Bulk Flow Rate 5 L/min 

PSO2 0.05 atm 

PO2 0.202 atm 

Roasting Temp 750 °C 

Roasting Time 60 minutes 
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Table C.19 Modeling parameters for “Low SO2” TGA experiment 

Ro 0.629031 cm 

ro 0.005025 cm 

De 0.052707265 cm2/sec 

pmr 0.003848969 mol/cm3 

k 0.00830389 cm/sec 

h 2.991936425 
 

C oo 5.95663E-07 CSO2 (mol/cm3) 

Porosity 0.587488071 
 

 125.180299 Ro/ro 

 0.09910217 kRo/De 

 35.7070462 hRo/De 

 0.000155 Coo/pmr 

 

Table C.20 Pellet Measurements after roasting for “Low SO2” TGA experiment 

Wt. Pellet Final 2.847 g 

Diameter Final 0.5177 inches 

Wt Change 0.318 g 

Change mg/g 125.7414 
 

Diameter Change 0.0142 inches 
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APPENDIX  D  

NUMERICAL METHOD DEVELOPMENT 

 

The assumption of a spherical pellet allows for the assumption that the concentration only 

varies along the radial coordinate, and can be represented as a line.  This line can be broken up 

into M parts.  Counting the boundary of the pellet, there are then M+1 regions, as shown in 

Figure  D.1 

 

 

Figure  D.1 Schematic of mesh spacing 

 

To solve the equation: 

 

� ( ∗ + ∗) − − �� � ∗ =  
                                      D.1

 

It can be represented via a finite difference method for the point i: 
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∗ �− , +∗ − �, +∗ + �+ , +∗∆ + � �+ , +∗ − �− , +∗∆= − ��,�, + � �, +∗  

 

D.2

 

And given as detailed before: 

�� = −� �∗ 
 

D.3

 

And defining  

� = � − ∆                                         D.4 

 

One can then re-arrange equation  

 

∆ − �∆ �− , +∗ − − ��,�, + � − �, +∗ + ∆
+ �∆ �+ , +∗ =  

D.5

 

The boundary at I =1 can be described as 
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∗ + ∗ − − ∗∆ =  
D.6

 

And then: 

∗ = ∗ − − ∗
 

D.7

 

For the point i=2 gives: 

 

(− − ��,�, + � − ∆ − ∆ ) , +∗
+ ( ∆ − ∆ ) , +∗ =  

D.8

 

The outer boundary, where i=M+1, can be represents as the backward difference method: 

 

+∗ + ∗ − − −∗∆ = � − +∗  
 

D.9

And then 
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+∗ = ∗ − −∗ + � ∆+ ∆ �  
D.10

 

Taking this equation and putting into – for the point i=M  gave the difference methods 

equation for i=M-1: 

 

− ∆ + ∆ � − ∆ �+ ∆ � − ∆ − , +∗
+ − ��, �, + � − ∆
+ + ∆+ ∆ � ∆ , +∗ = − � + ∆+ ∆ � ∆  

 

D.11

 

This can be put as: 

 

� + � =  

 

D.12

And: 

 

���− + ��� + ���+ = � 
 

D.13
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And: 

 

� − + � =  

 

D.14

These can be put into a tridiagon matrix, and solved by a tridiagonal algorithm when Ai, 

Bi, Ci, and Di are constant. 

A fourth order Runge-Kutta method is used to solve for equation --, and the above 

mentioned tridaigonal algorithm for each Runge-Kutta iteration, as Ai, Bi, Ci, and Di are constant 

during t iteration.  This allows for the simultaneous solution. 
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APPENDIX  E  

 

GRAIN MODEL MATLAB CODE 

 

Code for running the numerical solution to the grain model was written in MATLAB, and was 

translated from BASIC from the work of Milton Manrique,  and can be found in below: 

(Manrique, 1975) 

 

%Input variables% 
%omega% 
W1=126.305; 
%lambda 1% 
G1=0.100; 
%Gamma 1% 
G3=0.000542; 
%Porosity% 
P=0.56228; 
%lambda 2% 
G4=36.33;  
%Diffusivity% 
D8=0.052707; 
%Particle Radius% 
R=0.6347; 
L=[0.5 0.5 1]; 
N=11; 
N1=N; 
N9=0; 
M=N-1; 
D1=1/M; 
D3=.1; 
T=0.0; 
K=G1*W1*G3; 
K2=W1*G1; 
T1=1/(D1^2); 
T2=G4*D1; 
T5=3+2*T2; 
for I=1:N 
    X(I)=0; 
    S(I)=1; 
end 
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X(N)=(2*T2+4*X(M)-X(M-1))/T5; 
K1=0; 
K9=100; 
M9=1; 
D9=D3; 
while N9~=1 
    while K1<K9 
        for J=1:4 
  
            for I=1:N1 
              Q=-K*X(I);   
              C(J,I)=Q*D3; 
            end 
            if J==4 
                for I=1:N1 
                    S(I)=S(I)+(C(1,I)+2*(C(2,I)+C(3,1))+C(4,I))/6; 
                     Z(I)=S(I); 
                    if S(I) < 1*10^-6 
                        S(I)=0; 
                        Z(I)=0; 
                        N1=I-1; 
                    end 
                end 
            else 
                for I=1:N1 
                    Z(I)=S(I)+L(J)*C(J,I); 
                end 
            end 
            B=-3*(1-P)*K2*Z(2)^2-2*T1; 
            W=B; 
            D=0; 
            C2=2*T1; 
            E(2)=C2/W; 
            G(2)=0; 
            for I=3:M 
                I1=I-1; 
                I2=1-1/I1; 
                I3=I/I1; 
                A=I2*T1; 
                B=-3*(1-P)*K2*Z(I)^2-2*T1; 
                C2=T1*I3; 
                if I==M 
                    B=B+I3*4*T1/T5; 
                    D=-(I3*2*T1*T2/T5); 
                    A=(I2-I3/T5)*T1; 
                end 
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                W=B-A*E(I-1); 
                E(I)=C2/W; 
                G(I)=(D-A*G(I-1))/W; 
            end 
            X(M)=G(M); 
            for I=M-1:-1:2  
                X(I)=G(I)-E(I)*X(I+1); 
            end 
            X(1)=(4*X(2)-X(3))/3; 
            X(N)=(2*T2+4*X(M)-X(M-1))/T5; 
        end 
        T=T+D3; 
        K1=K1+1; 
        if N1==0  
            N9=1; 
            break 
        end 
    end 
        if M9<=10 
            D3=2*M9*D9; 
            M9=M9+1; 
        else 
            break 
        end 
        T8=G1*W1*G3*T; 
        T9=6*G3*T/(1-P); 
        Q5=T*R^2/(D8*60); 
        T7=3*G4*G3*T/(1-P); 
        fprintf('\n Time= %1.2f\n',Q5); 
        fprintf('\n Radial Position \t LocalExtent \n'); 
         
        for I=1:N 
            Z1=(I-1)/M; 
            A1=1-S(I)^3; 
            fprintf('\n %1.1f \t\t\t\t %1.6f',Z1,A1); 
        end 
        for I=1:N 
            F(I)=((1-S(I)^3)*(I-1)^2)/T1; 
        end 
        L2=1; v v 
        N2=M/2; 
        for L2=1:2 
            N4=M/N2+1; 
            N3=M/N2; 
            S1=(F(1)+F(N))/2; 
            S2=S1; 
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            for I=N4:N3:M 
                S2=S2+F(I); 
            end 
            E2(L2)=S2/N2; 
            N2=M; 
        end 
        E1=(4*E2(2)-E2(1)); 
        fprintf('\n\n extent of reaction= %1.6f\n',E1); 
        K1=0; 
End 
 

An example output can be seen below in Table  E.1. 

 

Table  E.1 Example output from grain model code 

  

>> Grain_Model_MM_750C_std_ 

 

Time= 1.27 

 

Radial Position   LocalExtent 

 

0.0      0.027311 

0.1      0.027819 

0.2      0.029340 

0.3      0.032037 

0.4      0.036170 

0.5      0.042139 

0.6      0.050527 

 



274 
 

Table  E.1 Continued 

 

0.7      0.062149 

0.8      0.078128 

0.9      0.099968 

1.0      0.129861 

 

extent of reaction= 0.078066 

 

 

Time= 3.82 

 

Radial Position   LocalExtent 

 

0.0      0.084973 

0.1      0.086488 

0.2      0.091021 

0.3      0.099017 

0.4      0.111166 

0.5      0.128500 

0.6      0.152446 

0.7      0.184859 

0.8      0.228021 

0.9      0.284508 

1.0      0.356999 
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Table  E.1 Continued 

 

extent of reaction= 0.225322 

 

Time= 8.92 

 

Radial Position   LocalExtent 

 

0.0      0.213348 

0.1      0.216777 

0.2      0.227002 

0.3      0.244810 

0.4      0.271341 

0.5      0.308129 

0.6      0.356969 

0.7      0.419598 

0.8      0.497089 

0.9      0.588854 

1.0      0.691375 

 

extent of reaction= 0.482489 

 

Time= 16.56 

 

Radial Position   LocalExtent 
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Table  E.1 Continued 

 

0.0      0.442998 

0.1      0.448620 

0.2      0.465256 

0.3      0.493501 

0.4      0.533913 

0.5      0.586786 

0.6      0.651564 

0.7      0.726022 

0.8      0.805367 

0.9      0.881699 

1.0      0.944753 

 

extent of reaction= 0.771492 

 

Time= 26.75 

 

Radial Position   LocalExtent 

 

0.0      0.801076 

0.1      0.806128 

0.2      0.820768 

0.3      0.844137 

0.4      0.874442 
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Table  E.1 Continued 

 

0.5      0.908788 

0.6      0.943057 

0.7      0.972244 

0.8      0.991668 

0.9      0.999420 

1.0      1.000000 

 

extent of reaction= 0.968246 

 

Time= 39.36 

 

Radial Position   LocalExtent 

 

0.0      1.000000 

0.1      1.000000 

0.2      1.000000 

0.3      1.000000 

0.4      1.000000 

0.5      1.000000 

0.6      1.000000 

0.7      1.000000 

0.8      1.000000 

0.9      1.000000 
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Table  E.1 Continued 

 

1.0      1.000000 

 

extent of reaction= 1.000000 

>> 
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APPENDIX  F  

  

MAGNET COATING REMOVAL 

As mentioned in chapter 2, NdFeB magnets are reactive and corrode quickly, and so 

require a coating to be put in service.  In recycling this material, it may be necessary to remove 

this coating prior to processing.  Two varieties of magnet coatings were investigated, on different 

varieties of magnets, an aluminum coating on an electric vehicle motor magnet and a nickel 

coating on a hard disk drive magnet.     

The aluminum coated  a commercial electric vehicle motor magnet can be seen in Figure  

F.1.  This coating, can be seen in cross section of the magnet in Figure  F.2.  An EDAX spectrum 

of the coating reveals it to be aluminum, as seen in Figure  F.3  

 

Figure  F.1 Coated electric vehicle motor magnet. 
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Figure  F.2 Aluminum coated commercial motor magnet cross section taken in an SEM in BSE 
mode.  Material to the left is the Bakelite mount; middle dark grey layer is the aluminum coating, 

and the bright area the magnet material. 
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Figure  F.3  EDAX spectrum of the surfaced of the commercial magnet showing an aluminum 
coating 

 

Several techniques were used to attempt to remove this coating.  Firstly, mechanical 

scraping with a wire brush was attempted.  It was found that the coating was very well bonded to 

the surface of the magnet, and did not scrap or chip off.  It was found that this coating could be 

removed by mechanical attrition via sanding, however this was quite labor intensive.  As an 

alternative, a chemical stripping method was investigated.  Acid stripping seemed undesirable, as 

both the aluminum and the underlying magnet material seemed likely to be attacked.  It was 

postulated that the amphoteric nature of aluminum could be taken advantage of, and a basic leach 

was attempted.  A coated magnet was placed in a beaker with 1 M NaOH.  It was found that the 

magnet reacted quickly with the solution, resulting in the formation of gas, likely hydrogen. 
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As the coating material was removed, the underlying magnet material was uncovered.  It 

was found that this material was not attacked, and the reaction slowed and stopped as the last 

aluminum was removed.  It is likely that this reaction could be expedited by heating and 

increased strength of caustic solution, but it was decided that the time scale of a few hours was 

acceptable for this application.  The magnet was then removed and rinsed with water, and as can 

be seen in Figure  F.4 appeared much darker.    An SEM image of the cross section magnet, seen 

in Figure  F.5 and an EDAX spectrum of the magnet surface, seen in Figure  F.6 shows that the 

aluminum coating has been removed successfully. 

 

 

Figure  F.4  Electric vehicle motor magnet with coating removed 

 

Another type of coating that is widely used on NdFeB magnets is nickel.  This is the 

variety coating commonly used on hard drive disk magnets, as shown in Figure F.7. An EDAX 

spectrum on the surface of the magnet showed the coating to be nickel,  as seen in Figure F.8.  

On thermal demagnetization, this coating would sometime form “bubbles” on the surface of the  
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Figure  F.5 Cross section of commercial motor magnet material with coating removed 
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Figure  F.6 EDAX spectrum of surface of de-coated magnet material showing a lack of 
aluminum, indicating the removal of the coating 

 

magnet,which when scraped, would physically remove the coating around the area where the 

coating had delaminated.  Originally, this mechanism was pursued to removal the coating, but it 

was difficult to remove the coating except in isolated spots.  An investigation into a chemical 

method of coating removal was then undertaken.   

An attempt was made to remove the coating electrolytically, via a “Watt’s bath” style 

plating arrangement, with the solution made of nickel sulfate, nickel chloride and boric acid.   

The cell was setup in reverse of the usual order, where the coated magnet was set up as the anode 

and the while cathode was a strip of copper, the idea being that it would be possible to “plate off” 

the nickel on the magnet, stopping once the nickel had been removed.  It was found however,  
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Figure  F.7 Nickel coated HDD magnet. 

 

Figure  F.8  EDAX spectrum of coated HDD magnet 

 

 



286 
 

that the nickel coating would form “pinholes” in the coating quickly, and the removal of the 

coating would cease when the magnet material underneath began to react, as the magnet material 

is more reactive. 

Another attempt was made to remove the coating via an ammoniacal leach.  Ammonia 

based leaching systems have been used to selectively leach nickel and cobalt in the presence of 

iron, such as the Caron process, where iron remains undissolved.  A Caron-type leaching 

solution containing 5.3 NH3
+ and 1 M CO2

-, was made ammonium hydroxide and ammonium 

carbonate.  In the first trial, a Ni coated NdFeB magnet was placed in an aerated solution at room 

temperature.  After several hours, there did occur some attack on the coating, but on leaving 

overnight, the coating appeared mostly intact.  Another trial was performed at elevated 

temperature, approximately 40°C, which did improve the chemical etching of the coating.  After 

several hours however, the coating appeared to be no longer be attacked.  It may be possible that 

the coating was passivated somehow.  The ammonia based stripping of the nickel coating may 

warrant further study, possibly with the aid of an imposed voltage.   

Based on the results of previous attempts, a different tack was taken.  By investigating 

the industrial practices of the nickel plating industry, it was found that there are a number of 

products that currently exist to remove nickel coatings from metal parts after events such as a 

bad plating job.  A nickel strip solution, known and B-929 produced by Metalx Specialty 

Products Inc. was procured.  This proprietary mixture, which is marketed as being non-toxic, 

comes as a powder, and does not use an imposed voltage, is said to be capable of removing 

nickel from steel without attacking the base metal.  Following the manufactures’ directions on 

mixing the strip solution at 300 g/L and heating to 49°C- 65°C, a nickel coated magnet was 

immersed into the strip solution.  A black “smut” layer formed after some time on the nickel 
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surface, which per the manufactures directions, does not cause any harm but can slow down the 

stripping process.  This layer was found to wipe off easily, and in a tumbling system, would 

likely not cause any issues.  After 6 hours, the coating was completely gone, with the material 

below it largely un-attacked, besides some minor pitting, as seen in  

Figure  F.9.  An EDAX spectrum of the magnets surface confirmed the nickel coating 

had been removed, shown in Figure  F.10 

 

Figure  F.9 HDD magnet after de-coating 
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Figure  F.10 EDAX spectrum of de-coated magnet 

 

 


