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Abstract Apatite, Ca5(PO4)3F, is a useful raw material for

the production of both elemental phosphorus and phos-

phoric acid, and the mine tailings present at Luossavaara-

Kiirunavaara AB (LKAB) in Kiruna, Sweden, represent a

significant potential European source of apatite if upgraded

to a concentrate. In the present study, pilot apatite con-

centrate made from the LKAB tailings has been pyromet-

allurgically treated using carbon to extract phosphorus

without fluxing at temperatures exceeding 1800 �C, with
the ultimate objective of recovery of rare earth elements

(REEs) from the resulting slag/residue phases. Experi-

mental behavior has been modeled using equilibrium

thermodynamic predictions performed using HSC�. A

process is proposed, and mass–energy balance presented,

for the simultaneous production of P4 and CaC2 (ultimately

for acetylene, C2H2, and PVC production) from apatite,

producing a lime residue significantly enriched in REEs.

Possible implications to kiln-based processing of apatite

are also discussed.

Keywords Apatite � Rare earth � REE � Phosphorus �
Smelting � Improved hard process � IHP

Introduction

Apatite is a common raw material both for the production

of elemental phosphorus (P4), as shown in Fig. 1, and for

phosphorus pentoxide (P2O5), which is used primarily to

produce phosphoric acid [1, 2]. One possible production

route for both products is via carbothermic reduction of

apatite [3]. The high energy consumption of the traditional

Wöhler electric furnace pyrometallurgical route, e.g.,

reported for one furnace to be as high as 14.3 MWh/mt P4
[4], places it at an economic disadvantage for phosphoric

acid production in comparison to alternative processes such

as the wet process. In the wet process, phosphoric acid is

produced by the digestion of high-grade phosphate rock,

e.g., apatite, using sulfuric acid, followed by filtration and

subsequent vacuum concentration [5]. Presently, at least

one enhanced thermal process, the Improved Hard Process

(IHP), is therefore being commercialized [6, 7].

The magnetite iron ore type of the Luossavaara-Ki-

irunavaara AB (LKAB) mine at Kiruna, Sweden, is known

to contain both apatite and significant quantities of Rare

Earth Elements (REEs) within the apatite matrix [8], as

well as within the monazite, allanite [9, 10], and titanite

phases [11]. To serve as a raw material for one of the REE

recovery studies conducted as part of the EU-sponsored

‘‘Recovery of Rare Earth Elements from Magnetic Waste

in the WEEE Recycling Industry’’ (REEcover) project

[12], the LKAB tailings containing 4–8% apatite were

upgraded to apatite concentrate containing about 3500 ppm

of REEs [9]. The chemical composition, and high-tem-

perature behavior, of this concentrate has been

The contributing editor for this article was Bernd Friedrich.

& Mark William Kennedy

mark.w.kennedy@ntnu.no

1 Department of Materials Science and Engineering,

Norwegian University of Science and Technology (NTNU),

7491 Trondheim, Norway

2 Department of Materials Science and Engineering, Royal

Institute of Technology (KTH), 100 44 Stockholm, Sweden

3 TECNALIA Parque Tecnológico de San Sebastián,

Mikeletegi Pasealekua, 2, 20009 Donostia-San Sebastián,

Gipuzkoa, Spain

4 InsPyro, Kapeldreef 60, 3001 Leuven, Belgium

123

J. Sustain. Metall. (2017) 3:846–857

https://doi.org/10.1007/s40831-017-0148-y

http://crossmark.crossref.org/dialog/?doi=10.1007/s40831-017-0148-y&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s40831-017-0148-y&amp;domain=pdf
https://doi.org/10.1007/s40831-017-0148-y


characterized elsewhere, i.e., in Part I of the present article,

where the impact of silicothermic reduction on the distri-

bution of REEs was also studied [13].

In the present part of the article, i.e., Part II, the results

of carbothermic phosphorus removal experiments will be

presented, along with a simplified thermodynamic analysis

and potential industrial implications of the research to both

electric furnace and kiln-based processes. Extraction of

phosphorus from apatite concentrate with and without iron

addition has been studied, and the elemental distribution to

gas, slag, and metal was estimated where possible. In

addition, a process that could simultaneously produce both

P4 and CaC2 is proposed and evaluated.

Phosphorus Extraction Experiments

Background

One drawback of silicothermic reduction of apatite, as

discussed in Part I of this article, is the necessity of fluxing,

which reduces or eliminates the potential to produce a slag

with a higher rare earth concentration. It may also preclude

the formation of desired high rare earth-containing phases

for later physical separation and recovery [14]. One proven

alternative for treating high-phosphorus feedstock is car-

bothermic reduction to make the so-called ‘white’ or

‘yellow’ phosphorus (P4) [15]. Phosphate is also one of the

EU’s strategic raw materials [16]; therefore, the simulta-

neous production of P4 and a high rare earth-containing

slag can address two strategic materials issues simultane-

ously, while potentially generating much greater total value

from the apatite resource.

In conventional carbothermic phosphorus production (as

presented in Fig. 1), SiO2 is used as a flux in order to

achieve operating temperatures of the order of 1500 �C,
and it produces a low-phosphorus slag (\ 1 wt% P) [4],

which should result in a similar outcome to the sili-

cothermic extraction experiments presented in Part I of the

present article, i.e., a low final concentration of REEs.

Recently published work by Karshigina et al. [17] has

disclosed a method using extremely concentrated nitric

acid (due to the stability of the silicates) to recover REEs

from high-silica discard slag produced as a by-product of

the conventional carbothermic phosphorus process. The

high-acid leach would seem to indicate difficulties in

treating such slag, and the economics of such a process

could be questioned particularly with the current low prices

for REEs, as previously indicated in Fig. 1 of Part I of the

article [13].

It is worth noting that the apatite concentrate used in the

current study, having only * 2 wt% SiO2 [10], is unusu-

ally pure with respect to a fluorapatite feedstock, which

typically has 2–12 wt% SiO2 [2]. Given that the concen-

trate in the absence of ‘phosphate’ is primarily CaO, the

extremely low SiO2 content allows for the possibility of

simultaneous production of both P4 and CaC2, which, while

previously patented [18], would appear to be an untried

processing route. If combined with acetylene production,

e.g., for PVC manufacturing, flowsheet modeling indicates

that the REE content of the concentrate would be increased

in weight concentration by about 39%, i.e., into an

* 81 wt% Ca(OH)2 residue with a 74% increase in REE

content if calcined to CaO. A concentrate with such a

weight concentration of REEs should be amenable to

stockpiling (until another strategic REE supply crisis

emerged) and subsequent hydrometallurgical processing.

The economics of a combined pyrometallurgical process

would be expected to be competitive in any location with

low power cost, given the fact that both P4 and CaC2 are

produced commercially using electric arc furnaces as the

standard processing route.

Some of the thermodynamics of carbothermic reduction

of fluorapatite concentrate are explored in Table 1 and

Figs. 2, 3, and 4, all generated using HSC� version 7.1 and

assuming ideal mixing at 1 atm pressure [19]. Figure 2

shows the equilibrium product distribution evaluated for a

closed system at different temperatures, beginning with
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Fig. 1 The Wöhler process flowsheet for the production of P4 from apatite concentrate [1] (color figure online)
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pure fluorapatite, with a large excess of carbon and without

iron addition. Minor species actually present in the apatite

concentrate have been eliminated for clarity, i.e., Na, K,

etc.

Ideal solutions were assumed for the calculations as they

are only intended to provide a rough indication over what

temperature ranges reactions might take place, and what

product species would be anticipated. A previously pub-

lished evaluation of the CaO–CaF2 system by Kim et al.

[20] has shown it to be an ideal ionic solution, while other

potential binaries, e.g., CaF2–Ca3(PO4)2, have shown heats

of mixing [21], indicating that the assumption of ideal

mixing introduces some errors to the results presented in

Figs. 2, 3, and 4. More detailed modeling, using for

example the integrated database computing system

FactSage�, would potentially allow for better predictions if

the required databases were commercially available. The

standard FactSage� databases have already been shown to

be insufficiently accurate for the high initial P2O5 content

in apatite, and access is therefore required to a proprietary

database [22]. Thermodynamic evaluations have been

published in the literature on a number of binaries appli-

cable to the experimental system [20, 23–25] forming a

potential basis for more detailed future thermodynamic

evaluations.

From Fig. 2, it can be seen that under equilibrium

conditions significant amounts of P2 and CO gas might

begin to be produced at about 1200 �C and that under ideal

Table 1 Some carbothermic reduction reactions of interest in the smelting of fluorapatite concentrate (where Te is the temperature of equi-

librium under standard state conditions)

Reaction # Reaction DG� = 0 at �C DH� kJ at Te

(1) FeO ? C = Fe ? CO(g) 750 157.8

(2) KF ? 0.5CaO ? 0.5C = K(g) ? 0.5CaF2 ? 0.5CO(g) 1340 266.3

(3) NaF ? 0.5CaO ? 0.5C = Na(g) ? 0.5CaF2 ? 0.5CO(g) 1391 288.2

(4) MnO ? C = Mn ? CO(g) 1401 288.5

(5) Ca5(PO4)3F ? 7.5C ? 9Fe = 0.5CaF2 ? 4.5CaO ? 3Fe3P ? 7.5CO(g) 1411 2015.6

(6) Ca5(PO4)3F ? 7.5C ? 6Fe = 0.5CaF2 ? 4.5CaO ? 3Fe2P ? 7.5CO(g) 1448 2081.9

(7) Ca5(PO4)3F ? 7.5C ? 3Fe = 0.5CaF2 ? 4.5CaO ? 3FeP ? 7.5CO(g) 1483 2284.8

(8) Ca5(PO4)3F ? 7.5C = 0.5CaF2 ? 4.5CaO ? 1.5P2(g) ? 7.5CO(g) 1544 2690.6

(9) SiO2 ? C = SiO(g) ? CO(g) 1744 648.5

(10) CaO ? 3C = CaC2 ? CO(g) 1826 458.2

(11) MgO ? C = Mg(g) ? CO(g) 1845 605.4
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conditions Ca5(PO4)3F would be fully consumed by a

temperature of about 1450 �C, which would be the

equivalent of complete phosphorus extraction as shown in

Fig. 3. It can also be observed from Fig. 2 that CO gas

generation from CaC2 production would become signifi-

cant at * 1550 �C.
As the melting range of the concentrate has already been

shown in Part I of the present article to be about

1112–1613 �C, using TGA–DTA analysis, it was expected

that the reaction rates for both reactions (8) and (10)

accelerated once the fluorapatite became fully liquid. This

would allow for an intimate contact between the liquid

fluorapatite and the graphite crucible, which was the only

source of reductant in the system. In addition, rapid

removal of any residual phosphorus and production of

carbide at temperatures exceeding * 1600 �C were

expected, as the reaction rate for carbide formation (reac-

tion 10) has been reported to only be significant over

1600 �C [26].

National standards exist for the quality of commercial

grade CaC2 expressed as L of acetylene per kg of product,

and fall in the range of 260–300 L/kg [26]. Achieving these
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standards necessitates a very high concentration of CaC2,

i.e., typically[ 80 wt%, in the final product. The predicted

product quality at equilibrium versus temperature is shown

in Fig. 4, in the absence of silica, implying that an oper-

ating temperature of about 2000–2100 �C may be required

in a commercial electric arc furnace process.

Industrially, the carbide production process is operated

in the range of 1800–2100 �C [26]. Higher temperature

operation allows for greater conversion of CaC2 and easier

tapping, due to the liquidus temperature in the CaC2–CaO

system, as shown in Fig. 5 for both technical and high

purity grades. At equilibrium, the conversion of Ca con-

tained in apatite to CaC2 in the present experiments would

be expected to achieve * 37% at 1800 �C, as indicated in

Fig. 2. This would yield 46.6 wt% CaO, 40.7 wt% CaC2,

and 12.7 wt% CaF2. Recalculating without CaF2 yields

53.4 wt% CaO and 46.6 wt% CaC2, and this composition

of ‘technical’ grade CaC2 would have a binary liquidus of

about 1815 �C as indicated in Fig. 5. It would therefore be

expected that a semi- or fully liquid slag product would be

produced at experimental temperatures between 1800 and

1856 �C. CaF2 formed by reactions (5–8), as well as NaF

and KF (which are the more stable fluorides at lower

temperatures), would likely improve the slag fluidity, as

would minor contamination by other oxides present (see

Part I of the present article—Tables 1 and 2 [13]) in the

industrial concentrate used in these experiments.

A reduction in the levels of K, Na, Si, and Mg in the

final product would be anticipated from reactions (2), (3),

(9), and (11), respectively. In addition, transition metals

such as Fe and Mn would be expected to be present pre-

dominantly in a metal phase, as indicated by reactions (1)

and (4). The metallic product would be expected to be

primarily an alloy of Fe and P, i.e., ferrophosphorus.

The thermodynamics of the standard carbide production

process have been described in some of the limited infor-

mation that is available in the literature [28, 29].

Apparatus and Procedures

Phosphorus removal experiments were performed in a

vacuum furnace operated under approximately atmospheric

conditions (* 0–30 millibars gauge pressure) using a

steady purge of 9.44 L/min (20 SCFH) 4 N purity argon, as

shown schematically in Fig. 6. A series of 14 experiments

were performed during which the apparatus and procedures

evolved as operational experience was gained. The final

procedure is described, which correspond with the results

to be presented in the present study.

In the current experiments, the production of P2 gas (and

ultimately P4 condensate) was initially considered a safety

hazard, due to its tendency to both spontaneously combust

in air and its proclivity to produce toxic PH3 gas if sources

of ‘caustic’ and water are available. Therefore, a large

excess (6:1 mass ratio) of iron was initially used in an

attempt to absorb as much as possible the P2 gas produced

in the reduction crucible. According to thermodynamic

analysis, only FeP and Fe2P should have been produced

under the applied experimental conditions, i.e., at about

1800–1860 �C; however, in reality 40% of the phosphorus

reported to the gas phase, 59% to the metal phase, and 1%

to the slag phase, which did not eliminate any risks.

Obviously, the presence of iron on the bottom of the cru-

cible was insufficient to ensure complete absorption, i.e., as
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FeP, Fe2P, and Fe3P, of the highly volatile phosphorus. It

was later decided to eliminate the use of iron, once the

safety procedures regarding P2 and PH3 were fully estab-

lished. The test results obtained from the experiments

without iron are therefore reported.

50 g of the apatite concentrate was pre-calcined at

1000 �C for one hour in order to remove CO2 and prevent

damage to the graphite wool insulation from the Bou-

douard reaction. The crucible was loaded with the con-

centrate, the furnace immediately sealed and evacuated

down to 10-3 mBar, after which it was filled and contin-

uously purged with 4 N argon. 2 kW was applied to the

induction coil using a 10.5 kHz power supply. The power

was increased at 0.5-kW increments at fixed intervals,

using the furnace controller, up to a maximum of 3.5 kW.

The furnace operating pressure was monitored throughout

the experiment, and the flow of argon was controlled to a

constant rate. The final experiments were operated for

* 130 min, of which the final 30 min were at an average

temperature of * 1855 �C. The temperature was measured

by a type C thermocouple located inside the crucible and

protected by an alumina inner and graphite outer protection

tube. In some experiments, a second type C thermocouple

was placed bare into the freeboard to give an additional and

faster responding reading. The freeboard thermocouple did,

however, tend to fail, and since it gave substantially the

same readings as the sheathed thermocouple, its use was

discontinued.

At the end of the experiments, the furnace was cooled

under argon and later air, when the crucible contents had

reached * 400 �C, in order to combust any P2 that had

been released during the reactions. The furnace was held

under air for * 16 h before opening and cleaning. Excel-

lent ventilation, a gas sampling apparatus, as well as

appropriate respirators for PH3 gas, were used during the

post-experimental handling of samples.

Results and Discussion

Experimental Results

A typical experimental temperature and pressure versus

time curve is presented in Fig. 7. As the argon gas flow was

held constant at 9.44 N L/h, the variation of the reactor

back pressure versus time (due to the presence of an outlet

valve and gas line) is indicative of the changes in the

volume of gas produced at any given time, with the

DP being approximately proportional to the flow squared

(and ignoring minor compressibility effects).

The formation of P2 gas was clearly observable from the

furnace viewing port during the experiments. P2 gas con-

densed into a visible P4 plume upon exiting the hot reactor

into the cold chamber of the sealed vessel. Initial signs of

vapor production were observed beginning at about

1300 �C, in accordance with the thermodynamic predic-

tions shown in Figs. 2, 3, and 4; however, significant

quantities of vapour were present only from* 35 min into

the test, at a measured temperature of 1506 �C, and until

* 105 min into the test, and a temperature of 1854 �C, for
the experiment shown in Fig. 7. Visually, the peak of the

vapour production was observed at 75 min and 1805 �C,
which corresponded to a significant change in the pressure

curve as shown in Fig. 7. CO gas continued to be produced

in the absence of a visible vapour stream, due to the for-

mation of CaC2 according to reaction (10), and as indicated

in Figs. 2 and 4, until the experiment was terminated.

Type C T/C
Alumina wire insulation
Graphite protection tube 
Tanso IG-15, 8/14 mm 
diameter and 150 mm 
high. 

Working crucible
Tanso grade 
IG-15 graphite
70/85 mm diameter, 

150 mm high.

Gas Tight under 4N Ar
(vacuum furnace 10-3 mBar)

Induction Coil
Max 10 kW
10.5 kHz

Mica 0.38 mm thick 
from Capital 
Refractories and 
10 mm Tanso graphite 
wool Grade SF-10 
insulation.

3 Layers of 10 mm
graphite wool.

2 layer of 10 mm
graphite wool and
10 mm of quartz.

Fig. 6 Experimental apparatus

for phosphorus removal

experiments (color

figure online)
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The results presented in Fig. 7 appear to confirm that

while reduction reactions could take place before themelting

of the apatite, they were greatly accelerated after complete

melting, i.e.,[ 1613 �C as previously reported in Part I of

the present article, and as indicated by the pressure curve.

The P2 production continued to higher temperatures, i.e.,

[ 1800 �C, than what was expected from a strictly ther-

modynamic perspective (\ 1450 �C as indicated in Fig. 3).

Overall, the ‘dual wave’ of the CO gas production, as pre-

dicted in Fig. 2, was observed experimentally, but shifted to

higher temperatures than expected from the simplified

thermodynamic assessment. Intimate mixing of concentrate

and reductant would be expected to increase rates of reaction

and lead to greater phosphorus removal at lower tempera-

tures. In these experiments, the only reductant present was

the graphite crucible itself, and intimate contact could only

be achieved after melting of the apatite concentrate.

After partially cooling the reactor, air was allowed into

the vessel, which then ignited the condensed P4 and

spontaneously produced a large opaque white cloud of

P2O5. The vessel was held with an air atmosphere for 16 h,

after which the vessel was opened. PH3 in toxic quantities

(in the absence of personal protective gear or adequate

ventilation) was found to immediately begin to form when

the vessel contents were exposed to laboratory air con-

taining a normal moisture content. A full-face respirator

was used to transfer the graphite crucible to a fume hood,

where the contents of the crucible were reacted with water,

producing vigorous bubbling from C2H2 formation and

substantial (toxic) quantities of PH3 over a period of about

2–3 h. Representative images of the obtained product prior

to reaction with water are presented in Fig. 8, clearly

indicating melting and conversion of the initial powdered

raw material. It was not deemed safe to handle the samples
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prior to elimination of the PH3, and analyses were there-

fore not performed on the ‘as-produced’ product prior to

reaction with large quantities of water.

After at least 24 h under water, the graphite crucible

contents were vacuum filtered through standard #4 filter

paper, dried, and calcined at 1000 �C prior to chemical

analyses being made via Inductively Coupled Plasma Mass

Spectrometry (ICP-MS). The averaged chemical analyses

are presented in Table 2 for both the initial and the final

nearly phosphorus-free residue, which was calcined prior

to analysis to remove hydrated water. Up to 7 apatite

concentrate raw material assays from 3 different labora-

tories were averaged, as previously presented in Part I of

the present article—Table 2. The product results, i.e., slag

and ferrophosphorus, presented in Table 2 are the average

of 2 experimental results where melting or partial melting

of the product was achieved. Ratios have been calculated

between the final slag and the initial concentrations of the

apatite concentrate to show the impact of the removal of

CO2, phosphorus, and oxygen on the final concentration of

the REEs. The assays of the small quantity of FeP pro-

duced are also indicated.

The final masses of slag and ferrophosphorus can be

estimated from the assays in Table 2, by assuming that the

Ca is present in the slag/salt phase and that all Fe not

present in the slag phase is found as ferrophosphorus. This

reveals that 50 g of apatite concentrate will produce 28.9 g

of final calcined slag, i.e., CaO not Ca(OH)2, and 0.62 g of

ferrophosphorus. The balance of the mass, i.e., 20.5 g, is

assumed to have reported to the gas phase during the pre-

calcination step, as well as during the final reaction. The

two products could not be fully removed from the crucible,

and they could not be easily separated (this is especially

true for the small ferrophosphorus particles dispersed in

the slag phase). The material lost to the gas phase could not

be monitored in the vacuum induction furnace apparatus

used in the present experiments.

Weighing and analyses of the slag prior to reaction with

water were not made, due to its tendency to release highly

toxic PH3. X-ray powder Diffraction (XRD) analysis was

therefore performed on the slag in its hydrated form, and

the obtained results are included in Fig. 9, where they are

compared with the original apatite concentrate spectrum.

The XRD results indicate that the original minerals have

been converted to hydrated lime, Ca(OH)2, calcium fluo-

ride silicate, Ca6–0.5xSi2O10–xFx, aluminum phosphide, AlP,

and calcium yttrium oxide, Ca0.84Y0.1O.

As shown in Fig. 9, the XRD patterns presented for the

apatite concentrate before and after dephosphorization

indicate a complete change in the phases present. Calcite

decomposed into CaO, which subsequently reacted to

CaC2 (the presence of CaC2 being indicated by strong

bubbling when contacted with water), before being T
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converted to Ca(OH)2 due to hydration. It is also note-

worthy that the MgO species is no longer detectable (an

estimated 56% has reported to the gas phase). The three

main REE-containing phases restructured into different

phases including calcium fluoride silicate and calcium

yttrium oxide. In addition, there were additional phases

produced such as aluminum phosphide (AlP), which was

likely the source of P leading to PH3 creation (in addition

to the P from the ferrophosphorus).

Due to the presence of both CaF2 and rare earth-con-

taining silicates in the lime residue, it is anticipated that

aggressive methods such as the roast–leach method,

applied to bastnasite, may be required [30] to achieve

adequate recovery of REEs, which is primarily a result of

the extremely low solubility of rare earth fluorides [31].

The data in Table 2 indicate that the majority of the

potentially volatile species identified in Table 1 have

vaporized to a substantial degree based on the observed and

estimated ratios between the final and the initial assays, i.e.,

P (0.0047), Na (\ 0.08), K (\ 0.23), and Mg (0.69). The

REEs have been concentrated in the final calcined residue

by an average factor of 1.9, which slightly exceeds the

expected ratio of 1.7 for the calcined product, i.e., the

assays in Table 2 are for a slag containing CaO and not

Ca(OH)2). The Fe and Mn present have both been con-

centrated into the ferrophosphorus phase.

Industrial Implications

Mass and energy balances were prepared for an envisaged

electric furnace process similar to the one previously

depicted in Fig. 1 and designed to maximize value recov-

ery from the apatite concentrate, i.e., recovery of the value

of the phosphorus content. By the use of higher tempera-

tures than the standard phosphorus process, the new pro-

posed process would simultaneously produce calcium

carbide and allow the REE content of the concentrate to be

recovered later after conversion of carbide to acetylene.

One key objective of the proposed process was to avoid

destruction of the REE value present in the raw material.

Using the pilot apatite concentrate assay reported in Part

I of the present article, and a petroleum coke assaying, i.e.,

86.7% C, 3.64% H, 3.2% O, 1.59% N, and 4.9% S, the

mass and energy balances were calculated using Metsim�,

a flow sheet simulation program [32]. It was assumed that

the calcite and dolomite were fully calcined in the sintering

kiln. It was further assumed that the calcine could be fed

hot to the electric smelting furnace at 700 �C, which has

good precedent from the FeNi industry where hot calcine is

routinely transported in insulated containers and used at

temperatures from 700 to 900 �C at the furnace.

It should be noted that the combined P4/CaC2 process

has a great deal of chemical energy and sensible heat

available in the off-gas, due to the additional volume of CO

gas produced during carbide making (over the P4 process

Fig. 9 XRD results from using

a powder diffractometer (Bruker

D8 Advance A25) operating in

Bragg–Brentano mode, and

utilizing Cu K-alpha radiation.

A 2h range of 10�–75� using a

voltage of 30 kV. The collected

data were analyzed using the

software DIFFRAC.EVA V3.0

from Bruker with the database

PDF-4?2013 RDB (color

figure online)
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alone). The off-gas energy content is, in other words, suf-

ficient to calcine the feed, sinter the pellets, and preheat the

feed; hence, a reduced furnace electrical energy con-

sumption can be achieved. The cooling step, depicted in

Fig. 1 after the sintering kiln, is therefore not required if a

high-temperature handling system for solids is utilized. In

addition, the final off-gas from the calcining process con-

tains an additional energy content above what is required to

calcine, sinter, and preheat the feed, of 2.9 MW/mt of the

concentrate processed, allowing for further energy recov-

ery and/or integration.

The typical reductant, flux, and furnace energy usage per

tonne of feed are indicated in Table 3 for the phosphorus,

carbide, and combined processes. Product and by-product

masses are also indicated. From Table 3, it is clear that the

combined reduction process is highly endothermic, and it

was estimated that 2957 kWh/mt would be required to

produce 79.0% CaC2 at 2050 �C, which should be suffi-

ciently fluid for tapping according to Fig. 4 [27]. This

energy consumption assumed an off-gas temperature of

727 �C [29], and a typical large-scale, e.g., 50 MW, fur-

nace with a thermal efficiency of about 92%.

Assuming a P4 furnace energy consumption of only

13 MWh/mt of P4 [3] and taking credit for 211 kg of P4
produced per tonne of 79.0% CaC2 would yield a net

consumption of only 1.85 MWh/mt of technical grade

CaC2 (with a quality of 276 L of acetylene per kg), which

is well below the values typically achieved by ordinary

carbide producers, i.e., 3–3.3 MWh/mt [26]. These results

indicate that the electricity consumption of such a com-

bined process would compete positively with existing

practices, and that the process would have a good proba-

bility of being economical if technically viable at a large

scale.

Table 3 Indicative mass and electrical energy requirement for P4 [3], CaC2 [26], and combined P4/CaC2 processes

Product Raw material Mass of

feed (kg)

Reductant

(kg)

Flux

(kg)

Power (kWh/mt

of feed)

Products By-product

FeP (kg)
P4 (kg) CaC2 (kg)

P4 Phosphate 1000 156 350 1625 125 0 15

CaC2 Calcined lime 1000 579 0 3263 0 1053 0

P4/CaC2 Apatite 1000 617 0 2957? 136 642 12.3

? Based on a theoretical mass–energy balance performed using the process simulation system Metsim�, and assuming a 92% furnace thermal

efficiency

Fig. 10 CaO–SiO2–P2O5 phase

diagram indicating the increase

of liquidus in the absence of

silica fluxing and carbide

production, and with the

removal of phosphorus. The

blue dot indicates the initial

composition of the apatite

concentrate [12] (color

figure online)
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It is interesting to note that one experiment was per-

formed where the slag remained a powder and a final solid

with 2.0% P was obtained, i.e.,[ 87% P removal based on

a mass balance. Even though the same power profile was

applied as in the successful experiments, the indicated

temperature never increased beyond 1697 �C, which is

likely due to the insulating behavior of the high-lime

product. The path from low silica apatite toward phos-

phorus-free slag is presented in Fig. 10, showing the

monotonic increase in liquidus temperature with the degree

of phosphate removal in the absence of carbide formation.

As shown in the figure, it is obvious that if phosphorus can

be removed rapidly enough at temperatures below the

melting point of apatite, that melting can be avoided even

at very high operating temperatures and degree of phos-

phorus removal, due to the extremely high CaO content of

the product.

In theory, full phosphorus removal can be achieved at

1450 �C, as previously indicated in Fig. 3, in the absence

of melting. To achieve this objective, an intimate mixing of

reductant and concentrate would be required to produce a

self-reducing pellet, very similar to those produced in the

IHP [6, 7]. Unlike the IHP, it is not required (at least in

theory) to use silica. In fact, it would appear according to

Fig. 10 that silica additions could be counterproductive

producing a lower melting product and resulting in kiln

build-up, i.e., ‘ringing’. The use of silica would also result

in lower REE assays in the final residue. Operating the

reduction process without silica would require somewhat

higher temperatures than the 1280–1340 �C currently

applied [7] in the IHP process, which would result in

slightly higher energy consumption than the version of the

process now being demonstrated. However, as the IHP

process uses in situ re-combustion of P2 to P2O5 in the gas

phase of the kiln, i.e., an oxidizing atmosphere over the hot

bed of self-reducing pellets, and counter-current transfer of

energy to the incoming charge, the increase in total energy

consumption would be expected to be minimal.

Conclusions

It has been shown to be possible to simultaneously produce

phosphorus and a calcium carbide slag at 1856 �C that

contains substantially all of the REEs, i.e., * 99.7% by

weight, of what was present in the raw material (in the

present case a pilot apatite concentrate). The REE content

in the final slag was enriched by more than 90% from the

initial mass concentration in the apatite concentrate. The

resulting lime residue enriched in REE can be stockpiled

and further treated for their recovery when the economics

of this market become favorable.

Energy consumption for a combined process to produce

P4 and CaC2 simultaneously from apatite is theoretically

superior to the current commercial results for an equivalent

CaC2 production process, indicating a net reduction of

about 40% after credits for P4 production.

The possibility for a ‘dry’ process to produce P2O5

without the use of silica flux was identified, potentially

allowing for further enhancement of the IHP.

Future Work

Phosphorus-‘free’ residue produced by the carbothermic

reduction of the pilot apatite concentrate presently inves-

tigated will be processed hydrometallurgically to charac-

terize its leaching behavior with respect to the sought-after

REO minerals. A value chain analysis of the envisaged

integrated process will, based on this, be presented in a

future paper describing the total operating cost and value

generation beginning with mineral processing and finishing

with the post-treatment of the residue.
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