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ABSTRACT

A study was made on the effect of adding iron or ron oxide on the reducibility of tricalcium
phosphate by carbon Optimum conditions with the recovery of about 100% of their phosphorus content
was achieved at about 1300°C The mechanism of reduction was presented on applying the fore-mentioned
additions Activation energies of these reactions were calculated on the basis of the equation of Sharp et
al The phases formed during reduction were investigated by X-ray diffraction analyus

INTRODUCTION

Carbon reduction is the conventional method for the production of elemental
phosphorus from phosphate rocks. There are some admixtures which are usually
present in these rocks in appreciable amounts and may affect its reducibility. A few
impurities of these admixtures form phosphides [1,2], such as ferrophosphorus alloys
which are formed when the phosphate rock is contaminated with iron oxide. Other
compounds such as calcium ferrites and iron phosphates may be also formed [3].
However, phosphides are mainly prepared by the direct synthesis from their ele-
ments [4]. Very few attempts have been performed to prepare metal phosphides from
calcium phosphate. Zergiebel and Lucas [5] succeeded in preparing iron phosphide
by reducing calcium phosphates containing iron oxide with sufficient amounts of
carbon.

In previous investigations, the kinetics of calcium phosphate reduction by carbon
[6], and the reducibility of a local phosphate ore by carbon [7], were studied with the
effect of SiO, and Al,O; on their reducibility. The present investigation is a
continuation of this study with the aim to determine the conditions governing the
reduction of pure calcium phosphate with carbon in the presence of iron or iron
oxide.

* To whom correspondence should be addressed.
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EXPERIMENTAL
Marerials

Chemuically pure, laboratory prepared. tricalcium phosphate was used, containing
44.65% P,O; and 55.35% CaO which is approximately the assay of tricalcium
phosphate (45.80% P,0O; and 54.2% CaO). Chemically pure iron powder and iron
oxide were used.

Apparatus and technique

The apparatus and experimental technique used in this investigation have been
described previously [8]. Samples under treatment were weighed in a fused aluminium
boat and inserted in a 100 mm fused aluminium reaction tube. The hole was heated
by a horizontally moving silicon carbide tube furnace which enables rapid heating
and cooling. The temperature was automatically controlled within == 5°C. Reduction
extent as well as volatilized phosphorus (P, ) and phosphorus as iron phosphide (P, )
were determined from the residual phosphorus content left in the form of phos-
phates and phosphides. Total phosphorus was determined as magnesium ammonium
phosphate applying the recommendations of the AOAC method [9]. Phosphorus
attached to the metals in the form of phosphides was determined by the volumetric
molybdate method. via the phosphine liberation technique [10].

The mechanism of reduction was investigated on the basis of the reduction results
and X-ray analysis of the reduction products. This was performed with the aid of a
Philips PW 1010 unit and applying Cu K radiation. The samples were investigated
immediately after reduction.

RESULTS AND DISCUSSION

Reducuion behaviour in the presence of metallic iron

Effect of iron additions

The effect of iron additions was studied for 60 min at different reduction
temperatures ranging from 1000 to 1350°C using briquetted samples of pure
tricalctum phosphate and carbon (C: P,O; =5 §), where S is the stoichiometric
carbon amount corresponding to the equation

Ca,(PO,),+5C—>3Ca0+P, +5CO (1)

together with metallic iron so as to obtain Fe_ . /P mole ratios of 0.11, 0.28, 0.56,
0.83, 1.11 and 1.67. Phase analysis of phosphorus in the residue remaining after
reduction denotes that some of the phosphorus produced interacts with metallic iron
added forming iron phosphide alloys. The results shown in Fig. 1 represent phos-
phorus recoveries as volatile phosphorus (P,) and as iron phosphides (Pg,). In these
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Fig 1. Effect of iron additions on phosphorus recovery from calcium phosphate reduction at different
Fe/P mole ratios' a=0.b=0 11, ¢=028, d=056. e=083. f=1 11l and 3=1 67 Time of reduction=60
min

Fig 2 Effect of rron additions on the reduction extent of calcium phosphate (P, + Pg,) at different Fe /P
mole ratios a=0, b=011, c=028, d=056, e=083; f=111 and g=167 Time of reduction=60 min

curves, the amounts of both (P,) and (Pg,) are referred to the total phosphorus
originally present in the charge. The total phosphorus recoveries (P, + P¢.) in Fig. 2
represent the reductiorn extent under the various conditions. For the sake of
comparison, the phosphorus recovery (P,) achieved on reducing pure tricalcium
phosphate at different temperatures without iron additions (P, =0) [6] is also
included in Figs. 1 and 2. From Fig. 1 it can be seen that with mixtures containing
no iron [curve (a)] or having a Fe__ /P ratio =0.11 [curve (b)], the percentage of
volatile phosphorus (F,) increases with temperature rise. This picture 1s also ob-
served with mixtures up to 1200°C [curves (c) and (d)] and up to 1150°C [curves
(e)-(g)]. With higher temperatures a decrease in the amount of (P,) is observed,
reaching minimum value at 1250°C, and increases once more when the temperature
1s raised above this value. Under the applied conditions a maximum (P,) value of
95% is achieved at 1350°C with Fe_,, /P ratio = 1.67. It is important to note that at
one and the same temperature (P,) values increase regularly with the increase of
Fe_... /P ratio. The amount of phosphorus remaining as iron phosphide increases
slightly with the increase of the reduction temperature up to 1250°C and Fe,, /P
ratios. A small decrease is observed on still increasing the reduction temperature
above 1250°C. It is worth noting that the amounts of iron phosphide do not exceed
7.5% of the total phosphorus present in the original charge. With iron amounts low
enough to correspond to an Fe__ /P ratio =0.11 no formation of iron phosphide
(Pg.) could be detected at all reduction temperatures applied.

The total phosphorus recoveries (P, + Pg.) shown in Fig.2 reveal a similar
general picture. Complete recovery of phosphorus in both forms is feasible at
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Fig 3 Effect of temperature and tme on phosphorus recovery (P, only) of calctum phosphate reduction,
Fc/P=083

Fig 4 Effect of temperature and time on the reduction extent of calcium phosphate reduction:
Fe/P=083

1300°C with Fe_., /P ratio=1.67. It is noticed that the reduction extent starts at
1000°C in the presence of metallic iron, while it takes place at 1150°C in 1ts absence.

Effect of temperature and time

Samples containing Fe,, /P ratio = 0.83 were reduced for various periods up to
75 min at temperatures from 1000 to 1300°C, using carbon at the same ratio as
applied before. The results obtained are given in Fig. 3. These results show increased
volatilized phosphorus amounts (P, ) with the increase of reduction duration as well
as temperature up to 1150°C. Above this value and up to 1250°C, the volatilized
phosphorus amounts (P,) decrease markedly. Another increase is observed at
1300°C. Steady state values seem to be approached after about 75 min. The
maximum (P, ) values acquired under the applied conditions amounts to 80%.

TABLE 1

Phosphorus present as 1ron phosphide 1n the rasidues remaining after reduction at different reduction
temperatutes and peniods

Temp (°C) Reaction period (mun)
t5 20 45 60 75

1000

1050 150 200
1100 100 200 230 250 350
1150 150 270 300 3.50 450
1200 130 300 350 400 500
1250 150 3.50 400 450 6.00
1300 200 350 400 3.30 4.50
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Chemical analysis of the residues remaining after reduction is given 1n Table 1 which
reveals the presence of certain amounts of phosphorus in the form of iron phos-
phides. The total amounts of phosphorus recovery (P, + Pr.) values refer to the total
phosphorus originally present in the charge and are given in Fig. 4.

Effect of silica additions

The effect of silica on the reduction process was performed using briquettes of
calcium phosphate and iron together with silica. The silica is added so as to get
Si0, /Ca0 ratio=1 and the iron corresponds to an Fe_,, /P ratio = 0.83. Reduc-
tion experiments were performed for 60 min at various temperatures. The results
obtained are graphically represented in Fig. S. These results show a marked increase
in the reduction extent with the increase of temperature up to 1200°C and then more
gradual up to 1300°C. In order to elucidate the particular effect of silica addition in
the absence and presence of iron, the results obtained are compared with those
acquired with pure calcium phosphate alone (Fig. 6).

As may be noticed, the presence of silica and iron causes the following-

(i) At all temperatures, the reduction extents are higher than those acquired with
iron addition only;

(i) The drop observed in the phosphorus recoveries displayed along the tempera-
ture range 1150-1250°C, 1n the presence of iron, completely disappears when
silica is added to the charge;

(iit) The extent of reduction is comparatively higher with charges containing Fe
and S10, than with charges containing silica alone. Also the reduction extent
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Fig. 5 Effect of temperature on the reduction of calcium phosphate 1n the presence of sihca and iwron. Fe.
P=0 83 and SiO, /CaO=1 Time of reduction=60 min

Fig 6 Effect of temperature on the reduction extent of calcium phosphate* A=calcium phosphate+
carbon, B=calcium phosphate--carbon+siica; C=cal~um phosphate+carbon-+iron. D=calcium
phosphate + carbon +1ron + silica. Time of reaction =60 mn.



is higher in the presence of silica than in its absence;

(iv) The amount of phosphorus combined as iron phosphide (P, ) in the presence
of silica addition is higher than in its absence. The maximum (Pg_) achieved
at 1250°C amounts to 8.5% of the original total phosphorus in the charge
with the silica additions while it is only 4.5% with silica free charges.

Reduction behaviour in the presence of iron oxide

Effect of iron oxide additions

Briquettes of six muxtures of pure tricalcium phosphate and iron oxide were
prepared so as to obtain Fe, 4. /P mole ratios of 0.11, 0.28, 0.56, 0.83 and 1.67. In
all these mixtures carbon was added in a C:P,O5 mole ratio =35S. Reduction was
performed for 60 min at temperatures ranging from 950 to 1350°C. The results
achieved are graphically represented by the curves in Fig. 7, which show a more or
less similar feature to those obtained with metallic iron. However. the extent of
reduction appears to take place at lower temperatures —1150°C compared with
1200°C with metallic iron— with slightly lower values than those acquired with
metallic iron particularly along the temperature range 1100-1200°C. Under the
applied conditions a maximum (P, ) recovery value of 93% is achieved at 1350°C on
using Fe, ... /P mole ratio 1.67. Phase analysis of phosphorus remaining in the
residues after reduction shows that the amount of iron phosphide formed and
remaining in the residue is comparatively higher than when metallic iron is used. It is
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Fig 7 Effect of ron oude additions on phosphorus recovery from calaium phosphate reduction at
different Fe/P mole rattos. a=0: b=0.11, ¢=028, d=0356, e=083, f=111 and g=167 Time of
reduction =60 mun

Fig 8 Effect of iron oxude additions on the reduction extent of calcrum phosphate (P, + Pg,) at different
Fe/P mole ratios a=0.b=011, c=028, d=056, e=083, f=1 11 and g=1 67 Time of reduction=60
mn
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worth noting that the amount of iron phosphide formed increases regularly and
linearly with temperature up to 1150°C and decreases regularly and slightly at
higher temperatures. The maximum phosphorus captured with iron, with the mix-
tures containing iron oxide to form iron phosphides (Pg,.), is about 12% at 1150°C
compared with 7.5% achieved with metallic iron. No iron phosphide was detected
together with Fe_,;,. /P mole ratio=0.11.

The curves in Fig. 8 representing the total recoveries of (P,) and (Pg,.) reveal a
similar general picture. Complete extraction of phosphorus (as P, and P..) is
acquired at 1300°C on applying Fe_,,. /P mole ratio of 1.67.

Effect of temperature and time

Briquettes of phosphate—iron oxide-carbon sampies containing Fe, 4. /P mole
ratio =0.83 and C:P,0, =58 were reduced at different temperatures and periods.
No silica addition was made. Samples were reduced for various periods up to 75 min
at temperatures ranging from 1000 to 1300°C. The results are illustrated by the
curves in Fig. 9. It is clear that the amounts of volatile phosphorus recovered (P, )
increase with the increase of reduction periods as well as temperature up to 1100°C.
On increasing the temperature to 1150°C the values (P, ) decrease markedly. Another
mcrease appears at 1200°C and higher temperatures. Under the applied conditions,
the maximum phosphorus recovery (P,) amounts to 82%. Analysis of phosphorus as
rron phosphide in the residues is given in Table 2. Total phosphorus recoveries (P,)
and (Pg,) values were computed from both values and are given in Fig. 10.

_1300°C
1300°C —
/o/"' 80} __o-1250°C
1250°C /o
i / %) i
O/O/_ /O /0.12000(:
801~ o —° __—0-100C

\

®
[¢]
1

\

)

Phosphorus recovery (R, ), %
3 3
T 'l 1 |'
\ (o) (o]
BaRE
W K5 9
Reduction % (R, + F}e
N
s}
1 T 1
\\i
\ \
8 B
o o
I

s
B
"
\
!
g

i
5 30 45 60 75 15 30 4% 60 75 90
Time,min Time min

Fig 9 Effect of temperature and time on phosphorus recovery (P, only) on calcium phosphate reduction,
Fe/P=0 83, using iron oxide.

Fig 10 Effect of temperature and tume on the reduction extent of calctum phosphate (P, +Pg.).
Fe/P=20 83, using 1ron oxide.
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TABLE 2

Phosphorus as 1ron phosphides at different reduction temperatures and penods

Temp (°O) Reaction penods (min.)
15 30 45 60 75

950 1.20 230 230
1000 180 300 4 50 500
1030 1350 330 450 600 670
1100 270 480 6 00 700 880
1150 460 6 00 720 8 50 940
1200 320 510 6 00 750 8 50
1250 270 400 4 80 6 00 670
1300 200 300 400 530 600

X-Ray analysis

The results showing the X-ray diffraction patterns of the residues obtained after
reduction for 60 min at different reaction temperatures (1150-1350°C) are sum-
marized in Table 3. It is noticed that the main components present are Ca,(PO,),.
CaC,. Ca,Fe,O; and iron phosphides at 11506°C, whereas the patterns obtained at
1250°C reveal the decrease of line intensities of Cay(PO,).. At 1350°C, no patterns
corresponding to Ca,(PQO,), can be traced. Regarding iron phosphides and based on
the line intensities acquired, FeP and FeP, are first formed and constitute the basis
for the formation of Fe,P and Fe;P which are mainly formed through the thermal
decomposition of the other two phosphides. Only a few lines indicating the presence
of calcium carbonate are detected. This compound is most probably formed as a
result of the interaction between calcium oxide and atmospheric carbon dioxide
when the residue 1s remaved from the reacting tube,

Mechanism of reaction

To obtain evidence concerning the mechanism of calcium phosphate reduction
under the previous apphied conditions. consulation of the different kinetic equations
known is of marked importance, from which the three-dimensional spherical symme-

TABLE 3

Results of X-ray analysis of the reduction products at different reduction temperatures

Reduction temp Main compounds investigated by X-ray
(°C)
1130 Ca;(PO,‘):. CﬂC:. Ca:FC:OS
FeP, FePs, FepqCy, FePOy
1250 CaC,. Ca0, Fe.P, Ca,y(POy),
Fe, P, FeP, FePs, FeaqCq
1330 CaC,. Ca0. Fe;P. Fe, P,

FeP, FeP; and Fe,gCy
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try diffusion process, introduced by Stava and Skvara [11] for solid state reactions
was found to be the most suitable. The following equation was used

[1-(-a)”? =k )

where a 1s the fraction reacted at time ¢. This equation was applied to the results
illustrated in Figs. 4 and 10. Straight lines are obtained on plotting [1 — (1 — «)!/3]2
vs. time ¢ in the temperature ranges 1000-1150°C and 1000-1100°C on using iron
and wron oxide additions, respectively (Figs. 11 and 12). Applying the Arrhenius
equation for obtaining the activation energies, straight lines are obtained (Fig. 13).
The calculated activation energies are found to be 58.5 and 57.6 kcal mole ™! with
iron and iron oxide, respectively. It is worth noting that the temperature range along
which the equation is not found to be applicable corresponds to the range along
which drops in reduction extents appear. Here the reaction rate seems to obey
another diffusion equation.

With silica additions, the experiments performed were conducted for fixed
periods at various temperatures (Fig. 6, curve D). Here, Sharp et al.’s equation {12]
was applied.

tos(T7) 1 1

E=RIn 22200 /— 3
L% T 3)

where ¢, ; values were derived from the curve F, in Fig. 14 [6]. Plotting log ¢, vs.
1 /T gives a straight line as shown in Fig. 15. The activation energy could be derived
from egn. (3), and amounts to 36.4 kcal mole ™! at temperatures up to 1100°C, at
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which temperature deviation appears (£ = 16.6 kcal mole ~!). In the presence of
silica, the reaction rate seems to obey a pseudo-first order equation. The calculated
activation energies are given in Table 4.

The above-mentioned results may lead to an insight regarding the mechanism of
phosphate reduction by carbon and the influence of the presence of iron and iron
oxide on the process. In this respect, the following aspects may be considered.

(1) During reduction of pure tricalcium phosphate with carbon, the following
reaction is liable to take place

Ca,(PO,),+5C —3CaO+P, +5CO (1)

A CcylPO), - C
B CeyPO,); +C - SO
C CealPO,); +C » S04
+ Fe

L n I . 1 L
64 c8 72 s 76 80 84
WTx 107

Fig 15 Plot of log 15 vs 1 /T according to eqn (3)
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TABLE 4

Calculated activation cnergies “in the presence of silica™

Rceaction Temp range Activation energy
°Q) (kcal mole ™1y

Ca(PO,), +5C 1100~ 1400 54 30

Ca(PO,), +3 Si0,+5 C 1050~ 1300 4410

Cay(PO;), +C+Fe 1000~ 1150 58 50

Ca,(PO,), +C+Fe,0, 900- 1100 57 60

Ca4(PO,), +C+8510, + Fe 900~ 1100 36 40

Ca;(PO,), +C+810, +Fe 11001250 16 60

In the presence of iron, one may consider the probability of an additional reaction to
take place between the phosphate and iron according to

3 Cay(PO,),+ 10 Fe - 9 CaO + 5 Fe,0, + 3 P, (4)
3 Cay(PO,), +15Fe— 9 CaO+ 15FeO+3 P, (5)
These reactions are thermodynamically feasible.

Accordingly, the increase in phosphorus recovery (P, ) as well as reduction extent
(P, + Pg.) 1n the presence of iron may be related to such an additional reduction
effect. In the presence of carbon, most of the iron oxides formed will be reduced to
the metallic state by CO formed in the reaction atmosphere. Any iron oxide escaping

reduction may react with CaO leading to the formation of ferrites and /or ferrates
according to the reactions

223228 L33 L] L iade

Fe203 + Ca0 — CaFe,0, (6)
Fe,0, + 2 Ca0 — Ca,Fe,0; (7)
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Such an effect is mainly dependent upon the reduction temperature and iron
content in the charge. In the absence of iron or in its presence in small amounts, no
change in the increasing trend of the phosphorus recovery with the increase of
temperature can be noticed.

According to the X-ray diffraction patterns which show the presence of faint lines
corresponding to iron phosphate in the reaction products, one may tentatively state
that part of the iron phosphide is formed through the intermediate formation of iron
phosphate according to

Ca,(PO,), + Fe,O; — 2 FePQ, + 3 CaO (8)

Iron phosphate is then further reduced by carbon as follows

FePO, +4 C — FeP+4 CO (9)

(3) The re-increase in phosphorus recovery as well as reduction extent achieved at
temperatures = 1250 and 1150°C in the presence of iron and iron oxide, respec-
tively, may be attributed to the decomposition of the formed iron phosphides and
the liberation of phosphorus as follows

6 FeP, =6 FeP+6 P (10a)
6 FeP=3Fe,P+3P (10b)
3 Fe,P=2Fe;P+P (10c)

Such a process is known to be enhanced at relatively high temperatures [17-20}.
Due to the decrease in iron proportions in the phosphides, the melting points of the
formed compounds increase. Such an effect also results in the presence of some
untreated metallic iron. which plays a role in increasing the reduction extent of the
phosphates {eqns. (4) and (5)].

(4) On the addition of iron in the form of Fe,0;. the decrease 1n the phosphorus
recovery temperature by 50°C compared with those obtained with metallic iron
additions may be attributed to the more active metallic iron formed from the
reduction of Fe,0,. In the same time and for the same reason, the amounts of iron
phosphides are increased on using Fe,O,. The increase in the volatile phosphorus
recovery which is displayed at 100°C lower than these obtained with metallic iron
additions, may be explained by the high affinity of the newly formed iron together
with carbon to form iron carbides. Iron carbides may act as strong reducing agents
co-acting with carbon to reduce calcium phosphate. This may explain the disap-
pearance of iron carbide in the X-ray patterns of the residues obtained at high
reduction temperatures.

(5) In the presence of silica no drop in reduction extent of phosphate iron
muixtures was observed along the whole temperature range. Silica acts as a slagging
material according to egn. (11).

Ca,(PO,), + 3 SiO, + 5 C — 3 CaSi0, + P, + 5 CO (11)

There is also the probability of interaction between silica and iron oxide formed
according to eqn. (5) to form iron silicates, e.g. fayalite (2 FeO-S8i0,). This
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assumption is substantiated by X-ray diffraction patterns. Both silicates may float
on the surface of the reacting materials. This process increases the surface of the
reacting mass. The general behaviour of iron phosphide formation and decomposi-
tion is more or less the same whether in the presence or absence of silica.

The mechanism of reduction of tricalcium phosphate by carbon 1n the presence o1
both silica and iron seems to obey a pseudo-first order equation. The activation
energy amounts to 36.10 kcal mole ! in the temperature range 900-1100°C. It is
also noticed that deviation starts at temperatures > 1100°C, as represented by the
dashed lines in Fig. 15. Such a mechanism is explained on the premuse that in the
temperature range 900—1100°C, where iron and silica were added, the role of
metallic iron or formed iron on using Fe,0; is to accelerate the reaction [as given in
eqns. (4) and (5)] to the right-hand side, as it combines with the produced
phosphorus. However, at temperatures > 1100°C, the formed iron phosphide melts
and retards the reduction rate.
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