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Phosphorous Pentoxide Producing Methods

- TECHNICAL FIELD
[0001] The invention pertains to methods for producing phosphorous pentoxide performed in

counter-current rotary kilns.

BACKGROUND OF THE INVENTION
[0002] One known method for producing phosphorous pentoxide (P,Os, usually present as the dimer

P,O,o in the gas phase) involves processing raw material agglomerates containing phosphate ore, silica,
and coke in the bed of a rotary kiln to chemically reduce the phosphate ore and generate gaseous
phosphorus metal (P,) and carbon monoxide (CO) off gas to the kiln freeboard where they are burned
(oxidized) with air to provide heat for the process. It may be referred to as the kiln phosphoric acid
(KPA) process. The oxidized phosphorus metal is a phosphorus oxide (normally, P4O,0) which can be
scrubbed from the kiln off gases with a phosphoric acid (H;PQ;) solution and water to make a suitable
phosphoric acid product.

[0003] KPA process chémistry is similar to another process known as the furnace acid process for .
manufacture of phosphoric acid. In the furnace process, the raw materials are heated and partially
melted. An endothermic reduction reaction is carried out in one vessel called the electric furnace where
the heat is supplied by the use of electric resistance heating in the bed. The phosphorus metal 1s
recovered from the off gas of the furnace with cold water sprays as liquid phosphorus metal which can be
transported to another vessel called the burner where it generates considerable heat while being burned
with air. The resulting phosphorus oxide is absorbed in water to make a concentrated, high purity
phosphoric acid.

[0004] The electric furnace in the furnace process does not use the heat generated from burning
phosphorus metal that arises in the burner vessel. Also, the electric furnace does not use heat from
burning the carbon monoxide that it generates. Although widely used in the last century for producing
phosphoric acid, the cost of electricity as compared to the cost of sulfuric acid resulted in shutdown of
most of the furnace acid plants in favor of another process known as the sulfuric acid process for making
phosphoric acid.

[0005] [f the heat generated in burning the off gasses from the furnace process reduction reaction
could be utilized to provide the heat requirements of the reduction process, thereby replacing electrical
heating, then economies might be realized. Converting the furnace process carbon reductant to carbon
dioxide might'generate sufficient heat, if used efficiently, to replace all the heat added by electricity in
the furnace process. A vision of such potential motivated many researchers over the years to develop

concepts where heat integration could be realized. The following references describe the various
attempts: Levermore (US Pat. No. 2,075,212), Lapple (US Pat. Nos. 3,235,330 and 3,241,917), Saeman
(US Pat. No. 3,558,114), Megy (US Pat. Nos. 4,351,809 and 4,351,813), Hard (US Pat. Nos. 4,389,384),
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and Park (US Pat. No. 4,420,466). All of the described processes use a rotary kiln with a reducing bed
~ and an oxidizing freeboard and are collectively within the realm of KPA processes. '

[0006] A kiln within a kiln concept forwarded in the Levermore patent addressed the heat
integration issue in a reasonable conceptual way, but was not practical becat;se no material of
construction for the inner kiln was available. The Levermore process heated up the agglomerated solids
containing phosphate ore, silica, and carbonaceous material and conducted the endothermic reduction
reaction in an inner kiln held inside an outer kiln. The P, and CO off gases from the reduction reaction in
the inner kiln passed between the outside wall of the inner kiln and the inner wall of the outer kiln, where
air was admitted to oxidize the P4 and CO, generating sufficient heat to supply the requirements of the
inneér kiln. The heat then passed through the outside wall of the inner kiln.

[0007] The Lapple and Megy patents recognized that a separate oxidizing freeboard and reducing
bed could be maintained in a kiln without a separating wall, but failed because of melting problems
during the phosphate reduction reaction. Lapple and Megy specify a calcium-to-silica mole ratio in the
feed to the kiln greater than 1.0.

{0008] The Park patent describes a process requiring ore with less silica than is cheaply available
and a very hot kiln operation that has not appeared attractive enough to encourage commercialization to -
date. |

{0009] The process in the Saeman patent involves carrying out the rotary kiln reduction reaction in a
molten slurry, contained within the shell of the kiln protected by freezing a layer of solids on the inside of
the kiln wall. This process has been abandoned.

[0010] The process in the Hard patent showed promise and a continuous pilot plant based on a 33
inch diameter by 30 feet long kiln was operated under the direction of the present inventor in the early
1980°s. The results were published in Leder, et al., A New Process for Technical Grade Phosphoric
Acid, Ind. Eng. Chem. Process Des. Dev., 1985, 24, 888-897, but the process was abandoned as his

teachings were not complete enough to show how to carry out an economic commercial process. The
pilot plant yields were low, with a maximum yield of 72% when run in a commercial mode without
bedding coke, and 86% when a large amount of bedding coke was used. Other problems included: 1)
throughput rates that were low which indicated a high capital cost requirement for the process, 2) high
temperature of operation (greater than 1435 °C) to reach high yields, which put the operation close to
melting problems and required higher silica admixtures in the kiln feed than desired for commercial
operation, and 3) high maintenance problems. The high temperature and partial oxidation of carbon from
the kiln solids resulted in transfer of significant amounts of fluorine, sodium, potassium, and sulfur to the
kiln off gas, producing deposits in the back end of the kiln and off gas lines, contamination of the product
acid, and extra costs associated in scrubbing acidic gases from the process. The off gases from the
process were reducing requiring the added cost of an after burner. The combination of these problems
was such that no one has attempted to commercialize the Hard process even though it has now been over

twenty years since the pilot plant was operated.



CA 02689983 2009-12-02
WO 2008/153521 PCT/US2007/013834

[0011] As may be appreciated from the previous difficulties described above, the KPA process may

be improved further.

BRIEF DESCRIPTION OF THE DRAWINGS

(0012] Preferred embodiments of the invention are described below with reference to the following
‘accompanying drawings.

[0013] Fig. 1 is a block diagram of a KPA process according to one aspect of the invention.

[0014]  Fig. 2 is a chart pertaining to Example 1 showing melting temperatures with respect to
calcium-to-silica mole ratio and showing the temperatures for greater than 97% yield in 1, 2, and 4 hours
with respect to calcium-to-silica mole ratio.

[0015] Fig. 3 is a chart showing volatility for various elements with respect to teniperature.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

[0016] Through research and development of the KPA process, observation, study, and insight
resulted in several process improvements which overcome deficiencies of the processes described in
Hard and other references mentioned in the Background section above. Various aspects of the present
invention provide for high yields of phosPhorié acid, efficient use of carbonaceous raw material
requirements, high kiln throughputs, long refractory life, limited sinoite (Si;N,O) formation, oxidizing
off gas, and the capability of limiting sodium, potassium, fluorine, and sulfur loss from the kiln solids.

[0017])  Efforts now confirm that the yield limitations present in the Hard continuous pilot plant
resulted primarily from burn out of carbon in a shell that formed on the outside portion of the
agglomerate as it heated up to greater than 1180 °C, at which temperature the phosphate ore reduction
began. The carbon burned out (oxidized) from the outside surface of the ball by reaction with oxidizing
gases from the kiln freeboard (e.g., CO,, P4O,¢, and H,0O). Assuming an agglomerate was in the form of
a 1.0 centimeter ball and 30 weight % (wt%) of the carbon was burned out, then a white shell about 800
micrometers thick formed on the outside of the ball. The phosphate ore in the shell was not reduced,
even after reaching reaction temperature as there was no carbon therein to reduce it, and yield was
limited.

|0018]  Also, sodium, potassium, sulfur and fluorine were largely volatilized from the shell, but were
retained in the core containing residual carbon. Thus, limiting carbon burnout may reduce loss of
sodium, potassium, sulfur and fluorine from the bed.

[0019]  As a result of the research described herein, it was newly discovered that after phosphate
reduction begins and the phosphorus metal vapor begins to form in the core of an agglomerate,
phosphorous metal may encounter oxidizing gases either in the oxidized shell of the ball or in the bed
between the balls. The P4, emerging from the core may oxidize into P,O,o which may react with the

unreacted phosphate ore in the shell to form calcium metaphosphate. Calcium metaphosphate has a

melting point of 973 °C (which is below the reduction temperature) and is stable against
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disproportionation to calcium pyrophosphate and P4O,¢ at kiln temperatures, provided the vapor pressure
of P,O, is greater than 1 millimeter of mercury. Such formation of calcium metaphosphate likely further
limited yield in the Hard process beyond yield loss directly associated with carbon burnout.

[0020) However, efforts taken to limit carbon burnout may also decrease the transfer of P4O to the
bed and, therefore, decrease P40, reaction with ore and formation of calcium metaphosphate. Thus, it
becomes doubly important to reduce carbon burnout from the bed in order to limit the indicated back
reaction, further improving yield and also retaining more sodium, potassium, sulfur and fluorine
otherwise lost from the bed.

[0021] If the phosphorus metal vapor and associated carbon monoxide from the reduction reaction
evolve fast enough, then they sweep the oxidizing gases away from the bed and limit further oxidation of
the carbon from the bed. The vigor of the evolution is directly related to the béd surface-to-volume ratio.
In sufficiently large kilns, the carbon burnout is effectively stopped during the period when the
phosphorus reduction reaction is occurring. Once the reduction reaction occurs, the solid reaction
product includes an amorphous (glassy) calcium metasilicate (CaSiO3) which encapsulates any remaining
carbon, protecting it from further oxidation. '

[0022])  Since loss of carbon from the ball by carbon burnout may lead to a reduction in yield,
limiting the carbon burnout to low levels may provide high yields. Control of cé.rbon burnout may be
achieved primarily by implementing one or more of the following measures, which are additive in their
effect in reducing carbon burnout:

1) Reducing surface-to-volume ratio of the kiln bed.

2) Using a control system which includes air ports down the length of the kiln to introduce
over bed air at a controlled rate to provide for a rapid heating of the kiln feed to the temperature where
the phosphate reduction reaction proceeds (i.e. greater than 1180 °C) and maintaining the reduction
temperature over most of the length of the kiln.

3) Using appropriate kiln design to reduce turbulence in the region of the kiln where the kiln
solids heat up from 700 to 1180 °C, where the phosphate reduction reaction begins.

4) Using uncalcined carbonaceous raw material to provide an off gas of hydrocarbons during
the heating of the kiln feed to reaction temperature to blanket the bed in reducing gasses and to react with
oxidizing gasses.

5) Using finely ground and intimately mixed carbonaceous material in the feed agglomeratés
to lower the temperature of full phosphate reduction at commercial feed rates to about 1180 °C.

6) Adding a small, but sufficient, amount of uncalcined carbonaceous raw material together
with the kiln feed agglomerates as bedding to preferentially react with incoming oxidizing gases,
particularly phosphorus oxide, from the freeboard.

[0023] According to one aspect of the invention, a phosphorous pentoxide producing method
includes forming a kiln bed using feed agglomerates in a counter-current rotary kiln, the bed having a

length and the agglomerates containing phosphate ore particles, carbonaceous material particles, and
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sufficient silica particles for the agglomerates to exhibit a calcium-to-silica mole ratio of less than 1.0.
The method includes maintaining a bed temperature at or above 1180 °C along at least 50% of the bed
length without exceeding 1380 °C along the entire bed length. Kiln off gas is generated and phosphorous
pentoxide is collected from the kiln of’f gas, the kiln discharging a residue containing processed
agglomerates and less than 10% of the agglomerates’ phosphate input to the kiln remaining in the residue
as phosphate.

[0024]  As a result of the research described herein, it was newly discovered that reducing bed
‘surface-to-volume ratio perhaps provides the most significant benefit, particularly in combination with
the use of uncalcined petroleum coke or coal as the carbonaceous raw material source in the
agglomerates. To process a given bed volume, a stoichiometric amount of oxygen is provided to
generate sufficient heat 1n the off gas to run the process. Supplying the oxygen from air moves a specific
volume of kiln freeboard gases countercurrent to the kiln solids.

[0025] In scaling up, commercially-sized kilns normally exceed a minimum diameter above which
kiln shell heat losses become minor. The cross-sectional area of the bed and freeboard both scale up with
the square of the diameter of the kiln. Since bed cross-sectional area is directly proportional to kiln
diameter squared, so is the bed volume, the stoichiometric amount of oxygen for the bed volume, and the
corresponding specific volume of freeboard gases from the air that provides the oxygen. However, the
cross-sectional area of the freeboard also is directly proportional to kiln diameter squared, so the velocity
of the gas flowing countercurrent to the kiln solids 1s independent of kiln diameter at a given temperature.
of operation.

[0026] Since the gas velocity relative to the kiln solids is about the same, the turbulence is about the
same and the transfer of oxidizing gases from the freeboard into the bed is about the same regardless of
kiln diameter, provided the configuration of the kiln is the same. The kiln may include dams to better
control the depth of the solids over the kiln length, especially when increased bed volume is desired. The
dams may have a long, tapered approach to limit the turbulence that may otherwise result from their use.

[0027] The surface area available for heat transfer from the freeboard gasses to the kiln solids in the
bed is directly proportional to the length of the kiln. If stoichiometric air is used to oxidize the
phosphorus, carbon monoxide and hydrocarbons from the bed, then the total flow of gas in the kiln
increases for an increased bed volume. Thus, the gas velocity in the kiln is directly proportional to the
kiln length.

(0028] Long kilns are used in heat transfer processes to maximize heat utilization in processes like
wet process cement production etc. In a KPA process, a stoichiometric amount of carbon is used to
reduce the phosphorus from the bed. The reduction produces a specific amount of combustibles from the
bed which, when oxidized with air, give a modest excess of heat in the kiln. The excess heat gives a kiln
off gas temperature higher than would be required. A direct result is that a kiln suitable for the KPA

process may be shorter rather than longer. The shorter kiln presents a condition that also benefits carbon
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burmout as the freeboard gas velocity is reduced. Thus, in the KPA process, the carbon burnout rate
increases in longer kilns as the freeboard gas velocity increases.

[0029]  Evaluation of three data sources provided the carbon burnout in batch and commercial kilns.
As the first source, sufficient data 1s availablé in Folmo et al., Ilmenite Direct Reduction Project in
Norway using the GRATE-CAR(TM) Process, AIME Conference, 1992, supplemented by information

from Allis Chalmers engineers that started up the facility. The data pertains to carbon burnout rate in a

19 feet diameter by 232 feet long reducing kiln processing ilmenite ore in Tyssedal, Norv(way since 1986
to produce metallic tron and a higher value TiO, residue. The kiln solids were held at about 1170 °C and
the carbon burnout was about 1.1 pound per hour per square foot. Although not enough data is given in
the Folmo article to estimate the freeboard velocity, the kiln was a bit elongated, which probably resulted
in a freeboard gas flow rate of perhaps 25 feet per second, as is common in kilns of its shape.

[0030] As the second source, in the Leder article discussed in the Background section above, the
temperature of the kiln bed averaged about 1200 °C over the length where the carbon burnout was
determined to average in the range of 0.2 to 0.3 pounds per hour per square foot. The gas velocity in this
much shorter kiln averaged about 3.3 feet per second.

(0031} As the third source, a 13.5 inch batch kiln used in Example 3 described below was
determined carefully to produce carbon burnout of about 2 pounds per hour per square foot during the
time the solids were heating to reaction temperature.

[0032] The first observation that can be made from the above data involves the burn out of carbon
as a first approximation being directly relz:.lted to the surface area of the kiln bed, which in turn is directly
related to the diameter of the kiln and the length of the kiln. In the two continuous kiln systems above,
the amount of surface in the kiln systems changes by a factor of 55, but the carbon burnout only by a
factor of 3-4. Most of the higher burnout rate in the larger kiln is due to the increased flow rate of the

freeboard gasses.

[0033] The carbon burnout rate in the batch kiln is a factor of 7-10 higher than the continuous kiln
even though the “apparent” freeboard gas velocity is only 0.44 feet per second. The batch kiln is closed
with a perpendicular lid with a 9 inch hole in 1t. In fact all of the kiln gases exit through the relatively
small hole at an exit velocity of about 5 feet per second. The gas flow through the relatively small hole
entrains other gas in the kiln that diverges toward the bed as it hits the lid, setting up a strong recycle gas
flow. When this gas flow hits the bed at the lower portion of the lid, it impinges directly on the surface
of the bed and the momentum drives the oxidizing gases directly into the bed, resulting in enhanced
carbon burnout. The high turbulence in the batch kiln causes high carbon burnout and limits high yield
in reduction processes in the batch kiln. The batch kiln represents the standard tool commonly used in
the development of kiln processes. The enhanced burnout associated with the turbulence in the batch kiln
apparently led researchers to underestimate the prospects for reducing bed processes.

10034] In a continuous Kiln operated as previously known, the feed agglomerates enter at about 125

°C, and are well away from the inlet end of the kiln by the time they reach the temperature of 700 °C
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where the carbon burns out of the bed fast enough to be of concern to the process. At that point, the
gases in the kiln flow smoothly over the kiln solids with minimum turbulence. In aspects of the present
invention, increased turbulence might be reduced by tapering the ends of the kiln rather than using an
abrupt dam to retain solids in the bed.

[0035] The amount of carbon present in the kiln bed relates to the volume of the bed, which relates
to the square of the diameter of the kiln. The carbon burnout is proportional to the surface area which
relates to the first power of the diameter of the kiln. Therefore, the fraction of carbon which burns out of
the kiln bed directly relates to the inverse of the diameter of the kiln. As shown in Example 3 below, the
magnitude of the rate of carbon burnout is such that in a small batch kiln (e.g., 13.5 inch diameter batch
kiln) it is difficult to have any carbon left in the kiln solids after heating them to reaction temperature. In
large, continuous kilns a much greater fraction of the carbon remains in the kiln solids.

[0036] Another factor that directly affects the amount of carbon burnout is how long the kiln solids
are exposed to oxidizing freeboard gases as they heat up to reaction temperature. In the KPA process,
rapidly heating the feed agglomerates to reaction temperature involves a means of oxidizing part of the
phosphorus and carbon monoxide off gases from the phosphate reduction reaction down the length of the
kiln using fhe kiln control system described below for Fig. 1 and/or Example 5.

[0037] In a 6 foot diameter continuous pilot plant kiln (72 feet long) designed for low turbulence, a
kiln system with the ratio of bed surface-to-volume multiplied by the bed heat up time of less than 50
minutes-ft?/ft’ may obtain yields greater than 92% with high throughput, low impurity volatilization,
extended refractory life, and elimination of the competing sinoite reaction described below. As explained
below in further detail, larger diameter kilns of greater than 12 feet operating under otherwise identical
conditions may provide greater y.ields, for example, greater than 95%.

[0038] In combination with the use of uncalcined carbonaceous material in the feed agglomerates,
surface/volume ratio in the kiln bed provides even more benefit. Uncalcined carbonaceous material
decomposes when heating to form gaseous hydrocarbons (mostly methane) and a stable carbon residue
known in the industry as “fixed carbon,” which does not volatilize at process temperatures and is the
reactant used to reduce the phosphate ore. The volatiles in carbonaceous components of phosphate ore
and coal begin to evolve as soon as the feed agglomerates are heated above room temperature. Green
petroleum coke, having already been subjected to coking temperatures, may begin evolving hydrocarbons
at about 600 °C. Most of the carbonaceous materials finish evolving their hydrocarbons by about 950 °C.

[0039]  During bed heat up, oxidation of fixed carbon by air at a significant rate typically does not
occur until reaching temperatures above about 700 °C, well after the volatiles from green petroleum coke
in kiln solids begin to exert their protective effect at about 600 °C. Even so, transfer of P,O,¢ to the bed
may occur from the time the solids enter the kiln until they reach reaction temperature. Thus, the time it
takes to bring the kiln solids from kiln inlet to 1180 °C defines “heat up time” in the context of the

present document, unless otherwise indicated. However, it is clear that the availability of uncalcined
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carbonaceous material in the kiln solids makes the process somewhat more tolerant to a slower kiln solids
heat up rate.

[0040] During the vulnerable period when feed agglomerates are being heated to reaction
temperature, observation indicates that volatilization of gaseous hydrocarbons provides a gas sweep,
significantly limiting the transport of oxidizing species from the kiln freeboard to the kiln bed. The
extent of the hydrocarbon gas sweep is directly proportional to the diameter of the kiln. That is, the
amount of volatiles present in the bed is directly proportional to the volume of the bed (i.e. the square of
the diameter of the kiln) while the area that the volatiles come out of the bed is proportional to the area of
the bed (i.e. the diameter of the kiln). Thus, the flux of hydrocarbons from the surface of the bed is
directly proportional to the diameter of the kiln. |

{0041) However, the amount of volatiles in green petroleum coke i1s on the order of ten times less
than the amount of phosphorus metal and carbon monoxide formed after a given volume of agglomerates
reaches 1180 °C. Therefore, the effectiveness in sweeping away oxidizing gasses from the freeboard
increases with the scale up of the kiln to larger diameters, making commercial-scale operations more
important to realize this protection.

[0042] It 1s also important not to allow the volatiles in the petroleum coke to get too high since they
provide heat to a kiln system with an oxidizing off gas and, if too high, then they make operating an
oxidizing kiln more difficult. In addition, the volatiles add hydrogen to the kiln, ultimately producing
water that limits the strength of phosphoric acid that can be made from the process. However, green
petroleum coke with less than 12 wt% volatiles may be suitable for use in the KPA process. Reduction in
carbon burnout with increasing kiln diameter due to the sweep effect of the volatile gases multiplies the
reduction in carbon burnout with increasing kiln diameter due to the surface area limitation of oxidizing
gas transport to the bed, thus giving compounded lowering of carbon burnout with kiin scale up.

[0043] The evolving hydrocarbons from the kiln bed may have another direct effect on the reduction
of carbon burnout from the kiln bed. The volatile hydrocarbons may react with the oxidizing gases from
the freeboard in a way that creates a product which is not reducible by the carbon in the kiln bed.
Consider the following reaction: |

CH, (from bed) + CO, (from freeboard) --> CO + 2 H,

[0044]  Neither of the reaction products is reducible by the carbon in the bed. As a result, the
hydrocarbon not only sweeps the oxidizing gasses away from the bed, but also intercepts the remaining
oxidizing gases and transforms them into nonoxidizing gases. Note that this effect is also directly related
to the surface/volume ratio in the kiln bed and multiplies the reduction in carbon burnout fraction by the
two mechanisms discussed above.

[0045] Even though the use of uncalcined carbonaceous material evolves volatiles effective in
substantially reducing carbon burnout in large enough kilns, its evolution from the bed is largely

complete at 950 °C, leaving the bed largely unprotected between 950 and 1180 °C, where the phosphate
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ore reduction reaction proceeds at a reasonable rate. In order to minimize the carbon burnout during that
interval, incoming kiln solids may be heated to reaction temperature as rapidly as possible.

[0046] . Special provisions may be made to rapidly heat up the kiln solids. The KPA process ts
unusual in that essentially all of the fuel required to heat the kiln and feed agglomerates and provide the
heat for the endothermic phosphate reduction reaction is generated as a result of the reduction reaction
itself. The reaction forms phosphorus metal and carbon monoxide off gases according to the reaction:
Ca;o(POs)F2 + 9 Si0; + 15 C --> 3/2 Py(gas) + 15 CO(gas) + 9 CaSiO; + CaF,

[0047] The combustion of the carbon monoxide and phosphorus metal from the reduction reaction, -
the burning of-coke volatiles, and the oxidation of some of the carbon from the bed generates all the heat
necessary for the KPA process. Nevertheless, the heat must be distributed down the kiln to be effectively
used. The hot combustion gases that result from the burning of phosphorus and carbon monoxide do not
have sufficient latent heat to supply the endothermic needs of the phosphate reduction reaction.
Therefore, previous attempts by Hard, Megy, etc. to run the KPA process by passing air entirely into the
burner end of the kiln resulted in runaway temperatures over a small length of the kiln near the burner.

[0048] Such a runaway reaction occurred in the continuous kiln pilot plant of the Leder article
discussed in the Background section above and not only limited its performance, but forced it to be
operated at high silica feed formulations, reducing off gas, and a high temperature peak near the burner
end. Together with modest yields, the processing restrictions resulted in lowered commercial prospects
for the process. One means to spread the heat generated by the burning of the phosphorus metal gas and
carbon monoxide down the kiln 1s to.limit the amount of oxygen present at the site of the reaction near
- the burner. Limiting oxygen lez;ves phosphorus and carbon monoxide in the freeboard which is then
burned with cold air from over bed air ports as needed to supply an even temperature down the kiln.

[0049] Ported kilns are not common, but have been used previously in several commercial kiln
processes to supply over bed air for down kiln combustion or place air or other gases under the bed as a
reactant. Using a ported kiln to supply controlled over bed air to the KPA process allows the temperature
to be held at an optimum temperature profile for forwarding the phosphate reduction reaction over most
of the kiln length and to bring the incoming kiln solids rapidly up to reaction temperature. By reducing
the time the kiln feed agglomerates spend in reaching reaction temperature the carbon burnout may be
reduced. As discussed below in relation to Fig. 1, a control systém may be implemented to achieve the
desired effects of over bed air addition.

{0050] Several other benefits accrue to the establishment of a long reaction zone at a just sufficient
minimum kiln bed temperature, including: much improved processing rates due to the longer reaction
times for heat transfer, longer refractory life, reducing clinker formation and refractory-kiln solids
interactions, eliminating sinoite formation, and minimizing the loss of sulfur, sodium, potassium, and
fluorine from the bed.

[0051]  As a result of the research described herein, it was newly discovered that the sinoite reaction

occurs during the operation of the KPA process if run at higher temperatures. The reaction of nitrogen

9



CA 02689983 2009-12-02
WO 2008/153521 PCT/US2007/013834

from the freeboard and silica with fixed carbon in the reducing kiln bed competes with the phosphate
reduction reaction above 1310 °C. Between 1180 °C and 1310 °C the phosphorus reaction occurs, but
not the sinoite reaction. If the KPA kiln residue is heated to over 1310 °C after the phosphate ore has
been reduced, then the sinoite reaction proceeds, using up any excess carbon. When the carbon 1s
exhausted from the kiln solids residual, it becomes stickier and more difficult to handle. The sinoite does
not otherwise help the KPA process, so it is useful to get maximum throughput and discharge the kiln
solids from the kiln as soon as the phosphate ore has been reduced.

[0052] One additional method of limiting carbon burnout in the KPA Kkiln includes adding a small
amount of loose, small sized pieces of a carbonaceous material together with the raw material feed
agglomerates to the KPA kiln.. If the kiln has a small enough bed surface/volume ratio and a fast enough
feed heat ‘up rate, then small amounts of carbonaceous material at about 1-2% of the weight of the feed
agglomerates are sufficient to provide sacrificial carbon burnout throughout the feed agglomerates while
heating them to reaction temperature. Such additions of sacrificial carbon outside the feed agglomerates
are more effective than adding more carbon to the raw material mixture that make up the agglomerates.

[0053] An advantage exists in using uncalcined carbonaceous material since the volatiles therefrom.
contribute to the volatiles sweép effect and to the reaction with the incoming oxygen ﬂux.from the
freeboard, decreasing P4O,o condensation and calcium metaphosphate formation. It is particularly
advantageous to use carbonaceous material that evolves some volatiles between 100 °C and 650 °C,
which limits P4Oyo tfansfer from the kiln freeboard to the cold raw material agglomerates entering the
kiln. The P,O, otherwise condenses on the cold feed balls at less than 485 °C and can react with
fluorapatite (Ca,o(POs)sF2) to form calcium metaphosphate. Additionally, P40, may react with carbon at
about 800 °C. Enrichment of feed balls with phosphorous in such manner essentially recycles
phosphorous from the back end of the kiln to the front end. Such enrichmept accentuates carbon burnout

by placing an increased demand on carbon to re-reduce phosphorous 1n the condensed P4O,¢ and/or

calcium metaphosphate. Although the slow mass transfer from the kiln freeboard to the bed limits the
extent of this occurrence, particularly in larger kilns, it can be further mitigated by the low temperature
volatilization of organics from the carbonaceous matenial.

[0054]  If the phosphate ore has a suitable organic level it 1s useful for this purpose. Coal also has
low temperature volatile organics that is useful for this purpose. The carbonaceous material may be more
effective if sized to small pieces which present maximum surface area to the incoming oxygen flux. The
particle size should not be so small that it entrains as dust into the freeboard gases of the kiln.
Carbonaceous material in the 1/4 inch to 1/2 inch size range has been found to be effective.

[0055] Fine grinding of the carbonaceous material and its effective distribution in the raw matenal

agglomerates may be important to the process. Jacob et al., Reduction of Tricalcium Phosphate by
Carbon, I&EC, Vol. 21, No. 11, 1929, 1126-1132 and Mu et al., Thermodynamics and Kinetics of the

Mechanism of Reduction of Phosphate Ores by Carbon, Met. Trans. B, 17B, 1986, 861-868 discuss that

phosphate reduction with carbon is a first order reaction, but neither describe the effect of carbon surface
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area on the rate of reaction or the effect of intimate mixing. Observation indicates the rate controlling
step in the KPA process is the diffusion of phosphorus and silica molecules across a growing calcium
metasilicate layer around each carbon particle. As the layer thickens, the reaction slows down, giving the
known first order. reaction rate behavior.

[0056] Grinding the carbon finer not only gives a higher surface area for a given weight of carbon,
but also decreases the distance between the carbon particles. Thus, the diffusion path to the carbon
particles is shortened for the phosphate and silica. Based on the research data described herein, it was
newly discovered that the carbon particle diameter shrinks as it reacts, resulting in a void between the
carbon and the phosphate ore/silica that may add extra resistance to phosphate reduction when the carbon
particle size is greater than 200 mesh. With such larger sized carbon particles, a slower reaction rate
exists due to a lower specific surface area. Also, the added distance between particles results in a
logarithmic increase in the time it takes at a given temperature to consume all the phosphate between the
particles.

{0057] Intimate mixing of the carbon ensures realization of the advantageous diffusion
characteristics and may be efficiently accomplished by co-grinding the raw materials. Otherwise, carbon
particles, even though smaller, may clump together and provide less benefit since a clump of small
particles functions like a single large particle. Maintaining a higher reaction temperature can increase the
phosphate/silica diffuston rate to overcome a lack of mixing or a larger carbon particle size. However,
the higher reaction temperature may reduce kiln throughput, increase volatilization of bed impurities,
increase carbon burnout, lead to reduced refractory life, and create other problems. Observation indicates
that open-circuit ground green petroleum coke, 80 wt% of which exhibits a size less than 200 mesh,
providing an amount of fixed carbon 1.3 times a theoretical carbon requirement for reduction of all
phosphate in the ore can carry out over 95% phosphate reduction in less than two hours when intimately
mixed In fhe agglomerates. However, over 95% phosphate reduction takes over six hours 1t -140 / +200
mesh coke is used instead. “Open circuit” grinding refers to batch grinding until a charge of material
meets specification as opposed to “closed circuit” where material meeting specification is continuously
removed and other material remains for further grinding. Open circuit grinding thus generates more
fines.

[0058] According to another aspect of the invention, a phosphorous pentoxide producing method
includes forming a kiln bed using feed agglomerates in a counter-current rotary kiln, the bed having a
length and the agglomerates containing phosphate ore particles, carbonaceous material particles, and
sufficient silica particles for the agglomerates to exhibit a calcium-to-silica mole ratio of less than 1.0.
Individual agglomerates substantially exhibit a same elemental composition, a same calcium-to-silica
mole ratio, and a same proportion of excess fixed carbon compared to a theoretical carbon requirement
for reduction of all phosphate in the ore. Co-grinding and other concepts described herein may provide

such agglomerates. The method includes maintaining a bed temperature at or above 1180 °C along a
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portion of the bed length and establishing a bed surface-to-volume ratio multiplied by a time for bed heat
up to 1180 °C of less than 50 minutes-ft*/ft’ to obtain a yield of greater than 90%.

[0059] By wayof example, the bed temperature may be maintained at or above 1260 °C along at
least 50% of the bed length. Maintaining the bed temperature may include not exceéding 1380 °C along
the entire bed length. The method may further include blanketing the bed with volatiles evolving from
the carbonaceous material during bed heat up from about 600 to about 950 °C. Also, the kiln bed may
include, initially, from about 1 to about 2 wt% bedding coke or coal. Such bedding may blanket the bed
with volatiles evolving from the bedding .coke or coal during bed heat up from about 100 to about 650
°C.

[0060] Over bed air and/ér oxygen may be added through a plurality of ports along the bed length,
the ports; being of sufficient location, number, and throughput to decrease a time for bed heat up to 1180
°C compared to otherwise identical processing without the over bed air and/or oxygen. Control systems
may provide for monitoring of temperature at an inner surface of the kiln at a plurality of points along the
bed length, the inner surface contacting the bed, and also monitoring oxygen and carbon monoxide
content of the kiln off gas. Further monitoring of carbon dioxide content may provide a check against the
values obtained for oxygen and carbon monoxide content.

[0061) The Lapple and Megy patents introduced in the Background section specify a calcium-to-
silica mole ratio greater than 1.0. However, observation indicates that a eutectic composition between
the calcium metasilicate product from the reduction reaction and unreacted fluorapatite arises part way
through the reduction step in such processes and results in melting problems in attempts to carry out such
processes in rotary kilns. It is believed that all attempts to carry out the KPA process with calcium-to-
silica mole ratios greater than 1.0 cannot be successful unless implementing very high calcium-to-silica
ratios, as taught in the Park patent. Consequently, the aspects of the invention herein are advantageously
limited to a ratio less than 1.0.

[0062] Fig. 1 shows a block diagram demonstrating process flow for the KPA process. A range of
phosphate ores can be processed by the KPA process by adjusting the raw material composition to
accommodate the impurity level therein. For example, if the raw material mixture contains less than
about 1.5 wt% Al,0;, then silica admixtures may be processed with calcium-to-silica mole ratios
approaching 1.0. On the other hand, if ores up to about 3 wt% Al,Oj; are processed, then the calcium-to-
silica ratio may be less than 0.5 to reduce melting problems in the kiln and provide enough temperature
window for commercial operation. No need exists to remove fines from the ore. Some fines are
beneficial in forming strong agglomerates for the KPA process. If washed ore is used for impurity
control or to reduce moisture in the feed ore, then bentonite or other clay additions to the raw material
mixture help to make sufficiently strong balls.

10063] The amount of silica added also affects the overall heat balance of the kiln. Greater than

stoichiometric amounts of fixed carbon are used to fully reduce the phosphate ore in the KPA process.

The phosphate ore reduction produces a stoichiometric amount of phosphorus metal vapor and carbon
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monoxide fuel. Thus, the KPA process tends to develop more than enough heat to be utilized in the kiln
with an oxidizing off gas. Additional silica in the mixture uses up some of the heat albeit at the expense
of additional grinding and handling costs. |

[0064) Phosphate ore deposits, as mined, frequently have sufficient silica content to meet the
requirements of the KPA process. Sometimes a mixture of the washed and unwashed ore is used to
provide sufficient clays for binder, but some clay removal may occur to meet the desired aluminum level
for a given silica addition level. Potassium and sodium level in the ore can be a problem if at unusually
high levels. Iron impurities may reduce yield by combining with phosphorus to form a ferrophOSphorus
alloy which stays in the kiln residue. At levels normally found in the US phosphate ore deposits, iron
reduces yield to phosphorus oxide in the off gas by 1.5-3%.

[0065] In some cases it may be economically advantageous to use phosphate ore with pebble
phosphate rock removed for other uses and the remaining silica, phosphate rock mixture beneficiated by
fatty acid floatation to adjust silica level. High moisture levels in the as mined phosphate ore mixture
that are expensive to dry may affect raw material selection for the process. Clay added to the process
usually contains high associated moisture levels, but usually has a particle size distribution largely under
200 mesh. Thus, the clay need not be ground and wet clay can be added to the other dry ground raw
materials, also supplying the water required in the agglomeration or balling operation. Such measure
reduces the overall drying requirements when wet clay is the binder.

[0066] The selection of the phosphate ore to use in the KPA process may be made to mintmize .its
cost. If one mine serves both KPA and dihydrate phosphoric acid production plants, then additional
options are available in selecting phosphate ore from one of the partially beneficiated steams as a
component of the KPA raw material mixture. |

[0067] In dry ore deposits, the phosphate ore feed to the KPA process may be as mined phosphate
ore matrix. Part of the matrix may warrant washing if the A, O3 concentration is too high and silica
additions may be desired if the ore does not contain enough silica.

[0068]  Sufficient carbonaceous material may be added to the phosphate ore to result in fixed carbon
content in the raw material mixture of about 1.3 times the theoretical carbon required to reduce the
phosphate contained in the raw material mixture. The volatile content of the carbonaceous material may
be limited to less than 12 wt% to achieve a favorable heat balance in the KPA process kiln (maintaining
an oxidizing off gas) and to limit hydrogen addition to the raw materials. The level of hydrogen input to
the kiln limits the maximum concentration of phosphoric acid that can be made in the KPA process.
Green petroleum coke may be used as the carbonaceous material with volatiles in the 8-10 wt% range,
where they are high enough to offer protection against carbon burnout in larger kilns, but not so high that
hydrogen additions interfere with producing 76% phosphoric acid from the KPA process.

[0069] High sulfur, green petroleum coke may be used in the KPA process since most of the sulfur
stays with the kiln residue in an optimally run process. With power production as the main alternative

use for petroleum coke, high sulfur petroleum coke is generally cheaper than low sulfur petroleum coke
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due to the expense of removing sulfur from the stack gas of power plants. While coal may be equally
effective for such purposes in the KPA process, only coal with unusually low volatiles has low enough
hydrogen levels to curtail heat balance problems and limitation of the concentration of the phosphoric
acid product. Alternatively, the coal can be calcined, but then the cost of additional processing becomes
a ftactor.

[0070] An example of a suitable raw material feed mixture for a favorable deposit in the US state of
Idaho is one part as-mined raw ore matrix which has been processed to remove material larger than 3
inches and 0.09 parts green petroleum coke sized 3 inches and down. To supply a 19 foot diameter '
(inside the bricks) rotary kiln to make 200,000 short tons per year (P,Os basis) in the form of super
phosphoric acid (SPA) requires about 230,000 pounds/hour (Ibs/hr) of raw matrix ore and 23,000 lbs/hr
green petroleum coke. |

[0071] In process flow of Fig. 1, the raw matenials are analyzed for moisture and metered together to
form a raw material mixture then dried to 1.5 wt% moisture in a rotary drier using waste heat from the
rotary cooler used later in the process. The dried ore mixture is sized to about 3/8 inch in a
crushing/screening circuit and passed into an open circuit dry ball mill for grinding to 80% -200 mesh.
Next, 9 wt% moisture is added to the co-ground raw material mixture and the result formed into balls in a
balling drum/roller screen circuit with the addition of 3 wt% additional water in the balling drum sprays
to control the ball growth. The balls exhibit a greater than 1/4 to less than 1/2 inch (+1/4 / -1/2) diameter.

[0072]  Thereafter, the wet green balls are layered on a perforated stainless steel belt and dried in a

low temperature belt drier with waste heat from the kiln spent solids cooler later in the process. Further,

1 wt% (1.e., 2,500 Ibs/hr) bituminous coal sized to +1/4 / -1/2 inch is added to the wet feed balls as they
pass into the continuous belt dryer. The agglomerates/bituminous coal feed leaves the drier at 125 °C
and passes into a 19 foot diameter (inside the bricks) rotary kiln.

{0073]) The kiln of Fig. 1 1s a ported kiln equipped with a circumferential channel with a moving seal
that passes air from blowers outside the kiln through headers with volume control valves and ports to the
inside of the kiln wall where the air is distributed along a channel in the brick and then to the freeboard of
the kiln through slits in the brick. Shut off valves on each of the headers are turned on and off during
each rotation to pass air into the freeboard only when the ports are above the kiln bed. The Folmo article
referenced above describes such a kiin.

[0074] However, the kiln of Fig. 1 additionally includes a temperature and off gas control system.
The kiln is fitted with on board thermocouples every 6 feet which measure the temperature of the brick
about 3/8 inch below the hot surface of the brick. The temperature seen by these thermocouples can be
related to the b'rick surface temperature as measured by an optical pyrometer when the kiln is empty.
When the KPA process is operating, the white, opaque phosphorus burning flame obscures the view of an
optical pyrometer, which is the common way to determine internal kiln temperatures in other processes.
Even so, the temperature data obtained from the thermocouples may be relied upon to control air addition

through the ports and, thus, temperature profile along the kiln length.
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[007S] The kiln feed agglomerates are rapidly heated to 1180 °C by the hot counter currently
flowing freeboard gasses and maintained above that temperature over most of the kiln length by adjusting
the addition of air along its length to achieve the con:esponding onboard brick thermocouple readings.
The feed end of the kiln includes a tapered dam to reduce the turbulence associated with a dam

commonly used in these kilns to retain solids. Reduction in turbulence at the feed end achieves greater

benefit than at the bumer end since the calcium metasilicate reaction product encapsulating the carbon
particles provides some protection closer to the burner end. A small flame 1s maintained at the burner to
stabilize the front of the kiln and achieve overall heat balance.

[0076]  An off gas analyzer capable of analyzing CO, CO,, and O; is included and continuously
monitored to ensure the kiln maintains a slightly oxidizing off gas. The above air addition control system
may maintain the desired kiln temperature profile. However, the off gas analyzer may be dsed to monitor
whether other process changes might be warranted, in keeping with the discussion herein, so that the air
added 1s also sufficient to oxidize all of the P4 and CO, with O, 1n slight excess.

[0077] The hot kiln solids in Fig. 1 pass out of the kiln past an isolation curtain into a rotary cooler.
Heat is recovered from the hot balls into an air stream which is used to dry the combined raw matenals
and the green balls from the balling drum. The cooled balls pass out of the cooler, through an isolation
valve to a conveyor belt that removes the spent balls to a disposal site.

[0078] The hot gases containing the P,O;o product exiting the Fig. 1 kiln at about 1100 °C pass
through a dust cyclone and then go to a spray tower that contacts the oft gas with recirculated, cooled
strong phosphoric acid that absorbs about one half of the PO, therein and cools the off gas to about 260
°C. The product phosphoric acid (76% P,Os) is split from this recycle stream. The remaining phosphoric
acid 1s removed from the gases leaving the spray tower in a high pressure drop venturi, which has
recirculated, cooled weak phosphoric acid as the scrubbing liquid used as required to make up liquid
volume in the spray tower liquid.

[0079] An induced draft (ID) fan pulls the gasses through the kiln and off gas scrubbing system of
Fig. 1. The gasses exiting the ID fan are treated with a flue gas desulfurization scrubber to remove acidic

components from the off gas before it discharges to the environment.

EXAMPLE 1|

[0080] Raw phosphate ore from the Meade formation near Soda Springs, Idaho was combined with
raw silica ore from a mine near Soda Springs, Idaho and delayed green petroleum coke from a gulf coast
petroleum refinery such that the calcium-to-silica mole ratio was 0.56 and the fixed carbon in the
petroleum coke was 1.3 times the theoretical to reduce the phosphate in the mixture. The mixture
contained 13.43 wt% P,0;, 21.33 wt% Ca0, 42.42 wt% Si10O,, and 7.38 wt% fixed carbon on a dry basis.
The mixture was dried and then ground to 80.2% -200 mesh in an open circuit ball mill. Twelve percent
water was added to the ground mixture and formed in a die into several 1/2 inch diameter pellets which

were then dried in an oven at 280 °F. One pellet was placed in a graphite crucible with a graphite lid and
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the crucible and its contents heated at 20 °C/min to 1180 °C and held for one hour under an atmosphere
of nitrogen. After cooling the crucible to room temperature the pellet was analyzed to determine how
much phosphorus had evolved from the pellet. The experiment was repeated with the time at 1180 °C
increased to two hours and then to four hours. It was found that 61%, 82% and 97% of the phosphorus
had evolved from the pellet in 1, 2, and 4 hours at 1180 °C, respectively.

[0081)] Over 100 experiments were additionally performed using the same procedure with a range of
temperatures, impurity levels, reaction times, calcium-to-silica mole ratios, grind sizes, and carbon

addition levels. Some of the most significant variables are summarized in Figure 2.

EXAMPLE 2

[0082] Several of the spent pellets from Example 1 were analyzed and compared to the analyses of
the feed pellets to determine the fate of impurities in the feed compositions. The elements that volatilized
either partially or totally from the pellet during the phosphate reduction together with the weight fraction
of the element in the feed pellet, were Ag (<1 ppm), As (10.2 ppm), C (8.2%), Cd (33 ppm), C1 (90 ppm),
Cs (1.3 ppm), F (1.27%), Ga (3 ppm), Hg (0.22 ppm), K (0.44%), N (0.13%), Na (0.25%), P (6.55%), Pb
(7 ppm), Rb (18 ppm), S (0.73%), Se (6.8 ppm), T1 (1 ppm), and Zn (688 ppm). The elements which
were present in significant amounts, which were of concern, and which evolved from the feed pellets
were K, Na, S, and F. Figure 3 shows the weight fraction of these elements which volatilized tfrom the
pellet over a range of hold temperatures as compared to the weight of the elements in the feed
agglomerates. The composition of the pellets tested in this volatilization study is the same as given n the
1180 °C tests given in Example 1.

[0083] Thus, in a fully reducing environment, part of these elements volatilized from the kiln solids.
To the extent an oxidizing shell forms from carbon burnout, the loss of these elements is expected to be

much higher therein.

EXAMPLE 3

[0084] The co-ground ore/silica/green petroleum coke mixture indicated in EXAMPLE | above was
blended with 9 wt% moisture and formed into +1/4 /-1/2 inch balls on a 3 foot balling pan with an
additional 3 wt% moisture added through control sprays on the balling pan. The balls were dried in a
tray drier, and a twenty pound charge of balls was proceésed in a 13.5 inch diameter by 22 1/4 inch long
batch rotary kiln at 1320 °C. The kiln was fired with 1 to 2 feet’/minute (cfm) of propane, about 44 cfm
of air, and 0 to 2 cfm of oxygen as necessary to hold the temperature at the set point. The kiln was fitted
with an onboard thermocouple and had zircon refractories.

[0085] The kiln was preheated to 1189 °C and twenty pounds of balls were charged to the batch kiln
with a scoop. Samples of the kiln solids were sampled every fifteen minutes and analyzed to determine
the burnout of carbon and the extent of phosphate reduction. The surface of the kiln bed reached 1271 °C

by the 15 minute sample, overshot to 1332 °C by the 30 minute sample, and was 1320 °C for the 45
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minute sample. The carbon content of the entering ball was 8.75%, but the sum of volatiles and carbon
that reacted with iron oxide and carbonate during heat up was estimated at 0.96% leaving 1.56 pounds of
fixed carbon in the 20 pound charge to the furmace. The amount of phosphorus that had evolved, the

carbon which had burned out, and the carbon remaining in the balls is given for the three samples in
Table 2. .

 Table 2. Carbon burnout and phosphorus evolved from 13.5 inch batch kiln test.

w P evolved | C Reacted
]

15 minute | 10% 8%
21%

23%

45 minute | 29%

C Burnout | C Remaining
49% 43%

62% 17%

75% 2%

[0086] From this data 62% of the fixed carbon that w;s in the ball was burned out by oxidizing
gasses in 16 minutes as the bed solids heated from 700 °C to 1180 °C where the phosphate reduction
reaction commenced. The surface area of the bed was 1.69 square feet and the volume of the bed was
0.28 cubic feet. Therefore the carbon bumout rate was 3.46 pounds per hour per square foot, and the heat
up time times the surface-to-volume ratio is equal 97 min-ft’/ft’.

[0087])  The twenty pounds of feed agglomerates charged to the kiln contained green petroleum coke
with 0.19 pounds of volatiles. Since these volatiles emerged from the bed over about a fifteen minute
period, their flux was about 0.45 pounds per hour per ft*. The phosphorus and carbon monoxide gases
from the run were 29 wt% of the total phosphate ore mass charged to the batch kiln and totaled 0.67
pounds over about twenty minutés or about 1.19 pounds per hour per ft*. The carbon burnout and
phosphate reduction were occurring so rapidly with regard to the 15 minute samples in the very small
batch kiln that the protective effect of the volatiles from the green coke was not sufficient to be clearly
observed. Nevertheless, the existence of a protective effect of the phosphorus metal and carbon
monoxide was suggested in the data from this test.

[0088] Samples of the product balls after 45 minutes in the kiln were split in two and a white shell
and black core with a sharp boundary between them was observed. The thickness of the shell was
measured at a number of points around the circumference on several different balls to obtain an average
thickness. From these measurements and the diameter of the ball, the volume fraction of the shell with
the carbon burned out was determined to be 70%, and quite consistent over several balls. The shell was
determined to contain silica,' Ca;3;(PO,),, and an amorphous phase likely to be calcium metaphosphate.
The phosphorus in the shell was analyzed at 22.5 wt%, which is considerably enriched over the starting
phosphorus level in the feed ball. The core contained less than 1 wt% residual phosphorus. The shell
composition indicated the reaction of phosphorus metal in the shell or the area between the balls with
oxidizing gases from the freeboard, forming P4O,¢ which, in turn, reacted with fluorapatite in the shell to

form the amorphous phase. Table 3 lists analyses of the feed ball, shell, and core.
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Table 3. Analysis of the core and shell from the 45 minute sample in batch kiln test of Example 3.

ek

Feed Ball | Core

13.95% | 0.3%*
CaO 20.16% | 23.25%

Component

MgO 0.279%
K,O 0.326%
F | 1.54%
S 0.783% | 0.488% | 0.022%
*From XRD analysis. B
EXAMPLE 4.

[0089] A mixture of washed, but not beneficiated phosphate ore matrix direct from a Florida
phosphate mine and calcined petroleum coke with an analysis of 11.0% P,0;, 15.9% CaO, 56.2% Si0,,
and 11.4% fixed carbon respectively, was ground to 80% -325 in a dry ball mill and formed into balls
using a balling pan. These balls had a calcium-to-silica mol ratio in the feed of 0.304 aﬁd fixed carbon at
2.45 times the theoretical amount to reduce the phosphate ore therein. The dried balls were passed into a
33 inch diameter (inside the bricks) by 30 foot long counter-current kiln at 600 pounds per hour,

- ultimately reaching a bed temperature of 1520 °C near the burner end of the kiln at the furthest point into
the kiln that could be observed with an optical pyrometer. The dense, white flame of burning phosphorus
obscured making temperature measurement further into the kiln.

[0090] During the continuous kiln operation, the kiln was stopped briefly and samples of kiln solids
were taken at the discharge of the kiln and with a long probe at 3 3/4 foot, 7 1/2 feet, 13 1/4 feet, and 15
feet from the hot end of the kiln. The samples were analyzed for carbon, calcium, and phosphorus. The
percent of phosphorus and carbon volatilized, the mass (Ibs/hr) of carbon consumed in the phosphorus

reduction (C (P rx)), and the mass (Ibs/hr) of carbon burned out (CBO) at each sample location was

calculated with the results shown in Table 4.
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Table 4. Analytical data from continuous KPA pilot plant run.

Dist from Feed | %P loss | %C loss | lbs C (P rx)/hr* | Ibs CBO/hr

| 2 20.2
18.75 feet 10 35.7 21.6
[ 22.5 feet 49 52.6 13.7 223

26.25 feet 65 58.6 _ 22.0

*This is the amount of carbon in pounds/hr that was consumed by reacting to reduce phosphate ore

13.3

15 feet

“I

within the ball.

[0091] The kiln waé not ported and all of the oxygen required to oxidize the phosphorus and carbon
monoxide arising from the bed was burned with air added at the burner end of the kiln. The observed
position where phosphorus was volatilized given in Table 4 showed that most of the phosphorus and
carbon monoxide were generated and burned over a narrow length of the kiln at the burmer end of the
kiln. Thus, a narrow temperature spike occurred with the peak temperature of 1520 °C to get the 72%
phosphorus yield during the short time duration of the temperature spike. The kiln overall had an off gas
- that was reducing, meaning that it contained no excess oxygen. Typically, reducing off gas thus contains
unoxidized CO and may even contain some unoxidized P;.

[0092] The kiln solids had a relatively long heat up time where the kiln solids were between 700 °C
and 1180 °C, during which time carbon was burned out of the shell. The calcined petroleum coke used in
the feed formulation did not evolve any volatiles to protect the kiln bed during heat up. However, once
significant generation of the phosphorus metal and carbon monoxide evolved from the kiln solids

commenced about 19 feet into the 30 foot kiln, the rate of carbon burnout was essentially stopped as
shown in the |lbs CBO/hr column of Table 4.

[0093] The amount of phosphorus and carbon monoxide which evolved per hour in the kiln was
40.8 pounds per hour, which evolved over about a 6 foot length of the kiln in which the solids spent
about 30 minutes and which had a bed surface area of 13.37 ft>. In this case the resulting flux of 6.1
pounds per hour per square foot substantially limited oxidizing gas transport to the bed and essentially
stopped carbon burnout during the period of phosphate reduction. The product calcium metasilicate
glassy residue also encapsulated the remaining carbon and helped protect it from carbon burnout.

[0094] The spent balls that exited the kiln were broken in half and observed to have a white shell
and a black interior with a sharp line of demarcation between the two areas. The white shell had no fixed
carbon and high levels of phosphorus remaining. The black core had phosphorus reduction of over 96%

and carbon remaining in the core.
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[0095]  The heat up time of the bed from feed temperature to 1180 °C was about 2.23 hours, which
gives a bed surface-to-volume ratio times heat up time value of 334 minutes-ft’/ft’. The carbon burnout

rate during heat up was 0.272 pounds per hour per square foot.

HYPOTHETICAL EXAMPLE 5.

[0096] The observations made in the preceding examples allow calculation of the performance of a
full scale commercial KPA kiln run according to the various aspects of the invention. Kiln feed balls
made from raw matrix ore with calcium-to-silica mole ratio of 0.5 and a fixed carbon content of 1.3 times
the theoretical amount to reduce the phosphate in the ore are made by combining 1 part raw matrix
phosphate ore with 15% contained P,Os from the Mead formation in Idaho, trammeled to remove +3 inch
oversize material, and 0.09 parts green petroleum coke sized 3 inch and less. This mixture is dried in a
rotary drier, sized to 3/8 inch and less and co-ground in an open circuit ball mill to 80% -200 mesh. The
ground ofe is formed into +1/4 / -1/2 inch balls on a balling drum which are dried in a grate drier. One
and a half percent coal sized to +1/4 / -1/2 inches is added to the balls prior to the grate drier.

[0097]  This feed is processed at the rate of 490,000 pounds per hour in a 19 foot diameter (inside the
bricks) by 220 foot long rotary kiln equipped with a porting system to supply over bed air as required to
provide the desired temperature profile, on board brick thermocouples, and an off gas analyzer capable of
analyzing CO, CO,, and O,. The loading in the kiln 1s 15% and the kiln burden spends one and one/half
hour in the kiln. It is heated to 1260 °C in 30 minutes and the temperature held at 1260 °C until the
solids discharge from the kiln one hour later. The bed volume 1s 9,945 ft’ and the bed surface area is
3,600 f&.

[0098]  The coal which has 25% volatiles which produces about 880 pounds per hour of volatiles
while the incoming kiln feed mixture is heated from an entering temperature of 125 °C to 600 °C which
occurs in 10 minutes. Thus, the flux of hydrocarbons in the cold end of the kiln is 2.3 pounds per hour
per ft°, which by comparison with the phosphate reduction flux that provided protective above, is
sufficient to give a modest protective effect to prevent P4O,o from the freeboard from condensing on the
cold balls.

[00991 Heating the balls from 600 °C to 950 °C takes another 10 minutes. During 'this time the
volatiles from the green petroleum coke and the coal total 4,480 pounds providing a protective flux of 45
poun'ds per hour per square foot. In addition, the light molecular weight of the volatiles and their ability
to react with the incoming oxidizing gases make them more etffective than phosphorus metal and carbon
monoxide fluxes which were found to be effectively protective at a flux one ninth as great in Example 4.

[0100] During heating from 950 °C to 1180 °C which takes an additional 10 minutes the balls are
subject to carbon burnout at a rate of about 1 pound per hour per square foot over 1660 square feet or
about 1660 pounds per hour of carbon burnout. The sacrificial carbon intercepts about 40% of the

incoming oxidation so the fixed carbon burned out of the balls is about 1000 pounds per hour or about

1/40th of the fixed carbon in the incoming balls. This results in the carbon being burned out of a thin
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shell on the outside of the feed balls which is not reduced after the balls reach reaction temperature. Thus
a loss in yield of just over 2% results from carbon burnout in this area.

[0101] The bed volume to surface area ratio times the heat up time in this commercial kiln is 11
minutes-ft’/ft.

[0102]  After the balls reach 1180 °C until they discharge from the end of the kiln a total of 98% of
~ the phosphate ore is reduced giving rise to 91,800 pounds per hour of phosphorus metal and carbon
monoxide flux through 6,630 square feet of bed or a flux of 13.8 pounds per hour per square feet ore
several times the flux found in Example 4 to be substantially protective against carbon burnout. During
this time the fixed carbon from the coal on the outside of the balls and the carbon rich core inside the ball
allow some reduction of phosphorus in the shell, mitigating somewhat the loss of yield from carbon
burnout in the shell. Three per cent of the phosphorus that forms remains in the bed in the form of
ferrophos due to the relatively high amount of iron found in matrix ore.

[0103] Since the carbon burnout is now at a low level the reduction of the phosphate in the balls can
be allowed to take place at an optimum temperature which is sufficient to react the phosphate during the
one hour dwell time in the hot zone of the Kiln, but low enough to reduce the loss of sodium, potassium,
fluorine, and sulfur to the freeboard while the phosphorus is removed from the kiln residue. Operation at
this relatively low temperature, but over an extended length of the kiln, also gives high throughput, long
refractory life, freedom from problems associated with melting in the kiln burden, and freedom from
problems associated with sinoite formation in the kiln. The relatively low overall carbon burnout allows
operation of the kiln with an oxidizing off gas so that an afterburner 1s avoided.

10104] Thus, this example provides a process wherein relatively cheap green petroleum coke
provides the reactant and heat to produce high quality phosphoric acid product (76% P,0Os) at the rate of
523,000 pounds P,Os per hour from as mined matrix ore and to produce a kiln residue that 1s insoluble
and can be used for landfill.

[0105] According to a further aspect of the invention, a phosphorous pentoxide producing method
includes forming a kiln bed using feed agglomerates and, initially, from about 1 to about 2 wt% bedding
coke or coal in a counter-current rotary kiln, the bed having a length and having a surface-to-volume ratio
of less than about 1.15 ft/ft’ and the kiln having an inner diameter of at least about 6 feet. The
agglomerates contain phosphate ore particles, carbonaceous material particles containing from about 8 to
about 12 wt% volatiles, and sufficient silica particles for the agglomerates to exhibit a calcium-to-silica
mole ratio of from 0.5 to less than 1.0, at least about 80% of all particles exhibiting a size less than 200
mesh. Individual agglomerates substantially exhibit a same elemental composition, a same calcium-to-
silica mole ratio, and a same proportion of excess fixed carbon at least about 1.3 times a theoretical
carbon requirement for reduction of all phosphate in the ore.

[0106] The method includes maintaining the bed surface-to-volume ratio with an inlet dam

sufficiently tapered such that it reduces turbulence compared to otherwise identical processing with an

untapered dam. The method also includes adding over bed air and/or oxygen through a plurality of ports
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along the bed length, the ports being of sufficient location, number, and throughput to decrease a time for
bed heat up to 1180 °C compared to otherwise identical processing without the over bed air and/or
oxygen. The method further includes maintaining a bed temperature at or above 1180 °C along at least
50% of the bed length without exceeding 1310 °C along the entire bed length. The method still further
includes generating kiln off gas and collecting phosphorous pentoxide from the kiln oft gas, the kiln
discharging a residue containing processed agglomerates, less than 10% of the agglomerates’ phosphéte
input to the kiln remaining in the residue as phosphate. By way of example, less than 5% of the input
phosphate might remain in the residue. Calculation of the maximum surface-to-volume ratio for this
aspect of the invention assumes a kiln length of 72 ft and a sohids loading of 15%. Generally, the aspect
ratio of the kiln may be about 12 or less (i.e., 6 ft diameter x 12 = 72 ft). The various aspects of the

invention herein may allow for a ratio as low as about 10.

[0107] Features described herein associated with other aspects of the invention may be useful with
the present aspect of the invention.

[0108] The invention has been described in language more or less specific as to structural and
methodical features. It is to be understood, however, that the invention is not limited to the specific
features shown and described, since the means herein disclosed comprise preferred forms of putting the
invention into effect. The invention is, therefore, claimed in any of its forms or modifications within the

proper scope of the appended claims appropriately interpreted.
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CLAIMS

1. A phosphorous pentoxide producing method comprising:

forming a Kiln bed using feed agglomerates in a counter-current rotary

kiln, the bed having a length,

the agglomerates containing phosphate ore particles, carbonaceous
material particles, and sufficient silica particles for the agglomerates to exhibit a
calcium-to-silica mole ratio of less than 1.0, individual agglomerates exhibiting a
same elemental composition, a same calcium-to-silica mole ratio, and a same
proportion of excess fixed carbon compared to a theoretical carbon requirement

for reduction of all phosphate in the ore;

maintaining a bed temperature at or above 1180 °C along at least 50% of
the bed length without exceeding 1380 °C along the entire bed length and
establishing a bed surface-to-volume ratio multiplied by a time for bed heat up to
1180 °C of less than 50 minutes-ft</ft3, the establishing of the bed surface-to-
volume ratio multiplied by bed heat up time including further providing a kiln
configuration, a bed volume and composition, and kiln process conditions

sufficient, in combination, for the kiln to exhibit less than 50 minutes-ftz/ft3; and

generating kiln off gas and collecting phosphorous pentoxide from the
Kiln off gas, the kiln discharging a residue containing processed agglomerates,
less than 10% of the agglomerates’ phosphate input to the kiln remaining in the

residue as phosphate.

2. A phosphorous pentoxide producing method comprising:

co-grinding a mixture containing phosphate ore, carbonaceous material,

and silica and forming feed agglomerates from the co-ground mixture;
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forming a Kiln bed using the feed agglomerates in a counter-current

rotary Kiln, the bed having a length;

the agglomerates containing phosphate ore particles, carbonaceous
material particles, and sufficient silica particles for the agglomerates to exhibit a

calcium-to-silica mole ratio of less than 1.0;

maintaining a bed temperature at or above 1180 °C along at least 50% of
the bed length without exceeding 1380 °C along the entire bed length and
establishing a bed surface-to-volume ratio multiplied by a time for bed heat up to
1180 °C of less than 50 minutes-ft2/ft3, the establishing of the bed surface-to-
volume ratio multiplied by bed heat up time including further providing a kiln
configuration, a bed volume and composition, and Kiln process conditions

sufficient, in combination, for the kiln to exhibit less than 50 minutes-ft2/ft3; and

generating Kiln off gas and collecting phosphorous pentoxide from the
kiln off gas, the kiln discharging a residue containing processed agglomerates,
less than 10% of the agglomerates’ phosphate input to the kiln remaining in the

residue as phosphate,

3. The method of claim 1 or 2, wherein the calcium-to-silica mole

ratio is from 0.5 to less than 1.0.

4 The method of any one of claims 1 to 3, further comprising

maintaining the bed with an inlet dam sufficiently tapered such that the inlet
dam reduces turbulence compared to otherwise identical processing with an

untapered dam.
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5. The method of any one of claims 1 to 4, further comprising:

forming the kiln bed using, initially, from 1 to 2 wt% bedding coke or coal;

the carbonaceous material particles containing less than 12 wt% volatiles,
at least 80% of all particles exhibiting a size less than 200 mesh;

individual agglomerates exhibiting the proportion of excess fixed carbon
at least 1.3 times a theoretical carbon requirement for reduction of all phosphate

in the ore.

6. A phosphorous pentoxide producing method comprising:

forming a kiln bed using feed agglomerates and, initially, from 1 to 2 wt%
bedding coke or coal in a counter-current rotary kiln, the bed having a length and

having a surface-to-volume ratio of less than 1.15 ft#/ft? and the kiln having an

inner diameter of at least 6 feet;

the agglomerates containing phosphate ore particles, carbonaceous

material particles containing from 8 to 12 wt% volatiles, and sufficient silica
particles for the agglomerates to exhibit a calcium-to-silica mole ratio of from 0.5

to less than 1.0, at least 809% of all particles exhibiting a size less than 200 mesh;

individual agglomerates exhibiting a same elemental composition, a same
calcium-to-silica mole ratio, and a same proportion of excess fixed carbon at least
1.3 times a theoretical carbon requirement for reduction of all phosphate in the

ore,

maintaining the bed surface-to-volume ratio with an inlet dam sufficiently
tapered such that the inlet dam reduces turbulence compared to otherwise

identical processing with an untapered dam;

adding over bed air and/or oxygen through a plurality of ports along the

bed length, the ports being of sufficient location, number, and throughput to
decrease a time for bed heat up to 1180 °C compared to otherwise identical

processing without the over bed air and/or oxygen;
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maintaining a bed temperature at or above 1180 °C along at least 50% of
the bed length without exceeding 1310 °C along the entire bed length and
establishing a bed surface-to-volume ratio multiplied by a time for bed heat up to
1180 °C of less than 50 minutes-ft2/ft3, the establishing of the bed surface-to-
volume ratio multiplied by bed heat up time including further providing a kiln
configuration, a bed volume and composition, and Kiln process conditions

sufficient, in combination, for the kiln to exhibit less than 50 minutes-ft2/ft3; and

generating kiln off gas and collecting phosphorous pentoxide from the
kiln off gas, the kiln discharging a residue containing processed agglomerates,
less than 10% of the agglomerates’ phosphate input to the kiln remaining in the

residue as phosphate.

7. The method of any one of claims 1 to 6, comprising maintaining

the bed temperature at or above 1260 °C along at least 50% of the bed length.

8. The method of any one of claims 1 to 7, wherein the carbonaceous

material comprises green petroleum coke.

9. The method of any one of claims 1 to 8, comprising maintaining
the bed temperature at or above 1260 °C along at least 50% of the bed length

without exceeding 1310 °C bed temperature along the entire bed length.

10.  The method of any one of claims 1 to 9, further comprising

blanketing the bed with volatiles evolving from the carbonaceous material
during bed heat up from 600 to 950 °C.

11. The method of any one of claims 1 to 10, wherein the kiln bed
further comprises, initially, from 1 to 2 wt% bedding coke or coal and the
method further comprises blanketing the bed with volatiles evolving from the

bedding coke or coal during bed heat up from 100 to 650 °C.
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12. The method of any one of claims 1 to 11, further comprising:

adding over bed air and/or oxygen through a plurality of ports along the
bed length, the ports being of sufficient location, number, and throughput to
decrease a time for bed heat up to 1180 °C and to maintain a more even
temperature along the portion of the bed at or above 1180 °C compared to

otherwise identical processing without the over bed air and/or oxygen.

13. The method of any one of claims 1 to 12, wherein the
carbonaceous material comprises green petroleum coke particles and, before
being co-ground with the ore and the silica, at least 80% of all green petroleum

coke particles comprised by the carbonaceous material exhibit a size less than
200 mesh.

14. The method of any one of claims 1 to 13, where the carbonaceous
material particles comprise open-circuit ground particles at least 80% of which

exhibit a size less than 200 mesh.

15. The method of any one of claims 1 to 14, wherein less than 5% of

the agglomerates’ phosphate input to the kiln remains in the residue as

phosphate.

16. The method of any one of claims 1 to 15, wherein the agglomerates
comprise dried balls exhibiting a greater than 1/4 to less than 1/2 inch diameter

prior to drying.

17.  The method of any one of claims 1 to 16, wherein the phosphate

ore comprises unwashed phosphate ore.
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18.  The method of any one of claims 1 to 17, comprising:

monitoring temperature at an inner surface of the kiln at a plurality of
points along the bed length, the inner surface contacting the bed;

adding over bed air and/or oxygen through a plurality of ports along the
bed length; and

controlling addition of over bed air and/or oxygen based at least on the

temperature monitoring.

19.  The method of any one of claims 1 to 18, further comprising:

monitoring oxygen and carbon monoxide content of the kiln off gas;

adding over bed air and/or oxygen through a plurality of ports along the
bed length; and

controlling addition of over bed air and/or oxygen based at least on the

oxygen and carbon monoxide monitoring.

20.  The method of any one of claims 1 to 17, further comprising:

monitoring temperature at an inner surface of the kiln along the bed
length, the inner surface contacting the bed;

monitoring oxygen, carbon monoxide, and carbon dioxide content in the
kiln off gas;

adding over bed air and/or oxygen through a plurality of ports along the
bed length; and

controlling addition of over bed air and/or oxygen based at least on the
oxygen, carbon monoxide, and carbon dioxide monitoring and the temperature

monitoring.
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