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Abstract. The development of phosphate fertilizer and the phosphoric acid imdustries are expecied in
Sandi Arabia in the ncar future. The article presents an overview of different process technolagics that
may be used tor phosphoric acid production. Potentialities as well as limitations of conventional and non-
conventional techniques are presented to constitute the basis for the process evaluation and selection.

Process Technology of Phosphoric Acid

There are two main commercial processes to produce phosphoric acid: the wet pro-
cess and the dry 1] (electrical furnace) process. Although, the acid produced (tech-
nical grade) with the dry process is pure, its production cost is much higher thun that
of the wet process phosphoric acid (WPPA or fertilizer grade acid). The capacity use
of dry process industry fell to 50 percent from 1970 through 1981 due to the ban of
detergent phosphates (sodium polyphosphates) which are produced with technical
grade ucid. New uses found for technical grade acid (e.g. mctal surface treatment,
phosphorus use in insecticidees, lube oil and polymer additives) helped to increase
the use of dry process production in the last decade. However, it seems that solvent
cxtraction of fertilizer grade acid will be more economical than the production of
phosphoric acid by the furnace process. In countries where power costs are higher
(e.g. Japan and Eurupe) solvent extraction plants have been operating 1o upgrade
fertilizer grade pho-phoric acid for sodium tripoly phosphate, production since
1978 [2].
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It scems that the use of the electrical furnace process will be limited to the pro-
duction of phosphoric acid for use in food and pharmaceutical industries. Production
capacity of the wet process will still increase in addition to the capacity which already
exceeds that of the furnace process.

Wet processes

In these processes, phospharic acid can be obtained by digesting phosphate rock
in mineral ucids such as nitric, hydrochloric, phosphoric, or sulfuric. The use of sul-
furic acid is the conventional technique and is normally reffered to as “wel process”™.
In this pracess. calcium sulfate is precipitated as a by-product. Depending on the
temperature, as well as P,O and $O, conlent of the solution, either calcium sulfate

dihydrate (DH), hemihydrate {HH} or anhydrite {AH) will bc formcd as shown
in Fig. 1.
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Fig. 1. Reglons indicating dihydrate DH, bemihydrate HH, and anhydrate AH gypsum. Regions are
defined by temperature and the P, O; content of the phosphoric acid solution [3,4]

Until the early 1970's the dihydrate process (DH) was almost the only process
to produce WPPA. After 1973, the increase in energy prices stimulated the use of
hemihydrate (HH), hemihydrate dihydrate (HH/DH) [3,4], hemihydrate recrystalli-
zation (HRC) and dihydrate/hemihydrate (DH/HH) processes [5,6].
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Dihydrate processes are still the most popular ones because they are simple to
operate and have been proven many times to be adaptable to various types of phos-
phatc rocks; therefore, they are considered to be reliable [3-8]. Hemihydrate proces-
ses [2-20] can produce phosphoric acid in high concentration; therefore, in many
cases Lthe conventration step can be eliminated, which means lower capital cost and
lower usage of steam and process water. In many cases, less sulphuric acid and power
arc required and less aluminum and sludge are found in the product acid. The main
disadvantages are the higher reaction temperature which stimulates corrosion and
low P,0; yield and higher phosphale rock requirement, and enhanced foaming. The
hemihydrate recrystallization process eliminates the disadvantages of the low PO,
yield and produced high purity gypsum but is more complex than the hemihydrate
process and the 8O, content ot the product is high.

Hemihydrate/Dihydrate processes also produce phosphoric acid with a high
concentration and have the added advantage of high P,(}; yield. Therefore, lower
capital investment and lower operation cost with savings in concentration storage
and clarification arce possible [21-24]. In addition, the gypsum produced is [rec of
impurities. The main disadvantages are the corrosiveness due to high temperature in
the reactors and the complexity of the process which puts a burden on the operating
personnel.

The Dihydrate/Hemihydrate process has almost the same advantages und disad-
vantages as Hemihdyrate/Dihydrate process except that the reaction temperature is
lower and a hemihydrate by-product is produced which may be advantageous when
the other sources of gypsum are in short supply.

Generally, in the last two decades the main concern in the wet process phos-
pherie acid production has been the energy cost. Although, the energy consumption
per kg of P,O; produced is not very high, because of the large production rates, the
total energy cost is high. The highest cncrgy consuming scction in the process is
grinding; therefore, processes which can handle coarser rock feeds (¢.g. hemihydrate
and hemidydrate/dihydrate processes) have gained importance. Grinding efficiency
can be increased by using wet grinding [6] (with savings of 30-40 percent in power).
Another way to save energy is 1o integrate the steam production units with the sul-
furic acid plants. [25].

The important features of each process are listed in Table 1. Additional infor-
mation which could nor be included in this table is given below:

a)  Walcr is needed 1o cool the reactors, and the evaporator condensers o supply
the water of hydration for gypsum and to dissolve phosphoric acid. The amount
of water needed in a process is determined by the concentration of the acid, the
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type of CaSO, obtained (HH or DH) and the moisture content of thc
phosphate rock.

b) Steam consumption is high when evaporation is needed. Conecentration from 30
1o 54 percent P,0, requires about 1.9 tons of stcam; concentration [rom 54 1o 70
pereent needs about one ton of high pressure steam per ton of P,O; processed.
Concentrated acid is not always needed, but when there is no low cost steam
source and the fuel cost is high, then a high strength acid (i.e. HH/DH) process
is advantageous.

¢) The ease of operation will depend on the familiarity of the plant personnel with
the behaviour of the phosphate rock. If the phosphute source is changed too
often it will be difficult Lo reach optimum operation in a short time. This factor
is clusely related to the on-line factor which is a measure of how often the pro-
cess is interrupted by a malfunction of any of the equipment (e.g. cxcessive scal-
ing on the filters or evaporators, problems associatcd with sludge transporsta-
tion, difficulties in crystullizer control, ete.) or lack of access to spare parts (..
rubber lining, or high-grade construction material).

d) The quality of the product is strongly influenced by the impuritics in the phos-
phate rock. lHowever, analysis of phosphoric acid obtained in the DH process
can be taken as 4 basts [or comparison: (Percent by wt) PO, : 50-55 (before
evaporation 28-30% P,0.). SO, 2.5-3, F:0.3-1, A,0,:0.1-1.7, Fe,0,: 0.3-1.5,
MgQ : (0.2-0.7; Total sludge: 20-150 kg/metric 1ons.

e) The scaling effect on the filter in the HH process causes serious problems with
many types of rocks. It is not due to hydration of the hemihydratc but to the for-
mation of fluosilicate scalc in the strong wash filtrate section. Steam injection is
usually a helpful remedy. However, there are chemicals [26] which can given
suceesslul results.

Nonconventional acidulation processes

As mentioned above, the basic objective of any acidulation process is to obtain
the highest cancentration of phosphoric acid possible with the maximum yicid. In
addition, this should be done economically and in an environmentally sound man-
ner, In this regard, several techoiques have been examined by different researchers
as potential substitutes for the conventional wet process (using sulfuric acid). The
proposed processes are described below.

Davison clinker process [27, pp. 387-394]

In this process. phosphate rock is acidulated with a strong sulfuric acid. The
reaction products are heated to give a clinker-like material which can be leached 1o
give highly concentrated phosphoric acid. This process was proposed to eliminate
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filtration and evaporation steps in the wet process. However, the difficulties in
clinker extraction (due to low porosity) and solids heating have to be overcome so
that this process can be a candidate for commercialization.

Fuming sulfuric acid process

Inan attempt to avoid heating the acidulated mixture, TV A researchers {28, pp.
395-404] used fuming sulfuric acid (oleum) for acidulation which led to a relatively
high temperature 232°C. The overall chemistry of this process is presumed to be
essentially the same as in the clinker process.

This process has not been tested on a larger scale. In addition, 80, recovery
needs to be determined. Most importantly, the sensitivity of this process to the grade
of phosphate rock and the acid stoichiometry seems Lo be the main disadvantages.
These (wo paramcters need to be studied further before any commercial considera-
tion of this process.

The foam process

This is a hemihydrate process by which phosphoric acid with more than 40%
P,0, concentration can he obtained in a short retention time (less than onc hour). It
was developed in the laboratories and pilot plants of the Tennessee Valley Authority
(TVA)[29, pp. 369-382]. The published datu indicates that control of sulfate concen-
tration in the reactor is not critical for good filtration. In addition, gentle agitation is
sufficient and recirculation of the slurry is not reguired.

The process uses u layer of foam on the slurry in the reactor. This layer is the key
to the formation of large, washable agglomerates of hemihydrate. A flow diagram of
this process is shown in Fig. 2.

The phosphate rock, mixed with a weaker recycle acid is fed underneath the
foam layer and an antifoam agent is used to control the thickness of the foam. Best
filtration results are obtained by feeding sulfuric acid at the top of the layer. Gentle
stirring is u key lactor in the performance of this process. Another important parame-
ter is the feed rate. Higher [eed rates causc vigorous boiling which lead to transfer of
the phosphate particles into the foam layer (high sulfate concentration) where cal-
cium sulfate coats the rock leading to decreased rock conversion.

Pilut plant testing of this process has confirmed the bench-scale results as shown
in Table 2 and 3.

As shown in Table 3 the extraction of P,O. from the rock was significantly lower
when the feed-rate was increased. This was attributed 1o the boiling in the reactor.
The overall conclusions from these tests show that the foam process conld be prom-
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Table 2. Operating conditions and results obtained in the foam process pilot plant [29]

Florida phosphate rock , PO content % 30.5-335
Sulfuric acid, % 93
Feed rate, phosphate rock, kg/hr 227-318
Recycele phosphoric acid, kg/ky rock 1.5.22
Antifoam agent (sulfonated oleic acid), kg/ton rock 0.9-2.2
Feed-fux, kg rockfhr-m? 342 489
Reiention time in premixer, min 5-10
Retention time in reacior, hr 1.5
From layer thicknessin an 12.7-76.2
Depth of distributor plate below foam-shurry interface, cm. 5.1-3.5
Washwater, kpfkg rock Temperalure, °C 0.8
Premixer Reactor 46-57
Foum-slurry imterface 107115
Slurry 102 15§
Slurry to filler 93-99
Peripheral specd of agitator, m/min product acid analysis, % 30,5
50, 032-15
PO, 40)
Cal 0.5
r 1.5
Al,O, 0.8
Fe, 0y 1.6
Filtering rate, mYhr-m* 4.07-7.74
Filtering rate, kg product PO /hr-m? 244 -4%9
P.O, distribution, % of total fed
Product acid o3
Water suluble invake 3
Lattice-bound in cake 2
Unreacted rock in cake 2

Table 3. Effect of feed-flux® on extraction of P,0, from rock [29]

Feed-flux kg rock/hr-m? Rock feed rate, kg/hr* water-soluble PO, extracted
fromruck, %
42 27 96
416 272 92
48y 318 92

a. Rock-feed rate per unit of cross-sectional area of reactor kghr-m?
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ising for production of high concentration phosphoric acid. However, further inves-
tigations are needed to alleviate the existing problems of limiting feed-rate, sensitiv-
ity to the point of sulfuric acid addition, foam control, and increasing P,O, recovery.

Acidulation with phosphoric acid

There iz a growing concern about the influence of heavy metals on human
health. Phosphoric acid produced by conventional methods contains cadmium, The
use of phosphogypsum is limited in Evrope because of its impurity content, espe-
cially cadmium. Studies initiated and sponsored by some European governments are
aimed at looking for new processes to produce clean phosphogypsum and clean phos-
phoric acid.

Acidulation with phorphoric acid is claimed to be one of the most promising
methods, where the phosphate rock is digested in an aqueous solution containing 40
percent P,(); and 1.8 percent H,S0,. After the separation of the insoluble ore
residue and minor amount of calcium sulphate hemihydrate, calcium-di-dydrogen-
phosphate (CDHP) solution is obtained. From this solution Cd*™* jon can be sepa-
rated by ion exchange. Calcium ions are removed by adding concentrated sulphuric
acid to the CTIYHP solution at 90°C to obtain clean phosphoric acid and clean calcium
sulphate hemihydrate |30,31].

If phosphate ore is digested by phusphoric acid, the [ollowing reactions take
place [26]:

Ca,, (PO,), F, + 4H,PO, ———> 10Ca.HPO, + 2HF —,
Ca,, (PO F, + 14H,PO, ——> 10Ca (H,PO,), + 2HF —>

Temperature and concentration of phospharic acid are impaortant parametets
which can determine the amount of dissolution as well as type of products.

If sullute ions are present, then caleium sulfate will precipitate. Higher coneen-
trations of sulfate should be avoided, otherwise calcium sulfate would coat the ore
particles leading to reduction in P,O; recovery. 5.V. Sluis et al. 31| conducted a
study to investigate the effect of such parameters as temperature, phosphoric acid
concentration and ore particle sizes. Bascd on the laboratory data a kinctic modcl
was developed to describe Lthe digestion step. The results indicated that digestion can
be completed in one hour to give a concentrated acid at 60-9°C. However, it seems
that this process is sensitive to the presence of impurities such as sulfate and carbo-
natc ions. Also, based on the authors’ experience with similar systems, filtration
rates of product acid from solids present in the fecd ore (e.g. silica) can be very slow
which may render this process impractical in such cases.
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Acid/Alcohol leaching process [32,33]

Direct acidulation of unbeneficiated phosphate ores may have the benefits of
higher recoveries due to elimination of lusses during the beneficiation steps. How-
ever, dissolution of impurities such as aluminum, iron and magnesium could be a
problem in these cases. In addition, filtration of leach liquor from solid residues
could be a difficult operation. To overcome these problems, a method has been
developed [32] and is being investigated further by U.S. Bureau of Mines [33] in
which acid-alcohol mixtures are used as the leaching agent. In this technique, a phos-
phatc matrix is slurried with a mixture of sulfuric acid and meihyl alcohol and leached
al 65°C for 1 hour [33]. Iton and aluminum impurities are not very soluble in this mix-
ture. After leaching, the sturry is filtered to separate the residue from the leach solu-
tion, which contains the desired phosphoric acid. The residue has been found to filter
more readily than the slurry resulting from a leach using only sufluric acid. The
methyl alcohol contained in the leach solution is subsequently recovered by vacuum
distillation for reuse in the Icaching step. In laboratory experiments [33], phosphate
extractions as high as 88 percent have been achieved. The leach slurry can be filtered
using conventional equipment, with filter rates of greatcr than 200 kg/h per square
foot of filter surface area being obtained. Iron and aluminum impuritics also have
been held to within tolerable limits. Studies of the effect of such parameters as tem-
perature, aleohol-to-aeid ratio, and particle size on phosphate extraction are con-
tinuing. A small-scale continuous unit is being designed to obtain engineering data
required for the design of a full-scale plant.

It should be mentioned that in the patented process [32] low recoveries (up to
63%) were obtained. This could be the reason for the hesitation of phosphate pro-
ducer to adopt this technigue commecrcially. In addition, the solid-liquid separation
step could constitute the difficulty in scaling up this process. On the other hand, the
available data from Bureau of Mines [33] work indicate higher recoveries (88%) and
good filtration rates. Thus, on the bases of the data to be generated in the continuous
unit, a phasphate producer may decide to have another look at this technique.

Acidulation with hydrochloric acid [34-43]
The Israel Mining Industries (IMI) has pioneered the development of the hydro-
chioric acid process [34-38]. In this process, phosphate rock is leached with hydro-

chloric acid and the resulting phosphoric acid is extracted from the clarified leach lig-
uor by contacting with an immiscible organic solvent:

Ca,y (PO,)F, + 20HCI —  10CaCl, + 6H,PO, + 2HF
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(HPO,),, + ROH  —  (HyPO,) (dissolved in solvent)

Solvent
(Aleohol)

Dissolution of phosphate rock in hydrochloric acid is rapid. The concentration
of P,O; and CaCl, in the leach liguor are a [unction of the rock grade, the HCl con-
centration, and the water balance in the system [34].

Phosphoric acid is separated from the leach liquor by sclvent extraction. The
solvents used are C, and C; alcohols. Recently, it has been proven that tributylphos-
phatc (TBP) is an cffective solvent too [41-44]. It should be mentioned that the pre-
sence of CaCl, in solution is essential for the extraction process. The concentrated
organic phase is stripped by water to obtain pure H;PO, solution which is evaporated
to the desired concentration. The stripped solvent can be reused. The brine solution
containing CaCl, is trcated to recover the dissolved organic solvent and then CaCl,.
This process has the advantage of producing high purity phosphoric acid as well as
higher recoveries of P,Os from low grade and unground rocks. However, one should
pay attention to several technical and economical aspects such as: a) availability and
cost of HCl; b) cost of solvent and solvent recovery; ¢) material of construction type
and cost; d) environmental problems related to disposal of HCI containing waste;
and e) water balance especially when treating low grade ores.

Purifying wet-process phosphoric acid

Depending on the phosphate rock, wet process phosphoric acid may contain a
variety of impurities including calcium, magnesium, sulfate, iron, aluminum,
fluorine, heavy metals such as arsenic, lead and mercury, other trace metals, and
organics. Many different techniques have been investigated for removal of all or
some of these impuritics [43-64]. These techniques include jon exchange resins
[50:51, pp 100-103], crystallization [52], and solvent extraction [44-48, 53-61]. The
latter has been most widely employed and forms the basis of the majority of commer-
cially operated purification units.

There are several factors that should be considered before choosing the required
solvent. This may include: a) higher extraction efficiency and high selectivity towards
phosphoric acid; b} ease in separating the two phases (organic phase and the raffi-
nate) as well as recovering pure acid from the organic phase; ¢) efficiency of reclaim-
ing solvent from different streams; d) cost, avdilability and stability of the solvent.
Table 4 presents a list of solvents tested or used for the extraction of phospohric acid
[44].

Even though solvents of type B are much cheaper than type A, they are consi-
dered to have several disudvantages including the need for more washing which leads
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Table 4. Solvents tested or used for extraction of phosphoric ucid [44]

A Nonmixable with water (low solubility)
Di-isuprupyl ether
Tributyl phosphate
Methyl-isobutyl ketone

B. Highly mixabile with water
n-butanol
Isobutano]
Propanol

Isopropanol

C. A mixture of both
Di-isopropyl ether/butanol
‘Iributyl phosphate/isopropyl ether

to dilule acid product rcquiring expensive concentration {evaporation) steps. In
addition, expensive solvent recovery systems arc needed which are not very efficient
in most of the cases, leaving traces of solvents in waste disposal streams, Neverthe-
less, they are being used commercially.

As mentioned above, there are several different commercial purification pro-
cesses. The design of these plants depends on factors such as feed acid strength, end-
use of the purified acid, methods of raffinate disposal, ete. Details of commercial
processes can be found in related references [44-63). Nevertheless the names of these
processes will be mentioned for the sake of completeness:

Prayon Process [39-41] (di-isopropyl ether and tri-n-butyl phosphate mixture is
used as solvent),

Rhone-Poulenc Central Liquor Process [44,57])  (tri butyl phosphate is used as sol-
vent)

IMI Process[34,44]  (di-isopropyl ether or a mixture of isopropyl ether and
butanol are used as solvent).

Discussion and Conclusions

Until the necessary data and experience are accumulated on the non-conven-
tional and extraction processes it would be wise to select a process among the wet
processes described in selection I. When a decision is to be made about a process for
a specific industrial application there must be enough data to prepare a tuble similar
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to Table 1. Preliminary selection of the process can be carried out by giving a certain
weight [5] to the important factors in such a table. By adding up the negative or posi-
tive points given to each factor, a quantitative basis is obtained for comparison. In
this respect, the importance of the type of phosphate rock to be used must be pointed
oul. The raw material {phosphale rock) clfects the plant operation in many ways,
and this is very unpredictable. Complete mineralogical and chemical analyses of the
rock gives clues about its usefulness as a raw material. A comprehensive pilot plant
study constitutes the basis for a reliable evaluation of the rock and the process
selection.

1t is always desirable to have a process design which includes sufficient flexibility
to permit the use of rocks from various sources. Even when the source of the rock is
from a known mining arca, it is always preferable to aliow for the variations in the
rock characteristics in the design. Example for such allowances could be: extra grind-
ing capacity for harder rock, additional filtration capacity for rocks with slow filtra-
tion rates, flexible slurry handling systems for higher acid-insoluble impurities in the
rock, high corrosion rcsistance matcrials of construction for variations in imputitics
which cause corrosion.

Ecomomics of the production will be highly influenced by the proximity of the
phosphate mine to the plant (i.¢. transportution cost), presence of a sulfuric acid
plant nearby (for availahility of low-cost steam and H,50,), location of the plant in
an already industrialized area (to have the infrastructure and possible availability of
water for wet grinding) and the end use of the phosphoric acid which determines the
load on concentration units. Concentration of acids required for various processes
are: triple superphosphate: TSP-den process, 50-54; TSP-slurry process, 38-40;
diammonium phosphate (DAP), 40; monoc-ammonium phosphate {(MAP), 40-50,
and merchant grade for shipment, 54; superphosphoric acid for liquid fertilizer pro-
duction, 69-70.

Among the non conventional acidulation processes mentioned in section II the
most promising one seems to be the foam process where short residence times are
reached for the acidulation and crystallization. Acidulation with phosphoricacid can
be considered when cadmium pollution is important and acid/alcohol leaching pro-
cess can be important when the phosphate rock contains high proportions of
aluminum iron and magnesium. Complexity of latter two processes should be noted
against the simplicity of the foam process, Acidulation with hydrochloric acid should
only be considered when this acid is in abundance and cannot be utilized otherwise.
Processes developed for the purification of the wet process acid are intended to
increase the compelence of the wet process against the furnace process to produce
high purity phosphoric acid. Before indulging in such processes great care must be
exercised because these are relatively new processes.



252 Tarig k. Al-Fariss er al.

References

[1]  Austin, G.T. Shrieve’s Chemical Process Industries, 5P Ed. N.Y.: McGraw Hill, 1984.

[2] “Sodium Tripolyphosphate-Consumption Down, But United States and West Europe Still Biggest
Producers,” Phasphorus and Potassium, No. 05, May/Tune (1978), 37-39.

[3] Slack, A.V. Phosphoric Acid, Fertilizer Svience and ‘Technology Series, Vol. 1, Part 1 and 2. New
York: Marcel Dekker, 1968.

4] Becker, P. Phosphate and Phosphoric Acid, Fertilizer Science and Technology Serics, Vol, 3. New
York: Marcel Dekker Inc. 1983,

[5] Smith. P.A. “Phosphoric Acid/Wet Process: What Process." Paper Presented before the Fertilizer
Saciety of London, Oct. 13 (1988).

[6] Hignett, T.P. *Production uf Wet-Brocess Phosphoric Acid. Proe. 2™ Int. Cong. Phesphorus Com-
punds (1980}.

7] Houghtaling, S.V. “DGP-Prayon Modern Dihydrate Process.” Paper Presented before the American
Chemical Saciery, Division of Fertilizer and Soil Chemistry, Chicago, Nlinois (1973).

[8) Somerville, R.L. “Fundamentals of Wet Process Phosphoric Acid Plant Design.™ Paper Presented
before the American Chemical Society, Division of Fertilizer and Soil Chemistry, Chicago, Illinois
{1973).

[9) Gioia, F.; Mura, G. und Viola, A. * Analysis Simulation and Qptimization of the Hemihydmte Pro-
cess for the Production of Phogphoric Acid from Calcareous Phosphates.” ind. Eng. Chem. Proc.
Des. Dev. 16, Na. 3 (1977), 390-399.

{10] Anon, “Fisons New Hemihydrate Phosphotic Acid Process.” Phosphorus and Powssium, No. 31,
Sept/QOct. (1967), 23-27.

[t1] Rohinson, N. and Janikowski, §.M. “The Production of 50% W/W PO, Phosphoric Acid Dircetly
by the Wet Process: Fison's Hemihydrale Process.” Int. Superphosphates Manufacturers Association
Technical Conference, Brussels, Sept. (1968).

{12] Crawiford, H.Q.; Vinke, C.H.M, and Hagen, P. Van. “The Commercial Production of 50% P,O,
Phosphoric Acid Directly by the Single Stage Hemihydrate Process ™ Int. Superphosphare Manufac-
turers Association Technical Conference, Seville {1972).

[13] Ceaser, M.B.; Smith, H.C. and Mercando, L.E. “The Oxy FHlemihydrate Phosphoric Acid Process.
Frue. No. 192, The Fortiliser Soc., London (1980).

[14) Ore, F. ef al. “Hemihydrate Type Phosphoric Acid Using Reduced Pressure.™ U.S. Pafent No. 4,
132,760, Jan. 2 (1979).

[15] Inouc,T. eral. “Wet Process for the Produetion of Highly Concetirated Phsophoric Acid.” Gerntan
CHfen. No. 2, 636, 140, Feh. 24 (1977},

[16] Tomita, T. “Phosphoric Acid.” Japanese Kokai 49-110594, Oct. 21 (1974).

|17] Hansen. K.R.N. et al.. *Calcium Sulfate Hemihydrate and Phosphoric Acid.” South African Patent
Ner. T2IS173, Aug. 3 (1973).

[18] Fitch, E.B.; Roberls, E.T. and Chambers, W. “Pracedue Production d'acide Phosphorique.” French
Par. No. 1.543.753, Sept. 16 {1968).

[19] Gragg, F.M. ¢oral. “Sysicm for Phosphoric Acid Production with Decreased Foaming. ™ U.S. Patenz
No. 4, 258, (17 March 24 (1981).

[20] Rhone-Palenc, “Wet Process for Phosphoric Acid Production.” Belgian Patent No. 872,015, May 14
(1979},

[21] Blumrich, W.E. er al. “The Fisons DHD Fhosphoric Acid Procass.” Chem. Eng. Prog., 74, No. 11
(1978), 58-61.



Process Technology tor Phosphotic Acid Prod. in S A. 253

[22] Nakajama, 8. “New Nissan High-Concentration Phesphoric Acid Process.™ Chemt. Fcon. and Eng.
Rev. 10, No. 4 (1978), 41-45.

[23] “Pivot's HDH, Phosphotic Acid Unit Successfully Commissioned.” Phosphorus and Potassium, No.
122, Nov./Dec. (1982), 32-35.

[24] “Mitsui Toatsu Chemicals MT-50 Hemibydrate-Dihydrate Phsophoric Acid Process,” Phosphorus
and Potassium No. 157, Sept/QOct. (1988}, 29-31.

[25] Dxavis, R.L. “Phosphoric Acid Plant Opcrations: Cogenerations Place in a Modemn Facility.” Chem.
Eng. Prog. 78, No. 3 (1982), 46-50.

[26] Harper, C.D. et af., “Process for Preventing the Formation of Calcium Sulphate Scale.” U/.S. Patent
Nn. 4,221, 769, Feh. 28 (1979).

[27] Bridger, G.L. “Use of Stromy Sulfuric Acid in the Anhydrite Process — Davison Clinker Process.™
in Phosphoric Acid, Part l. Slack. A V. (ed.) New York: Marcel Dekker, Inc. 1968.

|28] Potts, I.M. “Fuming Sulfuric Acid Process.” in Phesphoric Acid, Part I, Slack A.V. (ed.). New
York: Marcel Dekker, Inc. 1968,

[29] Getsinger, J.G. “Hemihydrate by the Foam Process.” in Phosphoric Acid, Furt I, Slack A.V. (ed.).
New York: Marcel Dekker, Inc. 1968,

[3)] Van Der Sluis, S. “A Clenn Technology Phosphoric Acid Process.” Ph.D. Thesis, Technical Univ.
of Delft, the Netherlands (1908).

[31] Van Der Sluis, S. ef al. “The Digestion of Phosphate Ore in Phosphoric Acid,” Ind. Eng. Chem., 26,
No. 12 (1987). 2250-2505.

[32] Wilson, R.A., and Raden, D, *Phusphoric Acid Manufactare from Phosphate Matnx.” U8, Patent
No. 4,105,749 (1978). )

{33] Scheiner, B. “Acid/Alcohol Leaching of Phosphate Ores.” U.5. Bureau of Mines, Tuscaloosa
Research Center, Rescarch Program, (1987), 4,

[34] Bariel, A. er ai. “The T.M.1. Phosphoric Acid Process.” Chemical Eng. Prog., 58, No. 11 (1962),
100-104.

[35] Buniel, A. and Blumberg, R. U/.§. Parent No. 2, 880, 063 (1959).

[36] Bariel, A. et af., Brit, Chem, Fng. & {1959) 223,

[37] Blamberg, R. Brir. Chem. Eng., 5, (1960}, 173.

|38} Williams, J.A. eral., Trars. Inmn. Chem, Eng'rs.. 35 (1958}, 464,

[39] Williams, C.K. “Production of Phosphoric Acid.” U.S. Paremss No. 3, 595, 613 (1971).

|40] Long, R.S. and Eltis, D.A. “Preparation of Phosphoric Acid.” U.S. Patent No. 3, 072, 461 (1963).

[41] Habashi, F.; Awadalla, F.T. and Yao, X. “The Hydruchloric Acid Route for Phosphate Rock.” J.
Chem. Tech. Biotech., 38 {1987). 115-126.

[42] Habashi, F. und Awadalla, F.T. “In Site and Dump Leaching of Phosphaic Rock.™ Ind. Eng. Chem,
Res., 27, (1988)., 2165-2169.

[43] El-Shall, H. and McFarlin, R. “HCL Digestion of Florida Phosphate Matrix. ™, F1, Inst. of phosph.
Research {FIPR), fnternul Report (1959).

[44] Ancon. “Purifying Wet Process Phosphoric Acid.” Phosphorus and Potassium, No. 139, Sept/Oet
(1985), 34-39.

[45] MeCullough, 3F. “Phosphoric Acid Purification: Comparing the Process Choices.” Chem. Eng..
Dec. 6 (1976). 101-103.

|46] Bergdori, J. and Fischer, R, "Extractive Phosphoric Acid Purification.” Chem. Eng. Frogress, Nov.
(1978), 41-45.

[47] Raz, L “Solvent Extgraction Upgrades Wet-Process Phosphoric Acid.” Chem. Eng., June 10(1974),
52-53,



254 Tariq F. Al-Fariss ¢t ai.

[48] Anon. “The BESA Phosphoric Acid Process.” Phosphorus and Potassium, No. 59, May/Junc
(1972), 26-28.

[49] Rubin, A.G. "The BESA-2 Process.” Phosphorus and Porassium, No. 137, Muy/June {1985), 28-32.

[50] Rushton, W.E. and Erickson, W.R. *A New Process for MgO Removal from Phosphoric Acid.”
Proc. the 32, Annugl Meceting of the Fert. Ind. Round Table, Atlanta. (Oct. 1982).

[31) Anon. Phosphoric Acid: Outine of the Industry, 2" ¢d. London: The British Sulphon Corp. Lid.,
1984,

[52] Lowe, E.J. “Purification of Wet-Process Phosphoric Acid by Crystallization.” Proc, of IMPHOS',
2 Int. Cong. Phos. Comp.. Boston. (April 1980).

[53] British Patens Specification No. 1,563,305 (26 March 198H.

[54] Moldovan, [. er &f. “Fiude de Uextraction par Solvents Appliquee a Pobtention de J'acid Phos-
phorique Pur, des Phosphates Alcalins et de I'acid superphosphoorique.” IMPHOS, Boston (1980),
and (in English) in AFCEP Quarterly Journal, 3 (Sep. 1980}, 22-31.

|55] Davister, A. and Martin, (i. “From Wet Crude Phosphuric Acid to High Purity Products.™ Fertilizer
Society Proceedings No. 201, London (15 Oct. 1981).

|56) Davister, A. and Pecterbrocck, M. “The Prayon Process for Wet Acid Purification.™ Chemical
Engineering Progress (March 1982), 35-39.

[57] Dumon, R. “L’acide Phosphoriyue.™ (Jan 1977), 218-219.

[58] lngham, J. “Solvent Extraction in Isracl.” Chem. & Ind. (1967}, 1863.

[59] Martin, M. and Winaad, L. “Method in Treatment of Impure Phosphoric Acid Solutions to Produce
Purified Phosphoric Acid.” .8, Pateni 3,366,448 (1968).

[60) Imata, R. et al. “Process for Removing Titanium from Titanium-Containing Phosphoric Acid.” U.S.
Patent. No. 3,529,932 (1970).

|61] Goret, J.R. er al. “Continuous Process for Solvent Puntication of Phasphoric Acid.” U.S. Patent.
Na. 3,607,629 (1971).

[62] Ruiz, F. er al. “Purification of Wet Process Phosphoric Acid by Solvent Extraction with Propyl
Ethers.” Solvent Exi. of fon Ex. 5, No. 6 (1987), 1141-1150.

[63] Marcilla, A er al. “Purification of Wet Process Phosphuric Acid by Solvent Extraction with
DibutylEther. Part 1. Liquid-Liquid Equilibrium of The System Watcr Phosphoric Acid-Dibutyl
Either at 25°C." Solvent Ext. & Iorm Ex. 7, No. 2 (1989), 201-210.

[64} Thid, 211-221.



Process Technology for Phosphoric Acid Prod. in §.A. 255

3 gandl 4yl Al dlu_,i...,éll'_,a,-b-cl:sl cldos Loar

s T L VIS Y N Ep ROy L R PR
XN GBL I A o o apnen SU dmaler Lokl DS Liar S Lkl
e 1ort Lal ey ¥ G 2 daale ¢ Ltea S Conrlidl i W § Dipgnnt 2 1 ISl
Mgl oDl e oy b0 1400 (Sldupdll Slow ¥ iy 6 gns w0 5 LS5

L85 ¥ Sl DL YT | FYAT

(CARERFAZARNT P VISR IL C VL VAT JE PRI

el G pengll oy eyl denYl lelio p35 O WAl o L Lndl e
At f) 2l SAdenll Ciliind s e Janty S L gl G Al 38N g A
Lyl Ll A ey U] o Lol Jaty S Ly il el 2] (3

LAsbeall i Ladie



