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Abstract

The production of potassium sulfate from phosphogypsum and potassium chloride in the presence of ammonia and isopropanol h
been investigated. The solubility of phosphogypsum in aqueous solutions of KCI, HCI, and mixtures of both has been first measured
various temperatures and concentrations. The factors affecting the conversion of potassium chloride to potassium sulfate, such as aque
ammonia to phosphogypsum ratio, weight percent of isopropanol in the solution, weight percent excess phosphogypsum, and reacti
temperature and pressure have also been investigated.

The optimum reaction conditions obtained at@5nd atmospheric pressure have been 50% excess phosphogypsum, 4.32 ammonia
solution to phosphogypsum ratio, and aqueous solutions containing initial concentrations of 33 wt.% ammonia and 7 wt.% isopropanc
The maximum conversion of KCI to4S0O, obtained under these conditions was 97.2%. ©2000 Elsevier Science S.A. All rights reserved.
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1. Introduction environment. For these reasons, potassium chloride is con-
verted to chloride-free potassium salts [3].

Potassium is one of the basic nutrients for plants. It retains ~ Potassium sulfate is recommended to be used as a fertilizer
water in the plant cells by osmotic pressure that enables theinstead of potassium chloride because it has the following
plants to resist weathering and frost, and also contributesdistinct advantages [4]:
to the formation of cellulose, starch and sugar. Potassium 1. Itis a two-nutrient fertilizer (K-S), since it contains 50%
is found in soil in insufficient quantities to produce crops K20 and 18% S.
of optimum quality, so it must be added to the soil as an 2. It contains a very low amount of chloride.
essential component in all fertilizers. 3. It has a low salt index, so it is better suited for use on

Potassium occurs rather frequently in nature. A shortage  saline-sensitive crops.
of mineable potassium minerals is up to now not in sight. The 4. It possesses excellent physical properties and usually is
most important water-soluble potassium mineral is potas- recommended for use in high quality crops.
sium chloride with up to 62% kO, potassium sulfate with For these reasons, many processes have been used to con-
50% K20, and potassium nitrate with 44%® [1]. Fertil- vert the potassium chloride, in the presence of a source of
izers with potassium chloride are necessarily connected with sulfate, into potassium sulfate. These processes include the
bringing in chloride ions with large quantities into the soil. Mannheim process by the reaction of potassium chloride
But many plants are sensitive to chlorides, among these arewith sulfuric acid, the Glaserite process by the reaction of
many useful crops such as potatoes, tomatoes, red peppeRotassium chloride with sodium sulfate, and the Phospho-
citrus trees and tobacco. These crops have a special greagypsum process by the reaction of potassium chloride with
need for potassium [2]. An additional disadvantage of chlo- phosphogypsum in the presence of ammonia and alcohol,
rides is that they, as components of mixed or complex fertil- and others [5].
izers, together with ammonium nitrate (the most important ~ Since sulfate reserves are limited and the Phosphogyp-
fertilizer) form compounds that are of a great hazard to the sum process uses an industrial waste (phosphogypsum) as a

source of sulfate, this will drastically reduce the cost of the
mponding author. Present address: Department of Chemical Engi—SUhcat.e component. This process also. avoids the pr(_)ductlon
' : of acid by-products (such as HCI as in the Mannheim pro-

neering, University of Bahrain, P.O. Box 32038, Isa Town, Bahrain. Fax: . . .
1.973-684844. cess), thus no special materials of construction are needed.
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Furthermore, the use of phosphogypsum will be a valuable in 35 min at 30% excess gypsum, 0—304 gypsum parti-
contribution to the environment protection. But irrespective cles size range, a weight ratio of ammonia solution to gyp-
of these advantages, this process needs a lot of water forsum of 9.08, 36 wt.% initial ammonia concentration in the
dissolution of the phosphogypsum [5]. solution, and 15C.

The objective of this work is to study the factors that affect ~ Goerlich [3] studied the effect of adding methanol to the
the production of potassium sulfate by the Phosphogypsummixture at ambient temperature. He found that the optimum
process in the presence of ammonia and isopropanol. Thisconversion lies at a methanol content of about 5wt.%, and

objective will be achieved by at ammonia content near the saturation point. At longer re-
1. Studying the solubility of phosphogypsum in aqueous action times syngenite is supposedly formed. This points to
solutions containing KCI, HCI, and mixtures of both. the fact that ammonia and methanol do not influence the

2. Studying the effect of temperature, pressure, excess phosequilibrium itself, but serve as catalysts for the rate of one
phogypsum, ammonia solution to phosphogypsum ratio, of the two competing reactions
and other parameters on the conversion of KCI & &Y.

The main reasons behind such a work are 2KCl@ag +2CasSqQ - 2H,0
1. The reaction is carried out at ambient conditions, so it — K>SO - CaSQ - H2O (syngenite + CaCbg + H20
does not need heating or cooling. @)

2. The availability of phosphogypsum and KClI in huge and

excess amounts in Jordan.
NHz+meth

3. The products of this process are not that highly corro- 2KClag + CaSQ - 2H0 R anok2504
sive When compared to the Mannheim and the solvent +CaChag + 2H20 (3)
extraction processes, for example. _ _

4. The main product (KSOs) can be easily extracted by —Other probable ways for syngenite formation are
crystallization in the presence of ammonia.

5. Ammonia and isopropanol used in the reaction can be K2SQu + CaSQ - 2H0 — K250y - CaSQ - H0 4 H0
easily recovered and used for furthes3Os production. 4)

2K2S04 + CaCh + H0 — K2S04 - CaSQ - H20 + KCl
®)

Potassium sulfate can be produced by the double decom-Elkanzi and Wint [8] studied the kinetics of the reaction of
position reaction of potassium chloride and phosphogypsumgypsum with potassium chloride in agueous solutions con-
in agueous ammonia solution at low temperatures. taining 35% ammonia (by weight) under conditions of chem-

ical reaction control. A simple power law model was found
2KCl+ CaSQ - 2H20 — KoSOs + CaCh +2H0 - (1) to reasonably fit the data and yielded a second-order reaction
The presence of ammonia prevents the formation of complexwith respect to potassium chloride with an estimated value
salts such as syngenite {8O4-CaSQ-H20) and penta-salt  for the activation energy of about 49 kJ/mol. Elkanzi and
(K2SO4-5CaSQ-H20). Wint [9] found that the shrinking core model successfully

Fernandez and Wint [6] studied the above reaction in the fits the reaction of gypsum with potassium chloride in aque-
presence of ammonia solution, and found that ammonia hasous solutions containing 35 wt.% ammonia, gypsum particle
two main actions. These actions are used in two of the prin- sizes below 4pm, KCI concentrations close to saturation
cipal stages of the process; firstly to induce the reaction be-and a temperature range 6fL0 to 0°C. Under these condi-
tween gypsum and potassium chloride to move in the desiredtions the process was shown to be under chemical rate con-
direction, and secondly to selectively crystallize the potas- trol with a maximum gypsum conversion of 80%. The energy
sium sulfate formed. They carried out the reaction in ex- of activation in this case was estimated to be 58.5 kJ/mol.
act stoichiometric proportions of KCl and gypsum, together ~ Abu-Eishah [10] studied the production of potassium
with agueous ammonia to phosphogypsum weight ratio of sulfate from potassium chloride and phosphogypsum using
4.32. They found that a 98% conversion of KCl ta 30Oy aqueous solutions containing 30wt.% BjHand 5wt.%
could be obtained with a 40 wt.% ammonia in the feed so- methanol and found that the optimum condition for 98.5%
lution for a reaction time of about 1 h and at a reaction tem- KCI conversion is—5°C at a residence time of 13.5 min.

2. The Phosphogypsum process

perature of OC. They claimed that the 504 produced is The Royal Scientific Society of Jordan [11] studied the
metastable and has the tendency to be further converted intgroduction of kSO, from KCI and phosphogypsum at am-
syngenite. bient temperatures and using aqueous solutions containing

Fernandez and Wint [7] found that at higher concentra- ammonia and-propanol as a catalyst for the reaction. The
tions of ammonia (>36 wt.%), the pressure would rise above optimum conditions that yield 96.1% KCI conversion were
atmospheric pressure at the reaction temperatures being in30wt.% NH; and 7 wt.%n-propanol initial concentrations,
vestigated. A 97.3% yield of $50, from KCI was obtained and a residence time of 40 min at°Za
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Patel and Safya [4] studied the production @80, from Table 1 o
KCI and phosphogypsum af6. The optimum conditions Physical properties of isopropanol andpropanol

that gave about 90% conversion of gypsum were found to Physical property Isopropanol n-Propanol

be 40 wt.% ammonia solution, a weight ratio of gypsum to molecular weight 6aL 601

KCI of 1:2, a weight ratio of gypsum to ammonia solution Normal boiling paint {C) 823 97.2

of 1:4.5, and 50-120 min reaction time. Freezing point {C) —885 —1262
Density at 20C (g/ml) 07849 08038
Vapor pressure at 2€ (kPa) 44 1987

3. Role of additives and calculation of KC| conversion

Phosphogypsum, as a by-product obtained in the manu-tals are of high purity [14]. The potassium sulfate solubility
facture of phosphoric acid by the wet process, reacts with data in aqueous isopropanol mixtures are shown in Fig. 1.
potassium chloride to produce potassium sulfate according
to EqQ. (1). This reaction has been carried out at ambient tem- . .

. : .~ 3.3. Calculation of KCI conversion
peratures in the presence of an aqueous solution containing

ammonia and isopropanol. . .
prop The conversion of KCI to KSO4 from experimental re-

sults obtained according to Eq. (1) is represented in terms of
3.1. Role of ammonia
Y — 2 x moles of KSO, produced
The presence of ammonia in a solution can sharply re- '~ moles of KCI charged to the reactor
duce the solubility of some inorganic salts in water, while
hardly affecting the solubility of other compounds. Ammo-
nia is used in the recovery of KCI from sylvinite (KCI,

NacCl), and recovery of KSO4 from aqueous solutions free

of or containing NaCl and/or Cag[12]. This action may

be attractive industrially in two types of applications [7]:

1. A salt may selectively crystallize by salting out from a
solution containing quantities of other salts whose solu-
bilities are relatively unaffected by ammonia.

2. The double decomposition reactions between some salt
may be steered in the desired direction, if the solubility of
one of the products is reduced by the effect of ammonia
such as the reaction of gypsum with KCI and the reaction
of ammonium sulfate with KCI.

It has been found that even modest concentrations of dis-
solved ammonia markedly reduce the solubility of potassium
sulfate [6]. There is also an indication thas 80, recover-

(6)

whereXy is the KCI conversion at any time. All calculated
conversions should have correction factors in order to com-
pensate for the loss of material during sampling [7].
Available data show that while gypsum has a very low
solubility in ammonia—water solutions, calcium chloride is
just below its saturation level in all experiments [7]. Conse-
quently, analysis for the & content in the liquid samples
withdrawn from the reactor should give direct approximate
g’ndication of the progress of the reaction. However, to ar-
rive at a precise value of the conversion at any given state,
accurate calcium balance on the reactor contents has to be
made. This requires the knowledge of the total volume of
the reaction mixture contained in the reactyat the time
of each sampling. Thus,

K+ equivalent to C&"
content of the sample V

ies in excess of 99% can be achieved with ammonia solu- X, = - @)
tions exerting an ammonia partial pressure of approximately Total K™ charged to the reactor
1.0 bar (32 kg ammonia per 100 kg of water) at 1520 xVolume of the sample

In aqueous systems containing no ammonia, gypsum
and potassium chloride react to form the syngenite and the
penta-salt. These salts subsequently decompose $@©K
but the overall yields of such processes are disappointing.
In the presence of ammonia, the reaction occurs with avoid-
ance of the syngenite intermediate step, and the solubility
of KoSOy is markedly reduced [7]. 2.

For each sample, the value¢fvas calculated from the ini-
tial liquid volume charged to the reactor (ammonia—alcohol
solution), with corrections being made for the following:

1. The water of hydration released from phosphogypsum
into the reaction mixture as reaction proceeds.

The solution volume is reduced by 5 ml at each sampling

time.
3. The presence of dissolved salts (initially KCI, with its
3.2. Role of isopropanol gradual replacement by Caglcontributes by a small
increase in the total liquid volum#&/,
Some physical properties ofpropanol and isopropanol Two additional sets of small corrections must be made for

are shown in Table 1 [13]. The presence of isopropanol in each value of the conversion:

aqueous solutions reduces both the solubility and density of 1. The loss of dissolved Cagfrom the reactor at each
the potassium sulfate. Therefore, it tends to crystallize potas- sampling time has to be allowed for in the numerator of
sium sulfate at ambient temperatures and the obtained crys- EQq. (7) when subsequent samples are analyzed.
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Fig. 1. Solubility of potassium sulfate in aqueous isopropanol as a function of temperature [14].

2. The loss of dissolved KCI from the reactor at each sample a sample provided by the Jordan Phosphate Mines Company
has to be subtracted from the denominator of Eq. (7) for (JPMC) is given in Table 2.

subsequent samples in the run [7]. The washing process has been accomplished as follows:
Eq. (7) has been used in this work to calculate the KCI a certain amount of phosphogypsum is taken, dried in an
conversion to KSOy during the course of reaction. electric oven for 24 h at 10&, cooled to room temperature

inside a dissicator, then ground. A 1 kg of the ground pow-
der is taken and placed in a container, 21 of tap water is
4. Preparatory tests added, and the resulting slurry is thoroughly mixed using a
mechanical stirrer for 30 min. The foam formed on the sur-
Two tests have been made before the main reaction hasace of the slurry during mixing is collected. The slurry is
been carried out. These tests are (1) washing of the phosfiltered and the cake is washed with tap water for three times.
phogypsum, and (2) measurement of the solubility of the The cake from the third wash is dried, ground, and sieved.
washed phosphogypsum in solutions containing KCI, HCI,
or mixture of both.

Table 2
. Dry basis chemical analysis of the phosphogypsum sample before washin
4.1. WaShmg of phosphogypsum (ag provided by JPMC)yand after grd vsasr?ig P ’
Phosphogypsum is regarded as a waste by-product in theComloound (VE;te z/oo)re washing (W/?Z;Sr $rd washing
phosphoric acid production by the wet process. It has very : :
close characteristics to natural gypsum but it contains addi- Total F,0s , 204 1.98
tional soluble and insoluble impurities that must be removed. Acid insoluble residue 312 278
. o . Loss on ignition (550C) 6.78 5.3
Some of these impurities may be removed by simple means, | oss on ignition (956C) 8.04 6.07
e.g., washing with fresh (tap) water, while others may need cao 34.6 38.0
complex methods of treatment which tend to be costly. Pu- SGs 49.68 50.34
rification of the phosphogypsum must be achieved before cl 8'3286 8'2277

being used in any application. Typical chemical analysis of
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Fig. 2. Experimental setup used in this work for production of potassium sulfate by the Phosphogypsum process.

Typical analysis of the phosphogypsum after the 3rd 4.2. Solubility of phosphogypsum in KCI and HCI solutions
washing is shown in Table 2. By this repeated washing,
the phosphogypsum sample has lost about 2.5% of soluble A solution of KCI, HCI, or their mixture is prepared in the
matter. Thus the purity of the resulting phosphogypsum desired concentration and poured into a beaker. The beaker,
is about 97.5%. Analyses of tap water as well as water With its contents, is placed in a constant-temperature water

after being used for washing of the cake are shown in bath. A certain amount of the previously washed phosph-
Table 3. ogypsum is added to the beaker and the slurry mixture is

then stirred mechanically for 45 min. The resulting slurry is

then filtered, and the cake is dried and weighed. The filtrate
Table 3 . _ is then analyzed for the amount of the phosphogypsum dis-
Analysis of water before and after being used for washing the phospho- solved using atomic absorption spectrophotometer (AAS).
gypsum sample Typical analyses of the solubility of phosphogypsum in the

Type of water c&" K* Na* Mg>* above-mentioned solutions are presented later.
(maf) (mal) (mgf) (ma/l)
Tap water 229 28 415 25.8 4.3. Experimental setup
Water after 1st wash 593 jeis) 4915 37.15
Water after 2nd wash 484 -0 209 30.1 The experimental setup used in this work is shown in
Water after 3rd wash 410 .33 1085 28.65

Fig. 2. The stirred-batch reactor-crystallizer vessel is man-
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ufactured in the Engineering Workshops at the Jordan Uni-
versity of Science and Technology (JUST). It is made of
a corrosive-resistant stainless steel 316, cylindrical in the
shape (0.2m internal diamete®.3m height), and has a
working volume of about 6.01.

The reactants can be added to the reactor through a 0.5in.

— N
(o)} [}
1 1

diameter stainless steel tube, fitted with a funnel and an 8 ~2C
isolating valve, at the top of the vessel. Agitation of the "'3‘5)8
4 . —

reaction mixture is carried out with a pitched-blade turbine
having four blades at 45pitches (each is 70 mm long and . . . ‘
25mm _W|de) and _drl\_/en by_ a variable s_peed DC motor. 0 20 40 60 %0 100
The agitator shaft is fitted with a mechanical pressure seal
mounted on the top lid of the vessel. Samples of the slurry
can be drawn off the reactor via a 0.5in. diameter stainless _. - .
. . Fig. 4. Effect of temperature on the solubility of phosphogypsum in HCI
steel tube fitted with a valve at the bottom of the vessel. solution, mixer speeg450 rpm, mixing time-45 min.
The reactor can be drained through a 0.5in. stainless steel
tube fitted with an isolating valve, at the center of the vessel
base. The temperature of the reactor is controlled using acentration of KCI. This might be due to the reaction between
constant-temperature water bath, while the pressure insideKCl and phosphogypsum, but at higher KCI concentrations
the reactor is controlled using nitrogen gas as a purge. Detailsthe tendency for the double salt formation increases [16].
of the experimental procedure followed in this work are On the other hand, as the temperature is increased the solu-
presented elsewhere [15]. bility of the phosphogypsum decreases, due to the increased
tendency for the double salt formation.

Phosphogypsum Solubility, g/L.
o

(=}

HCI Concentration, g/L

5. Results and discussion 5.1.2. Solubility of phosphogypsum in HCI solution
Here the solubility of the washed phosphogypsum is
sharply increased as the concentration of HCI is increased
. . (see Fig. 4). This increase in solubility might be due to the
The solubility of the washed phosphogypsum in tap water > . . ;
at 25°C has beyen determined gxperri)megn)glly to be 598 g/l affinity of the HCI to dissolve (and react with) phosphogyp-
- : ' " sum and leave it in ionic form. This affinity also increases
The solubility of the washed phosphogypsum in aqueous so-_ . . .
lutions of KCI, HCI, and mixtures of both, is shown in Figs. Wllth t_he rl]ncreaselof slolut:on temper:ture, Wher? thoe solu-
3-5. The solubility of phosphogypsum in these solutions is E(I)Ir?]/ Izr; detéol%g7/8H;|2a?ozétlon reached 22.43g/l at'ts
determined as the difference in phosphogypsum weight be- P e '
fore and after dissolution divided by the total volume of the
solution mixture.

5.1. Solubility of phosphogypsum in KCl and HCI solutions

5.1.3. Solubility of phosphogypsum in a 1:1 KCI to HCI
solution
5.1.1. Solubility of phosphogypsum in KCI solution Fig. 5 .ShO\_NS that the SOIUb”'t.y Of. the Washeq phospho-
L . gypsum in 1:1 KCI to HCI solution increases with the in-
As shown in Fig. 3, the solubility of the washed phosph- : .
oavosum is sliahtly increased with the increase of the con- Cr€2S€ of the concentration of the KCI-HCI mixture and
ayp ghtly temperature. This solubility is a midway between the sol-

%,D 8
N = 16
2 P B
=6 2
E = 12 -
oz E
u Q
£ RS
Q
Eﬁ 2 8 -25C
- = | .
§ & 4 50C
£ B
A 0 T T T T E 0 T T T T
0 20 40 60 80 100 A 0 20 40 60 80 100
KCl1 Concentration, g/L Concentration of 1:1 KCI to HCI Solution, g/L

Fig. 3. Effect of temperature on the solubility of phosphogypsum in KCI Fig. 5. Effect of temperature on the solubility of phosphogypsum in 1:1
solution, mixer speed450 rpm, mixing time=45 min. KCI-HCI solution, mixer speed450 rpm, mixing time=45 min.
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Fig. 6. Production of potassium sulfate from KCI and phosphogypsum (no ammonia, no alcohol for Runs No. 1 and 2), and (33% ammonia, no alcoho
and 4.32:1 ammonia solution to phosphogypsum ratio for Runs No. 3 and 4)?@t 2&tm, and mixer spee®30 rpm.

ubility of phosphogypsum in KCI solution alone and HCI no alcohol). The maximum conversion achieved in this case

solution alone. was about 53% in 23 min (see Fig. 6). All experiments have
Lastly, it is clear that the washed phosphogypsum has its been carried out at atmospheric pressure (0.0 bar gauge) un-

highest solubility in the HCI solution and its lowest solu- less otherwise mentioned. A list of the operating conditions

bility in the KCI solution. It reaches 15.78 g/l at A5 in for the kinetic experiments is given in Table 4.

100 g/l HCI solution compared to 13.2 g/l for a 1:1 KCI to

HCI solution and 7.76 g/l for KCI solution. In the 1:1 KCl  5.2.1. Effect of ammonia solution to phosphogypsum ratio

to HCI solution, the presence of HCI increases the solubil-  The effect of the weight ratio of ammonia solution to

ity of phosphogypsum and decreases the tendency for thephosphogypsum is shown in Fig. 7. Three weight ratios have

double salt formation, while the presence of KCI oppositely been tried in the initial reactor charge, namely, 3.0, 4.32, and

increases the tendency for the double salt formation. 5.0. In each case, the aqueous solution contains 33 wt.% am-

monia and 7 wt.%-propanol, and the reaction temperature
5.2. KCI conversion: a parametric study is 25°C. The maximum conversion achieved at the above
weight ratios are 73.5, 95.2, and 96.7%, respectively. As

The conversion of KCI to KSO4 has been first studied shown on Flg 7, the rate of KCI conversion is the hlghest

at 25C and 0.0 bar gauge in the absence of ammonia andat the 4.32 WEight ratio. For this reason and because it gives

alcohol in the solution. Fig. 6 shows that the maximum con- acceptable maximum conversion and consumes less ammo-

version achieved is about 16% in 20 min, after that syngen- nia solution, the 4.32 ratio has been selected as a basis for

ite formation is started. This is expected because the ammo-the rest of the experiments.

nia is a necessary homogeneous catalyst that shifts the re-

action between KCI and phosphogypsum to the right. Next 5.2.2. Effect of excess KClI

the conversion of KCl to KSO4 has been studied at 25 The effect of excess KCI on KCI conversion te 80y in

and 0.0 bar gauge using a 33 wt.% ammonia solution (with agueous solutions containing 33 wt.% ammonia and 7 wt.%

100
90 - - Run No. 6- NH3
| solution to P.G. =3
80
X 70 A
£ 60 - - Run No. 5- NH3
.2 solution to P.G. =
Z 50+
g 20 4.32
5 30 ~Run No. 7 - NH3
S ) solution to P.G. =
20 4 5.0
10
0 T T T T
0 20 40 60 80

Time, min

Fig. 7. Effect of ammonia solution to phosphogypsum ratio on the production of potassium sulfateCatl28m, 33% ammonia, 7%-propanol, and
mixer speee-230rpm.
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Table 4
Operating conditions for the experiments carried out in this #ork
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Run No. Temperature’C) KCl to P@ weight ratio Ammonia solution to PGweight ratio Alcohol (wt.%)

1 25 1:1 0% ammonia 0% alcohol

2 25 1:15 0% ammonia 0% alcohol

3 25 11 4.32:1 0% alcohol

4 25 1:1.5 4.32:1 0% alcohol

6 25 11 3.00:1 7%n-propanol

5 25 11 4.32:1 7%n-propanol

7 25 11 5.00:1 7%n-propanol

5 25 1:1 4.32:1 7%n-propanol

8 25 1:0.8 4.32:1 7% -propanol

9 25 1:0.67 4.32:1 7%-propanol
13 15 1:1 4.32:1 7% isopropanol
17 15 1:1.25 4.32:1 7% isopropanol
18 15 1:1.5 4.32:1 7% isopropanol
12 25 11 4.32:1 7% isopropanol
16 25 1:1.25 4.32:1 7% isopropanol
11 25 1:15 4.32:1 7% isopropanol
14 35 11 4.32:1 7% isopropanol
15 35 1:1.25 4.32:1 7% isopropanol
19 35 1:1.5 4.32:1 7% isopropanol
21 25 11 4:32:1 5% isopropanol
12 25 11 4.32:1 7% isopropanol
20 25 1:1 4.32:1 10% isopropanol
12 25 (0.0 bar) 11 4.32:1 7% isopropanol
22 25 (0.5bar) 11 4.32:1 7% isopropanol
23 25 (1.0bar) 11 4.32:1 7% isopropanol

aAll experiments are carried at 0.0 bar gauge and 33% ammonia by weight in ammonia solution unless otherwise specified.

b PG=phosphogypsum.

n-propanol has been investigated at 4.32 ammonia solutionphosphogypsum ratio), and 95.2% at 0% excess KCI (1:1

to phosphogypsum ratio and 5. Fig. 8 shows that as the
initial concentration of KCl is decreased below its stoichio-
metric value the rate of KCI| conversion as well as total

KCI to phosphogypsum ratio). This means that the calcu-
lated conversion increases as KCI concentration decreases,
i.e., as phosphogypsum concentration increases, conversion

conversion increases. The maximum conversion reached inwill increase.

this case is 29.2% at 50% excess KCI (1:0.67 KCI to phos-
phogypsum ratio), 60% at 25% excess KCI (1:0.8 KCI to

100

90 - =~ Run No. 5- 0%

80 - excess KC1
L 70 A - Run No. 8-25%
£ 60 - excess KC1
1)
@ 50 - -+ Run No. 9- 50%
2 40 - excess KCI
S 30 - |

20 + 1

10 A

0 T T T
0 20 40 60 80
Time, min

Fig. 8. Effect of excess KCI on the production of potassium sulfate at
25°C, 1atm, 33% ammonia, 7%-propanol, 4.32:1 ammonia solution to
phosphogypsum ratio, and mixer spe&30 rpm.

5.2.3. Effect of isopropanol concentration

The effect of the weight percent of isopropanol (in the
agueous ammonia solution) on the conversion of KCI is
shown in Fig. 9. The maximum conversion achieved at 10
and 7wt.% isopropanol are very close (96-98%) and ob-
tained at about 8 min, while using less isopropanol (5 wt.%)
only gives 85.4% maximum conversion at about 6 min. As it
is also clear in Fig. 9, the tendency for syngenite formation
is the lowest at the 7 wt.% isopropanol.

For the rest of the experiments, ammonia solutions con-
taining 33 wt.% ammonia, 7 wt.% isopropanol, and 60 wt.%
water has been selected as a basis for the rest of the experi-
ments because it has the highest conversion rate and has an
acceptable maximum conversion.

5.2.4. Effect of pressure

When the pressure inside the reactor vessel is atmospheric
(0.0 bar gauge), i.e. the vessel is open to the atmosphere, the
syngenite starts to form as time proceeds. This is because the
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Fig. 9. Effect of isopropanol content on the production of potassium
sulfate at 25C, 1atm, 33% ammonia, 4.32:1 ammonia solution to phos-
phogypsum ratio, mixer spee@30rpm, and 1:1 KCI to phosphogypsum
ratio.

Fig. 11. Effect of excess phosphogypsum on the production of potassium
sulfate at 25C, 1 atm, 33% ammonia, 7% isopropanol, 4.32:1 ammonia
solution to phosphogypsum ratio, and mixer spe280 rpm.

ammonia which is used as a catalyst for the reaction tends
to vaporize from the solution and escape to the atmosphere
and thus its concentration will somewhat decrease.

On this basis the effect of pressure on the conversion of

phosphogypsum exceeds its stoichiometric value, the rate of
'KCI conversion increases and the time required to reaching
maximum conversion decreases. The provision for the ex-
) . cess phosphogypsum is to decrease the effects of deposition
KCl to K>SQy at 25C, and 4.32 weight ratio of ammo- of the KoSOy crystals on the surface of the remaining phos-

nia solution to phosphogypsum has been studied. It is clear hoavbsum particles. and thus allowing sianificantly hiaher
from Fig. 10 that as the pressure in the reactor is increasec3: gypsum part y ! wing signii yhg

b t heric. the rate of KCI ion d inal conversions of KCI. On the other hand, excess phos-
above atmospneric, the rate o KL conversion decreases an hogypsum increases the tendency of the syngenite forma-
the time needed to reach maximum conversion increases

. . . ) tion at early times, which creates great problems such as
The maximum conversion reaches 96.1% in 8 min at 0.0 bar . . .
. ) _over-stirring and transportation of slurries in full-scale pro-
gauge, 97.1% in 10min at 0.5bar gauge, and 97.6% in 9 P P

: X ; o~ cesses.
12min at 1.0bar gauge. Again, the explanation for this is It also can be seen from Fig. 11 that the effect of excess
that as the reactor pressure increases, the vapor pressure %fh

th i in th luti I it i N osphogypsum on the maximum conversion of KCl is al-
€ ammonia In the sofution as well as |ts evaporation rate ., ,; negligible because the reaction takes place only in the

will decrease, and this will del_ay (and_decrea_se) the ten- liquid phase, which means that only the soluble phospho-
dency for the double-salt formation. But increasing the pres- gypsum reacts with KCI in the solution.

sure above atmospheric leads to difficulties in charging the

reactor with solid phosphogypsum feed.
5.2.6. Effect of temperature

5.2.5. Effect of excess phosphogypsum The effect of temperature on the conversion of KCI to
The effect of excess phosphogypsum on the conversionK,S0Oy at 15, 25, and 3%, and 0, 25, and 50% initial excess

of KCl to KoSOy at 15, 25, and 3% has been investigated. phosphogypsum has been investigated. It can also be seen

It can be seen in Fig. 11, for example, that as the amount ofin Fig. 12, for example, that as the reaction temperature is

increased, the rate of initial conversion of KCl to 80y in-

100 creases, but the final conversion decreases as time proceeds,
gg espegially at 3%C, due to the rapid.formation of syngenite. .
< 70 ; This is becaus_e as temperature increases, the evaporation
£ 60 - rate of ammonia from the reaction solution increases.
Ty "'R;J‘ 5"' 12- 0 bar On the other hand, Table 5 shows the effect of excess
§ 40 1 --Ig{ungNo 23- 0.5 bar phosphogypsum and temperature on maximum conversion
S 30 gauge ' ’ achieved and the t'ime needed to regch that maximum. !t is
20 ~Run No. 23- 1 bar clear that the maximum conversion increases (and the time
10 4 gauge needed to reach that maximum decreases) with the increase
0 : : of excess phosphogypsum and decrease of temperature.

0 10 20 30 An important feature of the studied system is the tendency
for the conversion of KCl to fall at high residence times due
to the formation of syngenite. From the trend of the results
Fig. 10. Effect of pressure on the production of potassium sulfate’at,2s  the main factors leading to syngenite formation appear to be:
33% ammonia, 7% isopropanol, 4.32:1 ammonia solution to phosphogyp- (1) high reaction temperatures, (2) high residence times, (3)
sum ratio, mixer speee230rpm, and 1:1 KCI to phosphogypsum ratio.  |ow weight ratios of ammonia solution to phosphogypsum,

Time, min
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Table 5

S.I. Abu-Eishah et al./Chemical Engineering Journal 76 (2000) 197-207

Effect of temperature and excess phosphogypsum on the maximum KCI conversion and the time needed to reach that maximum

Excess phosphogypsum (wt.%)

Maximum KCI conversion, % (Time needed to reach that maximum, min)

15°C 25C 35C
0 97.4 (8) 96.1 (8) 90.0 (6)
25 97.6 (6) 96.3 (6) 92.4 (4)
50 98.0 (6) 97.2 (6) 92.5 (4)

—Run No. 13-15C

Conversion, %

30 1 - RunNo. 12-25C
20 4 ~Run No. 14-35C
10
0 T T T
0 10 20 30
Time, min

Fig. 12. Effect of temperature on the production of potassium sulfate at
1atm, 33% ammonia, 7% isopropanol, 4.32:1 ammonia solution to phos-
phogypsum ratio, mixer spee@30rpm, and 1:1 KCI to phosphogypsum
ratio.

and (4) low weight percent of isopropanol in the solution.

Factors (2) and (3) lead to the supposition that the concen-

tration of CaCy in the reactor liquid is of high importance

\%

mation appear to be: (1) high reaction temperatures, (2)
high residence times, (3) low weight ratios of ammonia
solution to phosphogypsum, and (4) low weight percent
of isopropanol in the solution. Factors (2) and (3) lead
to the supposition that the concentration of Cai@lthe

reactor liquid is of high importance because it increases
with the decrease of the amount of the solution and also

as the reaction progresses [7].

Lastly, itis recommended to study the reaction conditions
under continuous operation, which might need a small pilot
plant. It is also recommended to study in depth the reaction
kinetics and mechanism, which will be the subject of a future
paper in this field.

7. Nomenclature

volume of reaction mixture (I)

Xa  conversion of KCIl to KSOy

because it increases with the decrease of the amount of tth-‘eeferences

solution and also as the reaction progresses [7].

6. Conclusions and recommendations

Based on the results of this work, the following conclu-
sions are applicable:

1. The solubility of phosphogypsum has been found to in-
crease with the increase of KCI and HCI concentration
in their solutions and with the decrease of the solution
temperature.

. The conversion of KCl to KSO4 increases with increase
of each of the following parameters: weight ratio of am-
monia solution to phosphogypsum, weight percent of

isopropanol in the solution, excess phosphogypsum, and

pressure. The optimum reaction conditions &t@%and

atmospheric pressure are: 4.32 weight ratio of ammonia
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