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PREFACE 

Fundamental research on fertilizer technology has taken on a new 

significance in recent years as engineers and scientists worldwide move 

to meet the challenge of providing sufficient food for rapidly increasing 

populations. For many years a comprehensive program in fertilizer research 

has been conducted at Iowa State University in the Chemical Engineering 

Department. This work provides important support to the broad agricultural 

base which underlies the economy of Iowa and much of the rural United 

States. 

Papers reporting the results of fertilizer research appear in a 

wide variety of publications. This report consolidates under one cover 

papers which describe work done at Iowa State and which have appeared 

recently in several technical journals. The papers are reproduced with 

permission of the original publisher and copyright owner. For convenience 

of the reader, the papers are divided into groups by research area. 



Reprinted from October and November issues of FARM CHEMICALS 

Dr. D. R. Boylan (left), Dr. 
John C. Reisch of Esso Re­
search and Engineering Co ., 
and Dr. George Burnet inspect 
anhydrous ammonia plant 
model built by senior students 
in chemical engineering plant 
design course. 
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IOWA STATE 
Pioneer in Fertilizer Research 

THE United States has about the 
same amount of crop land as 

35 years a~o and 60 million more 
people. Yet, today we eat better be­
cause food output is up 66% on 
those same acres. In no other nation 
do so few farmers produce so much 
food to feed so many people on a 
high quality diet at such a reasona­
ble cost. This highly efficient agri­
culture results from a system of 
research and education that provides 

Dr. Boylan is professor of chemical engineering 
and associate director of Engineering Experiment 
Station and Dr. Burnet professor of chemical 
engineering and head of Chemical Engineering 
Department at Iowa State University, Ames . 
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Since 1948 Iowa State has conducted a comprehensive 
research program in fertilizer technology unique to a 
university campus. The significance of this program to the 
fertilizer industry is reviewed in this special two-part report. 

By DAVID R. BOYLAN and GEORGE BURNET 

farmers with the information and 
techniques necessary to be produc­
tive. A significant part of this trans­
fer is in the production and use of 
fertilizers. ... 

A 38% increase in crop production 
per acre occurred over the 1950 to 
1963 period and was due primarily 
to the greater use of fertilizers. Dur­
ing this period fertilizer consumption 
increased about 130%, measured in 
plant nutrient content. Consumption 
of nitrogen fer t ilizers increased 
278.6%, phosphates 54.8%, and potas­
sium 124.4%. Improvements in manu­
facturing technology have kept 
fertilizer prices relatively constant 
so that plant food in almost any 

form is one of the rr.ore stable items 
of cost in the farmer's purchases. 
Leading contributors of improve­
ments have been research-oriented 
chemical companies, engineering 
and plant construction firms , agen­
cies of the federal government, and 
a limited number of colleges and 
universities. One of the very few 
of the latter group at which a sub­
stantial program in fertilizer manu­
facturing research and development 
is underway is Iowa State Univer­
sity at Ames, Iowa. 

A sustained program in this field 
was begun in the Chemical Engi­
neering Section of the Engineering 
Experiment Station at Iowa State in 



1948. Its purpose was to carry out 
basic research and long-range inter­
est to the fertilizer industry in a 
location where agricultme is an 
essential part of the economy. One 
of th~ important benefits of the 
program, in addition to the tech­
nical information derived, has been 
the training of chemical engineers 
for emp loym ent in the fertilizer 
industry. 

The research program is under the 
supervision of four senior staff mem­
bers in the Chemical Engineering 
D epartment, all of whom had con­
siderable industrial experience be­
fore joining the staff at Ames. These 
men are Dr. D. R. Boylan, Associate 
Director of the Engineering Experi­
ment Station, Dr. George Burnet, 
H ead of the Chemical Engineering 
Department, and Drs. M. A. Larson 
and T. D. Wheelock. The various 
projects are carried out with the 
assistance of graduate students who 
use the results of their investigations 
in partial fulfillment of the require­
ments for their master's and doctor's 
degrees. 

The program is supported by all 
the facilities of the Engineering Ex­
periment Station which includ a 
well equipped analytical laboratory, 
an x-ray diffraction laborato1y, an 
electron microscope laboratory, and 
mechanical and electronic shops. 
Adequate space is available for both 
small-scale laboratory and intermedi­
ate-scale pilot plant inves tigations. 
In the spring of 1964 the Chemical 
Engineering Department occupied a 
new building, Sweeney H all , which 
added substantially to the space 
available and provided several new 
facilities including an analog com­
puter laboratory, an analytical in­
strument laboratory, a constant tPm­
perature-humidity °laboratory, and a 
new reference library. 

One of the advantages of carrying 
out research on fertilizer manufac­
ture at Ames is the proximity of the 
outstanding College of Agriculture, 
now the largest in the nation. Excel­
lent cooperation has been received 
from the Agronomy Department and 
other groups in the College. 

University-related resear ch can 
make its greatest contribution by 
providing a better understanding of 
the fundamentals of fertilizer tech­
nology. Work of this type completed 
at Iowa State prior to 1957 has been 
reported in two publications of the 
Iowa Engineering Experiment Sta­
tion (1,2). 

Dicalcium Phosphate 
More work has been done on phos­

phate technology than any other 

2 

area. In 1956, Bridger et al. (3) re­
ported a dicalcium phosphate proc­
ess which involved the direct acidu­
lation of phosphate rock with min­
eral acids. The principal reactions 
involved are 

Ca10F 2 (PO1)6 + 3H2SO1 == 
6CaHPO4 + 3CaSO4 + CaF 2 (1) 

for sulfuric acid acidulation, and 
Ca10F 2(PO4)6 + 3H3PO4 == 
9CaHPO4 + CaF 2 (2) 

for phosphoric acid acidulation. 
In Equation (1) one mole of acid 

is required per mole of P2O5 derived 
from the rock. Thi is one-half that 
required for the production of mono­
calcium phosphate in the pr ese nt 
normal superphos phat e proc ess. 
Actually about 2.6 moles of acid per 
mole of rock P2O5 is used in super­
phosphate production b ecause of 
side reactions with calcium carbon­
ate, calcium fluoride, iron, and 
aluminum compounds, and other 
constituents of the rock. In Equation 
(2) one-half mole of acid P2O5 is 
indicated per mole of the rock P2O5 
for the production of dicalcium 
phosphate. This is one-fourth that 
r quired in the present triple super­
phosphate process. In actual prac­
tice, 2.3 moles of acid P2O5 per mole 
of rock P2O5 is used in triple super­
phosphate because of the side 
reactions. 

From this work a cyclic process 
was developed which consisted of 
hydrolyzing a mixture of phosphate 
rock with monocalcium phosphate 
monohydrate, superphosphate or 
acids, followed by heating in an 
open con tain er at 185°C. During 
heating the following reaction\takes 
place: 

Ca(H2PO4)2.H 2O + XH2O == 
CaHPO4 + H 3PO1 + 
(X+l)H2O (3) 

The processing steps were repeated 
at least three times. When triple 
superphosphate or phosphoric acid 
was used, the acidulation required 
to produce the fertilizer was only 
.50% of that required for the prnrlnc­
tion of ordinary triple superphos­
phate. When sulfuric acid or nunilai 
superphosphate was used higher 
acidulations were required. 

Kaufman (4) studied this process 
on a pilot plant scale. The process 
was shown to be technically feasible 
and to offer the advantages of sav­
ings in acid requirements, high anal­
ysis products, elimination of the 
curing step in present fertilizer proc­
esses, and excellent physical prop­
erties of the product. 

Later Feng (5) prepared a phase 
diagram for the CaO-P2OrSOs­
H2O system which was used to de­
velop a direct acidulation process 

Phosphate 

rock 

Figure 1-Phase equilibria of quaternary sys­
tem CaO-P20 s-SOa-H20. 

for dicalcium phosphate which con­
sisted of precipitating calcium with 
sulfuric acid, separating the ins.olu­
ble calcium sulfate, forming dical­
cium phosphate by adding phos­
phate rock to the filtrate and finally 
separating the diq1lcium phosphate 
product. The phase diagram for 
the quaternary system is shown in 
Figure 1, where X represents the 
mol fraction of PO4 compounds and 
Y the mole fraction of acid com­
pounds. 

The proposed process for the 
preparation of dicalcium phosphate 
(DCP) is indicated by dotted lines. 
Composition Q represents a satu­
rated solution with respect to DCP 
at 145° C. Sulfuric acid may be 
added to this solution until the com­
position R is reached, the ratio of 
sulfuric acid to solution Q being 
QR/DR. Most of the calcium sulfate 
will be immediately precipitated 
and the composition of the solution 
then becomes S. Phosphate rock can 
then be added to solution S until 
composition T is obtained, where 
DCP precipitates and the composi­
tion of the solution again becomes 
Q. The amount of sulfuric acid and 
phosphate rock per cycle converted 
to DCP and calcium sulfate corre­
sponds to Equation (1). 

Interest in dicalcium phosphate as 
a fertilizer material stems from the 
fact that it is a neutral salt with 
good physical properties and, per­
haps more important, the fact that 
significantly less acid is consumed 
than when monocalcium phosphate 
is produced. In Feng's process 2.3 
moles of sulfuric acid are required 
per mole of P2O5 or 1.57 pounds of 
sulfuric acid per pound of P2O5. The 
normal superphosphate I?roce~s re­
quires 2.6 moles of sulfuric acid per 
mole of P2O5 or 1.8 pounds of sul­
furic acid per pound of P2O5. These 
figures resulted from a pilot plant 
investigation. 

Production cost estimates based 
on 1959 data for normal superphos-



TABLE I. 
Production cost estimates for normal superphosphate and the proposed di-calcium phosphate. 

Ilasis: 20 tons/hour, 250 days/year Location: Ames, Iowa 

Item Unit cost• Normal superphosphateb 
Proposed 

di-calcium phosphates 

Quantity /ton Cost/ton Quantity/ton Cost/ ton 

Raw material 
Acid 
Rock 
Water 

$25.00/ T 
15.0904/T 
0.04/T 

0.371 T 
0.594 T 
0 .341 T 

$ 9.28 
8 .96 
0.01 

0.308 T 
0 .594 T 
0.460 T 

$ 7.70 
8.96 
0.02 

$18.25 $16.68 

Labor 
Unskilled 
Semiskilled 
Skilled 
Supervision 
Reserve 

1.60/hr. 
2.10/hr. 
2.50/hr. 
3.00/hr. 

0.150 man-hr. 
0.150 man-hr. 
0 .100 man-hr. 
0 .0167 man-hr. 

$ 0.24 
0.32 
0.25 
0.05 
0.16 

0.150 man-hr. 
0.190 man-hr. 
0.150 man-hr. 
0.0324 man-hr. 

$ .024 
0.40 
0.38 
0.10 
0.19 20% of above 

$ 1.02 $ 1.31 

Services 
Power 0.02/kw.-hr. 20.83 kw.-hr $ 0.42 $ 0.42 
Heat 0.000 467 /100 Btu 0.00 200,000 Btu 0 .10 
Water 0.03/1000 gal. 208 gal. 0.01 500 gal. 0.02 

Maintenance in-
eluding labor 20%/yr. of fixed 

capital 2.40 2.26 
Packaging 
Indirect costs 

0.15/bag 3.60 3.60 

Depreciation 10%/yr. of fixed 
capital 1.00 1.13 

Taxes and ins. 3%/yr. of fixed I 
capital 0.30 0.33 

Overhead 50% of labor 
0.51 0.54 

--- ---
Total production cost $27.11 $26.39 

• The unit cost and freight cost for sulfuric acid and phosphate rock are, taken from Chemical 
Engineering News, June 29, 1959. 

b The manufacturing costs for the normal superphosphate plant are taken from Rounsley (20). 

pnate and the Feng DCP process are 
compared in Table 1. The fixed cap­
ital for the DCP process was esti­
mated to be about 13% greater than 
for the conventional normal super­
phosphate plant, but the manufac­
turing cost and working capital were 
estimated to be lower. The DCP 
process showed an estimated 11.6% 
return on investment compared to 
a 9.0% for the normal superphos­
phate process. 

URANIUM RECOVERY 

In 1955, work was completed in 
the Chemical Engineering Division 
of the Ames Laboratory, USAEC, 
which is located on the Iowa State 
campus, that led to the development 
of a process for the recovery of up 
to 50% of the uranium found in 
phosphate rock during the manufac­
ture of superphosphate (6). An or­
ganic solvent which dissolved the 
U salts present was mixed with the 
acidulated rock slurry and the 
phases then separated. 

A major problem proved to be re­
covery of occluded solvent from the 
superphosphate. The work was later 
extended (7) to include recovery of 
uranium during the manufacture of 
wet process phosphoric acid. Mate­
rial balances completed across two 
commercial plants demonstrated 
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that up to 80% of the uranium enter­
ing in the rock could be recovered 
from the product acid by solvent 
extraction. 

WESTERN PHOSPHATE ROCK 

Interest continues high in the 
Western phosphate rocks found in 
Idaho, Montana, Utah, and Wyo­
ming. Generall y the acidulation 
characteristics of the western rocks 
are poorer than those of the Florida 
or Tennessee rocks. In 1956, work 
was completed at Iowa State which 
dealt with the acidulation character­
istics of typical Western phosphate 
rocks with sulfuric acid, and the de­
velopment of treatment which would 
reduce the amount of acid required 
to achieve a satisfactory degree of 
conversion ( 8). Table 2 shows the 
analysis of two Western rocks used 
for these tests a,nd that of two con­
ventional rocks used for comparison 
purposes. 

The effect of acidulation ratio and 
humidity during curing were thor­
oughly investigated. Typical results 
are shown in Figure 2 which demon­
strates the effect of acidulation ratio 
on P205 conversion of all four rocks 
with curing taking place at 25% rela­
tive humidity, which was found to 
be optimum. 

Four methods of treating Western 

TABLE 2. 
Analyses of phosphate rocks used 

(from reference 8) 

Total P2O5, % 
Citrate insolu-

ble P2Os, % 
Moisture, % 
Cao,% 
AhOa, % 
Fe2Os, % 
F2, % 
SiO2, % 
SOs, % 
Co2, % 
Loss on igni­

tion,% 
Density, g/cc 

(dry basis) 

Florida Simplot Anaconda 
land ------

pebble 

35.5 35.8 

33.6 32.2 
0.93 0.53 

50.10 49.77 
1.23 0.68 
0 .87 0.44 
4 .16 3.82 
3.56 2.90 
0 .62 1.74 
2.60 1.85 

5.95 5.87 
2 .91 2.94 

Foot­
wall 

30.3 

29.6 
1.35 

45.39 
1.22 
1.21 
3.42 
7.89 
1.31 
3.29 

8.45 
2.92 

Hang­
ing­
wall 
31.5 

28.9 
0 .69 

44.63 
1.57 
1.37 
3.54 

10.52 
0.38 
1.65 

5 .74 
2.ijO 

The latter were a high grade Florida land 
pebble and a hand-picked sample of rock 
from the Simplot Mine at Fort Hall, Idaho. 
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phosphate rocks to improve their 
acidulation characteristics were in­
vestigated. The methods were (1) 
washing with water, (2) calcination, 
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(3) grinding followed by air separa­
tion, (4) froth flotation with a ca­
tionic collector. Elutriation with 
water produced an underflow frac­
tion which showed some increase in 
conversion over that of untreated 
rock, but not enough to justify the 
cost of the treatment. Calcined rock 
gave a product inferior to that ob­
tained from untreated rock in terms 
of free acid and conversion. Ham­
mer-mill grinding and air separation 
gave a coarse fraction which had 
conversions signi:6cantly higher than 
those from the original rock. Figure 
3 shows the improvement obtained 
for Anaconda hanging-wall rock. 
Froth flotation using a cationic col­
lector to remove siliceous impurities 
was highly successful on deslimed 
Anaconda hanging-wall rock. Sav­
ings in the acid required for acidula­
tion of about 10% were indicated. 

COMPLEX FERTILIZERS 

Fundamental studies have also 
been conducted on conventional and 
new complex fertilizer salts. In 1963, 
Britz (9) developed a phase diagram 
for the system NH3- H 3POr H 20 at 
25 ° C and 50 psig. When compared 
to the phase diagram for atmos­
pheric pressure, the new diagram 
showed a shift in equilibrium which 
resulted in a greater yield of solid 
crystalline material (ammonium 
phosphate salts). This interesting 
observation will be the basis for 
additional work. 

The manufacture of potassium ni­
trate from 60% by weight nitric acid 
and potassium chloride by a frac­
tional crystallization process was re­
cently studied by Gabrielson (10). 
Because potassium nitrate is several 
times more soluble than potassium 
chloride, it is possible to obtain an 
attractive yield of the nitrate from 
a solution containing both salts and 
various amounts of unreacted nitric 
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Proposed flowsheet for KNOa crystallization process. 

acid. Figure 4 shows a mutual solu­
bility diagram prepared for the 
KN03-KC1- HN03-H20 system. 
Above the solubility curve is the 
single phase region and below and 
to the right is the region where one 
or both salts and a solution exist. 
Point A is the composition of a 
solution in equilibrium with both 
salts. Based on these data and ac­
companying reaction rate studies, a 
process shown in Figure 5 was pro­
posed. 

A comprehensive study on the ef­
fect of composition on nitrogen loss 
from complex fertilizers during dry­
ing was recently completed (11). 
Most of the tests were conducted 
with a 12-12-12 mixture prepared 
using standard fertilizer materials. 
It was discovered that the key re­
action in initiating decomposition 
was the hydrolysis of monocalcium 
phosphate which results in forma­
tion of dicalcium phosphate and 
phosphoric acid. The latter in turn 
reacts with ammonium nitrate or 
ammonium chloride to cause, as 
shown below, losses of nitrogen and 
chlorine: 

Ca(H2P04)2-H20 = CaHP04 
+ H 3P04 + H20 (4) 

H 3P04 + NH4N03 = 
NH4H 2P04 + HNOa (5) 

H3P04 + NH4Cl = 
NH4H2P04 + HCl (6) 

2HN03 + 2NH4Cl = N20 + 
N2 +Cb+ 5H20 (7) 

Decomposition did not occur in 
the absence of chloride ion, but the 
addition of only 0.05 weight percent 
chloride caused substantial loss. In 
samples in which either the nitrate 
or ammonium ion was missing, 
no losses occurred. It made no dif-

ference whether th~se ions were 
supplied by ammonium nitrate or 
individual ammonium and nitrate 
salts; the losses were the same in 
either case. 
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Figure 4-Mutual solubility diagram for system 
KNOa-KC 1-H NOa-H20. 

Figure 6--Photomicrograph of coated and then 
dried ammonium nitrate prill. l00X. Dark curv­
ing line is layer of diatomaceous earth originally 
on outside of wet prill. 

When the effect of acidity was 
investigated, it was found that as 
the oH increased from 2.8 to 3.9 
the losses dropped sharply and that 
tile samples ot pH 3.9 to 6.3 were 
stable. Of particular interest was the 
observation that the addition of po­
tassium or ammonium sulfate to the 
mixtures effectively inhibited de­
composition by preventing hydrol­
ysis of the monocalciu~ phosphate 
and the subsequent formation of 
phosphoric acid. 

A study of the drying characteris­
tics of ammonium nitrate prills pro­
vided a practical application for the 



new science of transport phenomena 
(transfer of heat, mass, and momen­
tum) (12). It was discovered that 
wet prills coated with 3% diatoma­
ceous earth dried from 3.0 to 0.2% 
water ( dry basis) in about one-third 
the time required for uncoated prills. 
In the latter tests case-hardening 
was observed. During drying, am­
monium nitrate solution moves to 
the surface where evaporation takes 
place and a dense crystalline layer 
is deposited which effectively ob­
structs the pores through which the 
solution must reach the surface. 
With the surface thus blocked, sub­
sequent drying must take place by 
means of diffusion of water vapor 
through the crystalline shell. 

The coating forms a porous layer 
which keeps the channels to the sur­
face open until drying is complete. 
Figure 6 is a photomicrograph of a 
coated and dried prill which shows 
the deposit of crystalline material 
formed on the outside of the coating. 
Shorter drying times have been ob-
served in both cabinet and rotary 
dryers. 

Two current projects deal with 
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the separation of controlled release 
fertilizers . In one case, various coat­
ing agents are being investigated 
and in the other, the effect of calcina-

tion on release. Consequently, work 
is underway on the development of a 
standard laboratory method for test­
ing the velocity at which nutrients 
are rel eased from fertilizer particles. 

A relatively recent area of work 
deals with crystallization dynamics. 
An understanding of the dynamic 
changes which take place in the 
number and size of crystals during 
continuous crystallization is impor­
tant in processes dealing with the 
production of several fertilizer salts 
including ammonium sulfate, am­
monium nitrate, and potassium ni­
trate, and in the production of wet 
process phosphoric acid. In the lat­
ter case, the filtration characteristics 
of the gypsum formed from the re­
action between phosphate rock and 
phosphoric acid depend upon the 
shape, size, and size distribution of 
the crystals formed. Analog com­
puter simulation has been used to 
determine the response of size dis­
tributions in a mixed crystal suspen­
sion of ammonium sulfate to upsets 
in nuclei dissolving rate and produc­
tion rate ( 13) . * 



This final article in a two-part series reviews the 
fertilizer technology program at Iowa State Uni­
versity and its significance to the fertilizer industry. 

By DAVID R. BOYLAN and GEORGE BURNET 

CALCINATION FEED HOPPERS AGGLOMERATION 

I N the "thermal" processing of 
phosphate rock the P2O5 content 

is made available by heat treatment 
in contrast to acid treatment as is 
common in the manufacture of 
superphosphate and related ma­
terials. Most of the work at Iowa 
State has dealt with the fusion proc­
ess in which the rock is heated to a 
molten state with certain addition 
agents such as silicate or sulfate 
without the removal of fluorine. 

A typical project led to the de­
velopment of a process for the manu­
facture of a phosphate fertilizer from 
the fusion of rock with gypsum ( 1 ) . 
Products made by fusing a mixture 
containing 30% phosphate rock and 
70% dehydrated gypsum contained 
at least 10.5% total P2O5 and 10.4% 
available P2O5• Figure 1 shows a 
flowsheet for a proposed large scale 
fused phosphate rock gypsum plant. 
Later work showed that by-product 
gypsum from the manufacture of 
wet process phosphoric acid could 
be used (2). 

OUENCH_____..,-9------,_ ---;:~~ 
WATER~~!::-::::--- l~AGE 

Gypsum is also the source of 
sulfur dioxide and agricultural lime 
in a thermal decomposition process 
developed entirely at Iowa State (3). 
The calcium su1fate in gypsum or 
anhydrite reacts with a gaseous re­
ducing agent such as carbon mon­
oxide at 2200°F as follows: 

CaSO4 + CO == CaO + SO2 + 
CO2 ~) 

In practice the reducing atmos­
phere is produced by the partial 
combustion of natural gas and the 
reaction with finely divided gypsum 
carried out in a two-stage fluidized 

Dr. Boylan is professor of chemical engineering 
and associate director of Engineering Experiment 
Station and Dr. Burnet professor of chemical 
engineering and head of Chemical Engineering 
Department at Iowa State University, Ames, 
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Figure 1 - Proposed flow sheet for a fused gypsum-phosphate fertilizer plant. 

bed. The SO2 concentration in the 
effiuent gas is high enough to make 
it a promising starting material for 
sulfuric acid manufacture. 

Another investigation has lead to a 
proposed process for the manufac­
ture of phosphorus- nitride contain­
ing a total of 84.8% phosphorus and 
nitrogen by heating liquid-ammoni­
ated P 4S10 to temperatures in the 
range of 800°C (4). The compounds 
formed easily hydrolyzed in water 
to produce monoammonium dihy­
drogen phosphate. The presence of 
potassium-containing salts catalyzed 
the hydrolysis and suggested a pos­
sible formulation in which the plant 
nutrients would become slowly 
available to plants in the soil. Ap­
proximately 30% hydrolysis was thus 
obtained in 45 days at 50°C. Table 
1 shows the effect of temperature 
and various catalysts on the hy­
drolysis of phosphorus nitrides. 

In work only recently undertaken, 
the very high temperature of a 
plasma torch is being used to cause 

disassociation of phosphate rock to 
produce P2O5• Preliminary experi­
ments have shown a considerable 
increase in the availability of P20 5 
in the residual rock as a result of the 
treatment. Optimum conditions for 
the treatment are now being sought. 

MANUFACTURING OPERATION$ 
The unit operations common in 

the fertilizer industry and process 
improvements have been an impor­
tant part of the research program at 
Iowa State. Some studies in this area 
have been quite fundamental in 
nature such as those dealing with 
the theory and practice of filtration 
( 5, 6). Significant improvements 
have been made in the accuracy with 
which commercial scale filtration 
performance can be predicted from 
small compression-permeability cell 
test data. The work could lead to 
improved filtration and lower costs 
in the manufacture of wet process 
phosphoric acid. 

A recent granulation study showed 



Table I: LONG-RUN AVAILABILITY OF 
PHOSPHORUS NITRIDES 

--
Catalyst for Temperature, Time, Percent 

hydrolysis oc days hydrolyzed 

No Catalyst 25 30 3.1 
45 3.2 

50 30 38.2 
45 44.0 

KCI 25 30 2.9 
45 3.1 

50 30 29.6 
45 34.0 

H2SO, 25 30 5.8 
45 6.1 

50 30 90.3 
45 90.6 

Citric acid 25 30 4.8 
45 5.5 

50 30 74.1 
45 81.5 

K2SO, 25 30 4.6 
45 5.4 

50 30 18.0 
45 23.1 

HaPO, 25 30 5.4 
45 5.7 

50 30 85.8 
45 92.5 

that typical fertilizer mixtures which 
contained potassium nitrate gave 
granules which were more cohesive, 
less porous, tougher, and more · 
spherical and uniformly shaped (LO). 
Due to the relatively high solubility 
of potassium nitrate at the elevated 
temperatures of granulation, a 5-10-
15 mixed fertilizer required only 
6.5% moisture for optimum yield of 
product as contrasted to a compara­
ble mix in which potassium chloride 
had been used and 16% moisture was 
required. The drying times were 
correspondingly reduced. 

In 1958, an investigation was 
undertaken to determine the effect 
of grinding during the acidulation of 
phosphate rock ( 7). Bench-scale 
work lead to a successful pilot plant 
operation which demonstrated that 
a normal superphosphate product 
suitable for commercial use was ob­
tained within an hour after the ad­
dition of acid. Both acidulation and 
drying were accomplished in a single 
unit to produce a product which re­
quired no curing. Conversions of 
95% of the P 205 in the rock were 
obtained. A later investigation re­
sulted in several process improve­
ments including the use of a rod mill 
in place of the ball mill originally 
employed ( 8). 

More recently the pilot plant unit 
was used to investigate the manu­
facture of triple-superphosphate with 
similar success (9). Figure 2 shows 
a flowsheet for the pilot plant unit 
used in the investigation. The rod 
mill was 6 feet long, 1 foot in di­
runeter, and contained 10 stainless 
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Table 2: COMPARISON OF ESTIMATED RETURN ON THE INVESTMENT 
FOR STORAGE AND QUICK CURED TSP PLANTS 

Item 
Storage cured Quick cured 

Cost/ton Cost/ton Amount Amount 

Annual sales• $76.80 $4,608,000 J81.60 $4,896,000 
Manufacturing cost 63.86 3,831,600 67.53 4,051 ,800 
Gross profit 776,400 844,200 
Adminlstrotion and selling cost 

at 3% of annual sales 138,240 146,880 
Net profit before taxes 638,160 697,320 
Taxes, 50% 319,080 348,660 

Net profit after taxes $ 319,080 $ 348,660 
Working capital 

Raw materiols inventory 
Acid, 10 days $68.43 $ 108,390 $68.43 $ 102,508 
Rock, 2 weeks 16.00 20,020 16.00 21,720 

In-process inventory 63.86 383,200b 67.53 3,000 
Product inventory 63.86 383,200 67.53 405,180 
Available cash, 

30 days production 63.86 383,200 67.53 405,180 
Credit, 30 days 76.8 460,800 81 .60 489,600 

Total working capital $1,738,800 $1,427,000 
Fixed capital $ 671,400 $ 626,100 

Fixed + working capital $2,410,200 $2,030,800 
Percent return on investment 13.2 17.2 

• Based on sale price of 1.60 dollars per unit P20& 
b Based on 30 days storage 

rods 1 inch in diameter. The interior 
lining was stainless steel as were 
four lifting flights installed to assure 
effective grinding. 

Conversions of more than 94% 
were achieved with the use of Flor­
ida phosphate rock. ( 34.17% P 205) 
and electric furnace phosphoric acid 
( 66% H 3P04 ) . The product con­
tained more than 51 % available P205 

and left the mill as a free flowing 
dry material. Preliminary estimates 
of economic feasibility indicated that 
triple-superphosphate could be pro­
duced more profitably by this proc­
ess than the conventional storage-

curing process. Table 2 shows a 
comparison of the estimated return 
on investment for a 200 ton per day 
plant in a midwestern location. 

LOOKING AHEAD 

As the world will become increas­
ingly dependent on commercial ferti­
lizers to provide the food require­
ments of its expanding population, 
the outlook for the fertilizer industry 
appears to be promising indeed. The 
years ahead will see important ad­
vances in the technology of ferµlizers 
and in the economy and efficiency of 
their use. New kinds of products 
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Figure 2 - Flow sheet of the pilot plant for quick-cured triple 1uperpho1phate, 



will be developed, further improve­
ments will be made in the physical 
condition of fertilizer materials, and 
new methods and means of applica­
tion will appear. There would seem 
to be little doubt that the role of re­
search and education will become 
even more important. 

At Iowa State the fertilizer re­
search program has been largely 
sponsored and financed by the Engi­
neering Experiment Station with 
state appropriated funds. However, 
increasing support from industry has 
been forthcoming. For example, the 
nitrogen loss studies ( 11) were sup­
ported by the U. S. Steel Corporation 
and the potassium nitrate granula­
tion work ( 12) by Southwest Potash 
Corporation. Also, graduate fellow­
ships have been sponsored by Du 
Pont, Monsanto, Phillips, Union Car­
bide, and Esso. Needless to say, 
additional assistance of this kind 
would be welcomed by the Uni­
versity to expand the research pro­
gram further. 

One of the important benefits of 
the program, in addition to the tech­
nical information derived, is the 
training of chemical engineers in 
fertilizer technology. A number of 
Iowa State chemical engineering 
graduates have gone into responsible 
positions in the fertilizer and related 
industries. Among these are Dr. E. 
C. Kapusta of the Potash Company 
of America, Dr. C. R. V mider Linden 
of Johns-Manville, Dr. E . H. Brun­
sting of John Deere Chemical Co., 
R. G. Powell of International Min­
erals and Chemicals Corp., and Dr. 
J. W. Markey of Tennessee Corp. 
Dr. J.C. Reisch, now with Esso Re­
search and Engineering Co., was 
joined last year by yet another grad­
uate, Dr. J. E. Gabrielson. 

Although the program of stud} · 
followed by these students is not 
designed to make specialists of them 
in any one field, but rather to give 
them a broad training in modern 
chemical engineering theory and 
practice, many of the graduates have 
gone into the fertilizer field after 
graduation. * 
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Reductive Decomposition of Gypsum 
by Carbon Monoxide 

Sulfur dioxide and lime can be produced from gypsum 
under newly determined conditions. Process provides a 
new route for manufacturing sulfuric; acid from gypsum 

T REMENDous domestic reserves of gyp­
sum and anhydrite constitute a pot f: ntial 
source of raw material for sulfu r~l,,lsed 
chemicals. As in Europ<' today, c-1/r ium 
sulfate may become one of our pri r.l,ipal 
raw materials fo r sulfuric acid. Several 
European ;icid plants are based on a 
process in which sulfur dioxide is freed 
from anhydrite by he~1:-.ing the latter with 
coke and shale to a sintering tempera­
ture ( 4). The sulfur <liuxide is converted 
in i o acid and the clinker is used for 
portland cement. 

In the work described here a simpler 
process for freeing sulfur dioxide was 
investigated. Calcium sulfate reacts 
with a gaseous reducing agent such as 

carbon monoxide at elevated tempera­
tures to produce sulfur dioxide and lime. 
The solids do not sinter and the lime may 
be a hy-product of value. Because this 
by-product can be di<;j)1>sed of in more 
ways than portland cernent, the process 
should be more flexil.m: than the Euro­
pean process. 

Thermodynan,ics 

The princip:-J re,1ction (Re actirm 1) is 
endothermic and therefore /avored hy 
higher temperatures. Reaction 2, which 
is undesirable, is exothermic and is 
favored by lower temperatures and high 
carbon monoxide partial pressures. 
Above 2100° F., under equilibrium con-

Calculated Equilibrium Constants and Heats of Reaction for Reactions 
Involved in the Process 

Reaction 

I. Caso. + CO = CaO + S02 + CO2 

1200° K. 

0 .31 
7.92 

- 6 . 68 
2. Caso. + 4CO = CaS + 4C02 
3. 3CaSO• + CaS = 4Ca0 + 4S02 
4. Caso. = CaO + S02 + ¼ 0 2 -7.42 

Rea c tor :::,;, 0 
Rotameter 

M uffle furnace 

Rotomerer Rorometer 

CO2 

Log10K - -----
14000 K. 

1.48 
6 . 69 

-0,77 
-4.51 

1600° K. 

2.28 
5 . 66 
3 .44 

-2 . 38 

L1c u 1d N., 

Alln, 
Cal./ 
Mole 

1400° K. 

43,400 
-48,400 
222,200 
110,600 

!To d r01n 

Plotfer m 
sca le 

Carbon monoxide and dioxide, sulfur dioxide, and nitrogen, either alone or in 
combination, were continuously metered, mixed, and passed through the reactor 
containing gypsum 

ditions at atmospheric pressure, calcium 
sulfide cannot exist in the presence of 
calcium sulfate because of Reaction 3. 
Of course, the kinetics of this reaction 
may l>e unfavorable. 

To show that a reducing agent is 
needed for decomposing calcium sul­
fate, equilbrium corlstants for Reaction 
4 are included. 

Experimental 

For this study natural gypsum having 
the followin?." composition was used. 
The gypsum was crushed and then sep­
arated by Tyler standard sieves into 
narrow-size fractions. The - 7 + 8-mesh 
fraction was used for most runs. 

Both commercial and chemically pure 
grades of carbon monoxide were used. 
The carbon dioxide was specified as 
99.97% pure, and the sulfur dioxide was 
refrigerant grade. The liquid nitrogen, 
which after vaporization served as a 

Ch romel- alum el 

thermocouple • 

~ -==O 
Si l i con rubber tubinQ 

lnsulottn Q firebr ick 

'· · Crushed i nsulotinQ 

firebr ick 

Leco z irc on lube 

- Alumina bol l s 

- 3+4 mesh 

Gypsu m pa rticl es 

,_ S i l i ca Qr i d pock in9 

support 

The reactor (diameters, 0.75 to 1.13 
inches) was suspended inside the gas­
fired muffle furnace from the triple­
beam balance 
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Average Gypsum" Composition ( 7) 
Constitur.nt, 

H ?O 
CaO 
MgO 
SOa 
CO2 
R iOa 
Si02 
NaCl 

Total 

\Veight % 

19 .6 
30 ,9 

0 . 1 
45.1 
0.7 
0 
3 .3 
0.3 

100 . 0 

"United States Gypsum Co., Fort Dodge, 
Iowa. 

diluent for the gaseous reactants, con­
tained less than 0.1 % oxygen. 

The reactor, usually charged with a 
bed of gypsum 1 inch thick, was sus­
pended inside the preheated furnace, and 
as its temperature rose, a mixture of sul­
fur dioxide and air was passed through to 
prevent the gypsum from decomposing. 
As operating temperature was ap­
proached, nitrogen and carbon dioxide 
were added. When the reactor tempera­
ture had leveled out, the flow of air was 
stopped and the flow of carbon monoxide 
was started. This marked the beginning 
of a run. At regular intervals of 1 to 10 
minutes, depending on the rate of de­
composition, the reactor weight was 
noted. Operating conditions were kept 
constant. After the reactor reached a 
constant weight, it was slowly withdrawn 
from the furnace, whi'.e niLrogen and a 
small amount of carbon monoxide were 
passed through it. 

Undecomposed sulfate in the residual 
solids was determined gravimetrically 
( 7). Sulfide and calcium were deter­
mined iodometrically and by Versenate 
titration (2), respectively. 
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Figure 1. The desulfurization pro­
ceeded at a constant rate for much of 
the run when mixtures of carbon mon­
oxide and nitrogen were fed 
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Results 

Calcium sulfate in the gypsum could be 
quantitatively decomposed by passing a 
stream of nitrogen over the gypsum 
heated to about 2200° F. However 
°:dding as little as 1 % of the decomposi~ 
tlon products, sulfur dioxide and oxygen, 
to the nitrogen prevented the decomposi­
tion. If several per cent of carbon mon­
oxide were also present, calcium sulfate 
decomposed in the presence of as much as 
7% sulfur dioxide. 

Generally, calcium sulfate was con­
verted to calcium oxide. At times cal­
cium sulfide was produced. Conse­
quently the criteria chosen for comparing 
the effect ofoperating conditions were the 
rate of desulfurization and the concentra­
tion of calcium sulfide in the residual 
solids. The conversion to sulfide was ap­
proximately proportional to the percent­
age of calcium sulfide in the residue. 

The total desulfurization or conversion 
of calcium sulfate to calcium oxide was 
calculated from the composition of the 
final solids. By assuming that the 
instantaneous conversion was propor­
tional to the weight lost by the gypsum 
charge, dcsulfurization curves such as 
those in Figures 1 and 2 were plotted. 
These curves usually had either one or two 
constant rate periods for which the rates 
could be reasonably correlated with 
reaction conditions. Generally the 
greater part of the desulfurization took 
place at a constant rate which corre­
sponded to the maximum rate. 

Effect of Temperature. Th effec.1 
f t mp rature on the dcsulf urization 

rate and on the formation of calcium sul­
fide was studied between 2100 ° and 
2300 ° F. using various gas compositions. 
When the gas mixture fed to the reactor 
contained 3% carbon monoxide, results 
were obtained as shown in Figure 2. At 
2110 ° F. the gypsum passed through an 
initial induction period where little or 
no decomposition occurred. The reac­
tion rate soon increased, and a relatively 
constant but rapid desulfurization rate 
was established. At the end the gypsum 
was 87% desulfurized, and the solids con­
tained 11 % calcium sulfide. Increasing 
the temperature to 2200° F. increased 
the initial desulfurization rate, but the 
maximum rate was unaffected. The 
total desulfurization was increased to al­
most 100% , and no calcium sulfide was 
found in the solids. When the tempera­
ture was raised to 2310° F ., the initial 
rate was the same as for 2200° F., but 
after 8 minutes the rate fell to a much 
lower but constant value. 

When the gas fed contained 4% car­
bon monoxide, the initial and maximum 
rates (Figure 3) and the per cent calcium 
sulfide in the residue (Figure 4) varied 
with temperature. 

When sulfur dioxide was excluded from 
the gas fed, the maximum desulfuriza­
tion rate reached a peak value at about 
2150° F. with 4% carbon monoxide and 
2250° F. with 2%. The variation in the 
rate with temperature was much greater 
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Figure 2. When sulfur dioxide was present in feed gas containing less than 
5% carbon monoxide, S-shaped desulfurization curves were obtained 
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for 4% carbon monoxide than for 2%. 
Again an increase in temperature from 
2100 to 2200 ° F. sharply reduced the 
calcium sulfide produced. 

Although the physical size and shape of 
the final solids were about the same as for 
the untreated gypsum, the surface of the 
treated particles was d ifferent in appear­
ance. Gypsum has a relatively smooth 
surface, while solids recovered from a run 
made at 2200° F. had a porous surface 
and solids from a run made at 2300° F . 
had a glassy surface. The latter must 
have reached a state of incipient fusion, 
which may explain the smaller de­
sulf urization rate at this temperature. 
The glazed surface might ofter increased 
resistance to the flow of the gaseous 
reactants to the particle interior. On 
the other hand, the change in rate 
might have been due to the change in 
structure which reportedly occurs in this 
temperature range (3). 

In correlating the effect of temperature, 
the gypsum bed outlet temperature was 
used because most of the reactors were 
equipped with only a single thermo­
couple . In obtaining the data plotted 
in l'igure 1 a reactor equipped to measure 
both bed inlet and outle t temperatures 
was used. This provides some measure 
of the error incurred by not using a mean 
bed temperature. 

Effect of Gas Composition. The 
effect of gas composition was explored 
at a temperature level of 2200 ° F. 
\!\' hen a mixture of carbon monoxide, 
carbon dioxide, sulfur dioxide, and 
nitrogen was fed , the initial and maxi-
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mum desulfurization rates varied linearly 
with carbon monoxide concentration 
(Figure 5) . For these conditions the rate 
of decomposition was negligible with less 
than 1.8% carbon monoxide. With 
more than 5% carbon monoxide the 
data points probably fell below the 
plotted straight line because some cal­
cium sulfide was produced. 

When sulfur dioxide was left out of the 
gas fed to the reactor, the desulfurization 
rate was again a linear function of carbon 
monoxide concentration, bu t the .rate of 
increase in the rate of desulfurization was 
smaller and the point of origin was 
different. Thus decomposition took 
place at an appreciable rate even with no 
carbon monoxide. With 4% carbon 
monoxide the rate was about the same as 
the maximum rate observed for the cond i­
tions of Figure 5. 

When 4% or more carbon monoxide 
was present, the desulfurization rate was 
not affected much by sulfur dioxide in 
concentrations up, to 7% . For smaller 
concentrations of carbon monoxide, sul­
fur dioxide reduced the initial desulfuriza­
tion rate. Its effect on the maximum 
rate was not fully determined. 

The desulfurization rate was influenced 
only to a small degree by carbon dioxide 
in concentrations up to 30%. 

The per cent calcium sulfide in the 
residua l solids increased with carbon 
monoxide concentration but decreased 
with carbon dioxide concentration 
(Figure 6). In the presence of 5% sul­
fur d ioxide the concentration of carbon 
dioxide must be five to six times greater 
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Figure 4. Production of calcium sul­
fide can be minimized by using high 
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Figure 5 . The reaction was first-order 
with respect to carbon monoxide con­
centration 

than the carbon monoxide concentration 
to prevent production of calcium sulfide. 

When sulfur dioxide was excluded from 
the gas fed , a much lower concentration 
of carbon dioxide was effective in sup­
pressing calcium sulfi de. 

In correlating the results, the composi­
tion of the gas fed to the reactor was used, 
as it approximated the composition 
in the reaction zone and the latter could 
not be accurately determined . 
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Effect of Mass Velocity. Most of 
the runs were carried out using a gas 
mass velocity of 0.2 lb./sec. X sq. ft. 
When a four-component gas mixture 
was fed, the initial and maximum desul­
furization rates varied with mass velocity 
(Figure 7). The increase in the maxi­
mum rate with mass velocity was prob­
ably due to an increase in the average 
carbon monoxide concentration within 
the reaction zone rather than to an in­
crease in the rate of mass transfer. 

The decomposition rate increased to a 
greater extent for the same increase in 
mass velocity when the feed gas con­
tained 2% carbon monoxide and 98% 
nitrogen. For this case the increase in 
rate seemed due to an increase in .the 
mass transfer rate rather than to an in­
crease in the average carbon monoxide 
concentration. 

Effect of Particle Size. The effect of 
particle size on the desulfurization rate 
was determined by using three size 
fractions of gypsum: -3½+4, -7+8, 
and -12 + 14-mesh. The initial and 
maximum rates are plotted against the 
average screen opening in Figure 8. 
Because the maximum rate increased with 
decreasing particle size, and mass trans­
port in the gas phase did not seem to be 
limiting, the rate of internal diffusion 
might have been the rate-controlling 
mechanism during the maximum de­
sulfurization rate period for the condi­
tions common to both Figures 7 and 8. 

Because the initial and maximum 
rates were not affected in the same way by 
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A Figure 7. The 1decrease in the initial desulfurization rate 

when the mass velocity was increased was unexpected 

'30 35 

% ◄ figure 6. Production of calcium sulfide can be minimized 
by using small concentrations of carbon monoxide and large 
concentrations of carbon dioxide 

temperature, gas composition, mass 
velocity, or particle size, it is apparent 
that more than one mechanism is rate­
controlling during the desulfurization of 
a single batch of gypsum. 
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Reductive decomposition of gyp­
sum using carbon monoxide in low 
concentration is both thermodynami­
cally and kinetically feasible. The 
reaction appears to be first-order 
with respect to carbon monoxide 
concentration, and the optimum tem­
perature is 2200° to 2250° F. 

Desulfurization rate is a function 
of temperature, gas composition, 
gas mass velocity, and particle size. 
Side reactions yielding calcium sul­
fide can be limited by employing a 
high temperature, a low concentra­
tion of carbon monoxide, and a con­
centration of carbon dioxide five to 
six times greater than the carbon 
monoxide concentration in the re­
action zone. 
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Figure 8. The maximum desulfuriza­
tion rate can be increased by reducing 
the particle size 
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PRODUCTION OF 
SULPHUR DIOXIDE AND 
LIME FROM CALCIUM SULPHATE 

The technical feasibility of a process for the reductive decomposition of 
calcium sulphate at lzi~h temperature to produce sulphur dioxide and 
lime is being investigated. The process has been 1:iven a preliminary 
pilot plant demonstration with encouraging results 

T. D. WHEELOCK*, Ph.D., and D. R. BOYLAN*, Ph.D. 

SULPHURIC acid is presently manufacturl'd from 
anhydrite in Great Britain and in sl'nral otlu·r 
European countries hy a process in which 

sulphur dioxide is released hy sintl'ring anh~·drit1·. 
coke and shale in a large rotary kiln5. Tiu· sulphur 
dioxide is recovered from the kiln gas and com·t.·rtt-d 
into sulphuric acid while the clinker dischaq{t·d from 
the kiln is used for Portland cement. 

In some situations it might ht· more attractiw 
economically to produce sulphuric acid from gypsum 
or anhydrite without at the same time producing 
Portland cement. For this, a process is Ill't'<led 
which does not require the addition of shall' or otht.·r 
materials containing silica or alumina to effect tht• 
decomposition of calcium sulphate. Such a process 
was patented by Fleck3, who asserted that quicklimt· 
and sulphur dioxide can be produced by heating 
calcium sulphate to temperatures in the range of 1, 150 
to 1,250° C. in a reducing flame. It was suggested 
that the process be carried out in a rotary kiln fired 
with coal gas or producer gas and insufficient air to 
provide complete combustion. Moreover, it was 
claimed that the lime would be high-grade and neither 
dead-burnt nor contaminated with calcium sulphide. 

It is our purpose to re-examine this process, which 
was patented some 30 years ago, and to measure its 
present technical and economic feasibility. Although 
the work has not been completed, some progress can 
be reported. 

Proceu Chemistry 
According to a report of the American Gas Associa­

tion1, the partial combustion of either manufactured 
gas or natural gas will yield a gaseous mixture in 
which carbon monoxide and hydrogen are the chief 
reducing components. Hence, it would be antici­
pated that the first two reactions listed in Table 1 
would be the principal reactions involved in the process 
patented by Fleck. 

* D:&PARTllltNT OF CHEMICAL ENGINEERING, IO'WA STATE 
UNIV.BRSITY OF SCIENCE AND TECHNOLOGY. 
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Otht·r n·artions hdWt·l·n calcium sulphate an<l 
carbon monoxide or hyt.lrogt·n an· possible. Thus, 
Hofman and ~lu:--towibdr1 an<l Zawadzki. et al . 8 

n ·portt·d tlu· q11a11titatin· n·dudion of calcium 
:--ulphat1· to raki11m sulphitlt- according to Reaction 3 
wh1·n a st n·am of car hon motwxide was passed over 
tlll' solids at about NCH• C. Howevl'r, Zawadzki also 
ohst·rn·cl that at t1 ·mpt·ratnres ahov.e 825° C. some 
calcium oxidt· was formt·<l, the amount increasing 
with tht· tt-mpt:ratun·. hut even at 1,100° C. mo.re 
sulphide was pr()(hlct·<l than oxi<lc. When Zawadzki 
passt·<l hydro~t·n m·t·r calcium sulphate he observed 
the lattt.-r to ht· quantitatiYely reduced to calcium 
sulphi<le hdwt·en 600 an<l 80(r C. according to 
Rt.·action 4. .-\how 850 · C. some calcium oxide was 
produced ancl abow 1,050° C. more oxide than sul­
phide was pro<lucecl. Burwell2 claimc<l that passing 
a mixture· of hydrogen and wakr vapour over heated 
gypsum pi:oduced pure calcium oxide. His results 
were similar to those of Riesenfcld6 , who used a 
mixture of methane and water vapour. 

The results of our investigation of the conditions 
necessary for the reductive decomposition of gypsum 
by carbon monoxide have been reported7• In 
summary, the Of timum temperature is in the range 
of 1,200 to 1,230 C., which confirms Fleck's specifica­
tion. At higher temperatures the solids tend to 
sinter and the reaction rate decreases. At lower 
temperatures there is a tendency for calcium sulphide 
to be produced. Further to suppress the production 
of calcium sulphide it is necessary to employ a 
relatively small concentration of carbon moncilde 
and, at the same time, to have present either carbon 
dioxide or water vapour. Thus, where the concentra­
tion of carbon monoxide -is 2 to 5 per cent. of tht 
phase and the concentration of carbon dioxid~ is 
five or more times the carbon monoxide concentration, 
the reduction yields calcium oxide which is free of 
calcium sulphide. The _gypsum desulphurization 
rate is a function of the temperature, gas q:,mposition, 
gas mass velocity and particle size. The reaction 
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appear~ to be first o~der with respect to the carbon 
monoxide concentration. 

Equilibrium Conversion 

Calculated values of the heats of reaction for some 
of the po~sible reactions between calcium sulphate 
and ~educmg agents are presented in Table 1, while 
logarithms o~ th~ calculated equilibrium constants 
are plotted m Fig. I. Reactions 1 and 2 which 
produce calcium oxide, are endothermic ~nd are 
favoured _by higher temperatures, while Reactions 3 
and 4, which produce calcium sulphide, are exothermic 
and _are favoured by lower temperatures. In theory, 
calcm_m sulJ:>hate should be reduced by calcium 
sulphide at high temperatures according to Reaction 5. 
For ~ mixture_ of calcium sulphate and calcium 
sulphide to exist under equilibrium conditions at 
1, 150° C. the partial pressure of sulphur dioxide would 
ha:ve to be about 1 3:tmosp~er~. Calculated equili­
b_num data_ for Reaction 6_ md1cate that decomposi­
!ion of ~alcmm sulphate without a reducing agent is 
impractical. 

The _equilib~ium conversion of calcium sulphate 
to calcmm oxide and to calcium sulphide was cal­
culated for two systems. In one the reducing agent 
was carbon monoxide, and in the other it wai, 
hydrogen. It was assumed that some carbon dioxide 
and nitrogen would be mixc<l with the carbon 
mono~ide in th~ first system and some water vapour 
and mtrogen with the hydrogen in the second before 
the gases were_ contacted with the calcium sulphate . 
Furthern:iorc, 1t was assumed that calcium sulphide 
and calcmm sulphate could not both be present in 

1 
·'' . -ll I I> . 

-8 .__ __ _._ ______ _._ __ __. __ ____,, 

870 I .'437 

Tempe rature, °C . 

Fig. I-Effect of temperature on the reaction 
equilibrium constants 
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Table 1 

REACTIONS INVOLVED IN THE PROCESS AND CALCULATED 
HEATS OF REACTION 

Reaction 
(1) CaSO, +CO= CaO + SO 1 

+ co. . . . . . . 
(2) CaSO, + H 1 = CaO + SO 1 

+ H 1O .. .. .. 
(3) CaSO, + 4 CO = CaS + 

4 co. 
(4) CaSO, + 4 H 1 = CaS + 

4H.0 
(5) 3CaSO, + CaS = 4 CaO + 

4 so. 
(6) CaSO, = CaO + SO 2 + 

½ 02 

Heat of reaction, 
cal./g. mol 

1, 125° C. 1,325° C. 

43,400 39,500 

50,800 46,200 

- 48,400 - 51,000 

- 18,800 - 24,000 

222,200 208,900 

110,600 106,200 

the solid phase. When an excess of the reducing 
agent was added, it was neoessary to consider the 
simultaneous equilibria of several reactions. 

Figure 2 is the calculated equilibrium conversion 
chart for the carbon monoxide system. The upper 
half of the chart represents the region in which 
calcium oxide and calcium sulphide are present in 
the solid phase, while the lower half represents the 
region in which calcium sulphate and calcium oxide 
are present . When the initial mol ratio of carbon 
monoxide to calcium sulphate is 1 • 0 or less, the con­
version is equal to the mol ratio of the reactants. 
For a reactants ratio greater than 1 -0 the conversion 
is also a function of the temperature and the initial 
mol ratio of carbon dioxide to calcium sulphate. 

Conditions which give complete desulphurization 
arc of most interest. A comparison of such conditions 
shows that as the temperature and proportion of 
carbon dioxide increase the feed ratio of carbon 
monoxide to calcium sulphate becomes less critical. 
For example, at 1,325° C. and an initial carbon 
dioxide to calcium sulphate ratio of 4 • 0, complete 
desulphurization should be obtained for any reactants 

: I 
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· ·co, :Ca SO, = I 1,1 4 

0·5 0·7 09 1·1 1·3 1·5 1·7 1-9 2·1 2·3 2·5 

mo( CO fed 

mol < 'aSO, fed 

Fig. 2-Equilibrium conversion of calcium sulphate 
into calcium oxide using carbon monoxide 

ratio between 1 · 0 and 2 • 0. At 1, 125° C. the range 
is much smaller. 

Equilibrium gas compositions were calculated for 
the conditions which provide complete desulphuriza­
tion. For this purpose 10 mols of feed gas containing 
carbon monoxide, carbon dioxide and nitrogen were 
assumed to be introduced with each mol of calcium 
sulph~.te. This ratio of feed gas to calcium sulphate 



Table 2 

EQUILIBRIUM GAS COMPOSITIONS FOR 100 PER CENT. 
DBSULPHURIZATION OF CALCIUM SULPHATE BY MEANS OF 

CARBON MONOXIDE 
(10 mols feed gas/mol CaSO,) 

Gas composition, mol % 
Temperature, 

o C. 

I 
Feed I Equilibrium 

I --·· 

1,125 I co 10·00 co 0·01 
co, 10·00 co, 18· l 7 
N2 80·00 N2 72·74 

--- SO 2 9·08 
.100·00 ---

100·00 

1,125 I co 11 ·25 co 0·76 
co, 10·00 co. 18 ·58 
N, 78·75 N, 71 ·66 

--- SO 2 8·92 
100·00 S2 0·08 

---
100 ·00 

1,125 I co 12 ·48 co 1 ·88 
CO 2 40·00 co, 45·88 
N2 47·52 N1 43·24 

--- so, 8·92 
100·00 s 2 0·08 

-
100 ·00 

1,325 co 14·82 co 3·27 
co, 10·00 CO 2 19·36 
N, 75· 18 1\" 2 68·54 

--- so, 8·56 
100 ·00 s 2 0·27 

-
100·00 

1,325 I co 19·84 co 7 ·88 
CO 2 40·00 CO 2 46·68 
N 2 40· 16 N, 36 ·61 

- -- so, 8·56 
100·00 s. 0 ·27 

---
100·00 

·- - ·--

approximates to a value which might be used in 
practice. The assumed feed gas compositions and 
the corresponding equilibrium compositions are listed 
in Table 2. It can be seen that when the reactants 
ratio exceeds 1 -0, the additional carbon monoxide 
remains largely unreacted. As the proportion of 
carbon monoxide is increased more of the sulphlilr 
dioxide is reduced to sulphur. However, in every 
case the amount of sulphur is small and the equili­
brium concentration of sulphur dioxide is about 
9 per cent. These concentrations are relative, for an 
increase or decrease in the proportion of nitrogen in 
the feed gas would result in a corresponding change 
in the equilibrium concentrations. 

An equilibrium conversion chart wa& also prepared 
for the hydrogen system and it is shown in Fig. 3. 
It is similar to the previous one, but it differs in that 
temp~rature and the initial ratio of water vapour to 
calcium sulphate have less influence than do the 
corresponding parameters in the carbon monoxide 
system. The equilibrium gas compositions for con­
ditions which would result in complete desulphuriza­
tion by hydrogen are listed in Table 3. For the larger 
ratios of hydrogen to calcium sulphate small amounts 
of sulphur dioxidC' arC' rrducf'rl to sulphur and 
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C 0·6 .. T 
·3 0·7 ~ - -··+- . . •· -
::l ! T = I , 125 C; 
~ 0·8 11 ,0 :C' \tS< ~• =-- 4 ; 
~ 0·9 , - - - r l 
""3 I I 

~ 1·0 

~ 0·9 • · · 

~ 0·8 

'g. 0·7 

w 0·6 

O·S 

. :( 'a SO, = I In 4 ~-+--t 
I 

0·7 0·9 1·1 1·3 1 ·S 1·7 

mol It , fed 

mol ( ·asO, fed 

1·9 2·1 2·3 2 5 

Fig. 3-Equilibrium conversion of calcium sulphate 
into calcium oxide using hydrogen 

hydrogen sulphide, but most of the sulphur dioxide 
is unaffected. 

These results show that for either carbon monoxide 
or hydrogen a range of conditions exists under which 
the attainment of equilibrium would provide complete 

Table 3 

EQUILIBRIUM GAS COMPOSITIONS FOR 100 PER CENT. 
DESULPHURIZATION OF CALCIUM SULPHATE BY MEANS 

OF HYDROGEN 

Temperature, 
o C. 

1,125 

1,125 

l, 125 

1,325 

1,325 

( l O mols feed gas/mol CaSO ,) 

Gas composition , mol % 

Feed Equilibrium 

I 

H, 
Hp 
~, 

H, 
Hp 
N, 

H, 
HP 
N, 

H, 
H 1O 
N, 

H, 
H 10 
N, 

10·00 
10·00 
80 ·00 

100·00 

10·94 
10·00 
79·06 

100·00 

l l ·78 
40·00 
48·22 
---
100 ·00 

12·60 
10·00 
77 ·40 

·- -
100·00 

14 ·60 
40·00 
45·40 
--
100·00 

H, 
H 10 
l\ I 
so. 

H, 
H 10 
N, 
so. 
s, 
H 1S 

H, 
H 1O 
N, 
so. 
s. 
H 1S 

H, 
H 10 
N, 
so. 
s. 
H 1S 

H, 
H 10 
N, 
so, 
s, 
H 1S 

~ 

0·01 
18 · 18 
72·72 
0 ·09 

100·00 

0·34 
19 ·07 
71 ·98 
8·88 
0·08 
0·06 

100 ·41 

0·85 
46 ·61 
43 ·94 
8·80 
0·08 
0· 15 

100·43 

0·96 
19 ·42 
70 ·63 
8 ·48 
0·26 
0 · 11 

99 ·86 

2 ·36 
47·50 
41 ·49 
8 ·35 
0·26 
0 ·28 
--
100·24 
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desulphurization. of calcium sulphate and simul- Table 4 

t~eous prod!}ch~m. of sulphur dioxide. An equili- AVERAGE OrERATING CoN01T10Ns AND REsuLTs FOR FrNAL 

brmm sulphur d1ox1de concentration of 9 per cent. 7 HouRs oF THE DEMONSTRATION RuN 

is attainable. 

Pilot Plant Demonstration 

Although_ Fleck had suggested a rotary kiln, we 
selected a simpler and less expensive vertical moving 
bed re<1;ctor for a demonstration of the process. A 
~mall p1lo~ plan~ scale reactor was built and operated 
m a sem1-contmuous manner. The solids moved 
downward intermittently and were brought into 
countercurrent contact with a steady stream of a 
hot, dilute reducing gas mixture. 

Gypsum from the United States Gypsum Co. mine 
at Fort Dodge, Iowa, was crushed and sized with a 
mechanical shaking screen. The - ! + i in. size 
fraction was used in the pilot plant operation. This 
material was about 96 per cent. pure, a little less 
than 2 per cent. each of silica and calcium carbonate 
being the prindpal impurities. 

The pilot plant reactor is shown in Fig. 4. It was 
essentially a cylindrical shaft 6½ jn. in diameter and 
63 in. long, which was lined with chrome plastic 
refractory cement and insulated with in·sulating fire­
brick. A gas-tight steel shell enclosed the refractory 
materials. A manually operated screw conveyor 
was provided at the bottom of the shaft for dis­
charging solids. A combustion chamber was con­
nected to the reactor and the reducing gas mixture 
required for the reaction was generated here by 
burning natural gas and air. These gases were 
metered with orifice meters and their flow rates were 
controlled manually. The air to natural gas ratio 
was adjusted to give the desired concentrations of 
hydrogen and carbon monoxide in the gas entering 
the reactor. The carbon monoxide concentration 
was checked periodically with an Orsat apparatus 
and according to a study of the American Gas 
Association1 the concentration of hydrogen should 
have been equal to the carbon monoxide concen­
tration. 

The bed temperature was controlled by regulating 
the amount of cooling which the reducing gas received 

Gypsum feed rate, lb./hr. 
Natural gas flow rate, std. cu. ft ./min. 
Air flow rate, std. cu. ft./min . . . 
Hot spot temperature, ° C. 
Bed depth, in. . . 
Bed pressure drop, cm. of water 
CO in gas entering reactor (dry basis), % 
CaS in solids, % 
Desulphurization, % .. 
Composition of reactor off-gas:-

S09, mol % 
CO 1, mol % 
H.O, mol % 
N 2, mol % 

12 
1 ·22 

11 · 7 
1,215 

12 
2 
2 
3 · 1 

89 

2·9 
9·5 

17·5 
70· 1 

100·0 

in flowing from the combustion chamber to the 
reactor. For control purposes the temperafurc of 
the hottest spot in the reactor was determined by 
probing the bed with a protected chromel-alumel 
thermocouple. Incidentally, the temperature of the 
bed varied greatly with both radial and longitudinal 
position. Porcelain, cermet and stainless steel thermo­
couple protection tubes were tried. The first with­
stood the attack of the corrosive atmosphere but it 
was somewhat fragile and not too resistant to thermal 
shock. The second performed satisfactorily but was , 
expensive and not available in sizes smaller than 
t in. diameter. Stainless steel (Type 304) was 
generally used because it was more readily available, 
but it withstood only a few hours of service. 

Initially an attempt was made to burn natural 
gas and air in the lower part of the bed. It proved 
impossible to control adequately both the tempera­
ture and composition of the reducing gas, so a com­
bustion chamber was added. This introduced the 
problem of conducting the gas from the combustion 
chamber to the reacting solids. Uninsulated stainless 
steel pipe satisfactorily carried the gas to the reactor 
wall but the portion of the pipe projecting into the 
bed of solids rapidly disintegrated. The gas had 
to be introduced near the shaft centreline to obtain 

satisfactory distribution. Ulti­

To jet exh:iuster 
r- Steel shell 

mately a cermet tube was found 
to withstand the service. 
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tom of the reactor, the bed would 
seldom flow freely. Some rodding 
was needed but it was easy to 
crush the soft, dehydrated gypsum 
and to compact the bed to the 
point where the shaft would be 
solidly plugged. 

For a SO-hour demonstration 
~nrseu~;~~~g run the conditions shown in Table 

Air -N~tural gas 

COMBUSTION CHAMBER 

4 were selected. The gypsum feed 
rate was chosen on the basis of 
previous operating ex1wricnce, 
while the gas rate was designed to 

Fig. 4-Pilot plant scale moving 
bed reactor 



provide corresponding stoichiometric amounts of the 
reducing agents. The choices of temperature and 
carbon monoxide concentration were based on the 
results of the earlier lahorato1.:y investigation. Thl' 
choice of heel depth was purely arbitrary. 

The demonstration procl'ecled smoothly and without 
difficulty. During the operation the bed was rockkcl 
and an increment of gypsum was added at IS-minute 
intervals. More frequently the discharge screw was 
given a turn, the turns being regulated to keep the 
bed depth constant. After every 10th revolution 
the solids were withdrawn from the storage chamber 
and sampled for chemical analysis. 

The best results were obtained during the final 
7 hours of the demonstration, when the gypsum was 
89 per cent. desulphurized and the remaining solids 
contained 3-1 per cent. calcium sulphi<ll' . Tlw 
concentration of sulphur dioxide in the gas from till' 
reactor was somewhat low for supplying a sulphmic 
acid plant and the calcium sulphide content of th( • 
solids was probably too high to consider t ht· linw of 
marketable quality. Hence, the results do not 
indicate immediate technical feasibility of thl' proct•ss. 
However, the results are encouraging in light of tht· 
large temperature gradients obsen·cd in tht· n·artor 
and the unsteady nature of the opl'ration. 

Future Development Programme 

To supply the heat absorbed by the rl'actions and 
the heat for dehydrating the gypsum arnl for 
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increasing the tl'mp<'rature of the solid~. the hot gas 
must give up a large amount of sensible heat . In a 
moving-bed reactor or in a rotary kiln this will 
result in large temperature gradients in both the gas 
ancl solids. Sincl' t lw reacting gypsum should hl' 
kl'pt within a tl'mperatme rang<' of about :m0 

C. , it 
seems doubtful that a moving-lJt'cl n •actor or rotary 
kiln through which the gas makes a single pass will 
cwr pron· satisfactor~·. Recycling a large portion 
of the gas could provide a more uniform temperature 
in the reactor, but the huild-up of reduction products 
in the gas might prC'sent additiona l problems. 

An altt•rnatin- t~·pC' of reactor which seems to offer 
morl' promist· is thl' tt11iclize<l-hcd reactor, for this 
t~·1w can prm·idt· a n ·ry uniform tempC'rature and the 
klllpl'ratun· i:-- n·adil\' rnntrollect . \ Vl' are now 
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Rapid Titrimetric Determination of Sulfate in Mixtures of Gypsum, 
Anhydrite, Calcium Oxide, and Calcium Sulfide Using Ion Exchange 

Sm: The conventional sulfate deter­
mination by gravimetrically pre­
cipitating barium sulfate is very tedious 
and time consuming. The present 
technique uses an ion exchanger so the 
sulfate can be titrimetrically deter­
mined as sulfuric acid. An analysis can 
be completed in 30 minutes. This 
method is being used for the routine 
analysis of sulfate in mixtures of gypsum, 
anhydrite, calcium oxide, and calcium 
sulfide. The mixtures are produced 
from laboratory and pilot plant in­
vesti0·ations on the reductive decom­
position of gypsum. 

Ion exchangers have been used to 
some extent for analysis of solutions 
(3), but the present technique uses an 
ion exchanger for the analysis of a 
slightly soluble solid . The method is 
similar to procedures developed by 
Kniestedt and Wable (1) for deter­
mining sulfate in naturally occurring 
anhydrite and by Perry (2) for deter­
mining the sulfate content of gypsum, 
anhydrite, and hemihydrate. The main 
step uses a cation exchange resin in the 
hydrogen form so that all the cations in 
solution will be replaced by hydrogen 
ions. The resin used can be either 
Dowex 50 or Amberlite IR 120. Both 
resins have a high capacity and high 
thermal stability. 

The sulfate exists in the solid samples 
mostly as calcium sulfate. When the 
solids are suspended with an excess of 
exchange resin in hot water, all of the 
calcium sulfate will eventually dis­
solve (1). The main reactions that 
occur are as follows: 

CaSO4 <•> = Ca +2 + sO4-2 (1) 

2 HR+ Ca +2 = CaR2 + 2H+i (2) 

where HR = hydrogen-form cation 
exchange resin. 
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With a mixture of solids the overall 
reactions are as follows: 

2HR + CaSO4 = CaR2 + H2SO4 (3) 

2HR + CaO = CaR2 + H2O (4) 

2HR + CaS = CaR2 + H2S (5) 

All of the calcium is replaced by hydro­
gen ions. Calcium oxide gives no net 
change of hydrogen ions in solution and 
calcium sulfide gives hydrogen sulfide 
which can be liberated by heating. 
The calcium sulfate equivalent remains 
as sulfuric acid. Other insoluble sul­
fates such as those of barium and 
strontium will behave similarly (2) . 

EXPERIMENT AL 

Apparatus. The apparatus consists 
of a mixing chamber, an ion exchange 
column, a 500-ml. vacuum flask, and 
a source of hot, 90° C. distilled water. 
The mixing chamber is a 75-ml. 
Buechner funnel with a coarse grain 
sintered glass bottom, and the ion 

exchange column is a 65-ml. cylin­
drical separatory funnel with a stop­
cock drain. 

Procedure. For analyses the ion 
exchange column is completely filled 
with moist hydrogen-form resin and 
the mixing chamber is partially filled 
with approximately 25 grams of resin. 
A 0.2- to 0.3-gm. sample of finely 
pulverized solids is stirred with the 
resin and 50 ml. of hot distilled water 
for 15 minutes in the mixing chamber. 
The hot solution is then drawn out 
of the mixing chamber through the 
ion exchange column by vacuum. 
Finally, the system is rinsed twice 
with additional hot water. 

Most of the cations are replaced by 
hydrogen ions in the mixing chamber 
but the ones remaining are replaced in 
the ion exchange column. With this 
arrangement several samples can be 
analyzed before the resin needs to be 
replenished. To ensure an excess of 
resin at all times the mixing chamber is 
replenished with fresh resin after every 
five determinations and the ion ex-

Table I. Comparison of Sulfate Determinations by the Present Method and the 
Gravimetric Method 

Other main 
components present 
CaO, % 

74 .0 
69.1 
56 .8 
62 .9 
60.2 
45 .9 
38.8 
34.4 
28 .4 
25.9 
22.3 
29.6 
33.4 
31.3 

CaS, % 
5 .6 

10.4 
13.7 
11.9 
11 . 7 
35 . 1 
36.9 
43.5 
49 .5 
52 .8 
54 .9 
49 .7 
47 .3 
50.9 

SOa, % 
Gravimetric Method Present Method 

1st 2nd Av. 1st 2nd 

6.00 5 .95 5.97 5.74 6.16 
4 .50 4.82 4.66 4 .89 4.46 

11 .03 10.79 10 .91 10 . 79 10.42 
9.79 9 .70 9.75 10 .60 10. 72 
9.57 9 .80 9.68 9 .56 7.63 
5.01 4 .91 4.96 5 .12 4. 79 
8.44 8.48 8.46 8.56 8.73 
7.87 7 .96 7 .91 8.26 8.50 
7 .63 7 .70 7.66 7 .77 7.60 
6.43 7.46 6.94 6 .44 6 .67 
6.33 5.93 6 . 13 7 . 14 7 .08 
7 .87 7 .67 7 .77 7.88 7 .87 
6.42 6 .24 6 .33 6 . 71 6.43 
5 .26 5.13 5.19 5 .48 5.21 

Av. 

5.95 
4.67 

l0 .61 
10 .66 
8.59 
4 .95 
8.64 
8.38 
7 .68 
6 .55 
7 . 11 
7.87 
6.57 
5.34 
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change column is replenished after every 
ten determinations. 

Most of the sulfide present in the 
,:,ample is vaporized from the hot mixing 
chamber as hydrogen sulfide but positive 
removal of hydrogen sulfide is assured 
by heating the filtrate to boiling and 
then subjecting the solution to an 
aspirator-produced vacuum. The re­
maining solution is titrated with O.lN 
sodium hydroxide to a pink end point 
using phenophthalein indicator. 

RESULTS AND DISCUSSION 

When this method was adopted for 
routine analysis some of the pilot plant 
samples were analyzed by both the 
present method and the gravimetric 
method for comparison. The results 
for a series of fourteen samples are 
shown in Table I. The oxide and sulfide 
contents of these samples varied over a 
wide range while the sulfate content 
varied between 5 and 11 % expressed as 
SOa. The mean sulfate content of all 
samples found by the present method 
was 7.40% as compared to 7.31% 
by the gravimetric method. An analysis 
of variance for each method showed the 
standard deviation between determina­
tions within samples for the present 
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method to be 0.41 % and for the gravi­
metric method to be 0.24%. The corre­
sponding relative standard deviations 
were 5.5 and 3.2%. 

If it is assumed that tests of sig­
nificance are valid and applicable to 
this situation, it can be shown that 
there is no significant difference between 
the means found by the two analytical 
methods. However, the difference in 
the standard deviations is significant. 
The accuracy of the two methods 
appears to be the same but the present 
method does not have as great a 
precision. 

For this series of samples the precision 
of either method was not great and this 
is probably due to the relative in­
experience of the analyst who was a 
freshman college student with very little 
formal training in quantitative 
analysis. Possibly better results would 
have been obtained with methyl orange 
indicator since it would not have per­
mitted any unvaporized sulfide to be 
titrated. Hence, it appears likely that 
better results can be obtained with the 
present method than are reported here. 

Non volatile anions, where present, 
can interfere with the determination. 

These would have to be determined 
separately and corrections applied for 
them. With the samples analyzed here, 
the chloride ion content required less 
than 0.1 ml. of sodium hydroxide, so no 
correction was made. 
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FERTILIZER RAW MATERIALS 

Use of Wet Process By-Product 
Gypsum in Fertilizer Manufacture 

M. A. LARSON and D. R. 
BOYLAN 

Department of Chemical 
Engineering, Iowa State College, 
Ames, Iowa 

By-product gypsum from the manufacture of wet process phosphoric acid was fused with 
phosphate rock. Products having phosphorus pentoxide contents greater than 90% were 
obtained from mixtures of three parts of dehydrated gypsum and one part of phos­
phate rock produced in a gas-fired laboratory fusion furnace. A 1-ton-per-day pilot 
plant fusion furnace produced products having from 10.1 to 13.6% total phosphorus 
pentoxide. Phosphorus pentoxide availability ranged from 88 to 93% based on sol­
ubility in 2% citric acid and 80 to 90% based on solubility in neutral ammonium citrate. 
This process provides a possible method for the utilization of wet process by-product 
gypsum in a granular, nonhygroscopic, nonacidic phosphate fertilizer. 

PH OSPHATE ROCK can be fused with 
certain addition agents to produce 

available phosphorus pentoxide. The 
fused mass is generally quenched in a 
high velocity stream of water and the 
resulting products are usually granular, 
nonacidic, nonhygroscopic, and easily 
ground. No attention is given to the 
removal of fluorine and the phosphorus 
pentoxide is soluble in neutral ammo­
nium citrate or 2% citric acid. 

This type process has been studied 
using olivine as the addition agent in 
an electric furnace (5, 6, 9). Moulton 
(7) described a commercial plant using 
the olivine process and Davy ( 4) dem­
onstrated its feasibility in a gas fired 
furnace. Bridger and Boylan (2) de­
veloped a process using langbeinite as 

the addition agent and a gas-fired fur­
nace. The authors (1) studied a process 
using mineral gypsum as an addition 
agent and produced an 0-10-0 fertilizer 
material in the laboratory. Stinson 
and Munna (8) produced a phosphate 
slag as a by-product of a process designed 
to recover sulfur dioxide from by-product 
gypsum obtained in the manufacture of 
phosphoric acid. 

The present study was a direct at­
tempt to produce a phosphate fertilizer 
from phosphate rock and by-product 
gypsum obtained from wet process 
phosphoric acid, without the addition 
of any other material. Such a process 
would have the advantage of a no-cost 
raw material at the site of supplies of 
the other raw material. 

Raw Materials and Analysis 
Phosphate rock (Davison Chemical 

Corp.) was used in these studies (Table 
I). Ground rock A was dried at 212° F. 
for 5 hours before using. The ground 
rock, as well as the unground, non­
dried rock B, was used in the pilot plant. 

The by-product gypsum (Davison 
Chemical Corp., Joplin, Mo.) was re­
ceived wet and was dehydrated at 500° F. 
before use. A portion of the gypsum 
was reduced to the hemihydrate before 
agglomeration for use in the pilot plant. 
It was not ground in either case. 

The mineral gypsum (U. S. Gypsum 
Corp., Fort Dodge, Iowa) was treated 
similarly as the by-product gypsum 
before use. The chemical and the Tyler 
Standard screen analyses of these raw 
materials are given in Table I. 
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The total phosphorus pentoxide was 
determined by the Association of Official 
Agricultural Chemists method and the 
available phosphorus pentoxide was de­
termined by its solubility in 2% citric 
acid. The final determination of phos­
phorus pentoxide was done colori­
metrically as described by Bridger, 
Boylan, and Markey ( 3). 

Procedure 

Laboratory fusions were made in Coors 
porcelain crucibles, in a small gas fired 
refractory furnace, as previously de­
scribed (1). One of the bricks in the 
front was cut, so that a portion could be 
removed, for placement and removal of 
crucibles. A laboratory blast burner 
provided a maximum temperature of 
2800° F. 

Thirty-gram charges of various mix­
tures of phosphate rock A and dehy­
drated by-product gypsum were pre­
pared, fused, and quenched. The charges 
were difficult to keep in the crucible 
during fusions, because of the vigorous 
boiling and foaming. A considerable 
amount of sulfur dioxide was given off, 
much more than was observed by the 
authors ( 1) when mineral gypsum was 
used, making it difficult to ascertain 
when fusion was complete. The resi­
dence time of the sample in the furnace 
was 8 minutes. The resulting melt was 
highly viscous and difficult to quench 
properly. The total phosphorus pent­
oxide and the citric acid-soluble phos­
phorus pentoxide contents are given in 
Table II. The phosphorus pentoxide 
availability is plotted against charge 
composition in Figure 1. For compari­
son, the availability of mineral gypsum 
fused phosphates is also plotted in Figure 
1. The data indicate that the mineral 
gypsum is superior to by-product gyp­
sum as an addition agent in the fusion 
process. However, the data show that 
high phosphorus pentoxide availability 
can be obtained using 25% of phosphate 
rock and 75% of dehydrated by-product 
gypsum. 

The fact that mineral gypsum give') 
better results than by-product gypsum 
is probably due to the greater silicon 
dioxide content of the by-product gyp­
sum. The addition of small quantities 
of silicon dioxide to mineral gypsum 
fusions produced results similar to those 
resulting from the use of by-product 
gypsum. This effect is probably due 
to two things: the dilution effect, in that 
less calcium sulfate is present per unit 
cif addition agent and the decomposition 
effect of the silicon dioxide on calcium 
sulfate. This decomposition would re­
sult in higher melting points and poor 
fluxing action making it necessary to 
add larger quantities of addition agent 
to get sufficient attack on the apatite. 
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Table I. Raw Material Analysis 
Sample, % Dry 8asis 0 

Gypsum 
Phosphate Rock Min- By-

Constituents A 8 eral product 

Chemical Analysis 
H20, 

combined 19.9 20 .1 
P205 33.8 30 .5 0.7 
CaO 47.8 45.7 32 .1 32 .1 
SOa 44 .8 33.8 
Si02 9 .1 11 . 6 2 .5 9.4 
R20a 2 .4 2 .5 0.4 0 .3 
F 4 .6 3.4 

Screen Analysis 

+3 8 . 1 
-3 +8 19 .5 2.6 
-8 +14 34 .1 19 .4 

-14 +28 18 . 1 14 .5 0 .4 
-28 +48 7 .2 15 .0 2.8 
-48 +100 10 .6 6 .8 18 .5 17.0 

-100 +200 34 .2 2.7 12 .0 47 .6 
-200 55 .2 3 .5 18.0 32.2 

0 Phosphate rock dried for 5 hours at 
212° F. Gypsum dried for 2 hours at 
113° F. 

>, 

.D 
0 
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0 
> 
0 

C: 
Q.) 

u 

... 
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a.. 

50 

40 35 30 2 5 20 15 

Per cent phosphate rock in charge 

Figure 1. Effect of charge composi­
tion on P20 5 availability in fused gyp­
sum phosphate 

Pilot Plant 

A pilot plant fusion furnace (Figure 
2) was constructed to demonstrate this 
process on a larger scale. It consisted of 
a gas-fired horizontal shell provided 
with a feed preheater and a heat recu­
perator to preheat the combustion gases. 
Furnace temperatures were measured 
with an optical pyrometer and exhaust 
gas, primary air, and shell tempera­
tures were measured with Chromel­
Alumel thermocouples. The exhaust 
stack was provided with a steam ejector, 
so that the draft on the furnace could be 
regulated. The furnace was also pro­
vided with a high velocity water quench. 

The furnace feed was composed of a 
mixture of phosphate rock, by-product 
gypsum as received, and by-product 
gypsum reduced to the hemihydrate. 
The mixture was agglomerated in a 
cement mixer and particles ranging from 

Table II. Ca mpositions of Products 
of Fusions Using Mixtures of Rock 
Phosphate and By-Product Gypsum 
Dehydrated Product Compn. % P205 
Gypsum 0

, Temp., Total Available Availa-
% o F. P20s P205 bility,% 

60 2490 16. 1 8.4 52 
2520 15 .9 8.5 54 

65 2415 13 . 5 8 .4 62 
2445 13 .7 8 .0 58 

67 .5 2350 12 .6 6 .6 52 
2375 12 .8 8 .2 64 

70 2385 12 .2 8 . 5 70 
2405 12.1 8 .0 66 
2375 12 . 1 7.9 65 

72 .5 2385 11. 1 8 .8 79 
75 2365 9 .0 8 .3 92 

2400 (lost) 
2390 10 .7 9 .0 84 

80 2425 8 .5 8 .3 98 
2435 8 .1 8 . 1 100 

85 2400 6 .8 6 .4 94 
2400 6 .0 6.0 100 

a By-product from H 2P01 manufacture, 
(Davison Chemical Corp.) dried at 500 ° F. 
before fusion. 

Plicast 31 6 11 

\

- Burner cast refractory 

20" steel pipe 

~-" ' 

~ -! Af .. I 1 
Tap hole 

-1'-211 21-91/211 

Figure 2. Pilot plant fusion furnace 

0.5 to 2 inches were produced and used 
for furnace feed. These particles were 
very firm and required little drying be­
cause of rehydration of the hemihydrate. 
Molten product from the furnace was 
quenched and collected in the settling 
basin. Rates up to 75 pounds per hour 
were attained. Feed was added when 
needed. Product was tapped continu­
ously. 

The product was dried and analyzed 
for total and citric acid soluble phos­
phorus pentoxide. 

Resulh 
The results of fusions of by-product 

gypsum are presented in Table Ill. 
The feed compositions are given on 
an anhydrous basis, because the agglom­
eration mixture contained both the di­
hydrate and the hemihydrate of calcium 
sulfate. The mixture containing 67% 
by-product gypsum on an anhydrous 
basis did not give satisfactory avail­
ability. The melt was very viscous and 
it was necessary to rake it from the 
furnace. Because of its high viscosity 
it did not shatter on quenching, and 
consequently the actual ~cooling was not 
as rapid as desired. The product 
showed a high loss of sulfur dioxide 



Table Ill. Analysis of Pilot Plant Products 
Feed Co111position, 

% Product Composition, % 
Phos• ,,o, 
phote Available ovoil-
rock Gypsum" CoO SO3 F SiO2 R2O3 P2O5 P2O5 ability 
33b 67c 51.1 17 .2 1 .19 13 .8 1.8 14 .5 10.2 70 
30b 70c 51.1 20 .4 0 .78 15 .2 1.3 13.6 12.0 88 
25d 75c 48 .1 18 .8 0 .80 20 .0 3 .0 10.1 9.4 93 
30b 70• 47 .7 33.0 0 .97 5.2 1.0 11 .6 11.0 95 
" Anhydrous basis. b Phosphate rock A. c By-product gypsum. d Phosphate rock B. 
• Mineral gypsum. 

during fusion and it appeared as a glassy, 
dark green slag. Approximately 47% 
of the sulfur present was lost as sulfur 
dioxide in the flue gas. It was not fea­
sible to determine the· sulfur dioxide 
content in the flue gas in this or sub­
sequent runs. 

The mixture containing 70% of by­
product gypsum gave a product which 
was satisfactory. It had a phosphorus 
pentoxide availability of 88% and con­
tained 12.0% of citric acid soluble 
phosphorus pentoxide. It was highly 
viscous, but flowed more easily and 
shattered to a greater degree on quench­
ing than did the products from mixtures 
containing less gypsum. This product 
also had a glassy, green appearance 
after quenching. 

When a mixture containing 75% of 
by-product gypsum and 25% of phos-
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phate rock was used, the -melt flowed 
easily from the furnace, shattered very 
well on quenching, and gave a granular 
product with a 93% phosphorus pent­
oxide availability. The availabiJity 
based on solubility in neutral ammonium 
citrate varied from 80 to 90%., 

Mineral gypsum, in the proportion 
found to be optimum in previous work, 
was used for control fusions ( 1). The 
product was chalky white, granular, and 
had a 2% citric acid-soluble phosphorus 
pentoxide content of 11 .0%. Consid­
erably less sulfur dioxide was lost during 
fusion, as evidenced by its chalky ap­
pearance, and the fact that a lower fusion 
temperature was required. The anal­
ysis of the product is shown along with 
those for the by-product gypsum fusion 
in Table III. 

It was demonstrated on a pilot plant 
scale that phosphate rock can be fused 
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with by-product gypsum to give a prod­
uct suitable as a fertilizer. The prod­
uct has the advantage of nonacidity, 
is nonhygroscopic, and does not need to 
be ground after quenching. Inasmuch 
as wet process gypsum is an undesirable 
by-product, the fusion process provides 
a use as well as a method for its disposal. 
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RECOVERY OF URANIUM IN THE MANUFACTURE 
OF WET-PROCESS PHOSPHORIC ACID 

A uranium balance was completed across each of two recently constructed 
wet-process phosphoric acid plants of different design. Seventy-five to eighty 
per cent of the uranium entering in the phosphate rock and other raw materials 
was found in a recoverable form in the product acid at both plants. Most of the 
remainder was accounted for in plant waste streams. Basic engineering design 
data were developed for recovery of the uranium from one of the plant acids 
through either solvent extraction or ion exchange. 

E.W. Nadig 
and 

George Burnet 

It is generally recognized today that the uranium 
in phosphate rock cannot be recovered economically 
except as a by-product in the manufacture of certain 
commercial fertilizers. Phosphate rock from Florida 
and the phosphoria formations of Idaho, Montana, 
Utah, and Wyoming have a uranium content ranging 
from 0.01 to 0.02%. This is low compared with an 
average uranium content of 0.23% (7) for our present 
uranium ore reserves, now estimated to be 70 million 
tons (8). The long-range potential of uranium from 
phosphate rock becomes apparent, however, when 
the latter figure is compared to our domestic phos­
phate rock reserves of 13 billion tons (9). 

Over a period of several years a research program 
at the Ames Laboratory of the U.S.A.E.C. has dealt 
with the recovery of uranium during the manufacture 
d commercial fertilizers. Previous work pertained 
principally to the recovery of uranium during the 
manufacture of normal superphosphate (1). Solvent 
extraction was used to recover the uranium from the 
solid acid-digested product, but serious difficulties 
were encountered· in separating the extract from the 
solid phase; solvent losses were high and uranium 
recovery was correspondingly low. 

In the manufacture of wet-process phosphoric 
acid, on the other hand, 70 to 80% of the uranium 
goes into solution in the product acid, from which it 
is readily recovered by solvent extraction or ion ex• 
change. Hence recovery of uranium from phosphate 
rock is limited, principally by process considera• 
tions, to the manufacture of. wet-process phosphoric 
acid, w·hich is used in the manufacture of triple su­
perphosphate or the ammonium phosphates. 

AVAILABILITY 

The total phosphate rock mined annually in the 
United States is about 13.5 million tons. If an aver­
age uranium content of 0.015% is assumed, this rep-

Iowa. State University or Science and Technology, 
Ames; Iowa. 
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resents approximately 2,000 tons of uranium. Be­
cause much of the rock is applied directly to the 
soil, only about 70% of the total rock mined is avail­
able for chemical processing. This fraction con­
tains about 1,400 tons of uranium. About 45% of the 
rock processed, which would contain 630 tons of 
uranium, is used for making wet-process phosphoric 
acid (15). Most of the rest of the rock is made into 
normal and enriched superphosphate (11 ). 

In 1948, as only 10% of the uranium used in the 
United States came from domestic sources and total 
consumption was small (13), the production of ura­
nium from any source was of prime interest to the 
A.E.C. In 1959, on the other hand, the free-world 
troduction of uranium was 34,000 tons, with the 
United States and Canada producing 75% of this (8), 
and so the amount available as a by-product from 
our phosphate industry assumed a less important 
rol~. 

For national security, however, the A.E.C. has 
maintained an interest in all significant domestic 
sources of uranium. Also the current trend in the 
fertilizer industry is toward production of high­
analysis fertilizers, many of which require wet-proc­
ess acid in their manufacture. To companies in this 
expanding field, uranium recovered from the acid 
represents a valuable by-product from an already ex­
isting industry and hence may justify continued in· 
terest on their part. 

SOURCE OF DAT A 

Until recently (6, 10) information on the commer· 
cial recovery of uranium during the manufacture of 
wet-process acid was treated confidentially by those 
companies doing work in this field. Consequently, 
little has been known about what happens to the ura­
nium entering in the rock other than the fact that a 
large portion of it is found in the product acid. It 
was the purpose of this investigation to complete a 
uranium balance across each of two recently con­
structed wet-process plants of different design. 
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From the resulting data, it is possible to determine, 
among other things, whether acid-process variables 
arrect \D'anium distribution and whether process 
streams other than the product acid are significant 
sources of economically recoverable uranium. The 
two plants visited were the Farmers Chemical Com­
pany plant in Joplin, Missouri, which was designed 
and erected by the Dorr-Oliver Company, and the 
Smith-Douglass plant at Streator, Illinois, which was 
designed by Singmaster and Breyer and uses the 
Belgian Prayon process. At present neither of these 
plants is recovering uranium. 

At the plants every attempt was made to obtain 
reJresentative samples. Flow rates were based on 
actual measurements when possible or were esti­
mated from long-term production records where an 
accurate measurement could not be made. Over-all 
and internal material balances were made to help 
spot any readings that were out of line and required 
verification. 

THE BASIC PROCESS 

To appreciate the significance of the data to be 
JX'esented, one must have at least a basic know ledge 
of the processes used in these plants. In each 
case, the fundamental chemistry is the same (~). 
Briefly, finely divided phosphate rock and a sli~ht 
excess of sulfuric acid are reac.ted to produce a 
slurry of gypsum in phosphoric acid. The reaction 
actually takes place in two stages. The tricalcium 
phosphate (used to represent the various apatite 
minerals actually in the rock) is first converted into 
soluble monocalcium phosphate, which then reacts 
with sulfuric acid to form phosphoric acid and a gyp­
sum precipitate: 

Ca 3 (P0 4)2 + 4 HaP0 4 = 3 CaH 4 (P04)2 (1) 

3CaH 4 (P0 4)2 + 3H2S0 4 + 6H20 = 

3CaS0 4-2H20 + 6HaP04 (2) 

The resulting slurry is fed to a continuous vacuum 
filter where the gypsum is separated from the ap­
proximately 32% P 20 6 product acid. The principal 
waste streams produced are the gypsum, which is 
usually reslurried and pumped to a waste pond, and 
scrub water from some device used to scrub the cor­
ros iv~ fumes produced during the acid digestion of 
the rock. 

URANIUM DISTRIBUTION 

Figure 1 shows a greatly simplified flowsheet for 
the Joplin. plant of the Farmers Chemical Company 
and the results of the uranium balance across it. 
The heavy lines are the main process flow streams. 
Di~estion of the rock is carried out in a series of 
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JOPLIN PLANT 
U Fl.OW RATE:S Ill POUNDS PER 24-HOUR DAY 

PHOSPHATE 
ROCK 
11.5 

EXIT STREAM 
PRODUCT ACID 
GYPSUM 
SCRUB WATER 

UNACCOUNTED F01t 

TO WASTE 
5.0 

WASH WATER 

GYPSUM TO 
WASTE 

PHOSPHORIC ACID 
60.5 

PERCENT ENTERING U 
753 
II.I 

_y_ 
TOTAL 97.6 

2 .4 

Fig. 1. Flowsheet and uranium balance for the Farmers 
Chemical Company plant. 

}X'emixers and agitators. The filtration is carried 
out with traveling pan filters. Weak acid (17% 
P 20 5) from the first wash of the cake is recycled to 
the premixers. The cake is given a final wash with 
water prior to discharge, and the very weak acid 
thus produced becomes the wash solution for the 
first wash. The fumes from the digestion vessels 
are scrubbed with a patented wet impingement type 
of scrubber (.1). 

The uranium content of the various streams is 
shown on the flow sheet as pounds of uranium per 
24-hr. day. Uranium was determined fluorimetri­
cally (14). Because of the interference of phos­
phoric acid a standard addition technique was used. 
As was anticipated, most (75.3%) of the uranium en­
tering was found in the product acid. The gypsum 
contained 16.1%, and the scrub water 6.2%. The 
balance came within 2.4% of closing, which testifies 
well to the accuracy of the flow measurements and 
the analyses for ura.ni um. This conclusion was sup­
ported by a number of internal balances completed 

STREATOR PLANT 

U FLOW RATES IN POUNDS PER 24-HOUR DAY 

EXIT STREAM 

PflOOUCT ACID 
GYPSUM 

BAROMETRIC 
CONDENSER 

WA WlTEJI 

3 .1 

GYPSUM 
TO WASTE 

PHOSPHORIC ACO 
654 

P£RCENT ENTERING u 
7t.5 
45 

BAROMETRIC WATER ITOTALI _J .I.._ 

TOTAL tl.t 
UNACCOUNTED A>R I . I 

Fig. 2. Flowsheet and uranium balance for the 
Smith-Douglass plant. 
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Fig. 3. Stage-by-stage extraction diagram with 5% octyl 
pyrophosphoric acid (OPPA) in kerosene as the solvent, 

over sections of the process, such as the digestion 
section and filtration section. 

Figure 2 shows a similar flowsheet for the 
Su-eator plant of the Smith-Douglass Company, Inc. 
The digestion is carried out in two tanks each di­
vided into four compartments. The digestion slurry 
flows through the compartments in series. The first 
six act as a six-stage digester, and the last two as 
hold-up tanks used to assure a uniform flow to the 
filter. Fumes from the digesters and from a vacuum 
slurry cooler (not shown on the flowsheet but in­
stalled in the line to the filter) are scrubbed in a 
conventional barometric condenser. 

The outstanding piece of equipment in this plant 
is the filter. The single unit used is a horizontal, 
rotary, tilting u-ay, vacuum filter, 28 ft. in diameter, 
with fifteen individual u-ays. On the filter the cake 
is given a two-stage countercurrent wash, and the­
weak acid (22% P 2 0 11 ) thus produced is recycled to 
the digesters. The gypsum filter cake is reslurried 
and pumped to a waste pond. 

The uranium balance data obtained were somewhat 
atypical. This is due principally to the fact that 
api:roximately one-fourth of the sulfuric acid re­
quired in the digestion is added as spent acid. The 
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acid is a waste stream from the acid digestion of 
monazite sand carried out in a thorium recovery 
irocess. The acid as received contains 0.027 to 
0.030% uranium which greatly increases the amount 
of uranium present per ton of rock processed. 

Again, as shown in Figure 2, a large percentage 
(79.5%) of the total uranium entering (in spent acid 
plus rock) was found in the product acid. The gyp­
sum contained 4.5% and the water from the baromet­
ric condensers 7 .9%. If the latter two percentages 
are based only on that uranium entering in the rock, 
they become 11.1% and 19.4%, respectively. This 
assumes all the uranium enterin~ in the spent acid 
simply passes through the process and ends up in 
the product acid. 

It should be noced that 8.1% of the uranium enter­
ing is unaccounted for. A similar figure resulted 
from two independent balances made by Smith-Dou~­
lass (lf). Failure to complete a balance is probably 
due to errors in measuring the flow rate of one or 
mae precess streams. The erras are not thought to 
be large enough to affect the conclusions. 

The uranium balance data for the two plants show 
that: 

1. The product acid can be expected to contain 75 
to 80% of the uranium entering with the raw materi­
als. 

2. The use of a vacuum cooler to reduce the slurry 
temperature between the digestion and filu-ation 
steps tends to increase the uranium lost in vapors 
and fumes. This is apparent when one compares the 
losses for the Streator plant, where a flash is used, 
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Fig. 4. EUect or Oow rate and volume or throughput on 
uranium recovery with Dowex-1 in a laboratory column. 
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with those for the Joplin plant where slurry cooling 
is not employed. Depending upon the volume of wa­
ter used and whether or not it is recycled uranium 
recovery from this waste stream may be j~stified. 

3. The amount of uranium lost in the gypsum can 
vary significantly between plants but does not ap­
pear to be large enough to warrant recovery. 

RECOVERY OF URANIUM FROM PRODUCT ACID 

In crder to ascertain the difficulty and degree of 
recovery fro?1 one of_ the run-of-the plant acids, sol­
vent extraction and ion exchange were investigated 
with acid (30.2% P 20 5) from the Joplin plant. The 
work was limited to that necessary to provide bn.sic 
engineering design data. 

A large number of extraction solvents for the re­
covery of uranium has been tried and the results re­
ported in the literature (4 ). Low concentrations (3 
to 5%) of the alkyl pyrophosphoric acids in a sol­
vent, such as kerosene, have given the most favor­
able extraction coefficients when the uranium is in 
the tetravalent state. Figure 3 shows an equilib­
rium curve giving the distribution of U3 0 8 between 
the plant acid and an extraction solvent consisting 
<i. 5% octyl pyrophosphoric acid (OPPA) in kero­
sene. 

From the equilibrium diagram the number of ideal 
stages required to recover a given percentage of ura­
nium can be determined. Figure 3 shows an example 
where 95% of the uranium in a given feed is recov­
ered in two ideal stages with a solvent-to-feed ratio 
of 8 to 1. The uranium is recovered from the extract 
by treating it with hydrofluoric acid which causes 
the uranium to precipitate as the tetrafluoride. 
Over-all recoveries of 75% have been reported where 
this system has been applied commercially (6). 
Four to six actual stages are required, depending 
upon the type of extractor, the operating conditions, 
and the degree of recovery. 

Disadvantages encountered when ion exchange 
has been used to recover the urani urn are a low ad­
sorption rate necessary to get good recovery, and 
poor elution of the uranium from the bed. The resin 
found to give the best results has been Dowex-1, an 
anion-~xchange resin (5). Figure 4 shows the effect 
cl rlow rate and volume of throu,z;hput on the per cent 
tranium recovered in a small, 2-in.-diameter column 
containing 145 g. of resin. 

Various types of elution agents were investigated. 
The _best results were_ obtained using a solution ap­
proximately 1-normal rn both hydrochloric acid and 
s~ium chloride. Five hundred milliliters of the so­
lution removed 90 to 94% of the uranium from the bed 
b~. • 

SUMMARY 

A uranium balance was completed across each of 
two recently constructed wet process phosphoric 
acid plant.8 of different design. Seventy-five to 80% 
of the uranium entering in the raw materials was 
fc •1nd in a recoverable form in the product acid at 
both plants. The remainder was found in two waste 
streams: the gyps um from the filters and the water 
from the fume or vapor scrubbers. In accordance 
with the process and type of scrubber used, the lat­
ter stream may be a source of economically recover­
able uranium. Basic engineering design data were 
developed for the recovery of the uranium from run­
of-the-plant acid with either solvent extraction or 
ion exchange. 
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QUICK CURING OF SUPERPHOSPHATE 

Effect of Ball Mill Grinding on Acidulation 
of Phosphate Rock 

R. R. ROUNSLEY 1 and D. R. BOYLAN 

Chemical Engineering Department, 
Iowa State College, Ames, Iowa 

An investigation was undertaken to determine the effect of grinding during the acidulation 
of phosphate rock. Bench-scale work was carried out in a 1-quart, laboratory ball mill 
made of stainless steel, which was equipped with a heating chamber so that the material 
could also be dried in the mill. A normal superphosphate product suitable for commercial 
use was obtained within an hour after the addition of the first acid. Successful pilot plant 
operation showed that the bench-scale results could be duplica:ted on a larger scale and on 
a continuous or semicontinuous basis. An economic comparison of the process with an 
equivalent standard normal superphosphate process indicated that this quick-curing process 
was competitive, if not favored. 

IN THE USUAL MANUFACTURE of normal 
superphosphate, the required amounts 

of sulfuric acid and phosphate rock are 
mixed and allowed to "set up" in some 
kind of closure. The resulting porous 
solid i.s mechanically d~integrated and 
transferred to piles for curing while the 
chemical reactions are allowed to go to 
completion. During this curing period 
of from 4 to 6 weeks, the free acid and free 
moisture contents are reduced and the 
available phosphorus content is in­
creased. 

1 Present address, Mead Corp. Chilli­
cothe, Ohio. 

Processes in which the curing period is 
reduced or eliminated entirely are re­
ferred to as quick-curing . processes. 
Their advantages (3, 5) include: prod­
uct can be shipped directly from process, 
thus reducing bulk stor~ge space re­
quired and worlting capital tied up in in­
ventory; opportunities for producing a 
granular product are greater; operating 
conditions can be chosen with more flexi­
bility for attaining maximum conver­
sion; and production rates can be ad­
justed to meet an almost instantaneous 
demand because the final product can be 
produced in a matter of hours. 

Previous Worlc 

A close approach to a quick-curing 
process was first achieved in this country 
when the Davison Chemical Corp. (19) 
granulated fresh superphosphate in a ro­
tary drum and dried it in a rotary dryer. 
Bridger and Kapusta (5) developed a 
quick-curing process at Iowa State Col­
lege in 1952 in which 50 to 65% sulfuric 
acid was used and a product, ready for 
immediate shipping was produced. 

In 19 5·3, a process was announced in 
Japan ( 7 5) in which the reaction between 
sulfuric acid and rock was promoted by 

Reprinted from AGRICULTURAL AND FOOD CHEMISTRY, Vol. 6, No. 9, Page 677, September ·1958 
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Table I. Screen Analysis of Florida 
Pebble Phosphate Rock 

Screen Mesh 

+ 65 
- 65 +100 
-100 +150 
-150 +200 
-200 

Weight% 
of Sample 

7 . 1 
15.1 
7 .5 

27.2 
43.1 

passing an alternating electric current 
through the mixture for 21 I 2 hours. An 
exceptionally high acidulation ratio was 
used to achieve the quick-curing effect. 

In January 1957, the Tennessee Valley 
Authority announced a process (6) for a 
quick-curing normal superphosphate. 
In this process ultrafinely ground rock 
was acidulated with an excess of dilute 
acid. The acidulated material was sub­
sequently dried. 

Although the use of excess acid in the 
last two processes makes the economics 
somewhat questionable, the advantage of 
overacidulated material in ammoniated 
and mixed goods may justify the expense. 

Process Variables 

Several factors are known to affect the 
reaction between sulfuric acid and phos­
phate rock. Perhaps the most importan t 
is acid concentration. The initial re­
action rate increases as more dilute acid is 
employed. Under the usual acidulation 
conditions, 70% sulfuric acid appears to 
give the best results (77). Use of higher 
acid concentrations results in poor mix­
ing, while the calcium sulfate formed as a 
by-product tends to coat the particles 
(77). On the other hand, use of too di­
lute acid results in a product with a high 
moisture content and poor physical char­
actenst1cs. The reaction is slow or in­
complete because of resulting low tem­
perature. 

Acid temperature is also of some im­
portance. Temperatures of 35 ° to 65 ° C. 

Table II. Chemical Composition of 
Florida Pebble Phosphate Rock (7) 

(Dry Basis) 
Component % 

CaO 47 .8 
MgO 0 .4 
F 4 .6 
P 20 s 33.4 
B.P.L. 0 72.8 
SQ3b 0 .2 
Fe20 3 1.05 
AbOa 1. 35 
Si02 9 .07 
Moisture 0.51 

a R epresents bone phosphate of lime or 
equivalent per cent of Ca3(PQ4)2. 

b Not determined . 

are generally used (72). With lower acid 
temperature, the reaction is sluggish. 
With higher acid temperature, the mix­
ture of acid and rock thickens too rap­
idly (78). 

The particle size of the rock has a 
marked effect (8, 13, 17). Grinding be­
fore acidulation is beneficial; however, the 
effect of particle size is small in the size 
range of 20 to 95% through 100 mesh. 
Extremely fine grinding results in greatly 
increased rate of reaction (7 7) . 

The calcium sulfate formed during 
acidulation is thought to coat the rock 
particles and to prevent further reaction. 
Grinding during the acidulation should 
prevent such coating and provide a clean 
surface on the rock particles for the re­
action to proceed. No evidence of this 
ever having been done appears in the li t­
erature, and the present work was under­
taken to determine the effect of grinding 
during acidulation. 

Laboratory Procedure 

Materials and Methods. The phos­
phate rock used in these studies was 
Florida pebble obtained from the D avi­
son Chemical Corp . plant at Perry, 
Iowa. Although the rock was trans­
ported and stored in covered 55-gallon 

THERMOMETER 

THERMOCOUPLE 

ROTATING JOINT 

BALL MILL 

MILL CHAMBER 

HEATING CHAMBER 

figure 1. Cross section of ball mill 
and heating unit 

steel drums, sufficient moisture was 
present or adsorbed to cause agglomera­
tion. The rock was passed through a 
gyratory crusher and rolls to break up 
the lumps. Little, if any, actual grind­
ing took place. Screen analyses are 
given in Table I. 

Free moisture and free acid analyses of 
the product were carried out according 
to the procedure of the Association of 
Official Agricultural Chemists (2) . The 
colorimetric procedure of Bridger, Boy­
lan, and Markey (4) was used in the de­
termination of phosphorus pentoxide. 
A typical chemical analysis of the rock 
used is given in Table II. 

Bench-scale tests were made in a 
1-quart, stainless steel, laboratory ball 
mill. The mill contained 4.5 pounds of 
0. 7 5-inch diameter stainless steel balls. 
A cover was used with a vent tube in a ro­
tating joint to permit refluxing of the 
vapor or drying at atmospheric pressure. 
The ball mill was enclosed in a chamber 
which could be heated indirectly as 
shown in Figure 1. This heating shell 
was constructed of 18-gage galvanized 
iron and provision was made to measure 

Figure 2. Photomicrograph of raw phospha te rock, 
1 00 X magnification 

Figure 3, Photomicrograph of freshly acidulated phos­
phate rock, 1 00 X magnification 
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the temperature of the gas within the mill 
chamber. 

The mill was equipped with two con­
densers; a vertical condenser to reflux 
any escaping vapors when d rying was not 
desired and an inclined condenser to con­
dense the vapors coming from the mill 
during the drying operation . M easure­
ment of the amount of condensate gave 
a good indication of the progress of 
d rying. 

In the test procedure, the desired quan­
tities of 72% sulfuric acid and rock were 
first mixed in a beaker , the mixture was 
emptied into the mill, and the last traces 
of rock and acid were washed from the 
beaker into the mill with the required 
amount of dilution water. 

After the mill was assembled , grinding 
was started, and the reflux condenser 
was attached . H eated grinding was ac­
complished by maintaining the mill 
chamber temperature between 110 ° and 
11 5 °C. Actual product temperature at 
this point was about 103°C., measured 
by means of a thermocouple inserted 
through the vent tube into the mill. 

When grinding action with reflux had 
continued for the desired length of time, 
d rying was started. The reflux con­
denser was removed, the inclined con­
denser connected and the heat input in­
creased to maintain the required mill 
chamber temperature. As ih earlier 
runs, a white crystalline precipitate 
formed in the condenser at a product-free 
moisture content of about 3 or 4% . This 
occurred · after a drying time of 30 to 60 
minutes. The precipitate formation was 
used as a criterion for stopping the drying 
operation in many of the runs. 

At the end of the drying step, the prod­
uct was removed from the mill and either 
immediately analyzed, diluted with 
water, or extr~cted with acid to stop the 
reaction. 

Laboratory Results. Quick-cured 
normal superphosphate was made in the 
laboratory ball mill using batches of 
50 to 100 grams of rock. The variables 
studied were grinding temperature, 
grinding time, drying temperature, 
acidulation ratio, and acid concentra­
tion. The results of these studies are 
given in Table III. The data indicate, 
in general, that there is little effect of 
acid concentration below 60% or of d ry­
ing temperatures between 125 ° and 150 ° 
C. , as determined by the appearance of 
the white precipitate in the condenser 
tube. 

A microscopic examination of the rock 
before and after acidulation showed that 
the primary effect of acidulation is the 
production of a large amount of fines. 
Figures 2 and 3 are photomicrographs 
showing this. 'rhe sample of superphos­
phate for Figure 3 was taken after about 
1 minute of mixing in a beaker and was 
washed to remove the soluble products. 
The fines shown do not contribute heavily 
to the total weight. 
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Table Ill. Results of Quick-Curing Normal Superphosphate in a Laboratory 
Ball Mill 

Acid Drying Product Analysis, % 
Run Acidul. Concn., Prelim. Temp., Total C.I. Avail. Free Free 
No. Ratio % Grind oc. P20 o P20 5 P20 s Conv . moist. acid 

54- 6 1.45 39.1 Hot 125 22 .0 4 .2 17 .9 81.0 2.43 
61 1 .80 39 .1 Cold 150 20 .3 0 .9 19 .3 95 .4 2 .97 1.80 
62 1 .80 39 .1 Cold 125 19 .8 0 .6 19 .1 97 .0 4 .55 1. 53 
63 1 .80 39 .1 Cold 125 20.4 0 .8 19 .6 96 .0 3.39 1.91 
64 1 .80 39.1 Cold 150 21 .5 1 . 3 20.1 94 .5 3 .61 2 .71 
65 1 .80 39 .1 Cold 125 21 .2 1 .0 20 .2 95 .5 3 .25 1.14 
69 1.80 39 .1 Cold 135 20 .3 0 .8 19 .5 95 .9 3 .78 0 .87 
70 1 .80 39 .1 Hot 135 20 .6 0 .8 19 .8 96 .1 3 .98 0 .60 
71 1.80 39 .1 Hot 125 20 .9 0 .7 20 .2 96.6 4 .66 2.34 
72 1 .80 44 .6 Cold 125 21 .8 0.7 21 .1 96 .9 2 .60 3 .42 
73 1 .80 39 .1 Hot 125 21 .6 1 .1 20 .5 94 .9 4 .90 0 .74 
74 1 .58 37 .4 Hot 125 22 .1 2 .6 19 . 5 88 .1 2 .66 2.08 

75 1 .80 39 .1 Hot 150 20 .3 1 . 0 19 .3 95 .0 3 .53 2 .36 
76 1 .80 39 .1 Hot 125 20 .7 0 .6 20 .1 97 .1 3.43 0 .56 
77 1.80 55 .5 Cold 125 22 .5 1.2 21 .3 94 .6 3 .46 1. 81 
78 1 .80 72 .2 Cold 125 22. 6 4 .3 18 .3 80 .9 2 .56 2 .62 
79 1 .80 39 .1 Hot 135 20 .7 0 .8 19 .9 96 .0 2 .78 2.55 
80-1 1.80 39 .1 Hot 150 20 .8 0 .7 20 .1 96 .6 3 .07 1.88 
81 1 .80 39.1 Cold 135 20 .7 1.0 19 .7 95 .2 3.40 1 . 21 
82 1 .58 37.4 Hot 125 21 .6 2 .1 19 .5 90.3 3 .17 0 .13 

87 1 .80 39. 1 Cold 165 20.4 0 .6 19 .8 97.1 3.46 0 .94 
89 1 .80 55 .5 None 125 20 .3 0 .5 19 .8 97.5 5 .81 1.79 
90 1 .80 39 .1 Cold 135 21 .7 0 .9 20 .8 95.8 2 .73 2 . 51 
91 1 .80 55 .5 None 135 25 .5 1 .5 24 .0 94 .2 4 .06 3 .24 

92-1 1 .80 39 .1 a b 14 .2 3 .6 10 .6 74 6 9 .05 
92-11 1.80 39.1 C 135 21.0 1 .1 19 .9 94 .7 2 .58 3 .04 
93 1.80 39.1 Cold 185 20 .6 0 .5 20 .1 97 .6 4 .69 1.67 
94 1.80 61 .1 Cold 125 21.7 1 .1 20 .7 95 .2 3.28 2 .54 
96-11 1. 80 39 .1 Cold 125 21 .4 0.7 20 .7 96 .7 3 .18 1.50 
97 1.80 39 .1 Cold 200 19 .9 0 .6 19 .3 97 .0 4 .32 2.1 4 

104 1.80 39 .1 Cold 125 20.4 0 .5 19 .9 97 .5 3 . 31 1.54 
115 1 .80 39 .1 45min. b 13.9 1 . 2 12 .7 86 .3 
120 1 .80 55 .5 None 135 21 .0 0 .6 20 .4 97 .2 1.94 1.59 

121 -1 1.80 39.1 15 min. b 13.4 2 .8 11 .6 86 .5 
121-11 1.80 39 .1 30 min. b 19 .2 2 .6 16 .6 86 .S 
121-111 1 .80 39 .1 60 min. b 13 .9 2 .0 11 .9 85 .6 
122-1 1 .80 39 .1 None b 18 .8 7 .8 11 .0 58 .5 
122-11 1.80 39 .1 5 min. b 13 .0 2 .0 11.0 84 .6 
132- 4 1 .80 72 .0 Cold 125 20 .7 1 . 8 19 .0 91 .6 1.85 
150 1 .02 50 .0 Cold 125 25 .2 10 .7 14 . 5 57 .5 2 .63 1 .32 
a Material mixed in Mixmaster rather than mill. 
b Analysis of wet material ground cold, no drying used. 
c Material from 92-1 placed in mill for drying . 
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Figure 4 . Effect of drying temperature on conversion preground at 30 ° C. 

The effect of mill chamber drying 
temperature on the conversion of normal 
superphosphate is shown in Figures 4 and 
5. Acidulated samples were preground 
either hot or cold . for 45 minutes before 

starting the d rying operation. According 
to these data, the mill drying tempera­
ture had .little or no eff e.ct on the final 
conversion of the product, and there was 
no significant difference betw,~en pre-
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grinding the sample with or without heat-
ing. ~ 

Actual measurements of the product 
temperature were made when a mill 
chamber drying temperature of 185 ° C. 
was used. Although the product tem­
perature measurements were made about 
5 minutes after the free moisture had 
dropped to 3% , as indicated by the pre­
cipitate formation in the condenser, the 
product temperature was still below 14 7 ° 
C. After 5 more minutes, the product 
temperature increased another 10° C. 
This indicated that conditions approxi­
mating constant rate drying existed as 
long as the free moisture content of the 
product was above 3%. 

Drying proceeded rapidly in the ball 
mill even at temperatures as low as 125° 
C. in the mill chamber. Recently, Hatch 
and Regen (70) investigated drying under 
similar conditions with equally rapid dry­
ing rates. 

No consistent correlation between final 
free acid and free moisture content was 
indicated and little variation was found 
in their actual values. Free moisture 
content varied between 2.5 and 4.9% 
while the free acid content ranged from 
0.5 to 3.5% . These values compare 
favorably with common commercial 
superphosphate (20). 

Decrease in the acidulation ratio below 
the recommended 1.8 caused a rapid drop 
in the conversion of the product as shown 
in Figure 6. This same effect was re­
ported by Bridger and Kapusta (5). 
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Figure 7 shows that the effect of acid 
concentration used in the acidulation was 
small as long as the acid strength was be­
low 60% . Above this concentration con­
version dropped off rapidly. The data 
of Bridger and Kapusta for Roto-Louvre 
quick curing show the same effect, indi­
cating that the initial free moisture con­
tent is significant. At these high acid 
concentrations, the balls did not move 
freely in the mixture . 

The results of runs 89, 91, and 120 in 
Table III indicate that high conversion 
(about 95%) could be obtained if the 
drying were started immediately, without 
preliminary grinding. To check this, 
samples were taken "wet" from the mill 
during the grinding period and ana­
lyzed. Figure 8 shows the effect of grind­
ing time on the availability, which indi­
cates that long grinding is unnecessary. 
However, conversions higher than 86% 
were not obtained. 

The drying step does, therefore, seem 
to increase the conversion. Apparently 
the effect of moisture loss is overcome by 
the increased reaction rate. This has 
also been noted by Meyers (74) who 
showed that concentrating a dilute phos­
phoric acid and rock mixture in a rotary 
dryer promoted the reaction. 

To determine whether the high con­
versions obtained in the ball mill were the 
result of grinding or of good mixing or 

rl00 
z 

drying technique, acidulations were 
made using a Sunbeam Mixmaster 
Model 9 and the laboratory ball mill as a 
control. Analyses were made immedi­
ately after 10 minutes mixing, after 45 
minutes in the Mixmaster and after 45 
minutes in the ball mill. The results are 
given in Table IV. The ball mill is 
superior. Furthermore, this represents 
an improvement in conversion over the 
laboratory ball mill data of Bridger and 
Kapusta (5) in which the basis was dry­
ing technique alone. 

The results of the bench-scale work 
showed that a quick-curing process was 
possible using a laboratory ball mill. 
To demonstrate the process on a larger 
scale, a pilot plant for producing 50 to 
100 pounds per hour was constructed. 
The pilot plant was expected to assist in 
solving the related problems in materials 
handling, grinding, and heat transfer. 

Pilot Plant Work 

A flow sheet for the pilot plant is given 
in Figure 9. The pilot plant was es­
sentially a heated tube mill, lined with 
16-gage stainless steel, with provision for 
feeding acid and rock and removing 
product continuously. Flint balls were 
used. The acid was introduced into the 
mill from a rotameter; the rock was fed 
with a vibrating feeder. The acid and 
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Table IV. Comparison of Conver­
sion with and w ithout Grind ing 

Free 
Acid, Conv., 

Run Sample % % 
84-1 Freshly mixed rock 

(10 min.) 65 .0 
92-1 45 minutes in Mix-

master 9 .05 74.6 
76-1 45 minutes in ball 

mill (cold) 7 .60 82.5 

rock were mixed, ground, and dried in 
the mill where the action of the balls and 
the addition of heat promoted the re­
action. The product was discharged 
from the opposite end of the mill in a 
powdered or granular form. 

T he mill was heated indirectly, a por­
tion of the hot air being recycled. Ex­
haust vapors from the mill, containing 
various gases produced by side reactions, 
were removed at the feed end of the mill, 
scrubbed to remove the fluorides, and 
separated in a cyclone to remove water 
droplets. The scrubbed gas was dis­
charged from the building (Figure 10). 

The acid used in the pilot plant was di­
luted and cooled in batches of about 35 
pounds to a concentration of 50%. The 
rock used was the same as that used in 
the laboratory work. The diluted , cooled 
acid was then pumped to a storage tank 
where it was fed into the mill by gravity. 

Although the rock feeder was cali­
brated, its calibration changed with the 
humidity of the air. This change in cal­
ibration affected the acidulation ratio. 
To evaluate the acidulation ratio prop­
erly, an analysis for sulfate was made on 
the product. As the only significant 
source of sulfate was the sulfuric acid and 
the rock was t}:le only source of phosphate, 
the initial acidulation ratio t6uld be eval­
uated . 

Pilot Plant Results. Because the 
first four runs with the pilot plant were 
made for the purpose of evaluating oper­
ating technique and eliminating me­
chanical trouble, little data were col­
lected for these runs. The data for the 
preliminary and steady-state runs are 
given in Table V. 

The conversion of all samples taken 
during operation of the pil:ot plant is 
plotted in Figure 11 as a function of the 
acidulation ratio . The solid line repre­
sents the data from the bench-scale work 
taken from Figure 6. The data of Fig­
ure 11 clearly show that the results from 
the pilot plant are equivalent to those of 
the bench-scale ball mill. 

The most important aspect of the pilot 
plant work, not shown in the data, was 
that the normal superphosphate could be 
handled adequately on a continuous 
basis. 

At a product moisture content of ap­
proximately 5%, a granular product was 
obtained. At lower moisture content, 
the product was fine powder. 
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Evaluation of the Process 
Proposed Process. A proposed lay­

out for a 480-ton-per-day, quick-cured, 

normal superphosphate plant is shown 
in Figure 12. In the proposed layout, 
the rock and acid would be brought in by 



Table V. Results of Quick-Curing Normal Superphosphate in Pilot Plant Tube Mill 
Rock Outlet Inlet 
Feecl. Air Air 

Sample Rate, Temp., Temp., 
No. Lb./Min. o F. o F. 

1-01 0.50 350 620 
1-02 0.50 350 620 
2-01 0 .30 400 770 
2-02 0 .30 400 768 
4-01 0 .50 450 825 
4-02 0 .50 450 800 
4-03 0.50 450 800 
4-04 0 .50 450 800 
4-05 0 .50 450 800 
5-01 0 .35 450 850+ 
5-02 0 .30 450 850+ 
5-03 0 .30 450 850+ 
5-04 0 .30 450 850+ 
5-05 0 .20 450 850+ 
5-06 0 .20 450 850+ 
5-07 0 .20 450 850+ 
5-08 0 .20 450 850+ 
5-09 0 .20 450 850+ 
5-10 0 .20 450 850+ 
5-11 0 .20 450 850+ 
5-12 0 .20 450 850+ 
5-13 0.20 450 850+ 
5-14 0 .20 450 950+ 
5-15 0 .20 450 850+ 
5-16 0 .20 450 850+ 
5-17 0 .20 450 850+ 
5-18 0 .20 450 850+ 

railroad cars. The rock would be 
conveyed to a storage pile of 2 weeks' 
capacity and the acid pumped to a tank 
holding 10 days' supply. The rock 
would be moved by conveyor from the 
storage pile to overhead hoppers which 
would discharge into each of the five tube 
mills. The acid and water for dilution 
would be pumped to the mills and auto­
matically metered in proportion to the 
rock. As a ball or tube mill is capable of 
handling the grinding of phosphate rock 
( 16, 18), no preliminary rock grinding 
equipment has been proposed. 

The product from the mills would be 
moved by belt conveyor to storage or bag­
ging. 

An exhaust system for the mills would 
also be provided with a scrubber to re­
move the fluorides. The mills would be 
heated by oil burners for each unit. 

The size of the tube miJls proposed was 
selected on the basis of the heat transfer 
area for removal of the moisture. This 
size turned out to be many times the ca­
pacity of the mill so that grinding should 
be more than adequate. Some of the 
assumptions used in the sizing of the tube 
mill were: the heating gases would be be­
tween 600 ° and 1200 ° F.; the over-all 
heat transfer coefficient through the mill 
would be 8 B.t.u. / (hr.) (°F.) (sq. ft.); 
the mill would have a stainless steel 
liner; and the heat of reaction, 105,000 
B.t.u. per pound mole, would be con­
served. 

Economic Evaluation 

An estimate of the total fixed capital 
cost for a conventional normal super­
phosphate plant and for the proposed 
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Product Analysis, % 
Total C.I. Avail. free Acidul. 
P20• P205 P20o Conv. Moist acid S03 Ratio 

19 .4 2.3 17.1 88.2 11.0 5 .0 27 .6 1. 71 
18.5 0 .7 17 .8 96.2 8.2 8.5 32 .6 2 .13 
20.7 0.0 20.7 100.0 1.66 36 .1 2.13 
22.4 0 .8 21.6 96.5 0 . 37 2.46 38.1 1.95 
25.2 10.4 14 .8 58 .7 2.72 1.76 21 .3 1.00 
24 .0 6.6 17.4 72.5 3 .74 1.07 23.3 1.06 
25.1 10.9 14.2 56.7 2 .94 1.20 20.2 0.95 
23 .8 7.0 16 .8 70.6 3.60 0.91 23.2 1.17 
23 .1 4 .1 19.0 82.2 4 .09 1.13 25.1 1. 31 
22.3 4 .7 17 .6 79.0 4 .03 2.07 26 .0 1 .41 
22.0 2.0 18 .'O 90.0 4 .78 2.25 29.9 1.80 
20.8 3 .3 17 .5 84 .2 3.70 3.43 29 .4 1.71 
20.3 1 .7 18 .6 91.6 4.76 2 .02 29 .8 1 .78 
21 .5 2.7 18.8 87.5 3.86 3 . 31 29.5 1.66 
21.1 0 .9 20 .2 95 .8 6 .98 1.89 29 .2 1. 67 
25.1 9 .0 16 .1 64 .2 3 .79 0.47 21.0 1.00 
27.2 14 .2 13.0 47 .8 2.67 0 .76 18.3 0.80 
27 .0 15.1 11 .9 48 .0 2 .66 0 .36 16 .0 0 .70 
27 .7 16.5 11 .2 40.5 2.42 0 .28 14.2 0.60 
26 .8 15 .2 11.6 43.3 1 .88 0.25 12 .7 0 .55 
25 .3 9.2 16.1 63.6 2 . 13 0 .32 22.2 1.0::. 
28 .9 16.3 12.6 43.6 1 . 41 0 .06 16 .8 0 .69 
27 .4 15 .4 12 .0 43 .8 1 .76 0 .00 16 .8 0.72 
27 .5 15.0 12 .5 45 .5 0 .62 0 .00 15.4 0.66 
27 .3 13 . 1 14 .2 52.0 0.46 0.00 21 .0 0 .92 
26 .4 10 .8 15 .6 59 .1 2 .07 0 .50 22.5 1.02 
25 .2 11 .8 13 .4 53.2 5.80 0 .26 17.4 0.82 

Table VI. Fixed Capital Cost Estimates for a Batch and the Proposed Quick­
Curing Superphosphate Plants 

(Basis: product, normal superphosphate, 20% available P205; capacity, 120,000 short 
tons per year; location, Ames, Iowa; and period, December 1956 costs) 

Item 

Land and railroad siding 
Process building 
Materials handling and storage facilities 
Major grinding equipment 
Acid mixing and dilution equipment dens 
Heating equipment 
Instrumentation and controls 
Bagging equipment 
Contingencies, 20% 

Total installed equipment 
Insurance and taxes, 2 % 
Contractor profit, 10% 
Construction overhead, 15% 

Total fixed capital investment 

Installed Cost, Do//ars0 

Batch Quick-cure 

18,500 
91,500 

400 ,000 
60,000 
65,000 

50, OOOb 
137,000 

$ 822,000 
16,400 
83,800 

138 , 300 
$1,060,500 

18,500 
87,900 

233,100 
243,700 

15, 100 
20,500 
50,000 

133,800 
$ 802,600 

16, 100 
81,900 

135,100 
$1,035,700 

a Equipment costs for the batch process are taken from (9). Comparable costs for the 
quick-cure process, as well as the burden items for both processes, have been estimated 
from ( 7, 21, 22). 

b Includes superphosphate grinding equipment. 
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Figure 12. General layout of proposed quick-cured superphosphate plant 



Table VII. Production Cost Estimates for a Batch and the Proposed Quick-Cured Normal Superphosphate Plants 
(Basis: 1 ton of normal superphosphate, 20% available P2O5, 20 tons per hour, and 250 days eer year; location, Ames, Iowa; acid source, 

St. Louis, Mo.; and rock source, Mulberry, Fla.) 

Batch Quick-Cure 

Item Unit Cost Quantity/ton Cost/ton Quantity/ton Cost/ton 

Raw materials 
Acid $35 .15/T 0.371 T $13 .04 ·0.371 T $13 .04 
Rock 15.0904/T 0.594 T 9.45 0.594 T 9.45 
Water 0.04/T 0.341 T 0.01 0.341 T 0.01 

$22.50 $22 . 50 
Labor 

Unskilled 1.60/hr. 0.150 man-hr. 0 . 24 0. 100 man-hr. 0.16 
Semiskilled 2 .10/hr. 0.150 man-hr. 0.32 0 .100 man-hr. 0 .21 
Skilled 2 .SO/hr. 0 .100 man-hr. 0 .25 0. 050 man-hr. 0 . 12 
Supervision 3 .00/hr. 0.0167 man-hr. 0.05 0. 0167 man-hr. 0 .05 
Reserve 20% of above 0.16 0 .11 

$ 1.02 $ 0.65 
Services 

Power 0.02/kw.-hr. 20. 83 kw.-hr. 0.42 16. 67 kw.-hr. 0 . 33 
Heat 0. 000467 /100 B.t.u. 0.00 577,000 B.t.u. 0.27 
Water 0 .03/1000 gal. 208 gal. 0.01 833 gal. 0.03 

Maintenance 
Including labor 20%/yr. of fixed capital 0.44 0 .43 

Packaging 0 .15/bag 3.60 3 .60 
Indirect costs 

Depreciation 10%/yr. of fixed capital 0 .88 0.86 
Taxes and insurance 3%/yr. of fixed capital 0.27 0.26 
Overhead SO% oflabor 0 . 51 0 . 33 

Total production cost ~ $29.26 

quick-curing plant is presented in Table 
VI. Although the total cost for the two 
processes are about the same, individual 
items in the cost estimate vary greatly. 
As the batch normal superphosphate 
plant requires storage facilities for curing 
for 30 days, the handling and storage 
equipment for the plant is the biggest 
item. For the quick-curing process the 
grinding equipment, which includes the 
stainless steel-lined tube mills, is the 
biggest item. Although $50,000 is listed 
for both processes for bagging equipment, 
the author who compiled the costs for the 
batch process (9) included superphos­
phate grinding equipment in this figure. 

Table VIII. Comparison of Estimated Return on Investment for a Batch and 
the Proposed Quick-Cured Superphosphate Plants 

The manufacturing costs for the two 
processes are compiled in Table VII. 
Because the proposed quick-curing proc­
ess is well adapted to automatic control, 
considerable saving in labor is affected. 
Part of the saving, however, is cancelled 
by the cost of heat in the quick-curing 
process. 

The working capital, net profit, and re­
turn on investment are compared in 
Table VIII for the batch and quick­
curing plant. The principal advantage 
for the quick-curing process is the reduc­
tion of working capital. The batch proc­
ess requires curing of the product for 30 
days with a resulting large inventory; the 
quick-curing process requires no curing. 

According to these estimates, the 
quick-curing process may be econom­
ically favorable in comparison with the 
normal superphosphate process. 
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(Basis: product, normal superphosphate and 20% available P2O5; capacity, 20 tons per 
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Batch Quick-Cure 
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Gross profit 322,800 369,600 
Administration and selling cost at 3% 

of annual sales 116,400 116,400 
Net profit, before taxes 206,400 253,200 

Taxes, SO% 103,200 126,600 
Net profit, after taxes 103,200 126,600 

Working capital 
Raw materials inventory 

Acid, 10 days 35 . 15 62,500 35 .15 62,500 
Rock, 2 weeks 15.09 60,300 15.09 60 , 300 

In process inventory 29 . 65 427,000b 29.26 1,500 
Product inventory 29 .65 199,200 29.26 199,000 
Production for 30 days 29.65 427,000 29 .26 421,000 
Credit, 30 days 32.34 465,500 32.34 465,500 
Total working capital 1,641,500 1,209,800 

Fixed capital 1,060,500 1,035 , 700 
Total fixed + working capital 2,702,000 2,245 , 500 

Return on investment,% 3.82 5 .63 
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FERTILIZER TECHNOLOGY 

A One-Step Continuous Quick-Curing 
Triple Superphosphate Process 
Employing Rod Mill Grinding 

D. R. BOYLAN and A. B. AMIN 

Engineering Experiment Station, 
Iowa State University, Ames, Iowa 

An investigation was undertaken to determine the feasibility of a one-step quick-curing 
continuous process for the manufacture of triple superphosphate. Bench-scale work was 
carried out in a 1-quart, laboratory ball mill made of stainless steel. The results from 
this preliminary work indicated that quick-curing triple superphosphate of high conversion 
could be produced. The process was investigated on pilot-plant scale with successful 
operation. Completely cured powdered triple superphosphate was obtained within 1 
hour. 

T HE ADVANTAGES of a quick-curing 
continuous superphosphate process 

include the following: the product can 
be shipped directly, thus reducing the 
required storage facilities and process 
inventory; operating conditions in the 
mixing step can be chosen with more 
flexibility; control of the process can be 
essentially automatic; uncertainty as 
to production rates can be eliminated to 
some extent because a finished product 
can be produced in a matter of hours, 
instead of weeks as required by the 
storage curing process; and there is a 
possibility of lower operating labor and 
maintenance requirements and elimina­
tion of a final crushing and screening 
step since finely ground products can be 
obtained directly. 

Previous Worlc 

Many processes (3, 5, 9, 12) have been 
tried for quick-curing of triple super­
phosphate. None of these processes 
has been able to eliminate curing time 
entirely without loss of phosphorus 
availability. In some processes, both 
drying and storage curing are employed 
to shorten the period of curing. A 
quick-curing process is therefore desirable 
in which a minimum amount of phos­
phoric acid is needed to convert a maxi­
mum amount of rock into available form 
without curing. The present paper 

discusses an investigation of such a 
process. 

The development of a quick-curing, 
one-step process for normal super­
phosphate was carried out by Rounsley 
and Boylan (14) and Martinez (8), by 
grinding and drying in a single piece 
of equipment. This process was ex­
tended to the manufacture of triple 
superphosphate. Essentially the same 
laboratory and pilot plant equipment 
were used. 

Process Variables 

The important process variables which 
effect the reaction stage and curing stage 
of the process are acid concentration, 
temperature, acidulation ratio (acidula­
tion ratio as used here is the weight 
ratio of acid P20s to rock P20s), and 
time. The effects of these variables 
using grinding in a laboratory ball mill 
and a pilot , plant rod mill were 
investigated. 

The effect of acid concentration is the 
most important process variable. An 
acid concentration of about 70% H 3P04 
has been found most suitable, consider­
ing the physical properties of the mixture 
during the process and the degree of 
completion of reaction. Higher acid 
concentrations result in poor conversion, 
probably due to excessive side reactions. 
Very low acid concentrations result in 

slow reaction and incomplete curing with 
a resulting product of high moisture and 
free acid content. 

Temperature is also an important 
process variable. Its effect interferes 
with acid concentration because the 
reaction is exothermic. Acid concentra­
tions above 75% H 3P04 increase the 
rate of reaction, and an _excessive amount 
of heat is liberated within a short time in 
the first stage of the reaction. Temper­
atures above 284° F. may decompose 
the monocalcium phosphate into un­
available pyrophosphate (11). Rapid 
rise in temperature of the freshly acidu­
lated mass tends to drive off water, in­
creasing the concentration of the acid. 
The increased concentration means fur­
ther increase in reaction rate, and hence 
higher temperature of the mixture. 
Thus a balance is required between the 
temperature and the acid concentration 
such that optimum conditions are ob­
tained in the first stage of the reaction. 
Various workers (2-4, 6, 15) have sug­
gested limiting temperatures in the range 
of 150° to 302° F. 

Acidulation ratio is less important as 
a process variable than as an economic 
factor. An acidulation ratio of 2.0 is 
the theoretical minimum based on stoi­
chiomett y. Generally, it is necessary 
to use an acidulation ratio greater than 
theoretical due to the loss of acid con­
sumed by impurities and side reactions. 

Reprinted from AGRICULTURAL AND FOOD CHEMISTRY, Vol. 12, ~o. 5, Page 4:28, Rept.. / Oct,. rno-t 
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Thermometer 

Figure 1. Cross section 
of ball mill and heating 
unit 

Drive 
shaft 

Scraper 

Grinding during reaction is a new 
process variable introduced in this 
investigation. The effect of grinding 
the rock before acidulation has been 
shown to be beneficial (7, 10, 11), 
and rocks of porous structure can be 
beneficiated by preacidulation grinding. 
Rounsley (13) studied the effect of 
grinding during and after the acidula­
tion of rock phosphate with sulfuric 
acid. The results showed consider­
able increase in the conversion . The 
process of curing is assumed to take 
place by the diffusion of the free acid 
into the pores of the unreacted rock 
particles. The grinding action con­
tinuously makes available new unreacted 
rock particle surfaces. 

Thermocouple 

Rototin oint 

Boll mill 

Mill chamber 

Heotino chamber 

tion. Lower drying rates are preferable 
to avoid side reactions and achieve 
complete curing. 

Bench-Scale Investigation 

Bench-scale e,:periments were carried 
out in a setup similar to that used by 
Rounsley and Boylan ( 14). Initial 
difficulties were experienced as a result of 
stickiness of the freshly acidulated mass. 
Larger steel balls, 1.5 inches in diameter, 
and a continuous scraper were employed 
to eliminate this problem. 

The phosphate rock used was Florida 
pebble rock of the composition and size 
analyses given in Table I. Analytical 
grade phosphoric acid was used for the 
bench-scale work. 

Phosphate rock and phosphoric acid 
for the desired acidulation ratio were 
mixed and introduced into the ball 
mill (Figure 1). The ball mill was 
heated by a gas burner below the outer 
shell, and the temperature of the shell 
was maintained constant throughout 
each run. A sample was taken at the 
end of each run for analysis. 

Total water-soluble, and cicrate-in­
soluble phosphorus were determined 

Table I. Typical Analyses of Florida 
Phosphate Rock 

Type Sieve Size 

Screen mesh +20 +48 +65 +100 
-20 -48 -65 

Weight% 0 . 10 3 .03 9 .37 3 .09 
Screen mesh +150 +200 -200 

- 100 -150 
Weight % 23 .79 5.95 54.67 

Composition 

Component 

CaO 
F 
P20s 
p 
SOa 
R20a 
Si02 
Moisture 

Weight % 

47.20 
2 .90 

34 .17 
14 . 91 
0 .30 
2.90 
9.40 
0.42 

by the official methods of Association of 
Official Agricultural Chemists (1). 
Moisture was determined by heating the 
samples at 105° C. for 5 hours in an 
oven. Calcium was determined using 
a flame photometer. 

8end1-Scale Results 

Experiments were carried out to study 
the effect of temperature, time, acid 
concentration, and acidulation ratio 
in the quick-curing process with grinding. 
The results are presented in Table II. 
Figure 2 shows that optimum acid 
concentration, under the process condi­
tions employed, was about 65% HaPO,. 
The lower conversion at acid concentra­
tions below 65% is probably due to slow 
reaction rate and incomplete curing. 
At acid concentrations above 65% the 
reaction rate was very fast, causing 
an excessive temperature rise and side 
reactions and thus driving off much of 
the water and resulting in a poor mix 
with high acid concentration. This 
condition caused a longer curing, since 
diffusion of highly viscous free acid is 
slow. 

Figure 3 shows the effect of acidulation 

Time is a process variable closely 
associated with other variables such as 
acid concentration, acidulation ratio, 
and temperature. Higher acidulation 
ratios and lower concentrations intro­
duce large amounts of excess water 
and require more curing time for speci­
fied final moisture and free acid contents 
in the product. Use of lower temper­
atures would mean lower drying rates, 
slower reaction, and longer process 
time. Thus selection of acid concen­
tration, temperature, acidulation ratio, 
drying rate, and final product speci­
fications, in effect, sets the time of reac-
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figure 2. Effect of acid concentration on conversion 

Temperature, 230° F.; time, 2 hours; acidulation ratio, 2.4 
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Table II. Typical Analysis of Laboratory Ball Mill Acidulation (Dry Basis) 

Total Acid Phosphorus, % 
Run Time Temp., Concn., Acid Total Citrate-insoluble Water-soluble Available Moist., Conv., 
No. (Hr.) o F. % Ratio p (P206) p (P201,) p (P201,) p (P201,) % % 

A-27 0.33 230 75 2.4 22.41 (51. 30) 0 .09 (0.22) 21. 70 (49.70) 22.32 (51. 08) 7 . 14 98 .6 
A-21 1.25 280 70 2.4 23.60 (54.00) 1. 25 (2.86) 19.71 ( 45. 10) 22.33 (51.10) 4.43 82 .0 
A-17 1.50 220 65 2.0 22.40 (51.27) 1.43 (3 .24) 17.05 (39 .06) 21.00 (48.00) 0.92 81.4 
A-19 1. 50 220 65 2.4 21. 93 (50.20) 0.97 (2 .23) 15.52 (36.58) 21.00 (48.00) 5.36 84.9 
A-2 2 .00 220 70 2.4 20.82 (47 .70) 18.32 (41.97) 20.82 (47.70) 7.07 100.0 
B-3 2.00 230 65 2.4 23.79 (54 .45) 19.70 (45.05) 23.79 ( 54 .45) 1.45 100.0 
B-5 2.00 230 70 2.4 23 .32 (53.40) 0 . 63 (1. 44) 20.71 (47.44) 22.70 (51.96) 8 .30 91 .0 
A-4 4 .00 220 70 2.4 22.31 (51 . 10) ( ... ) 20.82 (47.70) 22.31 (51.10) 2.96 100.0 

Table Ill. Typical Pilot-Plant Operating Conditions 
Approx. Approx. 

Drying Air Temp., ° F. Rock Feed Acid Feed Outlet 
Run Acid Rate Rate Heating Gas Inlet, Outlet, Inlet, 
No. Concn., % G./Min. G./Min. Temp., ° F. D.8. D.8. W.B. 

3 71.6 100 161 375 225 215 
4 70.6 100 161 350 200 194 
5 70.6 100 161 300 135 170 
6 71.0 100 161 250a 
7 72.4 100 174 350 150 190 
8 71. 6 100 148 350 156 180 85 
9 66 .0 50 87 350 177 195 100 

10 61.0 50 94 350 160 185 
11 72.8b 100 174 325 73 175 48 

a The low heating gas temperature was insufficient for adequate curing and drying. 
b Acid concentration of 71. 7% was used for the first 4 hours. 

ratio on the conversion. Conversion 
increases with increasing acidulation 
ratio. The curing was incomplete as 
sufficient time was not allowed for the 
completion of reactions. 

Figure 4 ·shows the effect of heating 
shell temperature. An optimum tem­
perature of about 230° F. is indicated. 
Higher temperatures probably result 
in excessive side reactions and decom­
position of monocalcium phosphate to 
pyrophospha_te. At lower temperatures, 
the reaction is too slow: Processing 
time in these runs was insufficient for 
the completion of curing, and low con­
versions were obtained. 

Figure 5 indicates the effect of time on 
conversion. A minimum time of about 
2 hours is indicated for the completion 
of curing. Grinding and heating the 
product for a period of more than 2 
hours had no detrimental effects on the 

conversion under the conditions 
employed . 

No consistent relationship between 
final moisture content and other process 
varic t,les was indicated. Drying took 
place inside the ball mill, and the gases 
evolved e.-,aped through the small 
central opening. 

The results of the bench-scale work 
suggested that a quick-curing process 
based on grinding and drying was 
possible. 

Pilot-Plant Work 

Investigation of the quick curing proc­
ess on a pilot-plant scale was undertaken 
using essentially the same equipment as 
used by Rounsley ( 13). 

The pilot plant consisted of a 6-foot 
long, 1-foot diameter, stainless steel­
lined rod mill with an external heating 
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Heating 
Product Acid Chamber Drying 
Temp., Temp., Gas Air Rate, 

o F. o F. T~mp., ° F. Cu. Ft./ Min. 

65 650 0.350 
68 575 0 .350 
68 450 0.370 

198 66 550 0.365 
162 68 575 0.365 
180 71 550 0.365 
175 72 530 0.342 
170 66 450 0.512 

jacket (Figure 6). Hot gases from the 
jacket were introduced into the mill to 
increase the drying rate. Phosphoric 
acid and rock were fed continuously 
at one end of the mill. Product was 
collected at the other end. The rod 
mill contained 10 stainless steel rods, 
1 inch diameter and 6 feet long, each 
weighing 16 pounds. The temperature 
in the outside heating jacket was kept 
constant by a controller. The reaction 
gases evolved in the mill were passed 
through a scrubber and exhausted to 
the atmosphere by a blower. 

The rod mill was first heated for 2 
hours before each run, then rock and 
acid feed were started. No samples 
were taken during the unsteady state 
period. Four samples were taken every 
hour thereafter in the first seven runs, 
three per hour in run 8, and two samples 
per hour in the rest of the runs. The 
product samples were collected for 5-

8 
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Figure 4. Effect of temperature on conversion 

Time, 1.25 hours; acid concentration, 70%; acidulation ratio, 2.4 
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Figure 5. Effect of time on conversion 

Temperature, 220° F.; acid concentration, 70%; acidulation ratio, 2.4 



Table IV. Typical Analysis of Pilot-Plant Product (Wet Basis) 
Phosphorus, % 

Coled . Free Free 
Sample Toto/ Citrate-insoluble Water-insoluble Available Moist., CaO, Acid Acid Acid Conv., 

No. p (Pi 0 6) p (P20 6) p (P20 ~) p (P20 ~) % % Ratio P,% P20 6, % % 
4-23 23 .22 (53.17) 0. 43 (0. 99) 20.80 (47.63) 22.80 (52 .18) 4. 40 24.10 2.00 0.62 1. 41 94 .42 
4-24 22. 80 (52.17) 0. 76 (1. 74) 20 .20 (46.26) 22. 00 (50 .43) 2.90 23.50 2.02 0 .39 0.90 89 .95 
4-25 22 .81 (52 .20) 0. 85 ( 1. 94) 20 .20 (46.26) 21.96 (50 .26) 3.01 23.40 2.07 0.33 0.76 88.60 
5-34 22.88 (52.37) 0.59 (1. 36) 19.74 ( 45 . 19) 22.30 (51. 01) 2 .39 22.40 2 .04 0 . 57 1. 30 92 .12 
5-35 22.83 (52.26) 0 . 71 ( 1. 62) 20.52 (46 .98) 22 .12 (50 . 64) 4.03 22 . 14 2 .21 0 .37 0.86 90 .06 
5-36 22.90 (52 .41) 0 .60 (1. 38) 20 . 88 (47.75) 22.32 (51 .03 ) 4.42 23 .50 2.03 0.79 1. 82 92 .04 
7-56 22 .70 (51.98) 0.33 (0.75) 21 .21 (48 .55) 22.40 (51.23 ) 5.84 22 . 43 2 . 15 96 .46 
7-57 22.33 (51.55) 0 .26 (0. 60) 21. 35 (48.85 ) 22.25 (50 .95 ) 5 .30 22.80 2.08 0 .77 1. 76 96 .44 
7-58 22 .99 (52.63) 0 .29 (0.68) 20. 15 ( 46. 12) 22.70 (51.95 ) 3 . 17 23 .19 2 .09 96 .04 
9-79 23 .60 (53.97) 0 . 14 (0 .32) 23 .15 (52 .97) 23 .43 (53 .65 ) 4.55 20 .90 2 .51 97 .89 
9-80 24 .02 (55. 00) 0 . 14 (0 .33) 23.00 (52 .66) 23.90 (54 .68) 4 .09 21 . 52 2 .48 97 .95 
9-81 23.61 (54 .05) 0.11 (0 .26) 22 .70 (51. 97) 23.52 (53.79) 3. 81 21. 63 2 .40 98 .40 

10-88 23.23 (53 .20) 0 .33 (0.74) 21. 98 (50 .26) 22 . 92 (52 .46) 4.98 22.76 2 . 19 95 .55 
10-89 23.63 ( 54 . 15) 0 . 37 (0 .84) 22 .05 (SO.SO) 23.30 (53.31) 3.41 23.00 2 .20 95.00 
10-90 23 . 61 (54 .02) 0 .29 (0 . 66) 22. 18 (50 .71) 23.32 (53.36) 1.69 22 .00 2 .34 95 .94 
11 -99 22.35 (51 .1 3) 0 .41 (0 .93) 21. 63 (49.53) 21. 95 (50.20) 4.54 22 .15 2.14 93.31 
11-100 22.54 (51.58) 0 .39 (0. 90) 21 . 58 (49 .41) 22 .15 (50 . 68) 4.07 23.20 2.02 0 . 96 2 . 19 94 .71 
11 -101 22 .82 (52 .24) 0.42 (0 .95) 21. 60 (49. 49) 22 .42 (51.29 ) 22 .35 2 . 18 1. 47 3 .37 94.19 

Table V. Pilot-Plant Size Analyses 
Ty/er Sieve Size 

+ 28 + 48 + 65 + 100 + 11 5 + 150 + 200 
Run No. + 20 -20 

3 4 .0 4 .6 
4 4 .5 4 .1 
5 9.9 5 .2 
7 30.3 9 .4 
9 5.0 11.0 

10 7.5 13. 6 
11 12 . 1 8 .4 
Rock sam ple 0. 1 0.2 

and 10-minu te periods for rock feed ing 
rates of 50 and 100 grams per minute, 
respectively. 

The inside of the mill was examined 
under steady state conditions. A wet 
crust extending about 1 to 2 feet was 
observed a t the inlet end of the mill 
where the first stage of reaction took 
place. Opera ting conditions of the 
different runs a re given in Table III . 
Materials used were the same as those 
used for the laboratory studies. 

water 

- 28 -48 - 65 - 100 - 115 

28.5 19. 1 11. 9 11. 7 3.3 
33.9 33.0 8.5 4 .6 4.4 
23 .3 13 .5 14 .4 5 .5 4 .2 
26.2 25 .7 3.3 1.4 0 .7 
27 .0 15.9 8 .0 6.0 4 .1 
27 .1 10 .3 10 .2 4 .6 2 .4 
23.6 11. 7 10 .9 4 .2 2. 6 
2 .8 9 .4 3 .1 23.2 0 . 6 

Pilot-Plant Results 
The results of the pilot-plant runs are 

given in Tables IV and V . The analyses 
of the samples of the first six runs were 
made after a few days, and analyses of 
the samples for the rest of the runs were 
made immediately to give zero day 
results. 

The effect of acidulation ratio, acid 
concentration, feed rate, and temperature 
on the product was investigated. Other 
parameters for the process, such as the 
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triple 
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Figure 6. Flow sheet of the pilot plant for quick cured triple superphosphate 

- 150 - 200 Remarks 

6 . 1 10 .8 Screens clogged 
4 .3 2 .9 Screens clogged 
5 .9 18 .3 
0 .7 2 .4 Screens clogged 
8 .6 14 .4 Predried 
6.8 17 .5 Predried 
5.7 20 .8 Predried 
6 .0 54.7 As received 

source and particle size of the rock, rod 
mill diameter, speed , slope, and length, 
and the size and number of rods were 
kept constant, except for run 11 when the 
number of rods were reduced to six. 
This last run was carried out to examine 
the possible variation of operating 
variables. 

Evaluation ol Pilot-Plant Results 
The results obtained in the laboratory­

scale ball mill were to a large extent 
confirmed in the pilot-plant scale equip­
ment (Table IV). 

Analytical results of run 4 show poor 
consistency and reflect the poor control 
of the acid and rock feed rates in this 
run . Also, sufficient time was not 
allowed to reach steady state conditions. 
Run 5 was discontinued before steady 
state was reached . The acidula tion 
ratio in the steady state period of this 
run was around 2.0, and conversions 
greater than 95% were obtained . Some 
analyses of samples taken during the 
early part of run 7 (not shown in Table 
IV) were as high as 99.3%. 

Improper positioning of the inlet 
end of the acid line during run 8 re­
sulted in poor mixing and lower con­
versions. In run 9 and 10, lower acid 
concentrations were used and the mois­
ture content of the product increased . 
The effect of dilution on conversion was 
insignificant. 

Operating conditions were changed 
in run 11 to test their flexibility. Only 
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Figure 7. Effect of acidulation ratio on conversion 

six rods were used instead of the 10 
rods used in previous runs. A lower 
heating jacket temperature of 325° F. 
was used instead of 350° F. The drying 
air rate was increased from 0.365 cu. 
ft. per minute to 0.512 cu. ft. per minute, 
and the drying air temperature was 
decreased from about 160° to 73° F. 
The opposing effects of changes in these 
operating variables resulted in no dis­
tinguishable changes in the product, 
except for higher moisture and free acid 
content. This could be corrected either 
by increasing the temperature, increasing 
the residence time, increasing the amount 
of drying air or its temperature, or by 
decreasing the acid and rock feeding 
rates. Moisture content between 3 
and 4% gave optimum results and 
satisfactory free acid contents. 

Figure 7 indicates the effect of the 
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variation of the acidulation ratio on the 
conversion obtained in various runs. 
The particle size analysis of the rock 
used and the product triple superphos­
phate are given in Table V. Agglomer­
ation of fine particles in the product of 
these runs prevented correct indication 
of the degree of grinding. 

A residence time in the mill of about 
45 minutes was indicated during run 
10 by introducing ground charcoal with 
the rock feed and subsequent examina­
tion of the product for color. 

The product was examined for storage 
characteristics after one month and two 
months. It was found free flowing and 
had excellent physical condition. 
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FERTILIZER TECHNOLOGY 

Granulation Characteristics of a 5-4-12 
(5-10-15) Fertilizer Containing 
Potassium Nitrate 

D. R. BOYLAN and D. V. KAMAT 

Engineering Experiment Station, 
Iowa State University, Ames, Iowa 

Factors influencing the granulation of a mixed fertilizer containing potassium nitrate have 
been studied. Kilogram batches of a 5-4-12 (5-10-15) mixed fertilizer containing 
potassium nitrate were granulated at different feed moisture levels and at inlet gas tem­
peratures ranging from 405° to 575° F. Optimum conditions of moisture in the feed and 
inlet gas temperature were determined for maximum yield of the granular product and 
uniform distribution of the three major nutrient elements (N, P, K) in the various product 
size fractions. Similar experiments were performed with a 2-4-12 (2-10-15) mixed 
fertilizer containing potassium chloride. This grade represents a simple substitution of 
KCI for KN03 so physical changes due to KNOa could be more closely compared. A 
comparative study has been made of the results obtained with the two mixtures. The 
experiments were based on a statistical central composite rotable design, and the results 
were statistically analyzed. An attempt has been made to relate mathematically the yield 
and total absolute deviation in nutrient analysis between product and feed with moisture 
in a feed and temperature of granulation. 

POTASSIUM nitrate has a high 
agronomic value as a source of both 

nitrogen and potash, but high cost has 
been the chief reason for its limited use as 
fertilizer. The new production facilities 
of Southwest Potash Corp. for fertilizer­
grade potassium nitrate, 13% N, 36.5% 
K (44% K 20) , may make this material 
economically attractive. This has stimu­
lated considerable interest in the prop­
erties of potassium nitrate with respect 
to its behavior in mixed fertilizers during 
processing and its effect on the physical 
quality of the resulting products. 

Previous Work 

During the past few years, much work 
has been done on the granulation char-

acteristics of mixed fertilizers. Pilot 
plant studies conducted at TVA (3) 
showed that in production of very low 
nitrogen grades [e.g., 3-5-9 (3-12- 12) 
or 4-6- 13 (4-16-16)] the amount of 
moisture required for granulation of the 
charge material was high (14 to 16%), 
and the products were rather wet. 
Smith (4), in the study of temperature 
and moisture relationships in granulation, 
noted that the utilization of ammonia 
as anhydrous or nitrogen solutions re­
duced not only the cost of nitrogen but 
also the free water content. A high salt 
solution phase contributed to rapid 
crystallization and therefore aided for­
mulation of granules during agglomera­
tion. These grades contained potassium 
nitrate as the source of potassium. 

Recently, Hardesty and his coworkers, 
working with grades containing po­
tassium nitrate, noted that slightly less 
moisture was required for agglomeration 
with potassium nitrate mixtures (2), 
but they produced a "popped-corn" 
shape of granules which effioresced on 
drying. Comparison of the yield and 
homogeneity of the product with mix­
tures that contained potassium nitrate 
and potassium chloride was not reported. 

Experimental Work 

Experiments were performed to study 
the effect of moisture in the feed and 
inlet gas temperature on the yield and 
the distribution. of plant nutrients in the 
various product size fractions. Two 
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Figure 1. Photograph of the ammoniator-mixer disas­
sembled 
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grades were prepared- 5-4-12 (5-10-
15) tobacco fertilizer with potassium 
nitrate as the major source of potassium, 
and 2-4- 12 (2-10-15) mixed fertilizer 
with potassium chloride as the major 
source of potassium (Table I). The 
solid raw materials (all crushed to -20 
mesh) were mixed in a batch reactor, 
and then reacted with sulfuric acid and 
ammonia. The required moisture con­
tent was obtained by addition of pre­
determined amounts of water to the feed 
mixtures. 

Figure 2. Sectional drawing of ammoniator-mixer 

The batch reactor was constructed 
from a section of 5-inch o.d., type 304, 
stainless steel tube with a wall thickness 
of 3/ 32 inch (see Figures 1 and 2). A 
stainless steel stirrer, with a hollow shaft 
and four paddles, was used to mix the 
ingredients and to distribute ammonia. 

The feed materials were screened and 
stored in individual bins. As needed, 
the required quantities ~ere removed 
from the bins and dry mixed in the mixer. 
The water, sulfuric acid , and anhydrous 
ammonia were added one at a time to 
the mixture and mixing was continued 
for a predetermined time. Before 
transferring the mixture to the granulator 
dryer, duplicate samples were removed 
for analysis. 

The mixtures were granulated in a 
bench-scale Roto-Louvre dryer 13 inches 
in diameter and 31 / s inches long (Figure 

3). The dryer speed was 7.4 r.p.m. 
The product was dried, screened, and 
analyzed for nitrogen, phosphorus, and 
potassium. 

Experiments on both grades were 
statistically designed (1). The two major 
factors, per cent moisture in the feed and 
average inlet gas temperature, were 
varied over a reasonable range. Pre­
liminary experiments showed that even 
a variation of 0.5% moisture in the feed 
affected the yield of granules appreciably 
with the 5-4-12 (5-10-15) grade, ·while 
1.5% moisture variation was necessary 
to get an approximately equivalent effect 
on the yield of granules with the 2-4-12 
(2-10-15) mixture. The experiments 
with the 5-4-12 ( 5-10-15) grade were 
performed randomly according to the 
design in Figure 4, and those with the 
2-4-12 (2-10-15) according to the de­
sign in Figure 5. 

Table I. Formulation of 5-4-12 (5-10-15) and 2-4-12 (2-10-15) 
Mixed Fertilizers 

Formula, Lb. / Ton 
Analysis 5--4-12 2--4-12 

Mater ial N P(P20s) K(K20) Mg™g~ ~-1~1~~-1~1~ 
Superphosphate 0 8.95(20.5) 0 0 1020 1020 
Anhydrous am-

mania 82.2 0 0 0 52 52 
Sul-Po-mag 0 0 18.1(21.7) 10. 8(18) 222 222 
Potassium nitrate 13.2 0 36_ 1( 43 .4) 0 460 0 
Potassium chloride 0 0 50.0(60.2) 0 75 425 
Sulfuric acid 0 0 0 0 so 50 
Filler (Sand) 0 0 0 0 171 281 

Total 2050 2050 
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Two mathematical models were set 
up- model I, relating the per cent yield 
with per cent moisture in the feed and 
temperature of the inlet gas, and model 
II , relating the total absolute deviation 
of the three nutients N, P, and Kin the 
product from that in feed with per cent 
moisture in feed and temperature of the 
inlet gas. The total absolute 'deviation 
was the statistic which expressed the 
variation of the plant nutrients between 
the feed and the granular product. It 
was estimated for every experimental run 
by summing up the individual absolute 
differences for N, P, and K between feed 
and -6 + 20 granular product. 

Y = ho + h1X1 + h 2x2 + hux12 + h22x22 

+ h12X1X2 

Model I : 

Y = % Yield ( - 6 + 20 mesh granules) 
x1 = Average inlet gas temperature, ° F. 
x2 = % Moisture in feed (dry basis ). 

Model II: 

Y = Total absolute deviation of N- P- K 
in product from that in feed. 

x1 = Average inlet gas temperature, ° F. 
x2 = % Moisture in feed (dry basis) 

The regression coefficients b0, bi, h2, 
bu, h22, h12 of these models were deter­
mined from the experimental results. 

DiKuuion 

The experimental results with both the 
grades are shown in Tables II, III, IV, 
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Figure 3. Photograph of granulator­
dryer and granulated product 

Figure 4. Schematic of central com­
posite rotatable design for the 5-4-12 
(5-10-15) grade containing potassium 
nitrate 

Figure 5. Schematic of central com­
posite rotatable design for the 2-4-12 
(2-10-15) grade containing potassium 
chloride 
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Fi gure 6. Effect of temperature on the yield of- 6 + 20 
product size fraction for both fertilizer grades at their cen­
tra l moisture levels 
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Figure 8. Effect of temperature on the total absolute devia­
tion for both fertil izer grades at their central moisture levels 
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and V. Tables II and III show the 
effect of moisture and temperature on 
the yield of granules, and Tables IV and 
V present the effect of moisture and 
temperature on the total absolute devia­
tion in the product. The statistical 
analysis of these results gave the following 
quadratic relationships: 

~o'~,· 
-lo ~ 

% Yield 
60 

Model I: 

y = 45.40 + 3.36 [Xl ~0 490] + 

1.8 [x2 ~ts] _ 5_17 [xi ~/90J _ 

13.37 [x2 ~tsJ -
l 92 [Xi - 490] [X2 - 6.5] 
. 60 0.5 

Optimum yield 46.3% 
at 507 °F and 6.!55¾ moisture 

with 5-4-12(5-10-15) 

/.,, 

/.,,,, 

Figure 1 0. Response surface showing contours of constant yield for the 5-4-1 2 
(5-10-15) grade containing potassium nitrate 

% Yield 

, I 201 
" I ~~~ I I 

\. " 10 

"'-. 30 % '--~ I 

-~\~1,e,// 
...... 0.~/ 

-lo '\".; 

/ 
~~p 

Optimum yield 43.8 % 
477 °F and 15.8% moisture 

with 2-4-12 (2-10-15) 

/4 
/,toP 

// 
/2 

/.,/\19 

Figure 11. Response surface showing contours of constant yield fot the .2-4-12 
(2-10-1 5) grade containing potash chloride 
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with the 5-4- 12 (5- 10- 15) grade. 

Y = 43.36 - 2.10 [Xi ~/90
] -

3.05 [X2 ~-;6,0] ~ 4.46 [Xi ~/90T _ 

8.04 [X2 ~ -;6,0T -

O 20 [Xi - 490] [X2 - 16.0] 
. 60 1.5 

with the 2-4- 12 (2- 10- 15) grade. 

Model II: 

Y = 0.0960 + 0.0175 [XI ~
0
490

] + 

0.0125 [x2 
~/·

5
] + 

0.0664 [Xi ~0490T + 

0.0464 [X2 ~t5r -

0 0575 [Xi - 490] [ ~~] 
. 60 0.5 

Table II. Effect of Moisture and 
Temperature on the Yield of Product 
for the 5-4-12 (5-10-15) Grade 

Containing Potassium Nitrate 
Drying time was 20 minutes. 
Moisture in the product varied from 

0.38 % to 0.92 % . Average product tem­
perature varied from 203° to 256 ° F. 

Temp. of Moisture Yield 
Run Gos, in Feed, - 6 + 20 
No. ° F. % % 

K-10 
K-11 
K-12 
K-13 
K-16 
K-18 
K-21 
K-27 
K-29a 

492 
552 
432 
492 
550 
429 
574 
406 
490 

5 . 75 
6 . 99 
6.98 
7 .23 
5 . 98 
6 .01 
6 . 50 
6.51 
6 . 50 

13 .8 
27 . 8 
27.1 
23 .1 
31 .0 
22 . 6 
36 . 2 
33 .4 
45 . 4 

a K-29 readings were estimated by 
averaging the 5 replications conducted at 
the central point ( Figure 4 ). 

Table Ill. Effect of Moisture and 
Temperature on the Yield of Product 
for the 2-4-12 (2-10-15) Grade 

Containing Potassium Chloride 
Drying time was 45 minutes. 
Moisture in the product varied from 

0.29 % to 0.92 %. 
Average product temperature varied 

from 194° to 249° F. 

Temp. of Moisture Yield 
Run Gos, in Feed, -6+20, 
No. ° F. % % 

K-32 575 16 .05 41 .4 
K-33 406 15 . 87 30 . 9 
K-34 495 18. 15 33 . 9 
K-35 491 13 . 94 24 . 1 
K-36 552 17. 49 32 . 1 
K-38 553 14 . 62 27. 2 
K-42 430 14 . 53 25 . 8 
K-46 432 1 7 . 54 31 . 5 
K-47a 494 16 .08 43 . 4 

a K-4 7 readings were estimated by 
averaging the 5 replications conducted 
at the central point (Figure 5 ). 



Table IV. Effect of Moisture and Temperature on Total Absolute Deviation of Plant-Nutrients 
for 5-4-12 (5-10-15) Grade Containing Potassium Nitrate 

Temp. of Moisture Abs. Dev. of Nutrients between -6 
Run Gas, in Feed, Nutrient Analysis of -6 + 20 S'ze Product + 20 Size Product and Feed Total 
No. of. % N pa (P206)a K (K20) N p K Abs. Dev. 

K-10 492 5.75 5.31 5.92 (13. 57) 12.58 (15.15) 0 .08 0 .01 0 .08 0.17 
K-11 552 6.99 5.45 5 .98 (13.71) 12.79 (15.40) 0.10 0. 04 0 .08 0.22 
K-12 432 6.98 5.79 5.92 (13.58) 12.65 (15.25) 0.15 0. 05 0.08 0.28 
K-13 492 7.23 5.59 5.95 (13.64) 12.44 (15.00~ 0 .1 1 0. 03 0.04 0 .18 
K-16 550 5.98 5.38 6.00 (13.74) 12.69 (15 .30 0.14 0 .05 0 .10 0.31 
K-18 629 6.01 5.51 5.86 (13.43) 12.65 (15.25) 0 .06 0 .00 0.08 0.14 
K-21 574 6. 50 5.23 5.90 (13 .52) 12.69 (15.30) 0. 12 0 .05 0 .04 0.21 
K-27 406 6 .51 5.60 5.92 (13.69) 12.58 (l-S . 15) 0 . 14 0 .01 0.04 0.19 
K-29b 490 6.50 5.53 5.87 (13.48) 12.68,.. (15 .27) 0.02 0 .01 0 .06 0.09 

a Total. 
b K-29 readings were estimated by averaging the five replications conducted at the central point (Figure 4 ). 

Table V. Effect of Moisture and Temperature on Total Absolute Deviation of Plant Nutrients 
for 2-4-12 (2-10-15) Grade Containing Potassium Chloride 

Temp. of M oisture Abs. Dev. of Nutrients Between - 6 
Run Gas, in Feed, Nutrient Analysis of - 6 + 20 Size Product + 20 Size Product and Ftied Total 
No. of . % N pa (P20o)" K (K20) N p K Abs. Dev. 

K-32 575 16.05 2 .26 5.83 (13.38) 12.81 (15.50) 0 .21 0. 03 0 .12 0 .36 
K-33 406 15.87 2.48 5.82 (13.37) 13.23 (15.85) 0.01 0.03 0 .30 0 .34 
K-34 495 18. 15 2.32 5.94 (13. 62) 12.92 (15.60) 0.05 0. 00 0 .04 0 .09 
K-35 491 13.94 2.41 5.91 (13.51) 12.98 (15.65) 0. 10 0.02 0. 17 0 .29 
K-36 552 17.49 2.36 5.96 (13 . 63) 12.92 (15.60) 0.08 0 .02 0 .12 0.22 
K-38 553 16.62 2.39 5.84 (13.39) 12 .81 (15.50) 0.24 0 .03 0.00 0.27 
K-42 430 16.53 2.39 5.86 (13 .41) 13 .19 (15 .80) 0.09 0.02 0 .12 0.23 
K-46 432 17.54 2.47 5.87 (13 .46) 12 .92 (15 .60) 0.07 0.02 0 . 17 0.26 
K-47b 494 16.08 2.45 5.92 (13.57) 12.79 (15 .45) 0.05 0.02 0 .12 0.19 

a Total. 
b K-47 readings were estimated by averaging the five replications conducted at the central point (Figure 5 ). 

with the 5-4-12 (5-10-15) grade. with the 2-4-12 (2-10-15) grade. 
The effect of temperature on the yield 

with the two mixtures may be shown 
graphically (Figure 6). The yield was 
generally higher with the 5-4-12 (5-10-
15) formulation. Because the tendency 
to form large lumps was greater at higher 
temperatures with the 2-4-12 (2-10-15) 
mixture, the yield decreased more 
rapidly. 

Moisture was more critical in the 
5-4-12 (5-10-15) than in the 2-4-12 

Figure 12. Photographs of granular products 

A: - 6+ 8 size fraction of the 5-4-12 (5-10-15) grade containing po­
tassium nitrate 
B: -a+ 16 size fraction of the 5-4-12 (5-10-15) grade containing po­
tassium nitrate 
C: -6+8 size fraction of the 2-4-12 (2-10-15) grade containing po­
tassium chloride 
D: - a+ 16 size fraction of the 2-4-1 2 (2-10-15) grade containing 
potassium chloride 

(2-10-15), and affected the yield to a 
greater extent (Figure 7). 

The effect of temperature on the total 
absolute deviation with the two mixture5 
may be shown graphically (Figure 8). 
The total absolute deviation was much 
lower with the 5-4-12 (5- 10- 15) mix­
ture than with the 2-4- 12 (2-10-15) 
mixture, showing the product to be more 
homogeneous with mixtures containing 
potassium nitrate. 

With the increase of moisture in the 
feed, the total absolute deviation decreased 
and, after attaining a minimum, started 
increasing with the 5- 4- 12 ( 5- 10-15) 
mixture. With the 2-4- 12 (2-10-15) it 
continued to decrease; but was con­
siderably higher at the optimum yield 
condition than with the 5-4-12 (5-10~ 
15) mixture (Figure 9) . 

Three-dimensional views showing the 
effect of temperature and moisture on the 
yield of product are shown in Figures 10 
and 11. The lines show contours of 
constant yield. T he distance between 
the adjacent contour lines parallel to 
temperature axis is greater for the 
2-4-12 (2-10-15) mixture than for 
5-4-12 ( 5--.-10-15) mixture; indicating 
that moisture is more critical with 
mixtures containing nitrate of potash. 
The optimum yield of 46.3% was noted 
at 507° F. and 6.55% moisture with the 
5-4-12 ( 5-10-15) mixture, and the 
optimum yield of 43.8% at 447° F. and 
15.8% moisture with the 2-4- 12 (2-10-
15) formulation. 

The granules obtained with the 5-4-12 
( 5-1 0-1 5) mixed fertilizer containing 
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potassium nitrate were more spherical 
and uniformly shaped than those ob­
tained with the 2-4-12 (2-10-15) 
mixed fertilizer containing potassium 
chloride (Figure 12). The 5-4-12 (5-
10-15) mixed fertilizer also gave more 
cohesive, less porous, and tougher 
granules. 

The granule product in both mixtures 
was relatively more homogeneous than 
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reported in the literature since the raw 
materials used in this study were of finer 
mesh size. 
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GRANULATION STUDIES 

Potassium Nitrate as an Aid to Fertilizer 
Granulation 

D. R. BOYLAN and R. T. JOHNSON 

Chemical Engineering Department, 
Iowa State University, Ames, Iowa 

Because of the availability of potassium nitrate as a new raw material, its effect as an aid 
to granulation was studied. Small batches of an 8- 6.98-13.28 (8-16-16) grade mixed 
fertilizer containing potassium nitrate were granulated at different moisture and tempera­
ture levels in a laboratory Rote-Louvre dryer. The optimum moisture in the feed and inlet 
gas temperature were 9.6% and 450 ° F., respectively, for a maximum yield of - 6+20-
mesh granules. The distribution of the three primary nutrients, nitrogen, phosphorus, and 
potassium, was determined in the various product size fractions. Similar experiments were 
made on an 8-6.98-13.28 (8-16-16) grade mixed fertilizer containing only potassium 
chloride. The optimum moisture in the feed, inlet gas temperature levels, yield, and 
nutrient distribution were also determined. At least 12.2% moisture was required for 
maximum yield, and the variation in nutrient distribution was greater. 

POTASSIUM nitrate ha a high agro­
nomic value as a source of both 

nitrogen and potassium, but high cost 
has been a major limitation to its use in 
fertilizer formulations. The new pro­
duction facilities of the Southwest Potash 
Corp. in V icksburg, Mi s., for a fertilizer 
grade potassium nitrate may make this 
material economically attractive. This 
has timulated considerable interest in 
the granulation characteri tics of mixed 
fertilizer formu lations containing potas­
sium nitrate and al o in the physical 
properties of the resulting products. 
Studies (7- 5) have shown that potas­
sium nitrate is an aid to granulation. 
This paper presents results of laboratory 
studies using potas ium nitrate in a 
vegetable grade fertilizer. 

Granulation experiments in a labora­
tory Rote-Louvre dryer were made on an 
8- 6.98- 13.28 (8-16-16) grade vegetable 
fertilizer to study the effect of moisture 
in the feed and of inlet gas temperature 
on the yield and distribution of plant 
nutrients in the various sized fractions . 
Two formulations were prepared (Table 

Figure 1. Mixer-reactor assembly 

I ): Formulation I contained potassium 
nitrate which contributed 27% of the 
total potassium and 16% of the total 
nitrogen, and Formulation II contained 
potassium chloride as the only source of 
potassium. The solid raw materials 
(sieved through a 20-mesh Tyler screen) 
were mixed in a batch reactor and made 
to react with phosphoric acid and anhy­
drous ammonia. The moisture content 
was varied by adding predetermined 
amounts of water to fertilizer mixture. 

The experimental equipment is shown 
in Figures 1 and 2. Details of the re­
actor-mixer have been reported ( 1). 
The batch reactor, in the center of Figure 
1, was constructed from a section of 5-

inch O.D. Type 304 stainless steel tube 
with a 3/ 32-inch wall thickness. A 
stainless steel stirrer, consisting of a hol­
low shaft and four paddles, was used to 
mix the ingredients and to distribute the 
ammonia. 

The bench scale Rote-Louvre d ryer on 
the right in Figure 2 was 13 inches in 
diameter and 31/ 8 inches long, and 
operated at 7.4 r. p. m. 1 he product 
was dried, screened, and analyzed for 
nitrogen, phosphorus, and potassium. 

The time in the Roto-Louvre dryer 
was 30 and 45 minutes, respectively, for 
Formulations I and II. Final product 
temperature ranged from 196° to 280° F. 
To keep the number of variables at a 
minimum, inlet gas temperature was 
varied while residence time in the d ryer 

Table I. Formulations for 8-16-16 Grade Fertilizer 
Formulation No. 

Material 

Triple superphosphate 
Normal superphosphatc 
Phosphoric acid 
Anhydrous ammonia 
Ammonium sulfate 
Potassium nitrate 
Potassium chloride 
Magnesium limestone 
Borax 
(Evaporation loss 50 pounds) 

Figure 2. 

Analysis Basis, % 
N-P20s-K20 

0- 41 .0- 0 
0-20.6- 0 
0-62.9- 0 

82 .2- 0- 0 
20 . 5- 0- 0 
13 .4-0- 44 . 6 

0- 0- 58 . 4 

248 
492 
200 

90 
313 
200 
397 
100 

10 
Total 2050 

Granulator-dryer assembly 

II 
Pounds per ton 

330 
339 
200 

90 
438 

543 
100 

10 
2050 
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Table II. Relationship between 
Temperature and Moisture on Yield 

of -6 +20-Mesh Granules 
Yield of 

Temp. of -6 +20-
Inlet Moisture Mesh 

Run Gas, in Feed, Granules, 
No. of. % % 
Formulation I Containing Potassium 

Nitrate 

R-4 425 9.43 79.70 
R-5 425 9.08 47 .56 
R-6 425 10.24 64.13 
R-10 425 9.02 64.13 
R-11 425 9.48 56 .79 
R-12 425 10.53 69.80 
R-13 425 8.53 51.40 
R-14 425 9.37 39.04 
R-15 500 9.58 58.85 
R-17 350 9.80 69 . 33 
R-18 475 9.47 62.56 
R-19 375 9 .26 43 .65 
R-20 475 9 .1 1 72.40 
R-21 375 9.50 63.24 

Formulation II Containing Only Potassium 
Chloride 

R-100 475 12 .85 60.17 
R-101 475 11.78 67.51 
R-103 475 12.35 55.47 
R-104 475 12 .32 48.96 
R-105 475 10 .94 58 .41 
R-106 475 12.28 58 .88 
R-107 550 12.26 72.51 
R-108 400 12.69 52 .86 
R-109 475 13.26 66 .36 
R-110 475 11 .43 56.36 
R-111 525 11.39 69.25 
R-112 525 12.90 71. 41 
R-113 425 12 .92 54 .15 
R-114 425 10.94 67 .14 

Table Ill. 
+6-Mesh Granules 

Run N, P2O5,0 K2O, 
No. % % % 

R-4 9.04 17.72 16 .18 
R-5 8 . 52 18.05 16 . 11 
R-6 7 .73 17.88 16.48 
R-10 8.24 18 .16 15.76 
R-11 8 .56 17.77 16.53 
R-12 8.42 17.30 16.62 
R-13 8.61 18 .13 16 .11 
R-14 8.02 18.23 16.91 
R-15 7.78 18.24 16 .94 

R-17 8 .22 17.95 16 .60 
R-18 8 .28 18.09 16.31 
R-19 8.04 18.75 16.65 
R-20 8.60 17.84 16.64 
R-21 7.94 18.37 16.67 

was held constant. If product tempera­
ture had been the variable, it would have 
been necessary also to vary residence 
time. 

Discussion 
The experimental work followed the 

central composite rotatable design used 
by Boylan and Kamat (1). The central 
point was established by averaging four 
of six runs. The results of granulation 
experiments using each formulation are 
shown in Table~- The data in Table 
11 were analyzed by the composite de­
sign and plotted in Figures 3 and 4. 
Runs 5, 14, 103, and 104 were rejected 
statistically. 

:Figure 3 shows the relationship be­
tween temperature and yield for both 
formulations. Formulation I, contain­
ing potassium nitrate, shows a maximum 
yield of approximately 70% at an inlet 
gas temperature of 455° F. Formula­
tion II, without potassium nitrate, shows 
no maximum within the inlet gas tem­
perature range investigated, although a 
maximum might be obtained at a higher 
temperature level. 

Figure 4 shows the relationship be­
tween moisture and yield for both formu­
lations. Formulation I shows a maxi­
mum yield of approximately 68% at 
9.6% moisture. Forumulation II shows 
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eoen 
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8 Formulation Il Without 
Potassium Nitrate 

~ O 375 425 475 
Temperature 

0 F. (Inlet Gas) 
Figure 3. Effect of temperature on product yield 

Nutrient Distribution in Various Sized Fractions 
-6 + 14-Mesh Granules - 14 + 20-Mesh Granules - 20-Mesh Granules 

N, P2O6, 0 K2O, N, P2O5,0 K2O, N, P2O5,0 K2O, 

% % % % % % % % % 
Formulation I Containing Potassium Nitrate 

8 .83 17.62 16 .13 7.69 18.63 16.26 7.24 17.76 17 .32 
8 .64 18 .32 15 .80 8 .23 18 .80 15.78 7.70 17 .41 17 . 30 
7.55 18 .45 16.70 6.94 18.39 17.71 7 .23 18.29 17 .21 
8 .18 18 . 29 16.03 7.46 17.68 18 .08 7.82 17 .77 16.54 
8 .56 18.06 16.03 7.80 19 .1 5 16.09 7.49 18.13 17.51 

8.64 17.93 16 .06 7 .64 19 .20 16 .52 7.46 18 .36 17.50 
8.64 18 .12 15 .59 8 .00 19 .00 15.80 7.56 17.50 17.96 
8.28 17.96 15 .80 7 .34 18.51 17.36 7.56 18 .18 17.24 
7 .72 18.52 16. 77 7.26 19.02 17.56 7 . 36 18.81 17.05 

8 .30 18 . 52 16 .09 7 .78 19.24 16. 31 7.66 18 .47 17.32 
7.89 18 .73 16.41 7.21 19.66 16.88 7.36 18 .66 16.98 
7.68 18.85 16 .80 7 .79 19.27 16. 13 8 .04 18.66 17.58 
8.20 18 .38 16.00 7 .38 19.62 16.02 7 .09 17 .72 16 .86 
7.87 18.79 16 .19 7.48 18.87 17 .12 7.38 18.80 17.09 

Formulation II Containing Only Potassium Chloride 

R-100 7.78 17 .16 16.74 7 .98 17.43" 16.42 7.28 18 .20 17.68 7.44 18.24 16.98 
R-101 8.01 18 .01 16.74 7 .96 18.81 16.53 7 .08 19.28 17 . 42 7 .18 19.30 17. 15 
R-103 8 .04 18.63 16.24 8.36 17.91 16.49 7 .96 19.42 16.02 7.36 19 .26 16 .53 
R-104 7 .70 18.62 16.53 7.55 19.41 16.21 7.06 19.85 16 .50 6.91 19.00 17 . 44 
R-105 8.13 18.53 16.45 8.35 18.48 16.09 7.44 18.46 17.82 7.31 18.71 17.00 

R-106 8.38 18.37 16 .35 7 .98 18.66 16.50 7 .20 18.62 18.36 7.36 18.80 17 .24 
R-107 8 .1 8 18.52 16.52 8 .12 18 .20 16.78 7.36 19 .16 17 .77 6.98 20 .01 16.25 
R-108 8.80 18.25 16.00 8.90 16.95 16 .27 8 .16 18.52 16 .10 7 .56 18.91 17 .13 
R-109 8.33 17.85 16.06 8.04 18 .16 16.30 7 .00 18.74 18 .07 6.83 19.66 16.41 
R-110 8.55 19. 41 15.20 8 .60 18 .10 15 .27 7 .52 17.25 18.91 7 .38 18 .26 18.08 
R-111 8 .18 18.28 16.60 8 .52 16.90 16.21 7.44 18 .75 17.45 7 .02 19 .16 17 . 51 
R-112 8.18 18.23 16 .83 8 .18 18 .41 16.27 7.44 19 . 50 17 .14 6 .96 19 .1 7 17 .76 
R-113 7.96 18 .13 16 .60 7.92 18.52 16.86 7 .14 19.24 17.50 6 .82 19.59 17 .16 
R-114 8 .27 18.40 16.10 8.66 18 .60 15.78 7.40 17.58 19.08 7.48 18 .50 17 .79 

0 Total. 
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Figure 4. Effect of moisture on product yield 

Table IV. Averaged Maximum 
Variation in Product Nutrient Con-

tent 
Formulation N P20 5 K20 

I 0.962 1. 112 1.360 
II 1 .144 1. 396 1.642 

a maximum yield of approximately 62% 
at 12.2% moisture. The more pro­
nounced dependence of yield on moisture 
in Formulation I is probably due to a 
higher solubility of the salt phase. Table 
III shows the nutrient distribution of 
both formulations in the various sized 
fractions of the granules. The averaged 
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maximum variation of nutrient content 
in the product was lower for Formulation 
I than for Formulation II for all nutrients 
(TableIV). 

The extent of agglomeration could be 
controlled by the mixing time after the 
addition of the water. Formulation II 
formed large agglomerates in the batch 
reactor, while Formulation I formed 
more uniformly sized granules. This 
was primarily due to the lower moisture 
requirement of the salt solution phase 
of Formulation I. This lower moisture 
resulted in a drying time of only 30 min­
utes at 425° F. for an average product 
moisture content of less than 1 % ; 
Formulation II required 45 minutes 
drying at 475° F. 

Conclusions 

Because of the high solubility of potas­
sium nitrate at the elevated tempera­
tures of granulation, Formulation I, con­
taining potassium nitrate, required only 
9.6% moisture for a maximum yield of 
67.6% in the -6 +20-mesh size frac­
tion. Formulation II , without potas­
sium nitrate, required 12.2% moisture 
for a maximum yield of 62 .3%. This 
yield was considered good, since no re­
cycle was employed . 

For a product with an average mois­
ture content of less than 1 % , Formula­
tion I required a drying time of 30 min­
utes at an inlet gas temperature of 
425° F; Formulation II required 45 
minutes at 475° F. 
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at 12.2% moisture. The more pro­
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higher solubility of the salt phase. Table 
III shows the nutrient distribution of 
both formulations in the various sized 
fractions of the granules. The averaged 
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maximum variation of nutrient content 
in the product was lower for Formulation 
I than for Formulation II for all nutrients 
(Table IV). 

The extent of agglomeration could be 
con trolled by the mixing time after the 
addition of the water. Formulation II 
formed large agglomerates in the batch 
reactor, while Formulation I formed 
more uniformly sized granules. This 
was primarily due to the lower moisture 
requirement of the salt solution phase 
of Formulation I. This lower moisture 
resulted in a drying time of only 30 min­
utes at 425° F. for an average product 
moisture content of less than 1 % ; 
Formulation II required 45 minutes 
drying at 475° F. 

Conclusions 

Because of the high solubility of potas­
sium nitrate at the elevated tempera­
tures of granulation, Formulation I, con­
taining potassium nitrate, required only 
9 .6% moisture for a maximum yield of 
67.6% in the -6 +20-mesh size frac­
tion. Formulation II, without potas­
sium nitrate, required 12.2% moisture 
for a maximum yield of 62 .3%. This 
yield was considered good, since no re­
cycle was employed. 

For a product with an average mois­
ture content of less than 1 %, Formula­
tion I required a drying time of 30 min­
utes at an inlet gas temperature of 
425° F; Formulation II required 45 
minutes at 475° F . 
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FERTILIZER STABILITY 

Decomposition of Mixed Fertilizers 
during Drying 

T ARGE scale continuous processes and 
.L the use of high proportions of 
ammoniating solutions containing heat­
sensitive salts have led to considerable 
difficulty in maintaining nitrogen 
guarantees during the manufacture of 
high analysis mixed fertilizers. A survey 
conducted by TV A (6) showed that the 
nitrogen content of 10-10-10 (lD-4.37-
8.30 NPK) and 12-12-12 (12-5.24-

1 Present address, Esso Research and 
Engineering, Linden, N. J. 

9.96) grade fertilizers was consistently 
low. About half of the samples were 
deficient in nitrogen to an extent that 
exceeded the tolerances set by state laws. 
In these cases the manufacturers gave as­
surances that tlte nitrogen input was at 
least equal to and usually more than that 
guaranteed. 

As part of the same investigation, a 
pilot plant study on the manufacture of 
12-12-12 (12-5.24-9.96) grade fertilizers 
disclosed that the loss of nitrogen, in a 
form that would explain why the losses 

JOHN C. REISCH 1 and 
GEORGE BURNET 

Chemical Engineering Department, 
Iowa State University of Science 
and Technology, Ames, Iowa 

could not be detected by scrubbing 
samples of exhaust gas, resulted from the 
decomposition of ammonium nitrate to 
form N2O or N 2• Near the distributors 
of the pilot plant ammoniator there were 
localized areas of high acidity and 
observed temperatures as high as 260° F. 
Such conditions favor serious loss of 
nitrogen by decomposition of am­
monium nitrate. 

Stability of pure ammonium nitrate 
has been studied extensively (3-5, 7), 
and in the temperature range 210° to 
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Rate of decomposition of fertilizer mixtures prepared from reagent grade materials 
increas~d rapidly with temperature from 85° to 180° C. and as the pH changed from 
3.9 to 2.8. In the absence of chloride ion there was no significant decomposition but 
addition of only 0.05 weight % chloride caused substantial loss of nitrogen. When 
either the nitrate or ammonium ion was missing no nitrogen loss occurred. Decomposi­
tion was found to result from the hydrolysis of monocalcium phosphate to give dicalcium 
phosphate and phosphoric acid; the latter reacted with ammonium nitrate or chloride 
to release nitrous oxide, elemental nitrogen, and chlorine. Addition of ammonium or 
potassium sulfate to the mixtures inhibited decomposition by preventing hydrolysis and 
the formation of phosphoric acid. 

500° F. 98% of the decomposition has 
been found to occur as follows: 

NH4 03-+ N2O + 2H2O (1) 

A reversible and endothermic dissocia­
tion reaction also takes place. 

NH4NQ3 ~ NH3 + HNO3 (2) 

The presence of impurities has a signifi­
cant influence on the decomposition of 
ammonium nitrate. Relatively small 
amounts of chloride and free acid may 
cause spontaneous decomposition at 
temperatures as low as 140° C. 

Stability of ammonium nitrate in the 
presence of the salts commonly as­
sociated with it in commercial fertilizers 
and some of the factors influencing this 
stability were investigated by Borland 
and Schall (2), who gave particular 
attention to the effect of chloride, hydro­
gen, ammonium, and nitrate ions on 
stability. Decomposition was found to 
be extremely sensitive to the presence of 
chloride and free acid, but the presence 
of both ammonium and nitrate ions was 
required for significant nitrogen losses 
to occur. The stability of the fertilizer 
mixture was increased when sulfate­
containing salts were present. Losses 
dropped markedly with increasing sulfate 
concentration and reached a minimum 
when the mole ratio of sulfate ion to 
ammonium nitrate approached 1 to 1. 
The fact t..1iat equimolar quan ti tics of 
sulfate ion to ammonium nitrate were 
required was interpreted as evidence 
that the NH4NO3-(NH4)2SO4 double 
salt may have been involved, but no data 
were obtained to support this. 

The present investigation deals with 
stability problems encountered primarily 
during the drying and subsequent opera­
tions in the manufacture of mixed ferti­
lizers. The effects of composition, pH, 
and temperature have been studied. A 
series of reactions has been proposed' 
which accounts for nitrogen and chloride 
losses and explains the stabilizing effect 
of ammonium sulfate and potassium 
sulfate in fertilizer mixtures. 

Experimental Method 

Fertilizer mixtures made from rea­
gent grade materials were prepared 
batchwise as needed . One hundred-
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gram portions were ground in a large 
mortar to ensure thorough mixing of 
the samples. The weighed samples 
were placed in a tared flask, stoppered 
with a vented cork, and held in a 
constant temperature bath at the desired 
temperature. Periodically the flask was 
withdrawn, allowed to cool, and after 
the adhering oil was removed, weighed 
and returned to the bath for another 
heating period. The loss in weight was 
recorded each time the sample was 
withdrawn, and the loss in weight of 
each constituent was determined from 
the initial and final analysis of the 
samples. 

In a number of runs, the gaseous 
products were collected and analyzed 
to determine the amount of Ch, N 2, 

and N 20 produced. A schematic draw­
ing of the apparatus is shown in Figure 1. 
The 500-ml. round-bottomed flask, which 
was used as the reactor. was connected 
to a series of absorbers fitted with fritted 
glass bubblers. The first absorber was 
charged with a 10% potassium iodide 
solution and the second was filled with 
potassium hydroxide pellets. From the 
absorbers, the gas passed through a U­
tu be, which was immersed in a dry ice­
acetone bath, and then into the gas 
collector, a calibrated glass cylinder 
with a small opening at one end which 
was sealed with a serum cap. Gas 
samples were withdrawn from the 
collector through the serum cap with a 
hypodermic syringe and analyzed chro­
matographicall y. 

Table I. Composition of 12-12-12 (12-5.24-9.96) Grade Fertilizer Control 

Ingredients 

NH4NQ3 
NH4Cl 
(NH4)2SO4 
NaNO3 
Ca(H2PO4)2. H2O 
CaHPO. 
KCI 
K 2SO4 
KNO3 
Sand 

RE ACTOR 

A 

12 .40 
29.50 

21 . 30 

19 .00 

17 .80 

B 

12 .40 

36.00 

21 .30 

22.20 

8 . 10 

Mixtures 
Mixture, G. 

C 

12 .40 
29 .50 

23 .00 
19.00 

16 . 10 

D 

45 .90 

21 .30 

19 .00 

13 .80 

MINERAL 
OIL 

KI KOH WATER 
ABSORBER PELLET TRAP TRAP 

Figure 1. Gas collection apparatus 

E F 

37 .80 

59 .70 13 .20 
21 .30 21.30 

3 .40 19.00 

15 .60 
8 ,70 

COLLECTION 
CYLINDER 



In the first absorber, Ch was removed 
from the gas by reaction with the po­
tassium iodide to liberate free iodine. 
The second absorber removed all acid­
forming gases such as HCl, NOCl, and 
NO2 which may have been present in 
small quantities. Any water vapor in 
the gas was condensed as it passed 
through the U-tube to the collector. 
Only N 2 and N 20 were present 1n thP. 
gas collected in the cylinder. 

At the beginning of a run a 25-gram 
fertilizer Sample was transferred to 
the reactor and the system was purged 
with helium for 15 minutes to ensure 
complete removal of air. The delive~y 
tube was then inserted into the collection 
cylinder, which was filled with light 
mineral oil, and the reactor was placed 
in the constant temperature bath. After 
heating for the desired time, the system 
was again flushed with helium to ensure 
complete transfer of the gaseous reaction 
products through the absorbeFs and into 
the collector. The reactor containing 
the sample was then weighed to de­
termine the total weight loss. By 
chemical analysis, the amounts of chlo­
ride, ammoniacal nitrogen, and nitrate 
nitrogen lost were determined. From 
the gas analysis, it was possible to de­
termine the amount of chloride recovered 
as Ch and the amount of nitrogen re­
covered as N 2 and N 20. 

The chromatographic determination 
of N2 and N2O was carried out on an 
F & M Scientific Corp. Model 500-A 
linear - programmed temperature gas 
chromatograph. A ¼-inch o.d. cop­
per tube, 2 meters long, and packed 
with Alcoa F-1 activated alumina, 
-30+60 U. ~- standard mesh, was 
used to separate the two gases. Helium 
served as th~ carrier gas. and a flow 
rate of 30 ml. per minute was maintained 
through the column, which was kept at a: 
temperature of 100° C. Under these 
conditions, the retention times were 5.8 
and 12.3 minutes for N2 and N 2O , 
respectively. S_amples of· the gas to be 
analyzed were injected into the column, 
and the amounts of N 2 and N 20 were 
determined by relating peak area and 
volume to the values obtained with 
known amounts of each gas under 
identical conditions. 

The compositions of the 12-12-12 
(12-5.24-9.96) grade fertilizer control 
mixtures are presented in Table I. 
Mixtures B to F are similar to control 
mixture A, except that from each 
formulation one of the four ions-Cl -, 
H+, NH4+, or NO3- - was eliminated 
in order to determine the effect of each 
ion on the stability of the fertilizer. 
Modifications of the control mixtures 
were prepared in which the concentra­
tions of the chloride, hydr.ogen, and 
sulfate ions were varied, to gain some 
idea of the effect of concentration of 
these ions on the stability of the fertilizer 
samples. 

Effect ol Temperature 

Samples of mixture A were heated in 
the constant temperature bath for up to 
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8 hours. Losses were determined at 
85°, 100°, 120°, 130°, 140°, and 180°· C. 
The results, shown in Figure 2, indicate 
that the losses increase rapidly as the 
temperature is increased. At 85° C. 
there was no loss other than moisture, 
but at 100° C . there was some loss of 
nitrogen and chloride, indicating that 
decomposition had occurred at this 
temperature. At 180° C. the losses 
leveled off at 16.80 grams after only 1 
hour of heating. The losses included 
90% of the nitrate nitrogen originally 
present. Chloride and ammoniacal 
nitrogen losses were substantial, but 
potash and total P2O 5 content remained 
unchanged. 

In addition to total P2O 5, analyses 
were made to check the extent of reversion 
of the water-soluble monocalcium phos­
phate to citrate-soluble dicalcium phos­
phate. At 85° C. there was no reversion 
of the monocalcium phosphate, but at 
the higher temperature levels significant 
amounts of dicalcium phosphate were 
formed during heating. Almost SO% 
of the water-soluble P2O 5 had reverted 
to the citrate-soluble P2O 5 at 180° C. 
The reversion reaction is as follows: 

Ca(H2PO4)2 . H2O -
CaHPO4 + HaPO4 + H2O (3) 

Equation 3 is important because the free 
acid formed enhances the decomposition 
of ammonium nitrate, particularly in the 
presence of chloride. 

Experimental runs were made with 
mixture A in which the gas products 
were collected and analyzed. The 
studies were carried out at three tempera­
ture levels: 120°, 130°, and 140° C. 
The principal products were Ch, N 2, and 
N iO Table II shows that an average 
of 82. 70% of the chloride lost from the 
samples was recovered as Ch Material 
balances for mtrogen are presented in 

Table III. An average of 86.78% of the 
total nitrogen lost was recovered as N 2 
and N 2O. The weight ratio ofN2O to N 2 
was constant at about 2.13 to 1.00 over 
the temperature range investigated. 
Although temperature effects the rate of 
decomposition, it does not alter· the 
course of the reactions taking plaee. 

The nature of the gas products indi­
cates that the principal reaction involved 
in the nitrogen and chloride loss is 
between ammonium nitrate and am­
monium chloride. Besson and Rosset 
(1) found that what actually occurs is 
a reaction between nitrogen dioxide, an 
intermediate in ammonium nitrate de­
composition, and ammonium chloride 
as follows: 

8NO2 + 6NH4Cl -
4N2O + 3N2 + 3Cl2 + 12H2O ( 4) 

According to this equation, the weight 
ratio ofN2O to N2 should be 2.09 to 1.00, 
very close to the weight ratio of 2.13 to 
1.00 which was observed. In addition, 
Equation 4 indicates that the nitrate 
nitrogen loss should be slightly greater 
than the ammoniacal nitrogen loss, a 
fact which was also confirmed experi­
mentally. 

The nitrogen dioxide involved in 
Equation 4 is a product of nitric acid 
decomposition. Nitric acid can be 
produced in the fertilizer in several ways. 
The most important is probably the 
reaction of the free phosphoric acid 
formed by Equation 3 and ammonium 
nitrate. 

HaPO4 + NH.NOa -
NH.H2PO, + HNOa (5) 

Another possibility is the dissociation of 
ammonium nitrate: 

NH.NO a ~ NH a + HNOa ( 6) 

However, at the temperatures used in 

Table II. Recovery of Chloride from 25-Gram Samples of Mixture A, Heated 
8 Hours 

c1- Lost c1- Recovered as C/2 
Run Temp., °C. G. % G. % 

A-3-R-5 120 0.4428 6.21 0 . 3614 81.62 
A-3-R-6 0 . 3493 4 .96 0.2887 82 :65 
A-4-R-,5 130 Q.7223 10.14 0 . .5753 79.65 
A-4-R-6 0 .7003 9 .89 0 . 5902 84 . 28 
A-5-R-4 140 t.0583 14. 76 0 .9029 85 . 32 

Table Ill. Recovery of Nitrogen from- 25-Gram Sa·mples of Mixture A, 
Heated 8 Hours 

Weight" 
Temp., N2 Lost N2 Recovered, G. Recovery, Ratio, 

Run oc. G. % N2 N20 % N20:N2 

A-3-R-5 120 0 . 3324 11 . 15 0 . 1195 o :f595 83.94 2.10 
A-3-R-6 0 .2619 8 .68 0.1000 0.1280 87.06 2.01 
A-4-R-5 130 0 . 6606 22.09 0 .2570 0.3465 91 . 36 2.12 
A-4-R-6 0.6541 21.78 0.2204 0.3168 82 . 13 2.26 
A-5-R-4 140 0.8814 29 .26 0.3294 0.4588 89. 4;2 2.19 

a N 2 recovered as N2O is converted to equivalent grams N 2O to calculate weight ratio). 



this work, the dissociation may not be 
significant. 

It is likely that most of the chloride not 
recovered as Cb ~was lost as HCl. 
Several side reactions which would re­
sult in formation of HCl are: 

HaP04 + NI-l4Cl -+-
NH4H2P04 + HCI (7 ) 

3Ch + 2 Ha -+- N2 + 6HCI (8 ) 

NH4Cl ~ NHa + HCI (9) 

, ince the ferti lizer is distinctly a ic . the 
following reaction may also occu : 

HN0 3 + 3HC1-+-
NOCI + Cl2 + 21-hO (10) 

T hi reaction would al o account for 
om of the nitrogen which wa not 

recovered as 2 or N 2O. Most of the 
nitrogen which was not recovered was 
probably lost as NH3, HNO3, or NO2. 
No attempt was made to isulale Lhcst 
ga es. 

Effect of Chloride Ion 

One hundred-gram sample of mixture 
B which contained no chloride were 
h ated in the constant temperature bath 
at 130° C. for 16 hours. An ob erved 
loss of only 2.10 gram indica ted that the 
pre ence of chloride was necessary fo r 
significant decomposition to occur. 
Modifications of control mixture B were 
prepared in which the chloride con-

n tration was varied from 0.05 to 10% 
by replacing increa ing amounts of 
ammonium sulfate with ammonium 
chloride. With the addition of only 
0.05% chloride, the lo ses increased 
mark dly and reached a plateau at the 
0.50 level. The losses did not change as 
the chloride concentration was increased 
beyond 0.50% (Figure 3). 

In the mixture which contained no 
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Figure 2 . Effect of temperature on 
decomposition of 100-gram samples 
of mixture A 
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chloride, the nitrogen lost was almo t 
all ammoniacal nitrogen. This i in 
contrast to the results obtained with 
mixture A, where the nitrate nitrogen 
loss was always somewhat greater than 
the ammoniacal nitrogen loss. It is 
evident that when chloride is not present, 
the reactions involved in the decomposi­
tion are not the same. The nitrogen loss 
in the absence of chloride in mixture B 
may be due to the decomposition of 
ammonium sulfate which is present in 
high concentration. 

(NH4 )2S04-+- NHa + NH.HS04 (1 1) 

T he addition of chloride even in trace 
amounts increases the nitrate nitrogen 
loss. At a chloride concentration of 
0.50%, the total nitrogen loss is again 
divided between ammoniacal nitrogen 
and nitrate nitrogen in the ame manner 
as in mixture A. 

Effect of Acidity 

T he acidity of mixture C was varied by 
preparing 100-gram samples in which the 
relatively neutral dicalcium phosphate 
was replaced by increasing amounts of 
the acidic monocalcium phosphate. The 
samples, ranging in pH from 2.80 to 
6.30, were heated in the constant 
temperature bath at 130° C . for 16 
hours. The pH was determined by 
suspending a 1-gram sample in 10 ml . of 
water adjusted to pH 7.00. 

A sharp drop in weight loss from 15.68 
to approximately 1.00 gram was ob­
served as the pH increased from 2.80 to 
3. 90. In the sample of pH 2.80 the 
weight loss included 89.63% of the 
nitrate n itrogen , 15 .83% of the am­
moniacal nitrogen, and 13.24% of the 
chloride present in the preheated sample. 
In samples of pH greater than 3.90, no 
losses were observed other than moisture. 

a------------. 

7 

-; 6 
e 
c,, 

- 5 

2 4 6 8 10 

PERCENT CHLORIDE 

Figure 3. Effect of chlo­
ride concentration on de­
composition of 100-gram 
samples of mixture B, 
heated 1 6 hours at 1 30 ° 
C. 

Effect of Ammonium and Nitrate Ions 

Samples (100-gram) of mixture D 
from which the nitrate ion was absent 
and mixture E which contained nu 
ammonium ion were heated in the 
constant temperature bath at 130° C . for 
16 hours. The losses in weight were 
1.54 and 1.49 grams, respectively. 
Analyses showed that these losses were 
moisture only. Mixture F, in which the 
nitrate ion was supplied by sodium 
nitrate and the ammonium ion by 
ammonium chloride, lo t 15.31 grams 
upon heating at 130° C. for 16 hou r . 
Thus, the presence of both ions is 
required for decomposition to occur. 
They need not be supplied by am­
monium nitrate, since equivalent losse 
occurred when the ions were supplied by 
other ammonium and nitrate salts. 

Effed of Sulfate Ion 

Since the experiments with mixture B 
indicated that the sulfate ion tended to 
stabilize the mixture, this effect was 
further investigated. A series of amples 
containing increa ing amount of ·ulfate 
ion wa pr · pc:1r d from a ulfate-free 
mixture G. The basic formula of this 
mixture was: 12.40 grams of H4 03, 
29.40 grams of H 4Cl, 21 .40 gram of 
Ca(H2PO4)2.H2O, and 36.80 grams of 
sand. The sulfate content was varied 
from 0.0% to a maximum of 35.0% by 
replacing sand with increasing amounts 
of (NH4)2SO4, K 2SO4, or CaSO4. One 
hundred-gram samples of the mixtures 
were heated in the constant temperature 
bath for 16 hours at 130° C. 

Losses from the mixtures in which the 
sulfate was added as (NH4) 2SO 4 or 
K 2SO4 dropped sharply as the con­
centration of sulfate ion increased and 
reached a minimum of approximately 
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Figure 4. Effect of sulfate ion on 
stability of 100-gram samples of 
mixture G, heated 1 6 hours at 
130° C. 



Table IV. Effect of Sulfat.e Ion on Reversion of Water-Soluble P2Oo in 100-
Gram Samples of Mixture G, Heated 16 Hours at 130° C. 

Citrate-

Sulfate Water-Soluble P20 0, G. Soluble P20r. 
Salt Added % s0, - 2 Before 

0.00 11. 92 
(NH4)2SO4 7.21 11.98 

14 .58 12.02 
26.76 12 .16 
34.98 12.07 

K2SO4 5.52 11. 87 
11 .02 11.97 
20.28 12 .04 
28.43 12.01 

5.0 grams at a sulfate content of 11 %. 
Whether the sulfate was supplied by the 
ammonium salt or the potassium salt, 
the 5.0-gram level was approached as the 
mole ratio of sulfate ion to ammonium 
nitrate approached 1 to 1. As can be 
seen from Figure 4, the addition of 
sulfate as CaSO4 did not have the 
same stabilizing effect. 

Results of the P2O 5 analyses in Table 
IV show that the reversion of water­
soluble P2Os to citrate-soluble P2Os is 
reduced by the addition of sulfate as 
(NH,hSO4 or K2SO4. At a sulfate con­
centration of 11 % almost all of the 
P2O5 remained in the water-soluble form. 
Nitrogen and chloride losses were also 
reduced considerably as the sulfate con­
centration increased (Table V). 

X-ray diffraction studies were made on 
two of the heated samples: in one the 
sulfate was supplied by the ammonium 
salt and in the other, by the potassium 
salt. Because of the complexity of the 
mixtures, it was difficult to identify the 
compounds. In the mixture where the 
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After after Heating, G. 

7.24 4.68 
8.67 2 . 31 

11 .89 0 . 13 
12 .07 0.09 
11. 96 0 .11 

9.04 2 .83 
11 .80 0 . 17 
11 .94 0 .10 
11 .87 0.14 

sulfate was added as ammonium sulfate, 
NH4H2PO4, NH4Cl, CaSO4, and (NH4)r 
SO4 were identified. Compounds identi­
fied from the mix,ture in which the sulfate 
was added as potassium sulfate were 
KH2PO4, NH4Cl, CaSO4, and K2SO4. 

The results of the P2O 5 analyses and 
the x-ray diffraction studies indicate that 
the following reactions probably occur: 

(NH4)2SO4 + Ca(H2PO4)2 -. 
2NH4H2PO4 + CaSO4 (12) 

K2SO4 + Ca(H2PO4)2 -. 
2KH2PO4 + CaSO 4 (13) 

These reactions explain why the P2Os 
remains water-soluble if sufficient am­
monium sulfate or potassium sulfate is 
present in the mixture. Reactions 12 
and 13 are also important in inhibiting 
the decomposition of the fertilizer be­
cause with the removal of calcium as 
insoluble, thermostable calcium sulfate, 
the reversion of the phosphate to citrate­
soluble dicalcium phosphate cannot 
occur. This prevents the formation of 
free phosphoric acid according to Equa-
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Figure 5. Effect of sulfate ion on 
stability of 1 00-gram samples of 
mixture G, heated 1 6 hours at 
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Figure 6. Weight loss data for G, 
H, and I series of mixtures, plotted 
against SO4 - 2/Ca(H2PO4) 2 mole ratio 
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Table V. Nitrogen and Chloride 
Losses from 100-Gram Samples of 
Mixture G, Heated 16 Hours at 

130° C. 
Su/fate 

Salt Total N c1-
Added % s0,-2 Lost, G. Lost, G. 

0.00 4.24 3.97 
0 .00 4.11 3.84 

(NH4)2SQ4 7.21 1. 13 0 .92 
14.58 0.47 0 . 33 
26.76 0 .44 0 . 39 
34.98 0.43 0 . 31 

K2SO4 5 . 52 1.85 1. 78 
11.02 0.67 0.39 
20 .28 0.46 0 .32 
28 .43 0 .40 0.29 

tion 3. With the control of the free acid 
in the mixture Reactions 4, 5, and 7 can­
not proceed and the decomposition is 
effectively stopped. It is evident from 
Equations 12 and 13 that addition of the 
sulfate to the fertilizer as calcium sulfate 
would not stabilize the mixture. This 
was confirmed experimentally. 

The maximum stability of the fertilizer 
was obtained as the mole ratio of sulfate 
ion to ammonium nitrate approached 
1 to 1. However, considering Reactions 
12 and 13, it would appear that the 
maximum stability should be obtained 
when the mole ratio of sulfate ion to 
monocalcium phosphate approaches 1 to 
1. In Figure 5, the weight loss from 
mixture G has been plotted against the 
SO4-2/ Ca(H2PO4)2 mole ratio. Maxi­
mum stability was obtained when the 
ratio was slightly more than 1 to 1, and 
to confirm the significance of this ratio, 
mixture H was prepared in which the 
ammonium nitrate concentration was 
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SO% greater than in mixture G. The 
sulfate concentration was varied in the 
same manner as with mixture G. 
Weight loss was greater in mixture H 
than in mixture G, but dropped sharply 
as the sulfate concentration increased 
and approached a minimum of 5.0 grams 
as the mole ratio approached 1 to 1. 

Mixture I, which contained SO% less 
ammonium nitrate than mixture G, did 
not lose so much weight as mixture G, as 
was expected. The losses again reached a 
minimum at about the same mole ratio 
of sulfate ion to monocalcium phosphate 
as in mixture G and H. For comparison 
of the results of the runs made with the 
G, H , and I series of samples, the weight 
loss data for all runs were plotted against 
the SO4- 2/ Ca(H 2PO4)2 mole ratio in 
Figure 6 and the SO4- 2/ NH4NOa mole 
ratio in Figure 7. Maximum stability 
is obtained in all three mixtures as the 
So4- 2/ Ca(H2PO4)2 mole ratio reaches 
1 to 1. This is not true as the SO 4- 2/ 
NH4NO 3 mole ratio approaches 1 to 1 
in the fertilizer mixtures. In mixture 
H , maximum stability is reached at a 
So4-2/ NH4NOa mole ratio of 0.5 to 1, 
and in mixture I , at a 2 to 1 mole ratio. 
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These results indicate that an im­
portant factor in inhibiting the decom­
position is to preven t the formation of 
free acid in the mixture. This can be 
accomplished by adding either am­
monium sulfate or potassium sulfate to 
the fertilizer. 

Conclusions 

The stability of laboratory fertilizer 
mixtures was found to be dependent upon 
temperature, acidity, concentration of 
chloride and sulfates, and the presence 
of both ammonium and nitrate ions. 
Under certain conditions decomposition 
of the samples was initiated at tempera­
tures as low as 100° C . and the rate of 
decomposition increased rapidly with 
temperature. Nitrogen, nitrous oxide, 
and chlorine were identified as the 
principal gaseous reaction products. 

A key reaction in decomposition was 
u1e hydrolysis of monocalcium phos­
phate, which resulted in the formation of 
dicalcium phosphate and phosphoric 
acid . Reaction of the acid, ammonium 
nitrate, and ammonium chloride caused 
substantial losses of nitrogen and chloride 

from the fertilizer mixtures . The ef­
fects obtained in these tests a re those 
which would be observed during the 
commercial manufacture of fertilizt· r 
blends where unammoniated super­
phosphate is used. The stabilizing effect 
of ammonium sulfate or potassium sul­
fate in the fertilizer blend£ was con­
clusively demonstrated. 
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PLANT NUTRIENTS 

Use of Diatomaceous Earth to Accelerate 
Drying of Ammonium Nitrate 

J. E. GABRIELSON,1 J. D. FOSTER,2 

and GEORGE BURNET 

Chemical Engineering Department, 
Iowa State University of Science and 
Technology, Ames, Iowa 

The drying characteristics of ammonium nitrate prills coated with diatomaceous earth 
were compared to those of noncoated material using both a tray and small rotary dryer. 
Nitrate with 3 to 4% coating agent dried from 2 .5 or 3.0% to 0.2% moisture, dry basis, 
in about one third the time required for noncoated material. This amount of coating agent 
gave the greatest increase in drying rate. The relative difference in drying rate be­
tween coated and uncoated material increased as the moisture content decreased. Air 
velocity had no significant effect. In the rotary dryer less Anes were formed during the 
drying of coated material. A mechanism to account for the phenomena observed is 
postulated and supported by photomicrographs of individual prill cross sections. 

A MMONIUM NITRATE is widely used in 
this country in fertil izers and as an 

explosive. The Stengel and conven­
tional prilling processes are generally 
used in its manufacture. In the con­
ventional prilling process the solid prills 
are formed from a solution containing 
3 to 5% water and the resulting product 
is d ried. If the moisture content is not 
reduced to a few tenths of 1 % or if the 
ammonium nitrate later picks up water 
from the atmosphere, the particles cake 
and become unmanageable. 

R emoval of moisture from solid am­
monium nitrate is difficult and the 
operation requires a series of large rotary 
dryers frequently supplied with specially 
conditioned air. Consequently the dry­
ing operation represents a significant 
part of the cost of manufacturing am­
monium n itrate. 

V an Krevelen and Hoftijzer (4, 5) 
have studied bulk and individual gran­
ule drying of several materials. When 
d rying a single granule of nitrochalk 
(60% ammonium nitrate, 40% marl) 
it was found that the granule dried 
rapidly for the first 5 minutes (a falling 
rate period) and then at a lower constant 
ra te for 4 hours before attaining the 
equilibrium moisture content. The con­
stant rate of d rying for nitrochalk was 
only 1/ 1500 of that for a similar com­
pletely insoluble granule dried under 
identical conditions. 

T hese investigators assumed the fol ­
lowing mechanism for the d rying of a 
nitrochalk granule: At the outset water 
evaporates at a constant rate from a 
saturated ammonium nitrate solution 
supplied to the surface from the interior 
of the granule; next nitrate crystals 
deposit a t the surface, gradually closing 
the pores through which the solution 

has been flowing to tht surface and thus 
decreasing the drying rate; finally all 
the pores are closed and the flow of solu­
tion to the surface is stopped. Soon the 
entire granule reaches the temperature 
of the drying air and drying at a con­
stant but greatly reduced rate takes 
place by vaporization within the pores 
of the granule, followed by diffusion of 
the water vapor through the crystal 
"shell" at the surface. 

Studying the problem of drying nitro­
chalk in a rotary dryer using grain sizes 
from about 25- to 32-mesh, the same 
investigators found the over-all coefficient 
of mass transfer for the final constant 
rate period to be nearly the same as that 
for a single granule. The reason sug­
gested for this was that in both cases the 
rate-determining process was the diffu­
sion of water vapor through the thin 
layer of ammonium nitrate which ob­
structed the pores of the granules. There 
is every reason to believe that these same 
conclusions can be used to account for 
the slow drying of pure ammonium 
nitrate. 

The purpose of the present work was 
to learn more about a means for ac­
celerating the drying of ammonium 
nitrate first reported in 1956 by Gia­
chino (2) . His invention consisted es­
sentially of mixing a moisture-containing 
granular material of high moisture­
diffusion resistance which was to be 
dried, with a water-insoluble, inorganic 
material-e.g., diatomaceous earth­
having a large surface area, and then 
drying the mixture in a stream of air. 
This, it was reported, greatly increased 
the drying rate of high moisture diffusion 
resistance material. Results obtained 
by Giachino in a small rotary d ryer 
using 3% coating agent on ammonium 
nitrate are shown in Table I. No 

i ~rese~t addres~, Esso Research and work has been done by the consignee 
Engmeenng Co., Lmden, N. J. b d h h. h 1 d h · · 1 

2 Present address, E. I. du Pont de eyon t at w IC e to t e ongma 
Nemours & Co., Inc., Washington, D. C. discovery (3). 

Fertil izer grade nitrate particles are 
normally conditioned prior to shipment 
or storage, by either coating or dusting 
with a parting agent (diatomaceous earth 
is most commonly used) to retard ad­
sorption of water and reduce the effects 
of water which may be present. H ence 
incorporation of the Giachino discovery 
into the ammonium nitrate manufactur­
ing process could call for no more than 
adding the parting agent before instead 
of after drying. 

D iatomaceous earth is a hydrous 
opaline form of silica composed of in­
numerable skeletons of microscopic 
aquatic plants. I mpurities include small 
amounts of sand, clay, calcium carbo­
nate, magnesium carbonate, volcanic 
ash, and organic mat_ter. Chemically 
combined water varies from 2 to 10% . 
The material is usually mined from a 
quarry or open p it, then dried, pulver­
ized, and sometimes calcined. Table II 
gives the properties of the two Johns­
Manville products which were used in 
this work as coating agents; the run of 
the mine material is Celite 379 and a 
refined product, Micro Cel E. 

Table I. Ammonium Nitrate Drying 
Data Reported by Giachino (2) 

Material 

Uncoated 
Coated 

Drying 
Time, Min. 

20 
20 

Moisture Content, 
Wt . % 

In itial 

1. 6 
1 .5 

Final 

1. 10 
0.34 

Table II. Properties of Diatomace­
ous Earth Coating Agents ( J) 

Properties 

Bulk density, lb ./cu. ft. 
\,Yater absorption, wt. % 
Surface area, sq. meters/ 

g. 
Av. particle size, microns 

Micro 
Ce/ite 379 Ce/ E 

8.2 
~ 195 

10-15 
0.5- 1.5 

5 . 4 
560 

95 
2.1 

55 
Reprinted from AGRICULTURAL AND FOOD CHEMISTRY, Vol. 14, No. 3, Page 271, May/ June Hl66 

Copyright, 1966 by the American Chemical Society and re t nted hy permission of t he copyright owner 



Tray Dryer Tests 

A schcmati• drawing of the tray dryer 
i shown in Figure 1. Air was partially 
recirculated past steam-hea ted coils and 
over the drying tray. A needle valve 
was u ed to regu la te steam flow to the 
coil and con equently the air tempera­
ture. Pans of water were pl ac d in the 
d ry r to main tain a constant humidity. 
The drying tray was u pended by a rod 
from on arm of a pan balance mounted 
on top of the dryer. T he rod pa sed 
through a mall hol in the top of the 
d ryer. 

T h drying tray was insula ted to re­
duce hea t tran fer through the bottom 
and side and hee t metal cowlings were 
fitted to the ends to minimize air turbu­
lence. A wet- and dry-bulb th rmom­
eter se t was used to measure the 
humidity in the dryer and an anemom­
eter th air velocity over the tray. 

T he ammonium nitra te used was a 
conv ntional prill d product ( -6+14 
me h) obtained from the penc r Chem­
ical Co. he ma terial was dried prior to 
shipping but wa not coated. To pre­
pare tes t sample , moi ture in the form of 
a aturated solution was added to dry 
ammonium nitrate in a small twin-shell 
bl nder. T his resulted in a un iform 
product that gave drying curves typical 
of run of the plant prill and to which the 
coating agen t wa added while the moist 
fertilizer wa till in the blender. The 
Karl Fi cher r agent was u d to deter­
mine moi ture in the fertilizer both be­
fore and after drying. 

To arry out a drying te t the dryer 
was turned on and allowed to come to 
equilibrium. T he moi turized and 
coated prill w re placed in the tray and 
the tray wa hung from the balance. As 
drying progre sed , total tray weight was 
recorded a a fun ction of time. For all 
te t the dry bulb temp rature wa main­
tain d at 160° F ., the wet bulb a t 64° F., 
and the air velocity at 12.4 fee t per 
second. 

T he drying rate of a mmonium nitrate 
as a fun tion of the amount of Celite 
379 coating added was fir t studied. 
Figure 2 hows the effect of weigh t per 
cent coating on drying t ime, expressed 
a the fraction of time required to d ry 
uncoated material under id entical con-
ditions. Data were taken for three 
differ nt fina l moi ture contents. 

From the e curv it can be een that 
the least d rying time is required (when 
drying from 2.5% initial i:noisture) for a 
coating 1 vel of about 3.5% by weight 
Celite 379. The greatest increase in 
drying rate occurs at the lower moisture 
levels. The fraction of time required 
to dry material from 2.5 to 0.4 or 0.5% 
moisture i greater than that required 
to dry from 2.5 to 0.2% moisture for the 
ame amount of coating. Figure 3 

shows that the increase in drying rate 
varie inversely with moisture content. 

Similar test were carried out using 
Micro Ce! E, which has greater adsorp­
tive capacity than Celite 379 and a 
higher surface area per gram. While 
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Balance 

I Test troy 7 
Water pan 

Steam 
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Figure 1. Schematic diagram of tray dryer 

the data are not as complete for Micro 
Cel E as for Celite 379, Micro Ce! Eis the 
more effective ag nt for increasing the 
drying rate of ammonium nitrate (Fig ure 
4) . At 3.0% coating agent, the d rying 
time fraction when going from 2.5 to 
0.2% moi ture was 0.33 for Celite 379 
and 0. 19 for Micro Cel E. Similar re­
sults were obtained for other moisture 
ranges. 

In other tests the air velocity over the 
tray wa varied while all other conditions 
were held con tant . No change in dry­
ing time was observed , which indicated 
that the drying mechan i m was not 
simply a case of surfac evaporation . 

Rotary Dryer Tests 

The dryer used was a Bartlett-Snow­
Pacific Model . T-9091 (Figure 5) . It 
was operated in a countercurrent manner 
with finned steam coils used to prehea t 
the entering air. Steam inlet valves to 
each of three banks of coils made possible 
control of the inlet air temperature for 
any one run to within ± 0.5 ° F . Two 
dampers controlled the air velocity from 
0 to a m aximum of 27 feet per second . 

T he dryer shell measured approxi­
mately 6 inches in i.d. by 3 feet in length. 
The feed end had a 1-inch retainer ring 
to prevent loss during charging. There 
were six evenly spaced flights parallel to 
the axis of rotation and extending half­
way down the shell at the feed end, and 
six identical flights at the prod uct end, 
the two sets of flights being offset by 30°. 
Wet- and dry-bulb mercury thermom­
eter sets were used to measure inlet and 
outlet air temperatures. 

Tests were conducted using moistur­
ized and coated prills prepared in the 
same manner as those used in the tray 
dryer tests. All runs were made with an 
initial moisture content of approximately 
3%, a linear air velocity of 12.3 feet per 
second , and a rate of rotation of 10 r.p.m. 

One hour prior to a run the blower 
and steam to the dryer were turned on to 
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Figure 2. Time required to dry am­
monium nitrate from 2.5% water for 
various amounts of Celite 379 coating 
and different flnal moisture contents 
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monium nitrate from 2.5 to 0.2% water 
for various amounts of Micro Cel E 
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allow time to reach equilibrium and 
adjust the inlet air temperature. Pre­
liminary tests were conducted in a batch 
manner by rapidly charging 1200 grams 
of prepared prills (7% of the dryer 
volume) to the dryer and then removing 
6- to 8-gram samples periodically until 
the run was terminated. In no run did 
the total amount of material removed 
exceed 50 grams. The inlet and outlet 
air temperatures were held constant to 
±1° F. 

Moisture content as a function of inlet 
air temperature and drying time is shown 
in Figure 6. From the results of these 
tests 190° F. was selected as a standard 
temperature at which to determine the 
optimum per cent coating agent. This 
temperature· closely corresponds to that 
used industrially to dry ammonium 
nitrate prills. 

Figure 7 shows the effect of per cent 
coating agent on moisture content. As 
can be seen, a 4.0% coating reduced the 
moisture content from 3.0 to 0.38 in 60 
minutes. In the same period a 3.0% 
coating gave a final moisture content of 

Figure 5. Steam direct-heated, countercurrent, rotary dryer 

0.24%, while 2.5% coating gave 0.33% . 
These data indicate that approximately 
3.0% coating is optimum from the stand­
point of drying time required to reach a 
given final moisture content. 

During the above rotary dryer tests it 
was observed that uncoated prills pro­
duced more fines during drying than did 
the coated material, time in the dryer 
being the same (60 minutes) . This 
effect was confirmed by screen analyses 
of the dryer product from runs made with 
no coating and with 3.0% coating. 
Fines (-14-mesh) in the uncoated 
product comprised 12% by weight; for 
the coated material only 4% . Although 
" dusting" from suspended solids in the 
exit air stream was very slight in a ll tests, 
it was noticeably greater with the un­
coated material. 

This phase of work culminated in a 
continuous run on the rotary dryer in 
which the drying conditions were the 
same as in the batch tests . Frills were 
fed to the dryer at a rate that gave a 
residence time of 70 minutes, during 

which the moisture content was reduced 
from 3.0 to 0.2% . Inl et air temperature 
was 190° F. and level of coating 3.0% . 

Photomicrographs 

To determine cha nges occurring dur­
ing drying, thin sections of individual 
prills were prepared. Two clear glass 
slides, A and B, were placed in an oven at 
about 140° F. After they had reached 
oven temperature, a drop of thermo­
plastic resin was placed on each slide. 
Then on slide A, 15 or 20 prills were 
placed in the resin and that slide was 
removed from the oven and placed in a 
desiccator. 

When the resin had se t, the slide was 
removed from the desiccator and the 
prills were ground off to approx imately 
their horizontal axial plane, using a 
rough glass plate and kerosine as a 
lubrica ting agent. Slide A was then 
placed back in the desiccator for a short 
time to allow the adhering traces of 
kerosine to evapora te. It was then 
placed face down on slide B, which was 
still in the oven, and pressed firmly to 
obtain tight adhesion. Both slides were 
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ing time 



then removed from the oven and allowed 
to cool. 

When at room temperature, the slides 
were placed back i.p the oven with slide A 
on the bottom resting on a metal plate. 
Becau e A was heated fa ter because of 
conduction from the plate, it could be 
slid away from B with the prill "halves" 
remaining attached to B with their flat 
sides down . This slide could then be 
cooled and a thin ection prepared by 
grinding the prills to a wafer with a 
thickness of about 30 microns. Photo­
micrographs were then taken using a 
microscope with a built-in 35-mm. 
camera. 1,fagnification ranged from 25 
to 600X a 1d fine-grain Pan-Atomic 
Kodak film I as used . 

Figures ~ through 11 are selected 
photomicrog aphs typical of those ob­
tained from the thin section . Figure 8 
shows an uncoated , nondried prill which 
was hollow in the center, a condition 
already generally known to exist in con­
ven_tional prills. A coated and dried 
prill is shown at somewhat greater magni-

fication (100 X in place of 50 X) in Fig­
ure 9. The layer of coating agent is 
clearly discernible, as are cry tals of 
nitrate which were deposited on the out-
ide of the layer from solution diffusing 

to the surface and then evaporating. 
Individual nitrate crystals can be seen 
both within the prill and in the outer 
layer. 

Figures 10 and 11 are of a different 
coated and dried prill and are at a 
greater degree of magnification, 160 X 
and 40X, respectively. These were 
selec ted to show the dense nature of the 
deposited surface layer of ammonium 
nitrate. 

As a possible explanation of the results 
observed, the following is proposed. It 
is known that uncoated ammonium 
nitrate prills have a very low drying rate. 
Apparently moisture initially leaves the 
individual prills by evaporation at the 
surface from a saturated solution which 
deposits a dense film of salt and blocks 
the limited number of capillaries to the 

surface. The remammg moisture must 
then evaporate inside the prills and clif­
f use through thi salt film . When di­
atomaceous earth is added as a coating 
agent on the urface of the prills prior 
to drying, it provides a highly porous 
layer upon which the salt can deposit, 
thus keeping the capillaries to the surface 
open and assuring more rapid drying. 
If too little coating is added, the capil­
laries will not remain open, and if more 
than is necessary is added, the coating 
simply adds an additional barrier to 
drying. T his explanation is supported 
by the tests, which showed that 3.0 to 
3.5% coating was optimum and that the 
same effect could be obtained from a 
smaller weight of the significantly less 
dense Micro Cel E. 

It follows that a substantially less 
soluble or hydroscopic material would 
not dry faster if it were coated. This 
conclusion was supported by tests per­
formed using 16-20-0 granular ferti­
lizer. during which samples were dried 

Figure 8. Photomicrograph of uncoated ammonium 
nitrate prill, showing hole in center of prill 

Figure 1 0. Coated prill showing ammonium nitrate 
diffused through diatomaceous earth coating during 
drying 

SO X 

Figure 9. Coated and then dried ammonium nitrate 
prill 

1 00 X . Dark curving line is layer of Celite 379 originally on out­
,ide of wet p rill. 
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160 X 

Figure 11. Coated and then dried ammonium nitrate 
prill 

400 X. Note more dense crystalline nature of diffused ammonium 
nitrate at right 



in the cabinet dryer from initial moisture 
contents as high as 5.0%. No reduction 
in drying rate occurred when the coating 
was added. 

Conclusions 

Addition of diatomaceous earth as a 
coating agent to moist ammonium 
nitrate prills significantly increased the 
rate of drying in both cabinet and rotary 
dryer tests. Limited data indicated 
that the coating also reduced the amount 
of fines produced in the dryer. Photo­
micrographs of prill thin sections showed 
that a thin, dense layer of nitrate de-
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posited during drying on the outside of 
the coating. Without the coating the 
deposited salts would have quickly 
blocked the capillaries which bring 
moisture to the surface. At optimum 
thickness, the layer of coating probably 
keeps the capillaries to the surface of the 
prill open, resulting in a shorter drying 
time. 
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