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S. ABSTRACT 

Sulfur-coated urea (SCU) is the culmination of about 15 years of TVA work on development
 
of controlled-release nitrogen fertilizers.
 

This report covers the development work from laboratory and bench-scale studies, through
 
a small pilot plant of 300 to 600 lbs/hr (136 to 272 kg/hr), and then to a large pilot
 
plant with capacity of 1 to 2 short tons (0.9 to 1.8 metric tons)/hr. The laboratory
 
and pilot-plant equipment are described, operating conditions are outlined, and results
 
of the test work are evaluated.
 

Agronomic tests are being made. Changes in equipment and operating conditions that re
sulted in the improved coatings are described. The economics of production of SCU 
were estimated, and results are given. Plans for a demonstration scale plant ire 
outlined. Under the beet practical conditions established in pilot plant tests, the 
nitrogen in SCU is estimated to cost only about 27% to 34% more per unit than regular 
urea. This is with urea produced at the facility at an f.o.b. price of $120/ton and 
sulfur delivered at $34/ton. Results from agronomic tests of SCU in 39 U.S. states, 
2 U.S. territories, and 26 other countries are summarized. Significant advantages 
are shown for SCU on several crops and is a variety of cropping situations. Crops 
for which SCU showed particularly good results include rice under delayed or inter
mittent flooding, sugarcans, pineapples, fruits and vegetables, foragea and turf. 
The product also would be very good for horticultural and other specialty fertilizer 
use. In addition to the several significant advantages of controlled-release of 
nitrogen, the product has improved storage-and handling properties &ad the sulfur to 
avalable as a secondary nutrient. 
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SUMMARY
 

Sulfui-coated urea (SCU) is the cuimination of about 15 properties (based on dissolution rates in water) were 
years of TVA work on development of controlled-release indicated with a somewhat heavier coating of sulfur alone. 
nitrogen fertilizers. In the early years of work a large This would simplify the plant and its operation and would 
number of individual compounds were screened, but none substantially decrease required investment. Agronomic tests 
were found that had both suitable properties and potential are being made. 
for low enough cost to be used as fertilizers. The early Changes in equipment and operating conditions that 
laboratory work with SCU indicated good promise for resu!ted in the improved coatings are described. 
controlling the release rate of nitrogen by applying varying Tie economics of production of SCU were estimated, 
thicknesses of sulfur coatings, The product appeared to and results are given. Plans for a demonstration scale plant 
fulfill the need for a controlled-release fertilizer that would are outlined. 
release Its nitrogen at the right time and in proper amounts Under the best practical conditions established in pilot
required by growing plants. Early economic evaluations plant tests, the nitrogen In SCU Is estimated to cost only 
Indicated that cost should be low enough for use as a about 27% to 34% more per unit than regular urea. This is 
fertilizer, with urea produced at the facility at an f.o.b. price of 

This report covers the development work from labora- Sl20/ton and sulfur delivered at S34/ton. 
tory and bench-scale studies, through a small pilot plant of Results from agronomic tests of SCU in 39 U.S. states. 2 
300 to 600 lbs/hr (136 to 272 kg/hr), and then to a large U.S. territories, and 26 other countries are summari.ed. 
pilot plant with capacity of I to 2 short tons (0.9 to 1.8 Significant advantages are thown for SCU on several crops 
metric tons)/hr, The laboratory and pilot-plant equipment and in a variety of cropping siluslions. Crops (or whwh 
are described, operating conditions are outlined, and results SCU showed particularly good results include tice under 
of the It work are evaluated, delayed or intermittent tlooding, tugiJIant, pineapples, 

Ptlatiuly high coating weihts of sulfur were required fruits and vegetabls., toro . and iuif. The prudtk ilho 
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BACKGROUND INFORMATION
 

Fertilizers that release their plant nutrients slowly 
throughout the growing season or even longer continue to 
attract the attention of technologists and agronomists. 
There are a number of proved or potential advantages for 
such fertilizers. These include: increased efficiency of 
uptake by plants; decreased cost of application due to 
fewer applications; minimization of losses by leaching, 
fixation, or decomposition;elimination of luxury consump-
tion; and avoidance of burning of vegetation or damage to 
seedlings. 

The Tennessee Valley Authority (TVA) has been 
interested in slow. or controlled-release fertilizers for many 
years. A number of organic nitrogen compounds were 
studied initially in the laboratory and greenhouse. Some 
proved to be readily available, some slowly available, some 
inert as a fertilizer, and tome actually toxic to plants. 
Among those showing promise as a siow release fertilizer 
were oxamide, glycouril. cyanuric acid, ammelini, and 
ammhdte, Because no practical or econmical ptocess his 
been de"ed, none of' these materls have been 
mnufactured cumrwwrcIally (ot use as a (ertWier, 

Alter this early experience. emphasi of TVA estarch 
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Starting in 1961 elemental sulfur was tested as the 
coating material. Sulfur as a coating material has the 
advantages of low cost and supplying of a secondary 
plant nutrient. In the earliest laboratory tests, several 
coating procedures were studied, of which two were 
found to be suitable. These were (1)dipping of individ. 
ual fertilizer prills or granules in molten sulfur, and (2) 
dissolving the sulfur in a suitable solvent, such as carbon 
disulflde, which was then sprayed onto the fertilizer'

Iparticles. 
The sulfur coatings were promising In providing slow 

release of the nitrogen from urea. However, the dipping 
procedure applied sulfur approximately equal to the 
weight of the urea. The lighter coatings, 5%to 8%of 
sulfur, applied by dissolving sulfur in carbon disulfide 
and spraying it on the prills of urea were effective In 
inhibiting nitrification. In 85 days in soil, only 45% to 
651 of the urea nitrogen was nitrined. The surface of 
some of the umples had been glzed by treatment with 
direct flame. Moisture was readily abstobd by all of 
the materials, 

Labo tory work on the oailng procedute was con. 
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Table 1. Effect of water temperature on substrate dissolution rate
 
Total Substrate dissolution, wt %, in water at
 

coating 32.4*F (O°C) 81 ° F (27"C) OOF (38 0 C) 
Sample wt % 7 days 14 days Daily 7 days 14 days Daily 7 days 14 days Daily 

1 23 . 8.4 12.2 0.5 14.8 17.3 0.6 17.6 21.3 0.5 
2 23 8.0 13.4 0.8 14.1 17.8 0.5 18.1 21.1 0.4 
3 23 6.0 11.9 0.8 12.2 16.1 0.6 17.2 20.2 0.4 

5, 1 , 1 spraying of molten sulfur, tests or otl.er solvents were 
fftofcoatingweight Coatiwt made. Use of liquid ammonia appearrd to have better 
water temperature, 100F) 15% economic prospects because of lower cost and prospects for 

40- effective recovery. Tests with ammonia as the solvent gave 
quite promising results-actually better titan with carbon 
disulfide as the solvent. A 5.6% coating of sulfur applied in 

30- the ammonia solvent resulted in dissolution of only 16% of 
the urea in 30 minutes exposure to water. Approximately 
the same coating weight applied as a carbon disulfide 

120 - solution gave dissolution of 27% in the same time of 
exposure to water. 

Because of the complexity and probable difficulty in 
10- recovery of solvent, this procedure was not uscd In 

subsequent test work. 

0 S 0 I5 20 15 30 Use of Sealant on Sulfur Coating
Tim, dlv 

All of the test work on spray coating with molten sulfurFigure 2. Effect of time on substrate dissolution in water at 
1000? showed that the effectiveness of the coatings was limited 

because of the presence of cracks, pores. and crystalline 
Interstices in the shells. Very heavy coatings of 3(Y0to 40'; 

0l 'I decreased occurrence of these, but such heavy coatings 
Iwould be costly and would drastically decreasiplant fotd 

content of the fertiliter being coated, Tests were Inittated,I. 	 therefoe, In the us of varioui matefials Io seal the 
artMkniocvpk fsufus inthe oulfu toutins. 
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oil followed by split applications of sulfur. Data are shown 
in figure 5. About 3% of oil was optimum on the larger 
(30-10-0) granules, while about 5%was needed for the 
smaller urea prills. 

Although the granules arid prills coated with sulfur and 
then with topcoating of SAE 30 oil gave satisfactorily low 
dissolution in water, when they were imbedded in soil, 
capillary action removed the oil and caused rapid 

1OO 

ud oil-
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Figure 4. Effects of proportion of sulfur coating on 
dissolution rate of oiled and unoiled fertilizter granules 
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dissolution. Therefore, several other sealants were tested in 
the laboratory. These included SAE 60 oil containing 6%of 
tallow oil, PRP (petrolatum, resin, parrafin mix), SAE 30 
oil followed by petrolatum, and petrolatum alone. In 
simulated soil exposure (powdered vermiculite) in a 
humidity chamber, only the PRP and refined petrolatum 
were effective. 

In exploratory tests using either a pan granulator or 
rotary drum in batchwise tests, coating effectiveness was 
not good using molten sulfur sprays and crude petrolatum 
sealant. Also, the 30-10.0 ammonium phosphate nitrate
being coated was of smaller particle size than had been used 
In the laboratory tests. Laboratory tests were then made 
using the same size granules and crude petrolatum. The 

petrolatum sealant was found to be the primary cause 
the poor quality of the coating as is shown in figure 6. 

The refined petrolatum used successfully in previous tests 
was much more expensive than the crude material. There

less expensive sealants that would be effective were 
sought. 

were conducted to evaluate II much less expensive 

types of petroleum derivatives. An 18% coating of sulfur 
was applied to -8+14 mesh urea prills, and the various 
sealants were applied at 3%by weight of the coated urea. 

3 of the I I sealants proved to be-effcctivc in tests for 
24 Ifours and 10 days in water at 1000 F (380 C). Soft wax 
was the best of the sealants based on dissolution of the urea 
substrate (29%) during the 10-day exposure. 
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Sulfur coatings were consistently ineffective as 
controlled-release fertilizer under greenhouse conditions 
when the fertilizer was mixed with the soil. It was at first 
believed that soil capillary forces removed the oil from the 
sealant. A more effective sealant appeared to be necessary 
so the following types were tested: 
Stearic acid Shelimax 800 (microcrystalline wax) 
Paraffin Sperm 90 (sperm oil plus sperm wax)atck 

Slack wax Shellmax 800 with a surfactant additive 

All of the above materials were applied as sealfnts on 
SCU and the products were evaluated by standard dissolu, 
tion tesis. Only the microcrystalline Shellmax 800 was 
satisfactory. It was adopted for use in later test work. 

The microcrystalline wax imparted considerable tacki-
ness to the surface of the granules. This was countered by 
dusting a conditioner onto the surface of the granules after 
they had been cooled sufficiently (100 0-105* F) to prevent 
embedding of the conditioner in the wax. About 1.5% to 
2%of kaolin clay, diatomaceous earth, or vermiculite was 
satisfactory. 

Tests of Dissolution in Soil 

SCU granules continued to show poor controlled-release 
properties in the soil although low dissolution was obtained 
in water at 1000F (380C). Tests were made in the 
laboratory Inwhich samples of coated urea were exposed In 
the soil at 100-F (38-C) to simulate greenhouse condi
tions. The granules were completely buried in the Davidson 
soil (pH 5.8). Coating weights including sealant wcre 35% 
to 43% by weight. The soil layer was 3 inches deep and the 
granules were buried 2 inches deep. The soil surface was 
open to the atmosphere so that normal evaporation of 
moilure could take p;ace. Water was added daily to replace 
t"at which had evaporated. Conventional water Immersion 
tesms at 100'F(38'C) were conducted over the same period 
for comparison. Dats frn them tests are shown intable 2. 

T data in table 2 show that the simulated greenhouse 
sod exposure osts wai much moro severe than the 
wsle d.dilution tests. 

Vat of mkmM Ides- -In the course of Coallns evalu, 
#toW. other ptoducts wte subjected to sod burial tests, In 
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general, dissolution rates in the soil were much higher than 
in water, and in some cases samples with low dissolution 
rates in water failed completely in the soil in a few days. 
This suggested that soil microorganisms were destroying the 
coating when soil temperature and moisture conditions 
were favorable. Soil tests with steam-sterilized soil under 
otherwise identical conditions did not show the same 
deterioration, thus confirming the theory of microbial 

Soil chemists pointed out that wax sealant is more 
subject to microbial attack than the sulfur coating. To 
combat this, a number of known microbicides were added 
to the wax sealant. The microbicide content of the product 
was In the range of 0.5% to 2%by weight. The addition of 
microbicides was easily accomplished. Additives soluble in 
wax were dissolved in the wax prior to sealing, whereas 
insoluble ones were dusted on the tumbling granules. The 
standard soil test procedure was followed. One-gram 
samples of the coated urea were buried in 250 grams of soil 
In which the water:soil ratio of 1:3 was maintained by 
replacing the evaporated water each day. The average daily 
evaporation of water was 10 grams. Among the several 
materials tested, pentachlorophenol and coal tar gave the 
most consistent good results. Data showing the marked 
effectiveness of these two microbicides at the 0.5% level are 
plotted Infigure 7. 

. Tests of sealants in water and soil exposure--
Laboratory work as evaluated by water dissolution tests 
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showed that Shellmax 800 was fully equal to soft wax as a 
sealant for SCU. To obtain additional data, the two sealants 
were tested under the same conditions in water and soil 
tests at 100*F (38*C). The substrate was .6+8 mesh urea 
granules and the total coating weight in each case was about 
24% (18% sulfur, 5% sealabt, and 1%vermiculite condi-
tioner). The coatings and sealants were applied batchwise 
on heated granules in a 6-inch (15-cm) rotary drum. 
Samples from each test were buried in soil (pH 5.8) or 
immersed in water, and dissolution losses were determined 
after 7, 21, and 42 days. Free evaporation of moisture from 
the soil was allowed, and the soil was resaturated daily. The 
data are plotted in figure 8. 

The two sealants were about equally effective in the 
water-immersion tests over the period of 42 days; in this 
time, dissolution in water was only 0.7%/day. In the soil 
tests, however, there was a large difference in effectiveness 
of the two sealants. At the end of 3 weeks, the soft-wax. 
coated product was essentially all dissolved, whereas the 
Shellmax-800-coated product had lost only 38% by weight. 
These data Indicated that a more severe test than water 
Immersion at 100*F (38*C) might be needed to fully
evaluate coatings. 
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Effect of Particle Size and Shape of Substrate 

In laboratory tests of spray coating with molten sulfur,
 
the pronounced advantage of use of substrate of larger
 
particle size was quite evident. The much lower surface area
 
of larger granules or prills allows better coating with a given
 
amount of sulfur. 

Effect of particle size of the urea on coating efficiency
 
was studied further. The three particle size ranges were
 
-6+16, -6+10, and -6+8 mesh. These fractions were obtained
 
by screening granular urea that had been produced in a
 
pilot plant using a pan granulator. The total coating weight
 
applied was about 21% in all tests. Dissolution rates of
 
substrate in water at 100*F are given in table 3. The data
 
indicated that decreasing the particle size range from -6+8
 
to -6+16 mesh increased the dissolution rate in water only
 
slightly. It appeared that coating of granules screened in the
 
-6+16 mesh range would be practical.
 

Additional batchwise tests were made to study the effect
 
of particle size of urea on coating effectiveness. Batches of
 
12.15 lbs (5.5-7 kg) of commercial prills "as received" (2%
 
-6+8 mesh, 90% -8+16 mesh, 8%-16 mesh) or screened to
 
-6+10, and -10 mesh (9%-16 mesh) fractions were coated in
 

Table 3. Substrate dissolution rates of sulfur-coated 
urea granulesa in water at 100OF (380 C) 

Substrate 
dissolution in 

water at 
100F (380C)
 

wt %/day 
Granular Total Length of 

Testb urea coatlngc test indays

No. size, mesh wt % I 5
 

I -6+16 19.8 4.2 1.0 
2 6+16 23.1 1.3 0.2 

Aerage 21.5 2,7 0.71 -6+10 18.7 3.8 1.0 
20.4 2.9 1.221 .9 2,8 1.4 

Averge 20.) 3.2 1.2 

6 .648 19.8 2,7 0.6 
7 20.6 1.1 0.5 
5 22.2 19 0.1 

1.9 0,4 
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the 22-inch (56-cm) pan granulator. A coating of about 
16% sulfur, 3% wax (Shellmax 800),.0.5% microbicide (coal 
tar oil) and 1%conditioner was appli,.d in all tests. The 
prills were heated to 150*F (66C) and the molten sulfur 
was applied at 290"F (143°C). Wax was applied at 190°F 
(88 0 C) and the product was cooled to I10F (43"C) prior 
to conditioning. 

The 24-hour dissolution rates for the .6+10 mesh 
fraction, the material as received, and the -10 mesh 
fractions averaged about 3.5%, 16%, and 42%, respectively, 
These data showed that with this coating weight (16% 

sulfur, 20.5% total), the proportion of defective coatings 
Increased with decrease in particle size of the urea. 
Howeter, the differential rate (daily dissolution rate after 
the first 24 hours) was low (0.3% to 1.I,) in all cases. 
These data indicated that commercial prilled urea could be 
coated satisfactorily, particularly if the fier material is 

removed by screening. 
Other tests were made in the laboratory to determine 

the effect of particle size of urea on dissolution rate. The 
two materials tested were fertilizer grade spray-drum-
granulated urea (-6+10 mesh) and forestry size (.3+6 mesh). 
The tests also included the effect of content of wax on 
dissolution rate. Conditions of operation and results of the 

dissolution tests are shown in figure 9. 
The curves show the marked effect of particle size on 

dissolution rate. Under the conditions tested, the forestry 
size SCU had extremely low rates. The fertilizer size SCU 

15 	 I 

Batch coating of 2lb batches in 12-inch 
diameter drum; 245.gram batches were waxed. 

Sulfur proportion. 13.3% (urea +S basis); 
conditioner, 0.5%.l.0%; no coal tar, 

Wax was Shelmax 800. 

SC10-	 Fertilizer grade (.6*10 mesh) 

Forestry grade (3#6 mesh) 


0 
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Fllure 9.Effect of w-elAnt proportion on Jissolution rate of 

sulfur.coited commcrtial grafular urea if two slies 

(laboratory batth (oating telt%) 

had considerably higher dissolution rates but they were still 
well within the desired range. The percentage of wax used 
had very little effect on dissolution of the large forestry size 
granules. Higher proportions of wax (2% or 3%) did lower 
dissolution of the regular commercial fertilizer size urea. 

Variables that affect coating effectiveness include shape 
as well as size of the granules and smoothness of the 
surface. Tests were made in the laboratory using granular 
urea that was irregular in shape and with another batch in 

which tie particles were smooth. The quantity of sulfur 
and wax added was about 35% in one test and 31% in the 
other. The batch tests were conducted in a 22-inch (55-cm) 
pan granulator. Data are given in the following tabulation. 

Substrate 
Sulfur dissolution in 

Test 
plus water at 100°F

sealanta (38C) in 24 hrs 

No. Description Granules/gram wt % wt % 
I 
2 

Irregular 
Smooth 

130 
80 

34.9 
31.3 

27.1 
3.7 

a5 %wax. 

The data show that irregularly shaped particles are very 

difficult to coat effectively. Even with a higher percentage 
.of coating, the dissolution rate for the irregular granules 
was about seven times that for the smooth granules. 

Study of Process Variables 

Important variables in the coating procedure were 
studied to define the optimum range of conditions. These 

were amount of sealant used, sulfur temperature, air 
temperature, and temperature of bed of granules being 

coated. Tie sulfur 	temperature was found to be the most
 

important of these variables. A range of 2900 to 340OF 

(143" to 170'C) proved to be best. The best range of 
temperature for the bed of granules being co 'ted was 1300 

to 155°F (540 to 70 0 C). The highest range of temperature 

of the atomizing air tested was best: this was 300' to 

370 0 F (1500 to 190'C). Two percent of sealant was 

selected since larger amounts did not give sufficiently lower 
dissolution to justify the added cost. 

Since temperature of the sulfur being sprayed was found 
to be the most important variable studied, tests were made 
in which this temperature was varied over !le rarge of 2650 

to 34501: (1300 to 174°C) and closely controlled. Other 

were held in the range shown to be best in 
tests. Results of tiese tests are shown in figure 10. 

The curve shows that the optimuni temperature for tie 
sulfur was in the range of 3 15' to 3300 F (157' to 166 0 C). 

The less effective coatings at lower and higher temperatures 
apparently resulted from the nonuniformity of coating 

thickness. At temperaluies higher than this range, the sulfur 

11 
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Note: quite beneficial. Ms procedure was used in subsequent
1. Data for 15%coating
2. Air to spray nozzle, at 10psig. was325" to 350"F work. 
3. Temperature of granules being coated was 130' to 155'F 
4. Petrolatum sealant was 2%of product weight 

s ,Miscellaneous Tests 

Tests were made to determine the effect that tempera
o "" ture changes in handling and storage would have on

dissolution characteristics of sulfur-coated fertilizers. 

iAmmonium phosphate nitrate of 30-10.0 grade was used as 
.2 

-E 20 ]were 

/ 

0 
Temperature of lfur o spray3nozzle, F 

Figure 10. Moisture resistance of sulfur coatings as affected 
by various temperatures of sulfur to the spray nozzle and 
evaluated by dissolution rates of the substrate 

likeiy *was too viscous for good spraying; at temperatures 
lower than this range, the sulfur probably did not have 
enough plasticity to spread uniformly. The 3150 to 330'F 
(1570 to 166°C) range of temperature for the sulfur was 
used in subsequent test work. 

Several tests were made to study further tile effect of 
heating the bed of granules prior to applying the sulfuz 
coating. Normally, the bed temperature had been abou, 
80*F (27*C) at the start and 1000 to 1400 F (38' to 60°C) 
at the end. In the tests of preheating, the bed was 
maintained at 1500 to 195°F (680 to 90'C). The molten 
sulfur and atomizing air temperatures were held in the 
range of 300' to 320°F (1500 to 160 0C). Data are given in 
the tabulation below. 

Substrate dissolution 
in water at 

Temp. of 100'F (380 C), wt % 
tumbling bed Total Daily rate 

Test being coated coatifga between I 
No. with sulfur, 'F 

1 180-190(82-88°C)
2 160.180(70-82C) 

3 150.170 (65-76-C) 
4 180-195 (82.91 0C) 

A.g 175(80°C) 

w i % 24 hrs 5 days & 5 days 
20.3 4.0 9.4 1.3 
22.3 2.9 3.8 0.3 

23.2 4.2 9.3 1.3 
25.5 5.6 6.7 0.3 

22.8 4.2 Z3 0.8 
aSulfur, Shellmax 800 sealant (5m,)and vermiculite conditioner 

(1%). 

The average product had a 23% total coating and a 
differential dissolution rate in water of only 0.8%/day. 
Preheating of the urea prior to coatin? was found to be 

the substrate. In these tests, portions of the coated samples 
cooled to 32*F (O°C) and others were heated to 

120°F (500C). These materials were allowed to return to 
room temperature and then were subjected to the standard 
dissolution test. Other portions were subjected to the 
dissolution test without prior heating or cooling. Results of
the tests showed, ineffective on 

most cases, that the coatings weresamples that were neither cooled nor heated 
and on samples that were cooled. The coatings were no 
longer effective on samples that were heated. The phase 
changes of anmonium nitrate probably caused the ineffec
tive coatings after heating. \Vhen urea was used as the 
substrate, the effect was much less pronounced. The best 
procedure found to pievent serious deterioration of the 
coating at higher temperatures was to use sealant as a top 
coat at the 3% level. 

In early greenhouse tests, sulfur coatings on fertilizer 
particles eliminated toxicity to seeds and root systems 
when the fertilizer and seed were placed together in the 
row. Later, tests were conducted to determine whether 
lighter coatings than are necessary for controlled release 
would be effective in preventing damage. Granular urea 
(.6+14 mesh) was used with sulfur coatings of 8%-16% 
by weight. One group of tests was with sulfur coatings 
unsealed and tile other with 3%of soft wax as sealant. 
The coated fertilizers were applied in contact with 10 
corn seeds in Mountview soil. After 7 days. the toxic 
effect of the fertilizers was evaluated by observation of 
seedling emergence and root systems. None of !ie 
unsealed coatings were effective in preventing dan.age. 
The 8% sealed coating was not effective, but the 12,, and 
16% sealed coatings completely eliminated any toxicity as 
evidenced by 100% seedling emergence and well developed 
root systems. 

Several improvements were made in the batchwise 
laboratory coating procedure. These included use of 

Shellmax 800 as sealant, use of well-rounded -6+8 mesh 
urea granules instead of -6+10 mesh, and use of a higher 

preheat temperature of 150'-200'F (600-)40 C). With 
these improvements, coatings ofabout 18 , gave dissolution 
rates about as low as with 30% to 35% coatings in the early 
tests. Dissolution rates were determined in water at 1000°F 
for I and 5 days. Data for the tests with improved process 
conditions over a range of coating weights are shown in 
table 4. 
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been iScontinued prir to these tests on the basis of latest 
agronomic test tesults.) 

Portions of the samplis that were waxed and condi. 
tioned In the laboratory were submitted for dissolution 
tests. The results are plotted in figure 24 for comparison 
with previous results when using the standard R9C air. 
atomizing nozzles and when using the SX.74 pressure. 
atomizing not:le. Best previous results were selected for 
the two types of nozzles when used In the drum before the 

V flights were installed. 
The data shown for the R9C nozzles were obtained with 

, "lower production rates of 200450 lbs/hr (90.205 kg/hr). 
O eis Lower production rates generally result in higher product 

quality. The production rates with the "cascade" flight 
/4, 4 arraffement were 1.3 to 4.5 times those used in the other 

teset. 
In general, the dissolution rates of the products made 

with the cascade flight system installed in the coating drum 
we. equal to or lowe than without the cascade, regardless 

A ,of production rates or number or type of spray nozzles 
used. For example, the dissolution rates of products made 
at a 600 lbs/hr (270 kg/hr) production rate with the 
cascade light system and two pressure nozzles were about 

g. 	 U$IVlw cacadiql bed uwd hi wltw Coasinl oefouth lower than those of products made at a 
production rate of only 200 Ibs/hr (90 kg/hr) with three air 
sondting nozzles without the cascade arrangement in the 

of *M 108h d be imp"tant e otfnshis woTU en desi a drum. Also at 23% total coating weight and a600 
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lbs/hr (270 kg/hr) production rate with the cascade, the 
products had a dissolution rate of 7% in 7 days as compared 
with 25% without the cascade. Results of the test with the 
nozzles aimed at the center of the bed were equal to those 
with the nozzles aimed at the junction of the cascade and 
the bed. 

These results were considered to be very good, particu-
larly in light of good quality products being obtained at the 

high production rate of 900 lbs/hr (410 kg/hr). This will be 
particularly important in determining the size of drum 
required for a plant.scale ui:it. 

Difficulties were encountered due to stoppage of the 
very small orifices in the sulfur spray nozzles with carbon 
deposits. Use of a 400-mesh screen in the sulfur supply 
system appears to solve this problem. 

THE LARGE PILOT PLANT
 

Laboratory tests and studies in the small pilot plant 
established the effect of most of the process variables. Best 
conditions of operation were delineated, and procedures for 
evaluation of the products were established. There was a 
need, however, to scale-up to a larger pilot plant to provide 
iesign data that would be needed for a commercial sized 
unit and to provide tonnage quantities of products for more 
widespread agronomic evaluation under actual crop 
conditions. 

Description of the Pilot Plant 

Construction of the nominal 1 ton/hr pilot plant was 
completed and initial test operation started in July 1971. 
An early flowsheet for this pilot plant is shown in figure 25. 

The pilot plant consisted of a urea storage hopper, urea 
feeder, urea preheater, sulfur-coating drum, wax-coating 
drum, fluidized-bed cooler, conditioning drum, and 
auxiliary process equipment. The elevated urea feed hopper 
held about 3 tons. Urea flowed by gravity from this hopper 
into a volumetric feeder (set on weigh scales) that con-
trolled the rate of feed to the preheater. The preheater was 
a rotary drum about 2 feet (0.6 m) in diameter and 6V2 feet 
(2 m) long. Ileat was provided by six 440-volt electircal 
resistance-type radiant heaters installed inside the rotating 
drum. The speed of rotation was variable. The preheated 
urea flowed by gravity to the ioating drum (heart of the 
process) that was 4 feet (1 .2 m) in diamcter and 6 feet (1.8 
m) long. A retaining ring about 31, inches (9 cm) high was 
Installed at the discharge end; the drum contained no flights 
and was insulated outside (flights were installed later). 

Bright sulfur with carbon content of 500 ppm and ash 
content of about 55 ppm was used. The sulfur was stored in 
molten form in a railroad tank car on a spur track from 
where it was fed by air pressure to a scale-mounted feed 
tank at the pilot plant. The lines were completely steam-
jacketed. A submerged diaphragm-type metering pump was 
used to regulate the rate of feed of sulfur te the spray 
header located in the coating drumi. (A high-pressure, 

double-acting, piston-type pump was used to feed sulfur 
later when hydraulic-type nozzles were tested.) 

Sulfur was supplied from the header to four or eight 
spray nozzles. Uniform flow to each nozzle was assured by 
fixed orifices 0.018 inch (0.5 mm) in diameter. This Priticc 
system is imperative to obtain uniform rate of feed to each 
spray nozzle. The sulfur feed line and the header in the 
coating drum were fully steam-jacketed. The header was 
mounted so that essentially the full length of the bed of 
granules was covered, and sprays were directed to the most 

active area of the bed. I eight of sprays above the bed also 
was adjustable. (A dual header was tested with higher 
production rates.) 

The wax-Eoating drum was located at an Lipper platform 
level; therefore, the SCU was conveyed by bucket elevati 
to this drum. The drum was about 3 feet (0.9 ni) in 
diameter and 2 feet (0.6 m) long. Melted wax was feJ to 
this drum from a steani-htated and inhulated tank with a 
small, submerged diaphragin-type pump. Coal tar irictn
bicide was fed from a small container and ict,.i,:d with a 
small metering pump. The wax and coal tai imAcd i a 
small pipe tee at the wax coating dium and welL distiibuted 
by a "drip-tube" arrangement. Good coating with wax and 
coal tar was obtained. (In later test work, the use of 
microbicide was discontinued. Also, elimination of the 'Aax 

to provide a sulfur-only coating was found to be praLtlcal.) 
The coated and waxed material flowed by gravity 

through a rotary air lock valve into the fluidized.bed cL'.nkr 
that was located at an intermediate level. This cuict 
(Buttner type) had a bed area of 10 ft2 ;it has been ued to 
cool 2 tons/hr effectively. Air for fluidization anid LooUlig 

was supplied by a centrifugal fan. The ductwork anid 
damper arrangement allowed close control of airflow into 
the cooler. Fluidization was effected by airflow through a 
finely perforated plate or screen that covered th,; full 
cross-sectional area of the cooler. The air suspends the 
particles being cooled, above the screen in tihe cooler, giving 
the bed the appearance of a boiling fluid. The fluidizing 
principle allows excellent contact between the air and the 
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Figure 25. Basic flow sheet for sulfwcoated urea pilot plant 

pe tie. This results In very ood eat transfer from the 
parttcls to the air. s ooling proceeds, the wax solidifies, 
ievnal only a sligtly tacky surface that requires a 
coditioner to allow good handling and storage properties. 

Th fudized bed unit was very efficient, iving dis. 
ctarp product temperatures within S*F of the input air. 
Akr from the cooler was vented to a stack, The cooled 
piu.duct flowed by gaVity houh arotary air lock valve to 
the ondtionngdrum at gound level.IR 

The onditioningdrum was bout 3 feet(0.9 m) in 
dameter and 3 feet (0.9 m)ionlg and had asmooth shell, 

Diatomaceous earth conditioner was metered to the drum 
wih avbratngscrew.typc feeder. Kaolinite was much less 
effectve as a onditioner. Conditoning is required to 
ounterct stickiness caused by residual oils in the wax. The 

conditioned product dischared onto abelt conveyor that 
fed asmall 4.mesh, oscillatingscalpingscreen. Only avery 
mal amount of"oversize (about 03%) was removed, 
Phdut from the screen was conveyed to abagingi hopper. 

Scket elevators were used to fill the urea feed hopper 
lad to elevate the sulfur.coated material to the waxingl 
drum. All rotary equipment except the onditonngdrum 
wiasdrvn with electric motors througih variable speed drive 
imts,Th. odtonng drum had afixed speed drive of 12 

rpm. Instrumentation was provided throuhout the pilot 
plant to obtain needed process data. 

Aphotogaph of the pilot plant isshown infigiure 26. 

.Oeration of the Pilot Plant 
Using Pneumatic Spray Nozzles 

Typical operaing; temperatures are shown infigre 25. 
Urea was preheated to a temepraure of 140.1 S0F 

101r-11r(63°-66"C) before being fed to the oating drum. Molten 
sulfur was fed at a temperature of about 300.310F 
(50O.IS"C) and air for atomization of the sulfur was 
heated to 3000F (S0OC), The eihtorifices in the header 
(one for each pneumatic nozzle) ensured an equal flow rate 
from each nozzle, The sulfur.coated material leavng the 
coating drum was at 'atemperature of about 1650"F (74C() 
and cooled to about 160PF (71C) as it was elevated to the 
waxing; drum. Wax was melted and heated to about 200*P 
(10OSC) and then mixed with coal tar that was at ambient 
temperature of about 0*F (21"C). The mixture of wax 
and coal tar oil dripped onto the bed of ganules and coaed 
them evenly. (Coal tar was omitted inlater test work) The 
waxed product was then cooled from 160"F (71C() to 
100.I loop (3843*C). Inlet air temperature to he 
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otift (14% Nlftw) the dissolution rats was only 18% In7 
day These re by fu the boa results ever obtained at a o r mreo"m0 	 rate of 2 lonfti, 

The hydraulic (presure type) nozzles Inherently are not 
subrect to lae emclent sraying at higher rates. In (act, 

mw \ beter alomlutais of the sulfu would be expected is the 
* ~~9WW 	 rate Is Wrated through a liven sized nozzle. 

-	 Comlaut., of thri (acto with the effective curtain 
1wreapent should gretly acdilte design of a larp scale 

ITbuwr owow ofafi **--lt is possible that 
wa of the type used successfully in pilot plant work will 
so be vai for purchase Insfftient quantities for use 

VIA 41K . _1 is comacIal sized sulfur oating units. Therefore. much 
ago %M owe e,phais in the latest work we placed on oatin 

with slfur only.
In early wo before the fl ts and falling curtain 

at . a arlniem wis installed in the costing drum, considerably 
4 1 to V It #111 more ulfur was required to give satisfactory controlled 
oeest e properties for products with unwaxed coating. The 

FM It The f a Me curt* Old W Olpleew. heav coetscooappeared to give good early aponomic 
Ow so * o of isilf4ewd um mde il ronse bu w In later periods, This was believed to be 
!*VA 00 o" dw to the thikr sulfur coatings that were too resistant toa "#A 
as bed to WAY" WOh foeW Wh "do beOw 2I ie ood results In the ltter part of the growing season, 
rpm(fo l %ofOMWisd.) tsho wwa se" asosdof bed ScW4se o( the od experience in coating in the 
by p . use Thforeqeds offl.o 26 pm(SS t0 modifld coating drum, tests were made in preparation of 
0 .1( 	 triseed) or used The 4011ts a man p 4octs with a cotml of sulfur only. It was hoped that 
wssapinss " *A 0 W r 4A Nouu eAd. the O stend falling curtain would allow effective coting 
O N aw o4 appear be at monideraby lowe coetsl weights. The eight sprays ofis 040n1100 AN so 
NoPqaed by Prae. se ton, t e ulw was saed auw rm directed into the falling curtain. At a produc. 

oWe the fdg cVWM a de from 1) rpm o I O raw of I tom/hi a 20a coatinj of sulfur gave a 
IS g Ipad W dholoton tate in water of 24% in 7 days. Complete dataWrif puwAM: At a palowutien rae 
of I soV. a Otm " ot MS p a 741 d "h(r " this les are givn in table 9, Tests were also made at 
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polyethylene gave reasonably good results. This mixture abodt 195 0 F (90 0 C) of the SCU being sealed. This required 
was more difficult to apply and required a temperature of about 300 to 350 higher temperature of preheating. 

Table 9. Operating data for sulfur-coated urea pilot plant 
Sulfur, wax, and 

conditioner coating Sulfur-only coating 
Test No. SCU-102B SCU.103 
Production rate, tons/hr 2 1 
Substrate type, spray-drum-granulated urea with 1% 
clay conditioner applied by the supplier 

Screen analysis, mesh % + 6 = 0.0 (Approx. same) 
-6+ 7= 9.2 
•7+ 8 =64.9 
.8+ 9 =23.5 
.9+ 10= 1.6 

-10+ 12= 0.4 
-12= 0.4 

Feed rate, lbs/hr 3,240 (1,480 kg/hr) 1,620 (740 kg/hr) 
Preheatee 

Substrate exit temp., OF 145 (63-C) 149 (60°C) 
Sulfur.coating drum 

Sulfur feed rate, lbs/hr 
Per nozzle 68 (31 kg/hr) 50 (23 kg/hr) 
Total 544 (250 kg/hr) 400 (182 kg/hr) 

Sulfur feed temp., aF 311 (155 0 C) 311 (155-C) 
Spray nozzles Spraying Systems Co. Spraying Systems Co. 

Model T-650025 T.250017 
Number 8 8 
Distance to curtain, inches 5%(14 cm) S%(14 cm) 
Spray tip opening 0.013 0.011 
Hydraulic pressure at tip, pslg 780 870 

Rpm 13 13 
Retention time, inm. 7.1 12.6 
Retaining ring height, inches 5 (13 cm) 5 (13 cm) 
Temp. of SCU leaving, OF 162 (72-C) 167 (75-C) 

Total coating, %a 19 21 
Sulfur coating, % 14 20 
7.day dissolution rate, % 24 25 
Wax-coating drum 

Temp. of entering coated materi;dI, "F 155 (69"C)
 
Temp. of wax and coal tar mixture, *F 218 (104"C)
 
Wax applied, %of total product 2.0 None
 

Fluidized cooler 
Temp. of materiji entering, °F 155 (69C) Material cooled 
Temp. of cooling air entering, OF 107 (42C) over a three 
Temp. of material leaving, °F 112 (450C) day period in 
Temp. of air leaving, ° F 120 (50"C) 1,000 lb piles 

Conditioning drum 
Retention tine, 111m. 1.5
 
Conditioning agent, %',,oftotal product 2.0
 

llncludc%precoat of tondulioncr. 

39 



LABORATORY MICROSCOPY STUDIES TO EVALUATE SULFUR COATINGS 

Lahoratory stIudics were made using the scanning elec granules coated under different conditions and with differ
tol micioscope (SiM ) with supplemental evaluations by ent materials. "A" is an enlargement of a waxed and 

optiA mici,,'oiopy and x-ray diffraction techniques to conditioned SCU granule. The surface of the granule 
cv,dluate %iuli COAtitl.,i (m products prepared ill the pilot appears to be comparatively smooth. "B" shows surface 
pl~umt\,. 11Iict sttudi.es have been very helpfpul in studying detail of conditioner on a waxed SCU pi )duct. 
ditail, od the cout)ilug; applied and have helped in the "C" shows the urea-sullur interlace on :anunconditioned 
,lcCCt(lul01 oprating comditims to obtain the desired type urea granule. "D" shows a typical thin 1'ot in the sulfur 
(f cotlim". coating on a granule of orea. "1"' ;!iows wax and 

Ihiguie 40 is a series of ShIM photographs of urea conditioner filling a thin spot in the sulfur coating. This 

. . &, ,,, 

Figure 40. Photographs f. 

made with scanning electron . " i
 
microscope show granules of .'
 

urea coated under different : , ".
 

conditions and with - - > '''s
 

different materials. t
 

A-Waxed and conditioned B-Surface detail of conditioner 
sulfur-coated urea granule on a waxed SCU product 

400/1 +.. '51L 

F -Sulfur coating on a G-Mosaic surface texture H-Poorly developed mosaic texture 
sulhur-C3,oted urea granule of sulfur allotropes and intergranular pores on the 

exterior surface of the coating 
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illustrates how wax seals imperfections In the sulfur 
coating. 

"F" shows a granule coated with sulfur only. The detail 
in "G" shows the desirable mosaic texture of a sulfur 
coating. This type texture is best, particularly for coatings
of sulfur only. Temperature of the sulfur being applied and 
temperature of the substrate are important in obtaining this 
type of coating. "H" illustrates a poorly developed mosaic 
texture with intergranular pores on the exterior surface of 
the coating of sulfur. 

These studies have also been helpful in illustrating the 
mechanism of release of urea from the coated granules. To 

observe the release of uea from SCU products, a uunvee4 
of granules from different samples wer aked in water for 
10 minutes without agitation, filtered, waswd with alcolW. 
and air dried overnight, They were then exanilned micro, 
scopically to observe the release of wea, "I"shows release 
of urea fromn a pinhole i, a coating of sulfur only. "J" 
shows release of urea from cracks in an Improperly cooled 
sulfur coating. 

These studies have allowed abetter understanding of the 
coating process and assisted in selection of operating 
conditions to obtain the desired quality of coatings. (See 
reference 4 for additional information.) 

M 

C-Urea-sulfur interface on unconditioned D-Thin spot in a E-Wax and conditioner fillingurea substrate (u= urea, s - sulfur) typical sulfur coating thin spot in sulfur coating 
(c conditioner, w - wax, s - sulfur, u - urea) 

I-Release of urea from a 
pinhole in asulfur coating 

J-Release of urea from cracks in 
improperly cooled sulfur coating 
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