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INVESTIGATIONS TO USE LOW-GRADE ROCK PHOSPHATES 

FROM MUSSOORIE ROCK PHOSPHATE DEPOSITS--INDIA 

Final Agronomic Report 

Introduction \ 

The agronomic studies reported herein were conducted in conjunction 

with studies undertaken by the Fertilizer Technology Division of IFDC to 

determine methods of improving the chemical and physical properties of Mussoorie 

phosphate rock. The description of those studies is provided separately. The 

products selected were those that showed promise for improved physical 

properties (i.e., granulated phosphate rock [PR]) and/or improved chemical 

properties (i.e., partially acidulaterl PR). 

The agronomic studies consisted of two components. One component 

involved evaluations of the products under greenhouse conditions to determine 

their relative supply of available phosphorus (P) to locally available soils. 

The second component consisted of the use of incubation studies to project the 

results observed in the greenhouse studies to estimate product performance when 

applied to soils of Indian origin. The greenhouse and the incubation studies 

were conducted simultaneously rather than using the incubation studies for 

screening prior to initiation of the greenhouse studies. 

Experimental Objectives 

The agronomic studies on the products derived from Mussoorie PR (MPR) 

had two major objectives: (1) to determine the agronomic potential of 

granulated Mussoorie PR as compared with that of finely ground Mussoorie PR and 

(2) to determine the agronomic potential of partially acidulated Mussoorie PR 

(PAPR) as compared with that 0f triple superphosphate (TSP). 

The first objective relates to technology designed to improve the 

physical properties of Mussoorie PR for direct application to acid soils. 

Mussoorie PR is presently being sold in India for direct application, and 

positive results have been reported in Indian publications. PR is generally 



2 

applied in a finely ground form to promote dissolution through increased surface 

contact with the acid soil. Granulation of PR to conventional fertilizer 

di3meters has been shown to decrease the rate of dissolution by reducing the 

surface contact. Techniques for minigranulation to a size of 48-150 mesh have 

been studied by IFDC, however, and have been found to improve handling 

properties for transportation and application without significantly decreasing 

the agronomic potential. 

The second objective relates to improvement of both the physical ~nd 

chemical properties of Hussoorie PR. Since dissolution of directly applied PR 

depends on an acid soil environment, use of this material is generally 

restricted to those zones dominated by acid soils (pH <5.5). Acidulation of PR 

increases its solubility and therefore increases the agronomic effectiveness of 

the material when applied to soils with a wider range of soil properties. 

Partial acidulation refers to use of acid in quantities less than 

those required to produce superphosphates. It has been shown lo be an effective 

method for increasing agronomic effectiveness when PR properties are not 

amenable to production of superphosphate or when reduced acid consumption is 

desired because of problems of availability or cost. Partially acidulated 

Mussoorie PR, therefore, represents a possible technology for expanding the use 

of the rock into agricultural zones dominated by less-acid soils. 

Phosphate Sources Studied 

In accordance with the objectives stated above, the phosphate sources 

selected for agronomic evaluation represented two types of modifications: 

minigranulation and partial acidulation. The sources are ider.tified as follows: 

t 
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Product 
Modification Type Number a 

DescriEtion 

Hinigranulated HSR 105-M Granulated with urea binder 
Mini granulated MSR 200-A Granulated with KCl binder 
Hinigranulated MSR 301 Granulated with HzS04 binder 
Hinigranulated MSR 400-A Granulated with H3P04 binder 
Partially Acidulated HSR 605 40% H2S04 using as-received rock 
Partially Acidulated ~lSR 702 50% H3P04 using as-received rock 
Partially Acidulated HSR 801 50% H3P04 using attrition-scrubbed rock 
Partially Acidulated HSR 901 50% H2S04 using attri tion-scr:1bbed rock 

a. Product number refers to test identification for products prcpdred by the 
Fertilizer Technology Division. A description of production methods and 
complete characterization is included in the final report of the technology 
study. 

A sununary of some of the characteristics of these products is sho~n in 

Table l. From this sununary, it can be seen that the total P
2
o

5 
content of the 

minigranulated products ranged from 15.9% to 24.0% depending on the type of 

binder. Those products using urea, KCl, and u
2
so

4 
averaged 16.4% P

2
o

5 
as 

compared with 18.6% P
2
o

5 
in the ungranulated rock. The use of H

3
Po4 as a binder 

increased th~ total P
2
o

5 
content to 24.0% and 0 lso increased the water- and 

citrate-soluble fractions above these of the other products. For the PAPRs, the 

use of H2so4 reduced the P2o
5 

content to 13.9%-17.6%, whereas H3Po4 increased 

the grade to 30.3%-32.6% P
2

o
5 

because P was supplied in the acid. Water and 

citrate solubilities were increased significantly by the acidulation. 

Greenhouse Studies 

The greenhouse studies conducted as a part of this project follo~ed 

established procedures fer evaluation of the relative effectiveness of phosphate 

carriers. The specific objectives of the greenhouse studies were as follows: 

(1) to determine the relative capacity of the sources in question to supply 

plant-available phosphorus under stressful growing conditions and (2) to 

determine the relationship between this capacity and soil test measurements as a 

means of predicting source potential in different soils. 
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Materials and Methods 

The phosphate sources used in the greenhouse studies are identified 

above. The conditions under which those sources were evaluated varied depending 

upon the product type. Each of the minigranulated products was applied to the 

Hountview silt loam which had been limed to a pH of 4.77. Finely ground 

Mussoorie PR was used as the standard for comparison to determine whether 

minigranulation would influence the effectiveness of the PR when applied to an 

acid soil. Each of the PAPR products was applied to the Windthorst clay 

(pH 6.32)~ and TSP was used as Lhe standard for comparison to determine whether 

Hussoorie PAPR would be as effective as conventional soluble P sources on soils 

of higher pH. Some properties of these two soils are shown in Table 2. 

Also included in Table 2 are the properties of the four soils 

collected in India that were used in the soil incubation studies. Relevant 

properties of the Hountview and Windthorst ~oils used in the greenhouse 

evaluation correspond closely with some of the Indian soils. For example, the 

Mountview and Coorg soils are similar with respect to pH, cation status, 

texture, and P sorption capacity, while the Windthorst soil is similar to the 

Srinikctan soil with respect to pH. All soils are low in P as indicated by the 

Bray P-1 measurements, ~hich range from 0.56 to 5.24 ppm P. The Hountview and 

Windthorst soils were used in the greenhouse portion of the project because the 

U.S. Department of Agriculture (USDA) plant protection authority has regulations 

against use of foreign soils for that purpose. 

The greenhouse trial of the minigranulated products was conducted as 

follows: reagent grade Caco
3 

was applied to the Mountview soil at a rate 

equivalent to 0.5 mt/ha and allowed to incubate for 1 week. The soil properties 

reported in Table 2 ar~ the result of analysis of the soil folloWing incubat:~on 

with the Caco3 but prior to application of the fertilizer treatments. Each pot 

contained 4 kg of soil. Immediately prior to planting, uniform levels of 

NH4No1, K2so4 , and a micronutrient solution were applied to supply 600 mg N, 
400 mg K, 19 mg Hg, 11 mg Zn, 5 mg Cu, 2 mg B, and 34 mg S per pot. Each of the 

sources to Le tested (MPR, MSR 105-AA, MSR 200-A, MSR 301, and MSR 400-A) was 

then completely mixed into the 4 kg of soil in quantities to supply 

concentrations of 100, 200, and 400 ppm total P per pot. A treatment in which 

no P was added was also included to serve as a check on P response. 

Following application of the fertilizers, the pots were placed in the 

greenhouse in a randomized block d~sign with three rPplicates of each treatme~t. 

(, 

c: 

1} 

I' 

c 
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On November 3, 1983, maize (Funk GS757) was planted; it was thinned to four 

plants per pot following emergence. All pots were irrigated to maintain a 

moisture content equal to 80% of the field moisture capacity of the soil. On 

January 6, 1984, the aboveground plant material was harvested, following a 

64-day cropping period. A 100-g soil sample ~as then collected from each pot 

for laboratory analysis. 

Following the harvest and soil sampling, N and K were reapplied at the 

same rates as at the initiation of the trial. On January 11, 1984 (5 days 

following the first harvest), a second crop of maiz~ was planted with subsequent 

management identical to that of the first crop. The aboveground plant m3terial 

produced during the second cropping period was harvested 37 days after planting 

on February 17, 1984. Soil samples were again collected for laboratory 

analysis. 

Plant tissue collecte~ from both ha~vests was dried at 60~~ in a 

forced-air drying cabinet prior to weighing. The tissue was ground in a Wiley 

mill and digested in a 2:1 nitric-perchloric acid mixture in flasks that were 

heated in an aluminum digestion block. Phosphorus conLentration in the tissue 

was determined on a Varian Techtron model 635 UV-Vis spectrophotometer at a wave 

length of 882 µm following development of the phospho-molybdate blue complex by 

the Murphy-Riley method. Soil samples collected from each pot were ground to 

20-mesh following drying in a forced-air cabinet. Available P was measured 

following an extraction by the Bray P-1 method (0.03 ~ NH4F + 0.025 ~ HCl), and 

pH was determined on a 1:1 soil:water suspension with a glass electrode. 

The greenhouse trial of the PAPR products was conducteJ simultaneously 

with the trial of the minigranulated products and under identical conditions 

with the following exceptions: all products were appljed to an-unlimed 

Windthorst soil (pH 6.32) rather than to the Mountview soil (Table 2). The 

products evaluated included TSP, MSR 605, MSR 702, MSR 801, and MSR 901. An 

additional rate of application of each product was also included to result in 

concentrations of '.;0, 100, 200, and 400 PI·m total P. 

Greenhouse Results and Discussion 

As incicated above, the agronomic efficiency of the products was 

tested in greenhouse studies to determine their potential effectiveness with two 

different types of soil. The selection of soil depended upon the type of 

product ffiodification. In conjunction with these trials on tl1e Mussoorie PR 
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products, tests were also conducted with standard IFDC sources to verify that 

both soils were sufficiently responsive to applied P to allow observation of the 

relative P-supplying capacity of the different sources with increasing rates of 

application. Additionally, tests with these standard sources were conducted to 

verify that the ~cid Mountview soil was conducive to the dissolution of 

unacidulated phosphate rock. Both of these additional tests were positive and 

showed that the observations made with the Mussoorie productr. can be considered 

as valid measurements of the relative effectiveness of these phosphorus sources. 

Details of these tests can be provided upon request. 

In each trial, product efficiency was measured by (1) plant response 

to P, (2) uptake of P by the maize plant, and (3) chemical extraction to 

estimate plant-available P in the soil following cropping. With respect to 

dry-matter production and P uptake by the plant, the shape of the response 

curves associated with different P sources can vary from source to source. 

Comparisons of relative effectiveness are most valid therefore when they are 

based en the entire response curve rather than on a given rate of application. 

For this reason, several statistical models were evaluated to determine which 

was most descriptive of the actual data obtained. From these compdrisons, it 

was found that a qu~dratic function in the form of y = a + ~p + ~ P
2 

resulted in 

the highest correlation coefficient for each of the data sets. 

The dry-matter production of maize from the Mussoorie PR products 

during the two cropping periods is given in Table 3. It can be observed from 

these data that production without applied P was extremely low. On the 

Mountview soil, only the minigranulated rock with 7.7% H3Po4 binder showed a 

systematic increase in yield with increasing rates of application. This is 

illustrated in the modeled data shown in Table 4 and in Figures I~ 2, and 3. 

These response curves clearly illustrate that the use of H3Po4 binder provided 

plant-available P that was not available from the other products in the test. 

Tests to determine statistical difference between the sources based on the 

parameters of models showed that this product (MSR 400-A) was significantly 

higher in effectiveness than ~ere all other products in both cropping periods as 

measured by the coefficient of the P2 term. Also, it can be seen by the shape 

of the response curves that a positive response was continuing even at the 

highest rate of application. 

It can also be ob&erved, however, that little response was obtained 

from the other products in either cropping period as the rate of application 

(j 

' 
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increased. An analysis of variance procedure showed no significant difference 

between the other minigranulated products and the check treatment which received 

no additional P (Table 3). Because of the lack of responsiveness of these 

p~rticular sources, it is impossible to draw any conclusions with respect to the 

influence of urea, KCl, or H
2
so4 binders on the agronomic potential of the 

Hussoorie PR. 

The maize gave substantially greater response to the partially 

acidulated products than to the minigranulated products despite the fact that 

the PAPRs were applied to a soil with a higher pH (pH 6.32 versus pH 4.77). 

From these rlata (Table 3), it can b~ seen that all sources were significantly 

more effective than the check treatment in both cropping periods, even at the 

lo~est rate of application. As illustrated by the modeled data (Table 5 and 

Figures 4, S, and 6), all sources approached maximum production in the range of 

200-400 ppm P during the first cropping, and some sources continued to show 

positive crop response at the high~st rate during the second cropping. Table 5 

summarizes statistical analysis of the modeled data. It can be observed from 

Lhis statistical analysis that there was no significant difference throughout 

the response curve between TSP and either of lhe PAPR products with 50% H3Po4 

binder during the first cropping period. Throughout the course of the two 

crop?ing periods, the product made from the attrition-scrubbed rock acidulated 

with 50% H
3

Po
4 

eventually became less effective, but still showed positive crop 

response. The two PAPRs prepared with H2so4 were significantly less effective 

than TSP or MSR 702, but they also showed potential fo~ increasing crop 

production with increasing rates of application. 

To confirm that the effectiveness of a source was related primarily to 

the capacity of the source to provide plant-available P, the uptake of P by the 

maize plant was determined. Data obtained from this laboratory analysis are 

presented in Table 6. As with dry-matter production, P uptake was also best 

described through use of a quadratic model. The modeled data for both cropping 

periods and for the accumulative P uptake are shown in T3bles 7-8 and in 

Figure3 7-12. It can be seen from these figures that the same relative 

positions were observed with respect to P uptake a~ were observed with 

dry-matter production. 

For example, in the case of the minigranulatcd products applied to the 

Mountview soil, only the product with tt3Po4 binder resulted in increased P 

uptake by the maize as the rate of P applied was increased. It is suggested 



8 

that this response is due to a combination of (1) a minor degree of acidulation 

of the Hussoorie PR and ~2) a contribution of soluble P resulting from the use 

of H~Po4 as the binder. 

Also, as was done with dry-matter production, the modeled response 

curves for P uptake were analyzed statistically to determine whether there were 

si0 nificant differences bet~een the PAPR sources (Table 8). In the case of P 

uptake, the PAPRs approa~hed the effectiveness of TSP in specific instances, but 

overall the P uptake from TSP was significantly higher. Also, 50% acidulation 

with H2so4 was significantly more effective than 40% ac~dulation with H2so4 . 

The findings indicate that P uptake is a more sensitive measure of P 

availability from different sources than is the crop yield. They also confirm 

that the difference observed in yield between sources was due to the P-supplying 

capacity of the sources. 

Another measu1e of the relative release of plant-available P between 

sources is that of P extracted from the soil following cropping. The Bray P-1 

methodology has been found to be effective for this ~urpose. Measurements of 

Bray P-1 extractable P levels following each of the two cropping periods are 

listed in Table 9. Examination of these data supports the findings reported on 

dry-matter production of maize and P uptake by maize. For example, no 

difference was observed between any of the sources applied to the Mountview soil 

after either cropping period except for MS 400-A, which showed significantly 

higher extractable P at all rates of application. However, the Bray P-1 

extractable P levels were also higher in those soils receiving unacidulated 

Mussoorie PR products than in the soil that did not receive an application of P. 

This difference is explained by thP. dissolution of P from apatite during 

extraction, which is not plant available. This phenomenon is rep-orted in 

"Interpretation of Bray I-Extractable Phosphorus From Acid Soil Treated With 

Phosphate Rocks," by S. H. Chien (Soil Science 126:34-39, 1978). 

With respect to the PAPRs, again the 50% H
3

Po4 acidulation resulted in 

Bray P-1 extractable P that approached the level from TSP, and in many instances 

there was no significant difference betweeP them. Only the 40% H2so4-acidulated 

rock showed consistently lower levels of Bray P-1 extractable P than did the 

other products. 

The fact that Bray P-1 extcactable P measurements are in fact 

effective in predicting crop response is illustrated in Figure 13, which shows 

the crop response to P in the second cropping period as related to Bray P-1 

extractable P levels measured inunediately prior to planting of the second crop. 

• 

• 

• 

• 

• 

n 
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Laboratory Soil IPcubation Study 

The objectives of the IFDC laboratory soil incubation study ""ere to 

investigate the (1) effectiveness with which various Hussoorie products provide 

available P in some Indian soils and (2) soil and product properties as related 

tc the available P provided by the Hussoorie products in the soils. In the soil 

incubation study, commerc;al TSP was also included for comparison. In addition 

to the Indian soils, two U.S. soils thdt were used for the greenhouse evaluation 

were included. By comparing the Indian soils with the U.S. soils in terms of 

the levels of available P provided by the Hussoorie products and the crop 

response, it may be possible to predict the relative agronomic effectiveness 

(RAE) of the Mussoorie products ,,,-::_th the Indian soils. 

Mate~ials and Methods 

The soils utilized were two U.S. soils (Mountview soil from Tennessee 

and Windthorst soil from Texas) and four unsterilized Indian soils supplied by 

Pyrites, Phosphates and Chemicals Ltd. (PPCL). The Indian soils were moist and 

unground when received. They were air-dried in the greenhouse, ground, and 

screened through a 2-mm sieve. Some properties of the soils are listed in 

Table 2. 

For the soil incubation study the phosphate sources were divided into 

two groups: the minigranulated Mussoorie PR and the partially acidulated 

Hussoorie PR. In the first group the phosphate sources used were 

(1) HSR 105-AA, minigranulated PR with 6% urea; (2) HSR 200-A, minigranulated PR 

with 3.5% KCl; (3) HSR 301, minigranulated PR with 8.1% H
2
so4 ; (4) MSR 400-A, 

minigrar.ulated PR with 7.7% H
3

Po4 ; and (5) TSP. The soils used ~ere 

(1) Allepey, (2) Coorg, (3) Ranchi, and (4) Hount"iew. In the second group 

phosphate sources used were (1) HSR 605, PAPR with 40% H2so4 ; (2) HSR 702, PAPR 

with 50% H3Po4 ; (J) HSR 801 with 50% H
3

Po4 ; (4) HSR 901, PAPR with 50% H
2
so4 ; 

and (5) TSP. The soils used were (1) Ranchi, (2) Srinikctan, and 

(3) Windthorst. 

Each source of powdered or minigranulated phosphate material was 

completely mixed with 20 g of soil in a 50-ml polyethylene centrifuge tube at a 

rate of 200 ppm P. A chec1' (no P) was also included. Five milliliters of 

distilled water was added to the soil to yield a 25% moisture content of the 

soil. The tube was then covered with a wax-coated paper in which five holes 
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were punched with a pencil. This minimized the moisture loss and also 

maLntained aeration during incubation. The soil samples were then placed in an 

incubator at 30°C for 1, 3, or I~ weeks. The soil moisture content was checked 

~~d maint~inP~ ~t 2~% on a weeklv basis. At the end of each incubation period, 

.' quantity of 25 ml of Bray P-1 solution (0.025 ~ HCl + 0.03 ~ NH4F) was added 

to the tube which was shaken for 30 minutes; centri{ugation and filtration 

followed. Phosphorus concentration in the clear soil extract was determined by 

th~ Murphy-Riley colorimetric method. 

All the incubations were carried out in duplicate, and the values 

reported are averages of the duplicates. 

Results and Discussion 

The amounLs of Bray P-1 extractable P in the first group of soils 

treated with various types of minigranulated Mussoorie PR and commercial TSP 

after incubation are shown in Tables 10 to 13. 

It can be seen that tne quantity of P extracted by Bray P-1 from the 

soil treated with the Mussoorie PR minigranulated with urea or KCl as a binder 

was about the same as the check (no Padded), indicating the ineffectiveness of 

the minigranulated PR in providing available P in the soils. When the PR was 

minigranulated with H
2

so4 or H
3

Po4 , a si5nificant increase in Bray P-1 extract

able P over the check was observed for the Coorg, Ranchi, and Hountview soils, 

but not the Al~epey soil, which had the highest P-fixing capacity (Table 2). In 

general, the effectiveness of various phosphate materials in providing available 

P in the four soils follows the 0rder of TSP > minigranulated PR with H3Po4 > 

minigranulated PR with H2so4 > minigranulated PR with urea = minigranulated PR 

with KCl = check. 

The amounts of Bray P-1 extractable P in the second group of soils 

treated with various Mussoorie PAPR products and conunercial TSP after incubatio~ 

are shown in Tables 14 to 16. 

As compared with the minigranulated PR products, partial acidulation 

(40%-50%) with H2so4 or H
3
Po4 significantly increased available P over the check 

in all three soils. It also should be pointed out that the effectiveness of 

Mussoorie PAPR products in providing available P was comparable to that of TSP 

as observed in this incubation study. 

As stated previously, since Mussoorie products could not be 

agronomically evaluated on the Indian soils at IFDC Headquarters, an attempt was 

• 

• 

• 

• 

• 

f 
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made to correlate Bray P-1 extractable P of the P materials tested during soil 

incubation to crop yield data obtained in the greenhouse study. It was felt 

that such a correlation might help predict the performance of Hussoorie products 

on Indian soils under greenhouse/field conditions. 

Figure 14 shows the relationship between RAE c.f various t'tussoorie P 

materials with respect to TSP at 200 ppm P applied to the e.S. soils (Hountview 

and Windthorst) and their relative Bray P-1 extractable P values in the soils 

treated with the same P materials after a 3-weck incubation period at 200 ppm P. 

The relative Bray P-1 extract~ble P in the soils is similar to RAE in that the 

Bray P-1 extractable P is highly correlated with crop yield. It can be seen 

that RAE increased as relative Bray P-1 extractable P in soil increased. The 

relationship, however, is curvilinear rather than linear. 

To predict the RAE values of the Mussoorie products on the Indian 

soils, the relative Bray P-1 extractable P in an Indian soil treated with a 

given Hussoorie product after a 3-week incubation period was first calculated. 

The value of RAE was then estimated from the response curve in Figure 14. 

Table 17 shows the predicted RAE values of various Mussoo. _e tiroducts on four 

Indian soils. 

Cone 1 us ions 

It can be seen that the minigranulated Mussoorie PR with urea, KCl, or 

H
2
so

4 
binder probably would be much less effective in increasing crop yield than 

would TSP on the Indian soils. However, minigranulating the Mussoorie PR with a 

small amount of H
3
Po

4 
significantly increases its effectiveness cm the Indian 

soils, particularly on the Allepey soil which has the highest P-fixing capacity 

of the Indian soils used in the project. 

Partial acidulation of the Hussoorie PR at 40%-50% with either H2so4 
or H3PO~ seems to produce good P fertilizers for the Indian soils (Table 17). 

With Srinikctan soil, the predicted RAE values of Mussoorie PAPR ranged from 

approximately 75% to 96% as compared with TSP. For Ranchi soil, the predicted 

RAE values were all equal to or greater than those obtained with TSP. Thus, it 

may be concluded that partial acidulation should be an effective means of 

prrducing some good, promising P fertilizers from Hussoorie PR for crop 

production in India. This is particularly true since these studies evaluated 
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residual effectiveness over a relatively short period of ti~~- Since the 

unacidulated portion of the PAPR can be expected to behave the same as dire~tly 
applied phosphate rock, the long-term residual value of the products can be 

expected to be significant. However, future greenhouse and/or field trials in 

India are needed to verify the results of the work under the specific conditions 

encountered in India. 

Cl 

,, 

t t 

' 1 



Table 1. Experimental Materials for Greenhouse Trials With Mussoorie PR 

Run Number 

MSR 105-~b 
MSR 200bA 
HSR 301 
ttSR 400bAb 
MSR 60?b 
MSR 702 
MSR 80lc 
MSR 90lc 

Type of 
Material 

Mini granules 
Minigranules 
Minigranules 
Mini granules 
PAPR 
PAPR 
PAPR 
PAPR d 
Mussoorie PR 

Binder 
~ _x_ 

Urea 
KCl 
H2S04 
H3P04 

6 
3.7 
8.1 
7.7 

Acidulalion a 
~ ~ 

H2S04 40 
H3P04 50 
H3P04 50 
H2S04 50 

a. Indicates percentage of acid required to produce SSP. 
b. Prepared from as-received rock. 
c. Prepared from attrition-scru0bed rock. 
d. A~-received phosphate rock. 
e. Neutral ammonium citrate ~oluble P20s (AOAC procedure). 

Total 
~ 

16.8 
16.5 
15.9 
24.0 
13.9 
32.6 
30.3 
17.6 
18.6 

w.s. c.s. 
~~ P20se N K20 

(%) 
2.6 

3. 1 
0.3 0.5 
0.9 4.0 
4.5 0.2 

15.5 4. 1 
13. 1 4.3 
8.5 1. 9 



Table 2. Some Chemical Properties of the Soils Used in the Agronomic Studies 

Bray P-1 

Soil Texture _.P.!L O.M. Extractable P 
(%) (ppm) 

Allepey (India) CL 5.20 3.88 3.56 

Coorg (India) SL 4.81 2.51 5.24 

Ranchi (India) SL 5.02 0.41 1.60 

Srinikctan (India) SL 6.38 0.39 1.64 

Mountview (Tennessee) SL 4.77 1.5.! 3.52 

Windthorst (Texas) c 6.32 0.66 0.36 

a. CL--clay loam. 
SL--silt loam. 
c--clay. 

b. Effective cation exchange capacity = sum of cations. 

b 
~ -1!8_ _K_ ~ ~L ECEC 
- - - - - - - -(meq/100 g)- - - - - - - -

7.60 
1.05 
0.75 
1. 94 
0.97 

11. 50 

-.. 

5.41 
0.42 
0.28 
0.86 
o. 13 
5.04 

0.42 
0.10 
0.21 
0. 12 
0. 12 
0.75 

... -

2.49 0 16. J 2 
0.25 0.40 2.42 
0. 19 0.60 2.23 
2.82 0 5.84 
0.36 1.68 3.58 
1.88 0 19.27 

~ • 

P-Fixing 
CaEaci t~ 

(%) 

52.2 
14.4 
10.9 
2.3 

23.5 
26.8 

• 



Table 3. Dry-Matter Production of Maize From Mussoorie PR Products During Two Cropping Periods (g/pot) 

- - - - - Hountview Soil (pH 4.77) 

Rate of AEElication (EEm P) 
CroE 1 

Source DescriEtion 0 100 200 400 Mean 0 100 

Check No P applied 1. 72 1. 72b 1. 19 
MPR Finely ground 2.21 2.54 2.53 2.43b 1. 23 
MSR 105-M Urea binder 2.06 2. 18 2.03 2.09b 1. 74 
MSR 200-A KCl binder 1. 91 2.11 2.35 2. 12b 1. 36 
MSR 301 H2S04 binder 2.32 2.45 2.57 2.45b 1.66 
t1SR 400-A H3P04 binder 2.89 5.02 9.82 5.91a 2.07 

Windthorst Soil (pH 6.32) 

Rate of AEElication (EEm P) 
CroE 1 

Source Description 0 -- 50 100 

Check No P applied 2. 10 
TSP Soluble std. 10.44 12.11 
t1SR 605 40% H2S04 AR 5.88 8.30 
t1SR 702 50% H3P04 AR 7.97 11.65 
MSR 801 50% H3P04 AT 9.46 10.26 
t1SR 901 50% H2S04 AT 7.20 10.35 

AR--As-received rock. 
AT--Attrition-scrubbed (concentrate) rock. 

I 
' 

200 400 Mean 0 50 100 --
2. lOd 1.50 

13.42 12.5e 12.14a 4.69 10.08 
11. 11 11. 90 9.30c 3.94 7.42 
12.39 14.41 ll.61ab 7.37 12.52 
12.09 13.00 11.20abc 4.26 7.83 
11.52 12.23 10.33bc 5.39 9.07 

Cro}lL 
200 400 

1. 24 1. 60 
1. 55 1. 57 
1. 56 1.62 
1.59 2.09 
2.98 9.52 

CroE 2 
200 -400 

20.25 23.83 
10. 60 18.82 
15.67 21.78 
12.99 22.70 
12.65 21. 14 

Note: Means followed by the same letter are not significantly different (P = 0.05) as determined by 
Duncan's multiple range test. 

Mean 

1. 19b 
l.36b 
1.62b 
1. 5 lb 
1. 78b 
4.86a 

Mean 

l.50d 
14. 71a 
10.20c 
14.34ab 
ll.95bc 
12.06abc 



Table 4. Response Equations for Dry-Matter Yield (DMY) With ~tinigranulated 
Mussoorie PR Products 

Ccefficientsa 
Linear Quadratic 

Mountview Soil (1st C:rop) 

Ungranulated DMY 1.64 + .0068 p .000012 p2 = -
Urea binder DMY = , '-'· + .0048 p .000009 p2 

.&. • -~ 

KCl binder DMY = I.64 + .0030 p - .000003 p2 

H2S04 binder DMY = 1.64 + .0067 p - .000011 p2 

H3P04 binder DHY = 1.64 + .0120 p + .000021 p2 

Mountview Soil (2nd~. 

Ungranulated DMY = 1.14 + .00046 p + .000002 P2 

Urea binder DMY = 1.14 + .00476 p - .000009 P2 

KCl binder DMY = 1.14 + .00288 p - .000004 P2 

H2S04 binder DMY = 1.14 + .00364 p - .000003 P2 

H3P04 binder DMY = 1.14 + .00046 p + .000051 P2 

Mountview Soil (Accumulative Production) 

Ungranulated DMY = 2.77 + .00719 T) - .000010 p2 
~ 

Urea binder DMY = 2. 71 + .00952 p - .000019 p2 

KCl binder DMY = 2.77 + .00585 p - .000007 p2 

H2S04 binder DMY = 2.77 + .01039 p - .000014 p2 

H3P04 binder DMY = 2. 71 + .01250 p + . 000072 p2 

a 
a 
a 
a 
a 

a 
a 
a 
a 
a 

a 
a 
a 
a 
a 

0 
b 
b 
b 
a 

b 
b 
b 
b 
a 

b 
b 
b 
b 
a 

a. Linear or quadratic coefficients in each group with the same letter are not 
significantly different (P = 0.05) as determined by paired comvarisons. 

•• 

·~ 

I 



Table 5. Response Equations for Dry-Matter Yield (D~IY) With Partially Acidulated 
Mussoorie PR Products 

Windthorst Soil (1st Crop) 

TSP DHY = 4.63 + .0831 p - .000160 P2 

50% H3P04 cone. DMY = 4.63 + .0643 p - .000110 P2 

50% H3P04 as-rec. DHl = 4.63 + .0659 p - .000105 P2 

50% H2S04 cone. DHY = 4.63 + .0571 p - .000096 P2 

40% H?.S04 as-rec. DHY = 4.63 ' .0429 p + .000061 P2 

Windthorst Soil (2nd Crop) 

TSP DHY = I.4i + .11321 p - .000141 p2 

50% H3P04 cone. mIY = 1.41 + .06368 p - .000026 p2 

50% H:,P04 as-rec. DMY = 1. :.1 + .10885 p - .000147 p2 

50% H2S04 cone. mIY = I.41 + .07226 p - .000056 p2 

40% H2S04 as-rec. DMY = 1.41 + .05440 p - .000028 p2 

Windthorst Soil (Accumulative Production) 

TSP DMY = 6.04 + .19635 p - .000301 p2 

50% H3P04 cone. DMY = 6.04 + .12802 p - .000136 p2 

50% H3P04 as-rec. DMY = 6.04 + .17471 p - .000251 p2 

50% H2S04 cone. mIY = 6.04 + .12931 p - .000152 p2 

40% H2S04 as-rec. DMY = 6.04 + .09729 p - .000089 p2 

Coeff icients
1 

Linear Quadratic 

a 
a 
a 
b 
b 

a 
b 
a 
b 
b 

a 
b 
a 
b 
b 

a 
a 
a 
b 
b 

a 
b 
a 
b 
b 

a 
b 
a 
b 
b 

a. Linear or quadratic parameters in each group with the same letter are not 
significantly differefit (P ~ 0.05) as determined by paired comparisons. 



Table 6. P Uptake by Maize From Mussoorie PR Products During Two Cropping Perio~s (mg/pot) 

Mountview Soil (pH 4.77) 

Rate of AE;elicat~on C:eem P) 
CroE 1 Cro2 2 

Source Descri;etion 0 100 200 400 rte an 0 100 200 400 Mean 

Check No P applied 1.52 1. 52b 1. 03 1. 03 
MPR Finely ground 1. 84 2.09 2.07 2.00b 1. 07 1. 04 1. 26 1. 13 
MSR 105-M Urea binder 1. 77 1. 90 1. 71 l.79b 1. ;\9 1. 38 1. 35 1. 38 
MSR 200-A KCl binder 1.60 1. 81 1. 77 1. 73b 1.02 1. 20 1. 23 1. 15 
MSR 301 H2S04 binder 1. 90 2. 14 2.36 2. 13b 1. 32 1. 96 1. 71 1. 41 
HSR 400-A H3P04 binder 2.60 6.23 13.35 7.39a 1.69 2.84 12.84 5.79 

Windthorst Soil (pH 6.32) 

Rate of AEElication (EEm P) 
- -- - --

Cro2 1 CroE 2 
Source Descrietion 0 50 100 200 400 Mean 0 50 100 200 400 Me au 

Check No P applied 1.66 l.66d 1. 12 1. 12d 
TSP Soluble std. 18.84 28.99 43.95 56.64 37. lla 4.97 15.11 39.48 76.38 33.98a 
MSR 605 40% H2S04 AR 7.07 11.29 21.28 35.30 18.74c 5.50 13.27 18.13 35.79 18.17c 
MSR 702 50% H3P04 AR 10.76 20.86 30.84 48.41 27.72b 12.25 23.86 27.92 56.54 30. 14ab 
MSR 801 50% H3P04 AT 13.78 20.56 30.18 51. 05 28.89b 8. 17 13.68 20.44 57.03 24.83bc 
MSR 901 50% H2S04 AT 9.19 16.78 27.85 38.35 23.04c 8. 14 18.22 24.51 46.06 24.23bc 

AR--As-received rock. 
AT--Attrition-scrubbea (concentrate) rock. 

~ 

-4 ~ 
""" 

.. 
'•' • • • • • • • 



.. ----------~-------------------------------.---------------~~~~~~~~~~~~-~--

Table 7. Response EquatiJns for P Uptake (PUP) by Maize With Minigranulated 
Mussoorie PR Products 

Coefficients a 
Linear Quadratic 

Mountview Soil (1st Crop) 

Ungranulated PUP = 0.63 + .0124 p - .OOOC22 p2 a a 
Urea binder PU:I? = 0.63 + .0116 p - .000022 p2 a a 
KCl binder PUP = 0.63 + .0101 p .000018 p2 a a 
H2S04 binder PUP = 0.63 + .0125 p .000021 p2 a a 
H3P04 binder PUP = 0.63 + .0210 p + .000027 p2 a a 

Hountview Soil (2nd Crop) 

Ungranulated PUP = 0.85 + .00159 p - .000001 P2 a b 
Urea binder PUP = 0.85 + .00513 p .000010 P2 a h 

KCl binder PUP = 0.85 + .00240 p .000004 P2 a b 
H2S04 binder PUP = 0.85 + .00296 p - .000002 P2 a b 
H3P04 binder PUP = 0.85 - .00582 p + .000089 P2 a a 

Hountview Soil (Accumulative P Uptak~) 

Ungranulated PUP = 1.48 + .0140 p .000024 P2 a b 
Urea binder PUP = 1.48 + .0167 p - .000032 P2 a b 
KCl binder PUP = 1.48 + .0125 p - .00002~ P2 a b 
H2S04 binder PUP = 1.48 + .0155 p - .000023 P2 a b 
H3P01 binder PUP = 1.48 + .0152 p + .000116 P2 a a 

a. Linear or quadratic coefficients in each group with the same letter are not 
significantly different (P = 0.05) as determined by paired comparLsons. 



Table 8. Response Equations for P Uptake (PUP) by Maize With Partially 
Acidulated Mussoorie PR Products 

Windthorst Soil {1st CroE) 

TSP PUP = 3.09 + .2907 p - .000394 P2 

50% H3P04 cone. PUP = 3.09 + .1733 p - .000136 P2 

50% H3P04 as-rec. PUP = 3.09 + .1750 p - .000155 P2 

50% H2S04 cone. PUP = 3.09 + .1535 p - .000i63 P2 

40% H2S04 as-rec. PUP = 3.09 + .0926 p - .000029 P2 

Windthorst Soil (2nd CroE) 

TSP PUP = 2.25 + .14423 p + .000108 p2 

50% H3P04 cone. PUP = 2.25 + .07327 p + .000156 p2 

50% H3P04 as-rec. PUP = 2.25 + .17106 p - .000094 P2 

50% H2S04 cone. PUP = 2.25 + .13450 p - .000064 P2 

40% H2S04 as-rec. PUP = 2.25 + .08790 p - .000011 P2 

Windthorst Soil (Accumulative P UEtake) 

TSP PUP = 5.34 + .43489 p - .000286 p2 

50% H3P04 cone. PUP = 5.34 + .24662 p - .000020 p2 

50% H3P04 as-rec. PUP = 5.34 + .34609 p .000249 p2 

50% H2S04 cone. PUP = 5.34 + .28803 p - .000227 p2 

40% H2S04 as-rec. PUP = 5.34 + .18048 p - .000040 p2 

Coefficients a 
Linear Quadratic 

a 
b 
b 
b 
c 

a 
b 
a 
a 
a 

a 
cd 
b 
be 
d 

a 
be 
be 
b 
c 

a 
a 
b 
b 
ab 

a 
c 
ab 
ab 
be 

a. Linear or quadratic coefficients in each group with the same letter are not 
significantly different (P = 0.05) as determined by paired comparisons. 

:i 



Table 9. Bray P-1 Extractable P From Soils Following Each of Two Cropping Periods (ppm) 

Mountview Soil (pH 4.77) 

Rate of Application (ppm P) 
CroE 1 Cr~. 

Source DescriEtion 0 100 200 400 0 100 200 400 ---- --
Check No P applied 4.0 4.2 
~IPR Finely ground 22.4b 30.5b 34.5b 21.6b 30.5b 40.6b 
MS 105-AA Urea binder 18. lb 29.6b 34.Bb 16.8b 24.7b 38.Bb 
MS 200-A KCl binder 24.9b 34.0b 40.8b 21. 9b 29.0b 38.9b 
MS 301 H2S04 binder 22.9b 30.5b 45. bb 18.6b 23.4b 37.4b 
MS 400-A H3P04 binder 35.8a 73.4a 125.3a 32.Ba 62.Ba 108.Sa 

-----

Windthorst Soil (pH 6.32) 

Rate of Application (ppm P) 
Crop 1 Crop 2 

Source Description 0 50 100 200 400 0 50 100 200 400 ---
Check No P applied 0.4 0.4 
TSP Soluble std. 9.4a 36.4a 65.9a 139.6a ll.9a 24. la 60.Ba 167.7a 
MSR 605 40% H2S04 AR 6.2b 15. le 39.Sc 75.Bb 4.Bb 11.0bc 24. le 71.<Jc 
11SR 702 50% H3P04 AR 8.9a 23.9b 56.Sab 138. 1 a 7.Sab 15.Sb 44.Sb 108.7b 
11SR 801 50% H3P04 AT 8.2ab 20.Sbc 50.2bc 104. Oab 6.6b 16.4b 40.3b 91.3bc 

_ ~lSR 901 50% H2S04 AT 6.4b 18.0bc 43.2bc 74.3b 7.lab 9.0c 26.Sc 62.4c 

Means with the same letter are not statistically different according to Duncan's multiple range test 
(P = 0.05). Comparisons are bet\Jeen sources at each different rate of application. 

1 



Table 10. Bray-1 Extractable P in Allepey Soil Treated With 200 ppm P 
During Incubation (ppm) 

Sample 
Number 

MSR 105-AA 
MSR 200-A 
HSR 301 
HSR 400-A 
TSP 
Check (no P) 

Treatment 

Minigranulated PR (6% urea) 
Hinigranulated PR (3.5% KCl) 
Minigranulated PR (8.1% H2S04) 
Hinigranulated PR (7.7% H3P04) 
Powder 

Incubation Time, Weeks 
0 1 3 10 

0.03 
0.03 
0.05 
0.14 
0.54 
0.03 

0 
0 
0.02 
0.04 
0.12 
0.01 

0.02 
0 
0 
0.08 
0.15 
0 

0.03 
0.05 
0.05 
0.06 
0.15 
0.05 

• 

• 

• 

• 

• 

• 

• 

• 

• 

,. 



Table 11. Bray-I Extractable f in Coorg Soil Treated With 200 ppm P During 
Incubation (ppm) 

Sample Incubation Time, Weeks 

Number Treatment 0 1 3 10 

MSR 105-AA Minigranulated PR (6% urea) 0.08 0 0.09 0.14 

MSR 200-A Minigranulated PR (3.5% KCl) 0.08 0.02 0.05 0.07 

MSR 301 MinigranulatPd PR (8. 1% H2S04) 0.38 0.17 0.30 0.21 

MSR 400-A Minigranulated PR (7. 7% H3P04) 5.58 1.53 2.25 2.14 
'l'CD D-•• ..1-- 48.5 11. 3 21.3 19.3 
.&.IJ.i.. .1.. vnv..._._ 

Check (no P) 0.05 0.04 0.01 0.04 



Table 12. Bray-1 Extractable P in Ranchi Soil Treated With 200 ppm P During 
Incubatio~ (ppm) 

Sample 
Incubation Time, Weeks 

Number Treatment 0 1 3 10 

MSR 105-AA Minigranulated PR (6% urea) 0.48 0.03 0.02 0.05 

MSR 200-A Minigranulated PR (3.5% KCl) 0.40 0.06 0.05 0.01 

MSR 301 Minigranulated PR (8.1% H2S04) 2.79 0.35 0.09 0.12 

MSR 400-A Minigranulated PR (7. 7% H3P04) 16.8 I.65 0.35 0.08 

TSP Powder 66.5 20.8 2.14 2.45 

Check (no P) 0.08 0.06 0.09 0 

i 



Table 13. Bray-I Extractable P in Mountview Soil Treated With 200 ppm P 
During Incubation (ppm) 

Sample Incubation Time 1 Weeks 

Number Treatment 0 1 3 10 

MSR 105-AA Minigranulated PR (6% urea) 0.06 0.05 0.07 0.18 

MSR 200-A Minigranulated PR (3.5% KCl) 0.06 0.04 0.06 0 .16 

MSR 301 Minigranulated PR (S.1% H2S04) 0.25 0.28 0.29 0.42 

MSR 400-A Minigranulated PR (7. 7% H3P04) 1.38 2.06 2.04 2.21 

TSP Powder 10.8 11.0 9.48 9.06 

Check (n0 P) 0.07 0.05 0.06 0.05 



Table 14. Bray-I Extractable P in Windthorst Soil Treated With 200 EEm P 

During Incubation (ppm) 
l. 

Sample 
Incubation Time, Weeks 

Number Treatment 0 1 3 10 

MSR 605 PA.PR (40% H2S04), powder 1.16 1.13 1.09 1.13 

MSR 702 PAPR (50% H3P04), powder 2.41 2.36 2.67 2.50 

MSR 801 PAPR (50% H3P04), powder 1.69 1.84 1.85 2.03 'l 

MSR 901 PAPR (50% H2S04), powder 1.38 1.28 1.39 1.24 

TSP Powder 2.81 2.83 3.18 3.85 

Check (no P) 0.02 0 0 0 



Table IS. Bray-I Extractable P in Ranchi Soil Trea~ed With 200 ppm P 
During Incubation (ppm) 

Sample Incubation Time, Weeks 

Number Treatment 0 I 3 

MSR 605 PAPR (40% H2S04), powder 38.6 22.4 4.75 

MSR 702 PAPR (50% H3P04), powder 62.4 20.4 4.07 

HSR 80I PAPR (50% H3P04), powder 52.I 27.S 6.70 

MSR 90I PAPR (50% H2S04), powder 41.0 23.0 14.0 

TSP Powder 66.5 20.8 2. I4 

Check (no P) 0.08 0.06 0.09 

IO 

4.11 
0.70 
0.49 
3.65 
2.45 
0 



• 

Table 16. Bray-1 Extractabl~ P in Srinikctan Soil Treated With 200 ~~m P 

During Incubation (ppm) • 
Sample 

Incubation Time, Weeks 

NtL"llber Treatment 0 1 3 10 

HSR 605 PAPR (40% H2S04), powder 40.7 25.2 18.7 6.73 

HSR 702 PAPR (50% H3P04) , powder 65.0 46.4 26.7 3.23 

HSR 801 PAPR (50% H3P04), powder 53.3 37.2 11.6 2. 72 • 
HSR 901 PAPR (50% H2S04), powder 48.3 29.3 22.0 4.35 

TSP Powder 97.3 53.6 32.9 19.5 

Check (no P) 0.08 0.02 0.02 0.01 

• 

• 

,. 

·• 



Table 1/. Predicted Relative Agronomic Effectiveness (RAE) of Various Mussoorie 
Products on Indian Soils 

Sample 
Predicted RAE, % 

Number Treatment AlleEe}': Coorg Ranchi Srinikctan 

MSR 105-AA Minigranulated PR (6% urea) 5 5 5 

MSR 200-A Minigranulated PR (3.5% KCl) 5 5 5 

MSR 301 Minigranulated PR (8.1% H2S04) 5 6 5 

MSR 400-A Minigranulated PR (7. 7% H3P04) 87 35 47 

MSR 605 PAPR-40% H2S04 ~100 90 

MSR 702 PAPR-50% H3P04 
~100 96 

MSR 801 PAPR-50% H3P04 ~100 75 

MSR 901 PAPR-50% H2S04 ~100 93 
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INVESTIGATIONS TO USE LOW-GRADE ROCK PHOSPll~TES 

FRmt MUSSOORIE ROCK PHOSPHATE DEPOSITS--INDIA 

,.. ~. -· 
I Summary 
~ 

1. The Mussoorie phosphate rock is composed of carbonate-fluorapatite and 

calcite, with lesser araounts of quartz, dolomite, and pyrite. The 

predominant petrographic texture appears to be an equigrarular intergrowth 

of the phosphate, carbonates, and pyrite with some large~ carbonate veins. 

2. This ore would be classified as low-to-medium grade, containing about 

15%-18% P
2
o5 . Calcite is the principal diluent with a significantly lesser 

amount of dolomite. The quality of the ore is further diminished by the 

presence of pyrite (5%) and dolomite (5%). 

3. The work index (Bond) is 11.7, indicating that this rock would be no harder 

to grind than the "average" phosphate rock. 

4. Acid-medium attrition scrubbing of the run-of-mine (ROM) Mussoorie phosphate 

to reduce its carbonates content is feasible; however, the rock feed needs 

to be finely ground pri0r to attrition scrubbing, preferably to a size in 

which the carbonates are essentially liberated from phosphate. Best results 

were obtained when the ore was ground to 80% by weight, smaller than 0.075 nun 

(200-mesh, Tyler). When sulfuric acid was used, the feed had to he ground 

to the liberation size with the least amount of fines possible. Gypsum slimes 

that formed during the reaction were discarded. 

5. The amount of acid required was at least 100% of the stoichiometric amount 

needed for the decomposition of carbonates in the ore. The acid requirement 

was based on the Cao contained in calcite assuming that all of the co
2 

in 

the ore was present as calcium carbonate. Lower acid dosages gave poor 

results. 

6. The acids tested were found to affect the P2o
5 

grade of the scrubbed product 

in the following order: 

5% HCl > 5% HN0
3 

> 2% HN03 > 5% HN0
3 

+ 5% tt2so4 > 2% HN0
3 

+ 

5% tt2so4 > 5% H
2
so4 



2 

7. Because of the phosphate loss and the potential corrosion problems, hydro

chloric acid is not recommended for attrition scrubbing of Mus&oorie phos-

phate rock. 
8. The suitable residence time for attrition scrubbing was found to be about 

15 minutes. After that time the pH of the pulp ceased to change, which 

indicated that the reaction between the acid and the carbonates was essen-

tially completed. 
9. The pH value of the pulp during the scrubbing process varied with the type and 

concect~ation of acid used. Generally, the pH level was between 2.0 and 4.0. 

IO. The intensity of scrubbing proved to have only a minor effect on the P2o5 

grade and the efficiency of the process. 

11. The percentage of solids in the slurry during attrition scrubbing varied 

with the type and concentration of acid used. In 2% HN03 solution, the 

pulp density was less than 5%; t~erefore, attrition scrubbing in 5% HN03 is 

recommended. 
12. Th~ nitric acid consumption for attrition scrubbing of ROM Mussoorir" rock 

was 576 kg/mt product on a 100% HN03 acid basis. 

13. The physical and handling properties (especially dustiness) of the ROM, 

as-received, ground Mussoorie phosphate rock can be improved through mini

granulation using such binders as urea solution, potassium chloride solu

tion, sulfuric acid solution, phosphoric acid solution, and urea plus 

nitric acid solution. 
14. The pinmixer granulator used for minigranulation worked satisfactorily, but 

the abrasive nature of the Mussoorie phosphate r0ck caused pin wear in the 

pirunixer (with all the binders) to be higher with this rock than with 

commercial rocks, such as Florida. The use of urea and urea plus 2% nitric 

acid solutions resulted in the most severe pin wear, and the phosphoric 

acid solution caused the least amount of pin wear. 

15. The pinmixer operation had less plugging with the potassium chloride. 

sulfuric acid, and phosphoric acid solutions than with the urea and urea 

plus nitric acid solutions. 

16. The small size of the minigranules (minus 0.300 plus 0.106 nun [minus 48-

plus 150-mesh, Tyler)) led to blinding, wh;ch made screening difficult. 

17. The single-step acidulation granulation (SSAG) process of the ROM Mussoorie 

phosphate rock for producing granular partially acidulated phosphate rock 

• 
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(PAPR) using sulfuric acid was extremely difficult to control because of 

product stickiness (ex-granulator and dryer discharge). Further, the 

desired level of product water solubility (~50%) could not be achieved. 

~ven when the amount of sulfuric acid used was reduced to obtain about 30% 

water solubility in the product, the operation was marginal and extremely 

sensitive to free acid content of the granulator discharge. A slight 

excess of free acid (due to fluctuation in the acid/rock ratio) caused 

buildups in the chutes, dryer, screens, and crusher. Further the dried 

product tended to be sticky and soft. 

18. The operation and the product strength can be improved by pretreatment of 

the ROM Mussoorie rock with phosphoric acid followed by acidulation with 

sulfuric acid. 

19. In contrast to the sulfuric acid acidulation, the phosphoric acid acidula-

tion of the as-received rock in the SSAG process was quite simple and the 

operation was trouble f£ee. The P
2
o

5 
water solubility in the product ·~as 

about 50%. 
20. In comparison with the as-received rock, the attrition-scrubbed material 

(prepared using 5% HN0
3 

solution) was well suited for the SSAG process. 

With either sulfuric or phosphoric acid, the products had the desired 

chemical property of about 50% water-soluble P2o5 . 

21. The Mussoorie phosphate cor.centrate (prepared by Sala International, Sweden) 

also was suitable for producing granular PAPR using the SSAG process. 

Further, this concentrate also was amenable to the production of a semi

granular, relatively nondusty PAPR product using the run-of-pile (ROP) 

proce3s. In both processes 83% sulfuric acid was found to be suitable. 

When 93% sulfuric acid was used, the operation was difficult to control, 

and the product was quite sticky at 50% product water solubility. 
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Introduction 

India has very meager resources of high-grade phosphate rock. There

fore, substantial quantities of the required grades of conunercial phosphate 

concentrates 3re being imported for use as feedstock for the manufacture of 

fertilizers. This importation of raw materials causes a severe drain on the 

country's foreign exchange resources. The country possesses about 115 milli0n 

mt of low-grade phosphorites of which about 45 million mt (with an average P2o5 
content of 18%) occurs in the Mussoorie area in the State of Uttar Pradesh. 

Major deposits in thi~ area contain carbonates, silica, and other 

gangue materials, which render it difficult to beneficiate. Pyrites, Phosphates 

& Chemicals Ltd. (PPCL), a Government of India undertaking, is presently mining, 

crushing, and grinding this low-grade material. This finely ground phosphate 

rock is sold to farmers for direct application on acidic soils of southern and 

eastern India, about 2,500 Km from the deposits. 

The finely powdered form of this direct-application material, which is 

dusty, causes difficulties in transportation and results in large losses and 

farmers' unfavorable response to the product. Hence, there is a need to improve 

the physical properties of the product without impairing its agronomic perfor

mance. The International Fertilizer Development Center (IFDC) has been experi

menting with a granulation process using a pinmixer granulator for producing 

minigranules (small granules) of phosphate rock. These small granules (minus 

0.300 plus 0.106 mm [minus 48- plus 150-mesh, Tyler]) are relatively nondusty 

and free flowing compared with the original finely grnund rock. Granule 

strength, in most cases, is sufficiently high for handling and application. By 

use of the proper binder to promote granulation, the particles disintegrate upon 

exposure to soil moisture and thus revert hack to the powder form. 

In addition to direct application, PPCL is interested in furthering 

the use of this locally available material through ~artial acidulation and 

granulation of run-of-mine (ROM) and beneficiated rocks using sulfuric and 

phosphoric acids. Partial acidulation implies the use of only a portion of the 

acid normally required to produce single or triple superphosphate (SSP) (TSP). 

Beneficiation of the rock may involve attrition scrubbing with a dilute acid 

(sulfuric/hydrochloric) to reduce the carbonate content and consequently increase 

the P2o5 grade. IFDC has developed a single-step acidalation granulation (SSAG) 

process in continuous bench-scale equipment for production of granular partially 

• 

• 

• 

• 
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acidulated phosphate rock (PAPR). The partially acidulated material contains a 

varying amount of water- and citrate-soluble P2o
5 

(neutral ammonium citrate [NAC]) 

and citrate-insoluble P2o
5

, depending on the quantity of acid used and the reaction 

conditions. Such mJterials are being evaluated on acid soils in Latin America and 

Africa. These materials have been found to be agronomically effective in comparison 

with superphosphates. 

On December 30, 1982 (telex), the United Nations Industrial Development 

Organization (UNIDO), on behalf of PPCL, contracted ~ith IFDC for both a labora

tory-scale evaluation of minigranulation and partial acidulation processes with 

phosphate rock from the Hussoorie District in northern Uttar Pradesh, India, and 

laboratory and agronomic tests in the greenhouse with experimental products made 

from this rock. These and other tests specified in the "Terms of Reference'' of 

the agreement form the basis of the contract between UNIDO (Contract No. 82/99; 

Project No. DP/IND/81/019) and IFDC (IFDC-00519/83). 

This project was initiated in January 1983 after receipt of a 10-kg 

sample of Mussoorie phosphate rock which was used for mineralogical and chemical 

characterization studies. Subsequently, in May 1983 IFDC received 12 mt of 

ground ROM Mussoorie rock and 8 mt of crushed ROM Mu·soorie rock for laboratory

scale minigranulation and partial acidulation studies. In January 1984 IFDC 

also received about 1 mt of Mussoorie concentrate prepared by Sala International, 

Sweden. This concentrate was used for demonstrztion of the SSAG process. 

During this project PPCL representatives and PPCL and UNIDO represen

tatives visited IFDC in June and November 1983, respectively, to review the 

progress and discuss the results. In December 1983 a PPCL engineer visited IFDC 

to discuss the production economics of minigranulation and partial acidulation 

processes, and in March 1984 three PPCL representatives visited IFDC to observe 

the minigranulation and partial acidulation process-demonstration trials and to 

discuss the results of the greenhouse and laboratory soil incubation studies. 

IFDC was responsible for coordinating all of the activities and reporting 

the results. This is the Final Report on the technology phase of the project and 

incorporates the conunents formulated by the PPCL staff, on tne Draft Final Report, 

during the review meeting held at IFDC on March 4, 1985. The Final Report con

taining the soil incubation and greenhouse studies is being reported separ~tely in 

accordance with the contract. 
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Scope of Wo~k and Objectives 

The objectives of the project were to (1) identify a substitute for 

imported high-grade phosphate rocks (being used at present as feedstock for 

domestic production of phosphate fertilizers in India) and (2) establish alter

natives other than direct application of locally available low-grade Mussoorie 

phosphate rock in order to further commercial exploitation of this indigenous 

resource. During bench-scale tests attempts were made to improve the physical 

and handling properties of the rock by minigranulation using such binders as 

sulfuric acid, phosphoric acid, potassium chloride solution, and urea solution, 

without impairing the agronomic effectiveness of finely ground rock presently being 

used as a direct-application fertilizer. Additionally, the project attempted to 

determine the technical feasibility of producing a solid phosphate fertilizer 

containing about 50% of its total P
2
o

5 
in a water-soluble form by partial acid

ulation/granulation of ROM and beneficiated (attrition-scrubbed) rocks using 

sulfuric and phosphoric acids in the SSAG process. Furthermore, the project 

included a study to agronomically evaluate the experimental products (minigran

ulated and partially acidulated) under greenhouse conditions. 

Specific activities of the project to meet the above objectives were 

as follows: 
l. Complete chemical and mineralogical characterization of Mussoorie phosphate 

rock. 
2. Beneficiation of the ROM Mussoorie phosphate rock through attrition scrub-

bing with a dilute acid (sulfuric/hydrochloric/nitric and some combinations). 

3. Evaluation of ROM, as-received, ground Mussoorie phosphate rock through con

tinuous laboratory-scale tests f-r production of minigranules using sulfuric 

acid, phosphoric acid, potassium chloride solution, and urea solution as 

binders to promote granulation. 

4. Evaluation of ROM and beneficiated Mussoorie phosphate rocks through con-

tinuous laboratory-scale tests using sulfuric and phosphoric acids in the 

SSAG process for production of granular PAPR. 

5. Evaluation of the physical properties of minigranulated and partially 

acidulated products. 

6. Soil incubation studies with the experimental products using up to five 

soil samples from India. 

7. Greenhouse evaluation at IFDC of the experimental products. 

• 

• 

• 

• 
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8. Demonstration of the attrition scrubbing, minigranulation, and SSAG 

processes to the PPCL engineers for transfer of technical know-how. 

9. Reporting of results in a clear, concise manner to PPCL and UNIDO. 

Raw Materials 

IFDC received a IO-kg sample of crushed (13 mm [1/2 inch]) Mussoorie 

phosphate rock on January 20, 1983. This sample was used for mineralogical and 

chemical characterization studies. Subsequently, on May 12, 1983, IFDC received 

12 mt of ground (80% minus 0.075 nun (200-mesh, Tyler]) and 8 mt of crushed 

(minus 13 mm (1/2 inch]) ROM ~ussoorie phosphate rock in seventy-seven (77) 55-gal 

metal drums. Each drum was inspected, labeled (ground or crushed), and numbered. 

Four drums each of ground and crushed samples were selected at random and sampled 

for chemical analyses. Although the variation in chemical composition among the 

drums of ground material was quite small, the variation was significant for the 

crushed sample. This variation was reduced by jaw ~rushing the as-received 

crushed rock to 100% minus 9.5 mm (3/8 inch). The chemical analyses of the 

ground and jaw-crushed samples are shown in Table 1. 

On January 11, 1984, lFDC received about 1 mt of crushed (100% minus 

25 mm) Hussoorie phosphate concentrate prepared by using a heavy-media separation 

technique by Sala International, Sweden. This concentrate was used for the SSAG 

process demonstration runs. The chemical analysis of this sample is shown in 

Table 2. 

Physical, Chemical, and Mineralogical Characterization 

of Mussoorie Phosphate Rock 

Preliminary studies by IFDC on the characterization of Mussoorie 

phospha~e rock showed carbonates of calcium and magnesium and sulfides of iron 

to be the main impurities, with carbonates being intimately mixed with the 

apatite (!)- As part of this project, a fres. representative sample was Lharac

terized, including detailed chemical, mineralogical, and textural studies as well 

as reactivity and particle-size analysis. This type of work identifies the 

kinds and amounts of impurities present and the relationship of the components 
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in the rock fabric. The 10-kg sample received at IFDC on January 20, 1983, was 

a~signed IFDC inventoLy No. R231.50 and used for this study. 

Mineralogical Characterization 
An approximate mineralogical composition derived from petrographic and 

x-ray diffraction (XRD) examinations (Appendix A) is tabulated as follows: 

ComEound ComEosition AEEroximate Weight % 

Apatite See text 35 
Calcite CaC03 45 
Dolomite (Ca,Hg)(C03)2 5 
Pyrite FeS2 5 
Quartz Si01 10 
Organic matter c 1 
Clay Variable 0 

~ 

The sample contains about 30%-40% apatite and should be classified as 

a low- to medium-grade ore. Calcite and dolomite are the principal diluents. 

Pyrite (FeS
2

) is also present in the ore. Silica in the ore occurs primarily in 

the form of quartz with minor amounts of clay (muscovite and/or illite). This 

estimated mineralogical composition corresponds well with the chemical analysis, 

indicating that no important mineral components have been omitted. 

Textural Description 

Rock fragments of the Hussoorie ore examined are of two textural 

types. One type is predominately coarse-grained sparry carbonate and phosphatic 

clasts; the other is a fine-grained intergrowth of apatite, quartz, and carbonate 

gangue. Macroscopically, the rock is a dark gray to very dark gray (2.SY4/0-

2.SY3/0 Munsell color chart) compact laminated siltstone. Coarse veinlets of 

calcite can be seen between and crosscutting the laminae (Figure 1). 

Under the polarized-light microscope, the coarse-grained areas of the 

rock consist of angular to subrounded clasts of isotropic apatite (Figure 2). 

These clasts appear dark gray and contain small inclusions of both quartz and 

calcite (Figure 3). No internal structure, such as oolitic laminations, is seen -

in the clasts, but some of the clasts have a thin (10-20 µm) outer layer of 

secondary apatite. The clasts shown in Figure 4 range in size from 50 µm to 

several millimeters. Inclusions in the clasts average about 30-50 µm. 

f 
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Pyrite occurs as cryslalline particles in t~e apatite and the carbonate 

(Figure 5). Average grain size of the pyrite ranges from 10 to 50 µm. In some 

areas of the rock, pyrite fills the cracks and surrounds the apatitic clasts. 

The XRD analysis of 10% HCl-insoluble material revealed that no other sulfide or 

silicate minerals are present in significant quantities. 

Phosphatized fossil fragments are also present in the ore but are less 

abundant than the clasts. Because of their shape and fibrous texture, these 

fragments appear to be particles of shells (Figure 6). 

The second ore texture observed in the Mussoorie ore is fine grained 

and characterized by an intergrowth of apatite, carbonate, and quartz with mjnor 

amounts of pyrite (Figure 7). The mineral ~vecies are nearly equal in grain 

size, ranging from 30 to 100 µm. The fine-grained texture can be seen grading 

into the coarser, sparry material. 
The XRD patterns for the Mussoorie ore confirm the presence 0f apatite, 

calcite, and quartz with minor amounts of dolomite. A sample of HCl-insoluble 

material consisted of pyrite and quartz. One clay mineral--illite--was also 

identified, and this accounted for the trace amounts of K and Al in the ore. 

Apatite Composition 
Carbonate-fluorapatite (francolite) was the only phosphate mineral 

identified. XRD methods were used to determine the unit-cell parameters, which 

were measured as follows: 

a = 9.352 ± 0.001 R 
c = 6.888 ± 0.001 R 

The mean refractive index of the apatite was 1.630 ± 0.002. 

The unit-cell dimensions correspond to a francolite with the following 

empirical fcrmula: 

The theoretical P
2
o

5 
content for this francolite composition is 38.81%. 

Chemical Composition 
The sample was analyzeu for its principal constituents using x-ray 

fluorescence and wet-chemical methods (Table 3). The ratio of Ca0/P2o5 is very 

r 
I 
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high because the ore contains more than 30% calcite. The ratio of R2o3/P2o5 or 

(HgO + Al
2
o

3 
+ Fe

2
o

3
)/P

2
0

5 
is 0.38. This is significantly higher than the 

0.12 ratio that is considered acceptable for commercial ores. The HgO content 

of the ground ore is 1.4%, which is slightly higher than the 1% desirable level 

for production of wet-process phosphoric acid. The chloride content is within 

the acceptable limits for chemical processing. 

Evaluation of Rock Reactivity 
Neutral ammonium citrate was used to determine the P2o5 solubility of 

the Hussoorie rock sample. The plot of this value and that predicted from XRD 

analysis is shown in the reactivity scale (Figure 8). The NAC solubility values 

are lower than the 2.0%-2.5% NAC-soluble P2o5 reported for other samples from the 

Hussoorie deposit. This variation seems to indicate that the reactivity of the 

ore may vary from one part of the deposit to another. These values indicate rather 

low reactivity compared with that of other sedimentary apatites. 

Suggestions for Benef iciation 
In order for the Hussourie rock to be of commercial value, the calcite 

and dolomite contents must be lowered significantly. Beneficiation problems 

that would be encountered in the processing of the Hussoorie rock are primarily 

related to the intimate intergrowth of apatite, carbonate, and pyrite. Fine 

grinding of the ore will be necessary to liberate the gangue minerals. 

A liberation study was made on the ore to determine the amount of 

grinding necessary to produce an acceptable percentag~ of liberated apatite 

particles. Liberation of an ore is required for the successful application of 

any of the various beneficiation precesses. 

To determine the liberation size of Hussoorie rock, samples of four 

screen fractions were point-counted (Table 4). A ground ore is considered 

sufficiently liberated when 80% or more of the ore particles are free. In the 

Mussoorie ore, this percentage is reached when grinding reduces the particle 

size to minus 100-mesh. The minus 100- plus 200-mesh fraction contained only 

18% locked grains. This is somewhat smaller than the particle size used for 

conventional flotation (minus 0.425 plus 0.106 mm [minus 35- plus 150-mesh, 

Tyler]). 

• 

• 

• 

• 
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The grindability of a rock (i.e., its work index) is a measure of the 

energy required to reduce a rock from an infinite particle size to a finite 

particle size. One method for measuring grindability uses the procedure and 

equipment described by Bond (~). The work index (Bond) for Mussoorie rock 

(expressed as kWh/short ton) was measured at 11.7, which is in the normal range 

of values for phosphate rocks. This indicates that grinding of the Mussoorie 

rock would not require excessive energy. 

Beneficiation (Attrition Scrubbing) 

of Mussoorie Phosphate Rock 

The mineralogical characterization of the ROM Mussoorie phosphate rock 

showed it to contain large amounts of carbonate minerals, mainly calcite and 

dolomite, which may adversely affect its performance during chemical prrycessing. 

A number of processes have been developed to decrease the amount of carbonates 

in a phosphate ore and thus yield concentrates that can be utilized in the prep

aration of phosphate fertilizers. Thes~ include attrition scrubbing in acid 

solutions, flotation, heavy-media separation, and calcination. Calcination is 

expensive because of the high energy consumption and the lack of locally available 

fuels in India. Thus, attrition scrubbing of the ore in an acid medium to remove 

carbonates seems to be an alternative that might be effective. 

This section describes attrition scrubbing tests using various acid 

solutioas in laboratory-scale tests to evaluate process parameters. These 

conditions provide a basis for pilot-plant preparation of a large sample of con

centrate for partial acidulation/granulation studies. 

Description of the Sample 

As stated earlier, the Mussoorie phosphate rock was supplied to IFDC 

in two samples: 12 mt finely ground (80% minus 0.075 nun [200-mesh, Tyler)) and 

8 mt crushed (minus 13 nun [1/2 inch]). The crushed sample was fhrther reduced 

in size at IFDC by passing through a jaw crusher. One drum each of the ground 

and jaw-crushed material was used for the laboratory-scale attrition scrubbing 

tests. Chemical analysis and size distribution of the as-received ground and 

the jaw-crushed ROM samples are shown in Tables 5 and 6, respectively. The 

I 
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chemical analysis indicates that the jaw-crushed ore contains _13.8% co2 and has 

a Ca0:P
2
o

5 
weight ratio of 2.42. The ground ore contains 15.4% co2 and has a 

CaO:P
2
o

5 
weight ratio of 2.52. The normal CaO:P2o5 weight ratio of carbonate 

fluorapatite minerals ranges from 1.32 to 1.60; thus, the chemical data incicate 

a high percentage of carbonate minerals, mainly calcite, that need to be removed 

before chemical processing. 
Analyses of the various size fractions of the jaw-crushed phosphate 

sample (Table 7) show that the carbonate minerals are essentially distributed 

over all the size ranges studied. As expected, the clay minerals are enriched 

in the fine-size fraction (less than 0.075 mm [200-mesh, Tyler]) that contains a 

relative!y high percentage of alumina, silica, and iron oxides. In order to 

prepare material to study the effect of particle size on attrition scrubbing, 

subsamples of the jaw-crushed ore were ground in a ball mill for various periods 

of time. The ball mill grinding reduced the particle size of the jaw-crushed 

ore to nearly 80% minus 0.075 mm [200-mesh, Tyler] in only 12 minutes (Table 8). 

A series of laboratory-scale attrition scrubbing tests in various acid 

media were made to determine the effects of a number of variables on the process 

as well as to identify the conditions ~o be used in preparation of a sample in 

the pilot plant. 
The variables investigated in attLition scrubbing tests included the 

following independent variables: 

1. Acid type. 

2. Acid concentration. 

3. pH value of the pulp. 

4. Particle size of rock. 

5. Scrubbing time. 

6. Scrubbing intensity. 

7. Percentage of solid in pulp. 

The dependent variables measured were P2o5 content in the scrubbed 

product and P2o5 recovery. 
In the scope of work of this contract, only dilute sulfuric and hydro-

chloric acids were required to be used for the attrition scrubbing tests. 

However, during the visit in June 1983, PPCL representatives requested that IFDC 

also include (1) dilute nitric acid and (2) a mixture of dilute nitric and 

sulfuric acids. Dilute nitric acid is expected to be produced at the plant site 

using the "arc process" developed by the Kettering Research Institute, Ohio, 

U.S.A. 

• 
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Equipment and Procedure 
Attrition scrubbing tests were conducted in a Denver laboratory-scale 

conditioner. The pH of the pulp was monitored through the use of a pH meter and 

combination electrode. In this process the ore is tested in acid solutions at 

various re idence times, pH values, solid:liquid ratios, and particle sizes. 

For best results, the particle-size range should be that in which the carbonate 

particles are liberated from phosphate particles. The principle of attrition 

scrubbing is that the dilute acid will readily dissolve the carbonate minerals 

with a minimum loss of phosphate. The acid-scrubbed material then is filtered, 

and the phosphate concentrate is recovered as the filter cake. For each test 

500 g of rock was used; acid quantity varied as required for the particular 

test. 
The acids tested included nitric, sulfuric, hydrochloric, and mixtures 

of nitric-sulfuric at a 1:1 ratio. The amount of acid used for an attrition 

scrubbing test was at least 100% of the stoichiometric amount needed for the 

decomposition of carbonates. The acid requirement was based on the CaO contained 

in calcite, with the assumption that all co2 in the sample was present as calcium 

carbonate according to the followi11g equations: 

2HN03 
~nitric acid) 

+ Caco3 
(calcium carbonate) 

co2 t 

(carbon dioxide) 

+ 

H
2
so4 

(sulfuric acid) 

+ Caco3 
(calcium carbonate) 

C0
2

t 

(carbon dioxide) 

+ 

Ca(N0
3

) 2 
(calcium nitrate) 

+ 

Caso4 
(calcium sulfate) 

+ 

2HC1 

(hydrochloric acid) 

+ CaC03 
(calcium carbonate) 

CaC1 2 
(calcium chloride) 

C0
2

t 

(carbon dioxide) 

+ 

(1) 

(2) 

+ 

(3) 
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The acid concentration for scrubbing was varied from 2% to 5%. With 

2% HN0
3

, the percentage of solids in the pulp was 4.8% by weight for the jaw

crushed ore and 4.0% for the as-received ground sample at 100% of the stoichio

metric amount required for carbonate decomposition. Such low pulp densities 

markedly reduced the process capacity; therefore, 5% HN03 may be more economical. 

The pH value of the pulp varied with acid type an~ concentration. 

Generally, the pH value was hetween 2.0 and 4.0 in the slurries at the end of 

the attrition scrubbing tests. 
The effect of particle size was studied by using various screen frac-

tions from minus 1.70 mm (IO-mesh, Tyler) to minus 0.075 mm (200-mesh, Tyler). 

The test material was prepared by grinding the jaw-crushed ore in a batch-type 

ball mill for periods of 3, 6, and 12 minutes. This ground ore (Table 8) was 

sized into fractions prior to the individual scrubbing tests. 

The residence times for attrition scrubbing in acid solutions were 

varied; they were 5, 15, 30, 45, and 60 minutes. In general, scrubbing times of 

15 to 30 minutes were considered sufficient because the slurry pH became essen

tially constant, indicating that the reaction of the acid with the carbonate had 

ceased. 
Scrubbing intensity was indicated by the impeller speed of the agitator 

and was varied between 100 and 700 rpm, corresponding to tip speeds of 37 and 

256 cm/second, respectively. Because agitation seemed to have almost no effect 

on the process, the minimum tip speed (37 cm/second) was used in all tests. 

The percentage of solids in the slurry varied with the type and con

centration of acid used. In general, the weight perc~ntage of solids varied 

from 4.8% in 2% HN03 to 17.9% in 5% HCl. 
These variables were studied in order to optimize the process parameters 

to obtain a phosphate concentrate with the highest P205 grade and P2o5 recovery. 

Results and Dis~ussion 
Attrition Scrubbing in Nitric Acid--The prepared ground phosphate 

samples (from the jaw-crushed material) and the as-received ground phosphate 

samples were attrition scrubbed for 30 minutes at 37 cm/second tip speed in 2% 

and 5% nitric acid solutions at 100% of stoichiometry. The scrubbed product 

(from the prepared ground sample) was wet screened, and the various size frac

tions were chemically analyzed (Table 9 and Figure 9). The size distribution 

and frequency curves of the main components of the prepared ground (from jaw-

( 
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crushed material) sample scrubbed in 2% HN0
3 

showed that the P2o5 grade in~reased 

and the co
2 

decreased with reduced particle size. This might have been expected 

in that the dilute acid reacts more efficiently with the fine c~~bonate particles 

than with the coarse particles, which may not be liberated from phosphate. 

Because the efficiency of attrition scrubbing increased with reduced particle 

size, the prepared ground (from jaw-crushed material) ore was further ground in 

a ball mill for 12 minutes to reduce the particle size to 80% by weight less 

than 0.075 mm (200-mesh, Tyler). Results given in Table 10 show that a phosphate 

concentrate assaying 19.5% P2o5 
and 3.86% co2 could be obtained at 97.8% phos

phate recovery from a feed containing 17.7% P
2
o

5 
and 13.8% co2. Becaus·~ of the 

low pulp densities (less than 5% by weight solids) when the ore was attrition 

scrubbed in 2% HN0
3 

solution, the acid concentration was increased to 5%. The 

solids percentages then were 11.23% and 10.20% for the prepared ground sample 

and the as-received ground sample, respectively. IL can be noticed from the 

chemical analysis of the filtered solutions (Tables 10 and 11) that the effect 

of 5% HN0
3 

on phosphate decomposition was quite minimal (less than 1% P2o5
). 

The concentrate prepared from the as-received ground phosphate contained 21.9% 

total P2o
5 

and 3.77% co
2 

with a phosphate recovery of 95.9%. These values for 

concentrate prepared from jaw-crushed material were 22.1%, 3.68%, and 96.1%. 

Attrition Scrubbing in Sulfuric Acid--The prepared ground (from jaw

crushed material) and the as-re~eived ground phosphate samples were attrition 

scrubbed in 5% H
2
so4 under the same equipment conditions described above. The 

results are summarized in Tables 10, 11, and 12 and illustrated in Figure 10. 

The finai pH of the pulp was 2.2-2.6, and the solids ?ercentages were 14.1% and 

12.7% for the prepared ground and the as-received ground samples, respectively. 

From the results obtained it is clear that, although the co2 content of the 

various sizes was decreased, the phosphate grade was markedly diminished because 

the acid reacted with calcite to form gypsum, which diluted the final concentrate. 

The minus 0.075-mm (200-mesh, Tyler) size fraction contained 0.32% P
2
o

5 
and 

12.6% S, indicating that it was enriched in gypsum. By discarding the 0.150-mm 

(100-mesh, Tyler) size fraction, a phosphate product assaying 16.58% P2o5
, 5.7% 

co2 , and 2.4% S could be obtained at a phosphate recovery of 94.90%. 

To study the effect of sulfuric acid on attrition scrubbing of the 

finely ground phosphate sample, the crushed ore was ground in a ball mill for 

12 minutes to 80% minus 0.075 mm (200-mesh, Tyler) to compare it with the as

received finely ground sample. Results shown in Tables 10 and 11 indicate that 
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the phosphate grade of the scrubbed products decreased to 13.1% and 12.7% P2o5 , 

whereas the ~ulfur content increased to 8.9% and 9.9% for both finely ground 

samples (labo~atory prepared and bulk), respectively. From these results it can 

be concluded that attrition scrubbing of the ore in ~ulfuric acid can be achieved 

if the ore is liberated to a!low the carbonate particles to react and if the 

fine gypsum precipitate is discarded to minimize sample dilution. 

Attrition Scrubbing in Nitric-Sulfuric Mixture--Because sulfuric acid 

adversely affects the P
2
o

5 
grade of th~ acid-scrubbed product by forming gypsum, 

mixtures of 2% and 5% HN0
3 

plus 5% H2so4 were tested at a 1:1 ratio (based on 

50% co
2 

removal by each acid). To increase the pulp solids percentage, the 

concentrated sulfuric acid (98%) was diluted by the prepared 2% and 5% HN03 . 

Figure 11 and Table 13 show the chemical analysis and distribution of the main 

components of the prepared ground (jaw-crushed material) sample attrition scrubbed 

in 2% HN0
3 

+ 5% tt
2
so

4
. From the illustr2ted data it is evident that the acid 

mixture gave better results than those c ~aine~ when only 5% H2so4 was used. 

The P
2
o

5 
grade and recovery of the vari~·1s ~1zes are higher than those obtained 

with 5% H
2
so

4 
(compare Figures 10 and 11). By discarding the minus 0.075-mm 

(200-mesh, Tyler) size (mainly gypsum), a phosphate concentrate assaying 21.04% 

P
2
o

5
, 4.85% co

2
, and 2.05% S could be obtained at a phosphate recovery of 96.80%. 

The results of attrition scrubbing tests of prepared and as-received finely 

ground phosphate samples (80% minus 0.075 mm (200-mesh, Tyler]) in mixtures of 

2% HN0
3 

+ 5% H
2
so

4 
and 5% HN0

3 
+ 5% u

2
so4 are shown in Tables 10 and 11. From 

the data it is clear that the P
2
o

5 
grade was markedly diminished by the formation 

of gypsum, which could not be separated from the finely ground phosphate particles. 

Attrition Scrubbing in Hydrochloric Acid--As required by the contract, 

HCl was used in an attrition scrubbing test of the finely ground phosphate rock 

to determine its efficiency on carbonate decomposition. A 5% HCl solution was 

used at the same mec'1anical conditions described before. The pH of the pulp was 

2.5, and the solids percentage was 17.9%. The results are shown in Tables 10 

and 11 for the laboratory-prepared sample and the finely ground bulk ore sample, 

respectively. ~rom the results it is evident that hydrochloric acid is superior 

to the other acids used. The P
2
o

5 
grade of the scrubbed prod~ct increased to 

23% P
2
o

5
, and its CaO content decreased to 31%. The HgO content did not markedly 

decrease, which indicated that the diluted acid reacted more efficiently with 

calci~e than with dolomite at the test conditions studied. However, the phos

phate l~ss in the filtered solution was more than that encountered when other 
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acids were tested at the same concentration. The phosphate recovery of the 

acid-scrubbed product was 84.24% compared with 96.7% and 94.9% in 5% HN03 and 

5% H2so4 , respectively. 

Because of this relatively high phosphate loss and the expected cor

rosion problems with HCl, its use in attrition scrubbing of Mussoorie phosphate 

rock does not seem to be attractiv~. 

On the basis of the acid efficiency on the P2o5 grade of the scrubbed 

product, the pulp density, and the P2o5 
recovery in the laboratory-scale tests, 

5% HN0
3 

was selected for batch pilot-plant runs. The purpose of these runs was to 

prepare a sufficient amount of this phosphate concentrate for partial acidulation/ 

granulation studies. The chemical analysis of the attrition-scrubbed product is 

given in Table 14 . 

Minigranulation Studies of Mussoorie 

Phosphate Rock 

The minigranulation process being studied by IFDC is based on an 

intensive mixer of the pin-mill type--a commercially available machin~ c1, ~). 

This intensive mixer (pinmixer) is used to distribute the binder solution onto 

the surface of the phosphate rock. Pinmixers have been used for the purpose of 

dust granulation and compaction in tne carbon black industry for many decades 

(~, £). Its use in the fertilizer industry has been suggested (7) for granula

tion of NP and NPK products. 

The pinmixer is based on a design that uses a high-speed horizontal 

sh3ft containing a helicoidal arrangement of radial rods or pins~ This shaft 

rotates inside a stati0nary shell having a length-to-diameter ratio of about 

3:1. The machine has the capability of producing a wide range of granule sizes 

from powdered phosphate rock. During the initial development of the minigranu

lation precess, the pinmixer required high maintenance, mainly because of pin 

breakage and bearing problems ttat were direct results of the cake formation. 

The design was improved to minimize maintenance, by making modifications such as 

bearing location and rubber lining of the shell. This rubber lining has essen

tially eliminated the p.3 breakage. 

In the scope ~t work of this contract, the binders evaluated for the 

minigranulation studies were sulfuric acid, phosphoric acid, potassium chloride 
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solution, and urea solution. However, during the visit in June 1983, PPCL repre

sentatives requested that IFDC also evaluate urea plus 2% nitric acid solution 

as a binder. This concentration of nitric acid is expected to be available at the 

plant sitf_. 

Experimental 

The IFDC laboratory-scale continuous granulation unit was configured 

to simulate the minigranulation process using a pinmixer that was designed and 

fabricated by IFDC. The laboratory unit has a capacity of about 20 kg/hour of 

production (about 60 kg/hour throughput). The equipment was operated with each 

binder for about 2 days (8 h0urs/day) to determine the operating conditions 

and the binder solution concentration that allowed a desirable granulation 

characteristic (control of fines end/or oversize in the dryer discharge). The 

system was then ope.ated continuously for about 10 hours, 4 hours of which was 

usually required to reach steady-state operations. The criteria for steady-state 

operations were similar values of recycle ratio (defined later), product and 

recycle size distribution, and temperatures of granulator and dryer discharge of 

'wo samples taken at half-hour intervals. The major operating data and samples 

for physical/chemical analyses and greenhouse evaluations were collected after 

steady-state operations were reached. 

The raw materials and the equipment setup used for the minigranulation 

studies are as follows. 

Raw Haterials--Four drums of finely ground Mussoorie phosphate rock 

(~l mt) were selected at random from the 12-mt sample and used for the minigran

ulation studies. The chemical analysis (Table 15) of this sample shows that it 

contained about 18.6% P2o5 with the main impurities being Si02 (15.4%), Fe
2
o

3 
(4.0%), and co2 (13.6%). The size distribution analysis (Table 15) shows that 

about 12% of the sample is plus 0.106 mm (150-mesh, Tyler). Since the specified 

sizr; range of the minigranulated product is minus 0. 300 plus 0 .106 mm (minus 48-

plus 150-mesh, Tyler), it was initially deci~ed to remove the plus 0.106-mm fraction 

(150-mesh, Tyler) prior to minigranulation studies. However, during the meeting 

in June l~oJ, PPCL representatives requested that the plus 0.106-mm (150-mesh, 

Tyler) fraction not be removed since the discharge from their grinding mill has 

a sim~lar siz~ distribution, and in a commercial operation this fraction would be 

relatively difficult to separate. 
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The potassium chloride (KCl) binder used was in the form of a saturated 

(~13.5 wt%) solution at 27°C prepared from commercial grade (60% K20) KCl. The 

amount of KCl solution used varied with the recycle ratio (defined later), but, 

in general, about 3% K20 in the product was sufficient to achieve good granula

tion. This level is usually considered adequate to achieve products having good 

physical properties (resistant to degradation during handling). A concentration 

of the KCl solution that is higher than 13.5% can be used for minigranulation of 

phosphate rock, but this requires raising the temperature of the solution and 

insulating (and in some cases heat tracing) the delivery (solution) line to the 

pinmixer in order to prevent precipitation of KCl. Even with these precautions, 

nozzle and line pluggings are quite common and sometimes severe. 

The urea binder used was a 50% (by weight) solution at 105°C, and the 

amount in the product was between 5% and 6%. A lower urea content (in the 

proJuct) caused excessive degradation of the material <luring drying and screening. 

The 50% concentration of urea solution seemed best for the laboratory-scale 

tests and equipment. A lower concentration of urea solution usually resulted in 

an inadequate control of granulation, 3nd a higher concentration resulted in 

line and nozzle pluggings. 

The sulfuric acid (H2so41 binder was a 50% tt2so4 solution. A binder 

level of arouGd 8% tested best. A decrease in the binder content caused the 

product to degrade during drying and screening; an increase in the concentration 

of H2so4 solution caused localized acidulation and, consequently, poor granulation. 

The phosphoric acid (H
3

P0
4
l binder was a 40% P2o5 

solution. Again, as 

with the H2so4 binder, an 8% binder level was require1 to achieve adequate 

handling characteristics of the product. An effort to use an increased H
3

Po4 
(solution) concentration was unsuccessful because it resulted in a poor disper

sion of solution in the pinmixer. This resulted in localized acidulation and 

lump formation. 

The urea plus 2% nitric acid binder was in the forw of a mixture 

containing 48% urea solution at 105°C and nitric acid (about 2% by weight). The 

binder level w3s such th~t the amount of nitrogen in the product was about 2.5%. 

This level of nitrogen con~c~t in the product was the best tested; a lower 
~ 

content caused degradation of the product during handling, while a higher content 

resulted in excessive caking in the pinmixer. 

Process Description--A flow diagram of the IFDC continuous laboratory

scale process for minigranulating phosphate rock (Figure 12) shows a configura

tion which is quite similar to that of any normal granulation plant, except that 
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no cooler is used. The dryer discharge is screened hot, and each size fraction 

cools in its respective collection bin. 

Ground phosphate rock was continuously fed to the pinmixer using a 

variable-speed, screw-type feeder. Simultaneously, the desired binder solution 

(urea [50%], or KCl [13.5%~, or H2so4 [50%), or H
3

Po4 [40% P2o5}, or urea [48%] 

plus nitric acid [2%]) was metered through a magnetic flowmeter to the pinmixer 

by use of a peristaltic pump. The amount of binder, determined through the 

exploratory tests, was such that the pinmixer operation was trouble free and the 

"green" (undried) minigranules had both structural integrity and strength to 

withstand mechanical handli~g (transportation to the dryer). The binder solution, 

in all cases, was injected inside the pinmixer using an air-atomized, internal

mix nozzle. The atomizing pressure was about 0.35 atm (5 psig). Along witl: the 

ground rock feed, the recycle material (described later) was fed by ese of a 

variable-speed, screw-type feeder. In all cases, except for the urea plus 2% 

nitric acid binder, water was used to control granulation. Water was metered 

through a rotameter and injected inside the pinmixer using an air-atomized, 

internal-mix nozzle at an atomizing pressure of 0.35 atm (5 psig). When urea 

plus 2% nitric acid was used as a binder, 2% nitric acid solution instead of water 

seemed to work better in terms of reduced plugging of the pinmixer discharge. 

The pinmixer (Figure 13) used for the tests had a horizontal housing 

46 cm in length and 14 cm in diaw.eter and was equipped with a 2-hp motor having 

a variable-speed belt drive. A shaft fitt~d with 36 case-hardened carbon steel 

pins (0.8 cm in diameter) rotated inside the housing to produce an intensive 

mixing action and push the material from the entrance to the exit port. The 

feed port for the rock was located an the top of the housing, and the binder and 

the water (or 2% nitric acid solution) inlet points were 7 cm and 13 cm, respec

tively, from the feed port toward the discharge end. The inside housing of the 

pirunixer was lined with 1-cm thick, soft Neoprene rubber to reduce pin breakage. 

The moist, granular material from the pinmixer discharged by gravity 

into a rotary dryer 25.4 cm in diameter by 152.4 cm in length. The rotating bed 

of material in the dryer was heated with a cocurrent airflow that passed through 

a propane-fired combustion chamber located at the inlet (material -~ed end) of 

the dryer. An air exhaust system, consisting of a cyclone-type dust collector 

and a wet scrubber, was used to remove dust and fluorine compounds (when tt
2
so

4 
and H3Po4 were used as binders) emitted from the pinmixer and the dryer. The 

scrubber liquor was then routed to the effluent pond. The dust collected from 
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the cyclone separator was mixed with the recycle material (discussed later) 

prior to feeding the pinmixer. The dryer was operated at a rotational speed of 

6 rpm and had a slope of 2.5° from the feed to the discharge end. 

The granular disc~arge from the dryer ~as screened using a 46-cm 

diameter double-deck, self-cleaning, mechanically vibrated screen. The screen 

was fitted with a 0.300-mm opening (48-mesh, Tyler) oversize screen and a 

0.106-mm opening (150-mesh, Tyler) undersize screen to yield a product in the 

0.106-0.300 nun size range. Oversize material from the screen was routed to a 

single-shaft chain mill. The material discharged from the chain mill was 

returned to the screen. Normally, the quantity of oversize material was small 

(varying between 7% and 15% of the total dryer discharge), and the amount of 

crushed oversize in the product was usually less than 15%. 

The undersize material, dust from the dryer cyclone separator, and a 

fraction of the product were returned to the pinmixer as recycle. Under normal 

operating conditions the quantity of recycle fed to the pinmixer was maintained 

at a relatively constant rate by regulating the fraction of product diverte? to 

recycle. 

The temperature of the recycle material when fed to the pinmixer was 

usually close to the ambient. This was due largely to the relatively high 

proportion of heat losses during physical handling of the recycle material. In 

larger scale operations the recycle material would be transferred continuously 

with only a small loss of sensible heat. In the present series of tests no 

attempt was made to raise the temperdture of the recycle material prior to 

feeding it into the pinmixer. However, during the pr0cess demonstration trials 

(see section on Process Demonstration Trials), the recycle was heated to raise 

its temperature. 

The process data with Mussoorie phosphate rock and the binders tested 

in the continuous minigranulation process are shown in Table 16. These Jata 

were usually collected every half hour after reaching steady-state operation, 

and the average of these data stts is presented in the above-mentioned table. 

In most cases the variations among the sets were minimal and well within the 

experimental error. 

Grab samples of product collected every half hour, after reaching 

steady-state operation, were composited for chemical analysis and physical 

prop~rties determinatio~s. Occasionally, the dryer discharge material was 

collected and batch screene<l into five or six size fractions that were analyzed 



, ? 
L . 

to detect any possible variation in the binder concentration with particle size. 

No such variations were noted. 

Physical Properties Evaluation--As required by the contract, the 

physical properties of the minigranulated products were evaluated. The physical 

properties tests included measurements of bulk density, angle of repose, porosity, 

abrasion resistance, disintegration in water, and hygroscupicity. Except for 

tests of porosity and disintegration in water, all tests were performed according 

to the procedures outlined in the Tennessee Valley Authority (TVA) Special 

Report No. S-444 (~). Porosity and disintegration in water were determined 

according to the procedure developed by IFDC. A brief description of each 

procedure follows. 

The bulk density value is required for bag sizing and to determine the 

capacity of the storage bins and transport vehicles if fertilizer is moved in 

bulk. The bulk density is measured by simply pouring the fertilizer into a 

container with a known volume, leveling the top with a straightedge, and weigh

ing on appropriate scales. The value obtained in this manner is known as the 

"loose pour density." For the present test, t~e loose pour density was deter

mined by pouring the fertilizer into a 746-ml cylinder. 

The angle of repose of a fertilizer is the angle with the horizontal 

at which the fertilizer will stand when poured or dropped into a pile from a 

fixed overhead point. The angle of repose affects the capacity of bulk storage 

areas and bins; it is also of interest in designing the roof slope of bulk 

storage buildings and in designing hoppers, chutes, and conveyors. This measure

ment is usually made with 10 kg or more of sample, but because only a limited 

quantity of product was available for testing, an alternate method was used. 

This mt~thod involved simply pouring a quarter section of a conical pile in the 

corner of a small box and measuring the slope of the surface. 

The porosity of a granular fertilizer is an indication of the internal 

pores enclosed by the surface of the granule. This value is often used in the 

development of granulation processes. Porosity was determined according to the 

procedure dP.veloped by IFDC and involved determination of percentage change in 

volume in 20 minutes of a 15-g portion of granular material inunersed in 30 ml of 

orthoxylene. 

Abrasion resistance is a measure of degradation and dust formation 

under simulated handling. This test employs a stainless steel, totally enclosed 

drum 17.8 cm in diameter and equipped with six lifting flights. For minigranu

lated products, the material first was screened to remove any material smaller 
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than 0.106 mm (150-mesh, Tyler). A 100-ml weighed sample was placed in the drum 

together with SO steel balls, each 7.9 mm in diameter. The drum then was closed 

and rotated for S minutes at 30 rpm. The contents were removed, and particles 

smaller than 0.106 mm were removed by screening to determine the percentage 

degradation to fines. 

Disintegration in water is a measure of how effectively (quickly) the 

minigranules revert back to the original fineness when exposed to mildly agitated 

water. Disintegration of minigranules in water was measured as percentage 

losses in weight of a 30-g sample held on a screen with an opening of 0.106 mm 

(150-mesh, Tyler) and exposed for S and 15 minutes to mildly agitated water at 

2s 0 c. 
Hygroscopicity evaluation gives information as to how rapidly moisture 

will be absorbed and how rapidly and to waat depth wetting and physical deter

ioration will progress once a fertilizer is exposed to a humid atmosphere. 

Hygroscopicity is evaluated through the absorption-penetration test, which 

involves exposing a bulk fertilizer surface of known surface area to moving air 

at a controlled temperature and humidity and measuring the rate of moisture 

absorption per unit of fertilizer surface and the rate of moisture penetration 

into the bulk of the fertilizer. An open-top cylindrical glass jar (37.3 cm2 

exposed surface and 20 cm in depth) was filled to the top with minigranules. 

The material then was placed in a controlled humidity cabinet at 30°C and 80% 

relative humidity. After 3, 7, 26, 48, and 72 hours the jar was removed and 

weighed, and the moisture absorption per unit surface area was calculated. 

Additionally, measurements made on the interior surfa~e of the glass wall of the 

jar permitted the depth of moisture penetration to be determined. 

The physical properties of the minigranulated products are listed in 

Tables 17 and 18. 

Results and Discussion 

The continuous tests in laboratory-scale equipment using a pinrnixer 

granulator suggest that minigranulatlon of ROM finely ground Mussoorie phosphate 

rock is feasible with the binders (~rea solution, potassium chloride solution, 

sulfuric acid, phosphoric acid, and urea plus nitric acid solution) tested. 

However, the operating conditions (Table 16) and product physical properties 

(Tables 17 and 18) varied with the binder type. 
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In order to maintain steady operation of the system, the following 

indicators were closely observed: (1) pirunixer speed (cpm); (2) product 

characteristics and handling problems during granulation, drying, screening, 

and crushing; and (3) recycle ratio required to obtain good granulation. 

Except with urea solution the pinmixer speed for all binders was 

around 850 rpm, which corresponded to a tip speed of the pins of 5.4 m/second. 

When the urea solution was used, the pinmixer speed was slightly higher and 

averaged around 1,000 rpm (tip speed 6.4 m/second). In general, the pirunixer 

speed was quite constant for sulfuric and phosphoric acid binders. However, 

with urea, potassium chloride, and urea plus nitric acid solutions, the speed 

tended to fluctuate, especially toward the end of the test runs. This fluctua

tion was mainly due to the cake formation in the pinmixer. A higher cake buildup 

usually impedes the free movement of the ?ins with a resultant decrease in the 

speed. In addition to affecting the pinmixer speed, the cake buildup accelerated 

the pin wear. For example, when urea, potassium chloride, and urea plus nitric 

acid solutions were used, the average pin wear expressed as millimeter per 

kilogram of product ranged between 0.21 and 0.26. This value for sulfuric and 

phosphoric acids was 0.066 and 0.034, respectively. A typical pin-wear profile 

(Figure 14), after 10 hours of continuous operation, indicates that pin wear is 

most severe around the injection points of the liquid phase. Similar pin-wear 

patterns also have been observed with central Florida and North Carolina phos

phate rocks (~), although the amount of pin wear with these rocks is much less 

than that of Hussoorie phosphate rock under similar operating conditions. This 

relatively h~gh pin wear while using Hussoorie phosph3te rock is probably due to 

its high silica content, which is quite abrasive. 

During the pinmixer tests, the recycle ratio varied between 0.5 and 

1.5 depending on the binder used. Illustrative data are as follows: 

Potassium Sulfuric Phosphoric Urea Plus 
Urea Chloride Acid Acid Nitric Acid 

Recycle ratio a 1.0 1.5 0.5 1.4 1.0 

a. Rounded figure. Refer to Table 16. 

These recycle ratios were required to obtain near-optimum granulation 

and to minimize production of an excessive amount of oversize that is difficult 
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to dry and crush. The recycle ratio f~r ~he present study was defined as the 

weight ratio of total recycle to phosphate ~ock plus binder fed to the pinmixer 

on a dry basis. Under ideal operating condi~ions this ratio would correspond to 

the recycle fed to the granulator and the amount of product produced. 

The temperature of the granulated material fed to the dryer was higher 

for urea and potassium chloride solutions than for sulfuric and phosphoric 

acids. For example, with urea and potassium chloride solutions the material 

temperature averaged around 75°C, whereas with phosphoric acid this value was 

44°C. This higher temperature with urea and potassium chloride solutions was 

mostly due to the friction caused by constant contact of the pins with the 

well-compacted cake in the pirunixer. 

The wet granular material from the pinmixer was relatively nonsticky 

and could be easily transported to the dryer, except when urea and urea plus 

nitric acid solutions were used. With these binders the material tended to be 

extremely sti~ky. This stickiness resulted in frequent plugging of the pinmixer 

outlet and the dryer inlet. 

Depending on the type of binder used, the product temperature at the 

dryer discharge was 5°-10°C lower than the temperature of the air at the dryer 

outlet, which ranged between 65° and 85°C. At this temperature the moisture in 

the product was less than 1%. 

Problems were encountered during screening of the dryer discharge 

material to remove the product size frar~ion (minus 0.300 plus 0.106 mm [minus 

48- plus 150-mesh, Tyler]). The extremely small size of the minigranules tended 

to plug the screens, thus necessitating rescreening of the oversize fraction. 

The screening efficiency on a once-through basis ranged between 50% and 70%, 

depending on the binder used. For urea and urea plus nitric acid binders, the 

dryer discharge material, although relatively cool and dry (between 60° and 75°C 

and 1% moisture), was quite soft and sticky. This caused frequent blinding of 

the oversize and undersize screens and buildup in the crusher chain mill. 

However, when a batch of the dryer discharge was air cooled, the material became 

crisp and easy to screen and crush. For this reason, cold screening (i.e., use 

of a cooler) of the minigranulated Mussoorie rock containing urea in excess of 

about 5% would be required in a larger scale operation. 

For all the test runs, about 10% of the total solids fed could not be 

accounted for and were presumed lost during in-process handling through occur

rences such as spillage from the chute connecting the pinmixer and dryer and 

I 
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leaks at the crusher outlet and screens. 

be much smaller in large-scale operation. 

It is expected that such losses would 

The approximate pinmixer power consumption, based on the relative ampere 

reading of loaded and empty pinmixer operation, ranged between 35 (Run MSR 301) 

and 54 kWh/mt of product (Run MSR 200-A). These values are probably on the high 

sid~ when compared with those for larger equipment because the pinmixer used was 

disproportionately small and the material characteristics, including granule size, 

lumps, and buildups, were more typical of a larger scale operation. 

The grade of the minigranulated products containing urea, urea plus 

nitric acid, and potassium chloride was 2.6-16.8-0, 2.6-16.4-0, and 0-16.5-2.8, 

respectively, with virtually no change in available P2o5 
with respect to the 

original rock. However, as expected, the use of sulfuric and phosphoric acids 

increased the available P2o
5 

in the product, with phosphoric acid being more 

effective. For example, with urea, urea plus nitric acid, and potassium chloride 

binders, about 2% of the total P2o
5 

was in an available form, whereas with 

sulfuric and phosphoric acids, the availabilities were 5% and 20%, respectively. 

The grade of the minigranulated products with sulfuric and phosphoric acids was 

0-15.9-0 and 0-24-0, respectively. 

The minigranulated products in all cases were free flowing and rela

tively nondusty; however, their physical properties, such as bulk density, angle 

of repose, porosity, abrasion resistance, disintegration in water, and hygro

scopicity, were binder specific (Tables 17 and 18). 

The bulk density of the minigranulated materials ranged between 

1,065 kg/m3 (66.5 lb/ft3) and 1,132 kg/m3 (70.7 lb/ft3). These values are lower 

than those for the ROM, as-received, ground rock (1,290 kg/m3 [80.6 lb/ft3]) 

that is being sold as a direct-application fertilizer. These decreased bulk 

densities will necess~~~te a corresponding increase in bag sizes for a given 

weight of product when compared with the finely ground rock. 

The angle of repose of the as-received, finely ground Mussoorie rock 

was 42°; this is considerably higher than that of other conunercial phosphate 

rocks (central Florida, Morocco, etc.), the values for which range between 30° 

and 35°. This high angle of repose of the Mussoorie rock caused clinging and 

bridging in the hoppers and chutes during the minigranulation tests and resulted 

in an inconsistent flow (10, !!, 12, and 13). This problem was greatly allevi

ated by installing vibrators at the material discharge points. The angle of 
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repose of the minigranulated products, in contrast, ranged between 28.5° and 

32.0°. This decreased value is expected to improve the flow through hoppers and 

chutes. 

The porosity of the minigranulated products varied bet~een 2.5% (phos

phoric acid binder) and 5.9% (sulfuric acid binder). These values are very 

similar to those of other minig1~nulated products prepared from central Florida 

and North Carolina phosphate rocks. Previous studies at IFDC (9) have shown 

that porosity in excess of 10% caused granules to disintegrate under simulated 

handling. 

Under the conditions tested, the percentage degradation of the mini

granulated products (under simulated handling) was relatively high (about 12%) 

for potassium chloride and phosphoric acid binders. With urea, sulfuric acid, 

and urea plus nitric acid binders, these values were 8.0%, 6.5%, and 6.8%, 

respectively. The percentage degradation in excess of 10% is considered un

desirable because of dustiness problems. However, ~valuation under actual 

handling conditions is needed to assess the extent of degradation and associated 

handling problems. 

The percentage of disintegration in water of minigranulated products 

containing urea and potassium chloride binders was higher than for those products 

containing either phosphoric or sulfuric acid (Table 17). The phosphoric acid 

binder resulted in granules that were the slowest to disintegrate in water; this 

could be due to the formation of dicalcium phosphate (through reaction of calcite 

in the rock with phosphoric acid) that coated the granule surface and thus made 

the disintegration time longer. Similarly, fer sulfuric acid the coating of 

granule surface with calcium sulfate may have retarded its disintegration rate 

in water. 

The data obtained in an absorption-penetration test series at 80% 

relative humidity, 30°C, and 72 hours' exposure time for minigranulated products 

are given in Table 18. Moisture-holding capacities of products that showed some 

evidence of moisture penetration were calculated as milligrams of moisture per 

cubic centimeter of product by dividing the moisture absorption per square 

centimeter by the depth of penetcation in centimeters. These values also were 

converted to percentage of moisture-holding capacity, by weight, by use of the 

weight-per-unit volume (bulk density) of the materials in the cup. The holding 

capacity thus calculated represents the maximum amount of moisture that a granule 

will absorb before transferring it to adjacent granules. High moisture-holding 
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capacity is a desirable characteristic that can offset the effects of the high 

rate of moisture absorption. For example, the products prepared using a urea plus 

nitric acid binder (Sample MSR 501-A) had a relatively high moisture absorption 

rate (123.3 mg/cm2 in 72 hours). This value coupled with a low moisture-holding 

capacity resulted in wetting of a part of the sample and medium caking. The 

products containing only urea (Sample MSR 105-AA), op the other hand, had a 

reduced moisture-absorption rate and moderate moisture-holding capacity that 

resulted in a light-to-medium set that could be easily broken by finger pressure 

to make the material relatively free flowing. In contrast to the above samples, 

the other products (Samples MSR 200-A, MSR 301, and MSR 400-A) were made up of 

free-flowing individual particles at the end of the entire test period. 

Results of this absorption-penetration test are indicative of the 

expected behavior of products under steady, high-humidity conditions, but it 

should be realized that under cycling conditions, such as occur in actual bulk 

storage, the results may be altered by crusting (self-sealing) of pile surfaces 

of some materials during dry cycle periods. The effect of such cycling was not 

evaluated in this study. 

Partial Acidulation/Granulation Studies of 

Mussoorie Phosphate Rock 

The PAPR products are commercially produced in West Germany (14) and 

Brazil (!~), and the process involves rock acidulation, denning for a few minutes 

to several hours, and curing for several days to produce ROP PAPR. If granular 

material is desired, the ROP PAPR is recovered from the pile, granulated with 

steam and water, dried, and sized. The disadvantage of this process is that the 

product is not ready for use for several weeks; thus, it requires more storage 

space in the plant, as well as several additional handling steps to produce a 

finished product. All this adds to the cost of the final product. Furthermore, 

this process is only suitable for commercial phosphate rocks that are relatively 

reactive and low in iron, alJminum, and like impurities. Rocks with low reactivity 

may contain a high amount of unreacted acid that reacts with the iron and aluminum 

impuritie~ to form phosphate compounds that may be unavailable to the plants. 

These impurity reaction products also may cause the product to be quite sticky. 
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The SSAG process for production of granular PAPR using sulfuric and/or 

phosphoric acid(s) developed by IFDC is suitable not only for conunercial phos

phate rocks but also for relatively unreactive rocks high in iron and aluminum 

impurities. Through proper control of acidulation conditions during the SSAG 

process, selective attack on the calcium phosphate by the acid(s) minimizes the 

dissolution of the undesirable iron and aluminum components in the phosphate rock 

and results in a product with a desired level 0f available phosphate, low free 

acid, and good physical properties (i.e., nonsticky and free flowing). Furthermore, 

the selectivity of acidulation in forming available phosphate during the SSAG 

process is improved, especially at relatively high acidulation levels, through 

substitution of a part of the sulfuric and/or phosphoric acid(s) by nitric acid 

and through the addition of such additives as pota~sium chloride to the phosphate 

rock prior to, and/or during, acidulation with the above acid(s). Also, the SSAG 

process eliminates the denning and curing stages and reduces the material handling 

equipment required, thereby saving capital investment and reducing cost of 

production. 

This contract required that both sulfuric and phosphoric acids be 

evaluated for partial acidulation/granulation of the ROM and attrition-scrubbed 

Mussoorie phosphate rocks to produce a product containing about 50% of its total 

P2o
5 

in a water-soluble form. 

At the initiation of this project, it was recognized that the ROM 

Mussoorie phosphate rock would require a pretreatment step prior to acidulation 

with sulfuric acid because of its relatively high (~13.6%) co2 content. The 

pretreatment step involved a process step in which th~ ROM rock was reacted with 

sulfuric acid to reduce its co
2 

content. Previous studies at IFDC of the SSAG 

process with sulfuric acid indicated that the rocks containing co2 in excess of 

8%-10% caused operational problems in terms of nonuniform acidulation, excess 

free acid, and weak granules that completely degraded in the rotary dryer. With 

phosphoric acid these problems were not encountered in the SSAG process. 

Experimental 

The IFDC laboratory-scale continuous granulation unit was designed to 

simulate the SSAG process using a pan granulator. The pan granulator was selected 

for the present studies mainly because the effect of changes in the process 

var1ahles on the granulation conditions could be visually observed and evaluated. 

1he laboratory unit has a nominal capacity of about 20 kg/hour of production 

(about 45 kg/hour throughput). 
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During the initial tests with the ROM rock and sulfuric acid (including 

tt
2
so

4 
pretreatment to reduce co

2
, followed b~ SSAG), several operational problems 

were encountered, including high free acid in the gcanulator discharge and less

than-desired product water solJbility (percentage of total P2o5 in a water-soluble 

form) in the product. At 10% and 20% water-solubility levels, these problems 

were not very acute; however, at higher water-solubility levels the proulems 

were quite severe, including plugging of the dryer inlet and blinding of the 

screens. From an operational standpoint, the maximum product water solubility 

that could be achieved in the laboratory-scale unit using sulfuric acid was about 

32%. This water solubility could, however, be increased to about 40% through the 

addition of potassium chloride C=5% of the weight of the rock) to the rock without 

any detrimental effect on the operations and product quality. An attempt was 

made to use 2% nitric acid solution instead of potassium chlocide, but the results 

were not too promising because of an unfavorable water balance associated with 

the nitric acid solution. 

With the attrition-scrubbed material, on the other hand, the opera

tional problems were minor, and the desired water solubility of about 50% could 

be achieved. 

With phosphoric acid both ROM and attrition-scrubbed rocks worked 

well, and the products were free flowing and nonsticky. 

With ROM rock and at each water-solubility level, for both sulfuric 

and phosphoric acids about 4 days (8 hours/day) of exploratory test runs was 

required to determine the operating conditions, including the acid concentration 

(discussed later) that allowed desirable granulation ~haracteristics (recycle 

ratio, bed temperature, etc.) and acceptable handling properties of the "green" 

(ex-granulator) products. With the attrition-scrubbed materials, and for each 

acid (sulfuric and phosphoric), about 2 days (8 hours/day) of exploratory runs 

was required to estatlish the operating conditions. Following these exploratory 

runs, the system was operated for about lU hours. Steady-state conditions were 

attained within 4 hours after the start of the run. These conditions were based 

on similar (±5%) values of free acid and monocalcium phosphate (the water-soluble 

compound in PAPR) of the granulator/dryer discharge of two half-hour samples. 

The major operating data and samples for physical/chemical analyses and green

house evaluations were collected after these steady-state conditions had been 

reached. 
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A description of the raw materials and the equipment setup used for 

the partial acidulation/granulation studies follows. 

Raw ~taterials--The RQr-1 finely ground (80% minus 0.0!5-mm [200-mesh, 

Tyler]) Mussoo:::-ie phosphate rock and the attrition-scrubbed material prepared 

from it (see Beneficiation section) ~ere used for the partial acidulation/ 

granulation studies. The chemical analysis (Table 19) of these samples shows 

that attrition scrubbing of the RON rock with 5% nitric acid reduced the co2 
(mainly calcite) content from 13.6% to 3.5% and increased its grade (P2o

5 
content) 

from 18.6% to 21.6%. This reduction in co2 content is quite significant in 

that, with the scrubbed material, less acid (sulfuric and phosphoric) would be 

required to achieve the desired water solubility in the product. Further, the 

lower co2 content would eliminate the need for pretreating the rock prior to the 

SSAG process. The size distribution analysis indicates that the scrubted mate

rial is slightly coarser than the ROM rock (71% versus 77% minus 0.075 mm [200-

mesh, Tyler]), but this grind is well within the range required for the SSAG 

prucess. 

The sulfuric acid used was of technical grade (93% H2so
4
), which was 

diluted to the desired concentration and cooled to the ambient temperature prior 

to use. The desired acid con~entration was determined through the exploratory 

tests. The use of 93% sulfuric acid in the pretreatment step (to reduce the co2 
content) worked well, and the material was relatively dry and free flowing. 

However, acid of the same concentration in the granulator caused the (granulaLor) 

bed temperature to be relatively high (>60°C), especially with the ROM rock. 

This high bed temperature (which indicates a faster reactiun rate and, con

sequently, a rapid precipitation of reaction products on the surface of the 

phosphate rock particles and an incomplete reac•.ion) resulted in ·a "green" 

(ex-granulator) product that was relatively high (>8%) in free acid and extremely 

sticky. This problem was alleviated by using acid of a lower (=73%) concentra

tion, which reduced the bed temperature to between 40°-50°C. 

The phosphoric aci~ (~54% P2o5
) used in the SSAG process was obtained 

from TVA and prepared by the wet-process method. This acid did not require any 

adjustmc:nt in its concentration since the "green" (ex-granulator) product was 

quite low in free acid and was free tlowing. 

Process Description--A flow diagram of the IFDC continuous laboratory

sca l~ SS~G process (Figure 15) shows a configur&tion which is quite similar to 

that of the minigranulation process, Pxcept that a pan granulator is used instead 

of a pinmixer. 
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Ground phosphate rock was fed continuously to the pan granulator using 

a variable-speed, screw-type feeder. Simultaneously, sulfuric or phosphoric 

acid having a concentration of about 73% H2so4 or 54% P2o5
, respectively, was 

metered through a magnetic flowmeter to the pan granulator to acidulate the rock 

and thus obtain the desired water-soluble P2o5 . The acid was sprayed on the 

rolling bed of material using a:! air-atomized, internal-mix nozzle having a 

spray pattern of a 70° cone. The atomizing pressure was about 0.2 3tm (3 psig). 

Water also was metered and sprayed on the rolling bed of material through a 

hydraulic spray nozzle operated from a pressure pot C=l.7 atm [25 psig]) equipped 

with a level controller. Along with the ground rock feed, recycle material 

consisting of the undersize from the screens and cyclone-separator fines (dis

cussed later) was fed using a variable-speed, screw-type feeder. The locations 

of solid feeds and sprays were such that the rock was wetted with water before 

it was in contact with acid (Figure 16). 

The pan granulator was 45 cm in diameter, 7.5 cm in ~epth, and equipped 

with a variable-speed motor. The inclination of the pan was adjustable between 

40° and 60° from the horizontal. A single-blade (7.5 cm in width), pneumatic 

reciprocating scraper traveling from the center ?f the pan to the 4 o'clock 

position continuously cleaned the bottom of the pan while a fixed scraper located 

at the 11 o'clock position cleaned the side of the pan. 

The moist, plastic granular material from the pan granulator discharged 

by gravity into a rotary dryer 25.4 cm in diameter by 152.4 cm in length. The 

rotating bed of material in the dryer was heated with a cocurrent airflow that 

passed through a propane-fired combustion chamber located at the inlet (material 

feed end) of the dryer. An air exhaust system consisting of a cyclone-type dust 

collector and a wet scrubber was used to remove dust and fluorine compounds 

emitted from the granulator and the dryer. The scrubber liquor was then routed 

to the effluent pond. The dust collected from the cyclone separator was mixed 

with the recycle material prior to being fed into the granulator. The dryer was 

operated at a rotational speed of 6 rpm and had a slope of 2.5° from the feed to 

the discharge end. 

Material from the dryer discharge was screened on a 46-cm diameter, 

double-deck, self-cleaning, mechanically vibrated screen. The screen was fitted 

with a 3.35-mm (6-mesh, Ty1er) oversize screen and a 1.18-mm (14-mesh, Tyler) 

undersize screen to yield a product in the 1.18- to 3.35-mm size range. Oversize 

material from tne screen was routed to a single-shaft chain mill. The chain 
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mill discharge was returned to the screen. Normally, the quantity of oversize 

material varied between 10% and 15% of the total dryer discharge. 

Undersize material and the cyclone dust from the dryer cyclone separator 

were returned to the granulator as recycle. 

Because of its relatively high heat loss duri~g physical handling, the 

recycle material was usually near the ambient temperature when fed to the granu

lator. In these tests no attempt was made to raise the temperature of the 

recycle material before it was fed to the granulator. However, during the 

process demonstration trials (discussed later), the recycle was heated to raise 

its temperature by about 15°C above ambient. 

As stated earlier, the ROM rock required pretreatment with 93% sulfuric 

acid to re1uce the carbonate content prior to carrying out the SSAG process. 

The pretreatment involved intensive mixing of acid and rock in the pinmixer used 

for minigranulation studies. The pinmixer was selected because it was readily 

available and its capacity was compatible with the pan granulator used. Other 

intensive mixers may be suitable, but they were not evaluated. The pinmixer 

discharge in the form of slightly moist, powdered material was transferred by a 

belt conveyor to the granulator for subsequent acidulation/granulation. 

Process data for the ROM and the attrition-scrubbed Mussoorie phosphate 

rocks treate6 in the continuous SSAG process are shown in Tables 20 and 21, 

respectively. These data were usually collected every half hour after steady

state was reached; the average of these data sets is presented in the above

mentioned tables. In most cases the variations among the sets were quite small 

and well within the experimental error. 

Grab samples of product, collected every half hour after steady-state 

was reached, were composited for chemical analysis and physical properties 

determinations. Occasionally the dryer discharge material was collected and 

batch screened into five or six size fractions, which were analyzed to detect 

any possible variation in water solubility with particle size. No significant 

variations were noted. 

Physical Properties Evaluation--In accordance with the terms of Lne 

contract, the physical properties of the PAPR products were evaluated. The 

physical properties measurements were the same as Lhose made for minigranulated 

products; in addition, the average crushing strength of granules was also deter

mined. Except for abrasion resistance, disintegration in water, and granule 

hardness, the test procedures were identical to those outlined earlier (see 
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Minigramil atL"rn St11r1:_ _ _, section). For abrasion resistance and disintegration in 

water measurer.1ents, a 1. 18-mm (14-mesh, Tyler) screen was used instead of a 

0.106-mm (150-mesh, Tyler) screen. The granule hardness was determined by 

measuring the crushing strength of individual granules of equal size. The test 

was performed according to the procedures outlinea in the TVA Special Report 

No. S-444 (~) and involved screening of granular samples to the narrow size 

range of minus 2.36 plus 2.80 mm (minus 7- plus 8-mesh, Tyler). An individual 

granule was then placed on a flat metal plate on the platform of a small spring 

scale of about 7-kg capacity, and downward pressure was applied until the granule 

fractured. The crushing strength of lG granules was determined to obtain an 

average evaluation. 
The physical properties LP.st results are given in Tables 22 and 23. 

Results and Discussion 
The primary objective of partial acidulation of rock is to convert the 

phosphate contained in apatitic minerals to a more soluble form which is available 

to plants. The chemistry of PAPR using sulfuric and phosphoric acids is similar 

to that of SSP and TSP production, respectively. The water-soluble compound in 

PAPR, as in SSP and TSP, is monocalcium phosphate monohydrate. Other compounds, 

present in varying amounts, inclt je dicalcium phosphate dihydrate, calcium sulfate, 

calcium/iron phosphate, calcium/aluminum phosphate, and such inert materials as 

silica, fluosilicate salts, unreacted rock, organic matter, and phosphates of other 

metals present in the rock. The principal chemical reactions (4 and 5) and some 

of the major side reactions (6, 7, 8, 9, and 10) are shown below: 

Ca 10F2(P04)s 
{fluorapatite) 

+ 7H2S04 
(sulfuric acid) 

+ 

3Ca(H2P04)2·H20 
(monocalcium phosphate 

monohydrate) 

+ 
7CaS04 

(calcium sulfate) 

Ca10F2(P04)s 
( fluorapati te) 

+ 
14H3P04 

(phosphoric acid) 
+ 

1 OCa (H2P04 )z • H20 
(monocalcium phosphate monohydrate) 

+ 

+ 

2HF 
(hydrofluoric acid) 

2HF 
(hydrofluoric acid) 

(4) 

(5) 
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Ca10F2(P04)6 
(fluonpatite) 

CaC03 
(calcite) 

CaC03 
(calcite) 

CaC03 
(calcite) 

+ 

+ 

+ 

+ 
4H3P04 

(phosphoric acid) 
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+ 

IOCaHP04·2H20 
(dicalcium phosphate dihydrate) 

H2S04 
(sulfuric acid) 

+ 

C02 

2HF 
(hydrofluoric acid) 

CaS04 
(calcium sulfate) 

+ ( 3rbon dioxide) 
+ 

H3P04 
(phosphoric acid) + 

CaHP04·2H20 
(dicalcium phosphate dihydrate) 

2H3 P04 
(phosphor~c acid) 

Ca(H2P'J4}i ·H20 
(monocalcium ph~sphate monohydrate) 

+ 

+ 

C02 
(carbon dioxide) 

C02 
(carbon dioxide) 

Al203 
(aluminum oxide) 

(or Fe203) 
(or iron oxide) 

+ 2H3P04 
(phosphoric acid) 

2AlP04·H20 
(aluminum phosphate) 

(or FeP04 ·HzO) 
(or iron phosphate) 

+ 

(6) 

(7) 

(8) 

(9) 

(IO) 

The production data with the ROM Mussoorie phosphate using sulfuric 

acid in the SSAG process indicate that the desired level (50%) o~ P2o5 water 

solubility in the product could not be attained even when potassium chloride was 

added to the rock prior to acidulation. Under the conditions tested, the 

maximum water solubility that could be achieved through the addition of potassium 

chloride without significant operational problems was 40%. This less-than-desired 

P
2
o

5 
water solubility was probably due to the relatively high (~28%) calcite 

content of the ROM rock. This calcite preferentially reacted with the sulfuric 

acid (used for acidulation) to form Caso
4 

(reaction 4), which may have precipitat.ed 

on the surface of the phosphate rock particles and blocked further reaction of 

acid and apatite (reaction 1). The unreacted acid probably caused the product 

to be extremely sticky. 
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In contrast with use of the sulfuric acid, the phosphoric acid acidu

lation of the ROM rock in the SSAG process was quite simple and the operat4on 

was trouble free. The calcite, in this case, reacted with phosphoric acid to 

form a mixture of monocalciwn and dicalcium phosphates. 

In comparisoP- with the Rmt rock, the attrition-scrubbed material, 

because of its relatively low C=8%) calcite content, was well suited for the 

SSAG process. With both sulfuric and phosphoric acids the products had 

desirable chemical and physical properties. 

In order to maintain steady operation of the system, the following 

indicators were closely observed: (1) pinmixer operation, when pretreatment was 

required; (2) product characteristics and handling properties during granulati0n, 

drying, screening, and crushing; and (3) recycle ratio required to obtain good 

granulation. 
The pinmixer operatior with the ROM rock and sulfuric acid to reduce 

the co
2 

content was quite steady. The average pinmixer speed was about 750 rpm 

(tip speed 4.8 m/second), and fluctuations were minimal. The pinmixer caking 

and the average pin wear were similar to those observed for the minigranulation 

test using a sulfuric acid binder. The co2 content of the pinmixer discharge 

averaged around 9.5%, compared with 13.6% for the ROM rock. An attempt to 

decrease this co
2 

content further was unsuccessful because the material became 

too wet to transport to the granulator. 

The operation of the pan granulator was routine for most tests. On a 

few occasions a buildup of material accumulated on the walls and the bottom of 

the pan, which caused the scrapers to float and the p~n to lose its rotational 

speed. This occurred only during acidulation/granulation of ROM rock with 

sulfuric acid when the level of free acid in the granulator discharge was more 

than 7%-8% (Runs MSR 605 and MSR 608). The pan angle in all cases was 57° 

(from the horizontal), and the rpm was 19 which corresponded to about 36% of 

critical speed. (The critical speed is that speed at which the centrifugal 

force balances the gravitational force and the granules cease to roll.) In 

general, the granulation was easy to control by adjusting the amount of water 

sprayed onto the rolling bed of material. This was the major method used to 

control cranulation because the flow rates for rock and acid were held constant 

to obtaifi the desired level of water solubility. 

The granulator bed temperature, which is un indicator oi the rate of 

reaction, varied between 34° and s1~c d~pending on the rock (ROM or attrition 
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scrubbed) and the acid type (sulfuric or phosphoric), although thP. effect of the 

acid was slightly more pronounced. For example, with ROH and attrition-scrubbed 

materials, the bed temperatures when phosphoric acid was used were 38°C (Run HSR 702) 

and 34°C (Run HSR 801), respectively, whereas these temperatures using sulfuric 

acid were 51°C (Run HSR 605) and 43°C (Run HSR 901), respectively. 

The recycle ratio, which ranged between 0.3 and 2.10, was similarly 

affected by the rock and acid type. Illust~ative data follow: 

Run number HSR 605 MSR 702 MSR 901 MSR 801 
Sulfuric PhosEhoric 

Acid type Sulfuric PhosEhoric 

Rock type ROH Attrition-Scrubbed 

Recycle ratio, kg/kg 2.10 0.30 1.1 0.38 

It should be noted that the above granulator bed temperatures and 

recycle ratios were obtained in small-scale equipment where the heat losses are 

relatively high. In a larger scale operation, a lower heat loss and consequently 

a higher recycle temperature would probably cause these values to change. 

Hence, the laboratory-scale data should be viewed in relative terms. 

During the acidulation/granulation of the ROH rock with sulfuric acid 

(Runs HSR 605 and HSR 608), the products were relatively sticky, which caused a 

buildup of material on the walls and lifting £lights ne?.r the inlet and midsection 

of the dryer. Furthermore, this stickiness caused ~he product to contain a 

large amount of oversize. This material was difficult to screen and crush. In 

addition to being sticky because of excessive free acid, the crushed oversize 

was also very moist. This material, after passing through the chain mill-type 

crusher, was recirculated to the screens and caused them to blinq. Buildup of 

material in the chutes leading to the crusher also occurred during this period, 

and the chain mill had to be cleaned frequently. For all other tests no buildup 

in the dryer was encountered, and the material fed to the screen and crusher was 

dry and crisp. 
The air at the dryer outlet was controlled in such a way as not to 

exceed the product temperature at the dryer discharge of about 105°C. Previous 

studies at IFDC (~) indicated that an increase in the material temperature above ' 

120°C caused a decrease in water solubility with an accompanying increase in 

citrate-soluble P2o5 . 
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Fluorine is a common constituent in phosphate rock, and the acidula-

tion of rock results in the release of some gaseous fluorine compounds. Fluorine 

gases, even in small quantities, are very toxic to plant and animal life. 

Removal of fluorine from process gas steams before they are exhausted into the 

atmosphere is essential and, therefore, is closely monitored by the pollu~ion 

control authorities. In the present series of tests, because of the relatively 

small flow rates, the actual fluorine concentrations in the granulator and dryer 

off-gases could not be measured. However, analyses of the products indicated 

that the amount of flPJnne erolved, for products with about 50% water solubility, 

was around 25%-30% of the fluoriae contained in the rock. 

The che.nical analyses of products depended on the rock compositions 

and the type (sulfuric or phosph,Jric) and amount of acid used. \o.'ith !:<ulfuric 

acid and ROM rock, an increase in the acid·::-uck rat.i.'l was accompanied by an 

increase in wate:i:-soluble :11d available P 2o
5 

with a decrease in total P 2o5 . For 

example, at acid:ro~k ratios of 0.325 (Run MSR 604) ard 0.356 (Run MSR 605), the 

total P2o5 of the prJduct~ ~~~ 14.5% ~3.9% water-soluble P2o5 and 0.2% P2o5 
soluble in NAC solut:on) and 13.9% l4.5% water-soluble P2o5 and 0.2% P2o5 soluble 

in NAC solution), respectively. The ·1se 0f attrition-scrubbed material, besides 

consuming less sulfuri~ acid, resu~(ed in an increased total P2o5 
content in the 

product due to a lesser diluL1on effect by :aso4 formed by the reaction of 

calcite and sulfuric acid. The following tabulation illustrates the point: 

Run numbeL" 
Type of rock 

Acid:rock ratio 
Total P20s, % 

MSR 605 
ROM 

0.356 
13.9 

MSR 901 
Attrition-Scrubbed 

0.264 
17 .6 

The grades of the products ~roduced from ROM anr. attrition-scrubbed 

materials using phosphoric acid were 0-~~.6-0 (Run MSR :02) and 0-30.3-0 

(Run MSR 801), respectively. These grades are ~u~~Lantially higher than those 

of the rocks themselves, thereby suggesting that a significant portion of the 

P2o5 in the product was derived from the acid, especially with the ROM rock. An 

analysis of the data (see the following tabulation) shows that for the ROM and 

attrition-scrubbed materials about 56% and 43%, respectively, of the P2o5 in the 

product was derived from phosphoric acid. 
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Run number 
Type of rock 

Acid:rock ratio 
Ratio of P20s from acid to P20s from rock 
P20s derived from acid, % 

MSR 702 
ROM 

0.436 
1.26 

56 

MSR 801 
Attrition-Scrubbed 

0.300 
0.75 

43 

Thus, attrition scrubbing results in a saving in phosphoric acid consumption 

during the acidulation step. However, it should be pointed out that the attrition 

scrubbing process is an acid-consuming step. Hence, the cost of attrition 

scrubbing should be considered in making a true assessment of the significance 

of the phosphoric acid savings. 

The free acid (measured as % P
2
o

5
) of the products was within the 

acceptable limits (less than 4%), except when the product contained potassium 

chloride (Run MSR 608). In that case the free acid was 6.3%. 

All the PAPR products had good physical properties, especially those 

prepared with phosphoric acid. The materials appeared to be relatively free 

flowing, and the bulk densities ranged between 910 and 1,090 kg/m3. The poros

ities of the granules were well within the acceptable limits for such fertil

izers; however, the porosities were rock specific. For example, with both acids 

the porosity of products was higher for ROM rock (Runs MSR 608 and MSR 702) than 

for attrition-scrubbed feed (Runs MSR 801 and MSR 901). This is probably due to 

a higher carbonate content of the ROM rock. 

The crushing strength of the granules varied with the acid type and 

was essentially independenl of the rock source. With sulfuric acid the average 

crushing stre.1gth was below 1 kg/granule, while with phosphoric acid these 

values ranged between 1.5 and 1.8 kg/granule. These values are lower than the 

2-3 kg/granule normally required for satisfactory handling and transportation 

characteristics. PAPR products yroduced in a commercial plant can be expected 

to have a higher crushir.g strength than those produced in this laboratory-scale 

equipment . 

The percentage of degradation due to simulated handling showed a 

similar trend as the crushing strength. Fo~ example, with sulfuric acid and 

both ror.k types, the d~gradation was in excess of 20%, whereas with phosphoric 

acid this value varied between about 3% and 9%. This excessive degradation with 

sulfuric acid is probably due to the weak granular material. It is expected 

that the products prepared in a commercial plant will have an increased abrasion 

resistance. 

I 
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With respect tv hygro~copicity, none of the products showed any tendency 

to cake, and the moisture absorption properties of the products were favorable. 

The moisture penetration of all products, except those prepared from the ROM 

rock and sulfuric acid (Run MSR 605), was well within the limits normally set 

for commercial granular TSP. For Run MSR 605 the moisture penetration was 

slightly higher; however, long-term storage tests are needed to more closely 

identify the effect cf cycling conditions that occur in actual bulk storage. 

Process Demonstration Trials 

As part of this contract, four experts from PPCL were scheduled to 

visit IFDC to study the processes for attrition scrubbing, partial acidulation/ 

granulation, and minigranulation in order to obtain as much design data as 

possible for the purpose of sizing various equipment for larger scale plants. 

However, during the meeting between IFDC, PPCL, and UNIDO representatives in 

November 1983, PPCL req~ested that the attrition scrubbing process for benefi

ciation of Mussoorie phosphate rock not b~ considered for the demonstration 

trial because of: (1) a relatively high acid consumption and (2) the promising 

results obtained by Sala International, Sweden, for beneficiating Mussoorie 

phosphate rock using the heavy-media separation technique. Further, PPCL also 

requested that the SSAG process demonstration run be made using the concentrate 

prepared by Sala International. 

During the course of this meeting, PPCL suggested that prior to any 

demonstration run, a preliminary estimate of the production economics of mini

granulation and SSAG processes be made to determine the relative·effect of 

binder and acid type on the minigranulated and PAPR products, respectively. As 

a result, in December 1983 a PPCL engineer visited IFDC; following discussions 

with IFDC engineers, potassium chloride was selected as the binder for the 

minigranulation process and sulfuric acid as the acidulant for the SSAG process. 

In March 1984 three PPCL engineers visited IFDC for 2 weeks, and during 

this time the laboratory-scale equipment was operated continuously to demonstrate 

the process and collect as much engineering data as possible. Subsequently, in 

March 1985, four representatives from PPCL visited IFDC as part of the project 

review meeting. During this meeting it was suggested that partial acidulation/ 

granulation of ROM Mussoorie rock using sulfuric acid and sulfuric/phosphoric 
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acids also be demonstrated. These process demonstration trial runs are discussed 

below. 

Minigranulation Process 

During visits in Dzcember 1983 and March 1984, the PPCL engineers 

expressed reservation regarding the minigranulation process, especially as it 

pertained to the pinmixer granulator. Their concern mainly stemmed from the 

limited commercial experience with the pinmixer-type granulator in the fertilizer 

industry and the anticipated high maintenance requirement due to excessive pin 

wear while using the Mussoorie phosphate rock. Hence, it was suggested that a 

more conventional granulator, such as a pug mill, also be considered in place of 

a pinmixer (the pug mill is a horizontal or inclined U-shaped trough equipped 

with rotating blades or pins on one or two shafts to agglomerate the material 

and move it through the trough). Additionally, PPCL requested that phosphoric 

acid also be evaluated as a binder while using the pug mill. This was based on 

preliminary agronomic results obtained in the greenhouse trials with the phos

phoric acid-minigranulated Hussoorie phosphate rock (see Final Report on agro

nomic studies under this contract). Thus the options evaluated were as follows: 

1. Pinmixer granulation using a potassium chloride binder. 

2. Pug mill granulation using a potassium chloride binder. 

3. Pug mill granulation using a phosphoric acid binder. 

Pinmixer Granulation Using Potassium Chloride Binder--The equipment 

configuration for the pi~mixer run was the same as that described earl.~r (see 

Minigranulation Studies secc.ion), except that the recycle to the pinmi.<er ·,.:as 

heated to offset the relatively high heat loss encountered in the laboratory

scale unit. The recy~le was heated to raise its temperature about 16°C above 

ambient (to 30°C) before it was fed to the granulator. The equipment used for 

heating the recycle was a rotary drum, 31.8 cm in diameter, 67.3 cm in length, 

and equipped with a variable-speed drive. A )-cm-high retaining dam was located 

6.5 cm from the discharge end of the drum. The recycle material, fed continuously 

to this rotary drum by the recycle feeder, was heated to the desired temperature 

by a countercurrent flow of hot gases from a laboratory Bunsen burner. The 

startup recycle material was obtained from the previous minigranulation test run 

using the same binder (Table 16, Run HSR 200-A). The results of this test are 

shown in Table 24. 
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The production data essentialiy confirm the previous test results with 

the same binder, except for the recycle ratio which was slightly less in this 

case (see following tabulation). 

Run number 

Recycle ratioc 

a. Refer to Table 16. 
b. Refer to Table 24. 
c. Rounded figure. 

MSR 200-Aa 

1.5 

MSR 205b 

1.0 

The screening of the dryer discharge again caused some problems in 

that the minigr~nules tended to plug the screens; thus, rescreening of the 

oversize fraction was rPquired. The screening efficiency, on a once-through 

basis, was about 75%. 
The granulated product was free flowing, and its physical/chemical 

properties (Tables 25 and 26) were similar to those of the previous product 

prepared with the same binder. 
Pug Mill Granulation Using Potassium Chloride Binder--The equipment 

co1fig~ration for pug mill granul?c1on was identical to that for pinmixer granu

lation except that a pug mill was used instead of a pinmixer. The pug mill was 

a horizontal U-shaped trough equipped with r0tating blades on two shafts driven 

by a variable-speed 1/2-hp motor. The housing was 40 cm long, 14 cm wide, and 

15 cm deep (at the deepe5t part of the trough) and constructed of 316 stainless 

steel. The shafts were about 1.5 cm2 , and each was fitted with 16 blades 

(2.54 cm x 2.86 cm) that were slightly pitched to cause the material to agglom

erate and move through the trough. The feed port for the rock was located on 

top of the housing, and the binder and water inlet points were 8 cm and 15 cm, 

respectively, from the feed port toward the discharge end. 

Initially, tests were conducted at shaft speeds of 100, 200, 300, and 

400 rpm (corresponding to tip speeds of 0.4, 0.8, 1.2, and 1.6 m/second, respec

tively) to determine the effect of speed on the yield of minigranules (minus 

0.300 plus 0.106 mm [minus 48- plus 150-mesh, Tyler]) in the dryer discharge. 

The yield increased with an increase in the shaft speed and ranged between 2% 

(at 100 rpm) and 8% (at 400 rpm). The percentage of oversize fraction (plus 

0.300 mm [plus 48-mesh, Tyler]), however, was inversely related to the shaft 

speed; at a lowP.r speed more oversize was created. For example, at 100 and 

400 rpm about 80% and 70%, respectively, of the dryer discharge was larger than 
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0.300 mm. Such a voluminous amount of oversize tended to choke the chain mill 

and reduce it3 grinding efficiency. Hence, it was decided, through discussions 

with the PPCL engineers, to redefine the product size fraction as 100% minus 

3.35 plus 0.212 mm (minus 6- plus 65-mesh, Tyler). Such a product is being sold 

in Brazil under the trade name "Microgranulado" (16). 

Further tests were conducted to evaluate the effect of shaft speed on 

the product yield. The following tabulation shows that the product yield 

increased with an increase in speed up to about 300 rpm and then leveled off. 

Shaft speed, rpm 100 150 

Produce size, %a 41.1 48.6 

a. Between 3.35 and 0.212 mm. 

200 

52.4 

300 

57.7 

400 

57.6 

An extended test run lasting for about 6 hours was then made at a pug 

mill shaft speed of 300 rpm; the operating data and product for physical/chemical 

analyses were collected, and the results are given in Tables 24, 25, and 26. 

The pug mill operation during the entire test run was simple to control, 

and the shaft speed was relatively constant. The materials from the pug mill 

and dryer discharges were relatively easy to handle, and the screens remained 

relatively clean during the entire operation. The oversize fraction (larger 

than 3.35 mm [plus 6-mesh, Tyler]) routed to the chain mill usually was less 

than 15% of the dryer output. Grinding of the oversize contributed between 7% 

and 8% to the product size fraction. The recycle ratio was about 1.0--very 

similar to that obtained using a pinmixer. 

The major difference between the pinmixer and pug mill operations was 

the cake formation. After 6 hours of operation, the inside of the pug mill did 

not have any cake buildup. 

The pug mill granulated product consisted of free-flowing particles 

that had physical properties, including disintegration in water, that were 

similar to those of the minigr:anules (with potassium chloride binder) produced 

using a pinmixer. 

Pug Mill Granulation Using Phosphoric Acid Binder--As stated earlier, 

because of a good preliminary agronomic performance (under greenhouse conditions) 

of minigranulated Mussoorie phosphate rock made in a pinmixer using a phosphoric 

acid binder, a test was conducted to evaluate the production of a similar product 

in a pug mill. At the beginning of the test, it was recognized that the heat of 
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reaction of phosphoric acid and phosphate rock might be high enough, if contained, 

to reduce the moisture content of the prodhct to an acceptable limit and thereby 

eliminate the need for a drying step. 

The equipment setup for this test was similar to that for the pug mill 

granulation test using potassium chloride, except that the recycle, drying, 

screening, and crushing systecs were not required. This was a once-through 

process, and the acidulated product from the pug mill was directly transferred to 
~ 

a box-type, insulated den 56 cm long, 36 cm ~lde, and 30 cm deep (volume =o.06 mJ). 

The top of the box had vent holes that all0ueJ (I) moisture to escape from inside 

the cen and (2) measurement of temperat•1re of the product inside the den. After 

denning C=6o minutes), the product was recovered and st,·red in a pile at room 

temperature (24°C) for 24 hours. The material was then recovered from the pile 

and sampled for ~nysical/chemical analyses. The physical properties were evalu

ated on a minus 3.35- plus 0.212-mm size fraction so that the results could be 

compared with a similar sample (MSR 206; pug mill granulation using potassium 

chloride binder). 

The limited production dat.1 (Table 24) indicate that, under the condi

tions tested, a relatively nondusty, semigranular material can be produced by 

reacting Mussoorie phosphate rock with wet-process phosphoric acid followed by 

denning for 1 hour and pile curing for 24 hours. The pug mill operation w~s 

fairly steady, and the discharge material was reasonably free flowing, although 

slightly sticky. This jtickiness, however, did not cause any plugging problem. 

The temperatures of the ~ug mill discharge and den were about 40° and 

43°C, respectively. This den temperature was high en0ugh to reduce the moisture 

content from 8.0% (pug mill discharge) to 4.8% in 1 hour. The ex-den material was 

free flowing, although its larger granules (plus 1.18 mm [14-mesh, Tyler]) were 

somewhat plastic and soft. Pile curing for 24 hours, however, made the la~ger 

granules relatively hard, and Lhey could not be easily broken under finger pressure. 

The size distribution of t~e ex-den material (Table 24, footnote m) 

showed that the product contdined about 65% between 3.35 and 0.212 mm (minus 6-

plus 65-mesh, Tyler). About 13% of the material was larger than 3.35 mm (plus 

6-mesh, Tyler); the fines fraction (minus 0.212 mm r65-mesh, Tyler]) was about 

22%. In a larger scale operation, depending on the desired size distribution of 

the product, the oversize would be crushed and rescreened and the u~dersize would 

be retur1 ... d to the pug mill as recycle. 

The chemical an~lysis of the product showed it to contain about 26% 

P205 , of which approximately 4~% ~as in an available form. The variation in 
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total P
2
o

5 
and availability between the various size fraction5 of the product 

was small. The fret acid in the product, expressed as % P2o5 , ·was well within 

the acceptable limits of such fertilizers. 

Except for moisture absorption, the physical properties of the product 

size (minus 3.35- plus 0.212-mm [minus ti- plus 65-mesh, Tyler]) fraction were 

similar to those of Sample MSR 206. The moisture absorption for the phosphoric 

acid-granulated sample after 72 hours of exposure at 80% relative humidity 

and 30°C was less than that of the material prepar~d using potassium chloride 

(MSR 206). 

Partial Acidulation Process 

As stated earlier, the ROM Mussoorie rock and the Mussoorie concentrate 

prepared by Sala International, Sweden, were used for the SSAG process demonstra

tion trials. Chemical analyses (Table 2) of this concenLrate showed that it 

contained 25% P2o5 
and 10% co2 . This co2 content, although slightly lower than 

the ROM rock (Table 19), is still relatively high and would consume sulfuric acid 

during acidulation. The Sala concentrate received at IFDC was wet and relatively 

coarse (between 1 and 25 mm) when compared with the ROM rock (Table 19). This 

material was air dried, crushed in a jaw crusher, a~d ground in a ball mill to 

prepare a feed C=81% smaller than 0.075 nun [200-mesh, Tyler]) for partial acid

ulation with sulfuric acid (Table 27). 

Initially, plans were made to use this ground concentrate in the SSAG 

process; however, during the visit of the PPCL en6ineers in March 1984, IFDC 

suggested that the production of PAPR in an ROP semigranular form also be con

sidered because of the simplicity of such a process and a potential for reducing 

the cost of production. The process demonstration trials included the following: 

1. Single-step partial acidulation/granulation of the co~centrate. 

2. Partial acidulation in an ROP form of the concentrate. 

3. Single-step partial acidulation/granulation of the ROM r~ck. 

Single-Step Partial Acidulation/Granulation of the Concentrate--The 

equipment conf iguratinn for the process demonstration trial was essentially the 

same as that described earlier (see section on Partial Acidulation/Granulation 

Studies of Mussoorie Phosphate Rock) except that a drum granulator was used 

instead of a pan granulator and the recycle feed was heated to simulate condi

tions in larger scale equipment (with less heat loss). A drum was used because 

it is a more conunon type of granulator in thf ertilizer industry. The labora

tory drum granulator was 31.8 cm in diameter, 67.3 cm in length, and equipped 
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with a variable-speed drive. A 5.1-cm-high retaining dam was located 6.4 cm 

from the discharge end of the ~ranulator. The ~ecycle heating system was the 

same as that used for the minig~anulation process demonstration run. 

Before the actu:il r1emonstration run Yas begun, exploratory tests were 

required to determine the ~~id concentration that allowed desirable granulation 

characteristics (recycle ratio, bed temperature, etc.) and acceptable physical 

properties (nonsticky, free flowing) of the "green" (ex-granulator) material and 

chemical analysis (about 50% water solubilitv) of the dried products. The acid 

concentrations tested were 73%, 83~, and 93% H
2
so4 . The granulation was diffi

cult to control at both 73% and 93% concentrations. 

With the 73% acid and a recycle ratio of 2:1, the bed was too wet; 

this caused the material to overgranulate into larger than desired lumps, even 

when water was not added to the granulator. Tt~ granulation co~1ld be improved 

(easily controlled) by increasing the recycle ratio to about 7:1, but this 

significantly reduced the production rate. 

The problem was somewhat different while using 93% acid. The bed 

temperature was relatively high (~60°-65°C), which resulted in a "green" (ex

granulator) product that was high (>8%) in free acid and extremely sticky. This 

stickiness caused buildups in the granulator, d:yer, screens, and crusher. 

From an operational standpoint, the 83% acid appeared to be better 

than either the 73% or the 93% acid. The granulation was easy to control, and 

the "green" product was nonsticky and free flowing. It should be pointed out 

that this acid concentration is not necessarily the optimum, and in a larger 

scale operation the acid concentration may be different, although the trend 

should be similar. 

On~e the acid concentration was established, the equipment was operated 

for about 6 hours to stabilize the operating conditions and to study the drum 

granulator operation, especially as it related to the buildup of material within 

the dtum and the effect of moisture on the size distribution of the granulator 

discharge. Further, this period also allowed the PPCL engineers to study the 

drying, screening, crushing (of oversize material), and material handling systems. 

After this run period, an 8-hour data collection run was made. The data were 

collected usually every half hour, and the average of these data sets is pre

sented in Table 28. 

The production data indicate that it is technically feasible to produce 

a granular product with about 50% of its total P2o5 
in a water-soluble form from 
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Mussoorie phosphate concentrate (prepared by Sala International, Sweden) through 

the SSAG process using sulfuric acid. The drum granulator operation was routine, 

and the buildup was quite small throughout the test run. The drum was rotated 

at 27 rpm, which corresponded to about 36% of the critical speed. This value is 

very ~imilar to that obtained with other phosphate rocks tested at IFDC. 

Under the conditions tested, the recy~le ratio was about 3, which is 

higher than that req~ired when other phosphate rocks (viz, central Florida, 

North Carolina, etc.) have been u~ed. This is probably due to the relatively 

high co2 content of the concentrate and unfavorable heat balance resulting from 

the small size of the equipment. In a larger scale operation and under optimum 

conditions (acid concentration, bed temperature, etc.), this recycle ratio will 

likely be lower. 

The grade of the product was 0-18.2-0 with about 50% water solubility 

and 55% availability. The free acid (measured as % P
2
o

5
) i~ the product was 

less than 4%, which is considered acceptable for such products. 

The granular material had good physical properties (Tables 29 and 30). 

The average crushing strength of about 2 kg/granule is well within expected 

values for simil~r products (SSP, TSP, etc.) and corresponds to a fairly resis

tant fertilizer material (2.1% degradation under simulated handling). The 

moisture absorption properties of the product were favorable, and no measurable 

r~netration of atmospheric moisture into an exposed sample (after 72 hours at 

80% relative hl.!IJlidity and 30°C) was detected. 

In spite of the relative difficulty in controlling granulation while 

using 93% concentration sulfuric acid, IFDC conducted acidulation/granulation 

tests using this concentration during March 1985 at the request of PPCL. The 

potential advantage of using the 93% acid is the elimination of the acid dilu

tion step. The equipment configuratio~ Aas similar to that used for the previous 

test except a pafi granulator was substituted for the drum. The test was begun 

by using recycle material from the previous run (MSR 810-C-S). As bef0re the 

granulation was difficult to control with 93% acid and the bed ten~erature varied 

between 62° and 68°C. This caused the "green" (ex-granulator) product to be 

extremely sticky (due to high free acid), which resulted in buildups in the 

granulutor, dryer, screens, and crusher. Consequently, through discussions with 

the PPCL representatives, it was decided to reduce the acidulation level whereby 

tl1e granulator discharge was less sticky and had an acceplable physical property. 

This condition could be achieved when the product water solubility was about 33%. 
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The equipment was operated in this mode for about 4 hours to observe the granu

lation characteristics and obtain samples for chemical analyses. However, 

4 hours of run time was not long enough to obtain any meaningful engineering 

data. The chemical analysis of the product is shown in Table 28. 

After 4 hours of operati~n in the above mode, the combustion cham~er 

was turned off and the dryer was used as a conveycr for the granulator discharge 

to the screens. The purpose of this test was to evaluate the technical feasi

bility of screening the "green" (ex-granulator) material followed by pile curir>g 

of the product-size fraction (minus 3.35- plus 1.18-mm [minus 6- plus 14-mesh, 

Tyler]) and bagging. Such a mode of operation has the advantage of a reJuced 

product cost (due to the elimination of a dryer) and is being practiced in a 

plant in Brazil usir.g an indigenous phosphate rock (!I). For the present test, 

the operation was started using the recycle material from the previous test 

(when a dryer was used); an attempt was made to screen the "green" material, but 

wa qot possible due to a weak granule strength. Pile curing for 1 week improved 

the granule strength to the y~int where the material could be screened. The 

acidulation/granulation circuit was operated for about 3 hours to observe the 

granulation characteristics and obtain samples for chemical analyses, but no 

engineering data were collected. The chemical analysis of the product is shown 

in Tab:.e 28. 

From an operational standpoint, it is technicaily feasible to produce 

a granular product with about 33% of its total P2o
5 

in a water-soluble form from 

Mussoorie phosphate concentrate (prepared by Sala International, Sweden) through 

the SSAG process using 93% sulfuric acid. The pan granulator operation was 

routine, and granulation was easy to control by using water. 

When a dryer was used to dry the "green" (ex-granulator) material, the 

buildup in the dryer, screens, and crusher was quite minimal. Under the conditions 

tested, the entire operation was quite routine and the granulated material was 

free-flowing individual particles. 

In contrast, when the "green" (ex-granulator) material was not dried, 

it was difficult to screen dup to a weak granule strength. The screens, crusher, 

and chutes tended to blind very quickly. However, when the "green" material was 

pile cured, screening and crushing operations wer~ relatively simple without any 

toticeable buildup. 

The grade of the products, whether dried or pile cured, was about 

0-20-0. The water solubility and availability of f ~eshly prepared (@ 24 hours) 
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products were 33% and 34%, respectively. The free 3Cids (measured as % P205) of 

dried and ur.dried products (@ 24 hours) were 4% and 5%, respectively; after 

I week these values were 2.4% a1).d 0.4%, respectively. 

The physical properties of products were dependent on their mode of 

preparation (Table 29 and 30). For examp!e, the average crushing strengths of 

the dried and I-week cured and undried products were 1.8 and 0.4 kg/granule. 

respectively. Due to this low crushing strength of the latter, the percentage 

degradation under simulat~d handling was extremely high (14.4%), which would 

probably cause serious handJing problems due to degradation, breakage, etc. The 

moisture absorption properties of both products were favorable, and no measurable 

penetration of atmospheric moisture into an exposed s3mple (after 72 hours at 80% 

relative humidity and 30°C) was detected. 

Partial Acidulation in a Run-of-Pile Form of the Concentrate--As 

mentioned earlier, continuous laboratory-scale ROP PAPR studies were made using 

Mussoorie phosphate concentrate (prepared by Sala International, Sweden) and 

sulfuric acid to determine the technical feasibility of producing an ROP semi

granular product that would be less costly than the granular products previously 

studied in the SSAG process. The tests were aimed toward determining the ~ffect 

of curing on the product quality (physical/chemical properties). In the known 

conunercial plants in Eurore and Brazil, the acid-rock re3ction proJur.t usually 

requires between 7 and 14 days of curing befcre it is ready for further handling. 

The equipment configuration for the present test was similar to that 

of the pug mill granulation test of ROM rock using phosphoric acid (see Mini

granulation Process Demonstration Trial). This was a once-through process with 

no drying. The unit consisted of phosphate rock and sulfuric acid feed ~ystems, 

a double-shaft pug mill mixer, and a simple insulated box den. The dimensions 

of the pug mill and box den were given earlier. The laboratory-scale unit was 

operated continuously at a phosphate rock feed rate between IO and 15 kg/hour. 

Sulfuric acid of selected concentration was fed to the pug mill to obtain a 

prod~ct with about 50% water solubility. The fluorine-laden gases from the pug 

mill and box den were treated in a wet scrubber to remove dust and fluorine 

compounds. The scrubber liquor was then route<l to the effluent pond. The pug 

mill discharge was denned for I hour followed by pile curing at room temperature 

for 24 hour~. 

A series of prelimin~ry tests were made to determine the acid concen

tration that would produce a handleable acid-rock reaction product. The acid 

concentrations evalµated were 73%, 83%, a~d 93% H2so4 . 
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When 73% H2so4 acid was used, the viscosity of the ~cid-rock slurry 

was unsatisfactorily low, which caused the material to b~ extremely "soupy" and 

difficult to transport to the den. Further, the ex-den material (after I hour) 

was sticky and uncuttable. 

With 93% H2so4 acid, the liquid phase was not sufficient to complete~y 

wet the material, and the result was a pug mill discharge mixture of large 

sticky lumps and unacidulated phosphate rock dust. The I-hour denned product 

had a similar appearance. Additionally, the chemical analyses (total and water

soluble P2o5) of the denned product varied with the particle size, thereby 

suggesting a nonuniform acidulation. When water was added to the pug mill 

during acid .. lation with the 93% sulfuric acid, the material tended to be much 

more uniform in appearance. However, the ~ug mill discharge temperature tended 

to be extremely high (150°-I60°C), causing the product to be very dry. The net 

result was a relatively high (>9%) freF acid content in the I-hour denned product. 

The 83% tt2so4 acid produced the most acceptable product in terms of 

physical and chemical properties. The pug mill discharge had a uniform consis

tency and could be easily transported to the den, an<l the ex-den product was 

cuttable and friable. 

After the cperating conditions were established, the unit was operated 

for a total of 8 hours to produce four batches of product, and each batch was 

denned for I hour follvwed by pile curing for 24 hours. The pile-cured material 

was subsequently screened on a 46-cm diameter, double-deck, self-cleaning, 

mechanically vibrated screen. The screen was fitted with a 3.35-mm (6-mesh, 

Tyler) oversize screen and a I.lo-mm (~4-mesh, Tyler) undersize screen to yield 

a product in the 3.35-1.18 mm size range. Oversize material from the screen was 

routed to a jaw crusher. The jaw crusher discharge was returned·to the screen. 

The quantity of oversize material varied among batches and averaged around 15%. 

The production data for this ROP PAPR ai~e given in Table 31, and the selected 

physical properties results are shown in T~bles 32 and 33. 

After completion of the above ROP PAPR demonstration run, an explora

tory test run ~as ~ade to determine the feasibility of granulating the undersize 

ROP fraction (smaller tha:i 1.18 mm [14-mesh, Tyler)) into a conventional size 

(3.35- to 1.18-mm ~6- to 14-mesh, Tyler)) product. The equipment setup was 

similar to that used for the partial acidulation/gra~ulation studies and ,1nsis

ted of a dry feed system, pan granulator, dryer, screening system including a 

crusher, and a recycle heating syste;n. water heated to about 70°C was used to 
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promote and control granulation. The amount of material available for this test 

was not sufficient to obtain any meaningful engineering data; however, some 

rather general observations regarding granulation were made. No attempt was 

made to evaluate the chemical/physical properties of the gr~nulated product. 

The production data (Table 31) indicate that it is feasible to par

tially acidulate ROP Mussoorie phosphate concentrate (prepared by Sala Inter

national, Sweden) using 83% H
2
so4 sulfuric acid to produce a pLoduct with about 

50% water solubility. The pug mill disctarge was relatively viscous but flowable 

and could be easily transported to the den. The discharge temperature of I08°C 

was high when compared with that encountered with conunercial phosphate rock 

(e.g., central Florida) acidul~ted to the same level of water solubility. This 

relatively high reaction temperature was probably due to the exothermic heat of 

reaction between carbonate and sulfuric acid. This level of reaction temperature, 

however, was beneficial in that it caused the ex-den m3terial to be dr7, cuttable, 

and friable. The free acid (measured as % P2o5) ar.d moisture content of the 

denned material were 4.1% and 4.5%, respectively. By industry standards these 

values are slightly higher than is acceptable in a ~inished product. However, 

this material would be suitable for granulation if that is desired. 

Pile curing of the denned material at ambient temperature (30°C) 

reduced its free acid and moisture contents to 0.8% and 2.6%, respectively. The 

cured product had an appearance similar to that of ROP SSP and was a mixture of 

lumps C=20 mm) and fine particles. About 30% of the ROP product was in the size 

range of 3.35-1.18 mm (6- to 14-mesh, Tyler); however, another 10% in the above 

size ran~e could be ~ealized by c~ushing the oversize fraction (larger than 

3.35 mm [14-mesh, Tyler)). Thus, the total yield was about 40%. The screened 

product (3.35-1.18 mm) was relatively granular and compared favorably with the 

material produced in the SSAG process. It should be noted that the above yield 

and the granule structure were obtained in the laboratory-scale equipment and 

under conditions that were not optimal. In larger scale equipment and under 

optimum conditions, these results may be improved. 

The grade ~f the ROP PAPR was 0-18.4-0 with about 52% and 59% of the 

total P
2
u

5 
in water-soluble and available forms, respectively. The free acid 

anrl moisture in the product were well within acceptable limits. 

The physical prcperties of the product-size fraction of ROP PAPR 

(Tables 32 and 33) were very similar to Sample HSR 810-C-S (Tables 29 and 30), 

,I 
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except for porosity, crushing strength, and abrasion resistance. The ROP samples 

were more porous, less resistant t<• abrasion (simulated handling), and had a 

lower granule strength. 

On the basis of the limited test run, the pan granulation of ROP PAPR 

fines (smaller than 1.18 mm (14-mesh, Tyler]) is feasible and relatively simple. 

The granulation was easy to control by using water, and the granulation charac

teristics were similar to those of ROP SSP granulation. The dryer, screens, and 

crusher operations were routine, and the granulated material was free-flowing 

granules that could not be broken under normal finger pressure. 

Single-Step Partial Acidulation/Granulation of the ROM Rock--The ROM 

~ussoorie phosphate rock was used in the process demonstratiun trial for producing 

PAPR using the SSAG process and a combination of sulfuric and phosphoric acids. 

The equipment configuration was similar to that used for the previous test except 

a pan granulator was used instead of a drum. Initial tests involved pretreatment 

of ROM rock using 40% r2o5 
phosphoric acid in a pinmixer. The purpose of this 

pretreatment was to partially convert the calcite in the rock to a mixture of 

monocalcium and dicalcium phosphates, thereby reducing its CO~ content. After 
' pretreatment, the pinmixer discharge was transferred by a belt conveyor to the 

pan granulator where it was partially acidulated/granulated using 93% H2so4 
sulfuric acid. The pan discharge was dried and screened to remove the product

size fraction. The oversize was crushed and rescre~ned while the undersize was 

recycled to the pan granulator. The objective of this test was to obtain a 50% 

water solubility level in the product. The equipment was operated in this mode 

for about 4 hours to observe the granulation characteristics and obtain samples 

for chemical analyses; however, no enginPering data were collected. The chemical 

analyses and the raw materials consumption data are given in Table 34. 

After 4 hours of operation in the above mode, the ROM rock was directly 

fed to the pan granulator, without pretreatment, and partially acidulated/ 

granulated using 93% H2so4 sulfuric acid. As expected, at a 50% water solubility 

level in the product, the granulation was difficult to control and the bed temper

~ture was relatively high (about 66°C). This caused the "green" (ex-granulator) 

product to be very sticky (due to high free acid), which resulted in buildups in 

the granulator, dryer, screens, and crusher. Hence, through discussions with the 

PPCL representatives, less sulfuric acid was used in the acidulation/granulation 

step with the result that the product water solubility was around 30%. The 

equipment was operated for about 3 hours in this configuration to observe the 
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granulation characteristics and obtain samples for chemical analyses. The 

relevant data are in Table 34. 

As an extension of the ab0ve acidulation/granulation with 93% sulfuric 

acid, the combustion chamber was turned off and the dryer was used as a conveycr 

for the granulator discharge to the screens. As with the Sala concentrate, the 

"gre~n" (ex-granulator) product could not te screened due to a weak granule 

strength. Hence, the material was pile cured for I ~eek prior to screening. 

The acidulation/granulation circuit was operated for about 3 hours to observe 

the operation and obtain samples for chemical analyses. The results are shown 

::n Table 34. 

From an operational standpoint, it is technically feasible to produce 

a gran~lar product containing about 50% of its total P
2
o

5 
in a wate~-soluble 

form from ROM Mussoorie phosphate rock through pretreatment with phosphoric acid 

followed by partial acidulation/granulation using 93% sulfuric acid in the SSAG 

process. The pretreatment and acidulation/granulation steps were relatively 

simple, and the entire operation was easy ~o control. 

Under the conditio~s test~d the material discLarging from the dryer 

wa > crisp and dry, resuhing in a minimtL"'I buildup in the screens and crusher. 

The granulator dryer and the transfer chutes remained relatively clean. 

In contrast, when the ROM rock was directly acidulated and granulated 

with 93% sulfuric acid without pretreatment with phosphoric acid, the operati0n 

was extremely difficult to control due t0 a relatively high free acid content in 

the granulator discharge. Even when the amount of sulfuric acid used was reduced 

to obtain about 30% water solubility in the product, the operation was marginal 

and extremely sensitive to the free acid content of the granulator dischar~e. A 

slight excess of free acid (due to fluctuations in the acid/rock-ratio) caused 

buildups in the chutes, dryer, screens, and crusher. Further, the dried product 

tended to be sticky and relatively cn~~-

In comparison, when the "gi.·een:i (ex-granulator) material was not 

dried, it was difficult to screen due to stickiness and a weak granule strength. 

The screens, crusher, and chutes tended to plug very quickly. HowevP.r, when the 

"grecr,·' material was pile cured, screening and crushing operations were rela

tively simple without any appreciable buildup. 

The grade of the product, while using phosphoric and sulfuric acids 

(Sample MSR 1000) was 0-19.5-0, with about 41% and 46% water solubility and 

availability, respectively. After, I week there was a slight improvement ir. water 
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solubility and availability values. The free acid (measured ~s % P2o5) of the 

fresh product was 3%, which i~ considered acceptable by industry standards. 

The grade of the sulfuric acid acidulated products (Runs MSR 1002 and 

MSR 1002-A), whether dried or pile cured, was about 0-15-0. The pile-cured product 

(Run MSR 1002-A) was slightly higher in water solubility and availability than the 

dried product (Run MSR 1002). For example, the water solubility and availability 

of I-week dried and pile cured prod·~ds were 29.0% and 34.8% (Run MSR 1002) and 

30.7% and 35.3% (Run MSR 1002-A), respectively. The free acids (measured as% 

P2o5
) of dried and undried products (@ 24 hours) were 4.6% and 4.9%, respectively; 

after I w-ek these values were I.6% and 0.6%, respectively. 

The average crushing strength of products prepared using phosphoric and 

sulfuric acids (Run MSR 1000) was 1.8 kg/granule (Table 35). This value is well 

within that required for satisfacto1y handling and is much higher than granules 

prepared using only sulfuric acid (0.5 kg/granule [Run 1002) and 0.4 kg/granule 

[Run 1002-A]). Due to the low crushing strength of sulfuric acid acidulated 

products, the percentage degradation was relatively high, especially for the 

undried product. For example, the percentage degradation of dried (Run MSR 1002) 

and undried (Run MSR 1002-A) products were 7.2% and 16.2%, respectively. The 

moisture absorrtion properties of all products were favorable 1 and no measurable 

penetration of atmospheric moisture into an exposed sample (after 72 hours at 80% 

relative humidity and 30°C) was detected. 

Experimental Materials f0r Field Trials 

in India 

According to the terms of the contract, promising experimental products 

were sent to India for field trials. These materials were selected en the basis 

of the greenhouse and soil incubation studies and through discussions with the 

PPCL representatives who visited IFDC in March 1984. Additionally, PPCL request~d 

that other products not e~'aluated in the greenhouse study also be sent to India, 

especially those produced from Mussoorie phosphate concentrate (prepared by S3la 

International, Sweden). The type and amount of experimental products airtreighted 

to India were 3S follows: 

I 
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Sample 
Number 

~tSR 301 
MSR 400-A 
MSR 817a 
MSR 605 
MSR 816a 
MSR 702 

R231. 74 
MSR 809-Sa 
MSR 810-C-Sa 
MSR 813-Sa 
MSR 812-Sa 
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Sample Description 

ROM Mussoorie Phosphate Rock 

Minigranular (sulfuric acid binder--pinmixer) 
Minigranular (phosphoric acid binder--pinmixer) 
ROP ,c (phosphoric acid binder--pug mill) 
Granular PAPR using sulfuric acid (:40% water solubility) 
Granular PAPR using phosphoric aci~ (=25% water solubility) 
Granular PAPR using phosphoric acid (=50% water soluJility) 

Mussoorie Pho£phate Concentr•te (Prepared by Sala 
International, Sweden) 

Gr~gnd Mussoorie phosphate concentrate 
ROP PAPR using sulfuric acid C=50% water solubility) 
Granular PAPR using sulfuric acid (~50% water solubility) 
Granular PAPR using phosphoric ac_d C=25% water solubility) 
Granular PAPR using phosphoric acid (:50% water solubility) 

a. Not evaluated in the greenhouse studies. 
b. Run of pile. 
c. Contains a mixture of granules and minigranules. 

Amount 
(kg) 

25 
20 
25 
40 
25 
25 

30 
25 
30 
25 
25 

The chemical analysis of a representative sample of each product is 

shown 1n Table 36. 

Conclusions and Recommendations 

The ROM Mussoorie phosphate rock is a low- to medium-grade (15%-18% 

P2o5) carbonate-fluorapatite with calcite being the principel di~uent and with 

significantly lesser amounts of ~olomite. The chemical quality of the ore is 

further diminished by the rresence of pyrite (5%) and dolomite (5%). 

Attrition scrubbing of this ore in an acid medium to remove carbonates 

~Pems technically feasible. Of the acid-media tested (5% HCl, 5% HN0
3

, 2% HN0
3

, 

5% HN03 + 5% H2so4 , 2% HN0
3 

+ 5% H2so4 , and 5% H2so4) 5% HN0
3 

solution seems to 

be the most attractive; however, the rock feed needs to be finely ground, and 

the aci<l consumption is relatively ~igh. Rest results are obtained when the ore 

is ground to 80% (by weight) smaller than 0.075 mm (200-mesli, Tyler). To reduce 

the CO?. content from about 14% (ROM rock) to about 4%, the acid consumption (on 

100% basis) is around 576 kg/mt product, an amount that is quite high. Thus, 

unless a relatively cheap source of acid is available, the attrition scrubbing 
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process may not be economically attractive. Nevertheless, a cost:benefit 

analysis is required to assess the economic viability of this process. 

The physical properties (less dusty and free flowing) of the ROM 

finely ground Mussoorie phosphate rock (being sold as a direct-application 

fertilizer) can be improved through minigranulation usin~ such binders as urea 

solution, potassium chloride solution, sulfuric acid solution, phosphoric acid 

solution, and urea plus niLric acid solution. From an operational viewpoj_nt the 

potassium chloride, sulfuric acid, and phosphoric acid solutions are more attrac

tive. The pinmixer granul~tor used for minigranulation in the laboratory-scale 

operation appears to be suitable, but the extent of pin wear and caking in the 

granulator housing cause concern. Further, the extremely 5mall sjzc of mini

granules (0.300 to 0.106 [minus 48- plus 150-mesh, Tyler]) tends to plug the 

screens and thus reduce the screening efficiency. In a larger scale operation a 

combination of a scalping screen (to remove big lumps) and an air-classification 

system may be a better alternative than conventional screening. Hence, it is 

recommended that the minigranulation process be further studied in a pilot plant 

to evaluate some of these options and obtain operating .at~ to scale up to an 

industrial-scale operation. The pilot-plant capacity sh~uld be around 1 mtph, 

and the design should be flexible enough to allow evaluati~~· of other types of 

granulators, such as a pug mill (or any modifications of it) and a fluid-bed 

dryer. This pilot plant can also be used to produce products for agronomic 

trials where the effect of different granule size ranges of products, other than 

0.300 to 0.106 mm (minus 48- plus 150-mesh, Tyler), on crop response can be 

studied. Ultimately, the pilot-plant data would provide a more reliable basis 

for estimating the investment and production costs. Incidentally, it is reported 

that a company in New Zealand recently demonstrated, in a pilot plant (l+-6 mtph), 

the production of granulated phosphate rock usiag a pelletizer (hybrid of pug mill 

and pinmixer) (18). 

The SSAG process using ROM Mussoorie phosphate rock and sulfuric acids 

of 73% and 93% concentrations are difficult to control at 50% product water solu

bility because of stickiness, which causes buildup in the granulator, dryer, 

screens, and crusher. A reduction in the amount of acid used for acidulation 

improves the operation but produces a weak granule. For example, with 93% 

sulfuric acid the product water solubility is 30% and the operation is control

lable; the product is free flowing but weak due to a low crushing strength (about 

0.5 ~g/~ranule). The operation and the product crushing strength can be improved 
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by pretreatment of the ROM rock with phosphoric acid followed by acidulation 

with sulfuric acid. 

In cont:ast to acidulating the ROM rock with sulfuric acid, the use of 

phosphoric acid in the SSAG is quite simple and trouble free. However, to 

achieve 50% product water solubility, about 56% of the P
2
o

5 
has to be derived 

from phosphoric acid. Thus, more than 50% of the P2o5 
in the product has to be 

imported (from India or other sources); this makes phosphoric acid acidulation 

questionable and forms the basis for recommending an economic review by PPCL. 

In comparison with the ROM reek, the attrition-scrubbed material 

(prepared by using 5% HN03 solution) is well suited for th( SSAG process using 

either aci~ (sulfuric or phosphoric). Because of a lower carbonate content of 

the scrubbed rock, the acid consumption (either sulfuric or phospb~ric) is lower 

than that for the ROM rock. The use of attrition-scrubbed material is attractive 

provided that attrition scrubbing is economical. 

The Mussoorie phosphate concentrate prepared by Sala International, 

Sweden, using the heavy-media separation technique, is re1sonably easy to acidu

lat~ with 83% sulfuric acid in the SSAG process to produce a granular product 

containing about 50% water solubility. However, with a 93% sulfuric acid, the 

operation is difficult to control unless the quantity of acid is reduced to a 

level where the product water solubility is 30%. 

In addition to its use with the SSAG process, the above concentrate is 

also suitable for production of PAPR in an ROP form, which is semigranular and 

nondusty. The ROP PAPR process is relatively simple, and the product is likely 

to be cheaper to produce than the granular material produced by the SSAG process. 

However, detailed investment and production cost studies are needed and recom

mended. 

On the basis of the laboratory t~sts with the Mussoorie rock (ROM and 

concentrate), it is reco'llJJlended ~hat PPCL consider the prociuction of PAPR. ~owever, 

prior to commercial production, it is recommended that PPCL set up a demonstration

scale plant where both ROM rock and concentrate ~an be evaluated using either 

sulfuric or phosphoric acid or both. The demonstration plant can be used to con

firm the laboratory test results and also to obtain enough information to do a 

detailed production eco1 )~ics study. The demonstration plant should have a 

capacity of 3-5 mtph of production and should be designed with sufficient flexi

bility to evaluate various process options. The operation of the demonstration 

plant will provide the needed experience for the operators and may be viewed as 
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the training ground for PPCL engineers who mav 1ater be involved in the operation 

of the commercial-scale plant, if PPCL decjjes to p~oceed in that direction. Even 

when a commercial-scale plant is constructed, the demonstration plant can be used 

to solve any technical problems that may arise. Further, the demonstration plant 

can be used to evaluate oth~r indigenous phosphate rocks for PAPR pro~uction and 

also to develop other product types, including compound fertilizers. Ultimately, 

the PAPR products produced in the demonstration plant can be used for field 

trials and market acceptance studies. 

IFDC has demonstrated the SSAG and ROP PAPR processes using central 

Florida phosphate rock 1n pilot-plan~ scale (:250-500 kg/hour production capacity). 

Although the central Florid1 phosphate rock is more reactive and has a lower 

content of free calcite than the ROM Mussoorie rock and concentrate prepared by 

Sala International, Sweden: it is felt that the Mussoorie rock would be suitable 

for production of PAPR on a larger scale. It should be mentioned, however, that 

a reduced level of free calcite content in the ROM rock and concentrate prepared 

by Sala International, Sweden, would improve the plant operation and decrease 

the sulfuric acid consumptio11. 

A preliminary list of battery-limits equipment for a demonstration-

scale plant (3-5 mtph capacity), along with a brief process description and 

pollution control requirements, is included in Appendix B. Abbreviated equipment 

specifications are also included based on IFDC pilot-plant runs using central 

Florida phosphate rock. It would be helpful to confirm these specifications 

through pilot-plant test runs using ROM Mussoorie rock and concentrate prepared 

by Sala International, Sweden. 
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Table 1. Chemical Analyses oi Run-of-Mine, Ground and Crushed Mussoorie 
Phosphate Rock Used for Minigranulation, Attrition Scrubbing, 
and Partial Acidulation/Granulation Studies8 

b Ground Crushedc 
- - - - - - - - (wt %)- - - - - - - - -

P20s 18.6 17.9 
Cao 43.8 42.3 
Si02 15.4 15. 7 
F 1.8 1. 7 
Al203 1. 7 1.8 
Fe203 4.0 3.6 
Na20 0.26 0.21 
MgO 1.4 1.6 
K20 0.45 0.44 
s 2.3 2.3 
Cl 0.013 0.013 
C02 13.6 13.6 
Organic carbon 1.4 1.4 
Loss on ignition 10.8 10.9 
H20 0 .17 0.48 

a. Rock received on May 12, 1983. 
b. Composite of ground sample, designated as IFDC inventory No. R231.61. 
c. Composite of crushed sample, designated as IFDC inventory No. R231.62. 



Table 2. Chemical Analysis of the Mussoorie Phosphate Co~centrate 
(Prepared by Sala International, Sweden) Used for 
the Partial Acidulation Process Demonstration R~ns2 

Wt % 

~20s 25.0 
Cao 45.3 
Si02 5.I 
F 2.5 
Al203 0.55 
Fe203 5.0 
Na20 O. I9 
MgO J.. 2 
K20 0. IS 
s 3.3 
Cl 0.02 
C02 10.0 
Organic carbon 1.8 
Loss on ignition 5.4 
H20 0.16 

a. Concentrate received on January II, I984, 
designated as IFDC inventory No. R23I.74. 

: t 



Table 3. Chemical Analysis of a Mussoorie Ore Sample Used for a 
Characterization Study8 

P20s 
Cao 
Si02 
Al203 
Fe203 
Na20 
MgO 
K20 
s 
Cl 
F 
c 
C02 
Loss on ignitionb 
NAC-soluble P20s 

Wt % 
15.2 
46.0 
11.6 
1.4 
4.1 
0.21 
2.1 
0.3 
2.9 
0.015 
1.45 
1.23 
17.3 
17 .9 
1.0 

a. IO-kg sample received January 20, 1983, de
signated as IFDC inventory No. R231.50. 
b. Determined on a carbonate-free sample. 



Table 4. Mussoorie Phosphate Ore Liberation Study Based on Point-Counting--
500 Points for Each Size Fraction4 

-48 Tyler +60 U.S. (60 Tyler) 
-60 +80 U.S. 
-80 +100 U.S. 
-100 +200 U.S. 

a. Tyler mesh equivalents: 

Percent of Total in Size Fraction 
Free Complex Simple 

Carbo~ate ~ree Aoatite Locked Locked 

U.S. 
(mesh) 

60 
80 

100 
200 

26 
24.8 
30.0 
24.4 

Tyler 
(mesh) 

48 
60 
80 

100 
2C•.i 

35.4 
48.0 
44.8 
57.6 

0Eening 
(mm) 

0.300 
0.250 
0.180 
0.150 
0.075 

36.2 
21.6 
21.4 
18.0 

2.4 
5.6 
3.4 

• 

• 



Table 5. Chemical Anal~sis of Run-of-Mine Mussoorie PhosEhate Rocks Used for 
the Attrition Scrubbing Tests 

SamEle ~ Cao MgO Si02 Fe203 Al203 fQ2.._ s F - - - - - - - - (wt %) - - -
Jaw crushed 17.7 42.8 1.41 13.40 4.19 1.84 13.8 2.0 2.4 
As-received 

ground 17 .2 43.3 1.50 13.1 3.40 2.42 15 .4 1.5 1.8 



• 
Table 6. Size Distribution of Run-of-Mine Mussoorie 

Phos~hate Rock Used for the Attrition 
Scrubbing Tests 

Size t'lesh, 
Sam~le 

a Wt% Tyler 

Jaw crushed -6 +10 9.~8 

-· -10 +35 57.56 
-35 +48 6.59 
-48 +65 4.06 
-65 +150 6.46 

-150 +200 3.49 
-200 +325 2.16 • -325 9.80 

100.00 

As-received 
ground -150 +200 24.06 

-200 +270 13.78 • -270 +325 7.27 
-325 +400 4.76 
-400 50.13 

100.00 

a. Tyler mesh equivalents: !.~ Opening 
(mesh) (mm) 

6 3.35 
10 I. 70 
35 0.425 
48 0.300 •• 65 0.212 

150 0.106 
200 0.075 
270 0.053 
325 0.045 
400 0.038 ' 

' 

• 

I 
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Table 7. Chemi~al Analyses of the Different Size Fractions of the Run-of-Mine, 
Jaw-Crushed Hussoorie Phosphate Rock Used for the Attrition Scrubbing 
Tests 

Size Mesh, 
a Tyler 

-6 +IO 
-10 +35 
-35 +48 
-48 +65 
-65 +150 

-150 +200 
-200 +325 
-325 

Total Cale. 

Wt % 
of Total 

Sample 

9.88 
57.56 
6.59 
4.0f. 
6.46 
3.49 
2.16 
9.80 

100.00 

~ CaO ~ __fQz_ Si02 Fe 20 3 Al 2 0 3 
- - - - - - - - - - (wt %) - - - - - - -

17.40 45.30 1.50 14.50 13.60 4.20 1.60 
19.90 45.90 1.45 14.90 13.90 3.91 1.68 
19.30 44.92 1.30 13.70 13.32 3.94 1.60 
19.50 44.08 1.30 12.40 12.90 4.00 1.64 
18.80 43.20 1.40 12.10 13.62 3.80 J. 70 
17.40 42.5C 1.50 13.20 13.92 4.82 1.90 
13.20 40.10 1. 70 14.80 18.14 6.30 3.48 
11.50 42.31 1.90 15.67 19.40 6.39 3.74 

18.47 44.93 1.49 14.40 4.26 4.30 1. 91 

a. Tyler mesh equivalents: Tvler OEening 
(mesh) (mm) 

6 3.35 
10 1. 70 
35 0.425 
48 0.300 
65 0.210 

150 0.106 
200 0.075 
325 0.045 

s 

1.98 
2.17 
I.80 
I. 74 
1.80 
I.94 
2.53 
2.54 

2 .12 r 



Table 8. Effect of Ball Mill Grinding on the Siz~ Distribution of the Run-of
Mine, Jaw-Crushed Mussoorie Phosphate Rock Used for the Attrition 

• 

Scrubbing Tests fJ 

Size Mesh, 
a 

Ung round 1.5 Minutes 6 12 ~tinutes Tyler 3 Minutes Minutes 
- - - - - - - - - - - -(wt %)-

-6 +10 9.88 • 
-10 +35 57.56 
-35 +48 6.59 20.10 
-48 +65 4.06 27.05 23.96 
-65 +150 6.46 18.35 24.31 17.26 

-ISO +200 3.49 8.99 17.83 22.14 22.70 
-200 11.96 25.51 33.90 60.60 77 .30 • 
Total Cale. 10(1. 00 100.00 100.00 100.00 100.00 

a. Tyler mesh equivalents: !Yler OEening 
(mesh) (mm) 

6 3.35 • 10 1. 70 
35 0.425 
48 0.300 
65 0.210 

150 0.106 
200 0.075 • 

• 

• 

• 
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Table 10. Attrition Scrubbing of the Run-of-Mine, Jaw-Crushed Mussoorie Phosphate Rock Grotm<l in a Batch-Ty_E~ 
Ball Mill for 12 Minutes (80% Minus 0.075 mm {200-Mesh, Tyler]) in Various Adds 

Acid Used 
Solid 

Content 
(wt %) 
~ Materials 
(pH) 

~Q_s_ CaO. ~g- _gQ2__ Fe 2_9_a Al.2.Q.a Si02_ s 
- - - - - - - -(wt %)- - - -

2% HN03; 100% of stoichiometrya 

5% HN03; 100% of stoichiometryb 

5% H2S04; 100% of stoichior.1etryc 

2% HN03 + 5% H2S04; 100% ofd 
stoichiometry (1:1 ratio) 

5% HN03 + 5% H2S04; 100% of 
stoichiometry (1:1 ratio)e 

5% HCl; 100% of stoichiometryf 

4.8 

11. 2 

14.1 

7.2 

12.5 

17 .9 

4.12 Product 
Filtered 

19.50 35.6 1. 7 

solution 0.40 2.4 0.1 

3.17 Product 
Filtered 

22. ~I) ~4.7 

solution 0.70 2.8 

2.40 Product 13.10 40.3 
Filtered 

solution 0.90 0.3 

2.7 Product 
Filtered 

14.60 38.8 

1.4 

0. 1 

1.1 

0. 1 

0.97 

solution 0.50 1. L+O 0. i 

2.84 Product 
Filtered 

15.0 

solution 0.65 

35.2 1.2 

1.90 0.1 

2.50 Product 
Filtered 

23. 10 31. 4 1.5 

solutlon 2. 8 6.8 0.1 

a. Acid quantity (kg/wt product; 100% acid basis)--575.7. 
b. Acid qhantity (kg/mt product; 100% acid basi3)--575.7. 
c. Acid quantity (kg/mt produc~; 100% acid basis)--447.7. 

3.d6 

3.68 

2.97 

3.59 

3.40 

2.86 

d. Acid quantity (kg/mt product; 100% acid basis)--511.7 (287.9 HN03 + 223.8 H2S04). 
e. Acid quantity (kg/mt product; 100% acid basis)--511.7 (287.9 HN03 + 223.8 H2S04). 
f. Acid quantity (kg/mt pr&duct; 100% acid basis)--333.5. 

- .. - • • • • 

4.6 3.2 19. 20 2. 1 

<0.01 <0.01 <0.01 0.02 

3.9 2.4 18.80 2.1 

<0.01 <0.01 <0.1 0.02 

3.3 1.9 18.00 8.9 

<0.01 <0.01 <0.1 0.04 

3.4 2.0 14.10 6.9 

<0.01 <0.01 <O. 1 0.03 

3.2 1. 9 12.10 6.2 

<0.01 <0.01 <0.1 0.03 

4.6 3.3 22.60 2.5 

<0.01 <0.01 <O.l 0.04 

• • • 



Table 11. Attri t io1< Scrubbj ng of the Run-of-Mi_!! .. ~ .. L_!'.s-~_cei~ed, Ground Mussoorie Phosphate Rock in Various Acids 

Acid Used 
Solid 

Content 
(wt %) 
~ Materials 
(pH) 

~- ~ ~ -~ Fe203 Ai203 ~ .. !.Qz_ 
- - - - - - - -(wt %)- -

s 

5% HN03; 100% of stoichiometrya 

5% HCl; 100% of stoichiometryb 

5% H2S04; 100% of stoichiometryc 

5% HN03 + 5% H2S04; 100% ofd 
stoichiometry (1:1 ratio) 

10.2 

16.4 

12.7 

11. 3 

3.15 lroduct 21.9 
Filtered 

solution 0.7 

2.45 Product 22.5 
Filtered 

solution 2.7 

2. SO Product 12.7 
Filtered 

solution 0.82 

2.84 Product 
Filtered 

14.2 

32. 4 1. 6 

3.0 0.09 

31.2 1.3 

2.0 0.12 

36.8 0.9 

3.5 0. 14 

34.4 1. 0 

solution 0.74 2.0 0.14 

a. Acid quantity (kg/mt product; 100% acid--basis )--6 78. 5. 
b. Acid quantity (kg/mt product; 100% acid basis)--393.8. 
c. Acid quantity (kg/mt product; 100% acid basis)--527.7. 

3.77 5.4 2.57 19.8 1.3 

0.002 0.03 0.02 <0.1 

2.58 5.0 2.57 20.5 2.5 

0.004 0.02 0.02 <0.1 

2.19 2.7 2.31 9. 1 9.9 

0.005 0.01 0.04 <0.1 

2. 64. 3. 1 2.43 10.9 6.7 

0.003 <0.01 0.03 <0.1 

d. Acid quantity (kg/mt product; 100% acid basis)--603.1 (339.3 HN03 + 263.8 H2S04). 



• 

T.1hlt• 12. ~t~!~tioll ~nuhhini; of_~IH~ !'fl"l"'r•:~.t,;~~1_1111~ ~'~"'l'~!:'..J:'~()!!' th,,!!•!n-ot_~t!im•, J,,.,•-Crudwtl 
Mussoorit• r!•<>S}'h-!l". !{u~~ _ill_ ~~_ll;.:~Q-1 

SI ;'.t" ~J.-sh, \,,'l ---- --- - -------- ,\_:!~·'Y ~-- - -------- ---- ---ry1 ...... ~-- }';.:ll:-, C.10 t)gO. SiO;.:_ !'~;.:Q;i ~!;.:QJ ~o:l._ s 

-1u +:.s 70.44 lo.8 43.8 I. 40 16.8 2.7 2.0 5.R9 2. 1 
-4S •100 7. J') 14. ') 42.2 0. 73 15.4 2. <) I. 8 4. 12 5. :1 

-100 +~llO 4.:!q 10. 7 Jo.4 0.80 20.0 :l. 4 2.4 3. 18 7.4 
-~llU 17. 92 0. 32 29.3 0.60 1'>. 4 2.8 2. 7 0 29 12. (, 

"I ut.il t:.d C. 100.00 IJ.41 40.77 I. 18 16.)8 2.76 2 .13 4.b4 4. 4(, 

- - --- -- ·- -- ----- ------- ------ ----- --------
.1. ·1~·!.-r 111<•sh t••111iv.1h·nts: Tyl .. r __ \)pening 

(nun) 

-

(m•·sh) 

10 
48 

lllO 
200 

-

1.700 
0.300 
o. 150 
0.075 

- • 

_ _P;.:O~ Cao fli;O. 

88. :i!~l 7'.i.68 ll:l. :11 

7. 'Vi 7. t) 1 4. rl 7 
].42 J.8) 2. Ill! 
0.:18 12.81! 'l.24 

100 JOO 100 

• • 

1J isl r I 1>111 i C•ll ",.i, "" ,, f 
Sill;.: Fi:::Oa _ !\_);:O;i _CO;.: __ s 1111' l_'u 111 

71. :Jh t>8 .1!4 I)(,. :!2 l!<J. 41 :u. 17 2. 4:, 

(,, 82 7. 72 6.W (,. :11 9.07 
~" 11! 5.:!R 4.1!4 2 .'J4 7. 12 

J(,, 64 Ill. 16 22. 74 I. 12 :>o. 64 

100 100 100 100 JOO 

-·-----------

ii -- e ~ 



- - -

T.ahle 13. ~t!:r!!_ion_S!'•u!'hins__<;>! tl_I~ l'r~l"'i:.<:.<!_.Q!"()ll~<I ~~"'L'!~:J!·!!m ~h.•• H1tn-c,>f-IJi111·,_ .J.1w-C:r11sh1·d tlu:;sourie 

f>l_IC>~l'l_l~lt.: ~C>'!<-_!.r.! ~1 !ll>l~;i_t:_ ~l_!l;.~SQ.L.J'.!!:_J_; ! ~~~ill2 

Siu t:_.~h, \.It - - ------------~~~x -~ --~----- - --·· 
- _T~·fr~ .. - -~-- 1'::9.::. - Cao MgO ~_iQL [~Q;i ~.l2Q;i !'.~1:: s .. P;.:O.:, 

U ! S l f i 11 U ~ i O II ~ 
C.111 . 11.(J ~ i C>::. F"~OJ 

-10 •48 63. 77 21. l 40.S ). 20 18.6 2.9 1.8 5.29 J. 7 7J. J5 67. JR 70.J4 6:1.70 ~,5. 58 
-4S •IOU 11. 16 2 l. 6 40.4 0.97 18.3 3.5 2. I 3.65 J. () J:l.8J 11.n 1) • IJ~l JO.% 11. 74 

- JOO •20(1 4.89 19.8 34.2 0.96 20. 1 4.9 2.9 ). 88 4.4 5. ~)5 '·. 'l') 4 .. ! J ';. 28 7.~J 

-200 20.18 3.0 JI. 9 O.SJ 18.5 4.2 3.1 0.59 12.2 3.47 16. 74 I 'i . "'' :w. 06 2'i.47 

- Tot.ll- c .. i.c. 100.00 17.43 38.4"> I. 09 18.62 3.33 2.1"> 3.99 4. JO JOO 100 JOO 100 100 

·;..ri.c·· -~~:1i;-~- __ - ~--:=· 
pll (J ( 

lht• l'.11111 

'iJ.40 84.'i2 26.47 :J.00 
10. 'JO 10.20 8. 17 
6. (,() 2.JO ~ •. 25 

21). 10 2.98 60. 11 

100 100 100 

J. T,1-;;:-.;~:s1.-e.1.;iv:;-c.~;;t"s:-1~I~r ----Qrc:!i:iii8 _________ _ ----- --- -- -- --·-·. -·-· .---------- ---------- ----

(ni1•sh) (mm) 

10 
48 

100 
200 

1.700 
0.300 
u. 150 
0.07"> 



• 
Table 14. Chemical Anal~sis of Attrition-Scrubbed 

Hussoorie Phosehate Ore in 5% HN03 
(Pilot Plant) • 

Wt ~'° 
P20s 21.60 
C02 3.50 • c.s. P20s 3.50 
w.s. P20s G.60 
Cao 35.60 
MgO 2.00 
Si02 19.10 
Al203 2.30 • Fe203 5.00 

:! F 2.60 
K20 0.65 
Na20 0.23 
s 3.30 
Cl 0.12 • C (organic) 2.20 
Loss on ignition 10. 70 

• 

• 

• 

• 

• 



Table 15. Chemical Analvsis and Size Distribution of the Run-of-Hine, 
As-Received, Ground Mussoorie Phosphate Rock Used for the 
Minigranulation Studies 

Chemical Composition 
~ Cao Si02 F Al203 Fe203 ~lgO 

-----(wt %)- - - - - -
18.6 43.8 15. 4 1.8 I. 7 4.0 1.4 

CO? 

13.6 

Size Distribution Analysis, Percent of Total Feed in Tyler ~lesh Fractions Shown3 

+65 -65 +100 -100 +ISO -150 +200 -200 +270 -270 +400 -400 

1.5 4.0 6.2 10. 9 10.0 14.0 53.4 

a. Tyler mesh equivalents: Tyler Opening 
(mesh) (mm) 

65 0.212 
100 0.150 
150 0.106 
200 0.075 
270 0.053 
400 0.038 



r .. ble lb. ~~·11111!.HJ <~f_ Opr_r::i~iug Q_ .. ~a_--Mi II i ~ril_!l•~_l a!_i_l?.!l _O_f~l_!!'_(l_I-~ "!~.-~l!_:R!'l'_l'. iyi:!~L g_r'2'!!!~-t~u~~(l(l_i: i ., Pho~h_!!_~_!ock ~!!-~J!_l!__f_!lnt!_u_':!f!.!!:~ 
Labo ~~_!'_y-S~ ~':'.- Gr a 11~l_a.!:_i_(l_r1 _ _!l_!! i_!: 

Tt·st uumbt'r 
Bin.t.-r typ1• 
B111tlt•r co11n·ntr.1t1v11, ••t ';;. J 
Aclu3! proJuclion rate, kg/hour 

Pinmixer 

R,tck r~~,1 ~~t··, kg/i1our 
8P1·.!c•1 l<'t'd rate·, kg/hour 
~ater (erJ rate, kg/hour 
Sitri~ a1'1d {red rJle (2% by weight), 

kg/hour 
Tf·mpt~ratur!: vi tlic·tt•r, °C 
!«-• Yl" lt• let·J rat I', k~/hour 
Rrcycle ratio, kg/kg 
-1"t·r.1pc•rature of re":ycle, °C 
P.lrticle siz«' of r~cycl~: 
Uvrrsi~e (larger than 0.295 ~~ 

(+48 ml'sh, Tyll'r!l. l 
ProJun {: ... t 1•t•1•11 0. 1 Oti .111J 0. 295 mm 

(-48 +150 mrsh, Tyl..rll. t 
L11d1·rs1ze (sm:d lf·r than 0. !Ob nun 

(-150 mesh, Tyl<·ri) 
Discharge tra~eratur<", °C 
Averag<' revolutions, rpm; tip speed 

(m/seo.:onJ) 
Discharge moisture content,% 
:\\'<'rage pin "''ear, nun/kg of proilurl { 
Po1.·er c0nsumption, k\•h/mt of proiluct 

~~r 

Angle, degree 
Rrvolution, rpm 
Air discharge trmp<'rJture, °C 
Material discharge trwprraturr, °C 

- .. 

~ISR 10"> .. M 
Urt•a 
50 
11.82 

12. l 7 
I. 92 
0.45 

10'> 
14.00 
I. 08 

27 

0 

J:l. 4 

86.6 
74 

1,000; 6 .4 
3.5 
0.2b 

45 

.. 

2.5 
6 

8S 
75 

t!SH 200-1' 
PotasHium l'hlnride 

LI. c; 
11. 49 

12. 11 
3.0 
0.21 

., < 
-.> 
Ill. 24 
I. 4"> 

'/. 7 

() 

14.8 

85.2 
76 

870; 5.6 
4. ~. 
0.21 

54 

2.S 
(, 

7:. 
(>!J 

(Cu11l icu1t•d) 

-

MSH 301 
Sulfuric al'id 

50 

• 

17.)0 

18.36 
3. 2~> 
l. 2 

2~> 
9. 19 
0.46 

27 

0 

l ~). 5 

84 .!'> 
52 

840; 5.4 
7.5 
0.066 

)<; 

2.5 
(, 

70 
t,:. 

MSR 400-A 
Phosphor,ic acida 

40 I 

• 

11.11 

11. 96 
Z.48 
I.!'> 

25 
18.02 

1.4 
27 

() 

18. 7 

8 I. 3 
44 

850; 5.4 
7.5 
0.034 

50 

2 . .., 
6 

!J'1 
.._, 7 

• 

HSR 501-A 
Urea t nitr~c acid 

48 i 2 
14.48 

15.28 
J. 686 

J. 05 
105 

15.29 
0.95 

27 

0 

2S.5 

74.5 
60 

850; 5.4 
S.5 
o. 26 

40 

2.5 
6 

{,C) 

60 

- e::l 

J. -----~ 

i& 



T .ib le lti. ~ll~.:iry ~! n1wi:J_~ Ing ll.i ~··---!~i IL I gr.urn 1.1 l iun ~) f_Jl~Hl~~!_-Mi.I•~'.J -~-~~!«·_n .. _i'.!'.''"L-"!'.~-··n•!!!!!.'."-!.~0_!_i!_ _ __!'._!!usph!~fu>..£~.l!L~.!.!!....£onl i 11!!~~! 
~~hor;it~_r}'-Sc~-~!~~-~·~~ ~ U!!_ _!)11!_! l Cunt i nued) 

T .. st 11uml•1•r MS!! IOS-M MSH 200-A MS!! JOI MS!! 400-A mm 501-A 

!111Hfrr typl' Urea Pu lass i um l'ld or i 1le Su II u r i ,. a c 1 d l'hosphur,ic ucid
4 Uren t niLr!c acid 

81ndt'r conrentr.ition, wt I d 
so 1:1. ~) '10 40

1 411 I 2 

A<:tuJI production r;ite, kg/hour 11 .112 11. 41J I 7. 30 I I. 11 14.4!1 

~~y~ 2_!_Prod_!:!Cl 

Tool P20!., t 16.8 I 6. ~> 15.9 24.0 16.4 

\i~ter-soluhle P2Di, l - - (J. J 0.9 

Av;i1lable P20•, I 0.1 ll. ·1 Cl.fl 4.9 0.4 

free aciJ, as l Pi05 - - o.o 0.1 

s. ., 2. IJ - - - 2.6 .. 
K~ll, l h - 2. II 

11 ... is tu re , \ < 1. 0 <I. O <I. 0 <] ,0 ( 1.0 

Ava1lahil1ty, I of tutdl P20!. I. 8 1. 8 5.0 20.0 2.4 

~,i~ ~l'!!._er~ls __ ~!:'ns~m11t~u_n 

Ure.i:produ<:t r;itio 
i 0.073 0.047 

i 
- - -

Potassium ,-hloridr·:prudul·t r.it iu - 0.012 

Sul iur1c J1·iJ:p1·u•lul'l rat io
1 

. - - 0.076 

Phosphoric JciJ:proJuct ralioJ - - - 0. 13 7 

S1tri<: aciJ:proJuct rJtio
1 - - - - 0.001 

Rock:proJuct ratio 0.927 0. 968 0.859 0.892 0.882 

a. -~·l~-processaciJ:- ------- -------------- -------·-
b. Expressed as P20•. 
c. 481 urea and 21 nitric acid. 
d. Due to loss ol material during in-process han<1:in~, the actual pr<Hluclion rat1• is lower '-'hen compared wilh lhe fc•ed 
r.Jle of raw materials (phosph;ott• rol'k and b11ufrr). 
e. Ut•fined as lhe "·eight ralio of total rrl·yrle to p11osphate rock pluN hi1ult·r fi•d to the pinmii<er on a dry baRis. 
lniler ideal operating conditions, this ratio '-'Ould crrrl'Nponcl to the rt•l·yl'le fed tu thl' granulator .. ml the amount 

of product produced. 
f. c\pproi<imate. Relative to empty pinmixer op<'ration. 
g. Expressed as summation or ,...,t1·r-soluhle and cilr.1te-:;oluble 1'~05 wlll'l't' l'itr.1tt--soluhle P205 is ml'asured 
by AOAC neutral Jm'lh111i11m-ntratt• mrlhoil. 
h. All.\C val·uum cl1•s11 ""lion m1•thuil. 
i. 'lJst•J on lllUl l·oncrntr;ilion (i.r., KCI, ll~S0.1 , llN03). 
j. !l;i:;ed on 54-Z P~O• phosphoril' al'i<I l'an;:t•ntr;otion. 

. 



Table 17. Physical Properties of Minigranulated Products Prepared From Run-of-Mine, As-Received, 
Gro_~.md Mussoo&:"i e Phosphate Rock

8 

Bulk D~nsit}'.d 
Abrasion 

Sampleb c 
Angle Ht:sistance,f DisintegratioE_i~__!!_~~-~~ 

Number Binder Type kg/m3 lb/ft 3 ~f Reposee porosity % D~radation 5 minutes 15 minutes 
(degree) (%) 

:-:-:-:-: (%)-:·------

MSR 105-AA Urea 1, 111 69.4 30.0 4.3 8.0 73 78 

MSR 200-A Potassium chloride 1,122 70. 1 28.5 4.3 13.1 84 85 

MSR 301 Sulfuric acid 1,132 70.7 32.0 5.9 6.5 18 47 

MSR 400-A rhosphoric acid 1,076 67.2 32.0 2.5 11. 3 3 ~ 

MSR 501-A Urea plus nitric acid 1,065 66.5 32.0 4.3 6.8 89 89 

a. Pol·osity and disintegration in water were determined according to the procedure developed--bylFDC;au--· 
other tests were performed according to the procedures outlined in the TVA Special Report No. S-444 (8). 
b. Corresponds to the test numbers shown in Table 16. -
c. Refer to Table 16 for binder concentration in the product. 
d. Bulk density of finely ground Mussoorie phosphnte rock--1,290 kg/m 3 (80.6 lb/ft 3

). 
e. Angle of repose of finely ground Mussoorie phosphate rock--42°. 
f. Under si~ulated handling. 

- - - - • •'I • - ... -



- - - -

Table 18. !!Y_gros~opicity of Hinigranulated Products Prepared From Run-of-Mine, As-Received, Ground Mussoorie 
8 

Phosphate Rock 

HygroscoQicit~ (72 Hours' ExEosure Time at 80% Relative Humidit~ and 30°C) 
Moisture- Moisture-

Sampleb Moisture Moisture Holding Holding 
Physical Conditi~.!!~---

Number Binder Type c AbsorEt.i.on Penetration CaEaci t~ CaEaci!Y_ 
(mg/cm2 ) (cm) (mg/cm3 ) (%) 

HSR 105-AA Urea 96.5 1. 0 96.5 8.6 (A) Damp with light-to-medium 
set after 48 hours 

e e 
(B) Same as A 

MSR 200-A Potassium chloride 61. 7 0.0 - - (A) Dry with very light set after 
48 hours 

e e 
(B) Same as A 

HSR 301 Sulfuric acid 24.1 0.0 - - (A) Dry and free flowing 

e e 
(B) Same as A 

HSR 400-A Phosphoric acid 5.4 0.0 - - (A) Dty and free flowing 
(B) Same as A 

~lSR 501-A Urea plus nitric acid 123.3 2.6 47.4 4.3 (A) Damp with medium set after 
48 hours 

(B) Same as A 

a. Determined according to the procedure outlined in TVA Special Report No. S-444 (SJ. 
b. Corresponds to the test numbers shown in Table 16. -
c. Refer to Table 16 for binder concentration in the product. 
d. Condition: (A) periodic~lly checked during the test period; (B) checked after test period. 
e. Moisture-holding capacity cannot be calculated without some evidence of moisture penetration. 



Table 19. Chemical Analyses and Size Distribution of the Run-of-Mine and Attrition-Scrubbed Mussoorie 
Pl1osphate Rock Used for Parti~l Acidulation/Granulation Studies 

Run of mine 
Attrition ~~~uobed

0 

Run of mine 
Attrition scrubbed 

P20..s. 

HL6 
21.6 

+65 

1.5 

~hemic3l Comeosition 
Cao ~e20a ~g_Q ~i();.; _£__ ~ 

- - - - - - - - - (wt %) - - - - - - - - - -

43.8 15.4 1.8 1. 7 4.0 
35.6 19.1 2.6 2.3 s.o 

Size Distribution Analysis 
~~~---'-P._:_ercentage of Total Feed in Tyler Mesh Fraction 

-65 +100 -100 +150 -150 +200 -200 +270 

4.0 6.2 10.9 10.0 
6.8 7.8 14.3 12.3 

1.4 
2.0 

b 
Shown 

-270 +400 -----
14.0 
11. 1 

a. The run-of-mine rock was attrition scrubbed with 5% HN0 3 [refer to Beneficiation section of this 
report). 
b. Tyler mesh equivalents: Tyler Oeening 

(mesh) (mm) 

65 0.212 
100 0.150 
150 0. 106 
200 0.075 
270 0.053 
400 0.038 

- .. • • • -

C02 

13.6 
3.5 

-400 

53.4 
47.7 



-
- - ... 

T11•l<- N. S1rn111.1rr ul !lpt•r.1tint: i)Jla--l'~rli~l ~ci.')[Jl;ili_n.nLQra1111lali°.n ut_Llu• H·1~1··uf-!l1111• ~l11~_~uori•• l'ho~l'h.1l1• 
Nr.,·k in ~h~-.'.:~'!~i'!ll~~~ 1~·~!~lo!L?_£~l~Gr~!'l!!a0_~, ~ll~~ (Conlinul'd) 

Te·::..t 1:u;,1ht·r 

A> i ·I l yp1· b 
,\, ~u.al Pf"'-~,Ju,:t1un rJlt•, kg/hour 

An.1!:.,_.1s. u_f !'n>!•~~~ 

luL•l P.,\l .. , ~ 
l.".1ler-~ol~ble P~•\,• l. 
Availablr P~O~, l 
K...:U, ~ .... 

Cll~~ ~ 
Frt·t· ..1~ 1d. ~s 'Z. P~Ur. 
Md t. st urt..~ 1 t 
Fl uur 1111•, l. 
l.~tl'r ~ulah1l1ly, ~ uf ldtJI ~~05 
,\v.1d.1hai1ty, ':., ut tuLd l'~O;, 

1<1 ... ~l.~l•·r1.~!~ Cton!-:il!11i1~~~,~1 

:\t. j d: rlit,:k r.at iv 
~\ri·l:prutltut r.1l1u 
l<"d'· l'l'l.>·hn·t r.al iu 
Pot ..J~~. i tun l·h I ur iJt-•: pro\h: ... l rat 1 o 

MSR 604 
Sulfuric acid 

13.76 

14.S 
3.9 
4.1 

5.1 
2. I 
1.9 
I. 1 

26.8 
28.3 

O.:l2Sj 
0.254.1 
0.780 

MSN 605 
Sulfuric acid 

10.)) 

]). 'l 
4.5 
4.7 
-
4.0 
:l. fJ 
2. 6 
1.1 

32.4 
1].C\ 

o. :v .. ) 
(). :!(,f,J 

0.747 

". l'rl'l r••atm,"1t st•·p-l1~t rt:(jialr-,:,f-.-----·-------------------·-

MSH &Oil 
Sulluric ;acid 

1I.8 

12.6 
<i.o 
'.J. :i 
2.4 
1.9 
(,.] 
2 ., 
.~ 

I). 'J 
]I)•(, 

42.0 

0.42!.i 
u. ;rn r 1 

(). (, 7 1 
0.0)4 

MSN 702a 
l'hosph•i r i 1· .1c id 

I 7. 'JI 

:!2.6 
15. '.1 
l'J.6 

5.0 
0.1! 
~.s 
1.1 

4 7.) 
tiO. I 

0.4'llik 
0. :U7k 
0. 774 

1>. flu•· to th•• ,·,.olution u{ g.1st's (mainly C02 and fluorine compou111ls) anti loss ol m;1l1•rial tl11ri11g 
"i11-i•l''-ff••ss" hJ11<lli11g, tht' actuai produltion ratt• is lo,.·t•r wlu•n cum1•.in•1! with tl"' ft·cd r;att• of r.11; 111.1tt•ri;ds 
(pliusl'hJtt' l''Jl"k .inJ a<·iol). 
l'. lh·t••rmint·J using Chittick gasom•" .• ic appJratus . 
• 1 .. Crit:rJI spt•t•d i~ Lli.ll spet•d at ,.·hich tin• et•nlrifugal force h;il.1111·.,s Liu· gr.1viL1li<111;tl lor11• .111d llw 

gr.inules <"t'.J~<' to rull. The ni.merical Vd!ue is: ~ft f~:!-fi~S!i wlwre g is tlw gravity cunsL111l (Y.81 m/s~), 
El is tht> p.in c.ngle (J.,ga·ccs) from Lhe horizontal, V is lhL' pan Jiameter (mc•tt•r:;). 
e. As 11_so~. 

f. As P~n; •. 
g. o,•lincu as the ,..eight ratio of total re1·yde to phosphate rock plus .1l"id J,., . .i to Liu• gr.11111l.1lor on ;1 dr)' 
b.1s1s. CnJ,•r ilf.,al opPrJ ing 1·oc1litiuns, this raliu wuul1l rorri•spo11•I Lo lh1• rt·l"yclt• l1•d tu tho· f'.1'.111111.itor ;111d 
th•• .Jmv1111t of protlul·t prodi. .,.,f. 
h. Ex1,rl·~st·J '"1S summ.atio11 '"d \..·.st1•r-!'..cduh)1• ~uHI l'llrall'-sululdt.• P:.!O:. \~h•·l'l' L 1lr.llt·-:.1ilulilt· l'~ll~, 1:-. llh"1~.11n·d hy 
AOAC nt·utr;il .1mm,.n1um 1itr.1t1• 1111·thud. 
1. AC:,\C \'.Jcuum J1•s11-,·.1t iun nh·llwd. 
J. ll.1s.-.I on Hlll~ ll~Su_1 su It 11r1 l' ,,.. 111 n•111·1·11t r.1 t 1011. 
k. B..a~t~\I on 5:.~ P;;U~ ph1.1:.pl1t1ri<· JC id .. -,>1H·t·ntr.1l ion. 

··~=-



1 .. 1.i t' .!U. Sunun.tr~· u I Ill'•' LI l i 11g ll.1 L1 :-1':1 !"l i •!I_ ~~!~h•l•! ~ i_~!•/~~'!!1111 i!l ~()'!.." .L ~l~- ~u11~~ L:-~!ill~}l11~_!!<><~!·!..'·_ !'ho~(!I.!"~~· 
Ku<·k in th!' Con~ 11111011" ! . .ih•>!·.1to_.!'y-~~'!_l~_G_!;J_•)•!L;i~i~11. llni.~ 

Tt·"l 11u1uh1•r 
A• i~ lyp.. h 
A•tuJI rruJurt1un r .. le, kg/hour 

.-h 1.lul.1tor l"r l'rt·l n-.1tmt·11l 

Typ•· 
l\,•volul ll•ll, rpm; lip sp•····I lm/second) 
l<-·<·k 1 .... .t r .. tt•, kj./hour 
A< 1<1 ro11r .. 11lr.Jl1ur, l H~SU 4 
"-•••I t<•t•d r.ite, kg/hour 
~l.1tt•ri.Jl dist..h.JrgL" lt"n1pPrjlu1·c, °C 
~l.1teri.Jl disd1.Jrge mu1slurt• <onlt•nl, 
~l.;lt•ri.Jl disd1.11·g·· cu~ n•llll'lll, i'" 

l;1-.uu11...1 tor 

1 ypt• 
A11Rlt', dvgret' from the huri1onl.il d 
Rt·v,)lution, rpm; t ol ,·riti•.Jl spt.'etl 
ku~k feeJ rate, kg/hour 
l'ut;issium chloridt• l1·eJ rJle, kg/hour 
:\L·1tl c .. 1:ict•ntrJtion, ~ 
A.-id fvt'J r.ite, kg/hour 
~Jlt'r r .. cJ r~le, ~gihour 
~t·~ycl~ tcmp~rJt11re, 0 

.. : 

kt•cyde lt•ed r.lle, kg/hour 
Bt•ll lt•mpi'r.:iture, °C 
Kecycle rJliu, kg/t~R 
Uis(·h..irgL• mo~sturt." couti.'nt, ~ 

~·~·~·_! 

Ang I•', dt•gn·e 
f<t·\'Ulut iun, rpm 
Air tlisch.1n;e tt·mperature, °C 
~l.1teri.JI disd1..1rge lt•mper.1lurt', °C 

•• • • 

% 

ns~ 604 
Sul !uric al'id 

13. 76 

Pinmixer 
750; 4.8 

12. 15 
93 

1. 5 
52 
6.0 
'J. 6 

P.rn 
43 
19; 36 

731' 

3.5 
0.7 

)0 
13.66 
46 

0.80 
7.5 

2.5 
6 

115 
94 

(Contimwd) 

• 

MSR 605 MSH 608 MSI( 70/1 

Sulturic 3cid Sulfuri<· acid l'hosplioric Jcid 
10.3] I I. 8 17. 'l I 

PinmixPr l'i nmi X<'r 
750; 4.8 750; 4.8 

'J. I 7 'J. 13 
1)) 'J] 

I. 14 1. 14 
50 50 
6.0 6.0 
lJ. 7 'J. J 

l'.Jll l';111 1';111 

43 4'.l 4:1 
l'J; J6 l'l; 36 1 'Ji :Jt; 

- J(,. I) 

0.46 
'.>5./ 73l' 7 :i" 

).02 :. . l '.; 6.86 
1 . 7 1. 17 o. •J4 

JO ]0 10 
26.6t> 24. LI 5. •JS 
51 44 JB 

2. 10 1. 70 0.JO 
8.5 12.5 l'.l. 0 

2.5 :! .5 2.5 

" 6 tJ 
129 1:1h 104 

10~ 'J:! 84 

• • • • • • • 
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Table 21. Sununary of Operating Data--Partial Aci~ulation/Granulation of 
Attrition-Scrubbed Mussoorie Phosphat~ Rock in the Continuous 
Laboratory-Scale Granulation Unit 

Test number 
Acid type 
Actual production rate, kg/hour a 

Granulator 

Type 
Angle, degree from the horizontal 
Re\.·olution, rpm; % of critical speed 
Rock feed rate, kg/hour 
Acid concentration, % 
Acid feed rate, kg/hour 
Water feed rate, kg/hour 
Recycle temperature, oc 
Recycle feed rate, kg/hour 
Bed temperature, oc 
Recycle ratio, kg/kge 
Disc,arge moisture content, % 

Dryer 

Angle, degree 
Revolution, rpm 
Air discharge temperature, oc 
Material discharge temperature, oc 

Analysis of Product 

Total P205, % 
Water-soluble P20f, % 
Available P205, % 
C02, %g 
Free acid, Rs % P20s 
Moistuce, % 
Fluorine, % 
Water solubility, % of total P20s 
Av1ilability, % of total P20s 

MSR 801 
Phosphoric acid 

b 

(Continued) 

19 .11 

Pan 
43 
19; 36 
18.35 
55.3c 

5.38 
0.94 

25 
8.17 

34 
0.38 

12.2 

2.5 
6 

95 
69 

30.3 
13 .1 
~- 7. 4 
2.9 
2.2 
2 .1 
t.4 

43.2 
57.4 

~ISR 901 
Sulfuric Acid 

16.81 

Pan 
43 
19; 36 
15d13 
73 
5.47 
1.87 

25 
19.85 
43 

1. 1 
13.4 

2.5 
6 

106 
72 

17.6 
8.5 

10.4 
1.0 
3.5 
2.2 
1.6 

48.2 
59.0 

r 



Table 21. Sununary of Operating Data--Partial Acidulation/Granulation of 
Attrition-Scrubbed Mussoorie Phosphate Rock in the Continuous 
Laboratorv-Scale G~anulation Unit (Continued) 

Test number 
Acid type 

a Actual production rate, kg/hour 

Raw Materials Consumpticn 

Acid: ror.k ratio 
Acid:product ratio 
Rock:product ratio 

MSR 801 
l>hosrhoric acid 

19 .11 

i 0.300. 
0.240 1 

0.802 

MSR 901 
Sulfuric:- Acic 

16.81 

0 .26!.~ 
0.2iSJ 
0.815 

a. Due to the evolution of gases (mainly C02 and fluorine compounds) and loss 
of material during in-process handling, the actual production rate is lower when 
compared with thP. feed of raw materials (phosphate rock and aci-:l). 
b. Critical speed is that speed at which the ceutrifugal force balance~ the 
gravitational force and the granules ce;1SC: to r0ll. The numerical value i:.;: 

60 ;g sin e fl ~ iD ; where g ~s the gravity constant (9.81 m/s 2 ), B is the pan angle 

(degrees) from the horizontal, Dis the pan diameter (meters). 
c. As P205. 
d. As H2S04. 
e. Defined as the weight ratio of total recycle to phosphate rock plus acid fed 
to the granulator on a dry basis. Under ideal operating conditions, this ratio 
would correspond to the recycle fe<l to the granulator and the amount of product 
produced. 
f. Expressed as swnmation of water-soluble and citrate-soluble PzOs where 
citrate-soluble P20 5 is measured by AOAC neutral ammonium citrate method. 
g. Determined using Chittick gasometric apparatus. 
h. AOAC vaC'uum desiccation method. 
i. Based on 54% P20s phosphoric acid concent~ation. 
j. Based on 100% H2S04 sulfuric acid concentration. 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 
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·; ,,L-i •' :.'2. Pl: rs i. <:iii_ P_r,1pP_rt_i".S. o! !'a;;t_i_a_!_~y_!l,~i~~,J~ !~JIG r.:~i:it1 l_'!_~~d_l'~o_1l11c~ ~ _ l~.!:!'!'~1_r_!~~ ~r_<>~ _R~·-'!~f-~Ji.~£__~'!!!1..1'~.UJ. ~-i~"!l:.~~rnb!'!'~ 

~i!S.~_:>;)r~, !'l1?s1•h~t~-~?'~!;: 

t. 
~mrt!_~~-

'!Sk 604 
~IS~{ {il1). 

~!Sk t>i.'S 
~ISP.. 102 
:1~R srq 
~!SR %1 

c 
___ !l c_s-~__J}'l'i .. -- -

Run ol mine 
Run 0( rui11A 

R1J~ o! ntit1e~ 

l<llll of DIHlt' 

Atlr1tion scruhb~J 
Allrilion Lc;uobed 

-~~-~~U'~ 

Sul f11ric 
Sulfuric 
:\ul fui-i r 
Phos11h_,ri c 
l"Jill~pht,ri c 
Sulturil' 

Additive 

KCI 

Bulk Dt•nsily 
~g,'~1-~ - !~-'f.t_3 

99C 
l ,090 

IJlO 

'110 
'JJO 
9:?0 

61. 8 
61\.0 
5!!. J 
)(1. Ii 
5h. 1 
5 7. 4 

An~lt· 

~~-i(('ll~~!: 
(degrer>) 

35.7 
)(;, 2 
%.7 
36. 2 
:n. 2 
:i:.. 8 

~.?.I~~ ii}'. 
(%) 

2.3 
1. 7 
6. I 
6. 'l 
). :l 
I. 3 

Average 
Cru•hing 

-- ~.!:~('llfl_h __ 
( ke/ gnin•: ic J 

l'.21 
0.34 
0.73 
l. /7 
1. 50 
o. 72 

Abrasion 
Rcsistancc,d 

!. nc!i_rada.!: ~:i!!... 

6). 5 
'l.7.9 
27.5 ,. ') 
~.~ 

~.s 
21. 6 

ili~i11legralion 
in \.lat Pr 

51-i"i 11\i!f.-;.· -15-~Hl1lltes 
--------: c%r·:·.:--:-: 

<.'9 
9-1 
td 
R'1 
99 
30 

9') 
JOO 

9'1 
'l6 

JOO 
56 

~~--Porosity -~~.~i Jisi ;;t;:r, .;~iol~-ir~- w:lt-er-\.;vrt>--d~te7mint>~f-.;,.-cor~I i rlg--to ttie-p;-o:Flhii:e-;-le-veJoped-t~y-i f'iic;aflotii"e-r--tP.st~.;-·w-e-,:;;-p~ff (lrm~d -·----· 
.H·cordi11g io the prot'<'•h•rc•s out l 1m•d in the TV1\ Spt·nal l<eporl No. S-444 (8). 
b. Correspt1uds lo th .... \(•st n~mt.ers !iho\..'tt in Ta~de~ 20 anrl .21. -
c Refer to Tah}{• l'J lor <ht•mi«al n>mposilioa and ~i7.e dfstrihutio11 i.llldly~es. 

J. Under 5imula~e~ handling. 



T ,1b l l' 23. Un;!_o~_o1•!..<:!!Y~L P.1 l~-~~!:_i du~t>d/Gr_!l_nu la led_ Pr~~!~!5: ls _!'..r.-~l'·l!:_<:.c!_ From~~~ -H i!_l£2~i!_-~t t !_!.!_ion-Sc r!1!1_!!~<U!ll~8-£!!!.!e Phoi;~ te Rocks a 

·-~,,;isl •ir<· 
__ lf)•grosrnpiri_ty (72 lloun;' Expos1irl'_ Ti1111• at 80~_R~.l.~~-~Y-~Ji11m,~<J_!_t:i;o_:ind _]_O"<;l _____ 

~1mpl~ ~~.:.~ 
Moistun• ~lo i s t 11 rt• - II o l d i n g Moisl11re-lluld10g 

•I c 
___ _lt~r_!<. 'fYJ.'" ____ ~£.i.~1H•£ Addi live Ahsorption Pt•n<'t :at ion Cap<tci l~ ___ _fapat:..!..!:L _ ____ __fh}'.si~f~nd1tio_ns ---·- --

-(mg/cn12 j- - ·· .. (t:m) -- --- .. ·- (mg/ c:m· 5-- (%) 

NSR b04 Run of m!ne S.il fu1· i c - J]<;.4 2.1! 49.8 5.2 (A) Granules slightly damp on surface 
aftc•r 3 hours 

(B) Granulf,S slight.Jy damp on surface 
aflt>r 3 hours 

~ISR 605 Run of mint> Sulfuric - 190.J 3.5 54.4 5.0 (A} Granules slightly damp on surface 
<1fler 3 hours 

(B) Granules slightly damp on surface 
after :i hours 

~!SR 6l}8 Run of mi m• Sulf .. n· KCl 158.2 ]. 8 87. 9 9.2 (A) Granules dry and free flowing 

MSR- ](}2 Run ol mine Phus,•hori c- - 91. 2 
(R) Grdnules dry and free flo~lng 

l.ll 91.2 10.0 (A) Granules dry and free flowing 
(B) Granules dry and free flowing 

~ISi< 801 Attrition st·rub•>l'd l'hn~ 1•ho r i <: - 128. 7 l .O 128.7 13.9 (A) Granules dry and free flowing 
(B) Gr<inules dry arul frl'I! flowing 

~!SI' 901 Altrition scrubbed Sulfu.-ic - R3. I I. fl 83. I 9. 1 (A) Granules dry nnd free f\owin3 
(B) Granules dry and free flawing 

-1-.-netermined ;(·rorJiiigto-tT1~;r:or,.Jurt:'-ul1illneJin~fi'i'i--SiirC:i~l-1-R~·rort NQ."-5:441;-(ar:-------· 
b. L~rrespunds to thr test numbrrs shown in Tablr~ 20 and 21. -
c. Rder to Table 19 !or l'ht>mical rnmposilion and siw distrihutiun an~lysC's. 
d. :::cndit1011: {A) periodically rhf'ckerl during lhc test period; (B) ch1•cked after test period. 

• • • • • • • • • ~ 



hble 24. ~~:n_un~ u__ !>L!:ll'_<_"r'!~i!!.iLQ~~':'--ni~~i_g~nu l!' ~ i O'!_~!_<l_ ~!.'.i!!!~il ~ion. £~ __ Ru!1_-_~f.:-M! n_,.:.}L'!SS.<'_or ie Phosr.h •!.'! 
Roc!.__i!!_..!:h~ C.of!!:_i !!~~.!!!_l.ahoi:.~torrS£":J.~-i:~nu I at i O_!~ !~11.il:.::-Q~n1<_>1.!!i t_i:a_l_i_~!!_Jes !:..J3.!IOS 

Tf'i.t numher 
liinJ<'r type 
Bind"r conc.-.llration, \o't '%. 
Actual productiou r&te, kg/hourc 

Cr.rnulator 

Type 
Rock freJ rate, kg/hour 
Binder fet•ci rate, kg/hour 
~ater feed rdte, kg/hour 
Temperature of binder, 0 c 
Recycle feed rate, k§/hour 
RPcycle ratio, kg/kg 
Recycle temperature, °C 
Particle size of recycle: 

Oversize, '%. 
l'roduct, % 
l'ndersize, % 

Discharge temperature, °C 
Ave;age revolution, rpm; tip speed (m/s) 
Discharge moisture content, '%. 
Average pin lo'ear, nun/kg of product 1 Po,,,·er consumption, k\.."himt of product 

Dt•nm 

Type 
Tin:e, minutes 
Temperature, °C, after 

Moisture content after 

l!.!:rer 
,\n~le, degree 
R~volutions, rpm 

10 minutes 
20 minutes 
30 minutes 
40 minutes 
50 minutes 
60 minutes 
60 minutes, % 

Air discharge temperature, 0 c 
~aterial discharge tl'mperature, °C 

~~~is of Product 

Total P205, '%. 
Water soluble P20~, % 
Available P205, % 
free acid, as % P?O~ 
K20, % o 
Moisture, % 
Availability, % of total Pz05 

MSR 205 
Potassium Chloride 

13.5 
13.60 

Pinmixer 
15.09 

3. 14 
-

24 
14.99 
0.97 

46 

oe 
18.4~ 
81. 61 

72 
850; 5. 4 

6.5 
0.23 

52 

2 5 
6 

112 
JOO 

16.4 

0.2 

2.4 
<l 0 

I. i 

MSR 206 
l'otai.sium Chloride 

13.5 
15.GJ 

Pug mill 
14.8'.l 
3.85 
-

:!4 
1:1. 67 
0.82 

45 

or 
-,,}I 

0:97J 
N1\k 

300; l. 2 
10.6 

N~k 

2.5 
6 

IOI 
78 

16. I 

0. J 

2.6 
<I. 0 
0.6 

MSR 817 
Phosphor r Acida 

52.~J 
18.35 

Pug mi 11 
18' 12 
4.47 
I. 16 

24 

40 
300; 1. 2 

8.0 

N~k 

Box 
60 
43. ') 
43.5 
43.5 
43.0 
43.0 
43.0 

4.R 

26. I 
8.2 

11.0 
1. 2 
-
2.6 

42. 1 

fco-rlt.-in1IC.if_. ________ ------------

... 

----- .. -- -·-- ---



Table 24. ~u_mmarL~L ~l'<:t";tt_ing Data--Minig!.!_nll!iltion iln~__f_r~!!_u!'.'ti~.1!-~L~1!1-o~:tli..!!~'.J!ll~()~ie Phosphate 
~ock in thL• Continuous l.;iboratory-Scale Granulation Unit--O~monstralion Test Runs(Continued) 

Tt•s t numht ... r 
Bimler lype 
Binder concentration, wt % 
Actual production rate, kg/hourc 

~aw ~lat!!~s Co~~~!.i_o~ 

Pot~ssium chloride:product ratiop 
Acid:product ratioq 
Rock:product ratio 

a. \.'ct-process acid. 

wrn 205 
Potassium Chloride 

13.5 
13.60 

0.027 

0.973 

MSR 206 
Potassium Chloride 

13.5 
15.03 

0.034 

0.966 

MSR 817 
Phosphori6 Acida 

52.2 
18. 35 

o. 198 
0.829 

b. Expressed as P205. 
c. Due to loss of material during in-process handling, the actual production rate is lower when compared 
with the feed rate of raw materials (phosphate rock and binder). 
d. D~fined as the weight ratio of tolal recycle to phosphate rock plus binder fed to the granulator on a 
dry basis. Under ideal operating conditions, this ratio would correspond to the recycle fed to the granu
lator and the amount of product produced. 
e. Larger than 0.300 mm (plus 48-mesh, Tyler). 
f. Larger than 3. 35 nun (plus 6-mesh, Tyler). 
g. Bt>tween 0.300 and 0.106 mm (minus 48- plus 150-mcsh, Tyler). 
h. Betwet'n 3.35 and 0.212 mm (minus 6- plus 65-mesh, Tyler). 
i. Sir.aller than 0.106 mm (minus 150-mesh, Tyler). 
j. Smaller than 0. 212 nun (minus 65-mt•sh, Tyler). 
k. SA = not available. 
l. Approximate. Relative to empty granulator operation. 
m. For Run MSR 808, the material from the pug mill was denned for about 1 hour. The ex-drn material 
was slightly wet but free flowing and was stored in a pile at room temperature (24°C) for 24 hours for 
furt~er curing. The size distribution of the material after 24 hours is as follows: 

~tesh, Tyler +6 -6 +14 -14 +48 -48 +65 -65 +150 -150 +270 -270 
----- ------ -------- -·------- -- -------

Opening, nun 3.35 -3.3~ +1.18 -1.18 +0.300 -0.300 +0.212 -0.212 +O. 106 -o. 106 +0.053 -0.053 
----- -------- ----- ---·--- --------

Between sieves, I 12.67 21. 31 30. 74 12.50 8.64 8.56 5.58 

n. Expressed as sw1unation of 1.·att·r-so!uble and citrate-soluble P205 where citrate-soluble P20s is measured 
by AO:\C neutral ammonium citrate metho1l. 
o. :\O:\C vacuum desiccation method. 
p. Based on 100% potassium chloride concentration. 
q. Based on 54% P20s phosphoric acid concentration. 

• • • • • • • • • • • 
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Table 25. Physical Properties of Minigranulated and Granulated Products Prepared From Ru~-of-Mine 
Mussoorie Phosphate Rock--Demonstration Test H11ns

8 

Bulk Densityd 
Angle Abrasion Disintegration 

Sampleb of Resistance,£ in Water 

Binder Type 
c kg/m3 lb/ft 3 e Porosity 5 minutes --15--nlinutes 

Number Rep~ % Degradation 
(degree) (%) : - - - -(%)--·_-------

MSR 205 Potassium chloride 1,120 70.0 30 4. 1 12.8 88 90 

MSR 206 Potassium chloride 1,068 66.3 31 4.3 14.6 90 92 

HSR 817g Phosphoric acid 1,000 62. 1 32 3. 1 10. 1 70 85 

a. Porosity and disintegration in water were determined according to the procedure developed by IFDC; all 
other tests were performed according to the procedures outlined in the TVA Special Report No. S-444 (8). 
b. Corresponds to the test numbers shown i:i Table 24. -
c. Refer to Table 24 for binder concentration in the product. 
d. Bulk density of finely ground Mussoorie phosphate rock--1,290 kg/m3 (80.6 lb/ft 3

). 
e. Angle of repose of finely ground Mussoorie phosphate rock--42°. 
f. Under simulated handling. 
g. Physical properties determined on minus 3.35- plus 0.201-mm (minus 6- plus 65-mesh, Tyler) size fraction. 



-

-

Table 26. Hygroscopicity of Minigranulated and Gr~nulated Products Prepared From Run-of-Mine_Hussoorie 
Phosphate Rock--Demonstration Test Runs 

HygroscoQicit}:'. (72 Hours' Exposure Time at 80% Relative Humiditl and 30°C) 
Moisture-Moisture-

Sampleb Moisture Moisture Holding Holding d 

Number Binder Type 
c Absorption Penetration Capacit}:'. Capaci~ Physical Conditiun 

(mg/cm2 ) (cm) (mg/cm3 ) (%) 

MSR 205 Potassium chloride 63.0 0.0 
e e (A) Dry with very light set - -

after 48 hours 

e e 
(B) Same as A 

HSR 206 Potassium chloride 68.0 0.0 - - (A) Same as HSR 205 

HSR 817f 
e e 

(B) Same as MSR 205 

Phosphoric acid 12.6 0.0 - - (A) Dry and free flowing 
(B) Same as A 

a. Determin~d according to the procedure outlined in TVA Special Report No. S-444 (SJ. 
b. Corresponds to the test numbers shown in Table 24. -
c. Refer to Table 24 for binder concentration in the product. 
d. Condition: (A) periodically checked during the test period; (B) check aftPr test period. 
e. Moisture-holding capacity cannot be calculated without some evidence of moisture 

penetration. 
f. Physical properties determined on minus 3.35- plus 0.212-mm (minus 6- plus 65-mesh, Tyler) size 

fraction. 

- - • • • • • • 
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Table 27. Size Distribution Analvsis of the Mussoorie Phosphate Concentrate 
(Prepared by Sala International, Sweden) Used for the Partial 
Acidulation Process Demonstration Test Runs

8 

Percent of Total Feed in Tvler Mesh Fraction Shownb 
+65 -65 +100 -100 +150 -150 +200 -200 +270 -270 +400 -400 

4.3 3.6 5.6 9.8 10.3 10.9 55.5 

a. RefEr to Table 2 for chemical composition. The material, received in 
the size range of 1 and ~5 nun, was ground using a combination of a jaw crusher 
and a ba!.l mill. 
b. Tyler mesh equivalents: Tyler 

(mesh) 
Opening 

(nun) 

65 0.212 
100 0.150 
150 0.106 
200 0.075 
270 0.053 
400 0.038 



Table 28. Swmnary of 0perating Data--Partial Acidulation/Granulation of 
Hussoorie Phosphate Concentrate (Prepared by Sala International, 
Swe~en) in the Continuous Laboratory-Scale Granulation Unit-
Demonstration Test Runs 

Test number 
Acid type 

c Actual production rate, kg/hour 

Gra:1ulator 

Typf 
Angle, degree from horizontal 
Revo;_utions, rpm; % of critical 
Rock feed rate, kg/hour 
Acid ~oncentration, % H2S04 
Acid feed rate, kg/hour 
Water feed rate, kg/hour 
Recycle temperature, °C 
Recycle feed rate, kg/hour 
Bed tem~erature, °C f 
Recycle ratio, kg/kg 
Discharge moisture content, % 

Dryer 

Angle, degree 
Revolutior., rpm 

e speed 

Air discharge temperature, °C 
Material d~scharge temperature, °C 

Analysis of Product @ 24 Hours 

Total P205, % 
Water-solubl~ P20~, % 
Availagle P2ll5, % 
C02, % 
Free acid, as % P20s 
Moisture, %1 

Fluorine, % 
Water solubility, % of total P20s 
Availability, % of total P20s 

Analysis of Pro<;;uct @ 1 Week 

Total P205, % 
Water-soluble P2Cl, % 
Availagle P205, % 
C02, % 
Free acid, as % P2~s 
Moisture, %1 

Fluorine, % 
Water solubility, % of total P20s 
Availability, % of total P20s 

MSR 810-C-S 
Sulfuric 

19.65 

Drum 
4 

27; 36 
7.614 

83 
3.961 
0.360 

45 
32.82 
45 

3.0 
8.7 

2.5 
6 

128 
92 

18.2 
9.0 

10.0 
0.86 
3.7 
3.3 
1. 1 

49.5 
54.9 

NA 
NA 
NA 
NA 
NA 
NA 
NA 
NA 
NA 

(Continued) 

MSR IOOla 
sulfuaic 

NA 

Pan 
43 

18; 35 
9.312 

92.8 
3. J27 
0.480 
NA 
NA 

55 
NA 
NA 

2.5 
6 
NA 
NA 

19.S 
6.5 
6.7 
NA 
4.0 
2.0 
1.4 

33.3 
34.4 

20.0 
6.4 
7.2 
NA 
2.4 
2.0 
1.4 

32.0 
36.0 

MSR 1001-Ab 
Sulfuric 

NA 

Pan 
43 

18; 35 
9.312 

92.8 
3 .127 
0.480 

NA 
NA 

55 
NA 
NA 

19.5 
6.4 
6.6 

NA 
5.0 
4.1 
1.4 

32.8 
33.8 

20.2 
6.9 
7.8 

NA 
(J. 4 
2.6 
1. 4 

34.2 
38.6 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 
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Table 28. Summary of Operating Data--Partial Acidulation/Granulation of 
Mussoorie Phosphate Concentrate (Prepared by Sala International, 
Sweden) in the Continuous Laboratory-Scale Granulation Unit-
Demonstration Test Runs (Continued) 

Test number 
Acid type 

c Actual production rate, kg/hour 

Raw Materials Consumption 

Acid:rock ratioj _ 
Acid:product ratio] 
Rock:product ratio 

MSR 810-C-S 
Sulfuric 

19.65 

0.432 
0.315 
0. 728 

MSR 1001 3 

Sulfuaic 
NA 

0.312 
0.246 
0.789 

MSR 1001-Ab 
Sulfuric 

NA 

0.312 
0.246 
0.789 

a. The "green" (ex-granulator) material was dried in a rotary dryer with a 
cocurrent airflow that passed through a propane-fired combustion chamber 
located at the inlet (material feed end) of the dryer. The dryer discharge was 
screened hot. 
b. The "green" (ex-granulator) material was pile cured for 1 week prior to 
screening. 
c. Due to the evolution of gases (mainly C02 and fluorine compounds) and loss 
of material during in-process handling, the actual pro~uction rate is lower 
wheil compared with the feed rates of raw materials (phosphate rock and acid). 
d. NA = not available. 
e. Critical speed is that speed at which the centrifugal force balances the 
gravitational force and the granules cease to roll. Critical speed of the 

drum= 
4J03 where D is the diameter of the drum in meters. Critical speed of 

the pan= 6~ ~; where g is the gravity constant (9.81 m/s 2), 0 is the 

pan angle (degrees) from the horizontal, Dis the pan diameter (meters). 
f. Defined as the weight ratio of total recycle and phosphate rock plus acid feed 
to the granulator on dry basis; ur.der ideal operating conditions, this ratio would 
correspond to the recycle fed to the granulator and the amount of product 
produced. 
g. Expressed as the summation of water-soluble and citrate-soluble P20s where 
citrate-soluble P20 5 is measured by AOAC neutral ammonium citrate method. 
h. Determined using Chittick gasometric apparatus. 
i. AOAC vacuum desiccation method. 
j. Based on 100% acid concentration (H2S04). 

r 
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Table 29. Physical Properties of Partially Acidulated/Gr~nulated Product Produced From Hussoorie Ph~~phate a 
fonc~~~~ate (Prepared by Sala International, Sweden)--Single-Step Process--Demonstration Test Runs 

b Bulk Densi~~ Angle 
Sample No. kg/m 3 lb/ft of Repose 

(degree) 

HSR 810-C-Sd 950 59.3 35.3 

MSR 1001 NAe NA NA 

MSR 1001-A NA NA NA 

Average 
Crushing 

Porositl'. Strength 
(%) (kg/granule) 

1.6 1. 96 

NA 1. 8 

NA 0.4 

Abrasion 
Resistance 

% Degradationc 

2 .1 

1.0 

14.4 

Disintegration in Water 
5 Minutes 15 Minutes ---=- (%) - -

60 

NA 

NA 

75 

NA 

NA 

a. Porosity and disintegration in water were determined according to the procedure developed by IFDC; all 
other tests were performed according to the procedures outlined in the TVA Special Report No. S-~~~ l~). 
b. Corresponds to the test numbers shown in Table 28. 
c. Under simulated handling. 
d. Product size range 3.35 to 1.18 mm (minus 6- plus 14-mesh, T~l~L). 
e. NA = not available. 

• • • • • • • • • -
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Table 30. Hygroscopicity of Partially Acidulated/_Granu]ated Product Pr~~uc~d Fror~~sso~r:-ie_fh~.~alt;. 
Concentra~e (Prepared by Sala International, Sweden)--Singl e-S~rocess--Demon~.!:_!_'.'~1-~~!! 
Test Runs 

b 
Sample No. 

MSR 810-C-Sd 

MSR 1001 

~ISR 1001-A 

Moisture 
Absorpt~on 

(mg/cm ) 

45.6 

48.3 

99.2 

Hygroscopicity (72 Hours' Exposure Time at 80% Rel_~tive Humid~nd 19~---· .. ·--
Moisture Moisture-Holding Moisture-HolJing 

Penetration Capacit~--- Ca£.'.!ci~--- ---~ysic:al Conditi:Of!.~-----
( cm) (mg/ cm ) (%) 

o _e _e (A) Granules dry and free flowing 
(B) Granules dry ~nd free flowing 

0 
e e (A) Granules dry and free flowing - -

(B) Gr~nul es dry :rnd free flowing 

0 
e e (A) Granules dry and free flowing - -

(B) Granules dry and free flowing 

a. Determined according to the procedure outlined in TVA Speci~l Report No. S-444 (~). 
b. Corresponds to the test numbers shown in Table 28. 
c. Condition: (A) periodically checked during the test perio<l; (B) checked after test period. 
d. Prepared by single-step acidulation/granulation process. Product size fr~ction 3.35 to 1.18 mm 
(minus 6- plus 14-mesh, Tyler). 
e. Moisture-holding capacity cannot be calculated without some evide11ce of moisture penetration. 



Table 31. Summary of Operating Data--Partial Acidulation (Run-of-Pile) of 
Mussoorie Phosphate Concentrate (Prepared by Sala Interna~ional, 
Sweden) in the Continuous Laboratory-Scale Unit--Deraonstration 
Test Run 

Test numbe:
Acid type a Actaal production rate, kg/hour 

Acidulator 

Type 
Average revolutions, rpm; tip speed Cm/second) 
Rock feed rate, kg/hour 
Acid concentration, % H2S04 
Acid feed rate, kg/hour 
Discharge temperature, °C 

Den 

Type 
Time, minutes 
Temperature, °C after 10 mim1tes 

20 minutes 
30 minutes 
40 minutes 
50 minutes 
60 minutes 

Moisture content of product after 60 ~inutes, % 
Free acid in den product, as % P20s 

Analysis of Productb 

Total P205, % 
Wat,_r-solub1e F20e, % 
Availa31e P205, % 
C02, % 
Free acid, as % P20s 
Moisture, %e 
Fluorine, % 
Water solubility, % of total P205 
Availability, % of total P20s 
Product size fraction in 24-hour cured material, %f 

(Continued) 

MSR 809-S 
Sulfuric 

15.5 

Pug mill 
9\l; 0.36 

12.00 
83 
6.40 

108 

box 
60 
98 
95 
93 
90 
87 
85 

4.5 
4.1 

18.4 
9.5 

10.9 
0.9 
0.8 
2.6 
1. l 

51.6 
59.2 
40 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 
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Table 31. Sununary of Operating Data--Partial Acidulation (Run·-of-Pile) of 
Mussoorie Phosphate Concentrate (Prepared by Sala International, 
Sweden) in the Continuous Laboratory-Scale Unit--Demonstration 
Test Run (Continued) 

Test number 
Acid type 
Actual production rate, kg/hour 

Raw Materials Consumption 

Acid:rock ratiog 
Acid:product ratiog 
Rock:product ratio 

a 

MSR 809-S 
Sulfuric 

15.S 

0.443 
0.326 
0.736 

a. Due to the evolution of gases (m~i~ly C02 and fluorine compounds) and loss 
of material during in-process handl1P6, the actual production rate is lower when 
compared with the feed rates of raw materials (phosphate rock and acid). 
b. 24-hour cured sample. 
c. Expressed as the summation of water-soluble and citrate-soluble P20s where 
citrate-soluble P20s is measured by AOAC neutral ammonium citrate method. 
d. Determined using Chittick gasometric apparatus. 
e. AOAC vacuum desiccation method. 
f. Size fraction: 3.35 to 1.18 mm (minus 6- plus 14-mesh, Tyler). Includes 
crushed oversize. 
g. Based on 100% acid concentration (H2S04 ). 



Table 32. f>i!ysical Properti_es of Partially Acidulated Product Produced From Mussoorie Pho_Jryhat~,._~oncen~rate 
(Prepared by Sala International, Sweden)--Run-of-Pile Process--Demonstration Test Runu 

Sample No.b 

MSR 809-S 

Bulk Densityc 
kg/m3 lb/ft3 

930 58.1 

Angle c cf Repose 
(degree) 

34.3 

P 
. d oros1tL_ 

(%) 

6.3 

Average 
Crushingd 
Strength 

(kg/granule) 

1. 41 

Abrasion 
Resistance,d 

% Degradation ,e 

8.7 

Disintegrathon 
in Water 

5 Minu~l5M --i-nt-1t-.. P.s - C%Y:. ______ _ 

70 90 

a. Porosity and disintegration in water were determined according to the procedure developed by IFoc; all -
other tests were performed according to the procedures outlined in the TVA Special Report No. S-444 (~). 
b. Correspondc: to the test number shown in Table 31. 
c. Of the RGP sample (unscreened). 
d. Of product size fraction (3.35 to 1.18 mm [minus 6- plus 14-mesh, Tyler]). 
e. Under simulated handling. 

• • • • • • • • • • 
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Table 33. ~2'.srosc;_opicity of Partially Acidulated Product:__~.J>ro~uc<>d From Mussoorie P!Jo~pha!-_e Con~entrate 
(Prepared by Sala International, Sweden):--Run:_c:if Pile Process--Demonstration Test Run 

c Sample No. 

MSR 809-S 

___ H1gro~~~icity 
Moisture 

Absorpti~!!_ 
(mg/cm2 ) 

34.9 

Moisture 
PEnctration 

(cm) 

0 

(72 Hours' Exposure Time at 80% Relative Humidity and 30°C)~ 
Moisture-Holding Moisture-Holding d 

Capacity ____ C~city Ph~sical Condition 
(mg/cm3 ) (%) 

e e (A) Granules dry and free flowing 
(B) Granules dry and free flowing 

a. Determined according to the procedure outlined in TVA Special R~port No. S-44( (8). 
b. Of product size fraction (3.35 to 1.18 mm [minus 6- plus 14-mesh, Tyler]). -
c. Corresponds to the test number sho~n in Table 31. 
d. Condition: (A) periodically checked during the test period; (B) checked after test period. 
e. ~oisture-holding capacity cannot be calculated without some evidence of moisture penetration. 



Table 34. Summary of Operating Data--Partial Acidulation/Granulation of 
Run-of-~ine Mussoorie Phospha~e Rock in the Continuous Laboratorv
Scale Granulation Unit--Demonstration Test Runs 

Test number 
Acid type 
Actv~l production rate, kg/hour 

Acidulator for Pretreatment 

Type 
Revolutions, rpm; tip speed Cm/second) 
R~ck feed rate, kg/hour 
Acid concentration (phosphoric),% P20s 
Acid feed rate, kg/hour 
Material discharge temperature, °C 
Material discharge moisture content, % 
Material discharge C02 content, % 

Granulator 

Type 
Angle, degree from horizoutal 
Revolutions, rpm; % of critical 
Rock feed rate, kg/hour 
Acid concentration (sulfuric), 
Acid feed rate, kg/hour 
Water feed rate, kg/hour 
Recycle tempP.rat11re, °C 
Recycle feed rate, kg/hour 
Bed temperature, °C 
Recycle ratio, kg/kg 
Discharge moisture content, % 

Q!yer 

Angle, tiegree 
Revolutions, rpm 

d speed 

Air discharge temperature, 0 c 
Material discharge temperature, °C 

Analysis ~rod•1_£t @ 24 Hours 

Total P205, % 
Water-soluble P20~, % 
Available P205, % 
C02, % 
Free acid, fS % P205 
Moisture, % 
Fluorine, % 
Water solubility, % of total P205 
Availability, % of total P20s 

MSR 1000 
PhosphoricfSulfuric 

NA 

Pinmixer 
875; 5.6 

15.2l4 
43.4 

2.673 
32 

NA 
NA 

Pan 
43 
16; 31 

92.8 
4.154 
0.48 

NA 
NA 

52 
NA 
NA 

2.5 
6 

114 
80 

19.5 
8.0 
9.0 

NA 
3.0 
2.3 
1. 3 

41.0 
46.2 

(Contirued) 

MSR 10023 

Sulfuric 
NA 

Pan 
43 
18; 35 
13.326 
92.8 

4.200 
0.46 

NA 
NA 

60 
NA 
NA 

2.5 
6 

130 
82 

15.4 
4.4 
5.2 
NA 
4.6 
2. 1 
1.6 

28.6 
33.8 

HSR 1002-Ab 
Sulfuric 

NA 

Pan 
43 
18; 35 
13.325 
92.8 

4.200 
0.46 

NA 
NA 

60 
NA 
NA 

15. 1 
4.6 
5.3 
NA 
4.9 
4.6 
1.5 

30.5 
35. I 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 
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Table 34. Summary of Operating Data--Partial Acidulation/Granula~ion of 
Run-of-Miae Mussoorie Phosphate Rock in the Continuous Laboratory
Scale Granulation Unit--Demonstraticn Test Runs lContinued) 

Test nUD1ber 
Acid type 
Actual production rate, kg/hour 

Analysis of Product @ 1 Week 

Total P205, % 
Water-soluble P20@, % 
Available P205, % 
C02, % 
Free acid, f P20s 
Moisture, % 
Fluorine, % 
Water solubility, % of total P20s 
Availability, % of total P20s 

Raw Materials Consumptjn~ 

Phosphoric acid:rock rat~og 
Sulfuric acid:rock ratio 
Phosphoric acid:product rat~og 
Sulfuric acid:product ratio 
Rock:product ratio 

MSR 1000 
Phosphoricf Sulfuric 

NA 

19 .5 
8.3 

10.0 
~A 

0.7 
2.0 
1.2 

42.6 
51.3 

0 .129 
0.248 
0.113 
0 .195 
0.788 

MSR 1002a 
Sulfuric 

NA 

15. 5 
4.5 
5.4 
NA 
1.6 
2.0 
1.2 

29.0 
34.8 

0.328 

0.272 
0.828 

MSR 1002-Ab 
Sulfuric 

NA 

15.3 
4.7 
5.4 
NA 
0.6 
3.3 
1. 3 

30.7 
35.3 

0.328 

0.272 
0.828 

a. The "green" (ex-granulator) material was dried in a rotary dryer with a 
cocurrent airflow that passed through a propane-fired combustion chamber located 
at the inlet (material feed end) of the d~yer. The dryer discharge was screened 
hot. 
b. The "green" (ex-granulator) material was pile cured for 1 week prior to 
scre~ni.ng. 

c. NA = not available. 
d. Critical speed is that speed at which the centrifugal force balances the 
gravitational force and the granules cease to roll. 1he numerical speed value 

is: ~~ Jk ~iin 8 ; where g is the gravity constant (9.Hl m/s 2), 0 is the pan 

angle (degrees) from the horizontal, D is the pan dian1eter (meters). 
e. Expressed as the summation of water-soluble and citrate-soluble P205 where 
citrate-soluble P205 is measured by AOAC neutral ammonium citrate method. 
f. AOAC vacuum desiccation method. 
g. Based on 54% P205 phosphoric acid concentration. 
h. Based on 100% HzS04 sulfuric acid concentration. 

I 

r 

i 
I 

i 



Tab Ir 35. PhEi~~~l'~rt if!~ -~-~~_r-~_i ~ l !y __ ,\c idu!_~~·!/S>ranu_I ~_<'~--l~1:9.'.l!_1~!:.._l'.r2clu~«>d From_B_~:~!::.tl_in£ __ .t!_u"~soorie 
~hospl_i~~~~ k- -Si ngl!'_-- St rl'.J'I~cr s~_:_:!)rmons t !.'!!:!~1_ JE !i~_J<i!!!!i .. 

Sampir 
So. 

~ISR 1000 

~R 1002 

MSR 1002-A 

Avera gr 
Crushi r.g 

-~~~rng_~h __ 
(kg/gr.mule) 

1.8 

0.5 

0.4 

Abrasion 
Rt·s is lance, 

~-~_r~dali.£>!! 

3.0 

7.2 

16.2 

__ lly_g!_c_>~C~l~i.£i_~y_ Q _ _;!__!_l~~llrs' Exl>O__'.'!_lrf!_'!'im~· <1-':_ !!_U~__li1•lati~~· ~~_i_1L!:Y _ _il.!!~.~~ 
Moisture- Mnisture-

Moisture 
Ahsor11t ion 
-(n1gicn1"Zf-

37.4 

21.4 

112.6 

Moisture 
Penetration 
--,clnf-

o 

0 

0 

llolding Holding 
. .f~11aq~y -~'-!1'~£ !~Y 
(mg/cm· ) (%) 

cl 

- -

- -

Physical Condili~n:...c __ _ 

(A) Granules dry and free f Jowing 
(B) Granules dry and free f Jowing 

(A) Granules dry and free flowing 
(B) Granules dry and free flowing 

(A) Granules dry and free !lowing 
(B) Granules dry and free flowing 

a:-oetermined according to the-procedure outlined in TVA Special Report No. S-44t;C8). 
b. Corresponds to the test numbers sho,..n in Tab!«> 34. ·-
c. Condition: (A) Prrioclically chrck~d during the test period; (B) checkrd aflrr till' tt•st prriod. 
d. Moisture-holding capacity cannot be calculated without some evidrnce of moisture prnrlration. 

- • • • .. • • 
' 

• • • 



T.ibl<> 36. Experimental Prod~ts Shirred to India for Field Trials 

--~:>-·~!~ 

~ISR J01
3 

~ISR .'..Ollt;A a 
~ISR 817 
'I 'R ll- e . s b ~ f 
~lSR 8 It. 
11SR 70:!" 

R:!31. 74 

s10-c-s& 
809-Sh 
813-Sg 
812-S

1 

~ISR 

~ISR 

~ISR 

~ISR 

Sample 
Descr _!f_!.-i_o_n __ 

Minigranul..sr 
~11ni_g5.111ul:ir 
Rtip'' 
G r;111u l :i ,. l':\PH 
Gr.111111.ir l':\l'R 
Granular PAPR 

----·-------- _____ l:!!<'l_!!i ,._ii I _!=om1•?_!'.i ~_i_on_ ··---- _ 
\,';i lf'r-

Tota l Soluhle Availahle 
_ _l:'~Q.s _ _fl..Os__ __ f2Q:;__ --~ilQ F 

- - - - - - - - - - - (wt %) - -
!iun-of-~!ne Mussoorie Phosr!!~!:.!::._li_~c:::_~ 

16.2 
23.9 
:!6. I 
14. I 
26.5 
32.3 

0.5 
1.4 
8.2 
).8 
).b 

14.8 

I. 3 
7.7 

11. 0 
5.S 

11 . 7 
19.S 

36.3 I. 7 
39.8 I. B 
34.2 I. 7 
31. 3 l. 0 
)).5 l. 7 
31.2 l. 6 

~Q.4 

7.0 
-
-

26.6 

-
-

!'-2Q 

0, I 
0.) 
2.6 
2. 1 
). 4 
0.4 

~lu~~o_!: ~--rho_:;!'!!.~!~'._ ~~nci:.!!_~_ra te ( Pr~l'.'.l..i:!.<l_ _ _l>i'__S_a !.!!.._!r1~:_rna t_i_t~!';~IJ _swe<!_~nJ. 
Hussooril" phosphatt' 25.0 - - 45.3 2.:i 9.IJ 

l·onct•nl r..sle 
Gr;111ular l':\l'R 18.2 9.0 10.0 )2.) I. l :rn. 1 2.4 

IWP [',\l't{ 18.4 9.5 10.9 34.3 I. 1 31. 6 4' 1 
GranuLH l'Al'R J2.8 7.8 12.0 40.0 2.3 - 0.2 

Granular PAl'H 36.3 20.0 21.5 JJ.4 I. 9 - 1'5 

.. 

_ ___ __(!!Jw Mal~.IL!il !!____f~1_1!!1£1:_i_o!!_ _____ _ 
Ratio Ratio Ratio 

Aci._1_: Hock Acid: Product Rock: Produc_! 

0.089 0.076 0.855 
0.207 0. 1)7 0. 8'J2 
0. 172 0. I 38 0.829 
0. ]~16 o. 2(,b 0.747 
0.350 0.265 0.758 
0.325 0.258 0.774 

0.432 0.315 0.728 
0.443 0.326 0. 7)6 
0. 186 0' ! ~4 0.936 
0.348 0.288 0.829 

J. 

h. 
('. 

I' r .. pa re1I under con1l it i OllS s "" i 1;, rlo d,-,;·s-;;-c;-o-r r<-:Sl·olj;li i1g 
Prt•p.1r<'1I u111l<•r conditions s1111il.1r lo thost• "orn•spu111ling 
kun ul pi le. 

to - thl·-·s.1011·-tl'sl 111ii11i><·r:-r,;;.;,~;;-,n ·oj',lf;Te--ii;-.---------------------
to ll1t• saml' l1•sl 1111111h1•r givt•n in Table 24. 

• 1. 
, .. 
f. 
g. 
h. 
i. 

Co11t:i1ns .1 mixtun• ol gr.111ul1·s .111d mi11i1:r.1nult•s . 
Prt·p.ircd un1lt'r con•l1tio11s simil.1r lo thost• n1rri·spo111li11g lo 
Prt•pare1I hy tltt• si11gl<•-sl1•p <H·idul.1t ion i;r.11111!.ilion prun·ss 
Prq•"red undt•r conditi<•ns simi I.tr l" !hose l'orresj>onding to 
l'rt>pdred under conditions simil.tr to thost' correspo11<ling Lo 
Prepared by the singh·-sl<'p acidul<1tion granulation prucL•ss 

llu· ~;.:rnw lt·~•t n11111hPr ~ivc•n 

using " 1i.111 gr.11111lalor. 
t 111• S.11111' lt·~ l 11111111>1• f g i Yl'll 

lhl' s.1111e t 1·s l 1111111111• r g i ve11 
using a pdn ~r,1nuL1lur. 

in T.1bl" 20. 

i II '1';1h l I' 28, 
in Table 31. 
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Figure 1. Polished Rock Fragments. Black Areas 
Are Apatite; Lighter Gray Areas Are Carbonate. 

• 

11~.°,\)1~. 
Figure 2. Plane Polarized Light View of Apatite 
Clasts (dark areas) in a Matrix of Calcite (light areas). 
Apatite Contains Small Quartz Inclusions. 

Figure 3. Plane Pol•ized Light View (left) of Apatite Pellets in Carbonate Matrix. In Crossed Polarized Light 
(ri~t), Apatite Appean Isotropic (dark) With Birefringent Inclusions of Calcite and Quartz' Endogangue. 

Carbonate Matrix Is Birefringent (white to gray) • 



Figure 4. Plane Polarized Light View of Apatite 
Grains (dark) With Thin Overgrowths of Secondary 
Apatite. Matrix Is Calcite. 

Figure 6. Plane Polarized Liwht View of Phosphatized 
Fossil Fragmenu (dark, ~ngular) in Carbonate Matrix. 

-

Figure 5. Plane Polarized Light View of Pyrite 
Grains (black, angular) and Apatite (larger, rounded 
dark grains) in Carbonate Matrix. 

Figure 7. Plane Polarized Light View of Equigranular 
lntergrowth of Apatite, Carbonate, and Pyrite. 
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Figure 9. Size Distribution and Frequency Curves of the Main Components of the Crushed 
Mussoorie Phosphate Ore Scrubbed in 2% HN0 3. 
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Figure 10. Size Distri~ution and Freq11cncy Curves of the Main Components of the Crushed 
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APPENDIX A 

X-RAY DIFFRACTION PATTERN OF ~fUSSOORIE PHOSPHATE ROCK 
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APPENDIX B 

CONCEPTUAL PROCESSES FOR PRODUCTION OF 

PAPR FROM MUSSOORIE PHOSPHATE ROCK AND CONCENTRATE 



CONCEPTUAL PROCESSES FOR PRODUCTION OF 

PAPR FROM MUSSOORIE PHOSPHATE ROCK AND CONCENTRATE 

On the basis of the results of the process-demonstration trials with 

the ROM Mussoorie phosphate rock and concentrate (prepared by Sala International, 

Sweden) and IFDC pilot-plant runs (~250-500 kg/hour of product) with the central 

Florida phosphate rock (unpublished reports), a conceptual process flow diagram 

was prepared (Figure B-1) for production of PAPR from either Mussoorie phosphate 

rock or concentrate. Additionally, on the basis of a desired 3-5 mtph capacity, 

preliminary estimates of the battery-limit process equipment1 (including abbre

viated specifications) for the demonstration plant were made. It should be 

noted that these are estimates only, and detailed engineering design would be 

required to confirm the suggested equipment sizes. 

Description of the Process 

The equipment configuration for the conceptual process is similar to 

that used for the process-demonstration runs and include the following options: 

1. Single-step acidulation/granulation of either ROM Mussoorie rock or concen

trate using either sulfuric or phosphoric acid. 

2. Pretreatment of ROM rock with phosphoric acid followed by single-step 

acidulation/granulation using sulfuric acid. 

3. In Options 1 and 2, the granulator discharge is not dri~d but pile cured 

prior to screening. 

The SSAG process is a variation of a typical commercial granulation 

system used to produce granular TSP or NPK products and consists of the following 

basic steps (Option 1): acidulation/granulation of the phosphate rock with 

sulfuric or phosphoric acid and recycle fines, product drying, and screening. 

1. The 
a. 
b. 
c. 
d. 
e. 
f. 
g. 

list does not include the following items: 
Coarse phosphate rock unluading, handling, and storage facilities. 
Phosphate rock grinding ;.nd ground rock storage facilities. 
Sulfuric or phosphoric acid receiving, storage, and pumping facilities. 
Bulk and bagged product storage facilities. 
Bagging equipment. 
Mobile equipment--payloaders, forklifts, utility trucks. 
Office, laboratory, maintenance shop and storeroom, weighbridge, 
potable and process water storage, fire protection system, and 
related plant site facilities. 
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The phosphate rock is transported by a bucket elevator to a surge bin. From the 

surge bin a weigh feeder is used to feed the rock continuously into the drum 

granulator. ThE ;ulfuric or phosphoric acid of desired concentration is pumped 

from the storage tank to the drum granulator. Recycle materials consisting of 

the undersize fraction (from the screening operation described later) and a 

portion of the onsize product are fed to the granulator. A recycle-to-product 

ratio of about 2 to 1 is maintainfd to facilitate good granulation. Water is 

added to the granulator to maintaLn a liquid phase level adequate for optimum 

granulation. The plastic material, usually at a temperature of S0°-60°C and 

containing 8%-10% moisture from the granulator, is discharged by gravity into a 

rotary dryer. The dryer is operated with a cocurrent flow of hot air that is 

heated in a combustion chamber directly fired with fuel oil. From the dryer, 

the material is discharged to an elevator and transferred to an oversize screen 

and a product screen connected in series to yield a product in the 1-4 mm size 

range. The oversize material (over 4 mm) is crushed in a chain mill and returned 

to the oversize screen. The undersize material (less than 1 mm) together with a 

fraction of product is recycled to the granulator as previously mentioned. The 

bulk product is conveyed to storage. Gases containing dust and fluorine from 

the granulator, dryer, screens, and other pieces of equipment are treated in 

cyclones and a wet-scrubber system using water as a scrubbing medium. From the 

scrubber the liquor is discharged to a settling and treatment pond. The pond 

water is treated with lime or limestone. The clarified water from the pond is 

recycled to the granulator. 

When pretreatment of the ROM rock is required (Option 2), the ground 

rock is fed to a double-shaft pug mill where jt is partly reacted with phosphoric 

acid. The moist material from the pug mill is discharged by gravity into the 

rotary-drum granulator where it is acidulated/granulated using sulfuric acid. 

Recycle material consisting of the undersize fraction and a portion of the 

onsize product are fed to the granulator. Water is added to the granulator to 

control granulation. The rest of the operation is similar to that described 

above. 

When pile curing of the granulator discharge is used (Option 3), the 

combustion chamber of the dryer is turned off and the dryer is used as a cooler 

and conveyor of the granulator discharge to the curing pile. Depending on the 

desired length of curing (1-7 days), the material from the curing pile is 

recovered and screened. As before, the oversize is crushed and rescreened while 



the undersize is recycled to the granulator. Alternately, if a market exists, 

the undersize (minus 1 mm) can be a nonpremium-grade product. 

Pollution Control 
Fluorine is a common constituent in phosphate rock, and the acidulation 

of rock results in the release of some gaseous fluorine compounds. Fluorine 

gases, even in small quantities, are very toxic to plant and animal life. 

Removal of fluorine from process gas streams before they are exhausted to the 

atmosphere is essential and is closely monitored by pollution control authorities 

in many countries. 
In laboratory-scale operations, because of the relatively small flow 

rates, actual fluorine measurements during acidulation and subsequent processing 

steps were not possible. However, analyses of products (granular and ROP) show 

that about 40% of the fluorine contained in the rock is lost during production 

of PAPR (Tables 27 and 30). Of this amount, about 40%-80% would be evolved 

during drying (for SSAG process) or denning (for ROP process), and the remainder 

would be evolved during the initial acidulation reactions. Hence, it is recom

mended that in a demonstration unit the off-gases from the reaction and drying 

or denning step be treated in a venturi-type wet scrubber before they are exhuasted 

to the atmosphere. 
In addition to the gaseous pol~utants (fluorine compounds), particu-

lates (dust) generated during the handling of finely ground phosphate rock and 

during manufacturing and bagging operations are also of concern. Hence, every 

effort should be made to design and operate the system to minimize the escape of 

dust. Slow speed, positive or continuous discharge bucket elevators are essential 

for handling the dusty phosphate rock feed and recycle materials. - Totally 

enclosed screw-, chain drag-, or belt-type conveyors arc also well suited for 

use in these processes. 
In the SSAG process, a cyclone-type dust collector is reconunended for 

removing a relatively large quantity of particulate from the hot air exhausted 

from the dryer. A similar dust collector is also recommended for the fugitive 

dust collection system. The fugitive dust pickup system for the plant should be 

designed to ventilate the bucket elevators, conveyors, screens, crushers, and 

all dry material transfer points. Adequate ventilation of these units and 

material transfer points will ensure that a minimum of dust and fluorine escapes 
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into the plant and work area. The dry collection systems ~~e followed by the 

wet scrubber (mentioned earlier) to remove fluorine from tt,e air before it is 

exhausted to the atmosphere. 

The management and processing of the scrubber liquor discharged from 

the scrubber system usually depend upon local economics (availability and cost 

of water) and effluent control regulations. In India regulati0ns prohibit 

discharge of contaminated water containing appreciable amounts of dissoived and 

suspended solids. Thus, an effluent pond (included in the auxiliary and support 

facilities) is recommended for settling suspended solids and for storage and 

recirculation of classified water back to the scrubber. Additionally, the pond 

water is also used to control granulation (in the drum granulator). This efflu

ent pond system is simple, easy to control, and environmentally safe since the 

effluent pond serves as a "safety valve" in the event of a major process up£et 

or spill that could otherwise be detrimental to the local waterways and environ

ment. This type of wastewater management system also usually affords the most 

economic use of fresh makeup water. 

It is anticipated that yearly dredging of settled solids would be 

required. These solids can be disposed of according to Indian environmental 

regulations. 
A small fraction of the clarified water being recycled to the scrubber 

may need to be diverted to the local wastewater stream for disposal. A pH 

control system and a treatment system are reconunended for this stream to ensure 

that it meets the acceptable criteria for discharge. 

A pH control system is also recommended for the scrubber liquor system 

to protect the scrubber and related equipment from the attack of fluosilicic 

acid. 
Table B-1 contains listings of the principal process equipment along 

with abbreviated equipment specifications. 

I 



Table B-1. Equipment List--3-5-mtph (10-mtph Throughput) Granulation Plant for 
Partially Acidulated Phosphate Rocka 

Equipment 
Item Number 

(Ref er to 
Figure B-1) 

1 

2 

3 

4 

5 

6 

7 

8 

9 

1~ 

11 

12 

13 

14 

15 

Description and Approximate Size or Capacity 

Phosphate rock elevator--positive discharge, double chain, low 
speed, to feed elevated hopper, 15-mtph capacity, ~o be operated 
approximately 20% of the time. 

Surge hopper--elevated to hold 2-hour supply of phosphate rock, 
vibrating cone bottom, rotary-vane discharge, 10 m3 capacity. 

Screw conveyor/weigh belt feeder assembly--capacity of 2-5 mtph 
of powdered phosphate rock. 

Recycle bucket elevator--single chain, continuous discharge, 
12-mtph capacity. 

Double shaft pug mill, 0.6 m wide and 2.2 m long (mixing trough), 
complete with enclosed hood and fluorine vent duct. 

Rotary drum granulator--2.0 m in diameter, 6.0 m long, with retaining 
dam 30 cm high located 1.0 m from discharge end, including water 
and acid distribution piping system, and rubber panel-type liner. 

Pug mill and granulator exhaust fan--open material handling (OMH) 
type, stainless steel or FRP, 8,500 m3 /hour. 

Fuel storage (heavy oil) for dryer--approximately 200 m3 (60-day 
supply based 011 maximum consumption of 650,000 kcal/hour), 
including oil heating and pumping system. 

Combustion control system to operate burner automatically or 
manually based on temperature of air discharged from dryer. 

Rotary dryer (optional cooler) with cocurrent combustion system--
1.52 m in diameter, 10.66 m long, ring gear and pinion drive, 200-kW 
motor and drive assembly, 800,000-kcal/hour burner to run at about 
650,000 kcal/hour. 

Dryer cyclone-type dust collector system--20,000 m3 /hour air at 
100°c. 

Dryer exhaust fan--one unit, OMH type, 20,000 m3 /hour, at 100°C, 
38 cm pressure differential. 

Dryer discharge and crusher discharge (screen feed) bucket 
elevator--single chain, continuous discharge, 20-mtph capacity. 

Screens--inclined, vibratory, two single-deck units (one for. 
oversize [+4 mm] and two for product size [+1 mm]), total maximum 
load 10 mtph, type 304SS square mesh on oversize screw, slotted 
(Ty-Rod) mesh on bottom (product) screen, 1.5 m2 each screen 
surface. 

Cage mill-type crusher, maximum of 3 mtph, 4-10 mm oversize 
crushing capacity. 

(Continued) 
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Table B-1. Equipment List--3-5-mtph (10-mtph Throughput) Granulation Plant for 
Partially Acidulated Phosphate Rocka (Continued) -

Equipment 
Item Number 

(Reier to 
Figure B-1) Description and Approximate Size or Capacity 

16 Recycle oelt ccnveyor--to handle undersize material from product 
screens and dust collector, 10-mtph cap1city, deep troughing 
idlers, 60 cm w~de, enclosed to minimize dusting, length to fit 
layout of equipme6!. 

17 Produ~t belt conveyor--60 cm wide, length to fit layout of storage 
area. 

18 

19 

20 

21 
A,B 

22 
A,B 

23 
A,~ 

24 

25 

Cyclone-type dust collector system for fugitive dust--20,000 m3 / 
hour. 

Exhaust fan for fugitive dust system--OMH type, 20,000 m3/hour at 
30°C, 38 cm pressure differential. 

Dryer, pug mill, and granulator wet scrubber--wood construction 
with slat ~acking, 10-m2 total cross-section area, two compart
ments, 5 m each (downflow and upflow), concrete sump, complete 
with pH (ammonia or calcium hydroxide) control system. 

Scrubber recirculation pumps--two units, rubber-lined centrifugal, 
55 m3/hour at 3 kg/cm3 total head each. 

Scrubber liquor bleed pump for pumping to settling pong--two units 
(one in service and one spare), self-priming centrifugal, 2 m3/ 
hour each, total head dependent upon locdtion of pond. 

Pond water pumps--two units (one in : 0 =vice and one spare), rubber 
lined, for pumping to wet scrubber, granulator, and opti0nal waste 
water treatment system, 2 m3/hour, discharge head of pumps will be 
dependent upon location of pond. 

Receiving, storage, and feeding system for material (ammonia or 
calcium hydroxide) to control pH of wet scrubber and pond effluent 
liquor. 

Settling and scrubber liquor recovery pond, approximately 800-m2 

surface 3 m deep. 

a. Does not include the following major items: 
1. Coarse phosphate rock unloading, handling, and storage facilities. 
2. Phosphate rock grinding and ground rock storage facilities. 
3. Sulfuric and phosphoric acid receiving, ;torage, and pumping facilities. 
4. Bulk and bagged product storage facilities. 
5. Bagging equipment. 
6. Mobile equipment--payloaders, forklifts, utility trucks. 
7. Office, laboratory, maintenance shop and storeroom, weighbridge, potable 

and process water storage, fire protection system, and related plant site 
facilities. 

8. ProceGs instrumentation. 
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Figure B-1. Process Flow Diagram-Production of Granular Partially Acldulated Phosphate Rock With Minus 
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