
both phosphoric acid and triple super- 
phosphate. The area covering the lower 
central portion has enough gypsum for all 
of the phosphoric acid and part of the 
triple superphosphate. The upper area 
contains enough gypsum for only part of 
thephosphoricacid and none for the triple 
superphosphate to have its maximum 
ammoniation rate. Thus, it is assumed 
in making the calculations that because 
phosphoric acid is in liquid form, it will 
preferentially react with gypsum. How- 
ever, the chemistry would be the same in 
either case. 

Plant Tests 

The data summarized in Tables I I I?  
IV, V, and VI were obtained in five 
different plants, all of which employed 
continuous drum-type ammoniators with 
nominal capacity in excess of 15 tons per 
hour of product. .411 but formulation 
No. 9 were run in plants employing con- 
trolled recycle systems. Emphasis has 
been placed on the more unusual types of 

formulation in the selection of examples, 
because these generally present more of a 
problem to the formulator. 

The data indicate the precision with 
which predictions can be made when for- 
mulating on the systematic basis outlined 
in the preceding sections. 
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A granular fertilizer formulation system is used to evaluate economics and operating 
characteristics of a series of 1-1-1 ratio granular fertilizers, A method of calculating 
heat requirements for granulation is illustrated. As an example, the effects of varying 
amounts of diammonium phosphate and phosphoric acid on 12-1 2-1 2, 13-1 3-1 3, and 
14-1 4-1 4 grade granular fertilizer formulations are used. The relationship of the effect 
of variation in these raw materials upon raw material cost and recycle to yield a workable 
.formulation is shown, By using the manufacturer's raw material costs and specifications, 
i t  is  possible to evaluate the use of specific raw materials in manufacturing operations. 

HE MANUFACTURER Of granular T mixed fertilizers can benefit from 
the combination of a practical granular 
'fertilizer formulation system and the 
speed of an electronic computer. The 
formulation system described by Payne 
and Webber (2) is flexible enough to be 
adapted to any mixed fertilizer granula- 
tion process. By adapting a formulation 
system such as this to an electronic com- 
puter program one can rapidly evaluate 
the effects of variations in operating con- 
ditions. equipment, and raw materials on 
economic and operational aspects of 
manu facture. 

To produce a granular fertilizer formu- 

lation with the formulation system men- 
tioned above, i t  is necessary to solve dis- 
continuous and nonlinear functions. 
For this reason, a nonlinear computer 
program is used which is an iterative 
process comparable to the trial-and-error 
approach to the solution of a problem. 
Where it might take hours for a human to 
solve a problem, it is a matter of seconds 
with an electronic computer (7 ) .  

It  is possible to study how certain fac- 
tors affect granular fertilizer formula- 
tions. For example, one can obtain a 
series of formulations at  several recycle 
levels, using various raw materials and 
raw material costs. I t  is possible to 

limit the level of use of certain raw 
materials. The heat balance equation 
can be adjusted to compensate for heat 
losses in certain equipment or to com- 
pensate for extreme ambient tempera- 
ture conditions. 

The purpose of this paper is to show 
how the fertilizer manufacturer can use 
such a formulation system to study 
thoroughly the effects of many variables 
through the speed of an electronic com- 
puter. In  evaluating and using a series 
of fertilizer formulations one can most 
profitably study the economic relation- 
ships and the heat requirements of these 
formulations. A study of the depend- 
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ence of raw material cost upon other 
factors can be made when it is possible to 
obtain a large nuniber of formulations. 
By evaluating the heat requirements of 
his granulation unit under varying 
ambient operating conditions, the manu- 
facturer can select a fertilizer formulation 
which will ensure a good granular prod- 
uct. 

The heat requirements for granulation 
are dependent upon raw material tem- 
peratures, ambient temperature, produc- 
tion rate, amount and temperature of 
recycle. and heat loss from the granula- 
tion equipment. The formulation sys- 
tem being used here (2) is based upon the 
assumption that a fairly constant tem- 
perature is maintained in the granulating 
mass. Control of other factors which 
affect formulation (,moisture and soluble 
salt content) have been discussed pre- 
viously ( 7 ) .  The control of heat neces- 
sary to maintain the proper granulating 
temperature will be. discussed here. 

The heat requirement for proper 
granulation is given by the equation 

H = Ho(1 + uR)  + k' (1) 

where 

H = heat required for granulation, 
in calories per 100 grams of 
product 

HO = heat required to raise 100 grams 
of fertilizer material to granu- 
lating temperature exclusive 
of heat losses from granulating 
equipment 

R = recycle, in pounds of recycled 
material per pound of product 

k' = constant for a particular manu- 
facturing unit under certain 
operating conditions 
T, - T, 
T ,  - 1-, 

and a = 

where T ,  = temperature in granu- 
lator 

T, = temperature of recycled 
material 

TI = temperature of raw ma- 
terials 

The previous publication by Payne 
and Webber ( 2 )  expresses this heat re- 
quirement by the equation 

H = (Ho $. k')(l + QR) 
where k' under nominal operating condi- 
tions is estimated i o  be 800 calories to 
account for heat loss through vaporiza- 
tion of water and radiation. If the 
value for H a s  produced by the chemical 
reactions in the manufacturing process is 
within il000 calories of the value re- 
quired by the recycle level, it is assumed 
that this will give the proper amount of 
heat. Although not rigorously correct, 
this expression was chosen because it is 
more convenient and gives a good approx- 
imation to the desired value. I t  has been 
shown that Equation 1 provides much 
better flexibility lor this formulation 
method in adapting the system to specific 
manufacturing sites and operating condi- 
tions. Further, it has been found that by 

using Equation 1 for calculating heat 
requirements, the value of H can be 
determined to a better precision than the 
1000 calories previously used. 

In  adapting the heat equation to his 
particular plant operation, the manu- 
facturer must consider two things: the 
temperatures of the raw materials and 
the ambient temperature a t  which he is 
operating, and the value of k' for his 
equipment. In  adapting the heat equa- 
tion to existing operating temperatures, 
the values of HO and the constant a must 
be recalculated. This will be illus- 
trated in an example. The value of k' 
can be estimated by an analysis of for- 
mulations which are known to work in the 
equipment being used. By analyzing 
these workable formulations for heat re- 
quirements a t  various recycle levels, a 
value of k' can be calculated and its 
average value used in selecting subse- 
quent formulations. 

To illustrate the use of heat calcula- 
tions a specific case will be considered in 
which this method was used to select 
formulations for a particular manufactur- 
ing unit. The case in question involved 
the start-up of a new granulation unit. 
As no fertilizer had ever been made with 
the equipment. there was no way to esti- 
mate heat requirements from previously 
used formulations. A series of formula- 
tions was taken from computer calcula- 
tions in which the heat produced varied 
over a wide range. The start-up was 
conducted under extreme weather con- 
ditions with subzero temperatures per- 
sisting for some time. I t  was decided to 
produce a 12-12-12 fertilizer a t  a rate 
of about 5 tons per hour in the plant 
which was rated a t  a maximum of 20 tons 
per hour. The plant used a rotary 
drum ammoniator-granulater and had 
facilities for controlling recycle. 

To  be safe, in case excessive fines were 
produced, the material was recycled at a 
rate of 1 pound of recycle per pound of 
product. This would also allow for more 
flexible control by use of recycle. 

In calculating the heat requirement 
for operation under these conditions the 
following assumptions were made : 

T ,  O O F .  
T, = 210' F. 
T,  = 4 0 ° F .  

The value of T ,  was low, but was as- 
sumed to be justified because of the low 
production rate used. 

Then, to calculate the value of Ho as 
outlined by Payne and Webber ( 2 ) :  

Ho = (210/1.8 X 0 .35  X 100) + 800 
Ho 4900 

This value is determined by multiplying 
the temperature change of raw materials 
to the temperature of the granulater in 
degrees centigrade times the specific heat 
times the weight of material in grams. 
This yields the calories required to raise 
the temperature of 100 grams of raw 
material to the granulating temperature. 

Table 1. Heat Requirements for 
Granulation Unit 

H = Ho(l + uR) + k' 
Case 7 Case 2 

T,, O F .  210 210 
Ti.  O F. 10 60 Ti,' F. 80 100 
k 1600 1600 
HQ 
a 
Ra 
H 

3900 2900 
0 . 6 5  0 . 7 3  
0 . 5  1 . o  
6800 6600 

a Values of recycle, R, taken from operat- 
ing data. 

To calculate the value a,  

210 - 40 
210 - 0 

a=- 

a = 0.81 

Hence, 

H = 4900 (1 - 0.81R) 
H = 8800 

When this 8800-calorie formulation 
was run at the start-up, it was found that 
too much chemical heat was being pro- 
duced, giving excessive temperatures in 
the ammoniator. The next coolest 
formulation (the one with less chemical 
heat produced) was then selected. This 
formulation produced chemical heat a t  
the rate of 6600 calories per 100 grams of 
product. The recycle necessary to pro- 
duce a good granular product was about 
0.5. Thus, by use of this formulation 
system and intelligent estimation of 
operating conditions, a good granular 
product was produced on the second 
formulation tried. 

When this information is applied to 
Equation 1, the more rigorous means of 
expressing heat requirements, this par- 
ticular manufacturing unit is seen to 
require a value of k' of about 1600. 
Table I summarizes two cases of different 
operating conditions for the above-men- 
tioned 6600-calorie formulation. These 
are actual operating data. The estimate 
of T, of 40' F. for the above example 
proved to be too low, the actual value 
being about 80" F. 

Both Case 1 and Case 2 used the same 
formulation, thus requiring a higher re- 
cycle under warmer operating conditions 
(Case 2). I t  is here indicated, then, that 
a higher production rate could be ob- 
tained by using a formulation with a 
lower H value for warm weather opera- 
tion. However, the raw material cost 
a t  this lower value of H could possibly be 
higher, thus offsetting the advantage of 
higher production capacity. This again 
depends upon the particular plant site. 

Economic Studies 

Probably the most valuable application 
of a formulation-computer program of 
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Table I I .  Raw Materials 

1 Analysis, Delivered, 
N-PLO~K?O Dollors 

Nitrogen s o h -  41 . 0-0-0 1.35/unit - 

("41rS04 21-0-0 1.69/unit 5 
Normal super- 0-20-0 - 

phosphateb 
Triple super- 0-46-0 

phosphatec - 

tion 1 

KC1 0-0-60 
HzSOd, 66 O Bt. 
~ 3 ~ 0 4 ,  7570 0-54.2-0 I .45/unit 

this type is the study of the factors which 
influence raw material costs. A hypo- 
thetical study will be shown to illustrate 
how this method can be used and the 
conclusions which can be drawn from 
such a study. 

An electronic computer is capable of 
producing a large number of fertilizer 
formulations in a very short time, The 
effects of such factors as recycle rate, raw 
materials, and individual raw material 
costs upon total raw material costs can 
be thoroughly studied. 

As an example, a series of 1-1-1 ratio 
fertilizers in the range of analysis from 
12-12-12 to 15-15-15 was studied. In 
this hypothetical case a manufacturer is 
considering the use of phosphoric acid 
and/or diammonium phosphate as raw 
materials in his plant. A series of 
formulations is requested in which various 
recycle rates and various levels of use of 
diammonium phosphate and phosphoric 
acid are stipulated. By making com- 
parisons of the raw material costs with 
these variables the manufacturer can de- 
cide whether to use these raw materials 
and how to use them. 

In Table I1 are listed the raw ma- 
terials, their analyses, and the delivered 
costs which were used in this study. S o  
attempt >vas made to select raw material 
prices which would apply to a specific 
geographic location-those selected were 
simply chosen to provide some basis for 
running a series of formulations which 
could be used to illustrate a method. 

The two factors to be considered in 
choosing a formulation or raw material 
are the total raw material cost per ton of 
product and the production rate which 
can be attained with the formulation be- 
ing used. For this reason the interrela- 
tionships of raw material cost, recycle 
level, and amount of raw material being 
used in the formulation must be evalu- 
ated. Figures 1 through 4 are graphical 
representations of this interdependence 
of the three factors. 

Figure 1 shows a plot of raw material 

I I I 

13-13-13 
R.3 

4 

I 
t I 

401 I i 1  

I O 0  200 300 
POUNDS H,F'O,,DAP 

Figure 2. Effects of phosphoric acid 
and diammonium phosphate on raw 
material cost at various recycle levels 
for 13-13-13 

cost in dollars per ton of product us. 
pounds of 75% phosphoric acid per ton 
of formulation at  different recycle levels. 
In all cases in this paper, recycle is de- 
fined in units of pounds of recycle per 
pound of product. For making a 
12-12-12 at  the particular manufactur- 
ing site being evaluated, the raw material 
costs generally decrease as more phos- 
phoric acid is incorporated in the formu- 
lation. Further, as higher recycle levels 
are allowed, raw material costs drop. 
In  the cases of low recycle, the raw 
material costs rapidly reach a minimum 
value and then increase as more phos- 
phoric acid is added. The reason for 
the drop in raw material cost with in- 
creasing phosphoric acid is that the more 
concentrated phosphoric acid allows 
room in the formulation for the cheaper, 
less concentrated raw materials. 
Further, phosphoric acid with its higher 
ammonia-holding capacity allows the use 
of more low-cost ammonia. The manu- 
facturer must decide for himself whether 
the decrease in raw material cost with 
increasing recycle and the accompanying 
decrease in production rate is acceptable 
to him. 

55 I I I 
100 Ibs H,PO.--- 
100 IbsDAP- 

7'13-13-13 i ;I ?--< 3- -. . -0 - - -  
J 45 d' 

35- I 2 3 

RECYCLE 

Figure 3. Effect of recycle on 
raw material cost at 100 pounds 
of phosphoric acid or diammo- 
nium phosphate for various 1-1-1 
grades 

4.001 I 1 1 1 

14-14-1 

3.60- / 
3.40- 

13-13-13 

0 ~ - 0 .  
1 -  
I 4.. 

i 

1 

POUNDS H,PO,,DAP 

Figure 4. Relative raw material cost 
as a function of use of phosphoric 
acid and diammonium phosphate for 
various 1-1-1 grades at constant 
recycle level 

In  Figure 2 the effects of increasing 
levels of phosphoric acid and diammo- 
nium phosphate a t  different recycle levels 
are shown. This graph indicates that it is 
unprofitable to use diammonium phos- 
phate and that the minimum raw ma- 
terial cost is attained under conditions of 
a recycle value around 2 and at  about 
200 pounds of phosphoric acid per ton 
of formulation. 

Raw material cost us. recycle level has 
been plotted for three different 1-1-1 
grades at a constant level of 100 pounds 
of phosphoric acid and diammonium 
phosphate in Figure 3. Here it is shown 
that for all three grades it is cheaper to 
use phosphoric acid rather than diam- 
monium phosphate, the minimum cost 
being in the neighborhood of 1 to 2 
pounds of recycle per pound of product. 

Figure 4 illustrates an interesting com- 
parison of the different grades being 
studied. Plotted on the ordinate of the 
graph is the raw material cost of fertilizer 
formulations reduced to a 1-1-1 basis to 
equate the costs of raw materials for 
12-12-12, 13-13-13, and 14-14-14 
grades. These values were obtained by 
dividing formulation raw material costs 
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by 12, 13, and 14, depending upon the 
fertilizer analysis. In  the case where no 
phosphoric acid or diammonium phos- 
phate is used, the unit cost increases as 
over-all analysis increases. However, 
in some cases, by changing raw materials, 
the unit cost of making a higher analysis 
material becomes less. For instance, a t  
a recycle value of 1, a 14-14-14 grade 
fertilizer can be proc!uced at a lower unit 
cost than 13-13-13 where no phosphoric 
acid is used by including 400 pounds of 
phosphoric acid in the formulation. In 
addition. this will produce an increase in 
production rate and plant nutrient of 
about 8%. This graph illustrates that 
another factor to be considered is the 
cost of changing to higher analysis prod- 
ucts in terms of changes in raw materials 

Determination of Total Nitrogen and Nitro- 
gen Distribution in Fertilizer Solutions 

and the increased production rate in 
terms of plant nutrient that can be real- 
ized. 

The various ways in which a series of 
formulations can be evaluated from the 
standpoint of economics of raw material 
costs gives the manufacturer a sound 
basis from which to decide on changes in 
his operations. He will be able to decide 
upon a formulation and make changes 
after estimating the effect of changes in 
production rate with changes in recycle. 
He can evaluate the advantages of adding 
new raw materials in terms of increased 
profits as opposed to the cost of installing 
new equipment. 

I t  should be emphasized that the fore- 
going example is a study of a particular 
location and cannot be used to generalize 
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Grand River Chemical Division, 
Deere and Co., Pryor, Okla. 

the economic effects of diammonium 
phosphate and phosphoric acid. 

Acknowledgment 

The authors thank Howard Greiner, 
Ke-Wash Fertilizer Co., Keota, Iowa, 
for granting permission to use data from 
his plant operation. 

Literature Cited 

(1) Payne, J. H., Daniels, S. D., J. AGR. 

(2) Payne, J. H., Webber, R. T.j Zbid., 

Receiced f o r  feoiex September 22, 7959. Ac- 
cepted October 23. 1959. Dioision of Fertilizer 
and Soil Chemistry, 734th Meeting, ACS, 
Chicago, Ill., September 1958. 

FOOD CHEM. 4, 925 (1956) 

8, 164 (1960). 

FERTILIZER SOLUTIONS A N A L Y S I S  

A fairly rapid yet accurate procedure was developed for the analysis and sampling of 
nitrogen fertilizer solutions. The Kjeldahl distillation for ammonia content and the use of 
Devarda alloy treatment, with Kjeldahl distillation, for nitrate content were found satis- 
factory. 
A convenient and reproducible sampling procedure was tested. 

For urea content, modifications of the urease hydrolysis technique were made. 

U R I ~ G  THE FORML-LATION of high D nitrogen content fertilizer solu- 
tions. containing more than one com- 
pound as a source of nitrogen, it is 
necessary to know the concentration of 
each nitrogen compound in the solution. 
This information is desirable for esti- 
mation of vapor pressure and salting-out 
properties and for assurance that the 
total nitrogen content is acceptable. 

High nitrogen fertilizer solutions may 
contain urea, ammonium nitrate, and 
ammonia in any combination, covering 
a fairly wide range of total nitrogen 
content. For characterization of a solu- 
tion containing all three compounds, 
three analyses on sorne combination of 
either three components or two compo- 
nents and a total is required in general. 
T o  devise the most accurate and rapid 
sampling and analyiical technique, a 
number of methods (7, 2, 5: 70) were 
considered, evaluated, and investi- 
gated. 

The determination of total nitrogen 
by the familiar Kjeldahl technique. as 
given in the standard methods of the As- 
sociation of Official Agricultural Chem- 
ists including the most recent revisions 
( 7 ,  6, 7), could not be used. because 
of the time required and the poor ac- 
curacy and precision obtained when 
prepared mixtures were analyzed. Al- 
though excellent results could be ob- 
tained, by various modifications of the 
recommended Kjeldahl procedures for 
the analyses of the pure components 
of the mixture alone. the determination 
of the total nitrogen was discarded as 
too time-consuming. For consistent 
results, however, work completed during 
the course of this study indicated that 
urea samples might require a fairly 
dilute digestion and nitrate samples 
would require almost anhydrous condi- 
tions for best recovery (Table I ) .  

For rapid estimation of urea alone, 
the urease enzymatic hydrolysis method 

of Fox and Geldard ( 3 )  as modified by 
Smith, Dock. and Rich (9 )  appeared 
very promising if analysis time could 
be reduced and or if accuracy could be 
improved. The latest method (7) using 
the enzymatic hydrolysis of urea to 
ammonium carbonate is a variation of 
the method by Smith, Dock, and Rich 
but the back-titration employed repre- 
sents no basic improvement. However, 
with considerable reliance upon the 
literature cited, a method satisfactory 
with regard to both speed and precision 
was developed. 

For the determination of ammonia 
and the ammonia from the urea, if 
present, a distillation of the ammonia 
from the caustic solution into a boric 
acid solution was adopted. For samples 
containing only ammonia and urea, a 
single acid titration of the solution fol- 
lowed by a urease hydrolysis and analysis 
of the neutralized solution appeared 
to be excellent. 
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