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ABSTRACT Nine samples of pure, feed-grade (FP) and
agricultural-grade (AP) phosphates were evaluated at
seven laboratories (six in Brazil and one in the U.S.) for
physical and chemical characteristics. Phosphates were
one “standard” pure dicalcium phosphate; four FP, two
dicalcium phosphates (FP-1 and FP-2) made in Brazil, one
di-monocalcium phosphate (FP-3), and one defluorinated
phosphate (FP-4) made in the U.S.; and four AP made in
Brazil [single superphosphate (AP-1), triple superphos-
phate (AP-2) and monoammonium (AP-3), and thermo-
magnesium (AP-4) phosphates]. Average analytical val-
ues for FP and AP, respectively, were 3.3 and 6.3% mois-
ture, 1.0 and 2.5% insoluble residue, 16.2 and 28.4% loss
on ignition, 6.8 and 4.7 (pH), 1,028 and 1,023 g/L apparent
density, 9.6 and 55.0% P solubility in water, 83.6 and
88.4% P solubility in 2% citric acid, and 85.2 and 97.0% P
solubility in neutral ammonium citrate. Based on particle
size, six products were classified as “fine,” and three were
classified as “irregular.” Atomic absorption and plasma
spectrometry determinations were performed for 31 es-
sential and potentially harmful or radioactive minerals.

The Na level was high in FP-4 (6.03%). Mineral concentra-
tions were safe for all FP as compared with NRC stan-
dards. Levels in AP were toxic, exceeding the tolerance
limits for F, Fe, Mg, and Ba, and were particularly high
as compared with FP for S, Ti, and radioactive Th. The
AP-1 was high in F, Ba, S, and Th; AP-2 and AP-3 were
high in F and S; and AP-4 was high in F, Ba, Fe, Mg, Ti,
and Th. X-ray diffraction assays detected impurities for all
commercial samples and identified as major components
CaHPO,42H,0 (standard phosphate), CaCO; and
CaHPO, (FP-1, FP-2, and FP-3), Ca(H,P0O,),-H,0O (FP-3),
NazcagAlz(PO4)2(SiO4)2 and Ca3(PO4)2 (Fp'4), CaSO,-nH,0
and (NH4)F€3P6020‘(PO4)2 (AP'].), Ca(H2PO4)2‘H20 and
KFe3PgO020:10H,0 (AP-Z), (NH4)H2PO4 and CaSO,-nH,0
(AP-3), and no definite molecular structure for AP-4, an
amorphous product. The biological consequences of feed-
ing animals a mineral source with no definite molecular
structure, an amorphous product, is not known. A biolog-
ical evaluation of all phosphates included in this article
is being published as a separate report (Fernandes et
al., 1999).

(Key words: feed phosphates, agricultural phosphates, chemical analysis, minerals, X-ray diffraction)

INTRODUCTION

Phosphates are salts of phosphoric acid, and a wide
variety of such products is commercially available.
Among the various types of inorganic phosphates, biolog-
ical value varies widely because of differences in chemical
structure, crystallinity, particle size, pH, and concentra-
tion of contaminating elements. Phosphorus is not sup-
plied as a pure chemical and many phosphates are ores
that may have had little processing or purification,
whereas others are by-products of some industrial proc-
ess. These facts must be considered in estimating the
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quality of amineral source (Ammerman et al., 1977). Phys-
ical and chemical evaluations of sources of supplemental
P, such as dicalcium and monocalcium phosphates, have
been published by Gillis et al. (1962), Griffith and Schex-
nailder (1970), NRC (1980, 1994), Burnell et al. (1990),
McDowell (1992), Sullivan et al. (1992, 1994), and Lima et
al. (1995).

Dicalcium phosphate is commonly used as a source of
supplemental P and is not a chemically defined entity. It
is, in fact, a mixture of varying amounts of dicalcium
and monocalcium phosphates, phosphoric acid, calcium
carbonate, and impurities, depending on the origin of the
raw material and procedures employed in its industrial
production (Lima et al., 1995).

Abbreviation Key: AP = agricultural-grade phosphate; FP = feed-
grade phosphate.
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Defluorinated phosphate is a feed-grade P supplement
thermochemically produced by the reaction of phosphate
rock concentrate and phosphoric acid in the presence of
soda ash. The raw material is processed through a mixer
and a kiln (1,300 to 1,500 C) so that fluorine is removed
as hydrofluoric acid, a volatile compound. After cooling
and screening, the final product is tricalcium phosphate
[Caz(PO,),] containing low F levels (0.17%) and a rela-
tively high Na concentration (4.8 to 5.5%).

According to Sheve and Brink (1977), phosphate rock
concentrate and sulfuric acid react to produce single su-
perphosphate, a mixture of nearly equal amounts of mon-
ocalcium phosphate [Ca(H,PO,),] and calcium sulfate
[CaSO,]. The finely ground material is cured in large piles
so that reaction may go to completion, a process that
takes several weeks. Commercial superphosphate con-
tains considerable amounts of unreacted phosphate rock
and sulfuric acid. Triple superphosphate results from the
reaction, at room temperature, of phosphate rock concen-
trate and phosphoric acid. Commercial triple superphos-
phate is a mixture of monocalcium phosphate
[Ca(H,PO,),] and appreciable amounts of unreacted
phosphate rock and phosphoric acid. Monoammonium
and diammonium phosphates are obtained by reacting
phosphoric acid and anhydrous ammonia (Cardoso,
1991). If purified phosphoric acid is used in the process,
the products may be used safely to feed food-producing
animals. Otherwise, toxicity and potencially toxic mineral
residue in edible tissues may become a problem. Thermo-
magnesium phosphates are produced by very high tem-
perature (1,600 C) fusion of rock phosphate concentrate
blends in the presence of silica (SiO,) and magnesium
(MgO) sources (Cardoso, 1991).

When agricultural-grade phosphates (AP) are priced
lower than feed-grade phosphates (FP), animal nutrition-
ists become very much aware of the need for alternate
dietary P sources. Safety, however, is a matter of concern.
Agricultural-grade phosphates are not intended for use
in animal diets because they are not routinely produced
according to the strict manufacturing procedures neces-
sary to guarantee the adequate degree of purity for feed-
ing food-producing animals. Phosphorus in certain AP
is present in chemical forms that are easily used by plants,
but bioavailability for animals may be low. In addition,
high levels of certain contaminating mineral elements are
perfectly safe for soil and plants, but they may be toxic
to the animal.

When rock phosphate is solubilized in the process to
obtain phosphate fertilizers, little loss of contaminants
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takes place, and the final product undergoes no further
purification (Cardoso, 1991).

The purpose of this study was to evaluate chemical
and physical characteristics of one pure, four FP (two
made in Brazil and two made in the U.S.), and four sam-
ples of AP made in Brazil.

MATERIALS AND METHODS

Nine samples of phosphate sources were evaluated at
seven different laboratories, six in Brazil and one in the
U.S., for physical and chemical characteristics. Phosphate
sources were four samples of FP [two dicalcium phos-
phates made in Brazil (FP-1 and FP-2) one di-monocal-
cium phosphate (FP-3), and one defluorinated phosphate
(FP-4) made in the U.S.] and four samples of AP made
in Brazil (AP-1, AP-2, AP-3, and AP-4). Analytical values
estimated for all experimental phosphates are presented
in Table 1.

Standard analytical methods recommended by the As-
sociation of Official Analytical Chemists (1984) were fol-
lowed. All phosphates were analyzed for moisture, insol-
uble residue, loss on ignition, particle size, pH, P solubil-
ity in water, P solubility in 2% citric acid, P solubility in
neutral ammonium citrate. Mineral analysis included the
essencial Ca, P, Mg, Na, K, Co, Cu, Fe, Mn, Mo, S, Se,
Zn, and the potencially toxic elements Al, F, As, B, Ba,
Bi, Cd, Cr, Hg, Ni, Pb, Sb, Sn, Ti, V, W, and the radioactive
U and Th. Analyses were performed at seven different
laboratories in Brazil and in the U.S.* Phosphorus and Ca
analyses were averaged from the results obtained at six
laboratories; fluorine, pH, apparent density, and particle
size analyses were based on the results from two labs.
The IMC-Agrico laboratory employed a segmented-flux
analytical system for Ca and P determinations and an ion
selective electrode for flourine analysis. Atomic absorp-
tion (Perkin-Elmer model 5100°) was used for Al, Fe, and
Mg. Trace elements were analyzed by plasma spectrome-
try (Perkin-Elmer Soiax Elan 500°), and moisture determi-
nations were performed using a vacuum oven. At the
Laboratory of Atomic Emission Spectrometry of the Insti-
tute of Chemistry (1Q-USP), plasma spectrometry (ICP-
AES) was used for analysis of 21 mineral elements. Values
of pH were obtained from 5-g phosphate samples in 250-
mL solutions (water pH = 7) using a potentiometer. Mois-
ture was determined at 80 C, basically to quantify hygro-
scopicity of the products because water of crystalization
losses may occur with temperatures as low as 109 C. Loss
on ignition was determined at 1,000 C in dry samples
and represents losses in water of crystalization, carbon
dioxide from carbonates, and volatile mineral elements
such as As, Hg, and halogens. Insoluble residue in HCI
followed by HNO; basically quantifies silica content. All
X-ray diffraction assays were performed at the Laborato-
rio de Caracterizacdo Tecnologica (LCT) laboratory using
the methodology described by Limaet al. (1995) for identi-
fication of the chemical species present in the samples.
Analytical procedures employed an X-ray diffractometer
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TABLE 1. Analytical values guaranteed by manufacturers (FP; feed-grade phosphate) or estimated from
the literature (AP; agricultural-grade phosphate) for the P sources studied

Ca P F
P source Origin (maximum) (minimum) (maximum)
(%)

Sp! Dicalcium, Brazil 24.0 18.0

FP-1 Dicalcium, Brazil 27.0 19.0 0.19
FP-2 Dicalcium, Brazil 26.0 18.0 0.18
FP-3 Dicalcium, U.S. 24.0 18.5 0.19
FP-4 Defluorinated, U.S. 33.0 18.0 0.18
AP-1 Super single, Brazil 20.0 7.8 0.90
AP-2 Super triple, Brazil 14.0 17.9 0.50
AP-3 Monoammonium, Brazil 1.0 21.0 0.30
AP-4 Thermomagnesium, Brazil 20.0 75

IStandard phosphate.

PHILLIPS-PW1880° with a PW1710 controller and PC-
APD (automated powder diffraction) software.

RESULTS AND DISCUSSION

The X-ray diffractogram interpretation is summarized
in Table 2. Moisture content, insoluble residue, loss on
ignition, pH, apparent density, P solubility in water, P
solubility in 2% citric acid, and P solubility in neutral
ammonium citrate values are presented in Table 3. Parti-
cle size data are shown in Table 4. Levels of 13 essential
mineral elements are shown in Tables 5 and 6. Levels of
18 potentially harmful or toxic mineral and radioactive
elements are presented in Tables 7 and 8.

Moisture, Insoluble Residue,
Loss on Ignition, and pH

Moisture levels (Table 3) were variable and averaged
3.3 and 6.3% for FP and AP, respectively. Particularly
high moisture content for AP-1 (13.3%) and AP-2 (8.7%)
seem to be primarily related to the industrial wet process
used to obtain superphosphates, in which sulphuric acid
is diluted in water to control product moisture condition-
ing the chemical reaction (Sheve and Brink, 1977). The
low moisture (0.1%) detected for the thermochemically
produced phosphate sources (FP-4 and AP-4) is in
agreement with Sullivan et al. (1994), who reported that
low moisture in such products may be explained by high
temperatures (1,250 to 1,550 C) employed in industrial
processing. Moisture was determined at a low tempera-
ture of 80 C, to quantify hygroscopicity of the products,
as some hydration water losses may occur at tempera-
tures as low as 109 C. Moisture values for FP in our study
compare with those published by Potter (1988), Sullivan
et al. (1994), and Lima et al. (1995). Insoluble residue levels
(Table 3) were low, averaging 1.0% for FP and 2.5% for
AP. Considerable variation, however, was observed
among AP samples, ranging from 0% (AP-4) to a maxi-
mum of 9.2% (AP-1).

SPHILLIPS, 7602 EA, Almelo, Holland.

Insoluble residue in HCI followed by HNO; quantifies
the silica content of the sample (Lima et al., 1995). Single
superphosphate is the product of reacting sulphuric acid
and concentrate rock phosphate. Because no purification
processes are applied whatsoever, all impurities present
in rock phosphate, including silica, remain in the final
product, which may very well explain the high insoluble
residue value found for AP-1.

Loss on ignition levels (Table 3) were variable, with a
minimum of 0% (FP-4 and AP-4) and a maximum of
53.5% (AP-3). Loss on ignition was determined at 1,000
Cindrysamples and represents losses in water of crystali-
zation, carbon dioxide from carbonates, and volatile min-
eral elements such as As, Hg, and halogens. Defluorinated
rock phosphate (FP-4) and thermomagnesium phosphate
(AP-4) are the products of high temperature (1,250 to
1,550 C) industrial processing that eliminates calcium car-
bonate, volatile mineral elements, as well as water of
crystalization, which may explain the lack of detectable
losses at 1,000 C observed for these samples. Loss on
ignition values for commercial dicalcium phosphates (FP-
1, 2, and 3) in this study are in agreement with data
published by Lima et al. (1995) that reported, for seven

TABLE 2. X-ray diffraction presence of chemical species
in the P sources studied

Chemical species present

P source Major Minor

spt CaHPO,-2H,0

FP-1 CaHPO, CaCOs

FP-2 CaHPO, CaCOg;
CaS0,-2H,0

FP-3 CaHPO, CaCOs;

Ca(H2PO4)2' Hzo

FP-4 Na2Ca3A|2(PO4)2(SiO4)2 Ca3(PO4)2

AP-1 CaSOA-nHzOZ Ca(H2PO4)2'Hzo
(NH4)FesPsOz(PO,),

AP-2 Ca(H2PO4)2‘H20 KFe3PgO50:10H,0

AP-3 (NH,)H,PO, CaS0,-nH,0?

AP-4 amorphous amorphous

1Sp = Standard phosphate; FP = feed-grade phosphate; AP = agricul-
tural-grade phosphate.

2Several degrees of hydration molecules were detected for the chemi-
cal species.



1720

LIMA ET AL.

TABLE 3. Moisture, insoluble residue, loss on ignition, pH, apparent density, and P solubility
of feed-grade phosphates (FP) and agricultural-grade phosphates (AP)

Insoluble Loss on Apparent Water Citric acid NAC
P source Moisture residue ignition pH density solubility solubility solubility
(%) (971) (%)
Spt 1.6 0.0 244 6.8 580 2.0 935 99.8
FP-1 3.4 0.2 12.5 7.0 828 0.9 85.3 93.2
FP-2 5.8 0.1 16.5 7.5 888 11.2 93.9 na?
FP-3 3.8 1.8 19.5 4.4 966 25.6 86.8 97.0
FP-4 0.1 1.9 0 8.2 1,429 0.8 68.4 65.3
Mean 33 1.0 16.2 6.8 1,028 9.6 83.6 85.2
SE 24 1.0 35 1.7 273 11.7 10.8 17.3
AP-1 133 9.2 30.5 2.9 795 35.9 76.0 99.7
AP-2 8.7 0.6 29.6 3.1 997 87.6 92.0 96.9
AP-3 3.1 0.2 53.5 4.2 798 95.3 98.2 99.8
AP-4 0.1 0 0 8.7 1,504 1.0 87.4 91.4
Mean 6.3 25 284 4.7 1,023 55.0 88.4 97.0
SE 5.9 45 219 2.7 334 44.6 9.4 3.9

ISP = Standard phosphate.
na = Not available.

commercial dicalcium phosphates, loss on ignition values
ranging from 13.7 to 23.9%.

Considering the X-ray diffraction data (Table 2) and
comparing loss on ignition values presented in Table 3,
the predominance of the dihydrate salt of calcium phos-
phate dibasic in SP may very well explain the relatively
high loss at 1,000 C (24.1%) observed for that product.
On the other hand, losses on ignition for FP-1 (12.5%)
and FP-2 (16.5%) seem to be primarily related to the pres-
ence of relatively high amounts of calcium carbonate (Ta-
ble 2) in both samples. Loss at 1,000 C for FP-3 (19.5%)
is probably the result of losses in water of crystalization
from calcium phosphate monobasic monohydrate and
carbon dioxide from calcium carbonate (Table 2). Regard-
ing feed-grade dicalcium phosphates, higher values of
loss on ignition may indicate a higher degree of hydration
on the calcium phosphate molecule, suggesting superior
P availability potential. Lower values for loss on ignition,
on the other hand, may be due to variations in processing
that influence the degree of hydration and the proportion
of mono to dibasic calcium phosphate. A higher degree
of hydration and higher proportions of the monocalcium
salt are expected to contribute to increase P availability
potential in commercial dicalcium phosphates (Sullivan

TABLE 4. Particle size of feed-grade phosphates (FP) and
agricultural-grade phosphates (AP)

P source >1.00 mm >0.30 mm <0.30 mm
(%)
spt 0 0 100.0
FP-1 2.6 3.2 96.8
FP-2 5.8 6.8 93.2
FP-3 5.5 10.7 89.3
FP-4 215 27.5 725
AP-1 12.8 14.4 85.6
AP-2 30.5 33.7 66.4
AP-3 6.6 8.4 91.6
AP-4 0 0 100.0

ISP = standard phosphate.

et al., 1994, Lima et al., 1995). Considering the AP, the
predominance of several hydrated forms of calcium sul-
phate and the monohydrate salt of calcium phosphate
monobasic in AP-1 (Table 2) may explain the high loss
at 1,000 C (30.5%) observed for that sample of single
superphosphate. Loss at 1,000 C for AP-2 (29.6%) is proba-
bly the result of losses in water of crystalization from
calcium phosphate monobasic monohydrate and other
hydrated phosphate salts (Table 2). On the other hand,
loss on ignition for AP-3 (53.5%) seems to be primarily
related to volatile ammonia loss from the ammonium
phosphate molecule (Table 2) at 1,000 C.

Values of pH (Table 3) were variable and averaged 6.8
and 4.7 for FP and AP, respectively, ranging from 2.9 (AP-
1) to 8.7 (AP-4). Phosphate products containing higher
proportions of monocalcium phosphate are expected to
show lower pH values (Lima et al., 1995). Our study has
shown that, for FP, the lowest pH value (4.4) was obtained
for the U.S.-made di-monocalcium phosphate FP-3 (Table
2), intermediate values (7.0 and 7.5) were assigned to
the exclusively dicalcium phosphate (Table 2) containing
products (FP-1 and FP-2), and the highest pH (8.2) was
recorded for the tricalcium phosphate containing (Table
2) U.S.-made defluorinated rock phosphate (FP-4). Our
data are in agreement with Potter (1988), who published
pH values of 3.4 for monocalcium phosphate and values
ranging from 4.4 to 7.4 for commercial dicalcium phos-
phate samples, and by Lima et al. (1995), who reported
pH values ranging from 3.2 to 4.8 for four commercial
dicalcium phosphates containing different proportions of
monocalcium phosphate and pH = 5.7 to 6.1 for three
products containing exclusively dicalcium phosphate. Re-
garding the AP, our interpretation of the pH data (Table
3) was reconfirmed by the X-ray diffraction assays (Table
2) that have detected levels of monocalcium phosphate
inversely proportional to pH values in each product. The
lowest pH values (2.9 and 3.1) were recorded for the
monocalcium phosphate containing single (AP-1) and tri-
ple (AP-2) superphosphates and were slightly higher (4.2)
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TABLE 5. Essential mineral element composition of feed-grade phosphates (FP)
and agricultural-grade phosphates (AP): Ca, P, Mg, Na, and K

P source cal P Mg Na K
(%)

Sp? 245 18.0 0.02 0.13 0.008
FP-1 26.2 19.2 0.45 0.21 0.03
FP-2 25.4 18.1 0.91 0.31 0.05
FP-3 21.1 18.1 0.78 0.31 0.09
FP-4 31.9 17.8 0.35 6.03 0.09
Mean 26.2 18.3 0.62 1.72 0.07
SE 44 0.6 0.27 2.90 0.03
AP-1 18.3 8.4 0.11 0.21 0.02
AP-2 14.7 19.6 0.70 0.21 0.04
AP-3 2.6 22.8 0.80 0.15 0.05
AP-4 195 7.3 9.89 0.23 0.05
Mean 13.8 145 2.88 0.20 0.04
SE 7.7 7.8 4.68 0.03 0.01

High variability on Ca results for phosphate AP-3 (1.2 and 4.1%).

2gp = Standard phosphate.

for the monoammonium phosphate product. A high pH
value of 8.7 was recorded for the amorphous magnesium
thermophosphate sample (AP-4).

Apparent Density, Particle Size, and
Phosphorus Solubility

Particle size patterns (Table 4) were variable, allowing
for a classification of the products as “fine” (SP, FP-1, FP-
2, and AP-4), “coarse” (FP-3 and AP-3), and “irregular”
(FP-4, AP-1, and AP-2).

Apparent density (Table 3) values were higher (1,429
and 1,504 g/L) for thermochemically produced phos-
phates sources FP-4 and AP-4, respectively. For the re-
maining FP, density ranged from 828 and 888 g/L for the
Brazilian “fine” products FP-1 and FP-2, respectively, to
966 g/L for the U.S.-made “coarse,” or granular, di-mono-
calcium phosphate (FP-3). These results are in agreement
with Potter (1988) and Lima et al. (1995), who reported
higher density values for dicalcium phosphate samples

classified as coarse according to their particle size pattern,
as compared with finer products.

The defluorinated phosphate sample differed in ap-
pearance among the FP, showing wide variations in parti-
cle size (very coarse), in shape (from fine powder to scale-
like particles), and in color (predominantely dark brown
with scattered yellowish particles). Among AP, the ther-
momagnesium product markedly differed in appearance,
showing homogeneity in particle size (very fine with ten-
dency of particles to stay together but not to lump), and
in color (dark brown). Considering the AP, the monoam-
monium product (AP-3) was a regular “coarse,” or granu-
lar, product (8.4% > 0.30 mm) with density equal to 798
g/L, whereas AP-1 and AP-2 were “lumpy” materials
that tended to form objects 14.4 to 33.7% > 0.30 mm, with
density ranging from 795 (AP-1) to 997 g/L (AP-2). These
differences seem to be primarily related to the type of
manufacturing procedures employed in the AP industry.
Particle size and density are characteristics related to the
miscibility of the product in conventional poultry diets

TABLE 6. Essential mineral element composition of feed-grade phosphates (FP)
and agricultural-grade phosphates (AP): Co, Cu, Fe, Mn, Mo, S, Se, and Zn

P Source Co Cu Fel Mn Mo S Se Zn
(Ppm)
Sp? 4 2 210 3 <1 579 <5 51
FP-1 16 97 19,654 726 3 2,935 <5 168
FP-2 1 18 1,679 174 3 2,711 <5 546
FP-3 3 4 10,562 224 9 39 <5 83
FP-4 4 12 10,282 347 7 29 <5 134
Mean 6 33 10,544 368 6 1,428 <5 233
SE 6.8 43.2 7,340 250 3.0 1,613 c 212
AP-1 4 10 5,848 370 1 122,054 25 172
AP-2 6 16 8,533 284 3 18,090 <5 66
AP-3 6 11 10,154 338 1 15,825 <5 70
AP-4 26 55 67,147 2,010 6 168 35 473
Mean 10 23 22,920 750 3 39,034 16 195
SE 104 215 29,538 840 2.4 55,917 16 192

THigh variability on Fe results for phosphate AP-1 (155 and 11,541 ppm).

2gp = Standard phosphate.
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TABLE 7. Potentially harmful mineral element levels of feed-grade phosphates (FP)
and agricultural-grade phosphates (AP): Al, F, As, B, Ba, Bi, Cd, Cr, and Hg

P source Al F As B! Ba’ Bi cd Cr Hg
(%) (ppm)

sp? 0.01 0.02 7 <0.4 9 <0.1 <1 1 <05
FP-1 0.11 0.03 7 <0.4 270 <0.1 1 21 <05
FP-2 0.15 0.19 8 16 21 <0.1 3 53 <05
FP-3 0.82 0.17 11 39 9 <0.1 5 72 <05
FP-4 0.73 0.15 7 4 306 <0.1 <1 51 <0.5
Mean 0.45 0.14 8 20 151 <0.1 3 49 <05
SE 0.37 0.07 2 18 158 . 2 21 .

AP-1 0.16 1.11 9 62 18,494 <0.1 1 11 <05
AP-2 0.14 0.66 10 12 643 <0.1 <1 2 <0.5
AP-3 0.15 0.38 8 7 333 <0.1 <1 3 <0.5
AP-4 0.61 0.95 11 9 32,206 <0.1 1 661 <0.5
Mean 0.27 0.78 10 22 12,919 <0.1 0.8 169 <05
SE 0.23 0.32 1.3 26 15,407 . 0.3 328 .

High variability for phosphate AP-1 (non-detectable and 124 ppm).
2High variability for phosphate FP-1 (29 and 512 ppm), FP-4 (70 and 542 ppm), AP-1 (5,848 and 31,141 ppm),

and AP-3 (11 and 655 ppm).
3sp = Standard phosphate.

based on ground cereal grain and oilseed meals. Larger
particle size in phosphates was shown to improve P utili-
zation, probably by increasing retention time of material
in the gizzard of poultry (Griffith and Schexnailder, 1970;
Potter, 1988; Burnell et al., 1990), exposing food longer to
the more acidic conditions of the upper digestive tract,
which may solubilize P more completely (Burnell et al.,
1990). Very fine products are also difficult to handle at
the feed mill, exposing mill workers to uncomfortable
environmental conditions and increasing losses in ex-
haustion fans.

Phosphorus solubility in water, in 2% citric acid, and
in neutral ammonium citrate (Table 3) was variable and
averaged, respectively, 9.6, 83.6, and 85.2% for FP and
55.0, 88.4, and 97.0% for AP. Water solubility of P was
high for AP-2 (87.6%) and AP-3 (95.3%), which is in
agreement with the work of Sheve and Brink (1977), who
reported P from monocalcium and monoammonium
phosphate sources to be highly soluble in water. Com-
pared with triple superphosphate (AP-2), single super-

phosphate (AP-1) was found to contain higher levels of
Ca, which is present in the product largely as nonwater
soluble compounds, and may explain the low water solu-
bility of P in AP-1 (35.9%). Phosphorus solubility of de-
fluorinated phosphate (FP-4) was low in water (0.8%), in
2% citric acid (68.4%), and in neutral ammonium citrate
(65.3%). Phosphorus was found to be highly soluble (all
values in excess of 85%) in 2% citric acid and in neutral
ammonium citrate for all phosphate samples studied, ex-
cept for the defluorinated sample and for the citric acid
solubility for AP-1 (76%). Our results are in general accor-
dance with Potter (1988), Sullivan et al. (1992), and Lima
et al. (1995), who reported P solubility in 2% citric acid
greater than 90% for FP samples. The work of Sullivan
et al. (1992) has shown that P solubility of feed phosphates
in HCI or neutral ammonium citrate was positively corre-
lated with the bioavailability of P, and this is of great
interest to the phosphate industry and to nutritionists.
However, other researchers (Gillis et al., 1948; Day et al.,
1973) found little or no agreement between bioavailability

TABLE 8. Potentially harmful and radioactive mineral element levels of feed-grade phosphates (FP)
and agricultural-grade phosphates (AP): Ni, Pb, Sb, Sn, Ti, V, W, Th, and U

P source Ni Pb Sh Sn Ti \Y W Th U]
(Ppm)

spt 2 <1 <1 5 <0.6 1 <5 5 1
FP-1 44 21 <1 11 519 32 <5 9 142
FP-2 15 16 1 8 37 81 <5 6 114
FP-3 16 24 3 12 122 139 <5 10 149
FP-4 21 26 1 13 398 129 <5 13 126
Mean 24 22 1 11 269 95 <5 10 133
SE 14 4 1 2 227 49 . 3 16
AP-1 22 39 <1 12 339 33 <5 139 9
AP-2 9 18 <1 9 146 101 <5 46 6
AP-3 7 4 <1 52 225 122 <5 43 8
AP-4 258 95 <1 27 2,010 111 <5 237 14
Mean 74 39 <1 25 680 92 <5 116 9
SE 123 40 . 20 890 40 . 92 3

ISP = standard phosphate.
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of P of the FP and their solubility in dilute acid solutions
and suggested that the in vitro tests could be useful only
to identify and eliminate insoluble compounds.

Essential Mineral Composition

Levels of Ca and P were determined at six laboratories;
Mg at four laboratories; Na, K, Co, Cu, Fe, Mn, Mo, Se,
and Zn at two laboratories; and S at one laboratory (Tables
5 and 6).

Calcium. Levels of Ca (Table 5) were variable, ranging
from 21.1 (FP-3) to 31.9% (FP-4), with an average of 26.2%
in FP. The average Ca content in AP was lower than that
in FP, averaging 13.8%, ranging from 2.6 (AP-3) to 19.5%
(AP-4). All samples were in compliance with the limits
of label guarantees (Table 1), not exceeding the maximum
Ca allowed, except for a deviation detected in sample
AP-3 (2.6 vs 1.0%).

Phosphorus. Levels of P (Table 5) were not very vari-
able in FP, ranging from 17.8 (FP-4) to 19.2% (FP-1), with
an average of 18.3%. The P content in AP was lower than
that in FP, averaging 14.5%, ranging from 7.3 (AP-4) to
22.8% (AP-3). All samples were in compliance with the
limits of label guarantees (Table 1) for each product, not
showing values below the minimum P allowed.

Magnesium. Magnesium levels (Table 5) were vari-
able, averaging 0.62%, and ranging from 0.35 (FP-4) to
0.91% (FP-2) in FP sources. Magnesium in AP was higher
than that in FP, averaging 2.88% and ranging from 0.11
(AP-1) to 9.89% (AP-4). High content of Mg in AP-4 was
due to large amounts of this element added in the manu-
facturing procedure used to obtain magnesium thermo-
phosphates. This high level of Mg (9.89%), per se, would
not be toxic for poultry because the maximum tolerable
Mg level (NRC, 1980) for poultry is 0.3% in the complete
diet or 15% in a P source used at a dietary level of 2%,
as proposed by Lima et al. (1995). However, many other
factors must be considered in Mg toxicity, such as chemi-
cal form in which Mg is present in the product and the
metabolic relationship of Mg and other mineral elements.
High levels of Mg are known to interfere with the metabo-
lism of several mineral elements and to increase the inci-
dence of wet litter. In addition, to provide an equal
amount of P as obtained from FP (18% P), 2.4 times as
much AP-4 is needed so that 8.89% Mg in that product
would be equivalent to 21.3% Mg, a value that exceeds
by 42% the maximum tolerable level of Mg (NRC, 1980)
for poultry. It should be emphasized that, according to
our X-ray diffraction assays (Table 2), AP-4 is an amor-
phous product, showing no regular molecular structure.
Consequences of feeding animals high levels (or any
level) of Mg in a nonregular molecular structure form is
unknown, as no references can be found in the literature
regarding such a situation. A biological evaluation for all
samples studied in this experiment was performed at our
laboratory (Fernandes et al., 1999), and signs of toxicity
were evident for the AP-4 sample, with great depression
in growth, low bone ash, and low bone strength.
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Sodium. Levels of Na (Table 5) were very variable,
ranging from 0.21 (FP-1) to 6.03% (FP-4), with an average
of 1.72% in FP sources. The Na content in AP was lower
than that in FP, averaging 0.20% and ranging from 0.15
(AP-3) to 0.23% (AP-4). High content of Na in FP-4 is due
to the addition of Na,COj; in the industrial processing
methods used to obtain defluorinated phosphates (Asso-
ciation of Florida Phosphate Chemists, 1991). Levels of
Na in FP may be of little or no consequence in poultry feed
formulation; nevertheless, Sullivan et al. (1992) reported
difficulty in managing poultry litter and facilities because
of increased water consumption when excess Na diets
were fed. The use of defluorinated phosphates as a P
supplement for poultry may require adjustments in the
level of salt in the diet. The maximum tolerable Na level
(NRC, 1980) for poultry is 2% in the complete diet.

Potassium. Levels of K (Table 5) were low, averaging
0.07% and ranging from 0.03 (FP-1) to 0.09% (FP-3 and
FP-4) in FP sources. The K content in AP averaged 0.04%,
ranging from 0.02 (AP-1) to 0.05% (AP-3 and AP-4). These
levels may be of little or no consequence in poultry feed
formulation because of the abundance of this element in
feedstuffs. The maximum tolerable K level (NRC, 1980)
for poultry is 3% of the complete diet.

Cobalt. Levels of Co (Table 6) were low, ranging from
1 (FP-2) to 16 ppm (FP-1), with an average of 6 ppm in
FP sources. The Co content in AP averaged 10 ppm, rang-
ing from 4 (AP-1) to 26 ppm (AP-4). These levels may be
of little or no consequence in poultry feed formulation
because the maximum tolerable Co level (NRC, 1980) for
poultry is 10 ppm in the complete diet or 500 ppm in a
P source used at a dietary level of 2%.

Copper. Levels of Cu (Table 6) were low, ranging from
4 (FP-3) to 97 ppm (FP-1), with an average of 33 ppm in
FP sources. The Cu content in AP averaged 23 ppm, rang-
ing from 10 (AP-1) to 55 ppm (AP-4). These levels may
be of little or no consequence in poultry feed formulation
because the maximum tolerable Cu level (NRC, 1980) for
poultry is 300 ppm in the complete diet or 15,000 ppm
in a P source used at a dietary level of 2%. Considering
the poultry requirement for Cu (8 ppm in a complete
diet) as estimated by the NRC (1994), any possible contri-
bution to Cu nutrition by the FP or AP tested would
be negligible.

Iron. Levels of Fe (Table 6) were variable, ranging from
1,679 (FP-2) to 19,654 ppm (FP-1), with an average of
10,544 ppm in FP sources. The Fe content in AP was
higher than that in FP, averaging 22,920 ppm and ranging
from 5,848 (AP-1) to 67,147 ppm (AP-4). The highest Fe
level was observed for AP-4 (67,147 ppm), and this level
may be toxic for poultry because the maximum tolerable
Fe level (NRC, 1980) for poultry is 1,000 ppm in the com-
plete diet or 50,000 ppm in a P source used at a dietary
level of 2%. A biological evaluation for all samples studied
in this experiment was performed at our laboratory (Fer-
nandes et al., 1999), and signs of toxicity were evident for
the AP-4 sample, with a strong depression in growth,
low bone ash, and low bone strength. Our observations
are in agreement with Sooncharerying and Edwards Jr.
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(1990), who reported low body weights, low bone ash,
and signs of rickets in birds fed diets containing 1,000
ppm Fe. Rock phosphates are frequently high in Fe and
Al, forming insoluble iron-aluminum-phosphate com-
plexes (Ammerman et al. 1977).

Manganese. Levels of Mn (Table 6) were variable,
ranging from 174 (FP-2) to 726 ppm (FP-1), with an aver-
age of 368 ppm in FP sources. The Mn content in AP was
higher than that in FP, averaging 750 ppm, ranging from
284 (AP-2) to 2,010 ppm (AP-4). These levels of Mn may
be of little or no consequence in poultry feed formulation
because the maximum tolerable Mn level (NRC, 1980) for
poultry is 2,000 ppm in the complete diet or 100,000 ppm
in a P source used at a dietary level of 2%. Considering
the poultry requirement for Mn (60 ppm in a complete
diet), as estimated by the NRC (1994), any possible contri-
bution to Mn nutrition by the commercial phosphate
products tested would be neglegible.

Molybdenum. Levels of Mo (Table 6) were low, averag-
ing 6 and 3 ppm for FP and AP sources, respectively.
These levels may be of little or no consequence in poultry
feed formulation because the maximum tolerable Mo
level (NRC, 1980) for poultry is 2,000 ppm in the complete
diet or 100,000 ppm in a P source used at a dietary level
of 2%.

Sulfur. Levels of S (Table 6) were variable, ranging
from 29 (FP-4) to 2,935 ppm (FP-1), with an average of
1,428 ppm in FP sources. The S content in AP was higher
than that in FP, averaging 39,034 ppm and ranging from
168 (AP-4) to 122,054 ppm (AP-1). High content of S in
AP-1 is due to the presence of large amounts of calcium
sulphate in the product as detected by X-ray diffraction
(Table 2). Consequences of these levels for poultry feed
formulation are unknown because the maximum tolera-
ble S level has not yet been established (NRC, 1980) for
any animal species.

Selenium. Levels of Se (Table 6) were undetectable
(<5 ppm) in all FP sources and in two AP sources. The
maximum tolerable Se level (NRC, 1980) for poultry is 2
ppm in the complete diet or 100 ppm in a P source used
at a dietary level of 2%. The poultry requirement for this
mineral is 150 ppb (NRC, 1994).

Zinc. Levels of Zn (Table 6) were variable, ranging
from 83 (FP-3) to 546 ppm (FP-2), with an average of 233
ppm in FP sources. The Zn content in AP averaged 195
ppm, ranging from 66 (AP-2) to 473 ppm (AP-4). These
levels of Zn may be of little or no consequence in poultry
feed formulation because the maximum tolerable Zn level
(NRC, 1980) for poultry is 1,000 ppm in the complete diet
or 50,000 ppm in a P source used at a dietary level of 2%.
The poultry requirement for Zn is 40 ppm (NRC, 1994),
so that any possible contribution to Zn nutrition by the
phosphate products tested would be neglegible.

Potentialy Harmful
and Radioactive Minerals

Levels of Al, F, As, B, Ba, Cd, Cr, Hg, Ni, Pb, Sn, V,
and W were determined at two laboratories, and Bi, Sb,
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Ti, Th, and U were determined at one laboratory (Tables
7 and 8).

Aluminum. Levels of Al (Table 7) were variable, rang-
ing from 0.11 (FP-1) to 0.82% (FP-3), with an average of
0.45% in FP sources. The Al content in AP averaged 0.27%,
ranging from 0.14 (AP-2) to 0.61% (AP-4). The highest Al
levels were observed for FP-3 and FP-4 (0.82 and 0.73%,
respectively) and were produced from sedimentary rock
phosphate. These results are in agreement with Lima et al.
(1995), who published higher values of Al for phosphates
produced from rocks of sedimentary origin. Sedimentary
phosphate deposits contain higher levels of Al than rock
phosphates from igneous origin. These levels may be of
little or no consequence in poultry feed formulation be-
cause the maximum tolerable Al level, from soluble salts
of high bioavailability (NRC, 1980) for poultry is 200 ppm
in the complete diet, or 10,000 ppm in a P source used
atadietary level of 2%. Higher levels of less soluble forms
can be tolerated (NRC, 1980). According to Cakir ef al.
(1978), poultry can tolerate 300 to 400 ppm. In our studies,
the X-ray diffraction assays detected the presence of Al
in the form of the highly unsoluble (low toxicity) silicates
and phosphates in FP-4, which is in agreement with previ-
ous work from our laboratory (Lima et al., 1995) that
reported the presence of low solubility Al salts in all seven
commercial FP studied.

Fluorine. Levels of F (Table 7) ranged from 0.03 (FP-
1) to 0.19% (FP-2), with an average of 0.14% in FP sources.
The F content in AP was higher, averaging 0.78%, ranging
from 0.38 (AP-3) to 1.11% (AP-1). All samples of FP were
in compliance with the limits of label garantees (Table 1)
for each product, not exceeding the maximum F allowed.
On the other hand, all samples of AP contained excessive
F, as compared with a recommendation of the AAFCO
(1973), that feed phosphate supplements should contain
no more than 1 part F to 100 parts P. The proportions of
F to 100 parts of P determined were 13.2, 3.4, 1.7, and
13.0 for AP-1, AP-2, AP-3, and AP-4, respectively, unac-
ceptable under the AAFCO (1973) recommendation,
which was exceeded by 1,210, 240, 70, and 1,200%, respec-
tively, in those products.

Arsenic. Levels of As (Table 7) were very low, averag-
ing 8 and 10 ppm for FP and AP sources, respectively.
That level would be of little or no consequence in poultry
feed formulation because the maximum tolerable As level
(NRC, 1980) for poultry is 100 ppm in the complete diet
or 5,000 ppm in a P source used at a dietary level of 2%.

Boron. Levels of B (Table 7) were variable, ranging
from undetectable (<0.4 ppm) in FP-1 to 39 ppm (FP-3),
with an average of 20 ppm in FP sources. The B content
in AP was equally low, averaging 22 ppm and ranging
from 7 (AP-3) to 62 ppm (AP-1). That level would be
of little or no consequence in poultry feed formulation
because the maximum tolerable B level (NRC, 1980) for
poultry is 150 ppm in the complete diet or 7,500 ppm in
a P source used at a dietary level of 2%.

Barium. Levels of Ba (Table 7) were variable, ranging
from 9 (FP-3) to 306 ppm (FP-4), with an average of 151
ppm in FP sources. The Ba content in AP was markedly
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higher than that in FP, averaging 12,919 ppm, ranging
from 333 ppm (AP-3) to 18,494 (AP-1) and 32,206 ppm
(AP-4). The higher Ba levels observed for AP-1 and AP-
4 may be toxic to poultry because the maximum tolerable
Ba level (NRC, 1980) for poultry is 20 ppm in the complete
diet or 1,000 ppm in a P source used at a dietary level of
2%. There is little information in the literature concerning
Ba toxicosis in food-producing animals. According to the
NRC (1980), Ba is a highly toxic mineral when absorbed.
Despite the information that Ba tends to accumulate in
bone tissue, there are no reports describing pathological
bone disorders that can be accounted for by the ingestion
of high Ba diets (NRC, 1980).

Bismuth. Levels of Bi (Table 7) were undetectable (<0.1
ppm) in all samples evaluated. The maximum tolerable
Bilevel (NRC, 1980) for poultry is 400 ppm in the complete
diet or 20,000 ppm in a P source used at a dietary level
of 2%.

Cadmium. Levels of Cd (Table 7) were very low in all
samples, ranging from undetectable (<0.1 ppm) in three
experimental phosphates to 5 ppm (FP-3), with averages
of 2.4 ppm for FP sources and 0.8 ppm for AP. That
level would be of little or no consequence in poultry
feed formulation because the maximum tolerable Cd level
(NRC, 1980) for poultry is 0.5 ppm in the complete diet
or 25 ppm in a P source used at a dietary level of 2%.

Chromium. Levels of Cr (Table 7) were variable, rang-
ing from 21 (FP-1) to 72 ppm (FP-3), with an average of
49 ppm in FP sources. The Cr content in AP was higher
than that in FP, averaging 169 ppm and ranging from 2
(AP-2) to 661 ppm (AP-4). That amount would be of little
or no consequence in poultry feed formulation because
the maximum tolerable Cr level (NRC, 1980) for poultry
is 3,000 ppm in the complete diet or 150,000 ppm in a P
source used at a dietary level of 2%.

Mercury. Levels of Hg (Table 7) were undetectable
(<0.5 ppm) in all samples evaluated. The level would be
inconsequential in poultry feed formulation because the
maximum tolerable Hg level (NRC, 1980) for poultry is
2 ppm in the complete diet or 100 ppm in a P source used
at a dietary level of 2%.

Nickel. Levels of Ni (Table 8) were low, ranging from
16 (FP-3) to 44 ppm (FP-1), with an average of 24 ppm
in FP sources. The Ni content in AP was higher than that
in FP, averaging 74 ppm and ranging from 7 (AP-3) to
258 ppm (AP-4). This level would be of little or no conse-
quence in poultry feed formulation because the maximum
tolerable Ni level (NRC, 1980) for poultry is 300 ppm in
the complete diet, or 15,000 ppm in a P source used at a
dietary level of 2%.

Lead. Levels of Pb (Table 8) were very low in all sam-
ples, with averages of 22 ppm for FP sources and 39 ppm
for AP. This amount would be of little or no consequence
in poultry feed formulation because the maximum tolera-
ble Pb level (NRC, 1980) for poultry is 30 ppm in the
complete diet or 1,500 ppm in a P source used at a dietary
level of 2%.

Antimony. Levels of Sb (Table 8) were very low, found
to be undetectable (<1 ppm) in most samples. Dietary

1725

levels of Sb may be of no consequence in poultry feed
formulation because the maximum tolerable Sb level has
not been established (NRC, 1980) for poultry.

Tin. Levels of Sn (Table 8) were very low in all samples,
with averages of 11 ppm for FP sources and 25 ppm for
AP. This level may be of no consequence in poultry feed
formulation because the maximum tolerable Sn level has
not been established (NRC, 1980) for poultry.

Titanium. Levels of Ti (Table 8) were variable, ranging
from 37 (FP-2) to 519 ppm (FP-1), with an average of 269
ppm in FP sources. The Ti content in AP was markedly
higher than that in FP, averaging 680 ppm and ranging
from 146 (AP-2) to 2,010 ppm (AP-4). Dietary levels of Ti
may be of no consequence in poultry feed formulation
because the maximum tolerable Ti level has not been
established (NRC, 1980) for poultry.

Vanadium. Levels of V (Table 8) were variable, ranging
from 32 (FP-1) to 139 ppm (FP-3), with an average of 95
ppm in FP sources. The V content in AP averaged 92
ppm, ranging from 33 (AP-1) to 122 ppm (AP-3). This
amount would be of little or no consequence in poultry
feed formulation because the maximum tolerable V level
(NRC, 1980) for poultry is 10 ppm in the complete diet
or 500 ppm in a P source used at a dietary level of 2%.

Tungsten. Levels of W (Table 8) were undetectable (<5
ppm) in all samples and that would be inconsequential
in poultry feed formulation because the maximum tolera-
ble W level (NRC, 1980) for poultry is 20 ppm in the
complete diet or 1,000 ppm in a P source used at a dietary
level of 2%.

Thorium. Levels of Th (Table 8) were variable, ranging
from 6 (FP-2) to 13 ppm (FP-4), with an average of 10
ppm in FP sources. The Th content in AP was higher than
that in FP, averaging 116 ppm and ranging from 43 (AP-
3) to 237 ppm (AP-4). This level may be of no consequence
in poultry feed formulation because the maximum tolera-
ble Th level has not been established (NRC, 1980) for
poultry.

Uranium. Levels of U (Table 8) were variable, ranging
from 114 (FP-2) to 149 ppm (FP-3) with an average of 133
ppm in FP sources. The U content in AP was lower than
that in FP, averaging 10 ppm, ranging from 6 ppm (AP-
2) to 14 ppm (AP 4). This amount may be of no conse-
guence in poultry feed formulation because the maximum
tolerable U level has not been established (NRC, 1980)
for poultry.

X-Ray Diffraction Analysis

The diffractograms generated by X-ray diffraction anal-
ysis were interpreted, and the results are summarized in
Table 2.

The predominant chemical substances present in all
commercial FP were calcium phosphates and calcium car-
bonates. For the reference standard, calcium phosphate
dibasic dihydrated purified grade, two forms of calcium
phosphate dibasic dihydrated were found to be the most
predominant products present, followed by smaller pro-
portion of an anhydrous form of the same salt.
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Among the FP, monocalcium phosphate was found
only in FP-3. The anhydrous salt of dicalcium phosphate
was identified as the most predominant substance present
in FP-1, FP-2, and FP-3. Calcitic limestone was found in
large proportions in all three comercial dicalcium phos-
phate products and may be the result of excess calcium
carbonate added to neutralize phosphoric acid during
industrial processing.

These results are in agreement with a previous publica-
tion from our laboratory (Lima et al., 1995) that reported
X-ray diffraction evaluations for one pure and seven com-
mercial dicalcium phosphates and found that monocal-
cium phosphate was present in only four commercial
products. According to that report, the most predominant
chemical species present in all commercial dicalcium
phosphates were calcium carbonate and anhydrous dical-
cium phosphate.

The U.S.-made defluorinated phosphate was found to
contain tricalcium phosphate, predominantely in the form
of a sodium calcium aluminum silica phosphate, and this
is in agreement with Na analysis of this product that has
shown comparatively higher Na values (6.03%) than other
FP samples (0.21 to 0.31%). These results are consistent
with the pH values obtained, showing the lowest value
for FP-3 (pH = 4.4), intermediate values for samples FP-
1 (pH =7.0) and FP-2 (pH = 7.5), and the highest value
for FP-4 (pH = 8.2).

Considering the AP, the most predominant chemical
substances present in single superphosphate (AP-1) were
one anhydrous and two hydrated forms of calcium sul-
phate, followed by smaller amounts of monocalcium
phosphate, plus an ammonium and iron salt of P. The
triple superphosphate product (AP-2) was found to con-
tain monocalcium phosphate as the major chemical spe-
cies, and a potassium and iron salt of P as a minor compo-
nent. Monoammonium phosphate was found to be the
major component in the commercial monoammonium
phosphate sample (AP-3). Surprisingly, no crystaline
structure was identified by X-ray diffraction in the ther-
momagnesium phosphate (AP-4). Apparently, the high
temperature used in industrial processing of rocks to ob-
tain AP-4 produces an amorphous product with no defi-
nite crystaline structure. There is no information in the
literature regarding the biological consequences to ani-
mals of feeding a product in which P is not present in a
regular molecular form.

In routine feed formulation for poultry and swine,
phosphate supplements are largely used at levels not to
exceed the 2% limit in conventional diets. Higher nutrient
concentrations in feed ingredients are generally more de-
sirable, so that high P and Ca phosphate sources will add
flexibility to the formulation of high performance animal
ration. Considering the poultry requirements for minerals
according to the NRC (1994), Cu, Mg, Mn, Se, and Zn
levels present in feed phosphates are inconsequential.
However, supplementing diets with defluorinated phos-
phate can make a meaningful contribution to the require-
ment of the animal for Na (Miles and Henry, 1997). Con-
sidering the defluorinated phosphate sample evaluated
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in this study (FP-4), the relatively high Na level observed
(6.03%) may require adjustment on salt addition to the
diet under certain practical feed formulation conditions.

A comparison of the maximum tolerable level of several
mineral elements for domestic animals, as suggested by
the NRC (1980), with values observed in this study indi-
cates no toxicity risks for the use of any of the feed phos-
phates studied in normal diets for poultry. According to
the findings of Sullivan et al. (1994), F, Cd, and V are
potentially toxic elements of greatest concern in feed
phosphates. A comparison of the average results for three
dicalcium phosphate samples obtained in this study with
the levels reported for 19 mineral elements by Sullivan
et al. (1994) in 13 di-monocalcium phosphates shows com-
parable values for F (0.14 vs 0.17%), Cd (3 vs 8 ppm), and
V (84 vs 96 ppm), indicating that no serious problems
should be expected when using any of the dicalcium
phosphates studied in animal feeds. Higher average val-
ues were obtained for Fe (10,631 vs 6,468 ppm) and Pb
(21 vs 4 ppm), and comparable levels were obtained for
Ca, P, Mg, Na, K, Cu, Mn, Se, Zn, Al, As, Cr, Hg, and
Ni. The paper published by Sullivan et al. (1994) also
includes analytical results for 14 defluorinated phos-
phates. Values obtained in this study for the defluorinated
sample were comparable with those reported by Sullivan
et al. (1994) for F (0.15 vs 0.14%), Cd (non detectable), and
V (129 vs 94 ppm), indicating that no serious problems
should be expected when using the defluorinated product
studied in animal feeds. Higher average values were ob-
tained for Fe (10,282 vs 6,520 ppm) and Pb (26 ppm vs
nondetectable), lower value was observed for Cr (51 vs
110 ppm), and comparable levels were obtained for Ca,
P, Mg, Na, K, Cu, Mn, Se, Zn, Al, As, Hg, and Ni. Mineral
element analyses performed in this study that were not
included in the paper published by Sullivan et al. (1994)
are Co, Mo, B, Ba, Bi, W, S, Sh, Sn, Ti, Th, and U. As
far as the reference standard, calcium phosphate dibasic
dihydrate, is concerned, all of the analytical mineral levels
obtained in this study were comparable or lower than
the values reported for the same reference standard by
Sullivan et al. (1994).

Previous publication from our laboratory (Lima et al.,
1995) reported analytical values for 26 mineral elements
in one pure dicalcium phosphate and in seven commercial
dicalcium phosphates. A comparison of the average re-
sults for three dicalcium phosphate samples obtained in
this study with the levels reported by Lima et al. (1995)
shows comparable values for F (0.14 vs 0.13%), Cd (3 us
6 ppm), and V (84 vs 134 ppm). Higher average values
were obtained for Fe (10,631 vs 7,515 ppm) and U (135
vs 51 ppm), lower value was observed for Mg (0.17 vs
1.13%), and comparable levels were obtained for Ca, P,
Co, Cu, Mn, Mo, Se, Zn, Al, As, B, Ba, Bi, Cr, Hg, Ni, Pb,
Sh, W, and Th. Mineral element analyses performed in
this study that were not included in the paper published
by Lima et al. (1995) are Na, K, S, Sn, and Ti. As far as
the reference standard, calcium phosphate dibasic dihy-
drate, is concerned, all of the analytical mineral levels
obtained in this study were comparable with the values
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reported for the same reference standard by Lima et al.
(1995).

Nutritionally essential element concentrations in com-
mon macromineral supplements have been reported by
the NRC (1994). Levels of Fe, Cu, Mg, Mn, and Zn gener-
ally compare very well with values obtained in this study.

In contrast to the safety demonstrated for FP in supple-
menting animal diets, this was not found to be true for
the AP tested. The AP may represent considerable risk
of toxicity for use in animal diets, considering their levels
of F, Fe, Mg, S, Ba, Ti, and Th. According to a recommen-
dation of the AAFCO (1973), phosphate sources for use
in animal feeds should not contain more than 1 part F to
100 parts P, and, according to the NRC (1980), the maxi-
mum tolerable levels for poultry in phosphate sources
used at a dietary level of 2% are 1,000 ppm for Ba, 50,000
ppm for Fe, and 15% for Mg. The maximum tolerable
levels for S, Ti, and Th have not yet been established
(NRC, 1980) for any animal species. Single superphos-
phate (AP-1) was found to contain 1,210% excess F,
1,750% excess Ba, and (compared with the average con-
tent in FP) 8,550% excess S (122,054 vs 1,428 ppm). The
radioactive Th level found in the AP-1 source was particu-
larly high as compared with the FP, exceeding by 1,300%
the average Th content detected for FP (139 vs 10 ppm).
Triple superphosphate (AP-2) level of F exceeded the
tolerance limit by 240%, and S content was in excess of
1,270% as compared with the average S content in FP
(18,090 vs 1,428 ppm). Monoammonium phosphate F level
was found to exceed by 70% the tolerance limit, and an
excess of 1,110% S was observed as compared with FP
(15,825 vs 1,428 ppm).

Concerning the thermomagnesium phosphate (AP-4),
a product identified by X-ray diffraction as amorphous
with no definite crystalline structure, there is no informa-
tion in the literature on the consequences of feeding ani-
mals such products in which mineral elements are not
present in an organized, well-defined molecular fashion.
Mineral analysis revealed that AP-4 exceeded the toler-
ance levels by 1,200% for F, 3,120% for Ba, and 34% for
Fe. Magnesium level was particularly high (9.89%), ex-
ceeding by 1,500% the average Mg content for FP (0,62%).
The amorphous product was also found to contain an
excess of 650% Ti compared with an FP average Ti content
(2,010 vs 269 ppm). The radioactive Th level found in the
AP-4 source was particularly high compared with the FP,
exceeding by 2,300% the average Th content detected for
FP (237 vs 10 ppm).

Scarce information can be found in the literature con-
cerning micromineral composition of AP. Ammerman et
al. (1977) reported that a level of 1,100 ppm V was found
in a sample of monoammonium phosphate originating
from a localized area.

Analytical values obtained for the four FP sources stud-
ied were all in compliance with the manufacturers’ levels
of guarantee, and no mineral element was found at levels
that would represent a toxicological problem considering
the use of the products in normal animal diets. X-ray
diffraction assays were found to be a useful analytical
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tool for application, combined with chemical and physical
analysis, in the evaluation of phosphates for use in animal
feeds. Considering that no purification procedures are
applied in industrial production of AP, all impurities
present in the precursory rocks remain in the product, and
levels of contaminating mineral elements will be variable,
according to the origin of the rock phosphate. Analytical
evaluations of the four AP sources studied revealed that
these products can be toxic to animals.
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