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  KINETICS OF THE DECOMPOSITION 
REACTION OF PHOSPHORITE 
CONCENTRATE 

Article Highlights 
• The dolomite decomposes and reacts with SiO2 at 1250 °C 
• The mass loss reaction is caused by the decomposition of the dolomite 
• The activation energy of the decomposition of the dolomite is 71.6–123.6 kJ/mol 
• The mechanism equation agrees with the Valensi Equation and G-B Equation 
 
Abstract 

Apatite is a raw material mainly used in phosphate fertilizer, and partly used in 
yellow phosphorus, red phosphorus, and phosphoric acid in the industry. With 
the decrease of the high-grade phosphorite lump, the agglomeration process is 
necessary for the phosphorite concentrate after the beneficiation process. The 
decomposition behavior and the phase transformation are of vital importance 
for the agglomeration process of phosphorite. In this study, the thermal kinetic 
analysis method was used to study the kinetics of the decomposition of phos-
phorite concentrate. The phosphorite concentrate was heated at various heat-
ing rates, and the phases in the heated sample were examined by X-ray dif-
fraction. It was found that the main phases in the phosphorite are fluorapatite 
Ca5(PO4)3F, quartz SiO2, and dolomite CaMg(CO3)2. The endothermic DSC 
peak corresponding to the mass loss caused by the decomposition of dolomite 
covers from 600–850 °C. The activation energy of the decomposition of dolo-
mite, which increases with the increase in the extent of conversion, is about 
71.6–123.6 kJ/mol. The mechanism equation for the decomposition of dolomite 
agrees with the Valensi Equation and G-B Equation. 

Keywords: phosphorite, kinetics, activation energy, reaction mechanism. 
 
 

Apatite is the main raw material for the prepa-
ration of phosphorous fertilizers and inorganic acids in 
the chemical industry. As the resources of high-grade 
phosphate mineral decrease worldwide, more attent-
ion should be paid to low grade ores, which have rela-
tively low contents of useful components and high 
contents of concomitant minerals such as carbonates, 
silicates, etc. The phosphorite is reduced by coke or 
coal in an electric arc furnace (EAF) to get phos-
phorus into the gas phase because of the high vapor 
pressure and, finally, P4 will precipitate out of the fur-
nace once the temperature decreases. The carbo-
nates and the fluorides are always contained in the 
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phosphorite minerals, which can decompose during 
the heating process and consume electric energy. 
Therefore, a pretreatment process before the EAF 
process, in which the carbonates and fluorides 
decompose, was suggested for reducing the electric 
energy. On the other hand, as the high-grade phos-
phorite lump resources are declining, the low-grade 
phosphorite needs to be upgraded through the milling 
and beneficiation process. In this case, the agglome-
ration process is necessary for the phosphorite con-
centrate. Based on decomposition and agglome-
ration, a "sintering process" was suggested for the 
phosphorite concentrate [1–3]. Although the iron ore 
sintering process has been well known and controlled 
now, phosphorite sintering has been less studied and 
differs from the typical sintering process (high decom-
position ratio). The decomposition behavior and the 
phase transformation of phosphorite [4–6], which 
refers to the phase transformation and the kinetics of 
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the decomposition, is of vital importance for the sin-
tering of phosphorite. Although the agglomeration 
process like sintering and pelletizing has been used 
to supply the excellent material of the EAF process, 
the kinetics of the decomposition of the phosphorite 
have been studied less. Thermal analysis techniques, 
including thermogravimetry (TG) and differential 
scanning calorimetry (DSC), are very useful methods 
for studying the mechanism and kinetics of the reac-
tions, especially for the decomposition reaction. 
Therefore, the thermal kinetic analysis (TKA) method 
was used to investigate the kinetics of the decompo-
sition of phosphorite in this study. 

EXPERIMENTAL 

The DSC and TG measurements were carried 
out with using a Netzch STA 449C thermal analyzer. 
The material used in the measurements was phos-
phate from Leshan, China, which was concentrated 
by grinding and flotation. The particle size of all the 
powder of phosphorite concentrate used in this expe-
riment was smaller than 74 μm, and the particle size 
distribution was measured using a Malvern MS 2000 
laser diffractometer in the measuring range 0.02–2000 
μm. The maximum heating temperature was fixed at 
1300 °C, and the heating rates were 15, 20, 25 and 
30 °C/min. Before each experiment, the phosphorite 
concentrate powder was completely dried at 110 °C 
for 240 min, and then loaded in the Pt crucible in 
argon atmosphere. In order to know the change in 
phase composition during the heating process, the 
samples of phosphorite powder were pelletized and 
calcined at the fixed temperature for two hours. The 
samples calcinated at various temperatures were 
examined with XRD analysis, which was carried out 
using D/MAX 3C (CuKα). 

Theoretical background 

Thermal kinetic analysis methods have deve-
loped very fast in the recent years, especially, the 
non-isothermal methods like the iso-conversional 
method [7–11]. These methods involve triple factors 
named E, A and f(α) which means activation energy, 
pre-exponential factor and mechanism function.    
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where α, T and β are the extent of conversion, tem-
perature, and heating rate, respectively. The tempe-
rature at time t (min) can be written as: 

β= +0tT T t  (2) 

Separating variables, and taking the tempera-
ture integral of Eq. (1), which can be called the Flynn- 
-Wall-Ozawa (FWO) [12] method gives: 

β
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where α( )G  is the integral expression of the mech-
anism function of the kinetics. Therefore, the method 
of FWO is a kind of integration. In addition, the diffe-
rential method can also be used to solve Eq. (1), 
which leads to the expression: 
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where n and α are related by the mechanism function 
as follows: 

αα = −( ) (1 )nf  (5) 

where f(α) is the differential expression of the mecha-
nism function. The left hand side of Eq. (4) equals 
zero when T = Tp, which means the temperature 
when the reaction rate gets the highest value. Then, 
the right hand side of Eq. (4) can be rewritten as: 
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Kissinger [13] assumed that the part of 
α −− 1

p( )1 nn , whose approximate value is 1, has no 
relation to β. Therefore, Eq. (6) was simplified as 
follows: 
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Taking logarithm of the two sides of the equation 
according to the KAS (Kissinger-Akahira-Sunose) 
method [13], gives: 

β 
= −  
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where Tpi and βi are the temperatures at the highest 
reaction rate and heating rate, respectively.  

Starink [14] recently reviewed the methods of 
KAS and FWO [12], and gave a universal form of the 
equation of temperature integral: 

( )β = − +1.8
1.0037

ln
E

T RT
Constant  (9) 

Hu, Gao and Zhang [15] (HuGZ) got another 
equation for the integral type of the kinetic equation as: 
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( )β
α

   = + − −  
   

−

1.882ln ln 3.985 1.882ln
( )

1.002

AE
E

T RG

E
RT

 (10) 

Eq. (1) can also be re-written as: 

αβ α = − 
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Taking the logarithm of the two sides of Eq. (11), 
the Friedman-Reich-Levi method can be derived [16]: 
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Coats and Redfern [17] showed an equation as: 
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Comparing Eq. (13) with Eq. (1), the following 
equation can be given: 
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When α equals to 0.5, Eq. (14) can be trans-
formed as: 

( ) ( )
α

β
 =  
 

2
0.5

0.5

d 1
0.5

d 0.5

RT
G

E t f
 (15) 

where T0.5 and αd / dt  are the temperature and reac-
tion rate, respectively, when extent of conversion 
equals to 0.5. When Eq. (14) divided by Eq. (15), the 
expression of y(α) can be written as: 
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The kinetic mechanism equation f(α) and G(α) 
frequently used or the standard “y(α)-α” curves can be 
found for determining the reaction progress by com-
paring the experimental curves with the theoretical 
curves. 

RESULTS AND DISCUSSION 

The chemical composition of the phosphorite 
concentrate obtained by wet chemical analysis is 
shown in Table 1. The main phases in the phosphorite 
concentrate are fluorapatite Ca5(PO4)3F, quartz SiO2 
and dolomite CaMg(CO3)2, which are the same as 
given in literature [18]. The medium particle size 
(d(0.5)) was about 83.3 μm (more details were shown 
in our previous study [19]).  

The TG and DSC curves at various heating 
rates (Figure 1) show that the total mass loss of the 
sample is about 5.4% when the temperature reaches 
1300 °C. 

Table 1. Chemical composition of phosphorite concetrate 

Component SiO2 Fe2O3 Al2O3 CaO MgO P2O5 F 

Content, mass% 16.99 0.56 1.35 45.07 2.26 31.2 2.85 

 

Figure 1. TG and DSC pattern at various heating rates. 
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The decomposition reaction is endothermic and 
the endothermic DSC peak covers the range 600–850 
°C. As the heating rate increases, the mass loss and 
the endothermic peak shift to higher temperatures. 
Characteristic parameters of decomposition reaction 
and the endothermic DSC peak with various heating 
rate were extracted and listed in Table 2. The onset, 
mid, and end temperature of the mass loss increased 
with the increase in heating rate. On the other hand, 
the total mass loss percentage of the reaction also 
increased with the increase of heating rate. However, 
when the heating rate was higher than 25 °C/min, the 
total of mass loss percentage increased only slightly. 
The relationship between the extent of conversion 
and the temperature at various heating rates is shown 
in Figure 2. It indicates that the start temperature of 

the decomposition reaction becomes higher with 
increasing heating rate. From the data in Figure 2 and 
the model shown by Eqs. (3)–(12), the activation 
energy of the decomposition reaction can be calcul-
ated and the results are plotted in Figure 3. 

Table 2. Characteristic parameters of decomposition reaction at 
various heating rates 

Parameter 
Heating rate, °C/min 

15 20 25 30 

Onset temperature, °C 687 702 707 719 

Mid temperture, °C 736 745 764 776 

End temperature, °C 748 758 774 788 

Mass loss, % 4.48 4.53 4.67 4.69 

Area, J/g 33.77 39.07 48.66 51.45 

 

Figure 2. Relationship between extent of conversion and temperature. 

 

Figure 3. Activation energy versus extent of conversion. 
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The results show that the activation energy cal-
culated by the Friedman model fluctuates with the 
extent of conversion; however, the results from 
models like FWO, HuGZ and Starink show relatively 
constant values of activation energy with the extent of 
conversion, and the activation energy increases 
slightly with reaction progress. The correlation coef-
ficients of the model fitting are shown in Figure 4. The 
correlation coefficients calculated by the model of 
Friedman change greatly from 0.95 to 0.99. The cor-
relation coefficients calculated by other models are 
relatively constant. However, the correlation coeffi-
cients calculated by FWO, HuGZ and Starink models 
are very low when the extent of conversion is 0.9, 
only about 0.5, and the correlation coefficient calcul-

ated by model of Friedman is higher than other models 
when the extent of conversion is 0.9. The probable 
reason for this phenomenon is that as the curves of 
extent of conversion with the temperature get close to 
each other, the influence of the measuring error on 
the calculation becomes great. Therefore, the acti-
vation energy calculated by the FWO, HuGZ and 
Starink models are credible only when the extent of 
conversion is less than 0.9. The activation energy 
varies from 71.6 to 123.6 kJ/mol.  

The phase composition of the phosphorite after 
decomposition is shown in Figure 5. It can be seen 
that dolomite CaMg(CO3)2 decomposes with increas-
ing temperature, the diffraction peak of dolomite dis-
appears at 700 °C, and the CaO and MgO are formed. 

 

Figure 4. Correlation coefficient versus extent of conversion. 

 

Figure 5. The mineral phases of phosphorite heated at various temperatures. 
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With increasing the temperature, the SiO2 reacts with 
the new CaO/MgO phase, and the silicate is formed 
at 1250 °C. 

According to the method suggested by Malek 
[20], the y(α) vs. α curve can be used to determine the 
reaction mechanism function f(α). The results (Figure 
6) show that the y(α) vs. α curve obtained from the 
experiments agrees with the standard Valensi 
equation [21] and G-B (Ginstling-Brounshtein) equa-
tion [22], which can be expressed as: 

( ) ( ) 1
ln 1f α α

−
 = − −   (17) 

( ) ( )
11

3
3

1 1
2

f α α
−

− 
= − − 

 
 (18) 

Equation (17) is the Valensi equation, which 
indicates a two-dimensional diffusion model of the 
cylinder symmetry. Equation (18) is the G-B model, 
which indicates a three-dimensional diffusion model 
of the cylinder symmetry. Both of these equations 
describe the deceleration α vs. t curves. 

CONCLUSIONS 

The kinetics of the processes with phosphorite 
concentrate during heating was clarified in the pre-
sent study. The conclusions can be summarized as 
follows: 

1) The main phases in the phosphorite are fluor-
apatite Ca5(PO4)3F, quartz SiO2 and dolomite 
CaMg(CO3)2. Dolomite decomposes and reacts with 
SiO2 to form a new phase Ca2SiO4 at 1250 °C. 

2) The mass loss caused by the decomposition 
of dolomite is endothermic and the endothermic peak 
covers the range of 600–850 °C. 

3) The activation energy of the decomposition of 
dolomite is about 71.6–123.6 kJ/mol, and increases 
with increasing extent of conversion. 

4) The mechanism equation for the decom-
position of dolomite agrees with the Valensi equation 
and G-B equation. 
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NAUČNI RAD 

  KINETIKA REAKCIJE DEKOMPOZICIJE 
FOSFORITNOG KONCENTRATA 

Apatit je sirovina koja se uglavnom koristi kao sastavna komponenta fosfatnog đubriva ili u 

obliku žutog i crvenog fosfora, kao i fosforne kiseline u industriji. Sa smanjenjem grumena 

fosforita visokog stepena čistoće, neophodan je proces aglomeracije fosforitnog koncen-

trata nakon procesa oplemenjivanja. Ponašanje za vreme razlaganja i fazne transformacije 

su od vitalnog značaja za proces aglomeracije fosforita. U ovom radu, korišćena je metoda 

termičke kinetičke analiza za proučavanje kinetike razlaganje koncentrata fosforita. Kon-

centrat fosforita je zagrevan različitim brzinama zagrevanja, a faze u zagrevanom uzorku 

su analizirane pomoću rendgenske difrakcione metode. Nađeno je da su glavne faze u 

fosforitu fluoroapatit, Ca5(PO4)3F, kvarc, SiO2, i dolomit, CaMg(CO3)2. Endotermni DSC pik 

odgovara gubitku mase nastalom razlaganjem dolomita u intervalu od 600 do 850 °C. 

Energija aktivacije razlaganja dolomita, koja se povećava sa povećanjem stepena kon-

verzije je oko 71,6 do 123,6 kJ/mol. Jednačina mehanizma razlaganje dolomita je u sa-

glasnosti sa Valensi-evom i G-B jednačinom. 

Ključne reči: fosforit, kinetika, energija aktivacije, reakcioni mehanizam. 
 
 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


