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Ammonium hydrogen difl uoride NH4HF2 is a promis-
ing reagent for fl uorination of mineral raw materials 
[1–6]. It was suggested [4–6] that NH4HF2 be introduced 
in understoichiometric amounts, so that the shortage 
of the reagent be fi lled by HF evolved during thermal 
decomposition of ammonium fl uoride complexes of iron, 
titanium, and zirconium.

Earlier Miklailov et al. [7, 8] arrived at the conclusion 
that, when treated with ammonium fl uorides (NH4HF2, 
NH4F), metal oxides (Al2O3, Fe2O3) underwent 
“post-fl uorination”. At the same time, high degrees of 
fl uorination of SiO2, Al2O3, and Fe2O3 in those studies 
were achieved only when 108–140% stoichiometric 
amount of the fluorinating agent was taken [8, 9]. 
Menz [10] reported on possible repeated fl uorination of 
oxofl uorides as intermediates in thermal decomposition 
of ammonium fl uoride complexes of zirconium.

Mel’nichenko et al. [6] described the so-called small 
ratio effect in break-down of zirconium concentrate with 
ammonium hydrogen difluoride, which consisted in 
acceleration of the process under NH4HF2 defi ciency. This 
was suggested by the back titration data on the amount of 
ammonia evolved during fl uorination. However, the rate 
of chemical reactions is known to increase with increasing 
concentration of the reactants. The yield of the product 
is typically increased by increasing the concentration of 
one of the reactants, i.e., by introducing a reagent excess. 
In breaking down mineral raw materials the knowledge 
of the reagent:concentrate ratio is essential for providing 
exhaustive fl uorination and preventing raw material and 
reagent loss.

This study was aimed to elucidate how the amount of 
ammonium hydrogen difl uoride affects breaking down of 
concentrates, in particular titaniferous concentrates, and 
determined the recovery of titanium compounds into the 
gas phase.

EXPERIMENTAL

The compositions of the concentrates used in the 
study are presented in Table 1. Fluorination was run with 
chemically pure-grade ammonium hydrogen difl uoride in 
isothermal mode at 170°C without stirring the reaction 
mixture in two versions: in a tightly sealed Tefl on beaker 
with a cover and an exhaust pipe [6] and in a platinum 
boat which was placed into a horizontal furnace vented 
with heated dry air. In the former case the evolved gas 
was absorbed with 0.1 N H2SO4, and this was followed 
by back titration with 0.1 N NaOH. In the latter case, 
the evolved vapor was absorbed with water, and the 
fl uorine content was determined by titration with thorium 
nitrate in the presence of Alizarin Red S indicator [11]. 
The ammonium content was determined by the Kjeldahl 
method [12].

In the case of back titration the ammonium amount 
was calculated by the formula

           

                      
ENH3 аa Na (Valk.bl − Valk) 100

W(NH3) =     ________________________  , 
                                 Valk.bl 1000 g

                  
where аa is the H2SO4 aliquot; ENH3, NH3 equivalent; 

(1)
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Na, H2SO4 normality; Valk, volume of alkali spent for 
titration; Valk.bl, volume of alkali in blank experiment; 
and g, weighed portion of the feed.

The amount of unchanged concentrate was estimated 
from the weight of the residue from aqueous leaching 
of the fl uorination products, followed by decantation 
of suspensions of aluminum, magnesium, and calcium 
salts poorly soluble in water. The X-ray phase analysis 
showed that the residue was comprised by unchanged 
particles of the initial concentrate. The weight proportion 
of the residue was expressed as per cent of the amount of 
the concentrate contained in the weighed portion of the 
fl uorination product.

Thermal decomposition of the fl uorinated concentrate 
was carried out in a horizontal furnace under controlled 
heating in an argon atmosphere. Argon was additionally 
dried by passing through concentrated sulfuric acid and 
silica gel and supplied at a rate of 1–1.2 l h–1. The setup 
comprised a controlled-temperature furnace and high- 

and low-temperature condensers for trapping gaseous 
products. The titanium recovery α into the gas phase was 
determined by the formula

                

            

minW(TiO2)in − mslW(TiO2)sl
α   =     ________________________  , 
                        minW(TiO2)in

where minW(TiO2)in is the weight of TiO2 in the initial 
weighed portion of the fl uorinated concentrate before 
thermal decomposition, and mslW(TiO2)sl, weight of TiO2 
in the thermal decomposition slime (residue). 

The weight proportion of titania in the initial 
fl uorinat-ed concentrate and in the slime was determined 
colorimetrically [13].

The products were identifi ed by X-ray phase analysis 
at the scanning rate of 4 deg min–1 (DRON-3, Cuα 
radiation).

The titrimetric data obtained by back titration 
of ammonia evolved in fluorination of the ilmenite 
concentrate were analogous to the earlier reported data 
[6]: The process tended to decelerate with increasing 
amount of the fl uorinating agent and to accelerate with 
decreasing NH4HF2 amount in the feed. Evidently, an 
error was inherent in the experimental technique. The 
weight of the weighed portion in calculational formula 
(1) is composed of variable amounts of two reactants with 
different compositions. An increase in the weight of one 
of them will undoubtedly lead to a smaller resulting value, 
and vice versa. Also, fl uorination yields a multicomponent 
system, and the gas phase contains not only ammonia 
but also decomposition products of NH4HF2 and, in 

Table 1. Composition of the concentrates (total) 

a Contains Р2О5, 0.2 %.
b The content of Co, Cr, Cu, Ni, V, and Zn elements is no greater than 0.3%. 
c The content of Co, Cr, Cu, Ni, V, and Zn elements is no greater than 0.1%.

Table 2. Amounts of ammonium and fluoride formed in 
fl uorination at different ilmenite concentrate:NH4HF2 ratios 
100:100 (stoichiometric amount)

(2)
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part, complex salts of the components of the concentrate. 
Formation of a deposit on the inner walls of the cover and 
the beaker nozzle suggests that decomposition actually 
takes place. The X-ray phase analysis showed that the 
deposit was essentially a mixture of NH4HF2, NH4F, 
and (NH4)SiF7.

To elucidate how the amount of ammonium hydrogen 
difl uoride affects breaking down of the concentrates, 
fluorination of the ilmenite concentrate was carried 
out in a special setup by a modifi ed technique. In these 
experiments the vapor evolved during fl uorination of 
ilmenite was absorbed with water; the condensate formed 
in the connecting pipes was washed off into a receiver, and 
the content of ammonium and fl uoride in the combined 
solution was determined.

The experiments at 170°C showed that the total 
amounts of ammonia evolved during fl uorination are 
nearly identical in cases when the reagent in the feed was 
taken in the stoichiometric amount and with a 50% excess, 
which is quite understandable (Table 2). However, the 
content of fl uorine in the latter case was 2.5 times higher, 
which suggests decomposition of the unchanged excess 
reagent and appearance in the gas phase of HF vapor.

 With a 50% defi ciency of NH4HF2 in the feed, the 
amount of the evolved ammonia was approximately half 
that in the case of the stoichiometric amount or of a 50% 
excess. This is quite understandable, since fl uorination 
involved only one half of the concentrate. The fl uoride 
content in this case was 1.4 times lower. A decrease in 
the amount of the reagent in the feed is responsible for 
a decrease in the HF vapor concentration in the gas phase, 
which results in a weaker binding by hydrogen fl uoride 
of ammonia evolved during fl uorination. This resulted 
in enhanced recovery of ammonia into the gas phase 
and an illusory acceleration of the reaction. Hence, the 
amount of ammonia evolved during fl uorination exhibits 
no anomalies.

The HF vapor reacted with ammonia and was 
condensed on cold walls of the reactor cover and 
nozzle as a NH4F– NH4HF2 mixture. Indeed, the most 
abundant deposit was detected in the case when the 
reagent in the feed was taken in an excess, while with 
understoichiometric amount of NH4HF2 the amount of 
the deposit was negligible. Moreover, the evolved HF 
vapor could get into the receiver with sulfuric acid, which 
leads to incorrect estimate of the amount of the evolved 
ammonia by back titration with alkali. Special tests 
showed that the receiving fl asks contained fl uorine.

Thus, the experiment showed that the amount of the 
ammonia evolved during the reaction tends to decrease 
with decreasing amount of the fl uorinating agent. In 
other words, a NH4HF2 defi ciency in the feed leads to 
inexhaustive fl uorination of the concentrate.

This conclusion was supported by the measured 
weights of the unchanged ilmenite concentrate for different 
amounts of ammonium hydrogen difl uoride. The fi gure 
shows that, in fl uorination with the stoichiometric amount 
of NH4HF2 for 7 h at 170°C, up to 1% concentrate does 
not enter in the reaction. With the amount of fl uorinating 
agent decreased to 55% of the stoichiometric amount, this 
is true of ca. 36% concentrate. In commercial applications 

Table 3. Recovery of titanium(IV) from ilmenite concentrate 
at different amounts of the fl uorinating reagent NH4HF2 

a Calculated for exhaustive decomposition of the fluorinated 
concentrate.

Amount of unchanged ilmenite concentrate ω, %, at 170°C vs. 
amount of reagent [NH4HF2], % of the stoichiometric amount.  
Fluorination time, h:  (1) 1; (2); and (3) 7.  

a
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this would complicate the processing, entail additional 
expenses for repeated fl uorination, and decrease the 
recovery of titanium compounds into the gas phase.

This was corroborated by the titanium(IV) recoveries 
from ilmenite concentrate, obtained with different 
amounts of the fl uorinating reagent NH4HF2 (Table 3). 
The recovery of titanium(IV) compounds into the gas 
phase was monitored via determining the content of 
titanium(IV) in the residue from thermal decomposition. 
The ilmenite concentrate was fl uorinated with different 
amounts of NH4HF2 under identical conditions.

Table 3 shows that the titanium recovery in the same 
temperature mode tends to decrease with decreasing 
amount of the fl uorinating agent, which is associated with 
inexhaustive fl uorination of the concentrate.

For the other concentrates examined the degree 
of fl uorination varies with the amount of ammonium 
hydrogen difl uoride in a similar manner (Table 4).

The theoretical recovery of titanium(IV) was calculated 
under the presumption of exhaustive decomposition 
of the resulting fl uoro complex of titanium(IV). The 
titanium(IV) recovery calculated with the amount of 
nonfl uorinated concentrate taken into account, i.e., without 
“post-fl uorination”, and the experimental data obtained at 
600°C are fairly close. Hence, under the actual conditions 
at a small layer thickness, additional fl uorination of 
ilmenite with the HF vapor evolved in decomposition 
of ammonium fl uorometallates is negligible. An excess 
of reagent is required for exhaustive fl uorination, but 
in decomposition of large amounts of concentrates 
additional fl uorination cannot be excluded.

At 400 and 500°C the calculated and experimental 
recoveries of titanium(IV) are different because of 
a decrease in the temperature of the process and, hence, 
inexhaustive decomposition. Examination of the kinetic 

features of thermal decomposition showed that the 
titanium(IV) recovery is at a maximum at ≥600°C.

Excessive reagent typically complicates stirring of the 
feed whose viscosity can be decreased, and solidifi cation, 
prevented, by introducing the reagent in portions, as it is 
consumed in the reaction. 

The X-ray phase analysis suggests that, in thermal 
decomposition of ilmenite concentrate fl uorinated with 
insuffi cient amount of NH4HF2, the slime contains a part 
of titanium, represented by off-stoichiometric compound 
Fe0.5Ti0.5O1.5F0.5. In a dry inert atmosphere in this case 
the titanium recovery into the gas phase is not increased. 
Oxofluoride with this composition was prepared by 
heating an α-Fe2О3, FeF3, and TiO2 mixture for 6 h at 700–
950°C [14]. In fl uorination with insuffi cient amount of 
the reagent the slime contains unchanged ilmenite which, 
when heated, apparently reacts with fl uorometallates to 
form Fe0.5Ti0.5O1.5F0.5. When thermal decomposition of 
ilmenite concentrate fl uorinated with the stoichiometric 
or excessive amount of the reagent is run in a dry argon 
atmosphere, the amount of Fe0.5Ti0.5O1.5F0.5 is negligible, 
which decreases the titanium loss.

CONCLUSIONS

(1) The degree of breaking down of titanium and 
zirconium concentrates was examined in relation to 
the amount of ammonium hydrogen difl uoride. It was 
found that fl uorination of titaniferous and zirconium 
concentrates should be run with at least stoichiometric 
amount of ammonium hydrogen difl uoride (NH4HF2), 
which increases the degree of reaction when introduced 
in some excess (10–25%).

(2) Decomposition of the concentrate fl uorinated with 
an NH4HF2 excess causes the titanium recovery into the 
gas phase to increase. It attains a maximum with the 

Table 4. Amount of the unchanged concentrate in relation to the amounts of reagent NH4HF2. Fluorination time 5 h  
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reagent taken in a 10–25% excess with respect to the 
stoichiometric amount.

(3) Fluorination of the concentrate with under-
stoichiometric amounts results in a titanium loss by 
binding into nonvolatile Fe0.5Ti0.5O1.5F0.5.
 

REFERENCES

1. Laptash, N.M. and Kaidalova, T.A., Zh. Neorg. Khim., 
1996, vol. 41, no. 4, pp. 557–559.

2. Laptash, N.M., Maslennikova, I.G., Kurilenko, L.N., and 
Mishchenko, N.M., Zh. Neorg. Khim., 2001, vol. 46, no. 1, 
pp. 33–39.

3. AUS patent 428758. 
4. AUA patent 2005100939.
5. RF patent 2136771.
6. Mel’nichenko, E.I., Krysenko, G.F., Epov, D.G., and 

Ovsyannikova, A.A., Zh. Prikl. Khim., 1994, vol. 67, no. 5, 
pp. 737–741.

7. Mikhailov, M.A., Epov, D.G., and Taranets, L.G., 
Khimicheskie i fi ziko-khimicheskie metody vydeleniya 
soedinenii legkikh i redkih elementov: Sbornik nauchnykh 
trudov Dal’nevost. Fil. im. V.L. Komarova Sib. Otd. Akad. 
Nauk SSSR (Chemical and Physicochemical Methods of 
Recovery of Light and Rare Element Compounds: Coll. of 
Scientifi c Works of Komarov Far-Eastern Branch, Siberian 
Division, Academy of Sciences of the USSR), Vladivostok, 
1968, pp. 36–43.

8. Mikhailov, M.A., Epov, D.G., and Zverev, V.V., Khimicheskie 

i fi ziko-khimicheskie metody vydeleniya soedinenii legkikh 
i redkih elementov: Sbornik nauchnykh trudov Dal’nevost. 
Fil. im. V.L. Komarova Sib. Otd. Akad. Nauk SSSR 
(Chemical and Physicochemical Methods of Recovery of 
Light and Rare Element Compounds: Coll. of Scientifi c 
Works of Komarov Far-East Branch, Siberian Division, 
Academy of Sciences of the USSR), Vladivostok, 1968, 
pp. 53–58.

9. Mikhailov, M.A., Vedernikova, T.I., and Taranets, L.G., 
Khimicheskie i fi ziko-khimicheskie metody vydeleniya 
soedinenii legkikh i redkih elementov: Sbornik nauchnykh 
trudov Dal’nevost. Fil. im. V.L. Komarova Sib. Otd. Akad. 
Nauk SSSR (Chemical and Physicochemical Methods of 
Recovery of Light and Rare Element Compounds: Coll. 
of Scientifi c Works of Komarov Far-East Branch, Siberian 
Division, Academy of Sciences of the USSR), Vladivostok, 
1968, pp. 44–52.

10. Menz, D-H., J. Therm. Anal., 1992, vol. 38, no. 3, pp. 321–
334.

11. Kiseleva, E.K., Analiz ftorsoderzhashchikh soedienii 
(Analysis of Fluorinated Compounds), Moscow: Khimiya, 
1966. 

12. Kreshkov, A.P., Osnovy analiticheskoi khimii (Fundamentals 
of Analytical Chemistry), Moscow: Khimiya, 1965, vol. 2. 

13. Analiz mineral’nogo syr’ya (Analysis of Mineral Raw 
Materials), Knipovich, Yu.N. and Morachevskii, Yu.V., 
Eds., Leningrad: Khimicheskaya Literatura, 1959. 

14. Pausewang, G., Z. Anorg. Allg. Chem., 1974, vol. 409, no. 1, 
pp. 45–52.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /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 (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
    /RUS ()
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


