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The pore structure and light transmission of the high-silica porous glasses in visible spectral
region are investigated depending on a temperature of their thermal treatment and composition of
the initial two-phase alkali borosilicate glasses. The character of light transmission in porous
glasses is analyzed considering the features of their pore space structure and processes occurring
in porous glass upon heating. It is shown that with an increase in temperature of thermal
treatment of the porous glasses of different composition the pore size increases, and their
specific surface decreases (at practically constant common porosity), which is due to the processes
of pore overcondensation, that occur owing to the regrouping and change of packing density of
the secondary silica particles. It is shown that introducting phosphate and fluoride ions in the basic
alkali borosilicate glass results in an increase in the light attenuation factors of the porous glasses
owing to an increase in the sizes of liquation areas of heterogeneity in initial two-phase glasses,
formation of larger pores and presence of the nanostructured microcrystalline phases in the porous
glasses.
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1. Introduction

Porous glasses (PGs) based on the phase-separated alkali borosilicate (ABS)
glass-forming systems represent the chemically, biologically and thermally steady
nanostructured porous materials with controllable parameters of the structure and
properties [1]. PGs are the matrices for creation of the high silica materials with
adjustable properties, such as the spectral-optical sensors of sorption type for
optoelectronic analyzers of structure of the gas environment; the microoptical elements
for creation of integrated microcircuits working in an optical range and used for
transfer, storage and processing of information; the functional nanoporous elements
for microfluidic devices, etc. [2, 3]. In connection with the availability of PG’s
application in optical technologies information on their optical properties, namely,
light transmission 7 in visible spectral area and 7 change depending on various factors,
is necessary.
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Generally, a light transmission of the PG plates is defined by absorption and
dispersion on inhomogeneities in PGs [4].

Spectral dependences of the light transmission allow us to obtain data on
the scattering of a light flux from the boundary of the media, as well as from
the structure inhomogeneities and surface. Depending on the size, form and
distributions of the inhomogeneities the various variants of light scattering are
possible. When the inhomogeneity sizes are smaller than the wavelengths A,
the Rayleigh scattering is observed [5, 6]. In this case, the light extinction factor
K;=A4/A-8 (A4 = const, [ is a parameter, which is determined as a tangent of angle of
inclination of dependence —log(-logz) = f(logA) [7]) is proportional to the quantity
AP=418, 9]. The presence of large inhomogeneities results in diffraction scattering.
The absence of a strict connection between PG’s 7 values (in a wavelengths range
A =350-800 nm) and the pore sizes (at pore radius » < A) testifies to the complex
mechanism of light scattering in PG [10]. Besides the pores the sizes of which are less
than a wavelength and the inhomogeneities of liquation type which are inherent to
two-phase ABS glasses there are larger heterogeneities, namely silica gel
precipitations and microcrystalline inclusions [4, 11]. These heterogeneities poorly
absorb light, but bring about the essential contribution to the weakening of a light
stream because of light scattering [6] and can influence the light transmission
character [4, 5, 7, 10, 12, 13]. The observed dependences of 7 values on the various
factors which influence the glass leaching process and the structure of the PGs obtained
are connected to these facts (see the review in [14]).

Earlier we investigated the 7 values of the porous glasses depending on the ABS
glass composition and its leaching conditions (i.e., the concentration and temperature
of an acid solution) [10], thickness of samples [10], an angle of the light stream
falling on a glass plate surface [12], PG’s thermal background [4]. In the present work,
the light transmittance of the PG plates (thickness L =3 mm) at A =400-800 nm is
investigated depending on the composition of the initial two-phase ABS glasses and
the values of temperature of subsequent thermal treatment (7,) of the PG samples
obtained.

2. Technique

The composition and pore parameters of the PGs, obtained as a result of through acid
leaching of two-phase ABS glasses that are a base glass (PG-1) and the glasses of
modified composition (PG-2a, PG-2b, PG-3), and the following PG’s thermal
treatment at 73, = 120—750 °C, are presented in Tabs. 1 and 2. Values of porosity W
are determined by a weight method; sizes of a specific surface pore S (m?/g) — by
porosimetry BET method using a SORBTOMETER-M (Russia) analyzer. The values
of average pore diameter D were calculated with the formula [15]:

b i( 1 1}
S pseeming Psi
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where pg; = 2.18 g/sm is the density of silica skeleton; pyeeming = P/V is a seeming
density of PG, g/sm>; P [g] — weight of the sample, g; ¥ [sm3] — volume of the sample.

Spectral dependences of the values 7 have been measured on a SF-26
spectrophotometer relative to air (PG/air) or a sample of corresponding two-phase

Table 1. Composition of the porous glasses under study.

Composition as-analyzed [wt%]

Glass Na,O B,0; Si0, R(0,)"
PG-1 0.22 425 95.53 -
0.17 5.96 93.75 0.07 P,0;
PG-2a 0.05 [F|
0.30 5.48 94.08 0.08 P,0;
PG-2b 0.06 |F|
PG-3 0.09 6.29 93.49 0.13 K,0

Table 2. The pore structure parameters of the porous glasses under study.

Thermal treatment Parameter of pore structure [15]
temperature T} Porosity W Diameter D Specific surface area S
Glass [°C] [sm’/sm’] [nm] [m2/g]
PG-1 120 0.28 3.9 160
400 0.28 4.9 135
600 0.29 5.0 137
650 0.29 5.9 117
700 0.31 7.3 95
750 0.27 8.4 83
PG-2a 120 0.27 9.9 65
400 0.27 17.6 35
600 0.28 17.9 37
650 0.27 20.0 31
700 0.28 24.9 27
PG-2b 120 0.28 14.3 45
400 0.28 18.7 36
600 0.27 18.2 38
650 0.29 253 28
700 0.27 27.4 26
750 0.27 27.5 25
PG-3 120 0.43 9.3 149
400 0.43 10.4 136
600 0.44 12.4 115
650 0.45 14.3 102
700 0.44 17.3 83

750 0.44 26.6 54
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glass (PG/two-phase glass). Transmittance spectra of the PG samples, which were
thermally treated at 7, = 400 °C (PGy), have been measured relative to PG samples
with T}, = 120 °C (PGy,).

The obtained spectra have been used to reveal the scattering type by parameter f.

3. Experimental results and discussion

The pore parameters of the PGs investigated depend on the initial two-phase glass
composition and their thermal background (Tab. 2). Upon heating of PG samples
in interval 7, <750 °C the pore size increases, and their specific surface decreases
(at practically constant common porosity) as a result of processes of the pore
over-condensation, caused by the regrouping and change of packing density of
the secondary silica particles [16].

Some results of the measurement of the spectral dependences of porous glasses
under study are given in Fig. 1. The PG plates having larger pores are characterized
by smaller 7 values (Fig. 1, Tab. 2). This result is adjusted with data [10] about
an increase of turbidity of the PGs at increase in the sizes of scatterers, which is
caused by the pore over-condensation processes at 7}, increase. At the same time, for
similar D values the various values 7 of the PG plates from modified glasses are
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Fig. 1. Spectral dependences of light transmission of the porous glasses after drying at 120 °C (a—c) and
after thermal treatment at 600 °C (d).
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observed. The PG-2 samples made from two-phase ABS glass with P,O5 and fluoride
ion additives possess a practically zero light transmission in the wavelength area
A <550 nm (Fig. 1b).

The low light transmission of PGs from the two-phase glasses with additives is
most likely caused (besides both an increase in the sizes of the liquation areas of
heterogeneity in initial two-phase glasses [5, 7] and a presence of larger pores) by
the presence of the nanostructured microcrystalline phases [13]. In certain A intervals
for PGs from two-phase glasses with additives the value 7 (PG1/PG,,) is greater
than 7 (PGy/air) and 7 (PGy/two-phase glass) values (Fig. 1d). This fact can also serve
as a proof of the presence of such phases in PG and gives grounds for judging their
sizes and temperatures of their fusion (decomposition).

According to Fig. 1, light transmittance of the PG samples, measured relative to
air is a little bit less than that measured relative to two-phase glass, and to PG, in
long-wave region (4> 600 nm). It was shown that the presence of fluoride-ions in
initial two-phase glass results in an increase in K, (at the same 7)) [15]. For these
PGs an increase of T, up to 600 °C is accompanied by reduction of K ;, contrary to
PGs from the glass without fluoride-ions. At 7}, > 600 °C the light attenuation of PGs
decreases. In the long-wave spectral region (4 = 700—800 nm) the character of T}
influence on K, is maintained, but absolute sizes of K, values decrease by 1.5-2.5
times (at the same A). Under such conditions, for PGs from the glasses with
the additives of fluoride-ions a Rayleigh scattering is inherent (5 = 4) (Tab. 3). In other
cases, a more complicated character of scattering (8= 0.3—1.9), which is caused by
the features of PG’s porous space structure [17] is observed. An increase of T}, value
from 120 °C up to 600 °C—-750 °C is accompanied by a small increase in £ values
(Tab. 4).

Table 3. The values of factor B of the porous glasses (7}, = 120 °C) in different spectral regions.

Factor S
Glass A=400-550 nm A=550-750 nm
PG-1 1.4 0.4
PG-2a 3.7 4.0
PG-2b 0.3 3.7
PG-3 33 1.3

Table 4. The values of factor §of the porous glasses treated thermally at different temperatures.

Factor
Glass A [nm] T, = 120 °C T, = 600 °C T, =750 °C
PG-1 400-550 1.4 1.9 1.7
550-750 0.4 0.6 0.9
PG-2b 400-550 0.3 0.4 0.8

550-750 3.7 3.8 4.1
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4. Conclusions

A study of an influence of the composition and temperature of thermal treatment of
the porous glass plates on their light transmission in visible spectral area has been
carried out.

Temperature ranges have been determined of the thermal treatment of the porous
glass plates in which a change of light attenuation, a character of which is defined by
the pore over-condensation processes and depend on an initial glass composition, is
observed. A complex character of the light scattering caused by the structural features
of a pore space has been shown.

The results obtained can be used for optimization of the technological modes of
creating the high-silica porous functional elements of the devices with optical
detection.

Acknowledgements — This work was supported by the Russian Foundation for Basic Research (project
No. 08-08-00733a) and by the Department of Chemistry and Material Science of the Russian Academy
of Science (project PFI OXNM-02).

References

[1] ANTROPOVA T.V., Nanostructurized porous glasses, Proceedings of Nanotechnology International
Forum “Rusnanotech’08”, December 2—6, 2008, Moskow, Russia, Abstracts: 4.5. Chemistry and
Chemical Technology of Nanomaterials 1, 2008, pp. 485—486.

[2] MEesHkovsku LK., Composite Optical Materials on the Basis of Porous Matrixes, Saint-Petersburg
State University of Information Technologies, Mechanics and Optics, 1998, p. 332.

[3] EvstrAPOV A.A., Esikova N.A., RupNiTskaJA G.E., ANTROPOVA T.V., Application of porous glasses
in microfluidic devices, Optica Applicata 38(1), 2008, pp. 31-38.

[4] AnTROPOVA T.V.,DrOZDOVA LA, YASTREBOV S.G., EVSTRAPOV A.A., Porous glass: inhomogeneities
and light transmission, Optica Applicata 30(4), 2000, pp. 553-567.

[5] EvsTrRAPOV A.A., MURAVIEV D.O., ANTROPOVA T.V., YASTREBOV S.G., Study of optical properties
of the two-phase and microporous glasses, Optical Journal 75(4), 2008, pp. 71—77 (in Russian).

[6] EvsTRAPOV A.A., ANTROPOVA T.V., DrozDOVA L.A., YASRTEBOV S.G., Optical properties and
structure of porous glasses, Optica Applicata 33(1), 2003, pp. 45—54.

[7] Roskova G.P., Morozova E.V., BAkHANOV V.A., Light transmittance of the porous plates received
from two-phase sodium borosilicate glasses with different structures, Fizika i Khimiya Stekla 17 (4),
1991, pp. 623-630 (in Russian).

[8] ANDREEV N.S., Small-angle X-ray scattering and visible light scattering in inorganic glasses upon
metastable phase separation, Abstract of Doctoral Dissertation, Leningrad, 1981.

[9] BoHreN C.F., HurrMAN D.R., Adsorption and Scattering of Light by Small Particles, Wiley, New
York, 1983.

[10] SmirNovA LS., ANTROPOVA T.V., SIDOROVA M.P., ERMAKOVA L.E., Roskova G.P., The effect of
synthesis conditions on the transmittance and coefficient of structural electrical resistance of
microporous glasses, Glass Physics and Chemistry 22(4), 1996, pp. 388—392.

[11] AnTrROPOVA T.V., DROZDOVA L.A., Influence of the conditions of manufacturing of the porous glasses
on their structure, Fizika 1 Khimiya Stekla 21(2), 1995, pp. 199-209 (in Russian).

[12] ANnTROPOVA T.V., KrRYLOVA N.L., BAKHANOV V.A., Physic-and-chemical interpretation of
the anomalous light transmittance of porous glasses, Fizika i Khimiya Stekla 18(1), 1992,
pp. 113—122 (in Russian).



The influence of thermal treatment of the porous glass plates ... 291

[13] AnTrROPOVA T.V., DROZDOVA L.A., Physic-and-chemical features of a porous glass and their
influence on its light scattering, J. Applied Chemistry 69(3), 1996, pp. 393—396 (in Russian).

[14] AnTROPOVA T.V., Physic-and-chemical processes of creation of the porous glasses and high-silica
materials on a base of the two-phase alkali borosilicate glasses, D.Sc. Thesis, Saint Petersburg,
2005, p. 588 (in Russian).

[15] AnTrROPOVA T.V., ANFIMOVA LN., GoLoVINA G.F., Influence of the composition and temperature of
heat treatment of porous glasses on their structure and light transmission in the visible spectral
range, Glass Physics and Chemistry 35(6), 2009, pp. 572—579.

[16] AnTROPOVA T.V., DrozDOVA I.A., VaAsiLEvskaya T.N., VoLkova A.V., Ermakova L.E.,
SiborROVA M.P., Structural transformations in thermally modified porous glasses, Glass Physics
and Chemistry 33(2), 2007, pp. 109—-121.

[17] Drozpova 1., ANTROPOVA T., Features of the structure of the phase-separated and porous
borosilicate glasses with/without an impurity of fluorid-ions according to electron microscopy,
Optica Applicata 38(1), 2008, pp. 17—24.

Received November 12, 2009
in revised form January 5, 2010




<<
  /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


