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Use of fi ne particle quartz sand for AAC production: model study by 
in situ X-ray diffraction and NMR

ABSTRACT: In order to clarify important factors which govern the tobermorite formation in hydrothermal reaction, the effects of quartz particle size 
and water content were investigated for simplifi ed model systems by in-situ XRD and Si-NMR. Although the reaction time was largely dependent on 
the quartz particle size, the average  Ca/Si in non-crystalline C-S-H at the time that either tobermorite or semi-crystalline C-S-H start to be formed (T0) 
was nearly identical for all samples. The importance of molar ratio Ca/Si as well as the silicate chain length in non-crystalline C-S-H was suggested. 
Tobermorite can be synthesized even in the systems with large w/s and fi ne quartz. It was suggested that lower calcium and/or silicate ion concentration 
in the solution phase is important for tobermorite formation.
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1. Introduction

It is well known that the quality of silica source in the starting 
material of AAC largely affects the mechanical properties of the 
fi nal product. Quartz sand is one of the most widely used silica 
sources for the AAC manufacturing. Properties of natural quartz 
sand such as particle size, amount of impurity and crystallinity vary 
signifi cantly according to its producing area. Differences in these 
properties would result in the quality and quantity of tobermorite 
formed in the AAC, which largely affect the physical properties of 
AAC [1].  From the economical point of view, however, it is very 
important to be able to utilize wide variety of silica sources for the 
AAC production. Thus, investigation of the tobermorite formation 
process from various silica sources would provide important in-
formation for AAC industry.  

X-ray diffraction (XRD) and solid state NMR have been powerful 
tools for characterization of calcium silicate hydrate for decades.  
Recently we have developed synchrotron-based in situ XRD sys-
tem for the investigation of reactions under autoclave condition, and 
the formation process of tobermorite from cement-based starting 
materials has been successfully observed [2-4].

In the present study, we applied this method to simplifi ed high-
purity (reagent-based) model system, and investigated the effect 
of quartz particle size and water content in starting mixtures on 
the tobermorite formation, in order to fi nd a way to use fi ne particle 
quartz sand as a starting material of AAC. Characterization of non-
crystalline C-S-H phase just before the tobermorite formation was 
also conducted by solid state Si-NMR.

2. Experimental

2.1. Materials and sample preparation

The starting materials were mixtures of 56 wt.% natural quartz 
sand (purity > 99.4%) and 44 wt.% quicklime (99.9%, Kanto Ka-
gaku). The molar ratio of Ca/Si in these mixtures was 0.84, which 
is nearly identical to stoichiometric value of tobermorite. Three 
types of quartz sand having different particle size distributions 
were used; average particle size of 2.2 micron (Q-A), 4.2 micron 
(Q-B) and 25 micron (Q-C). The starting mixtures were fully mixed 
in the presence of water. The water-to-solid ratio (w/s) was either 
1.5 or 1.7 by weight, except for the mixtures with fi ne quartz sand, 
Q-A, for which the slurries with the w/s of 3.0, 6.0 and 9.0 were 
also prepared.  After held at 50°C for more than 2 h, about 0.5 g 
of slurry sample was set in an originally made autoclave cell for 
in situ XRD measurement, as described in the following section.  
Non-crystalline C-S-H (n-C-S-H) samples for Si-NMR were pre-
pared using the same autoclave cell, by stopping the reaction just 
before the tobermorite formation. The n-C-S-H samples together 
with residual quartz were taken out from the cell, and immersed 
into acetone to avoid further reaction, and then dried in vacuum 
at room temperature. 

2.2. In situ XRD measurement

Slurry sample was set in the autoclave cell for in-situ XRD meas-
urement. Details of the autoclave cell are described elsewhere 
[2-4]. In situ XRD measurements were carried out at the BL19B2 
beamline of SPring-8, using an X-ray energy of 30 keV. A sche-
matic diagram of the experimental set-up is shown in Fig. 1. The 
temperature of the cell was elevated to 100°C at a rate of 2°C/min 
and held at 100°C for 15 min. During this period, the air inside the 
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cell was removed by opening a pressure release valve for a few 
seconds. After the steam pressure was built up again at 100°C, the 
fi rst XRD measurement was conducted. After 15 min at 100°C, the 
temperature was elevated again to 190°C at a rate of 1°C/min, and 
then held at 190°C for typically 9 h. During this process, the XRD 
measurements were conducted at a time interval of 3 min. using 
a photon-counting pixel array detector, PILATUS- 2M (DECTRIS). 
Upper part of the circular signal (from -45 to 45 deg) was sector-
averaged to obtain one-dimensional diffraction pattern.  Peak 
intensities were determined by peak areas after being normalized 
with the transmitted beam intensities. The reaction times shown 
on the horizontal axes of the fi gures are defi ned as the times at 
the beginning of the corresponding measurement cycle, and the 
time zero is defi ned as the time at which the temperature started 
to be elevated from 100 to 190°C.  

2.3. 29Si-NMR measurement

29Si-NMR spectra were acquired by Bruker 
Biospin DSX400 spectrometer (9.4 T) us-
ing DD-MAS mode (spinning frequency: 
4.5 kHz). Number of scans was 800 with 
a recycle delay of 100 s. Peak areas of Q1, 
Q2 and Q3 components were determined 
by curve-fi tting using gaussian/lorenzian 
mixed function, and silicate chain length for 
each sample was estimated [5].

3. Results and discussion

3.1. Effect of quartz particle size

Figure 2 shows a typical in situ time-
resolved XRD data set obtained under 
autoclave condition. The phase evolution 
during the autoclave is clearly observed. At 

the beginning of the autoclaving (at 100°C), quartz 
and portlandite (hydrated quicklime) were ob-
served. After the dissolution of both constituents, 
n-C-S-H halo was detected. With the decrease of 
C-S-H halo, several peaks of tobermorite started 
to be observed. This type of data set was acquired 
for each sample.

Time dependences of the intensities of major 
peaks were obtained from the data set. The inten-
sity curves for samples using Q-A, Q-B, and Q-C, 
after quartz and portlandite curves were normaliza-
tion by the intensity at t = 0, are compared in Fig. 
3. Here, intensity curves from same constituent 
(e.g. Q(101), Q(100) and Q(110)) are averaged to 
obtain better statistics. It is clearly shown that the 
dissolution rate of quartz decrease with increas-
ing quartz particle size. It is interesting that the 
decrease rate of portlandite also varies according 
to quartz particle size, indicating that the decline 

of portlandite is largely affected by the dissolution of quartz. This 
may be attributed to the begining of reaction of silicate ions with 
calcium. As shown in Fig. 2, n-C-S-H is formed as result of dis-
solution of quartz and portlandite. When Ca ions in the solution 
phase are consumed by the formation of C-S-H, further dissolution 
of portlandite becomes possible. In other words, portlandite cannot 
be dissolved further unless Ca ions are consumed in some way. 

As shown in Fig. 3 (a), tobermorite was not formed in the sample 
using Q-A quartz, implying that the fi ne particle quartz cannot be 
used as a starting material of AAC. Instead, semi-crystalline C-S-H 
(similar structure to tobermorite but lack of ordering along c axis) 
was observed. To explain the reason why tobermorite cannot be 
formed, the chemical state of n-C-S-H just before either tobermorite 
or semi-crystalline C-S-H (semi-C-S-H) is formed was compared.  
For all samples, portlandite completely disapeared just before 

Fig. 1. Schematic of experimental set-up.

Fig. 2 In situ time-resolved XRD data set for sample using Q-B quartz sand.
Q: quartz, P: portlandite, T: tobermorite
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either tobermorite or semi-C-S-H started to be formed, while 
a certain amount of quartz remained undissolved. Amount of the 
remaining quartz at the time that either tobermorite or semi-C-S-H 
started to be formed (hereafter, denoted by T0) is shown for each 
sample in Fig. 3. It is interesting that the amount of the remaining 
quartz at T0 is nearly identical for all samples, regardless of the 
absolute value of T0. This suggests that the n-C-S-H start to be 
transformed to either tobermorite or semi-C-S-H at a certain com-
position threshold (Ca/Si ratio), assuming that all of the dissolved 
quartz and portlandite are incorporated in n-C-S-H.

The chemical state of n-C-S-H at T0 was investigated by Si-NMR.  
NMR spectra for samples with Q-A, Q-B and Q-C quartz are shown 
in Fig. 4, together with the estimated average chain length of silica 
tetrahedra. The spectra did not show clear difference, and the 
values of average chain lengths showed no clear trend among 
three samples.

The results described above imply that neither “average” com-
position nor “average” silicate chain length of n-C-S-H would be 
a main factor to determine whether tobermorite formation occurs 
or not. Thus, we assume the “distribution” (or “variation”) of the 
composition or chain length in the n-C-S-H would be important.  
The distribution analyses are currently underway in our laboratory.

3.2. Effect of water-to-solid ratio

Effect of water-to-solid ratio (w/s) was investigated for sample with 
Q-A quartz.  Four samples with different w/s were prepared and 
investigated by in-situ XRD (w/s = 1.7, 3.0, 6.0 and 9.0). The time 
dependences of the intensities of each constituent are shown in 
Fig. 5. As described in the previous section, sample with w/s = 
1.7 did not show any tobermorite peaks, while other samples with 
w/s > 3 showed clear tobermorite peaks. To compare the disso-
lution rates of quartz and portlandite among these samples, an 
overlay plot of the time dependence of quartz and portlandite are 
shown in Fig. 6. Surprisingly, quartz dissolution curves are nearly 
identical to each other. Even though the water content is largely 
different by a factor of 5, the dissolution rate does not change at all.

The results shown in Fig. 6 indicate that the quartz dissolution 
rate is predominated by its surface area, and that the dissolution 

Fig. 3. time dependences of the averaged peak intensities for samples with 
different quartz size distribution: (a) Q-A, (b) Q-B, (c) Q-C.

Fig. 4. 29Si NMR spectra for samples with different quartz size distribution: 
(a) Q-A, (b) Q-B, (c) Q-C.

Fig. 5. Time dependences of the averaged peak intensities for samples 
with different w/s ratio: (a) w/s = 1.7, (b) 3.0, (c) 6.0, (d) 9.0.
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rate itself does not affect whether tobermorite is formed or not. 
Moreover, the fact that the time dependences of both quartz and 
portlandite intensities are identical among these samples implies 
the Ca/Si ratios of n-C-S-H are also identical among these samples 
throughout the reaction. Therefore, concentration of Ca and/or Si 
ions in the solution phase is considered to be an important factor 
for tobermorite formation.

4. Conclusion

In order to clarify important factors which govern the tobermorite 
formation in hydrothermal reaction, the effects of quartz particle 
size and water content were investigated for simplifi ed model 
systems by in-situ XRD and Si-NMR. Although the reaction time 
was largely dependent on the quartz particle size, the average 
Ca/Si in non-crystalline C-S-H at the time that either tobermorite 
or semi-crystalline C-S-H start to be formed (T0) was nearly identi-
cal for all samples. The importance of molar ratio Ca/Si as well as 
the silicate chain length in non-crystalline C-S-H was suggested. 
Tobermorite can be synthesized even in the systems with large 
w/s and fi ne quartz. It was suggested that lower calcium and/or 
silicate ion concentration in the solution phase is important for 
tobermorite formation.

Acknowledgment

This study was performed with the approval of JASRI (Proposal 
Nos. 2009B1788, 2009B2015, 2010A1694 and 2010A1831).

Bibliography

[1] Alexanderson J., 1979. Relations between structure and mechanical 
properties of autoclaved aerated concrete. Cem. Concr. Res. 9, 507-
514.

[2] Kikuma J., Tsunashima M., Ishikawa T., Matsuno S., Ogawa A., Matsui 
K., Sato M., 2009. Hydrothermal formation of tobermorite studied by in 
situ X-ray diffraction under autoclave condition. J. Synchrotron Radiat. 
16, 683-686. 

[3] Kikuma J., Tsunashima M., Ishikawa T., Matsuno S., Ogawa A., Matsui 
K., Sato M., 2010. In situ time-resolved X-ray diffraction of tobermorite 
formation process under autoclave condition. J. Am. Ceram. Soc. 93, 
2667-2674.

[4] Kikuma J., Tsunas  hima M., Ishikawa T., Matsuno S., Ogawa A., Matsui 
K., Sato M., 2010. Formation process of autoclaved lightweight con-
crete studied by in situ X-ray diffraction under hydrothermal condition. 
Bunseki Kagaku 59, 489-498.

[5] Richardson I.G., 1999. The nature of C-S-H in hardened cements. 
Cem. Concr. Res. 29, 1131-1147.

Fig. 6. Overlay plot of time dependences of averaged peak intensities of 
(a) quartz and (b) portlandite for samples with different w/s.



<<
  /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


