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ABSTRACT

Smectite, a major barrier material for contaminants in Earth’s critical zone, is a layered aluminosili-
cate mineral with cis-vacant (cv) and trans-vacant (tv) configurations. High-temperature transforma-
tions of smectite are directly related to smectite’s thermal reactions. However, the precise thermal
reaction mechanisms and thermally induced structural transitions of cv and tv smectite remain debated.
In this study, we systematically investigated the mechanism of thermal reactions of cv and tv smectite
models using reactive force field (ReaxFF) molecular dynamics.We explored the deprotonation and the
intralayer dehydration steps of cv and tv smectites at 700 and 900 K. The results revealed that the dehy-
droxylation reaction of cv smectite exhibited more difficulty than tv smectite at 700 K, while demon-
strating less difficulty at 900 K. Furthermore, it was found that the dehydroxylated cv and tv smectites
evolved to a consistent structure spontaneously. Our findings further confirmed that cv smectite has a
higher dehydroxylation temperature than tv smectite and thus provided a theoretical basis for distin-
guishing cv and tv smectites using thermogravimetric analysis (TGA). Moreover, we gathered TGA
data of smectites from different regions, confirming that montmorillonites have a cv structure and
almost all smectites fromChina (over 11 provinces) are cv. This study provides amolecular-level under-
standing of the thermal reaction mechanisms of smectites and a physical basis for further study and
application of smectites.

Keywords: Reactive force field molecular dynamics, metadynamics, smectite, cis-vacant,
trans-vacant, thermal reactions

INTRODUCTION

In recent years, there has been a significant surge of scientific
interest in investigating the properties of smectites due to their
low permeability, high-adsorption capacity, and swelling prop-
erties (Bergaya and Lagaly 2006). These characteristics allow
them to play key roles in various important applications, such
as nuclear waste geologic repositories and natural contaminant
barriers, as well as environmental remediation and material
development (Tournassat et al. 2015; Guimarães and Bobos
2021; Worasith and Goodman 2023).

Smectites undergo spontaneous modification and transfor-
mation as environmental conditions change (Bergaya and
Lagaly 2006). In particular, thermal treatment induces altera-
tions in several properties of smectites, encompassing adsorp-
tion capacities, swelling behavior, thermal conductivity, and
mechanical strength (Heller-Kallai 2013). These changes are
associated with high-temperature transformations influenced
by thermal reactions (Derkowski and Kuligiewicz 2022). There-
fore, a comprehensive understanding of the thermal behavior of
smectites is crucial for elucidating their potential applications
and limitations in both natural and engineering contexts.

Smectite is a family of clay minerals, which consists of two
corner-sharing silicate tetrahedral sheets and one central edge-
sharing alumina octahedral sheet (TOT), exhibiting a 2:1 type

layer structure (Tournassat et al. 2015). In the TOT layer, the octa-
hedral sites are surrounded by four O atoms and two hydroxyl
(OH) groups. According to the position of OH groups, i.e., oppo-
site and adjacent corners, the octahedral sites are distinguished as
trans-octahedra and cis-octahedra. A third of the octahedral sites
are vacant. Hence, the TOT layers can be divided into cis-vacant
(cv) exhibitingC2 symmetry and trans-vacant (tv) structures exhi-
biting C2/m symmetry (Fig. 1a) (Tsipursky and Drits 1984;
Brigatti et al. 2006). The latest research revealed disparities in sur-
face reactivity between the two structures, i.e., the water adsorbed
in the interlayer of cv structures exhibits stronger ordering and
lower density than in tv structures (Subramanian et al. 2020). In
addition, our recent investigations on smectite surface acidity
identified that the edge surfaces of the cv structure exhibit positive
or negative charges depending on the crystal plane orientation
when pH values are below 7, while the tv structure consistently
displays a negative charge in the common pH range (Gao et al.
2023, 2024). These distinctions can affect the smectite adsorption
properties of various pollutants such asmetals or metalloids. How-
ever, despite the extensive utilization of smectites in various fields,
the classification of cv/tv structures in China remains unresolved.

X-ray diffraction (XRD) techniques, transmission electron
microscopy (TEM), and scanning electron microscopy (SEM)
and advanced spectroscopic techniques can be used to directly
identify and discern structural differences between cv and tv
smectites (Manceau et al. 2000; Subramanian et al. 2020;
Orucoglu et al. 2022). However, spectroscopic measurements

* Corresponding author E-mail: xiandongliu@nju.edu.cn https://orcid.org/0000-
0003-3966-3998

0003-004X/25/0005–748$05.00/DOI: https://doi.org/10.2138/am-2024-9445 748

mailto:xiandongliu@nju.edu.cn
https://orcid.org/0000-0003-3966-3998
https://orcid.org/0000-0003-3966-3998
https://orcid.org/0000-0003-3966-3998
https://doi.org/10.2138/am-2024-9445

	Mechanistic understanding of the dehydroxylation reaction of smectites: Insights from reactive force field (ReaxFF) molecular dynamics simulation
	Introduction
	Methodology
	Models
	ReaxFF molecular dynamics
	Free energy calculations
	Thermogravimetric analysis

	Results and Discussion
	Mechanism of thermal transformation
	Deprotonation reaction
	Intralayer dehydration reaction
	Dehydroxylation mechanism

	Thermogravimetric analysis and China smectite types

	Implications



<<
  /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 /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /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 false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /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 0.15
    /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 false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /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 false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.33333
  /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 <<
    /ENU ([Based on 'Web Preset MSA update'] for MSA website and GeoscienceWorld)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides true
      /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
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions false
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 2400
        /PresetName (CenveoFlattener_Preset)
        /PresetSelector /UseName
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 20.879999
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




