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Understanding structural changes in clay minerals induced by complexation with organic matter is relevant to
soil science and agricultural applications. In this study, the effect of peptide storage in montmorillonite and the
thermal stability of peptide–clay complexes were examined through characterization by X-ray diffraction
(XRD), electron microscopy, UV absorption, and thermogravimetric analysis (TGA). XRD analysis of small pep-
tide–montmorillonite clay complexes produced profiles consisting of reflections associated with the smectite
001 reflection and related peaks similar to that produced by amixed layer claymineral structure. Shifts in higher
order diffraction maxima were attributed to disorder caused by the intercalation with the peptides. Increasing
peptide concentrations resulted in greater shifts toward smaller 2θ from 6.37° (1.39 nm) to 5.45° (1.62 nm) as
the interlayer space expanded. The expansion was accompanied by broadening of the 001 reflection (FWHM in-
creases from 0.51 to 1.22° 2θ). The XRD line broadening was interpreted as caused by poorer crystallinity
resulting from intercalation and tactoid exfoliation. SEM images revealed montmorillonite platelets with up-
wardly rolled edges that tend toward cylindrical structures with the production of tubules. High-resolution
TEM images revealed bending of montmorillonite platelets, confirming exfoliation. The distribution of basal
spacings in themicrographswas determined from the spatial frequencies obtained by Fourier analysis of density
profiles. The distribution indicated the presence of discrete coherent crystallite domains. XRD and TGA results in-
dicated that higher peptide concentrations resulted in a greater fraction of intercalated peptides and that surface
adsorption of peptides mediated intercalation. Therefore, higher peptide concentration led to more stable
organoclay complexes. However, UV absorption and TGA found that peptide adsorption onto montmorillonite
had a finite limit at approximately 16% by weight.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Poorly crystalline minerals, i.e., clays, protect soil organic matter
(OM) produced by leaf and root litter from microbial degradation
(Kleber et al., 2005). The persistence of smaller peptides in association
with clays has been acknowledged as possibly leading to longer resi-
dence times for soil carbon and nitrogen (Kleber et al., 2007).

Themineral fraction in soils has been shown to enhance chemical re-
calcitrance in the degradation of OM (Eusterhues et al., 2003), lending
stability to the carbon reservoir in old soils. This has implications for
the global carbon cycle and for clay-mediated storage of nutrients in
soils at extended time scales. However, the role of peptides in associa-
tion with minerals and their relative contribution to the stabilization
of carbon in soils are poorly understood (Kleber et al., 2007). The
structure of clays, and its role in stabilizing carbon and nitrogen from
peptides may be important in estimating turnover time of soil OM
(Rillig et al., 2007).

Clays are able to react with amino acids and other organic molecules
forming organoclays (Greenland et al., 1965a,b; Harter and Stotzky,
1971). Organoclays mediate the relationship of microbes to soils and
sediments and may have played a role in the development of prebiotic
life (Bouchoucha et al., 2011; Carneiro et al., 2011a,b; Fraser et al.,
2011; Georgelin et al., 2013). Conversely, organicmoleculesmaymodify
the structure of clays. For example, microbes are known to play a role in
the smectite to illite transition (Kim et al., 2004; Zhang et al., 2007a,b;
Jaisi et al., 2011).

Smectites are highly reactive and possess an overall negative charge
under ordinary critical zone conditions. The interlayer space cations in
smectites can be readily exchanged with positively charged or polar
molecules, including organics, to create intercalated and pillared struc-
tures (Bergaya and Lagaly, 2013). Montmorillonite (Mt), a common
smectite clay, can form organoclay complexes with proteins, enhancing
the retention of organic matter in soil (Mayer, 1994; Sollins et al., 1996;
Sheng et al., 2001). At near neutral pH, smectite platelets have negative-
ly charged faces and positively charged edges, thus, smectites may po-
tentially interact electrostatically with charged amino acids (Hedges
and Hare, 1987; Senwo and Tabatabai, 1998; Benincasa et al., 2000;
Laird et al., 2001; Benetoli et al., 2007; Carneiro et al., 2011a,b).
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Smectitesmay also potentially interact with either the amide or carbox-
yl terminus of non-charged amino acids. Adsorption of different combi-
nations of amino acids by smectites is known to be influenced by
interlayer space cations (Arfaioli et al., 1999; Benincasa et al., 2000).

While large proteins can be adsorbed on the surface of clays where
they are protected from enzymatic degradation (Theng, 1982), the
products of degradation, such as peptides and amino acids, favor the
possibility of absorption into the smectite interlayer space due to their
smaller size. Kalra et al. (2003) utilized UV spectroscopy to investigate
the adsorption of simple peptides onto divalent cation exchanged Mt.
They determined that peptide adsorption is maximal at neutral pH
and 23 °C and was greatest for glycine tetramers followed by glycine
trimers and glycine–alanine dimers. The glycine dimers showed the
lowest adsorbability.

Effenberger et al. (2009) found that the intercalation of Mt with
alanine, leucine or phenylalanine produced a modified Mt with an
increased d001-spacing. Kollár et al. (2003) ion-exchanged several
amino acids into Na-Mt and verified by Fourier transform infrared spec-
troscopy and XRD that the amino acids were successfully intercalated.
Parbhakar et al. (2007) examined adsorption of L-lysine onto smectites
and discussed the potential role of clays in promoting catalytic reactions
in organic compounds. Naidja and Huang (1994) observed that aspartic
acid absorption into Ca-Mt is a fast reaction process with 84% of the
aspartic acid absorbed (56.2 μmol/g clay); the d001 spacing of the
aspartic acid–Mt complex decreased at temperatures above 150 °C.
They found that the aspartic acid appearedweakly bound to the surface
indicating that it intercalated in the Mt through a water bridge.

The majority of the studies on smectite–amino acid interactions
have focused on the effects that smectites have on amino acids and pro-
teins (Bujdák et al., 1996; Lagaly, 2006; Lambert, 2008; Yu et al., 2013;
Jaber et al., 2014). There have been fewer investigations into the chang-
es that occur in the smectite structure as a result of amino acid, peptide
or protein intercalation. Nonetheless, it is known that adsorption onto
the surface or into the interlayer space plays a significant role in forming
clay–protein complexes (Theng, 2012). To examine the role of mineral
structure in the formation of peptide–clay complexes tryptone was uti-
lized as a peptide source. Tryptone is a casein pancreatic digest which
contains all twenty amino acids in peptide form. Tryptone oligomers
consist mostly of monomers, dimers, trimers, and tetramers; therefore
it is an excellent source of small peptides of multiple amino acids that
makes it suitable for experiments with clay.

In this paper, the incorporation of suites of small oligopeptides,
which are the products of OM decomposition, into Mg-Mt is examined
by measuring the effect of peptides on clay structure, and determining
the thermal stability of organo-clay complexes. The results of X-ray
diffraction (XRD), high-resolution transmission electron microscopy
(HRTEM) and thermogravimetric analysis (TGA) experiments that
demonstrate the nature of the interactions are presented. XRD is
compared to HRTEM data to determine the effect of adsorption on
clay crystallinity at the bulk and local scales. TGA was utilized to ascer-
tain the effect of peptide concentration on adsorption. As a conclusion,
the results are placed in the context of the existing models for OM
adsorption.

2. Materials and methods

2.1. Sample preparation

2.1.1. Montmorillonite
A high purity dioctahedral Mt ((Na,Ca)0.33(Al1.67Mg0.33)Si4O10(OH)2·

nH2O; source: Belle Fourche, South Dakota, USA) — commercial name
Volclay Accofloc 350 (American Colloid Company, Arlington Heights,
IL) was made homoionic with magnesium through the cation substi-
tution technique of Moore and Reynolds (1997). Accofloc is known to
have a cation exchange capacity (CEC) of 79 meq/100 g (Sterte and
Shabtai, 1987). The clay was initially washed in 5% sodium hypochlorite

to remove organic contaminants, followed by a triple wash in distilled
water to remove the sodium hypochlorite. Large clay particles and non-
clay minerals were removed by centrifugation at 1200 rpm (235 g) for
5 min. The supernatant comprising the fraction smaller than 2 μm was
collected. The purified clay was suspended in 0.1 M MgCl2 overnight
and centrifuged at 3600 rpm(2100 g) for 30min. The pelletwas vortexed,
rinsed in distilled water 8–10 times, and then resuspended in distilled
water. Two drops of AgNO3were added to the suspension after the rinses
to verify that all chloride was removed. The suspension was then
autoclaved at 122 °C and 0.103 MPa for 15 min to ensure sterility. The
concentration (w/v) of the stock Mt suspension is 6.0 mg/ml. Visual in-
spection of theMt suspension indicated no noticeable settling or aggrega-
tion during storage.

2.1.2. Tryptone Mt aggregates
Tryptone consists of oligomers, 50% of which have a molecular mass

less than 500 Da; 33% aremonomers, and only 10% of the peptides have
a molecular mass greater than 2 kDa. A complete compositional break-
down of tryptone was obtained from the vendor website (Bacto-
tryptone, Becton Dickinson; San Jose, CA; URL: http://www.bd.com/
ds/technicalCenter/). Typical certificate of analysis values reported by
the vendor are less than 8% ash, 13.8% nitrogen (Kjeldahl), and 6.6%
amino nitrogen (modified Sorensen). Tryptone stock solutions were
prepared by dissolving tryptone powder in distilled water at a concen-
tration of 0.1 g/ml followed by autoclaving at 122 °C and 0.103 MPa
for 15 min. Tryptone Mt aggregates (MtTP) were prepared by mixing
9 ml of Mt suspension with 1 ml of dilutions of the tryptone stock to
give tryptone concentrations ranging from 0.5 mg/ml to 10 mg/ml
mixed with 5.4 mg/ml of Mt in 10 ml suspensions. Aggregates were
allowed to stand for up to 72 h prior to acquiring the XRD pattern. The
aggregates were centrifuged at 3600 rpm (2700 g) for 10 min. The su-
pernatant componentswere analyzed by optical absorption and thepel-
lets collected for further analysis. For XRD analysis, the pellets were
smeared on glass slides. Samples for SEM were fixed and mounted on
aluminum stubs, coated with palladium–gold alloy. For HRTEM,
pellets were vortexed and fixed in plastic resin (Leser et al., 2009).
The resin samples were microtomed (UltraCut6 Ultramicrotome,
Leica, Buffalo Grove, IL) to produce ~70 nm slices for HRTEM. The
microtomed slices were placed on carbon-coated grids for TEM analysis.

2.2. X-ray diffraction

XRD patterns were acquired with a PANalytical X'Pert Pro equipped
with a chromium cathode tube producing CuKα radiation at 1.5418Å; a
Ni foil filter to attenuate Cu Kβ emission; and a PixCel 1-D detector
array. A divergence slit of 1/16th of a degree and an anti-scatter slit of
5.7 mm were used to minimize background scatter at low 2θ. Scans
were run in the range of 4° to 35° 2θ at a step size of 0.007° and a scan
rate of 0.35 steps/s.

2.3. UV absorption

UV absorption spectroscopy (Cary 500 UV–Vis absorption spectro-
photometer, Agilent Technologies Inc., Foster City, CA) in the range
of 250 to 300 nm was used to estimate the fraction of tryptone sorbed
(intercalated or surface adsorbed) onto theMt based on the relative op-
tical absorption of the MtTP supernatant compared to a stock tryptone
solution. The supernatant extinction spectra in the 400 to 700 nm
range, a non-absorbing region for both Mt and tryptone, was used to
estimate the scattering losses from (non-aggregated) Mt tactoids that
remained in suspension. To keep the transmission above the noise, the
supernatant was diluted 5×. Spectra were collected in 1 cm path length
quartz cuvettes.
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2.4. Electron microscopy

Scanning electron micrographs were acquired on a Zeiss Supra 55V
scanning electron microscope (SEM) operating at 30 kV. The detector
is a 768 × 1024 pixel CCD. HRTEM images were acquired with either:
1) a Tecnai F20 electron microscope (FEI Inc., Hillsboro, OR) operating
at 200 kV with a TVIPS F415 4096 × 4096 pixel CCD (Tietz Video and
Image Processing Systems GmbH, Gauting, Germany); or 2) a JEOL
JEM2100 (JEOL Inc., Peabody, MA) operating at 200 kV with a Gatan
Orius 2048 × 2048 pixel CCD (Gatan Inc., Pleasanton, CA). The effec-
tive pixel sizes are: 0.0297 nm/pixel at ×280,000 magnification
(0.0594 nm/pixel after 2× binning) on the F20; and 0.034 nm/pixel
at ×150,000 magnification on the JEM2100.

2.5. Thermogravimetric measurements

Thermogravimetric analysis was conducted on a TA Instruments
Q500 TGA (New Castle, DE) and a Netzsch STA 409 PC Luxx TG/DTA/
DSC (Netzsch Instruments, Boston, MA). Measurements were collected
in a nitrogen atmosphere on the Q500 and argon atmosphere on the
STA 409 at temperatures ranging from room temperature to 800 °C at
a heating rate of 10 °C/min on the Q500 and 3 °C/min on the STA 409.
Air dried Mt and MtTP samples of 25 mg were placed in alumina cups
for individual runs. TGA data was utilized here to determine the relative
percent peptide adsorbedon the surface of the clay and intercalated into
the interlayer space. The dehydration and dehydroxylation tempera-
tures of Mt and the temperature range of amino acid decomposition
arewell-known andwere used to characterize the nature of the interac-
tion between peptides and Mt (Olafsson and Bryan, 1970; Xi et al.,
2004).

2.6. Image and data processing

XRD patterns were fitted to Lorentzian line shapes using the
OriginPro (OriginLab, Northampton,MA) peak fitting function. Contrast
enhancement of the micrographs was performed using the auto-adjust
function of CorelDraw X4 Suite (Corel Corp. Ottawa, Canada). Fourier
spatial frequency analysis was performed on density profiles of local-
histogram-equalized segments of micrographs to compensate for spa-
tial variation in electron beam intensity. The histogram equalization
was done in order to reduce low spatial frequency components due to
large-scale differences in density resulting from variation in sample
thickness. Prior to Fourier analysis, plot profiles were adjusted to have
zero average density thus reducing the Fourier D.C. component to zero.

3. Results and discussion

3.1. X-ray diffraction

Intercalation of small peptides in the Mt expanded the interlayer
space as evidenced by shifts in the 001 XRD reflections to smaller 2θ.
The extent of basal spacing expansion increased with greater
tryptone concentration and/or longer intercalation time. The XRD
patterns (4.5° to 8° 2θ Cu Kα) from the Mt control (hydrated) and
MtTP solution at tryptone concentrations of 1, 2.5, 5 and 10 mg/ml
are shown in Fig. 1a. Least squares Lorentzian fits to the 001 reflec-
tion are plotted (dotted lines). The 001 reflections and correspond-
ing FWHM are listed in Table 1. The changes in 001 reflection angle
in the patterns indicate that the d-spacing increased as a function
of tryptone concentration and mixing time. For concentrations of
tryptone greater than 1 mg/ml, the XRD patterns of peptide-
intercalated Mt exhibited diminished intensity and line broadening
of rational reflections.

Higher order XRD reflections from oriented mounts are at approxi-
mate multiples of the 2θ angle of the 001 reflection, but for the interca-
lated clays, the scattering angles of higher order reflections revealed
further details (Moore and Reynolds, 1997). The XRD patterns (4.5° to
35° 2θ) for the Mt control and Mt mixed with 5 and 10 mg/ml tryptone
solutions (MtTP-5 andMtTP-10, respectively) are shown in Fig. 1b. For the
Mt control, the higher order reflection angleswere nearmultiples of the
001 reflection angle — indicative of a purified Mg-clay structure
mounted in the 00l preferred orientation. In the patterns from
tryptone-intercalated Mt, higher order reflections were shifted and
broadened. Several distinct new reflections, as well as ‘shoulders’ ap-
peared at non-multiples of 2θ for the 001 reflection, andwere especially
visible in MtTP-10. The broadening of the XRD reflections in the Mt
represents a combination of smaller particle size and the presence of
smaller volumes of coherent crystallite domains. The Scherrer equation
(Jonas and Oliver, 1967), which gives the mean particle size or the size
of coherent crystallite domains on the basis of line broadening, yielded
an average crystallite domain thickness of 7 nm for intercalated clay
and 17 nm for the unmodifiedMt. This suggests that ordered structures
extended for significantly smaller domains in the intercalated samples
than in the control. The shoulder at approximately 10° 2θ suggests
that some of the crystallite domains lacked tryptone and contained little
interlayer space water, and existed in sufficient amounts to be visible
above background (although barely). The resulting non-periodic struc-
ture wasmanifested as a convolution of the higher order 00l reflections,
a significant shift in the position of the 001 reflection indicating expan-
sion of the interlayer space, and broadening of the of the 00l reflections

ba

Fig. 1. a) XRD 001 reflections from Mt and MtTP with corresponding single-peak Lorentzian least-squares fits. Tryptone and Mt were allowed to mix for 3 days except as noted; b) XRD
patterns from 4.5° to 35° 2θ showing higher order reflections. Mt control reflections are close to multiples of the 001 reflection but for MtTP, higher order reflections do not align with
multiples of 2θ for the d001 reflection and several additional peaks are present.
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due to smaller volumes of coherent order among the atoms in the
tryptone-clay.

3.2. UV absorption

The amount of peptides sorbed onto the Mt was estimated from UV
absorption. In the 250 to 300 nm spectral range, protein absorption is
due to the aromatic amino acids — primarily tryptophan and tyrosine
(Stoscheck, 1990). In the 400 to 700 nm range, both Mt and proteins
are non-absorbing, therefore optical extinction is due to scattering
losses. Using the Rayleigh–Gans–Debye theory (Xu, 2003; Xu et al.,
2003; Xu and Katz, 2008), the extinction losses in the visible wave-
length range were used to estimate scattering losses in the 250 to
300 nm wavelength range. This analysis also indicated that approxi-
mately 0.3 mg/ml of the Mt (the non-aggregated small fraction,
b0.2 μm) remained in the supernatant from an initial concentration of
5.4 mg/ml. The scattering losses were then subtracted from the UV op-
tical extinction to determine optical absorption due to proteins and thus
protein concentration in the supernatants. The UV absorption data (not
shown) indicated that 90% of the tryptone remained in the supernatant
and 10% (1 mg/ml) was absorbed onto the MtTP-10 sample. Therefore
theMtTP-10 aggregateswere 84%Mt and 16% tryptone, bymass. Analysis

of the MtTP-5 supernatant spectra indicated that the MtTP-5 aggregates
were 85% Mt and 15% tryptone, by mass.

3.3. SEM

Awide-field SEMmicrograph (×67,000magnification; 4.55 μm field
of view) of a MtTP aggregate showing many Mt tactoids is presented in
Fig. 2a. Many of the platelets exhibit curling at the platelet edges; black
arrows point to platelet edges where the curling is extensive and exem-
plified by the isolated platelet located near the center of themicrograph.
Smaller platelets tended to form cylindrical tubules (white arrows
in Fig. 2a indicate some of the tubules). A higher magnification
(×434,000) SEM micrograph corresponding to the boxed region in
Fig. 2a is presented in the Fig. 2b micrograph. The single MtTP tactoid
in thismicrograph has both left-side and right-side edges rolled approx-
imately 180° and less substantial curling at the top and bottom right.
Edge curling in clays has been documented for kaolinites, and less ex-
tensively for smectites, and is regarded as the result of tactoid exfolia-
tion due to intercalation (Keller et al., 1986; Lee and Kim, 2002a, b). A
wide field micrograph consisting of individual tactoids of untreated
Mt is shown in Fig. 2c. The central tactoid is shown in Fig. 2d at higher
magnification. None of the tactoids in themicrograph exhibited curling.

3.4. TEM

Curling of the Mt tactoids increased the probability of observing, via
HRTEM, edge-on orientation in an arbitrarily microtomed pellet. None-
theless, the incidence of edge-on tactoids was uncommon. In this study,
thirty electron micrographs were collected that exhibited clearly
defined edge-on orientations suitable for analysis of basal layer
thickness. In micrographs of curled tactoids, the platelet layers were
observable near the particle edges with alternating 2:1 tetrahedral–
octahedral–tetrahedral (T–O–T) sheets and interlayer space bands
with the T–O–T sheets darker and interlayer spaces lighter. Although
determination of basal spacing by TEM analysis is less precise than
XRD analysis, it provides local sampling while XRD gives a volume

Table 1
XRD 001 reflections of MtTP.

Tryptone
concentration
(mg/ml)

Intercalation
time (days)

001 reflection
maximum (°2θ)

001 reflection
FWHM (°2θ)

d001-Value
(nm)

0 – 6.37 0.51 1.39
1 3 6.23 0.49 1.42
2.5 3 6.09 0.85 1.45
5 1 5.99 1.16 1.48
5 3 6.02 1.11 1.47
10 1 5.54 1.30 1.60
10 3 5.45 1.22 1.62

Fig. 2. a)Wide field SEMofMtTPwithwhite arrows indicating regionswith curled edges and black arrows identifying cylindrical tubules. b) Highermagnificationmicrograph of tactoids in
the central (boxed) region of panel a; substantial curling of the tactoid edges is evident on the right and left sides and, to a lesser extent, on the top center and bottom right; c) wide field
SEM of Mt control, no edge curling is evident in the tactoids; d) higher magnification micrograph of tactoids in central (boxed) region of Mt control shown in c.
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average. TEM analysis highlights the short-range structural variability
of tactoids.

The layered structure of theMtTP tactoid is observable in HRTEMmi-
crographs (Fig. 3a) throughout the clay as evidenced by quasi-parallel
bands. In several regions of themicrograph (white arrows), the tactoids

exhibited splitting — an indication of exfoliation. Regions in which the
platelets appear curved are indicated by black arrows. Close examina-
tion of the micrograph shows that there is a large variation in the
width of the dark and light pairs — consistent with the broad XRD
patterns for the intercalated Mt. Two regions labeled B and C were

Fig. 4. HRTEMmicrograph of MtTP-10 showing a thick tactoid edge-on exhibiting characteristic quasi-parallel layering. Insets from several regions of micrograph show variation in inter-
layer space thickness.

Fig. 3. a)HRTEMofMtTP-10.White arrows indicate regions of branching andblack arrows indicate curling/exfoliation of layers. b, c) Enlarged insets showing variation of basal spacing. Lines
extend across 10 platelets.
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chosen because: 1) they exhibited high contrast between the interlayer
spaces and the T–O–T sheets; and 2) they contained a large number of
parallel platelets, allowing layer thickness to be averaged over ten
adjacent platelets (enlarged in Fig. 3 insets b and c, respectively). A
large variation in basal spacing from 1.08 to 1.35 nm was observed in
the insets. This is consistent with broadening of the XRD patterns of
intercalated Mt. In order to improve the accuracy of distance estimates
in the micrographs, the average basal spacing taken over 10 bands
was measured in two sections. The average spacing is 1.31 nm for
each of the sections (Fig. 3 insets b and c). It is noted that the d001
spacing as measured by TEM is less than the value obtained by XRD,
evidence that resin fixation during TEM sample preparation reduced
the interlayer space thickness, possibly a result of dehydration.

An HRTEMmicrograph of a MtTP-10 tactoid containing approximate-
ly 55 layers is shown in Fig. 4. Note that this sample was atypical in that
most of the observed tactoids in themicrographs exhibited significantly
more splitting and curling (see Fig. 3a). Nonetheless, central portions of
the tactoid exhibited pinching out of layers and discontinuities along
the length of the tactoid. The MtTP exhibited local variation in the
basal thickness (Fig. 4, insets). As the T–O–T sheets do not vary in thick-
ness, the observed variation is most likely due to variation in interlayer
space thickness. The large number of quasi-parallel layers facilitated the
generation of density profiles of regions transverse to the layers and
determination of basal spacing by Fourier analysis. The density profiles
after local-histogram-equalization of two representative transverse re-
gions, labeled A and B, are plotted in Fig. 5a. Because higher electron
dense regions (e.g., T–O–T sheets) are darker in EM micrographs, they
exhibit lower values in plot profiles than less electron dense regions
(e.g., interlayer space). The power spectra, showing the spatial frequen-
cies of the profiles are plotted in Fig. 5b. The Fourier analysis indicated a
non-random distribution of layer thicknesses. Region A manifested
more uniformity in the profile spacing and light/dark band contrast
than region B, indicating larger coherent domains and greater homoge-
neity. The region A spectrum exhibited a higher magnitude, narrower
peak centered at 0.784 nm−1 (d001-value = 1.28 nm) and a lower

magnitude peak at 0.840 nm−1 (d001-value = 1.19 nm). This bimodal
distribution may have arisen from a mixture of intercalated and non-
intercalateddomains. The non-intercalated layerswere highly contracted
due towater loss during samplepreparation,while the intercalated layers
exhibited some contraction from water loss. However, the interlayer

a

b

Fig. 7. a)Density profiles of regions A and B in Fig. 6. Distances aremeasured from left edge
of rectangles in Fig. 6. b) Power spectrum of density profiles plotted in panel a.

Fig. 6. HRTEM of MtTP intercalated with 0.5 mg/ml of tryptone showing tactoid edge-on.
Nearly continuous layering at the left, right and top edges is clearly visible.

a

b

Fig. 5. a) Density profile of Fig. 4 regions A and B. Distances start at left edges of rectangles.
b) Power spectra of density profiles plotted in panel a.
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space peptides limited the extent of contraction. The region B power
spectrum exhibited several peaks, all broader and lower in magnitude
than the region A peaks. The highest magnitude peaks in the B power
spectrum were at 0.560 nm−1 (d001-value = 1.79 nm); 0.756 nm−1

(d001-value = 1.32 nm); and 0.812 nm−1 (d001-value = 1.23 nm). The
power spectrum analysis is consistent with the branching and disconti-
nuities observed in themicrographs and plot profiles; region A exhibited
more coherent domains with greater uniformity in band spacing; while
region B had much less spatial uniformity with smaller coherent domain
size. As both A and B regions were part of the same MtTP-10 tactoid, the
observed variation in basal spacing and domain size indicated that inter-
calation can induce greater disorder in the tactoids as well as expansion
of the interlayer space. The incidences of peak variability observed in
the Fourier spectra from parts of the same tactoid indicated that interca-
lation is non-uniform. This may have been due to different combinations
of peptides being sorbed into separate regions of the aggregate.

At lower tryptone concentration (MtTP-0.5; 0.5 mg/ml solution),
quasi-parallel bands were also evident (Fig. 6a). Layers in the central
region were sub-parallel and exhibited less contrast which may have
represented a more face-on view. Density profiles generated from the
regions labeled A and B are plotted in Fig. 7a, with corresponding
power spectra shown in Fig. 7b. In the profiles, bandswith high contrast
between the T–O–T sheets and interlayer space were clustered and ex-
tended for approximately 10 layers. This is in contrast to the density
profile of the sample intercalated at higher tryptone concentration
(Fig. 5a) in which the high contrast density extended over most of the
tactoid. The power spectrum from region A exhibited two distinct

peaks. The higher magnitude peak at 0.814 nm−1 (d001-value =
1.23 nm) and another peak at 0.743 nm−1 (d001-value = 1.35 nm)
reflected a variation in interlayer spacing across the tactoid. The larger
d001 spacing corresponded to the regions nearer to the edges of the
particle. The power spectrum of region B, exhibited a broad peak
centered at 0.791 nm−1 (d001-value = 1.26 nm). Although some
domains in the sample exhibited d001-value comparable to the samples
intercalated at higher tryptone concentration (Fig. 5b), on average, the
d001 spacing was smaller in this sample — consistent with XRD results.

A HRTEMmicrograph of two, possibly three, tactoids of intercalated
MtTP-0.5 in a face-to-face attachment is shown in Fig. 8a. The tactoids
underwent intercalation-induced exfoliation in the upper region of
the micrograph. The alternating T–O–T sheets and interlayer space
bands in inset B (enlarged in Fig. 8b) were organized in a highly parallel
orientationwith high contrast and a d001 spacing of 1.37 nm, exemplify-
ing a coherent crystallite domain extending for 10–15 pairs. Lens-like
structures caused by variations in the amount and composition of inter-
calated peptides were especially visible in inset C (enlarged in Fig. 8c)
with branching and pinching. Lateral discontinuities in the layers are
indicated by arrows in Fig. 8c. Although HRTEM micrographs show
clear evidence of local effects of intercalation in the MtTP-0.5 samples,
XRD data indicated that on average the structure of the MtTP-0.5 was
the same as non-intercalated Mt.

For comparison, a HRTEM micrograph of a Mt tactoid control in an
edge-on orientation is shown in Fig. 9. The d001-valuewas 1.18 nm, con-
sistentwith the d001-value of dehydratedMt supporting the assumption
that plastic resin fixing for TEM dehydrates Mt.

Fig. 8. a) HRTEM of Mt-tryptone aggregate showing curling of the platelets. b, c) Enlarged view of regions in panel a indicated by rectangles labeled B and C, respectively. Lines extend
across 10 platelets.
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3.5. Thermogravimetric analysis

Thermogravimetric and derivative thermogravimetric curves forMt,
MtTP-10 and MtTP-5 are plotted in Fig. 10a and b, respectively. The Mt
control exhibited a total mass loss of 14% between 50 °C and 800 °C.
Between 50 °C and 200 °C, the mass loss was 8%, corresponding to the
loss ofmost of the surface and interlayer spacewater. This was followed
by a slow 3% mass loss between 200 °C and 550 °C, likely due to dehy-
dration of residual interlayer space water that may have been more
tightly bound due to cation bridging. At temperatures above 550 °C,
the Mt exhibited a 3% mass loss due to dehydroxylation.

MtTP-10 and MtTP-5 exhibited mass losses between 50 °C and 800 °C
of 21.4% and 21.0%, respectively. The consistent mass loss concurs
with the UV absorption results that both samples absorbed near
equal amounts of tryptone. At lower temperatures, the MtTP-10 expe-
rienced a surface water loss of 3% while MtTP-5 did not demonstrate
water losses distinguishable from peptide losses. The difference in
mass loss between MtTP-5 and MtTP-10 at low temperature was likely
due to the effect of ambient humidity on surface water. In these par-
ticular samples, the MtTP-5 was more dehydrated at the start of the
experiment than the MtTP-10 sample. Due to the variation in amino
acid composition and length of peptides, volatilization occurred
over a range of temperatures with higher temperatures correspond-
ing to more complex species. At intermediate temperatures (200 °C
to 350 °C), the sharper drop in mass in MtTP-5 indicates that a larger
fraction of the peptides were surface adsorbed compared to MtTP-10.
The MtTP-10 experienced greater mass loss at higher temperature,
indicating that the peptides were more strongly absorbed into the
interlayer space.

While an increase in intercalation with tryptone concentration
was expected, it was unexpected that the total OM sorbed at both
medium (MtTP-5) and high concentrations (MtTP-10) was nearly
equal. This indicated that the nature of the adsorption is concentra-
tion dependent. In MtTP, surface adsorption was dominant at lower
concentrations, followed by absorption into the interlayer space
at higher concentration once a layer of OM had been established.
This behavior evokes the “onion-layer” model of Sollins et al.
(2006), in which mineral surfaces primed with OM promote further
adsorption onto unconditioned surfaces. While clay minerals are
known to protect OM from microbial degradation to some extent,
these results indicate that at a critical peptide concentration, interca-
lation will supersede surface adsorption resulting in a more stable
attachment.

4. Conclusions

The intercalation of small peptides into Mt results in an increase in
the d001-value accompanied by exfoliation, edge curling, and poorer
crystallinity. XRD results (increased d-spacing with increased peptide
concentration) combined with the UV and TGA results (similar relative
amount of peptides sorbed by the clay at the 5 mg/ml and 10 mg/ml
peptide concentrations) indicate that more peptides are intercalated
at the higher concentration. XRD reveals that, on average, significant
structural changes occur in the smectite as a result of intercalation.
However, high resolution microscopy reveals that intercalation is
spatially random, forming multiple crystallite domains with different
d001 values which are detectable by Fourier analysis of spatial frequen-
cies in the micrographs. The degree to which peptides are adsorbed
onto the surface or incorporated into the interlayer space is directly
related to the concentration of peptides in solution; while not detect-
able by XRD at low peptide concentrations, exfoliation and curled
edges are observable under HRTEM. At higher concentrations, intercala-
tion is significant,with peptides expanding thebasal spacing of the clays
and remaining stable at higher temperatures than surface adsorbed
peptides. Both surface and intercalated peptides are thermally stable
at temperatures above 200 °C,with some intercalated peptides resisting
thermal breakdown to temperatures as high as 500 °C. Local variations
in interlayer space thickness may depend on the properties of peptides
such asmolecularmass, charge, or hydrophobicity. TGA and UV absorp-
tion results suggest that the OM component derived from peptides in
smectites may consist of up to 16% of the total mass. These results indi-
cate that relative peptide concentration dictates whether adsorption to
clayswill occur predominantly on the surface or on both the surface and
in the interlayer space. It can therefore be concluded that at higher pep-
tide concentrations, surface-adsorption mediates interlayer adsorption,
leading to increased thermal stability.

a

b

Fig. 10. a) TGA of Mt showing fractional mass loss and b) derivative of mass loss.

Fig. 9. TEM of Mt without tryptone; d001 spacing is 1.18 nm. Line extends across 10
platelets.
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