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Abstract—Particle concentration, charge, solution chemistry (i.e. ionic strength), and the nature of
organic matter (OM) are the major factors controlling particle flocculation in aqueous environments. In the
present study, the nature of clay fabric associated with clay�OM interaction at a range of ionic strengths
was the focus. In the flocculation experiments, the aqueous suspension of montmorillonite and chitin was
mixed with NaCl/MgSO4 electrolyte solution. Advanced sample-preparation techniques and visualization
methods using transmission electron microscopy were used to observe directly the micro- and nano-scale
clay�OM fabric of the resulting flocs. Such direct observation elucidated the role of OM in clay
flocculation; few attempts have been made in the past due to the technical difficulties in preserving the
original structure. A comparison of clay fabric at two different ionic strengths of 0 and 0.14 M revealed that
the individual hexagonal clay particles settled slowly with little intra-aggregate void space (void ratio:
0.07) at 0 M while rapid flocculation and settling of clay particles at 0.14 M, with or without OM, resulted
in a more open fabric with greater void space (void ratio: 0.33). The silver-staining technique demonstrated
effectively the location of electron-transparent chitin in montmorillonite aggregates. Chitin appeared to
link the face-to-face (FF) contacts of clay domains by bridging between negatively charged face surfaces.
However, the resultant void ratio and the average hydrodynamic diameter (dH) values were lower than in
the OM-free system after flocculation. The results indicated that the interplay between ionic strength and
OM content affected the floc architecture and void ratio.

Key Words—Chitin, Fabric, Flocculation, Hydrodynamic Diameter, Montmorillonite, Transmission
Electron Microscopy.

INTRODUCTION

The flocculation of dispersed aqueous suspended

particles and the resultant fabric are of great interest in

relation to: sediment dynamics (O’Melia et al., 1980;

Hill, 1996); contaminant fate and transport (Pignatello

and Day, 1996; Dachs and Bayona, 1997); physico-

chemical characteristics such as porosity, permeability,

and stress-strain behavior (Bryant and Bennett, 1988;

Kim et al., 2007); and sediment stability (Bennett et al.,

1977; Theilen and Pecher, 1991). The early concept of

clay fabric developed a few typical fabric models, e.g.

honeycomb (Terzaghi, 1925), cardhouse (Goldschmidt,

1926), turbostratic (Aylmore and Quirk, 1960), book-

house (Sloane and Kell, 1966), and stairstep (O’Brien,

1971). These models were based on the observations of

the shape, orientation, and arrangement of clay particles.

Bennett et al. (1981, 1989) revealed, through numerous

electron microscope observations, that the multiple unit,

domain-type clay fabric (rather than the single plate

concepts) was dominant in most sediments. In the early

stages of fabric formation in the water column in

particular, the surface electrical double layer (EDL)

characteristics of the particles, in relation to the

electrochemical properties of the surrounding aqueous

media, exert significant control on the clay fabric

(Bryant and Bennett, 1988; Bennett and Hulbert,

1986). Recent studies of flocculation modeling have

found that the effect of EDL may be diminished in OM-

rich sedimentary systems (Furukawa et al., 2009; Mietta

et al., 2009).

Improvement in predictive models for scientific and

technical applications in geoacoustics, geotechnique,

and biogeochemistry cannot be achieved effectively

without a direct investigation of the petrophysical

properties of sedimentary deposits. Bennett et al.

(1977) proposed a fabric model for smectite-rich and

illite-rich clay sediments with varying void ratio (e) (=

ratio of the pore volume to the volume of the solids).

Based on previous laboratory analyses and theoretical

considerations, the fabric of clay-rich sedimentary

deposits can be affected by particle size, mineralogy,

depositional environment, degree of consolidation, pore

distribution, and diagenetic reactions, all of which

contribute to changes and differences in geotechnical

properties of sediments. The impact of physicochemical
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forces on fine-grained sediments compared with the

gravitational force was emphasized, particularly in early

diagenetic processes (Bennett et al., 1996), but such

studies gave little consideration to the environmental

variables such as microbe�clay interaction, organic

matter (OM)�clay reaction, or temporal and spatial

dynamics of redox chemistry controlled by microbial

diagenesis. Recent studies have investigated particle

concentration, ionic strength, and types of OM as major

factors in controlling particle aggregation (Elimelech et

al., 1995; Gates et al., 1998; Kim et al., 2005; Jaisi et

al., 2007, 2008; Furukawa et al., 2009). The mechanisms

of clay�OM interaction were described by adsorption,

intercalation, and cation exchange which together

provided a model for the structural modification of

aggregates (Lagaly, 1986; Lagaly et al., 1984). Bennett

et al. (1999, 2004) demonstrated the role of OM in the

geotechnical properties of surficial marine sediments,

and Curry et al. (2009) discussed the role and interaction

of biogeochemical processes and mechanisms that drive

clay nano- and microfabric development. Hulbert et al.

(2002) demonstrated the importance of OM bridging

with clay domains in observations of the sediment–water

interface for selected marine and freshwater environ-

ments. Nevertheless, basic understanding of the nature

of the clay fabric at the nanometer scale associated with

the organo�clay interaction at various salinities remains

primitive.

In the present study, the transmission electron

microscopy (TEM)/Ag-staining technique (Curry et al.,

2007, 2009) and hydrophilic resin impregnation techni-

que were used to minimize the structural modification in

order to elucidate the clay�OM sediment fabric formed

at a range of ionic strengths. Direct observation of

aqueous nano-flocs (Eisma and Li, 1993; Verney et al.,

2009; Mietta et al., 2011) has always been a challenge

because many of the conventional nano-characterization

techniques require sample dehydration, and the dehydra-

tion of natural aquatic clay samples inevitably alters the

properties. Use of hydrophilic resin in the present study

eliminated the dehydration step and greatly enhanced the

potential for preservation of the original fabric for TEM

observations.

MATERIALS AND METHODS

Materials and initial mixtures

The clay mineral used in this study was powdered

montmorillonite ((Na, Ca)1.2(Al, Mg)8(Si4O10)4
(OH)8·12H2O; product number 46E0435, Ward’s

Sc ien t i f i c ; ca t ion exchange capaci ty (CEC):

110 cmole/kg; and specific surface area: 800 m2/g).

Montmorillonite is a major component of suspended clay

particles in estuarine environments, and has variable

surface charge or CEC compared with other clay

minerals such as illite or kaolinite (Lagaly, 1986;

Lagaly et al., 1984; Kim et al., 2005). Two grams of

clay was dispersed in a 1 L distilled water column and

settled for 7 h and 22 min. The supernatant containing

the size fraction of <1 mm was collected by saving the

upper 2.5 cm of the supernatant at 23ºC assuming

2.5 g/cm3 average grain density and 1 centipoise (cP) of

water viscosity using Stokes’ Law (Batchelor, 1967).

The settling and collection were repeated until a

sufficient volume (50 mL) of suspension was accumu-

lated, which was then homogenized and a 20 mL aliquot

was dried and weighed to determine the suspension

density. Once the suspension density was known, the

remaining suspension was diluted with milli-Q water

(Millipore Milli-Q Biocel Water Purification System,

Massachusetts, USA) to yield a 16 mg/L suspension

density.

Chitin, purified powder from crab shell (CAS 1398-61-4,

Sigma), was suspended in milli-Q water to yield a

16 mg/L suspension, and then sonicated for 1 h. The

chitin suspension was stored in a refrigerator and used or

discarded within 72 h. Chitin is a polysaccharide and can

be made visible under TEM with the TEM/Ag-staining

technique (Curry et al., 2009).

At the beginning of each experimental run, the

montmorillonite (16 mg/L) and chitin (16 mg/L) suspen-

sions were combined with an aqueous solution contain-

ing both mono- and di-valent electrolytes (25 g NaCl +

8 g MgSO47H2O to 1 L water) to yield suspension

concentrations of 8 mg/L montmorillonite and 4.8 mg/L

chitin, with the nominal ionic strength of 0�0.14 M.

This is within typical values of suspended material

concentrations found in rivers and estuaries. For

example, waters from the upper estuary of Pearl River

in southern Mississippi have been characterized to

contain 30�20 mg/L total suspended solids (Duan and

Bianchi, 2006) with 21 wt.% organic and 79 wt.%

inorganic materials (R.H. Stavn, unpublished data). The

average total organic carbon (TOC) concentration of

3�20 mg/L has been reported for major rivers in the

U.S., including 7 mg/L for the lower Mississippi River

(Reuter, 1977). After the suspensions and electrolytes

were combined, the system was observed for 60 min by

means of dynamic light scattering spectroscopy (DLS)

using a Malvern Zetasizer nano ZS in order to determine

the time-dependent size increase due to flocculation. The

mixture was stirred with a magnetic stirrer in the

reservoir (2.0 cm of inner diameter) with 1 revolution s�1

during the 60 min period, except when the optical

analysis was actively taking place. Stirring ensured that

the hydrodynamics was dominated by the Brownian

motion and hydrodynamic shear. The exact value of the

Reynolds number yielded by the magnetic stirrer is not

known but can be estimated to be small (i.e. in the order

of 102�103) from the size of the reservoir and the

rotation used. The modification of floc architecture

associated with stirring in the experiment was mini-

mized. In typical estuaries the Reynolds number reaches

105�108 (Chason and Trevethan, 2006).
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Embedding, thin sectioning, and silver staining

techniques

The major problem with clay-fabric analysis at nano

scale under TEM is the modification of the original

structure due to the dehydration step required by typical

sample-preparation processes. A low-viscosity resin (e.g.

L.R. White resin) that can penetrate into the clay

interlayers prevents possible layer collapse due to the

dehydration, and thus maintains the original floc structure

(Kim et al., 1995). That technique, however, is not

suitable for samples containing OM because the solvent-

exchange step (methanol-water) in the L.R. White

embedding procedure may remove the OM from flocs.

The use of water-miscible Nanoplast resin (Leppard et al.,

1996) eliminates the dehydration step typically required

for most TEM sample-preparation protocols, and allows

the preservation of the structural integrity of the flocs

throughout the sampling and embedding process (Kim et

al., 2005). The suspension (0.3 mL) was added to a

hydrophilic Nanoplast resin, and then cured in the oven at

40ºC for 48 h (Leppard et al., 1996). The cured samples

were sectioned parallel to the bedding on an ultramicro-

tome with a diamond knife. The thin-sectioned samples

were inspected carefully to ensure no damage or distortion

had occurred during preparation. The 90 nm sections of

resin-embedded flocs were collected on gold-coated

nickel TEM grids. The silver-staining technique (Curry

et al., 2007) was employed to visualize the electron-

transparent chitin in the flocs under TEM. Each section

was oxidized with 1% periodic acid (HIO4), floated in 1%

thiosemicarbozide (TSC), and then transferred to a

solution of silver proteinate. In this process, silver

proteinate binds to TSC that binds to polysaccharides

such as chitin. The electron dense particles of silver

proteinate on the chitin can be visualized in the TEM at

high magnification (Curry et al., 2007). In the present

study, the silver-staining with Nanoplast resin-embedding

technique was shown to be an effective way of displaying

the location of chitin in the montmorillonite and chitin

flocs on TEM micrographs. However, precise volumetric

representation of the total amount of chitin in the sample

could not be provided.

Transmission electron microscopy

The floc architecture was observed at both low

(610,000) and then high (6100,000) magnifications

in order to characterize quantitatively the spatial

relationship between chitin and clay particles at the

nanometer scale. The JEOL 3010 TEM operating at

300 keV with a LaB6 filament at the Naval Research

Laboratory-Stennis Space Center, Mississippi, USA, was

used for all TEM analyses in the study. Hundreds of clay

packets were analyzed using the negative images of

TEM micrographs with a microfiche reader.

The clay-packet thickness was determined for ~159

clay packets by measuring the thickness parallel/

perpendicular to c* across grain boundaries defined by

small angles to the other grains, and concentrations of

edge dislocations as described previously (Kim et al.,

1995; Kim and Peacor, 2002). Selected area electron

diffraction (SAED) patterns were also recorded to

distinguish the chitin (silver particles) from the clay

particles.

The void ratio was measured on the 2-dimensional

(2D) TEM images taken for the flocs generated at I = 0

and 0.14 M. The ratio of total pixel counts for the void

and whole area of each individual floc was determined

using Photoshop1 image analysis. The averaged values

of void ratio at 0 and 0.14 M were obtained from the

totals of 13 and nine TEM negative images, respectively,

with each image containing ~6�10 void spaces. The

standard deviation of each measurement (Table 1)

indicated that the data points tended to be close to the

mean values.

Floc-size analysis

The temporal evolution of the montmorillonite

(�chitin) floc size in each system was analyzed by

dynamic light scattering spectroscopy (DLS) using the

Malvern Zetasizer nano-ZS at 25ºC and circumneutral

pH (i.e. 6.5 < pH < 7.5) (Berne and Pecora, 1990). The

DLS determined the average hydrodynamic diameter

(dH) of colloids and flocs suspended in liquids as

follows: (1) the temporal fluctuations in the intensity

of scattered light due to Brownian motion of the colloids

and flocs (which is related to the size) was measured;

(2) the measured scatter was expressed as a function of

time (i.e. correlation function); (3) the cumulant-analysis

fitting method was used to derive the intensity-averaged

translational diffusion coefficient, D, from the correla-

tion function; and (4) D was then used in the Stokes-

Einstein equation, dH = kBT/3pZD where kB is the

Boltzmann constant, T is the absolute temperature, and Z
is the viscosity of the medium, to derive dH. Note that

the ‘hydrodynamic diameter’ of a floc is the equivalent

diameter of a spherical particle with the same Brownian

motion properties as the floc. Colloid flocculation is a

balance between aggregation and break-up, and the net

effect of flocculation was measured. The colloids and

flocs in this study were non-spherical and polydispersed.

Consequently, the dH values determined were considered

not to be the true diameter but rather to be a measure of

the relative average hydrodynamic diameter under the

given experimental conditions. Whereas inversion meth-

ods (e.g. CONTIN) are often used in polydispersed

systems to obtain the size distribution as well as the

average particle size, the complexity of highly poly-

dispersed and non-spherical natural colloids and flocs

makes the application of inversion methods impractical.

The cumulant method was, therefore, used in this study.

Note also that the hydrodynamic diameters determined

by DLS and reported here are the intensity average of the

floc sizes.
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The temporal evolution of the hydrodynamic dia-

meter of montmorillonite-only and montmorillonite +

chitin suspensions was determined at four different ionic

strengths (i.e. I = 0, 0.035, 0.07, 0.14 M). From the

sample reservoir (~ 20 mL), a small aliquot (e.g. 1 mL)

of the suspension mixture was introduced to the DLS

sample chamber every 2�5 min for analysis. After the

analysis, the aliquot was returned to the sample chamber

where it was re-homogenized with the rest of the sample

suspension until the next analysis within 2�5 min.

RESULTS

Floc-size analysis by DLS

The initial hydrodynamic diameter (dH) of mont-

morillonite-only flocs was dH & 200 nm (Table 1). In

the I = 0 M system, the floc size remained unchanged

whereas the floc size increased to 490, 1060, and

1200 nm after 60 min in the system with greater ionic

strength (i.e. I = 0.035, 0.07, 0.14, respectively).

The floc size showed different dH values when chitin

was present. The suspensions at I = 0 M showed very

little change in the floc size (~200 nm) regardless of the

presence or absence of chitin (Table 1). On the other

hand, the flocculation was retarded at I = 0.035, 0.07,

and 0.14 M when chitin was present, compared to the

chitin-free suspensions (Table 1). The void ratio of

flocculated montmorillonite was different for different

ionic strength values (e = 0.07 and 0.33 for I = 0 and

0.14 M, respectively) (Table 1). Furthermore, the

smaller void ratio (i.e. 0.22, compared to 0.33) was

observed for flocs that contained chitin at I = 0.14 M.

TEM observations

The clay fabric of the montmorillonite-only systems

at I = 0 and 0.14 M was examined in the TEM

micrographs (Figure 1). The images indicated that

individual hexagonal clay plates (H) had settled with

little intra-aggregate void space (V) and some clay

particles were deposited on the surface of platy clay

grains (see arrowhead) at I = 0 M resulting in the small

void ratio of 0.07 (Figure 1a). On the other hand, at I =

0.14 M, the various contacts of clay particles, i.e. face-

to-face (FF), edge-to-face (EF), and edge-to-edge (EE)

were developed, resulting in the large void spaces (V)

with a void ratio of 0.33 (Figure 1b).

Flocs from the montmorillonite and chitin mixture at

I = 0 and 0.14 M were also examined in the TEM

micrographs (Figure 2). The samples shown were not

treated with the silver-staining technique and so chitin

was not visible. The images were compared with the

silver-stained images to illustrate the advantage of using

the silver staining. The TEM micrographs of mont-

morillonite and chitin mixture showed few flocculation

features at I = 0 strength (i.e. lacking the range of FF,

EF, and EE structures). Instead the individual clay

particles settled with FF contacts (see the outlined

magnified area) due to the lack of flocculation while in

the water column and subsequent settling of individual

discrete particles. This resulted in a few small void

spaces (V) with a void ratio of e = 0.05 (Figure 2a).

When the ionic strength was 0.174 M, flocculation in the

water column occurred and increased the clay particle

linkages creating a number of large void spaces (V) with

a void ratio of e = 0.22 (Figure 2b).

The packet-size distribution for the montmorillonite-

only and the montmorillonite + chitin mixture was

measured on the TEM micrographs. The term ‘packet’

refers to discrete domains with coherent layers of

montmorillonite separated from other domains by small

angles (dislocations) or contrast (Kim et al., 1995; Kim

and Peacor, 2002). For example, a TEM micrograph of

clay flocs at I = 0.14 M with the EE, EF, and FF contacts

(outlined area in Figure 3a) was magnified to measure the

size distribution of discrete clay packets (Figure 3b). Each

clay floc comprised several clay packets identified by

coherent lattice fringes with angles/dislocations (areas 1,

2, and 3) and contrast changes (areas 4 and 5) on the TEM

lattice-fringe image (Figure 3b). The thickness of each

packet was measured by counting the number of the layer

spacings (~1.1�1.2 nm/spacing) in each montmorillonite

packet on the TEM micrograph at a high magnification as

shown in the inset to Figure 3b. The expansion of

montmorillonite layers induced by chitin intercalation into

the interlayer was not observed on TEM lattice fringes.

The packet size of 83 and 76 clay domains in pure

montmorillonite as well as montmorilonite + chitin

systems at the same ionic strength (0.14 M) were

determined to have mean values of 14.3 nm (standard

deviation = 0.9 nm) and 13.8 nm (standard deviation =

0.8 nm), respectively, showing a similar packet-size

distribution for both systems (Figure 4).

In order to elucidate the role of chitin in clay fabrics,

the TEM micrographs of silver-stained chitin and

montmorillonite mixture at I = 0.14 M were examined

(Figure 5). Clay particles (Mont.) formed domains and

Table 1. Hydrodynamic diameter (dH) after 60 min and void ratio (e) with standard deviation (st.-dev.) in montmorillonite
flocs at various ionic strengths.

Ionic strength (I) — 0 M — 0.035 M 0.07 M — 0.14 M —
Measurements dH (nm) e (st.-dev.) dH (nm) dH (nm) dH (nm) e (st.-dev.)

Montmorillonite only ~200 0.07 (0.01) ~490 ~1058 ~1200 0.33 (0.03)
Montmorillonite + chitin mixture ~200 0.05 (0.01) ~264 ~236 ~600 0.22 (0.02)
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Figure 1. TEM images of montmorillonite-only suspensions at (a) I = 0M and (b) I = 0.14 M. Individual hexagonal clay particles (H)

settled without flocculation, resulting in little intra-aggregate void space (V) with a void ratio of 0.07 observed at I = 0 M. Various

contacts (EE, EF, and FF where EE = edge to edge, EF = edge to face, and FF = face to face) of clay domains at I = 0.14 M resulted in a

large void space (V) with a void ratio of 0.33.

Figure 2. TEM images of montmorillonite and chitin mixtures at (a) I = 0 M and (b) I = 0.14 M. Flocculation features were not

observed at I = 0 M; rather the individual clay particles settled in a face-to-face fabric signature (see outlined, magnified area)

resulting in small void spaces (V) with a void ratio of 0.05. The flocculations at I = 0.14M caused the large void spaces (V) with a void

ratio of 0.22 associated with clay-particle linkages (FF, EF, and EE contacts where EE = edge to edge, EF = edge to face, and FF =

face to face).
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each domain was linked by chitin, resulting in the

‘globule’-shaped organo-clay clusters with large

(~300 nm) void spaces (V) (Figure 5a). Each of the

bridged clay domains formed perfect stacks (Figure 5b).

The silver nanoparticle clusters (fine black dots indi-

cated by arrows in the TEM micrographs [Figure 5c,d] of

the outlined areas in Figure 5a,b, respectively) indicated

the location of chitin in clay fabrics. The black dots

observed in chitin and montmorillonite-dominated areas

were confirmed by SAED patterns with the three

strongest silver Bragg reflections of 0.24, 0.20, and

0.12 nm and diffused d002 reflections of montmorilonite

(inset in Figure 5b).

DISCUSSION

Clay fabric

In the montmorillonite-only system, the degree of

clay flocculation and void-space formation depended on

the difference in ionic strength (Table 1). The wide

variety of clay-particle contacts at I = 0.14 M

(Figure 1b) was generated as a result of rapid floccula-

tion, resulting in the large void ratio. On the other hand,

the lack of water-column flocculation at I = 0 M

inhibited the void formation (Figure 1a). In the mont-

morillonite-only systems, the EDL of the montmorillon-

ite surfaces with the increased ionic strength, resulted in

the compressed EDL and the electrostatic repulsive

Figure 3. TEM images of montmorillonite and chitin mixtures at I = 0.14M (a) at lowmagnification showing EE = edge to edge, EF =

edge to face, and FF = face to face contacts and (b) lattice fringes (1.1�1.2 nm spacing) of discrete clay packets at high

magnification. Each clay floc consisted of several clay packets identified by coherent lattice fringes with angles/dislocations (e.g.

areas 1, 2, and 3) and contrast changes (e.g. areas 4 and 5) on the TEM lattice-fringe image.

Figure 4. Discrete clay-packet-size distribution of montmorillonite only and of a montmorillonite + chitin mixture at I = 0.14M. The

TEM thicknesses of 83 and 76 individual clay packets in each suspension were measured perpendicular to c* across grain boundaries

on the microfiche reader resulting in mean thicknesses of 14.3 nm and 13.8 nm, respectively.
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forces combined with energy mechanisms (e.g. thermo-

kinetics) were able to increase flocculation (Bennett and

Hulbert, 1986). The variable edge charges of clay

particles or exchanging structural OH- groups (Lagaly

et al., 1984) may also induce flocculation.

In the montmorillonite + chitin systems, however,

flocculation was not as prominent as in the mont-

morillonite-only systems suggesting that the addition of

chitin increased the net repulsive forces between mont-

morillonite surfaces. The zeta potential, which can be

considered as the proxy for the surface potential and is

directly related to the EDL repulsive forces, was

analyzed recently for both montmorillonite and chitin

(Furukawa et al., 2009). The results showed that

montmorillonite surfaces are far more electronegative

than chitin surfaces at all ionic strength values

(Furukawa et al., 2009) relevant to the present study.

In other words, if the flocculation behavior were to be

dominated by the EDL repulsion, the montmorillonite-

chitin systems would flocculate more readily than the

montmorillonite-only systems. The nature of this addi-

tional repulsion other than EDL repulsive forces (non-

DLVO repulsive forces) could explain the contrary

observation.

Figure 5. TEM images of montmorillonite and of a silver-stained chitin mixture at I = 0.14 M revealing the role of biopolymers in

clay flocculation. The silver aggregates are located in the chitin (black dots indicated by arrows). Chitin (a) surrounded the clay

particles creating large ‘globular’ organo-clay clusters with large void space (V) and (b) bridged the discrete clay packets with face-

to-face (FF) contact. The inset figure shows the SAED pattern of the montmorillonite-chitin mixture with diffuse ring patterns of

amorphous chitin and d002 spacing of montmorillonite clays with the three strongest silver Bragg reflections of 0.24 nm, 0.20 nm, and

0.12 nm confirming the silver-stained chitin. The outlined areas in parts a and b were magnified and the aggregates of silver (black

dots) locating chitin were marked by arrows (c and d).
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Although chitin increases the net repulsive force, it

does not prevent flocculation entirely. Montmorillonite

+ chitin systems flocculate at high ionic strength, albeit

more slowly than the montmorillonite-only systems. The

TEM micrographs suggest that chitin may be more likely

to act as a bridge between the clay particles during

flocculation. Indeed, the clay particle flocculation at I =

0.14 M caused the various clay-domain contacts (Figure

2b) resulting in the large void spaces, while the lack of

rapid flocculation and subsequent slow settling of

unflocculated clay domains at I = 0 M (Figure 2a) led

to small void spaces, as reflected in the changes in the

values of dH and void ratio (Table 1). Chitin appeared to

link the FF contacts of clay domains at I = 0.14 M which

would otherwise be repulsive due to the negative surface

charge. Divalent cations are more effective than mono-

valent ions at causing EDL to shrink. The expansion of

montmorillonite layers associated with the intercalation

of OM into clay interlayers (Vali and Hesse, 1990;

Lagaly, 1981) was not detected in the TEM lattice-fringe

images. This may be due to the high ionic strength at

which the adsorption of OM to clay surfaces is the

dominant mechanism compared with other interactions

such as intercalation and cation exchange (Lagaly et al.,

1984). The chitin bridging the montmorillonite domains

was clearly observed in the TEM micrographs for the

silver-stained sample (Figure 5) and the resultant void

ratio and dH values were shown to be reduced compared

to the chitin-free systems (Table 1). At I = 0.14 M in

particular, the architecture of the flocs showed various

organo-clay fabric resulting from chitin and mont-

morillonite interaction, e.g. ‘globule shape’ where each

clay domain was linked by chitin (Figure 5). The various

particle contacts (EE, FF, and EF) associated with the

rapid flocculation at high ionic strength created the

globular aggregates.

Void ratio and dH

The void ratios reported here (Table 1) were mea-

sured on the 2D TEM images. The 2D determination of

void ratio is more accurate on randomly arranged fabrics

than on fabrics with a preferred orientation (Bennett et

al., 1989). The void ratios based on 2D serial images that

were then reconstructed as a 3D fabric representation

showed the same results as with 2D measurement

(unpublished data). Caution is required, however, when

interpreting the void ratio because the floc architecture

could be modified by the break-up of flocs during

sample preparation. For the present study, the thin-

sectioning was done parallel to the sediment bedding,

minimizing the amount of microtome-related artifacts.

The packet-size distributions at I = 0.14 M were similar

in both montmorillonite-only and montmorillonite +

chitin systems (Figure 4) indicating that the initial

formation of individual clay packets in suspensions

where I = 0.14 M were not modified by the intercalation

of chitin (Figure 4). Therefore, the changes in dH value

and void ratio were mainly associated with the

flocculation of clay rather than the intercalation of

chitin over a range of ionic strength. Note, however, that

the hydrodynamic diameter determined by the DLS

method may not agree with the TEM-observed floc sizes

due to the very definition of the ‘hydrodynamic

diameter.’ However, the relative trend agrees (i.e. the

average floc size is largest in the high ionic-strength

system with no chitin).

Implications for the natural environment

The present study showed that the open fabric with

various clay associations (i.e. FF, FE, and EE) can be

formed very rapidly when the solution containing the

colloidal suspension of clays and OM encounters water

with high electrolyte concentrations (e.g. seawater).

Even though chitin is an important source of ocean and

estuarine OM (Johnstone, 1908; Boyer and Kator, 1985),

the chitin concentrations of the <0.2 mm clay fraction in

Delaware Bay ranged from 4 to 21 mg/L (Montgomery

et al., 1990). The low concentration of chitin in the

water column may be due to the physical behavioral

partitioning (fast sinking, microbial utilization, or

trapping in the clay) expected of the nearly electro-

neutral chitin colloids.

The intimate spatial association between clay sur-

faces and chitin molecules (Figure 5) was formed very

rapidly in I = 0.14 M systems, within ~60 min or less of

the encounter between montmorillonite and chitin. This

observation may be applicable to our understanding of

the theoretical modeling (Hill et al. 2001; Furukawa et

al., 2009) and modification of petrophysical properties

of the sediments in natural environments (Bryant and

Bennett, 1988; Bennett and Hulbert, 1986). However,

the observed type of particle association in the present

study may not be same in the natural environment,

because the variabilities of grain size, compaction,

bioavailability of OM, microbe�mineral interaction,

and particle-to-particle aggregation, in addition to the

clay�OM interaction, make it difficult to predict the

resultant sediment fabric and its petrophysical proper-

ties. For example, marine sediments with 53�4% TOC

have greater porosities and void ratios than similar fine-

grained sediments (same grain size and mineralogy) with

very little OM (43% TOC) (Bennett et al., 1999, 2004).

Furthermore, the chitin or other OM with positive charge

or polarity will be attracted preferentially to the regions

of minimum potential energy formed by clay-fabric

signatures (EF, FF, and EE domain contacts). Therefore,

clay�OM interaction is not simply a function of the

negative surface charge of the clay component but

depends also on the chemical composition, shape, and

size of the OM (Bennett and Hulbert, 1986). Direct TEM

observation of flocs associated with clay�OM interac-

tion resulting in the modification of void ratio call for

further study of clayey sediment fabric in natural clay-

water systems, particularly OM-rich environments.
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SUMMARY

A rapid aggregation and settling of colloidal clays in

high ionic-strength solutions resulted in large flocs with

very open (i.e. large intra-floc void ratio) fabric whereas

the lack of aggregation and eventual slow settling of

individual clay particles in low ionic-strength solutions

led to clay fabric with very small void ratios. Chitin

retarded, but failed to prevent entirely, the flocculation

of montmorillonite (Table 1). The TEM analysis

revealed that the small aggregates that formed in the

chitin-containing systems had an open structure (void

ratio = 0.22) with chitin bridging two negatively charged

montmorillonite surfaces to yield the FF contacts. The

interplay between ionic strength and OM content

affected the floc architecture and void ratio. The

silver-staining technique with Nanoplast resin embed-

ding was shown to be an effective way of locating chitin

in montmorillonite fabrics using TEM.
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