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Palygorskite (Pal), as a valuable naturally available one-dimensional (1D) nanomaterial, has received greater
attention in both academic and industrial areas. However, the rod crystals of Pal are usually existed as crystal
bundles or aggregates in natural Pal owing to the stronger hydrogen-bonding and Van der Waals' interaction
among rods, which limit the dispersion of Pal into water or other medium. Thus, the unique nanometer charac-
teristics of Pal cannot be fully developed and its extensive application was limited, and so the high-efficient dis-
aggregation of Pal aggregates into individual nanorods becomes a key to utilize the nanometer properties and
develop the related product. In this review, the scattered information on the dispersion of crystal bundles or ag-
gregates of natural Pal for application in nanocomposites was organized, and the high-pressure homogenization
technology and integration disaggregation process proposed by our groups were especially introduced. The
crystal bundles could be disaggregated by the “shearing, impact and cavitation” effects generated during high
pressure homogenization process, without damaging the crystal structure and length of nanorods. The resultant
nanoscale rods of Pal exhibit remarkable improvement of the colloidal, adsorptive, mechanical, thermal, and surface
properties. These results reflect a scientific technical contribution to the nanocrystallization of the aggregated Pal rod
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crystals and its key role to develop various functional nanocomposites.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Palygorskite (Pal, also called as attapulgite) is a naturally available
hydrated magnesium aluminum silicate clay mineral with the theoreti-
cal formula of SigMggO,0(OH),(H,0)4 - 4H,0 (Bradley, 1940; Galan,
1996; Giustetto and Chiari, 2004; Bergaya and Lagaly, 2013). Pal is
assigned as the family of sepiolite in mineralogy because the microscop-
ic structure and morphology of Pal is similar to sepiolite (Drits and
Sokolova, 1971). Pal is composed of ribbons of 2:1 phyllosilicate units.
Each ribbon is connected to the next by the inversion of SiO, tetrahe-
dron along a set of Si-O-Si bonds, forming zeolite-like channels with
the size of 0.37 nm x 0.64 nm (Chisholm, 1990, 1992; Mckeown et al.,
2002). The perfect Pal crystal should be a trioctahedral mineral in
which the octahedral sites are all occupied by Mg?™ ions. However,
some trivalent cations, e.g., A" and Fe>* ions, may replace the Mg?*
ions in octahedral sites due to the isomorphism effect, which lead to
the formation of dioctahedral or intermediate structure (Paquet et al.,
1987; Giiven, 1992; Galan, 1996; Galan and Carretero, 1999; Sudrez
et al.,, 2007; Chryssikos et al., 2009). As a result, the crystallographic de-
fects could be found in the octahedral sheets of natural Pal, and the
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structural negative charges are usually compensated by considerable
amounts of exchangeable cations (Krekeler and Guggenheim, 2008).

The special crystal structure, stacking mode and nanometric dimen-
sion of the rod crystals of Pal endow it with plentiful pores, higher as-
pect ratio, better ion-exchange capacity (about 30 to 40 meq/100 g),
and affluent surface groups (Haden, 1963; Gonzalez et al., 1989; Cao
et al., 1996; Windsor and Tinker, 1999; Murray, 2000). So, Pal shows
excellent colloidal, adsorption, reinforcing properties, and thermal/
mechanical stability (Jones and Galan, 1988), and has been applied as
ideal candidates in many fields of nanotechnology such as colloidal or
stabilizing agents (Abdo and Haneef, 2013; Abdo, 2014; Chemeda
et al.,, 2014; J. Lu et al,, 2014), adsorbents (Al-Futaisi et al., 2007;
AM.B.M. Oliveira et al.,, 2013; Zha et al.,, 2013; H. Lu et al., 2014; ]. Han
et al., 2014; X.G. Wang et al.,, 2014; Quan et al., 2014; Wang et al,,
2015a), carrier of catalysts (Huo and Yang, 2013; Liu et al., 2013;
Papoulis et al., 2013; W.B. Wang et al., 2014), polymer nanocomposites
(Ruiz-Hitzky, et al., 2013; Alcantara et al., 2014; Kong et al., 2014;
Liu et al., 2014a; Chae et al., 2015; Tang et al., 2015), organic-inor-
ganic hybrid pigments (Giustetto et al., 2014), drug delivery carriers
(Aguzzi, et al., 2007; Q. Wang et al., 2014), biosensing materials (Luo
et al, 2013), antibacterial material (Cai et al., 2013), health care and ther-
apeutic products (Viseras et al., 2007), pharmaceutical product (Lopez-
Galindo et al.,, 2007), electrorheological materials (Li et al., 2014), and
sealing materials (Galan et al., 2011).
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In fact, most of the applications mentioned above would desire the
highly dispersed or individualized Pal nanorods. However, the rods
are usually existed as bulk crystal bundles or aggregates in natural Pal
(Fig. 1), which is not readily dispersible in either water or common
organic solvents. About the definition of the main microcosmic building
units in natural Pal clay mineral, there is still no uniform statement.
Garcia-Romero and Suarez (2013, 2014) demonstrate that natural Pal
clay mineral is mainly composed of the laths (the smallest structure
units), the rods (the oriented association of laths), and the bundles
(the association of rods). In many other researches, fibers (Corma
et al., 1987; Barrios et al., 1995; Baltar et al., 2009; Boudriche, et al.,
2012; Liang et al., 2013) or rods (Chen et al., 2012; Su et al., 2012; Liu
et al., 2014b) were frequently adopted to describe the smallest crystal
units. In this review, “rod” was used to denote the smallest crystal
units (Fig. 2), and correspondingly the association of rods was described
as crystal bundles, and the association of crystal bundles was described
as aggregates. The single rod crystal of Pal can be recognized as
nanomaterial, but the crystal bundles or aggregates with bulk size
can't play the best performance of Pal as a 1D nanomaterial. The bulk
crystal bundles in natural Pal clay mineral are difficult to be dispersed
in other medium or matrix, which certainly limited the role of Pal to fab-
ricate a variety of high-performance nanocomposites.

In order to improve the dispersion of Pal nanorod and extend its
application, many physical (i.e., ball milling, extrusion, ultrasonication,
and high-speed shearing) or chemical modification (i.e., acid treatment,
salt treatment, and organification) methods have been investigated
(Carrado, 2000; Liu, 2007; Darvishi and Morsali, 2011; Liu et al., 2012;
R.N. Oliveira, et al., 2013; Boudriche et al., 2014). Although these tradi-
tional methods are still be widely used to process clay minerals up to
now, the disaggregation efficiency of these methods is not enough,
and the rod crystals may be broken during disaggregation process by
the strong mechanical action. Thus, the disaggregation and dispersion
of crystal bundles, with no damage to the length of rods, have long
been the key bottle-neck problem that restricts the high-value applica-
tion of Pal. With the unceasing expansion of application of Pal in func-
tional materials, the high-level dispersion of Pal rods are required,
and so the disaggregation of crystal bundles as small single rod
crystals (Fig. 2) becomes extremely important.

In this review, we summarized the recent progress on the disaggre-
gation of Pal crystal bundles by employing various physical or chemical
methods. Based on this, the effect of stone milling, freezing, extrusion,
slurring and purification, high-pressure homogenization, and surface
modification on the microstructure and properties of Pal was intensive-
ly introduced. Our groups proposed the “extrusion/slurring/surface
modification/high pressure homogenization” integration process based
on a lot of researches, and have successfully achieved the large-
scale industrial production of nanoscale Pal. The obtained nanoscale
Pal shows remarkable superiority of properties in contrast to the

raw one, which will open a new avenue for extending the applica-
tions of Pal in nanocomposites.

2. Disaggregation of Pal crystal bundles

As discussed above, the efficient disaggregation of Pal crystal bun-
dles as individual nanorods is essential to extend the application of Pal
in the field of functional materials. The principle of disaggregation pro-
cess is to overcome the electrostatic, hydrogen-bonding and Van der
Waals' forces among rods by imposing external forces. The mechanical
treatment and chemical modification have been frequently used to dis-
aggregate the crystal bundles of Pal and enhance the dispersion of Pal
rods. The mechanical treatment may impose extrusion, shearing and
knead forces on the crystal bundles and then tear up the bulk bundles
as smaller bundles or single rods, while chemical modification may
alter the surface charges of Pal rods and then weaken the interaction
among rods. According to different practical usage requirement, the dis-
aggregation methods could be selected to attain the required dispersion
efficiency of crystal bundles and the desirable physicochemical proper-
ties of the product. The commonly used methods to disaggregate crystal
bundles are classified as dry method, wet method, and dry-wet combi-
nation method.

2.1. Dry methods

Dry method is a low cost ultra-fine dispersion process of clay min-
erals because it does not require use of liquid dispersion medium. The
original treatment process of Pal clay minerals is a typical dry method.
In this process, raw minerals were crushed and grinded as powder,
and the partial dispersion of minerals may improve the specific surface
area and surface activity of particles and thus enhance the adsorption,
slurrying, and reinforcing properties. The main principle of dry method
is to shred the larger particles as small-size particles by stronger mechan-
ical forces, and the dispersion degree is dependent on the mechanical
strength and treatment time. The commonly used dry methods mainly
include ball grinding, stone milling, extrusion and irradiation.

2.1.1. Ball grinding

Ball grinding treatment may crush and mix the materials by the
impact and collision action of the rapidly dropped grinding body, such
as steel ball, or cobble. When the grinding bodies rotated rapidly, the
wear action between the grinding body and the interior wall of jar
may continuously grind the materials to achieve a better dispersion
(Krause et al., 2011; Tang et al., 2012). In the process of dispersion, the
crystal structure, pores, and surface properties of minerals were usually
changed, and even the amorphous product may be formed when
imposing excessive grinding (increasing grinding strength or prolonging
grinding time) (Kasai et al., 1994; Sanchez-Soto et al., 2000). The chemical
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Fig. 1. Typical crystal bundles and aggregates of (a) raw Pal with longer rod crystal from Guanshan Mine located at Mingguang city of Anhui province, China; (b) raw Pal with shorter rod

crystal from Gaojiawa Mine located at Xuyi county of Jiangsu province, China.
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Fig. 2. Aggregation and disaggregation model of Pal rods.

composition, crystalline form and especially the content of water in the
minerals may affect the change degree of crystals. After being grinded,
the most prominent change of Pal is that the longer rods were broken
as shorter rods or particles. Jin et al. (2004) studied the effect of the
variable-frequency planet ultrafine ball grinding on the crystal structure
and morphology of Pal. It was found that the grinding treatment for 1 h
may decrease the particle size, but the crystalline structure was trans-
formed as amorphous state. The further increase of grinding time to 2-
4 h does not further reduce the particle size, but the amorphous degree
further increased. When the ball-grinding time exceeds 5 h, the particles
were seriously re-aggregated, and the crystal structure of rods was greatly
damaged. Boudriche et al. (2014) compared the effect of different grind-
ing types, e.g., batching ball milling, ultrafine airflow smashing, vibration
ball milling, on the surface properties of Pal. Comparatively, the vibration
ball grinding has relatively greater damage to the crystal structure than
airflow smashing and vibration milling. The ball grinding technology
was widely used for the processing of clay minerals, and mainly for the
ultra-fine smash of minerals. However, ball grinding is not suitable for
the disaggregation of Pal crystal bundles because it may seriously
break the rod crystals, reduce the length of rods, and damage the
crystal structure of Pal.

2.1.2. Stone milling

The stone milling may generate shearing and hoop stress during the
milling process, and then tear up the crystal bundles as smaller bundles
or rods. Our group (Liu et al,, 2012) adopted stone milling treatment to
disperse the crystal bundles of Pal. It was found that the crystal bundles
and aggregates may be moderately disassociated under the action of
mechanical forces, but the length of rods evidently reduces and even be-
comes as small particles when excessive milling times were applied,
and the milling treatment for 10 times may induce the transformation
of Pal crystals into an amorphous state, which indicates that the stone
milling treatment may seriously damage the rod crystals. Although
the stone milling treatment may improve the adsorption properties
of Pal to some degree, the severe damage of rod crystals during mill-
ing process limits its application for the disaggregation of Pal crystal
bundles.

2.1.3. Extrusion

Extrusion, as a traditional but important method, was widely applied
for processing of clay mineral. It can tear up the bulk mineral as small
particles and make these particles become fluffy. The moderate extru-
sion treatment may enhance the usage properties of Pal because the
crystal bundles may be partially disaggregated as nanorods. Duke and
Greene (1963) confirms that the extrusion treatment may enhance

the drainage properties of Pal. Haden and Schwint (1967) found that
the decoloring capability of Pal could be evidently enhanced after extru-
sion treatment. Wang (2005) systematically studied the effect of extru-
sion times on the structure and dispersion of Pal. It was confirmed that
the weaker extrusion can only partially disaggregate the crystal bun-
dles. After extrusion treatment, clay minerals could be dispersed in
the dispersion medium well because the “fluffy” particles could be hy-
drated and expanded more easily than raw mineral. However, the ex-
cessive extrusion treatment can't further improve the disaggregation
degree of crystal bundles as expected; on the contrary, the rod crystals
may be broken by the excessive mechanical treatment. The main reason
is that the mechanical force generated by extrusion treatment mainly
acts from the exterior to the interior of crystal bundles, and greater pres-
sure was acted on the rods to break the rods. In fact, the disaggregation
efficiency of crystal bundles and the damage of rod crystal are two op-
posites for the extrusion disaggregation methods. Up to now, the extru-
sion is still used as the pre-treatment process of Pal clay minerals before
the disaggregation and dispersion of crystal bundles by wet-method.

2.14. Irradiation

Irradiation is a newly adopted method to modify or disperse the
materials (Chowdhury and Sabharwal, 2011; S. Zhang et al., 2014).
The high-energy radiation may initiate atoms, break the bonds or dam-
age the texture of a matter. Zhang et al. (2013) found that some aggre-
gates were broken up after ion-irradiation treatment, and the dispersion
degree of Pal rods improved. However, the dispersed rods become
bending, and connect with each other to form a network structure
under the action of the instantly generated heat on the contact site of
rods. The Pal treated by ion-irradiation shows improved adsorption
properties for Methylene blue (Xiang et al., 2014). Although the dis-
persion of Pal rods was improved, the surface properties of Pal were
also altered due to the irradiation treatment. In addition, the apparatus
required for generating irradiation is expensive and is hardly to be pop-
ularized. So, the irradiation method is only suitable to be used in some
special areas, and can't be used as a conventional method to disaggre-
gate the crystal bundles of Pal.

2.2. Wet method

As described above, dry method is advantageous in the following
several aspects: (i) the process is simple and low cost; (ii) it could be
used for large-scale treatment; (iii) it has low requirement for appara-
tus; and (iv) it avoids the use of solvents. However, the mechanical
force generated in the practical dry-method process may break up the
nanorods, which reduce the length of rods, and even damage the
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backbone structure of crystal because the rigid Pal nanorods are more
easily to be broken at dry state. As a 1D nanomaterial, the properties
of Pal are highly dependent on the aspect ratio of rod crystal, so the
dry method, with greater damage to rod crystal, does not meet the prac-
tical usage requirement in many areas. Compared with mechanical
treatment at dry state, the treatment at wet state obviously reduced
the damage to the length and crystal structure of Pal rods. The US patent
(Sampson et al., 1998) reports a representative wet method process to
disperse Pal rods using poly(sodium acrylate) as the dispersants
(Parker et al., 2000). In this process, water molecules may penetrate
into the gap inside the crystal bundles or aggregates to dissolve the sol-
uble matters, swell the rods and alter the state of ions around rod, and
then promote the disaggregation of crystal bundles or aggregates
under the action of external mechanical shearing or stirring. Although
the wet method process required much water, the higher disaggrega-
tion efficiency and lower damage to rod crystals of this method make
it still be the highly effective methods to produce nanoscale Pal (Chen
et al., 2014).

2.2.1. High-speed shearing

High-speed shearing may impose shearing, impact and dispersion
forces on the slurry suspension along the tangent line direction of the
rotor, and then make the materials being dispersed (Tabata et al,,
1986). This method was frequently used to disperse and mix the precur-
sor for preparing various coating, pigment, adhesive and organic-inor-
ganic nanocomposites (Yasmin et al., 2003; Wang and Sheng, 2006).
As to the processing of clay minerals, the high-speed stirring was usual-
ly used for the production of colloidal clay. Viseras et al. (1999) confirms
that the higher shearing rate and longer shearing time can disperse the
suspension of Pal well, and can evidently enhance the viscosity of sus-
pension. In the practice, high-speed stirring was used as the convention-
al method to disperse Pal into water for slurring and purification or to
disperse Pal powder into other medium.

2.2.2. Ultrasonication

Ultrasonication treatment may disperse materials by its power char-
acteristic and cavitation that may change some physico-chemical feature
or dispersion state of materials (Peters, 1996). After ultrasonication pro-
cess, dense materials become looser, and thus the constitutional unit of
aggregates could be disassociated. Darvishi and Morsali (2011) prepared
nanoscale Pal by ultrasonication technology. It was confirmed that the
size of nanoscale Pal could be adjusted by altering the ultrasonication pa-
rameter. The bulk aggregates of Pal may be broken under the action of
ultrasonication and then dispersed as small bundles or rods.
Ultrasonication was frequently used for the pre-dispersion of various ma-
terials, but it is difficult to be applied for large-scale industrial production.

2.2.3. High-pressure homogenization

Different from the conventional treatment methods, high-pressure
homogenization is a technology designed on basis of “Bernoulli princi-
ple”, and has been used for large-scale industrial refinement and disper-
sion process (Schultz et al., 2004). The high-pressure homogenization
equipment could deliver the pressure up to 100 MPa, and even up to
350 MPa (Floury et al., 2002). In the process of homogenization, the
materials rapidly flowed into the homogenization valve by a positive
displacement pump, and accelerated into the channel between the
valve rod and the seat. The suspension emerged from this channel as a
radial jet that stagnated on an impact ring before leaving the homoge-
nizer. The instant loading/release process of pressure may generate
three effects: (i) shearing effect: when the high-speed flow suspension
enter into an narrow region, the resulting greater velocity gradient may
generate stronger shearing force; (ii) impact effect: the materials may
impact the homogenization valve to generate stronger impact force
(Lander et al., 2000); and (iii) cavitation effect: the great pressure
drop generate when the materials flow through the gap of homogeniza-
tion valve, and the bubbles filled with gas or vapor generate along with

the decrease of pressure (Freudig et al., 2003). The sudden collapse of
bubbles induced higher pressure gradients and high local velocities of
liquid layers in their vicinity, which produce intense shear force and
cavitation effect on the particles in the liquid (Mohr, 1987).

The cavitation effect may form many “micro bomb” inside the crystal
bundles, and generate force oriented from the interior to the exterior of
crystal bundles. This force may overcome the electrostatic and Van der
Waals' force among the rods, and instantly disperse bundles as individ-
ual rods. Different from other methods, the mechanical force from high
pressure homogenization process is mainly generated inside the crystal
bundles, which may overcome the interaction between rods and
make the rod disperse well. More importantly, this method is feasible in
large-scale industrial processing.

Our groups firstly employed high pressure homogenization technol-
ogy to disaggregate the crystal bundles of Pal, and systematic researches
were done (Xu and Wang, 2012; Xu et al., 2012, 2013a, 2013b, 2013,
2013d, 2014c). It was found that the crystal bundles could be disaggre-
gated even at the lower pressure of 10 MPa (Xu et al,, 2011). After being
homogenized at 30 MPa, the crystal bundles could be disaggregated al-
most completely, but the length and crystal structure of rods do not ob-
viously change (Fig. 3). The specific surface area, colloidal viscosity and
suspension volume of Pal evidently increased after disaggregation. The
disaggregation of crystal bundles and surface modification could be si-
multaneously achieved by the one-step high-pressure homogenization
process, and the “cavitation effect” may also promote the interaction
of modifiers with Pal. This is very favorable to the large-scale industrial
production. As a new disaggregation technology, high pressure homog-
enization could also effectively combine with other process to achieve a
better disaggregation efficiency (Xu et al., 2014a, 2014b).

2.3. Combination of dry and wet methods

Either of dry method or wet method can't meet the need of practical
application on the disaggregation of crystal bundles or aggregates. The
combination of dry and wet methods is recognized to be an effective
way to disaggregate the crystal bundles of Pal, which is becoming the
development tendency in future. The commonly used dry method treat-
ment may break the bulk mineral particles of Pal into small particles or
plate, or tear up the bulk crystal bundles to small bundles, which make
Pal mineral more easily to be dispersed in the dispersion medium. Our
works (Xu et al,, 20144, 2014b) confirm that the combination of extru-
sion, freezing, and high pressure homogenization can disaggregate the
crystal bundles more effectively than the single one.

The effect of extrusion associated high-pressure homogenization on
the disaggregation of crystal bundles and rheological properties were
intensively studied (Xu et al., 2014b). With the increase of extrusion
times, the dispersion degree of Pal rods initially increased and then de-
creased (Fig. 4). When Pal was rolled for 3 times, the dispersion degree
of rods is the best. The particle size distribution of Pal becomes narrow
after rolled for 3 times, and obviously reduced after rolled for 5 times.
The further increase of rolling times does not improve the dispersion
degree further. Inversely, the rods were broken and the length of rods
reduced after excessive mechanical extrusion.

Freezing process is a green technology to change the aggregation
state of materials. When water was transformed as ice, the volume
may expand by about 10% (Chen et al., 2007). Generally, Pal contains
four types of water molecules: the physical water adsorbed on external
surface, the zeolitic water in the channels, the coordination water bonded
to Mg ions at the edge of structural ribbons, and the structural water
coordinated to Mg?™ ions at the center of octahedral sheet (Bradley,
1940). In addition, there is much interstitial space filled by water between
agglomerated crystal bundles. Therefore, it is reasonable to suggest that
the increase of volume of ice during the freezing process can induce the
disassociation of tightly bound Pal aggregates into weakly bound bundles,
with no damage to the rod crystals of Pal.
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Fig. 3. FESEM images of homogenized Pal at (a) 0, (b) 10 MPa, (c) 30 MPa, (d) 50 MPa, (e) 70 MPa, and (f) 90 MPa. Adapted from Xu et al., 2011 — reproduced by permission of Copyright

2011 Elsevier.

Chenetal. (2010) and Q. Wang et al. (2014) demonstrate that freez-
ing process and freezing drying treatment have positive action on the
disaggregation of crystal bundles. Xu et al. (2013d) developed a novel
approach to disperse aggregates of Pal into nanorods via adding freezing
process into extrusion and homogenization treatment. It was found that
the dispersion of Pal is dependent on the freezing time, and the highly
dispersed Pal nanorods can be obtained after freezing for 4 h, followed
by homogenization at 10 MPa. The dispersed Pal retains its original
crystal structure, and the rod crystals were rarely disrupted. The rotary
viscosity increased from 152 mPa s (for raw Pal) to 2682 mPa s, which is
about 2.0 folds of the sample without freezing treatment. The effect of
squeeze, homogenization, and freezing treatments on particle diameter
and rheological properties of Pal was also studied (Xu et al,, 2014a). The
results indicated that highly dispersed nanorods without structural deg-
radation are obtained after extrusion for 2 times, freezing for 4 h, and
homogenization at 10 MPa (Fig. 5).

2.4. Chemical methods

The aggregation of Pal rods is mainly due to the existence of electro-
static, hydrogen-bonding, and Van der Waals' force among rods. The
moderate mechanical treatment may overcome the force among rods
and disperse the Pal crystal bundles. Various chemical methods, e.g.,
acid treatment (R.N. Oliveira et al., 2013), electrolyte treatment (Jacobs

and Hamill, 1970), and organification (Liu et al,, 2008; Chen et al,, 2011;
Sarkar, et al,, 2012; F. Wang et al., 2013; C.S. Wang et al., 2014) have
been employed to disperse Pal rod crystals or restrain the re-
aggregation of dispersed rods. The main principles are, (i) to alter the in-
teraction among rods by introducing different chemical molecules or
ions; (ii) to dissolve the impurities inside the crystal bundles and then
break up the bundles; and (iii) to increase the steric hindrance of rods
by introducing larger molecular chains and then increase the repul-
sion among rods. The chemical modification was used in both dry
method and wet method. For example, the introduction of sodium
hexametaphosphate, sodium pyrophosphate, and stearic acid dur-
ing ball-grinding may contribute to disperse rod crystals and reduce
the damage of crystals (Jin et al., 2004); the surface chemical modi-
fication of Pal with quaternary ammonium salts, organosilanes or poly-
mer chains may improve the dispersion of Pal rods and enhance their
compatibility with the matrix (Tang et al.,, 2014); the acidification treat-
ment of raw Pal may remove the impurities inside the crystal bundles
to enhance the dispersion of Pal rods (R.N. Oliveira et al., 2013); the intro-
duction of oxide may enhance the dispersion of Pal in the rubber ma-
trix (Zhao et al., 2012). For a long time, the chemical methods have
usually been adopted when the single physical method fails to attain
desirable dispersion efficiency. Although the added chemicals may
promote the dispersion of particles, but the surface features of Pal
rods (ie., charges, activity, polarity and hydrophilic-hydrophobic
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Fig. 4. HRTEM images of (a) raw Pal, and Pal treated by extrusion-homogenization: (b) 1 times, 30 MPa, (c) 3 times, 30 MPa, (d) 4 times, 30 MPa, (e) 5 times, 30 MPa, and (f) 3 times, 0 MPa.
Adapted from Xu et al,, 2014b — reproduced by permission of Copyright 2014 Elsevier.

Fig. 5. FESEM images of treated Pal. (a) Pal 30, (b) Pal 70, (c) Pal 3-30, (d) Pal 5-30, (e) Pal 2-4-10, (f) Pal 2-8-10, (g) Pal 2-24-10, and (h) Pal 0. (Samples were marked as Pal x, Pal y-x
and Pal y-z-x. x denotes homogenization pressure; y denotes extrusion times; z denotes freezing time). Adapted from Xu et al., 2014a — reproduced by permission of Copyright 2014
Elsevier.
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features) were also changed by the chemicals. Thus, to choose moderate
chemicals according to the practical usage requirement is necessary,
and the associated physical and chemical method is recognized to be
more effective to disaggregate the crystal bundles of Pal.

2.5. Integration disaggregation process

Generally, the desirable nanoscale Pal, produced from natural Pal
clay minerals, has the following features: higher purity, excellent dis-
persion, and greater aspect ratio of nanorods. The single disaggregation
method can't meet the above requirements. Thus, we carried out sys-
tematic researches on the development of “integration process” in
order to achieve the large-scale production of high-quality nanoscale
Pal for extending its industrial application in some high-end fields.
Through the “extrusion/slurring/surface modification/high pressure ho-
mogenization” integration process, the high-efficient disaggregation of
Pal crystal bundles, with no damage to the length of nanorods, was
achieved on an industrial scale by our groups. In this process, the differ-
ent cations (Xu and Wang, 2012; Xu et al., 2012), anions (Xu et al.,
2013c), organic salts (Y. Liu et al., 2014), and organic solvents (Xu
et al., 2014c) have been introduced to improve the dispersion of crystal
bundles further. In addition, the high pressure homogenization technol-
ogy is favorable to the interaction of modifiers with Pal. After introduc-
ing organic molecules phytic acid, the crystal bundles could be
disaggregated well, and the rotary viscosity (7% aqueous suspension)
reaches 3636 mPa s (Wang et al., 2015b), which is favorable to extend
the application of nanoscale Pal as colloidal agents in fine chemicals.

3. Dispersion of Pal crystal bundles in various medium

The reaggregation of the dispersed nanorods during drying is
inevitable due to their higher surface energy and greater surface area.
Thus far, many chemical dispersants such as sodium hexametaphosphate,
poly(sodium acrylate) and surfactants, have been used to improve the
dispersion and prevent the reaggregation of nanorods (Chen et al.,
2014). Polyelectrolyte ions may attach onto the surface of Pal rod, alter
the surface charge, and increase the repulsion among rods, which may re-
strain the aggregation of rods. Although the introduction of ions is helpful
to disperse the nanorods, the surface properties of Pal rods may also be al-
tered, which is undesirable in many applications of Pal.

Like the ionic dispersants, organic solvents may also interact with Pal
rods by dipolar or hydrogen bonding interaction. Currently, the disper-
sion of Pal in aqueous suspension is mainly focused, but little attention

was paid on the effect of organic solvents. Therefore, our groups (Xu
et al., 2013a, 2013b, 2014c) systematically studied the effect of organic
solvents or solvent/water mixture on the dispersion of Pal rods. It was
revealed that the introduction of organic solvents contributes to
improve the dispersion of Pal rods (Fig. 6) and enhance the colloidal
properties. The combination of organic solvents with high pressure ho-
mogenization process forms synergistic effect to intensify the interac-
tion between solvent molecules and Pal rods. The disaggregation of
crystal bundles and the inhibition of re-aggregation were simultaneous-
ly achieved by the one-step process. The dimethyl sulfoxide (DMSO)
treated Pal shows the best dispersion and colloidal stability. In order
to reveal the interaction mechanism of solvent molecules with Pal, we
firstly proposed that the polar solvents may form “Maya blue-like”
structure with Pal, which is responsible for the superior dispersion
and colloidal properties (Xu et al., 2013a). Comparatively, the polar
DMSO and dimethylformamide molecules are easily to enter into the
tunnels of Pal and form a strong hydrogen-bonding network with the
zeolite water or bonding water molecules, which was confirmed by
the superior thermal stability of DMSO after interacted with Pal. After
dispersion with organic solvents, the surface energy of Pal decreased,
and the solvent molecules may attach on the surface of Pal to form steric
hindrance that is beneficial to restrain the aggregation of Pal rods. The
solvents with weak polarity and low boil point may attach on the sur-
face of Pal rods to improve the dispersion.

The homogenization process plays an important role to improve the
dispersion of Pal rods and intensify the interaction of organic solvents
with Pal. According to the cavitation theory, the cavitation effect is
closely related to the viscosity, surface tension, and vapor pressure of
the dispersion medium (Shah et al., 1999). Generally, in the solvents
with low vapor pressure, more energy is required to generate cavitation,
and consequently more energy could be released upon bubble collapse.
The more released energy may generate greater force to promote the
dispersion of Pal aggregates. The solvents with larger surface tension
may increase the threshold of cavitation, and so the energy resulting
from cavitation collapse in viscous liquids is also stronger than that in
low-viscous liquid, which is favorable to the disaggregation of Pal crys-
tal bundles or aggregates (Cheng et al., 2010). Therefore, compared with
the vapor pressure, viscosity, and surface tension of the other solvents
(Dean, 1999), DMSO has the lowest vapor pressure (0.056 KPa), higher
viscosity (2.0 mPa s) and surface tension (0.0429 N m~!). This means
that more energy could be released after cavitation collapse, resulting
in more efficient dispersion of Pal aggregates (Fig. 6). In addition, the
shearing and cavitation force produced during homogenization process

Fig. 6. FESEM images of raw Pal (a), unhomogenized (b) and homogenized Pal dispersed in (c) water, (d) methanol, (e) ethanol, (f) isopropanol, (g) dimethylformamide, and (h) DMSO.

Adapted from Xu et al., 2013b — reproduced by permission of Copyright 2013 Elsevier.
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provides the driving force to promote the organic molecules into the
tunnels or attaching on the surface of Pal rod, which is favorable to
the dispersion of Pal rods.

The effect of ethanol/water ratio on the dispersion of crystal bundles
was investigated in order to explore an economical and feasible indus-
trial approach to disperse Pal (Xu et al., 2014c). It is encouraging that
ethanol may promote the dispersion of Pal rods, and the ethanol/
water ratio of 6:4 corresponds to the best dispersion (Fig. 7). The Pal dis-
persed by ethanol/water mixture solvents gives a higher specific surface
area in contrast to the raw Pal, which confirms that ethanol molecules
are mainly attached on the surface of Pal, without entering the tunnels
of Pal. The ethanol molecules on the surface of Pal may be easily re-
moved during drying, and so it does not induce the adverse change of
surface properties of Pal. This provides an industrially available route
to disperse the Pal rods and restrain the reaggregation of nanorods.

4. Applications in nanocomposites

Recently, the processing and modifying of clay minerals as nano-
materials have been especially concerned in the field of nanoscience
and nanotechnology, and such materials will play important roles in
future sustainable energy, catalysis, green chemicals, and human health

areas (Zhou and Keeling, 2013). Silicate clay minerals, as a type of repre-
sentative natural nanomaterials, have been widely applied in nanocom-
posites, and the relevant researches become the current hot spot (Sinha
Ray and Okamoto, 2003; Pavlidou and Papaspyrides, 2008; Choudalakis
and Gotsis, 2009; Garcia-Lopez et al., 2013; Sadeghipour et al., 2013;
Barzegar et al,, 2014; Faraz et al., 2014; Giannakas et al., 2014). The
silicate-based nanocomposites have been honored as the promising ma-
terials of “greening 21st century material world” by virtue of the excellent
performance and unique eco-friendly feature (Sinha Ray and Bousmina,
2005; Muller et al.,, 2014; Yang et al., 2014). Recently, the natural 1D
nanoscale silicate clay minerals have attracted more attention owing to
their special rod-like or tube-like crystal morphology and ideal surface
activity. Ruiz-Hitzky et al. (2013) summarized the fibrous clay minerals
and their bionanocomposites for potential applications in many fields.
The intrinsic structure feature of Pal make it available for fabricating var-
ious functional materials as a substitution for expensive or environment-
hazardous nanomaterials. However, most of researches concern how to
enhance the compatibility of Pal with other matrix, or how to improve
the homogeneity of the precursor used for preparing the nanocompos-
ites; while the disaggregation and dispersion of crystal bundles does not
arouse enough attention. Until recently, the disaggregation of Pal crystal
bundles as individual nanoscale rods gradually highlight its advantages

Fig. 7. FESEM of (a) raw Pal, (b) the unhomogenized Pal dispersed in water, and the homogenized Pal dispersed by ethanol-water mixture with the ratio of (c) 0:10, (d) 4:6, (e) 6:4,
(f) 10:0. Adapted from Xu et al., 2014c — reproduced by permission of Copyright 2014 Elsevier.
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of performance in each application aspect, and thus the dispersion of
crystal bundles and the application of nanoscale Pal for fabricating nano-
composites are causing increasing attention.

Our groups demonstrate that the fully disaggregated Pal rods show
better dispersion, surface activity, colloidal, adsorptive, and reinforcing
properties that are greatly superior to the raw Pal. It is obvious that
the nanometer effect of disaggregated Pal make it more effective to
fabricate nanocomposites with improved performance.

4.1. Adsorption materials

The highly dispersed Pal nanorods are obviously advantageous to
be used as the ideal carrier of magnetic particles by virtue of the rel-
atively greater surface area and higher surface activity. Our group
adopted highly dispersed nanoscale Pal to fabricate magnetic Fe30,4/
Pal@(CS/Cys-B3-CD)g (Mu et al., 2013) and Pal/Fe;04/polyaniline (Mu
and Wang, 2015) adsorbents, which shows superior adsorption capability
to noble metal ions and dyes. H. Lu et al. (2014) used the nanoscale Pal to
prepare Pal/zero-valent iron nanocomposite, which shows excellent ad-
sorption properties for Cr(VI). The highly dispersed Pal will be potential
as ideal matrix to develop new hybrid adsorbents.

The nanocomposite of Pal with polymers may attain new type of ad-
sorbent with three-dimensional (3D) network structure and plentiful
functional groups. 3D network adsorbent has higher adsorption capaci-
ty, fast adsorption rate, and better regeneration properties. The conven-
tional adsorbent prepared by solution polymerization is a bulk gel
product, which requires much energy to be dried or prilled. Our groups
synthesized granular 3D network adsorbent using solution polymeriza-
tion (Zheng and Wang, 2012; Wang et al., 2013b, 2013c; Zheng et al.,
2013), which can be directly used in practice with no need of prilling.
It has been proved that the disaggregation of Pal crystal bundles is
extremely important to fabricate a uniform granular 3D network adsor-
bent. Zheng et al. (2014) synthesized a granular chitosan-g-poly(acrylic
acid-co-itaconic acid)/Pal adsorbent by one-step solution polymeriza-
tion at room temperature and air atmosphere. The introduction of Pal
nanorods may increase the adsorption rate and improve the network
strength of the as-prepared adsorbent. The nanocomposite adsorbent
shows extremely higher adsorption capacity for the dye malachite
green (2433 mg/g) and excellent adsorption selectivity to cationic
dyes in the binary mixture solution of dyes.

4.2. Superabsorbent materials

In order to develop new type of superabsorbent materials with better
salt-resistant and ideal gel strength, the organic-inorganic nanocompos-
ites attracted more attention (Wang and Wang, 2009; Kabiri et al., 2011;
Feng et al., 2014; Rashidzadeh and Olad, 2014). The use of Pal for produc-
ing superabsorbent nanocomposite has been especially concerned due
to its excellent salt-resistant properties (Wang et al., 2008; Wang and
Wang, 2010; Shi et al., 2013; Wang et al.,, 2013e). Various modification
methods including acid treatment, salt-exchange, thermal treatment,
and organification have been employed to modify Pal for improving
the water absorbency of superabsorbent nanocomposites (Wang and
Zhang, 2006). In addition, it can also be found that the natural Pal is usu-
ally existed as bundles or aggregates, which can't be well dispersed in
the matrix. The crystal bundles are physically filled in the matrix, and
fail to fully react with the monomers. Thus, the disaggregation of crystal
bundles is important to attain a well dispersion in the polymer matrix.

The dispersion of Pal by stone milling may partially disaggregate the
crystal bundles, and can enhance the water absorbency of the superab-
sorbent (Liu et al., 2012). The grinding of Pal for 7 times can enhance the
water absorbency by 86% than raw Pal. Compared with stone milling at
dry state, the high-pressure homogenization treatment is a typical wet
method process. As shown by our research (Wang et al., 2013f), the
high-pressure homogenization treatment of Pal at different ethanol/
water ratio has greater influence on the swelling properties of the

superabsorbent (NaAlg-g-P(NaA-co-St)/Pal). It was found that the crys-
tal bundles were effectively disaggregated in the solution with the
m(ethanol):m(water) = 5:5 after homogenized at 50 MPa, which clear-
ly improved the gel strength (from 1300 to 1410 Pa, @ = 100 rad/s),
swelling capacity (from 442 to 521 g/g), swelling rate (from 3.3303 to
4.5736 g/g/s), and reswelling ability of the resultant superabsorbent
nanocomposite. This confirms that the disaggregation of Pal crystal bun-
dles is favorable to enhance the properties of the superabsorbent.

4.3. Reinforcing filers for polymer nanocomposites

Polymer/clay minerals nanocomposites are the more promising
application areas of clay minerals (Choudalakis and Gotsis, 2009; Lvov
and Abdullayev, 2013). The intrinsic nanometer character of Pal makes
it available as the reinforcing materials of polymer materials (Zhao et al.,
2012; Ruiz-Hitzky et al.,, 2013), but the aggregation of rods usually
discount on the reinforcing effect. Raw Pal can't be uniformly dispersed
in the polymer matrix, and fails to play its “rebar”-like reinforcing role
in the polymer/clay mineral nanocomposites.

In previous studies, the surface chemical modification of Pal via in-
troducing different organic groups was mainly studied (Carrado, 2000;
Liu, 2007) in order to improve the compatibility of clay minerals with
polymer. Comparatively, the disaggregation of crystal bundles for fabri-
cating polymer nanocomposite is rarely concerned. The effect of Pal
disassociated by high pressure homogenization process on the structure
and mechanical performance of poly(vinyl alcohol)/chitosan (PVA/CS)
film was explored (Huang et al., 2012). As discussed above, the high-
pressure homogenization process can not only disperse Pal nanorods
well, but also can retain the original length of rod, which obviously af-
fected the performance of the nanocomposite film. Compared with
raw Pal, the homogenized Pal can enhance the mechanical properties
more obviously. The film added only 3 wt.% of Pal may achieve the elon-
gation at break of 133% and tensile strength of 58.54 MPa. The water
resistance of the film was clearly enhanced after introducing the dis-
persed Pal by homogenization process in contrast to the raw Pal (Fig. 8).
More importantly, the transparency of the film prepared from the dis-
persed Pal in the visible light regions (400-800 nm) is obviously higher
than the film prepared from raw Pal, which confirms that the highly dis-
aggregated Pal may disperse in the polymer matrix more uniformly.

Although the polymer nanocomposites have received considerable
attention, and much research works have been published, it deserves
to be pointed out that the “polymer/clay nanocomposite” was wrongly
used in material science. According to the International Association for
the Study of Clays, “clay mineral” is more accurate and scientific than
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Fig. 8. Moisture uptake at equilibrium of the nanocomposite films with adding the Pal
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“clay”, and so the “polymer/clay mineral nanocomposite” was highly
emphasized and suggested to be used to indicate such materials.

4.4. Catalysis materials

The immobilization of active components onto natural clay minerals
opens a new avenue to fabricate new eco-friendly catalysts. The exis-
tence of carrier may restrain the aggregation of active particles. The spe-
cial 1D nanoscale crystal structure of Pal makes it advantageous to be
used as a carrier of catalyst. Many active components, e.g., noble metals,
transition metals, semiconductor, and solid acid, have been loaded on
Pal to prepare a variety of catalysts (H.R. Zhang et al., 2014; He and
Yang, 2014; Jiang et al., 2014). However, the aggregation of Pal rods
may limit the stability and activity of the resultant materials. After dis-
aggregated the crystal bundles, the active components can be uniformly
loaded on the surface of Pal rod more easily, and also the hybrid mate-
rials have better dispersion on a bulk scale. The disaggregated Pal was
adopted to prepare the Pal/Fe304/AuNP catalyst (Wang et al., 2013d)
and Pal/AgNPs (W.B. Wang et al., 2014) nanocomposite catalyst by a
facile in-situ reaction approach. The nanocomposite shows higher cata-
lytic activity for decoloration of Congo red. The Pal shows better disper-
sion and the AgNPs have a uniform distribution on the surface of Pal. Mu
and Wang (2015) prepared the Pal/Fe;04/polyaniline nanocomposite
using high-pressure homogenized Pal and used as a carrier to fabricate
Pal/Fe;04/polyaniline/AuNP nanocomposite catalyst, and the desirable
catalytic activity for reduction of 4-nitrophenol was obtained. With
the increasing industrial requirement for highly active and eco-
friendly catalyst, the nanoscale Pal will show a great prospect to fabri-
cate new-type nanocomposite catalysts.

4.5. Hybrid materials

Maya blue, an organic-inorganic hybrid pigment, has bright color
and superior stability, which does not fade even though it was exposed
to external environment for more than thousands of years (Sanz et al.,
2012). Numerous researches confirm that Pal is the irreplaceable carrier
to prepare a stable Maya blue hybrid pigment. In the preparation proce-
dure, the grinding process is fundamental to achieve a uniform disper-
sion of dye and better stability (Doménech et al., 2009; Giustetto and
Wahyudi, 2011; Leitdo and Seixas de Melo, 2013). The grinding process
may disperse the crystal bundles, release more pores, and intensify the
interaction between dye and Pal, which may promote dye molecules to
enter the tunnel, and thus the dispersion of the hybrid materials was
improved. The contribution of grinding to the dispersion of crystal bun-
dles causes the increase of specific surface area and the change of sur-
face activity, which are all favorable to the loading of dyes. We have
studied the effect of grinding time and the water content during grind-
ing on the stability of the methylene blue/palygorskite (MB/Pal) hybrid
(Zhang et al., 2015). It was confirmed that grinding time plays a key role
for the formation of a stable hybrid structure, because it greatly influ-
enced the dispersion of Pal crystal bundles and the interaction between
MB molecules and Pal. The aggregates of Pal rods were highly dispersed
as individual nanorods after being ground for 30 min, and the MB
molecules are more easily to be adsorbed on the Pal nanorods or en-
capsulated in their tunnels, so the thermal stability, acid, and UV-
light resistance of the nanocomposites were enhanced, which is
consistent with previous report (Reinen et al., 2004). The optimal
water content during grinding is 36.9%. These researches confirm
that the nanoscale dispersion of Pal will be helpful to fabricate a stable in-
organic “host” framework that is suitable for holding a “guest” molecule
into the cages or channels.

5. Concluding remarks and perspectives

Natural 1D nanomaterial has received growing attention in both ac-
ademic and industrial areas. The nanoscale dispersion of Pal rods for

nanocomposites represents the future development direction in the
field of materials because the highly dispersed Pal nanorods may con-
tribute a lot to the performance of materials. The efficiency of many tra-
ditional disaggregation methods is limited, and some rod crystals may
also be broken in the disaggregation process, which restricts the high-
value application of Pal minerals.

The high-pressure homogenization technology was adopted by
our groups to efficiently disaggregate the crystal bundles, without
damage to the length of rods. This overcomes the drawbacks of
traditional techniques and resolves the problems mentioned above.
Also, the “extrusion/slurring/surface modification/high pressure
homogenization” integration disaggregation process was also devel-
oped and used for the large-scale industrial production of nanoscale
Pal. The resultant nanoscale Pal shows satisfactory usage properties
superior to the raw ones. However, the utilization of disaggregated
Pal for nanocomposites is rarely focused previously, and has gra-
dually drawn attention until recent years, especially in the fields of
nanotechnology.

We have conducted exploratory works about the utilization of disag-
gregated Pal for nanocomposites, and a satisfactory result was attained.
Undoubtedly, the contribution of bulk crystal bundles to performance
is far away lower than that of individual nanorods. The nanoscale
Pal is potential to be applied to develop lubricant additive (Nan
et al., 2014), smart materials (Peng et al., 2011; Jin et al., 2014), bio-
materials (S. Han et al., 2014), plastic (An et al., 2008), rubber (Wang
and Chen, 2013), tissue engineering materials (Gao et al., 2014),
superhydrophobic coating (Li et al., 2013), and so on. The special 1D
nanoscale feature, excellent surface compatibility, and mechanical/
thermal stability of Pal render it advantageous as a filler of polymer ma-
terials. In the future, the applications of Pal for polymer nanocomposite
are the primary development direction as confirmed by numerous re-
searches. The disaggregation of Pal crystal bundles may disperse bulk
particles as individual nanorods, which may be dispersed in polymer
matrix more easily. The better dispersion of Pal rods in polymer matrix
brings possibility to attain desirable hybrid properties, e.g., mechanical
strength, thermal stability, bioactivity, light-resistance, and anti-aging
performance. “From nature, for nature, and into nature” will be the
sustainable subject in the future, and the disaggregation of Pal crystal
bundles as individual nanorods will ignite their future applications for
nanocomposites.

Abbreviations

1D one-dimensional
3D three-dimensional
Pal palygorskite

Pal/Fe304/AuNPs palygorskite/ferroferric oxide/gold nanoparticles

Pal/AgNPs palygorskite/silver nanoparticles

Pal/Fe304/polyaniline/AuNPs palygorskite/ferroferric oxide/polyaniline/
gold nanoparticles

DMSO  dimethyl sulfoxide

Fe30,4/Pal@(CS/Cys-3-CD)g ferroferric oxide/palygorskite@(chitosan/
L-cysteine-3-cyclodextrin)g

MB/Pal methylene blue/palygorskite

PVA/CS  poly(vinyl alcohol)/chitosan

NaAlg-g-P(NaA-co-St)/Pal sodium alginate-graft-poly(sodium acrylate-
co-styrene)/palygorskite
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