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The nanoscale dispersion of rod-like crystal bundles or aggregates of natural palygorskite (PAL) is not only
significant in practical application but is also a challenge. In this paper, phytic acid (PA) was introduced during
high-pressure homogenization (HPH) process to simultaneously disperse PAL crystal bundles and restrain the
re-aggregation of the dispersed nanorods. SEM, TEM, XRD, FTIR and N2 adsorption–desorption analyses
confirmed that the crystal bundles or aggregates of PAL were highly disaggregated and dispersed to individual
nanorod with no disruption to the aspect ratio of rods after being homogenized at 30 MPa, and PA molecules
are favorable to dispersion and restrain the re-aggregation of nanorods. The nanoscale dispersion of PAL rods
increased the BET specific surface area and Zeta potentials, and effectively improved the colloidal properties.
The colloidal viscosity of modified PAL was sharply increased by 110.4% (from 1728 mPa·s to 3636 mPa·s) at
the optimal dosage of PA (0.1 wt.%) and the homogenization pressure of 30 MPa, and the suspension stability
was clearly enhanced by 71%. This simple disaggregation process provides a new industrial approach to produce
nanoscale PAL and extend its application in modern industry.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Over the past decades, clay minerals as the materials of “greening
21st century material world” have been extensively concerned by
virtue of their excellent properties and eco-friendly advantages [1–3].
Palygorskite (PAL) is a naturally available Mg-rich silicate mineral
with nanorod-like crystal morphology and theoretical formula of
(Al2Mg2)Si8O20(OH)2(OH2)4·4H2O [4]. The intrinsic microstructure of
PAL endows it with the features of one-dimensional nanomaterials,
and so PAL has found potential applications in many fields such as
nanocomposites [5–7], catalyst supporters [8–10], crystalline film [11],
adsorbents [12,13], colloidal agents [14,15] and pigment [16].

The performance of thematerials derived from PAL is highly depen-
dent on the dispersion scale of PAL nanorods [17–19]. However, the
rods in natural PAL existed as bundles or “woodpile-like” aggregates
because the strong hydrogen bonding and van der Waals interactions
existed among rods [20]. These bulk bundles or aggregates are hardly
to be dispersed into nanoscale rods by a common treatment method,
e Applied Technology, Lanzhou
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and so raw PAL is only a precursor of nanomaterials, instead of a real
nanomaterial. In that case, the colloidal, adsorption and reinforcing
properties of natural PAL are extremely limited, and the derived mate-
rials hardly reach a satisfactory performance. Therefore, to disaggregate
the crystal bundles of PAL and disperse them into nanoscale becomes
the key to develop high-performance PAL-based materials.

Generally, the effective dispersion of PAL rods could be achieved by
two processes: (i) using moderate mechanical treatment to take apart
the crystal bundles [21]; (ii) introducing chemicals to adjust the surface
character and restrain the re-aggregation of dispersed nanorods [22].
Thus far, many methods (i.e., extrusion, high-speed shearing, ultra-
sound, freezing and grinding) have been used to disaggregate the crys-
tal bundles. However, these methods are subject to two contradictory
problems: the disaggregation efficiency is not enough at lower shearing
strength, but the excessive mechanical action may break the nanorods
and decrease the aspect ratio. From the aggregation state of nanorods
in natural PAL [20], it can be noticed that the aggregates or crystal
bundles can be disaggregated when the external force can overcome
the hydrogen-bonding or van der Waals forces existed among rods.
However, in the methods described above, the imposed mechanical
forces (i.e., squeezing, shearing, rub) mainly act on the rigid PAL rods,
and so they have larger contribution to break rods than to disaggregate
them. Furthermore, many of these methods are not suitable for
large-scale industrial production.
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Different from the conventional mechanical treatment methods,
high-pressure homogenization (HPH) is a technology designed on the
basis of the “Bernoulli principle”, and is used for large-scale industrial
refinement and dispersion [23]. In the process of homogenization,
the dispersion liquids firstly pass through a pressure-adjustable
homogenization valve, and the “cavitation effect” was generated due
to the sudden release of pressure. The mechanical forces generated
from “cavitation effect” mainly act on the gaps among the crystal
bundles, and mildly “burst through” the closely intertwined nanorods.
So, the crystal bundles can be disaggregated effectively without
disrupting the inherent aspect ratio of nanorods [24]. In addition,
the dispersants or modifiers can be easily introduced in the process
of high-pressure homogenization to realize the simultaneous
disaggregation of crystal bundles and the surface modification by a
one-step process [22,25]. This is very significant to the large-scale
industrial production.

After disaggregation, the highly dispersed nanorods may be
re-aggregated during drying due to the higher surface energy of free-
standing nanorods, and so moderate modifier is required to restrain
the re-aggregation process. Phytic acid (PA) is a saturated cyclic acid
with six –H2PO3 groups (Scheme 1), and is the principal storage form
of phosphorus in many plant tissues, especially in bran and seeds [26].
PA is an innoxious, biocompatible and environment friendly organic
molecule, and is usually used as corrosion resistant inhibitor of metal
materials for the paint or pigment [27]. Besides, PA can interact with
the silicate (SiO2) nanoparticles (with 7.94% of P loading) to form a
new material with excellent functional properties [28], and it exhibits
a stronger infinitywith silicates. It was expected that PA can be attached
on the surface of PALnanorod to adjust its surface properties, decreasing
the re-aggregation of nanorods during drying. In addition, it may
contribute to alter the self-assembly and “face-to-edge” association
capability of PAL nanorods in aqueous solution to improve the colloidal
properties. However, there are no researches on the combination of
PA with HPH process to improve the dispersion or other performance
up to now.

In order to effectively disaggregate crystal bundles of PAL, dis-
perse them into nanoscale rods and improve its colloidal properties,
in this paper, natural PAL was modified with PA under high-pressure
homogenization to obtain nanoscale PAL. It was expected that
the “physical” homogenization action may disaggregate the crystal
bundle, and the “chemical” modification with PA may restrain the
Scheme 1.Molecular structure of phytic acid.
re-aggregation of PAL nanorods. The effect of nanoscale dispersion
treatment on the structure and physico-chemical properties was inves-
tigated by Fourier transform infrared spectroscopy (FTIR), X-ray diffrac-
tion (XRD), scanning electronic microscopy (SEM), BET specific surface
area, and Zeta potential analyses, and the colloidal viscosity, stability
and rheological properties were systematically evaluated.

2. Experimental

2.1. Materials

PAL claymineral was obtained fromGuanshanMine (Anhui, China),
and was three-rolled for one time before use. The main chemical
composition is Al2O3 (10.318%), MgO (14.474%), CaO (0.694%),
SiO2 (69.264%), K2O (0.985%), and Fe2O3 (5.023%). PA (biochemical
reagents, BR) was purchased from Sinopharm Chemical Reagent
Co., Ltd (Shanghai, China). All aqueous solution was prepared with
deionized water.

2.2. Dispersion and modification of PAL

Natural PAL was simultaneously dispersed and modified by
introducing PA in the HPH process. Typically, PAL was dispersed in
the solution of PA (0.1 wt.%) at the solid/liquid ratio of 7/100 under
continuous mechanical stirring (800 rpm, 4 h), and then filtered
through a 300-mesh sieve to remove the undesirable quartz. The
filtered suspension was divided into six equal parts, and then
homogenized under different pressures (0 MPa, 10 MPa, 20 MPa,
30 MPa, 40 MPa and 50 MPa) using the high-pressure homogenizer
(GYB-3004, Shanghai Donghua High Pressure Homogenizer Factory,
Shanghai, China). Finally, the solid product was separated by
centrifugation at 4500 rpm, dried at 105 °C for 4 h, ground, and
passed through a 200-mesh screen for use. The PA-modified PAL
samples under different pressures were marked as pPAL-0, pPAL-10,
pPAL-20, pPAL-30, pPAL-40 and pPAL-50, and the PAL sample that
is only homogenized at 30 MPa (without adding PA) was marked
as PAL-30.

2.3. Measurement of rotation viscosity

The homogeneous dispersion for viscosity test was prepared as the
following procedure: 7.0 g of PAL samples was dispersed in 93 mL of
deionized water by a high-speed stirring at 11000 rpm for 20 min.
Then, the rotary viscosity of the suspension at different shear times
was measured on a ZNN-D6 rotational viscosimeter (Qingdao Camera
Factory, China) at 30 rpm, using spindle 3#.

2.4. Measurement of colloidal stability

The colloidal stability of the suspensionwas evaluatedusing the con-
ventional sedimentation method in a graduated cylinder. Generally,
2.0 g of PAL sample was dispersed in 120 mL of deionized water, and
then high-speed stirring at 11000 rpm for 10 min to form a uniform
dispersion. The dispersion was transferred to a 100 mL graduated
cylinder, and it was allowed to stand undisturbed for a certain time.
The sedimentation volume was read directly from the graduated
cylinder at a set time interval.

2.5. Measurement of rheological property

Shear rheological properties were measured on an Anton Paar
Physica MCR301 Rheometer at 25 °C. For steady shear measurements,
the shear rate ranged from 0.1 to 200 1/s. A cone-plate with water
bath was used for all measurements. The concentration of the PAL
suspension for measurement is 7.0 wt.% (mass fraction).
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2.6. Characterizations

The morphologies of samples were observed using a field emis-
sion scanning electron microscope (FE-SEM, JSM-6701F, JEOL, Ltd)
after coating with gold film. TEM image was taken using a JEM-
1200 EX/S transmission electron microscope (TEM) (JEOL, Tokyo,
Japan). The XRD patterns were collected on an X'Pert PRO diffrac-
tometer equipped with a Cu Kα radiation source (40 kV, 40 mA)
from 3 to 70° with a step interval of about 0.167°. The FTIR spectra
Fig. 1. SEM images of (a) pPAL-0, (b) pPAL-10, (c) pPAL-20, (d) pPAL-30, (e) p
were recorded on a Thermo Nicolet NEXUS TM spectrophotometer
in the range of 4000–400 cm−1 using a KBr platelet. The specific sur-
face area was measured on an ASAP 2010 analyzer (Micromeritics,
USA) at 77 K by the N2 adsorption–desorption isotherms. All the
samples were degassed at 90 °C for 10 h to remove moisture. The
specific surface area (SBET) was calculated by the BET equation. The
total pore volume (Vtotal) was obtained from the volume of liquid
N2 held at the relative pressure P/P0 = 0.95. The micropore volume
(Vmicro) was estimated by the t-plot method.
PAL-40, (f) pPAL-50 and (g) PAL-30 samples; TEM image of (h) pPAL-30.
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Fig. 2. XRD diffractograms of PAL modified under different homogenization pressures.
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3. Results and discussion

3.1. Nanoscale dispersion of PAL bundles

The SEM images of PA-modified PAL under different homogeniza-
tion pressures are shown in Fig. 1. Many crystal bundles and aggregates
can be observed in pPAL-0 sample (without homogenization), which
indicates that the simple rolling pretreatment and weak mechanical
stirring is not enough to disintegrate the crystal bundles of PAL
(Fig. 1a). After being homogenized at 10 MPa and 20 MPa, the crystal
bundles and aggregates reduced, the dispersion degree of nanorods in-
creased, and numerous individual nanorods were observed (Fig. 1b, c).
This reveals that the crystal bundles were dissociated after homogeni-
zation, even at a relatively lower pressure. With increasing the pressure
to 30 MPa and 40 MPa, the dispersion degree of PAL nanorods was
further increased, and the bundles were almost dispersed to nanoscale
(Fig. 1d, e). Whereas, the length of nanorod has no obvious change,
indicating that the HPH process can fully dissociate the crystal bundles
of PAL at 30 and 40 MPa with no damage to rod crystal [24]. When the
pressure was increased to 50 MPa, the length of rods was slightly
decreased in comparisonwith the others, indicating that the exorbitant
pressure may damage the rod crystal.

It can also be observed from Fig. 1(g, h) that the crystal bundles
have not been effectively dispersed as individual nanorods after only
homogenization (without PA) at 30 MPa and 40 MPa, indicating
that the introduction of PA not only is favorable to the dispersion of
nanorods, but also restrains the re-aggregation of dispersed nanorods
(Scheme 2). The PA molecules with fix –H2PO3 groups may interact
with the PAL nanorods. For one thing, the degree of dissociation of
the acid groups could influence the aggregation via the electrostatic
repulsion between phytate units; for another, the phytate units
could be attached to surface metal cations of PAL via a coordinative
arrangement, which may increase the steric hindrance and contact
distance among nanorods and then restrain their re-aggregation.

Fig. 2 shows the XRD diffractograms of PA-modified PAL under
different homogenization pressures. The (110) diffraction peaks
of the pPAL homogenized at 0 MPa, 10 MPa, 20 MPa, 30 MPa,
40 MPa and 50 MPa appeared at 2θ = 8.39° (d = 1.0530 nm),
2θ = 8.38° (d = 1.0542 nm), 2θ = 8.34° (d = 1.0593 nm), 2θ = 8.34°
(d = 1.0593 nm), 2θ = 8.35° (d = 1.0580 nm) and 2θ = 8.33°
(d = 1.0605 nm), respectively [29,30]. This reveals that the (110)
crystal planes of PAL have minor changes after homogenization.
The interplanar spacing of (110) plane was slightly increased with
increasing the pressures, and then tends to a constant value. The dif-
fraction peaks of (110), (200), (130), (040) and (240) crystal planes
of PAL have no clear change, even treated at the highest pressure
(50 MPa). This implies that high-pressure action may affect the
microenvironment around the tetrahedron and octahedron, but has
Scheme 2. The effect of PA on restraining th
no obvious impact on the skeleton structure of PAL crystal, which is
consistent with the SEM results. As described previously, ultrasound
treatment [31] or grinding treatment [32] may destroy the crystal
structure of PAL. This difference further confirms that HPH technolo-
gy is superior to the other mechanical treatment methods [24].

Fig. 3 shows the FTIR spectra of PA-modified PAL samples. The
absorbance bands of PAL at 3615 cm−1, 3581 cm−1, 3551 cm−1

and 3524 cm−1 can be assigned to the O–H stretching vibration of
Al2O–H groups, the O–H stretching vibration of (Al,Fe) O–H groups,
the stretching vibration of bondwater OH2, and the stretching vibration
of adsorbed and zeolite water, respectively [33,34]. The bands at
1655 cm−1, 1198 cm−1, 982 cm−1 and 649 cm−1 are ascribed to the
overlapping band of H–O–H bending vibration of adsorbed and zeolite
water molecules, the stretching vibration of the Si–O–Si group connect-
ed two reverse SiO4 tetrahedrons, the symmetric stretching vibration of
Si–O–Mgand the stretching vibration of H2O–Mg–H2O (adsorbedwater
and zeolite water), respectively. These absorbance bands have no
obvious changes after homogenization treatment. This indicates that
the crystal structure of PAL is not destroyed during homogenization
process [34], which can fit well with the SEM and XRD results.

Besides the nanorod-like crystals, the nanoporous structure of PAL is
also an important physicochemical index that may greatly affect its
application in many areas. The BET specific surface area (SBET) of PAL
is mainly dependent on the dispersion degree of nanorods and the
distribution of modifiers on the surface. Generally, the SBET may
e re-aggregation of dispersed nanorods.

image of Scheme�2
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Fig. 3. FTIR spectra of (a) pPAL-0, (b) pPAL-10, (c) pPAL-20, (d) pPAL-30, (e) pPAL-40
and (f) pPAL-50.
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decrease after modifying with organic molecules because they
may enter the pore or coat on the surface of PAL to block the pore
or tunnel [35,36]. The decrease of SBET was observed in most of the
surfactant-dispersed clay minerals [37], which is adverse to the
practical application of clay in many cases.

The modification of PAL with PA can be confirmed by the change of
P2O5 content (determined with the method described in Ref. [38]). The
P2O5 content for pPAL-0 is 36.69 ppm, but it increased to 38.3 ppm
(pPAL-10), 42.1 ppm (pPAL-20), 45.8 ppm (pPAL-30), 46.3 ppm
(pPAL-40) and 46.8 ppm (pPAL-50) after homogenization. This
indicates that the PA molecules existed on the surface of PAL, and the
HPH process contributes to the attachment of PA. Despite the existence
of PAmolecules on PAL, it deserves to be pointed out that themodifica-
tion of PALwith PA andHPH processmay enhance the SBET. As shown in
Table 1, the SBET of APT-30 is 211.12 m2/g, but the SBET of pAPT-30 can
reach 231.5 m2/g, indicating that the introduction of PA is favorable to
increase the SBET of PAL, instead of decreasing it. This may be due to
the better dispersion and weak re-aggregation of PAL nanorods after
adding PA (Scheme 2).

The HPH process hasmore obvious influence on the pore parameter.
With increasing the homogenization pressures: (i) the specific sur-
face area (SBET) was firstly increased, reaching the maximum value
(231.5 m2/g) at 30 MPa, and then decreased; (ii) the external surface
area (Sext) was increased after homogenization, but the homogenization
pressures have no obvious influence on Sext; (iii) the micropore specific
surface area (Smicro) was increased after being homogenized at 20, 30
Table 1
BET parameters of PA-modified PAL under different homogenization pressures.

Samples Different homogenization pressures

pPAL-0 pPAL-10 pPAL-20 pPAL-30 pPAL-40 pPAL-50

SBET/m2/g 213.65 217.36 219.09 231.50 225.95 215.57
Smicro/m2/g 84.53 84.60 87.61 98.95 92.88 83.72
Sext/m2/g 129.12 132.76 131.48 132.55 133.08 131.84
Vmicro/cm3/g 0.0447 0.0443 0.0459 0.0518 0.0487 0.0438
Vtotal/cm3/g 0.4820 0.4982 0.5414 0.5691 0.5447 0.5347
PZ/nm 9.0246 9.1691 9.8848 9.8328 9.6432 9.9216
and 40MPa, but decreased at 50MPa; (iv) the pore size (PZ)was greatly
increased with increasing the homogenization pressure, and the PAL
sample homogenized at 50 MPa gives the maximum PZ of 9.9216 nm;
(v) the pore volume (Vtotal) was firstly increased and then decreased.
The changes of pore parameters with homogenization pressure are
mainly due to the disaggregation of the crystal bundles or aggregates
of PAL. After being dispersed as nanoscale (see Fig. 1), more pores,
especially the micropores, were uncovered and the Smicro has relatively
greater contribution to the SBET. The Vmicro and Vtotal reached the
maximum after being homogenized at 30 MPa. This indicates that
more micropores were released by the “cavitation effect” generated
from the HPH process, while the pores were not damaged. The disper-
sion of PAL by HPH process induced obvious increase of PZ in contrast
to the un-homogenized sample, and the maximum PZ (9.9216 nm)
was reached after being homogenized at 50 MPa due to the breakage
of partial nanorods and the loss of the micropore [31]. These results
also indicate that the PA molecules do not enter into the pore of PAL,
and are only attached on the surface of PAL nanorods.

After PAL crystal bundles were dispersed as nanoscale rods,
the Zeta potentials were also changed. As shown in Fig. 4, the Zeta
potential of un-homogenized sample is −15.67 mV. After homoge-
nization at different pressures, the Zeta potentials were increased
to −16.07 mV (for 10 MPa), −16.08 (for 20 MPa), −16.27 mV
(for 30 MPa), −16.3 mV (for 40 MPa), and −16.27 mV (for 50 MPa).
The Zeta potential of pPAL-40 reached the minimum. The change of
Zeta potentials is mainly due to, (i) the full dissociation of crystal
bundles as highly dispersed PAL nanorods may uncover more surface
groups and –Si–O− bonds to increase the potential on the surface of
PAL [15,39]; (ii) more PA molecules can attach on the surface of PAL
after homogenization treatment due to the efficient dispersion of crys-
tal bundles, which give rise to the increase of surface negative charges.

3.2. Colloidal properties

The nanoscale dispersion contributes to improve the colloidal
properties, and in turn the improvement of colloidal properties may
also reflect the dispersion of nanorods. As shown in Fig. 5, the viscosity
of the dispersion of PAL decreased with prolonging the shear time,
which presents an obvious shear-thinning thixotropic behavior that is
essential for the application of clay in many areas including coating,
daily chemicals, and paint. The rotary viscosity of the PAL dispersion
was initially increased and then decreased with increasing the homog-
enization pressure, and the PAL homogenized at 30 MPa gives the opti-
mal viscosity of 3636 mPa·s (Fig. 5a). This viscosity value can meet the
practical usage requirement of colloidal PAL in fine chemical industries.
By comparison with the colloidal system based on the PAL modified
with other methods (or modifiers), this viscosity is the optimum.
Fig. 4. Zeta potential of PAL modified under different homogenization pressures.
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Fig. 5. Variation of viscosity of the PAL modified under different high-pressure
homogenization pressures (a) and the viscosity of each sample at time 30 s (b).

Fig. 6. The suspension property of the PAL modified under different homogenization
pressures.
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More importantly, this process is simple, facile and suitable for large-
scale industrial production.

The rotary viscosity of the PAL dispersion is closely related to the
stability of the three-dimensional colloidal network composed of
nanorods. The more stable is the network, the higher is the viscosity
[16,21]. The main driving forces of forming the network structure are
the “face-to-edge” electrostatic interaction between the positively
charged “end” and the negatively charged “face” of PAL nanorod as
well as the hydrogen bonding and van der Waals' force among surface
groups. Thus, the viscosity is mainly dependent on the dispersion
degree of nanorods, the aspect ratio of nanorod and the surface charge.

Before homogenization, the raw PAL existed as bulk crystal bundles
or aggregates (Fig. 1a), which is difficult to form a stable colloidal
network. With increasing the homogenization pressure, the dispersion
degree of nanorods increased and the number of individual nanorods
(the basic building units) gradually increased (Fig. 1). The dissociation
of PAL crystal bundles into individual nanorods at moderate pressure
is favorable to the self-assembly of nanorods and stability of gel network
[21]. The improvement of network stability causes the increase of
colloidal viscosity.

In addition, the surface potential of PAL was increased after modifi-
cation with PA and HPH process, which may increase the association
among nanorods and restrain the re-aggregation of the individually
dispersed nanorods (Scheme 2). After being homogenized at 30 MPa,
the dispersion degree of nanorods was clearly improved and more PA
molecules attached on the surface of PAL. Thus, the surface charges
and the dispersion of nanorods achieved an ideal balance point, and so
the viscosity was sharply increased from 1728 mPa·s to 3636 mPa·s.
With the further increase of homogenization pressure, some nanorods
were broken and the aspect ratio of rods becomes smaller after treat-
ment at too-high pressure. As a result, the intergranular coupling inter-
action becomes weak, and the viscosity of PAL dispersion exhibits a
downward trend.

The colloidal stability was greatly improved after dispersion and
modification. As shown in Fig. 6, all the samples almost reach the
sedimentation equilibrium after settling for 48 h, and the dispersion of
un-homogenized PAL sample was quickly decreased from 100 mL to
60.5 mL after settling for 12 h. However, the colloidal stability of PAL
sample was greatly improved after homogenization treatment. The
best colloidal stability of PAL dispersion was obtained after homogeni-
zation at 30MPa. The dispersion of pPAL-30 can still maintain the inter-
face level of 90mL after settling for 108 h, which is closely related to the
better dispersion as well as the relatively higher viscosity of the disper-
sion of pPAL-30 [24]. For the un-homogenized sample, it contains lots of
crystal bundles and bulk particles or aggregates. The poor dispersion of
PAL nanorods leads to the fast sedimentation of the dispersion. After
homogenization at 30 MPa, the dispersibility of the PAL nanorods was
improved and the sedimentation volumewas increased, which indicate
that the dissociation of crystal bundles, the surface charge and the
viscosity of PAL dispersion have reached an ideal value after homogeni-
zation, which is favorable to improve the colloidal stability of the
PAL dispersion.
3.3. Rheological properties

The flow curves of the PAL dispersion are shown in Fig. 7a. As can be
seen, the shearing viscosity sharply decreased with increasing the shear
rate, and the rheological curves show typical pseudoplastic flow behav-
ior that is themain characteristic of clayminerals [40]. Themodified PAL
with PA molecules under high-pressure homogenization has relatively
higher viscosity, which is consistent with the change tendency of rotary
viscosity. As shown in Fig. 7b, the shear stresses increase with enhanc-
ing the homogenization pressure to 30MPa (pPAL-30), and then slight-
ly decreased with the further increase of pressure. The yield stress
needed for the dispersion to start flowing was clearly observed. This
implies that disaggregation of PAL crystal bundles may increase the
association among nanorods in aqueous solution, and thus a stronger
stress is required to break the connected clusters and orient the
entangled rods in the flow direction.
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Fig. 7. (a) Shear rheological curves of PAL dispersion, (b) shear stress curves of PAL
dispersion and (c) the fitting curves of log (τ− τ0) versus log (γ).

Table 2
The yield stresses of PAL dispersion.

Samples τ0/Pa a R

pPAL-0 6.5 0.4061 0.9989
pPAL-10 8 0.3873 0.9990
pPAL-20 12 0.4360 0.9986
pPAL-30 15 0.4719 0.9988
pPAL-40 14 0.4559 0.9979
pPAL-50 13 0.4956 0.9961
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Pseudoplastic flow behavior of colloidal dispersion can be described
by the Herschel–Bulkley (H–B) model [41]:

τ ¼ τ0 þmγa ð1Þ

where τ is the shear stress, τ0 is the yield stress, γ is the shear rate, m is
the consistency coefficient and a is the flow behavior index. Generally,
theH–Bmodel is used for the dispersionwhich has an initial yield stress
at low shear rate, and afterwards presents a pseudoplastic or shear-
thinning behavior at higher shear rate [42]. Therefore, the H–B model
is suitable for fitting the rheological curves of PAL dispersion, and the
fitting was carried out according to the method proposed by Coussot
and Piau [43]. As shown in Fig. 7c, the plots of log (τ − τ0) versus
log (γ) give straight lines with better linear correlation coefficients.
The yield stress increases with increasing pressure, reached the
maximum (15 Pa) at 30 MPa and then decreased. The yield stress of
the modified PAL is always higher than the un-homogenized PAL. This
indicates that nanoscale dispersion of PAL bundles by combining PA
and HPH process is favorable to enhance the entanglement among
rods more effectively.

The value of yield stress is a useful parameter to characterize
the strength of inter-particle forces in a colloidal suspension. Some
literature reported that yield stress is an indicator of the amount of
stress required to reduce a flocculated system to a dispersion compris-
ing only primary particles [44]. Like other clay systems, the colloidal
properties of PAL dispersion are strongly correlated with the floccula-
tion degree among the particles as well as the structure of flocs,
and the rheological properties of PAL dispersion are quite sensitive
to the dispersion state of the particle [45] and are not apparent until
the bundles are being separated into individual rods [46]. Thus, the
nanoscale dispersion of PAL crystal bundles is responsible for the
increase of yield stress. As shown in Table 2, the resultant a values are
smaller than 1, indicating that the suspension behaves not like Bingham
fluid [47].

4. Conclusions

To improve the dispersion of rod-like crystal bundles or aggregates
of PAL is significant to extend its application in modern industry,
but there still lack simple, efficient and industrially available approaches
to achieve the nanoscale dispersion of PAL rods. In this paper, the
“physical” HPH technology and “chemical” PA-modification were com-
bined to disperse PAL nanorods and improve its colloidal properties.
The high-pressure homogenization process effectively dissociated the
crystal bundles of PAL into individual nanorods without damaging the
aspect ratio of PAL nanorods, and the simultaneous introduction of PA
restrains the re-aggregation of dispersed nanorods. The nanoscale dis-
persion crystal bundles of PAL clearly enhanced the colloidal properties
of PAL. The PALmodifiedwith PA and homogenized at 30MPa gives the
best viscosity and stability. In contrast to the un-homogenized samples,
the viscosity of PAL increased by 110.4% (from 1728 mPa·s to
3636 mPa·s), and the colloidal stability enhanced by 71%. The PAmole-
cules only attach on the surface of PAL, and restrain the re-aggregation
of nanorods by increasing the repulsion among rods.

The HPH technology has the rapid, high-efficient and safe advan-
tages, and can be used for large-scale production of colloidal PAL prod-
uct. The resulting product can be used as thicker, stabilizer, thixotropic
agent, suspending agent and sizing agent, and shows great prospect
in fine chemicals and petrochemical industry fields. The nanoscale
dispersed PAL can be used as “aginomoto” (describes a filler that
may cause greater improvement of performance by only adding a
small dosage) of functional materials for high-end industrial applications.
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