
Micromachines 2013, 4, 215-231; doi:10.3390/mi4020215 
 

micromachines 
ISSN 2072-666X 

www.mdpi.com/journal/micromachines 

Review 

Automated Ultrafiltration Device for Environmental 
Nanoparticle Research and Implications: A Review 

Tsung M. Tsao 1, Ya N. Wang 2, Yue M. Chen 3, Yu M. Chou 3 and Ming K. Wang 4,* 

1 The Experimental Forest, National Taiwan University, Nantou 55750, Taiwan;  

E-Mail: tmtsao@ntu.edu.tw 
2 The School of Forestry and Resource Conservation, National Taiwan University, Taipei 10617, 

Taiwan; E-Mail: m627@ntu.edu.tw 
3 Department of Geosciences, National Taiwan University, Taipei 10617, Taiwan;  

E-Mails: d92623001@ntu.edu.tw (Y.M.C.); boolachiou@yahoo.com.tw (Y.M.C.) 
4 Department of Agricultural Chemistry, National Taiwan University, Taipei 10617, Taiwan 

* Author to whom correspondence should be addressed; E-Mail: mkwang@ntu.edu.tw;  

Tel.: +886-2-3366-4808; Fax: +886-2-3366-0751. 

Received: 28 February 2013; in revised form: 16 May 2013 / Accepted: 17 May 2013 /  

Published: 3 June 2013 

 

Abstract: Nanoparticle research and development have brought significant breakthroughs 

in many areas of basic and applied sciences. However, efficiently collecting nanoparticles in 

large quantities in pure and natural systems is a major challenge in nanoscience. This review 

article has focused on experimental investigation and implications of nanoparticles in soil, 

clay, geological and environmental sciences. An automated ultrafiltration device (AUD) 

apparatus was used to demonstrate efficient collection and separation of nanoparticles in 

highly weathering red soils, black soils, and gouge of earthquake fault, as well as zeolite. 

The kaolinite, illite, goethite, and hematite were identified in highly weathering red soils. 

Transmission electron microscopic (TEM) images showed the presence of hematite 

nanoparticles on the surface coating of kaolinite nanoparticles and aggregated hematite 

nanoparticles overlapping the edge of a kaolinite flake in a size range from 4 to 7 nm. The 

maximum crystal violet (CV) and methylene blue (MB) adsorption amount of smectite 

nanoparticles (<100 nm) separated by black soils were about two to three times higher than 

those of bulk sample (<2000 nm). The smectite nanoparticles adsorb both CV and MB dyes 

efficiently and could be employed as a low-cost alternative to remove cationic dyes in 

wastewater treatment. Quartz grain of <50 nm was found in the gouge of fault by X-ray 

diffraction (XRD) analysis and TEM observation. Separated quartz could be used as the 
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index mineral associated with earthquake fracture and the finest grain size was around  

25 nm. Comparing the various particle-size fractions of zeolite showed significant 

differences in surface area, Si to Al molar ratio, morphology, crystallinity, framework 

structure, and surface atomic structure of nanoparticles from those of the bulk sample prior 

to particle-size fractionations. The AUD apparatus has the characteristics of automation, 

easy operation, and high efficiency in the separation of nanoparticles and would, thus, 

facilitate future nanoparticle research and developments in basic and applied sciences. 

Keywords: black soil; hematite; kaolinite; nanoparticle; red soil; smectite 

 

1. Introduction 

Nanoparticles, which are smaller than 100 nm, are important in industrial and environmental 

applications because of their high specific surface area (SSA) and surface reactivity and their 

associated properties of adsorbing or binding to organic and trace metal contaminants. For example, in 

industrial applications, SSA and porosity properties of fine particles, including nanoparticles are of 

important properties in many field researches, especially the surface and interface reaction of solids 

such as catalyzed reaction [1–5], adsorption reaction in liquid [6,7] and gas adsorption on solid  

surface [8,9]. In environmental applications, Mayo et al. (2007) [10] reported that 12-nm magnetite 

particles were roughly 200 times more effective in removing As(III) and As(V) from water than 20 and 

300 nm ones, indicating significant size-dependent effects. This is most likely due, at least in part, to 

differences in surface and near-surface atomic structure, as well as crystal shape and surface 

topography as a function of size in this smallest of size regimes [11]. A relatively large proportion of 

the exposed Al and Si atoms of nanoparticles are on or near their surfaces, showing cracks, crevices or 

pores within their structure [12]. This causes nanoparticles to exhibit distinctly different properties 

from the same material in the bulk sample, which are strongly dependent on the extent of structural 

alteration, the nature of their porosity, and resultant changes in magnitude of their SSA and surface 

charge properties [13,14]. 

Nanoparticle collection techniques have been developed for micro/nano-particle separation, such as 

split-flow lateral-transport thin-cell fractionation [15], field-flow fractionation [16], or analytical 

centrifugation and ultracentrifugation [17,18]. All these techniques, however, are more expensive and 

cumbersome than filtration method. The filtration methods, such as microfiltration and ultrafiltration 

have been widely used for separating fine particles, colloids, and microbes for basic chemicals and 

synthetic fertilizers, environmental protection and waste water treatment, and the food industry, as well 

as others [19–22]. The efficiency of membrane filtration is dependent on the particle size, membrane 

pore size, and pressure, which are major factors affecting the solid/liquid separation because the flow 

resistance increases with decreasing particle and membrane pore sizes [19,23–25]. The use of 

additional force (e.g., vacuum/pressure pump, ultrasound) to aid filtration for separating micro- and 

nanoparticles has been reported in the literature [20,26–29]. The mechanical dewatering of fine 

particle suspensions is time-consuming and laborious to use ultrafiltration membranes for solid/liquid 

separation because of limitations of human physical strength by using hand operation. Much research 
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evidence indicated that the operating pressures of microfiltration and ultrafiltration during the 

membrane filtration process are available in the range of the <2 and 1 to 10 kg cm−2, respectively [26]. 

However, very little is known on the feasibility of using ultrafiltration membranes with the pore size of 

1 to 100 nm. Ultracentrifugation and ultrafiltration methods are time consuming to separate and obtain 

large quantities of nanoparticles [30]. For this reason, an automated ultrafiltration device (AUD) was 

developed to overcome this problem of efficiently collecting nanoparticles, which had been proved to 

be more efficient than the conventional ultracentrifugation and syringe filtration methods [30,31]. The 

AUD utilizes an automatic hydraulic ram to facilitate collection of nanoparticles using the 

ultrafiltration membrane with pore size in the range of 1 to 100 nm. Microfiltration membranes with 

pore sizes of 450, 300, 220, and 100 nm were commonly used in general laboratories. Ultrafiltration 

membranes with pore sizes of 50, 25, and 1 nm were also commercially available, and thus it was 

convenient to use these membranes to separate nanoparticles [30]. 

The purpose of this review article was to present an overview of publications related to the 

separation and collection of nanoparticles in basic and applied sciences. In some cases references to 

experimental investigation and implications of nanoparticles are given the separation and efficiency 

collect nanoparticles in pure and natural systems. Those are valuable studies linking separation and 

collection methods studies from highly weathered red soils with mineral nanoparticles, black soils rich 

in smectite nanoparticles, and gouge of earthquake fault containing quartz nanoparticles in natural 

system, as well as zeolite nanoparticles in pure system. 

2. Description of the Automated Ultrafiltration Device (AUD) 

2.1. First-Generation AUD Apparatus 

The first-generation AUD apparatus included the power system for automated hydraulic operation 

and the syringe device and the filtration and collection systems for collecting nanoparticles [30,31]. 

The power system provided a hydraulic power to the collection system to cause the cylinder to push 

down the plunger of the syringe device so that the sample suspensions were pushed into the filtration 

device for collecting nanoparticles. When the filtration work was completed, the cylinder was stopped 

and then moved back to a normal position for the next filtration cycle. Nanoparticles were collected on 

the filter membrane when filtration was completed. The maximum hydraulic power of the system was 

87 kg cm−2. In order to provide a suitable power to membrane filters with the pore sizes of 450, 100, 

50, 25, and 1 nm, the power values used were 1.9, 5.3, 6.5, 8.1, and 14.2 kg cm−2, respectively. 

The filtration and collection system included eight syringe devices (35 mL × 8) (Terumo, Tokyo, 

Japan), filtering devices (25-mm filter discs × 8) (Pall, New York, NY, USA) and eight collecting bottles 

(50 mL × 8). Each of the syringe devices included a syringe barrel and a plunger assembly. The syringe 

device had a male luer inlet at a sample receiving end of the barrel to which the filtering device was 

attached. The filtering device included a cone-shaped lid, an O-ring, a membrane filter and a cylindrical 

holder assembly. The cone-shaped lid had a female luer inlet on its top connected to the syringe device 

for flow of the suspensions to the membrane filter where the nanoparticles were collected by hydraulic 

power. The filtrates were gathered in a collecting bottle. 
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2.2. Second-Generation AUD Apparatus 

For collecting a large quantity of nanoparticles, the second-generation AUD apparatus was 

developed, which included sampling suspension bottle, container device, power system, filtering mixer 

device, and collecting bottle (Figure 1). A large Teflon container (diameter 12 cm, length 9 cm,  

volume 1018 mL) in central part of the third plate (Figure 1b). The teflon container included a plunger 

rod and a barrel assembly. The plunger rod had a sealing plug on its top connected to the barrel. The 

barrel had one male luer installed under its bottom to connect the stirring filtration device by a teflon 

pipe in order to allow the suspensions to flow to the membrane filters in its left and right sides, where the 

nanoparticles were collected into a collecting bottle. 

The power system (Figure 1c) provided hydraulic power to the container device to cause the 

cylinder to push down the plunger of the container device so that the sample suspensions were pushed 

into the stirring filtration device for filtering nanoparticles. When the filtration work was completed, 

the cylinder was stopped and then moved back to a normal position for the next filtration cycle. 

Nanoparticles were collected in collecting bottle. Figure 2 indicates a schematic diagram of the 

second-generation AUD apparatus to show a flowing suspension of particles in the system. 

3. Efficiency Collection of the AUD Apparatus 

Separation and collection methods of nanoparticles are of paramount importance in research on their 

nature and physicochemical properties, for understanding their associated properties of adsorbing or 

binding to organic and trace metal contaminants, as well as in industrial applications (e.g., adsorbent and 

catalytic, reinforcing and waterproofing agents). However, how to collect nanoparticles with high 

efficiency and in large quantities in natural systems is a challenge in environmental sciences. 

Nanoparticles will aggregate and settle from solution very quickly by coagulation because of their 

surface reactivity at the nano-scale and their relatively large surface area. This characteristic presents 

great difficulty in collecting nanoparticles. For this reason, methods of collecting nanoparticles generally 

allow nanoparticles to well disperse in suspensions. In coagulation sedimentation-processes, large 

particles (i.e., >2 μm) are rapidly affected by gravitation, whereas nano-scale particles remain suspended 

in solution because of Brownian movement [32,33]. Therefore, equipment such as vacuum disc filters, 

centrifuges, or freeze-driers have been used to remove the liquid from suspensions to obtain particles 

with sizes ranging from nanometers to several micrometers for use in industries and academia [34]. 

3.1. Efficiency of the AUD Apparatus and Conventional Syringe Methods 

Microfiltration membranes with pore sizes of 450, 300, 220, and 100 nm were commonly used in 

general laboratories. Ultrafiltration membranes with pore sizes of 50, 25 and 1 nm were also 

commercially available, and thus it was convenient to use these membranes to separate nanoparticles. 

The syringe method was adequate for separation of particles by using a microfiltration membrane with 

the pore size of 450 nm [30]. The filtration time required for the 450–2000 nm size fraction by the 

syringe method with the pore size of 450 nm was 4.7 s, whereas the filtration time required by the AUD 

was 11.3 s. This was attributed to the longer time required for automated hydraulic operation in the latter 

method. The filtration time increased with decreasing pore size of the membrane filter in both methods. 
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Figure 1. Photograph showing the second-generation automated ultrafiltration device 

(AUD) apparatus for separation of nanoparticles. The sampling suspensions were gathered 

in a bottle of 10 L (Figure 1a). One large Teflon container (diameter 12 cm, length 9 cm, 

volume 1018 mL) was set up in central part of the third plate (Figure 1b). The power 

system (Figure 1c) included a cylinder, flow and pressure valves, hydraulic valves, oil tank 

(volume 5 L), pump (output flow 1.5 cc rev−1), and motor (output power 1/2 HP, 4 poles, 

1720 rpm). The functions of button switches were: stop (Figure 1d), power (Figure 1e), 

human machine interface (Figure 1f), and collecting bottle (Figure 1g). The human 

machine interface included control functions of manual or automatic operation, counter, 

working timer, and stopping timer. In Figure 1h, stirring filtration device (diameter 5 cm, 

length 12 cm, volume 236 mL) included two filter holder in lift and right sides, stirring fan 

rod within device, and motor (output power 6 W, 175 rpm). Filtrates were gathering in 

collecting bottle (2000 mL × 2) (Figure 1g). The teflon container, in which suspensions 

from the suspension bottle were installed, had one male luer installed under the barrel 

bottom to connect the stirring filtration device in order to allow the suspensions to flow to 

the membrane filters in its left and light sides, where the nanoparticles were collected into 

a collecting bottle. 

a
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Figure 2. Schematic diagram of the second-generation AUD apparatus to show a flowing 

suspension of particles in the system. 

 

However, compared with the syringe method, much less filtration time was required for the 

450–2000 nm size fraction by the AUD when the pore size of the membrane filter decreased from 450 nm  

to ≤50 nm. For the 100–450 and 25–100 nm size fractions, except for the membrane filter with the pore 

size of 450 nm, the AUD was always substantially better than the conventional syringe method. For the 

1–25 nm size fraction, the time required to complete the ultrafiltration with the membrane pore size of 

1 nm by the AUD was 2.8 h [30]. It was not feasible to use the conventional syringe method to conduct 

filtration using the 1 nm-pore size ultrafiltration membrane filter because an analyst cannot continue to 

maintain the pressure manually over the prolonged filtration period. 

Generally, membrane clogging during filtration decreases the effective pore size and causes the 

retention of increasing quantities of particles [35,36]. However, using the AUD, particles smaller than 

the pore size of the membrane filter were forced to flow through the membrane filter under hydraulic 

pressure. This would alleviate the membrane clogging problem. Furthermore, except for the membrane 

filter with the pore size of 1 nm, the difference in the filtration time required for various particle-size 

fractions to pass through the membrane filter with the same pore size was virtually within the range of 

experimental error when the AUD was used. In contrast, when the conventional syringe method was 

used, the filtration time required to pass through the membrane filters with the pore sizes of 25, 50, and 

100 nm increased substantially with the decrease of the size fraction by as much as 20 times [30]. This 

was attributed to the lack of hydraulic pressure in the conventional syringe method. 

3.2. Collecting Large Quantities of Nanoparticles 

For decreasing the filtration time required, the AUD apparatus would facilitate the collection of 

large quantities of environmental nanoparticles. The AUD had one large container (volume 1018 mL) 

in the filtration system for collecting large quantities of the filtrate [30]. By contrast, the conventional 
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syringe method commonly used at present has only two types of syringe capacities (25 and 35 mL). 

Quantities of nanoparticles collected by the AUD developed can be about 30 to 40 times greater than 

those collected by the conventional syringe method. Furthermore, it is not practical to use the syringe 

method to handle such large quantities of suspension samples because of the limitations of human 

manual strength by using hand operation. 

4. The AUD Apparatus in Applications of Different Scientific Field 

4.1. Separation and Physicochemical Properties of Zeolite Nanoparticles 

Commercial type zeolite LTA (The International Zeolite Association Code Linde Type A), supplied 

by Mallinckrodt Baker Inc., Philipsburg, NJ, was used as the model nanoparticle sample for the 

fractionation of nanoparticles. The samples (≥100 mg) were suspended in DDW (500 mL), and 

dispersed by ultrasonification at 170 W and 60 kHz for 1 min by a NEY 300 ultrasonic instrument (NEY, 

Barkmeyer Division, Yucaipa, CA, USA). The suspension was then passed through a 300-mesh sieve 

(50 μm) to remove the sand fraction (50 μm–2 mm) from the suspension of dispersed mineral particles 

by wet sieving. Then, the silt (2000 nm–50 μm) and clay (<2000 nm) fractions were collected by 

sedimentation according to Stokes’ Law [37–39]. The time required for separating particle size fractions 

(PSFs) of 450–2000 and 100–450 nm was calculated by the modified Stokes’ equation [40,41]. In order 

to collect the size fraction of 450–2000 nm, the suspension (<2000 nm size fraction) was centrifuged at 

980× g (3370 rpm) for 6 min at 4 °C using a Hitachi CR21 refrigerated centrifuge, which had a R12A3 

rotor with polycarbonate tubes (250 mL × 6) and settling sample height of 10 cm within centrifuge tube. 

The settled particles were re-suspended in double distilled water (DDW) and sonicated at 170 W and  

60 kHz for 1 min. The dispersed suspension was then repeatedly centrifuged and washed 7 times using 

the same centrifugation and dispersion methods to obtain the size fraction of 450–2000 nm. Following 

the above-mentioned centrifugation method, we collected 100–450 nm and <100 nm size fractions 

(6840× g, 9000 rpm for 15 min) in the sediments. The collected suspension (<100 nm size fraction) was 

filtered by the AUD, using the Sigma ultrafiltration disk membrane (NMWL: 1000 Da–equivalent to 1 nm 

in diameter) to collect the size fraction of 1–100 nm. Details concerning the separation and collection of 

various PSFs have been reported previously [30]. The Sigma ultrafiltration disk membrane can be used 

to collect the 1–100 nm size fraction by the AUD apparatus, if necessary, changing ultrafiltration 

membranes (e.g., pore size of 25 nm) to collect the 1–25 and 25–100 nm size fractions. 

Based on elemental dispersive spectroscopic (EDS) analysis, the chemical formula and Si to Al 

molar ratio of zeolite A raw sample were K8Na1.4 (Al9.4Si14.6O48) and 1.6, respectively. Its crystal system 

and diagnostic d(100) value are cubic and 12.31 Å, respectively [42]. The Si to Al molar ratios of various 

PSFs were 1.8, 2.1, 2.7, 4.3, respectively, indicating that increasing Si to Al molar ratios with decreasing 

particle size (Table 1). The XRD patterns of the bulk sample and size fraction of 450–2000 nm match the 

data reported in the literature [42]. There were only 4.11 (221 of hkl), 3.71 (311), 3.29 (321), 2.99 (410) 

and 2.75 (420) Å of XRD reflection peaks presented in the size fraction of 100–450 nm, indicating that 

the repetitions of unit cells were apparently low because of preferential structural disruption of other 

crystal planes caused by pressure-induced phase transition in the fine size fractions. However, size 

fractions of 1–100 nm (i.e., less than 81 repetitions of unit cells) was noncrystalline to XRD due to low 
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repetitions of unit cells. With decreasing in particle size, nanoparticles of 1–100 nm was XRD 

noncrystalline to conventional XRD analysis, indicating its structural transformation from well 

crystalline to short-range-ordered (SRO) particles (Figure 3) [12]. 

Table 1. Selected physicochemical properties of the 1–25, 25–100, 100–450, and 

450–2000 nm size fractions and the bulk sample (<2000 nm) prior to the particle-size 

fractionation [12]. 

Size (nm) Atom per unit cell † Si/Al Surface area 

 K Na Al Si O ratio (m2 g−1) 
1–25 

25–100 
100–450 
450–2000 

<2000 

3.7 
4.2 
6.2 
7.4 
7.5 

0.2 
0.3 
0.3 
0.4 
1.0 

3.9 
4.5 
6.5 
7.8 
8.5 

20.1 
19.5 
17.5 
16.2 
15.5 

48 
48 
48 
48 
48 

5.2 
4.3 
2.7 
2.1 
1.8 

514 
120 
75 
46 
24 

† Structural formula for unit cell: [(M +
X , M +2

y )(Al(x+2y)Sin-(x+2y)O2n)·mH2O]. 

Figure 3. X-ray diffractograms of the (a) 1–25, (b) 25–100, (c) 100–450, (d) 450–2000 nm 

size fractions, and (e) bulk sample (<2000 nm) prior to particle-size fractionation. With 

decrease in particle size, nanoparticles of 25–100 and 1–25 nm are XRD noncrystalline, 

indicating its structural transformation from well crystalline to short-range-ordered (SRO) 

particles [12]. 

0

300

600

900

1200

1500

1800

0 10 20 30 40 50

2 Theta (degrees)

In
te

ns
ity

12.31 Å

2.99

3.29

4.11

5.50

2.903.42

3.71

2.75
2.63

2.182.51
2.05

1.92

8.71

7.10

 

4.11
3.71

2.99

2.75

3.29

e

d

c

b

a

 



Micromachines 2013, 4                                 

 

223

Tsao et al. (2009) [30] reported that particles of irregular shapes were present in size fractions of 

450–2000 and 100–450 nm from TEM images. In contrast, the particles in size fraction of 1–100 nm 

were virtually spherical. The physicochemical properties of zeolite A are related to their chemical 

compositions and various PSFs. The increase in Si to Al molar ratio with decreasing particle size is 

attributed to the loss of the double four-ring (D4-R) units as the external linkage to each sodalite by 

FT-IR and NMR analyses [12]. 

4.2. Mineral Nanoparticles in Red Soils 

Red soils are the most common soil types in the subtropical and tropical regions of the world that 

are low in fertility [43–48]. Composed mainly of kaolinite, Al- and Fe-oxides, quartz, and organic 

matter, red soils occur in soil moisture regimes ranging from aridic to perudic and aquic. In 

northwestern Taiwan, red soils, known as laterites, occur extensively in the Taoyuan area and have 

been used for brick making. The lateritic terrace deposits are widely distributed in the rolling hills as 

well as coastal and river terraces of northwestern Taiwan [49]. 

Red soil minerals contain mainly phyllosilicate and sesquioxide minerals, which strongly influence 

both the chemical and physical properties of soils because of their generally fine particle sizes, high 

surface areas, and unique cation exchange properties. A clear understanding of the phyllosilicate and 

sesquioxide minerals is central to understanding clay mineralogy and many paleo-environmental 

processes. Red soil samples were separated and collected to various particle-size fractions (<2000, 

450–2000, 100–450 and 1–100 nm) for experimental investigation. Illite nanoparticles were identified 

in the red soils from XRD analysis and TEM observations (Figure 4). Feldspar were decomposed and 

transferred into illite through the diagenetic process, thus forming authigenic lath-shaped illite  

particles [50]. Goethite and hematite are present as X-ray noncrystalline minerals, which are finer than 

100 nm, thus we cannot obtain intense peak by conventional powder XRD analysis. From synchrotron 

random powder XRD analysis, the quartz, illite, and kaolinite were identified in the <2000 nm and 

450–2000 nm size fractions. The XRD patterns in the 100–450 and 1–100 nm size fractions were 

similar, thus, 1–100 nm size fractions employed to synchrotron XRD analysis to illustrate the high 

resolution XRD patterns [50]. The illite, kaolinite, goethite, and hematite nanoparticles were 

particularly identified in the 1–100 nm size fraction by synchrotron high-resolution XRD patterns. It is 

worth noting that synchrotron XRD patterns provided unequivocal evidence of goethite and hematite 

existence in the 1–100 nm size fraction, which was different to the XRD patterns analyzed by 

conventional and synchrotron XRD analyses [50]. 



Micromachines 2013, 4                                 

 

224

Figure 4. TEM images of the (a) kaolinite nanoparticles aggregated hematite nanoparticles 

overlapping the edge of a kaolinite flake and (b) illite nanoparticles with aggregated 

hematite nanoparticles. I: illite; K: kaolinite; G: goethite; H: hematite [50]. 

H

K

I

G

H

(a) (b)

 

From TEM observations, well-crystalline kaolinite in nanoparticle was present in the red soils. 

Morphology of kaolinite nanoparticles was expressed to overlap flakes, showing hexagonal shape and 

well-defined angles, and a particle size of less than 50 nm by TEM observation [50]. Hematite 

nanoparticles were also found on kaolinite flakes, and the TEM images are actually aggregates of 

many fine-grained particles, with aggregated hematite nanoparticles overlapping the edge of a 

kaolinite flake in size range of 4 to 7 nm. Thus, TEM images confirmed the existence of kaolinite, 

goethite, and hematite nanoparticles in the TY-I pedon. 

Illite, kaolinite, gibbsite, quartz, goethite, and hematite were identified in clay fractions and 

nanoparticles of highly weathering red soils by conventional and synchrotron XRD analyses. Fe-oxides 

(goethite and hematite nanoparticles) were present as surface coating of kaolinite nanoparticles. TEM 

images showed the presence of hematite nanoparticles on the surface coating of kaolinite nanoparticles and 

aggregated hematite nanoparticles overlapping the edge of a kaolinite flake. 

In general, the presence of Fe-oxides, which can bear a positive charge at acidic soil environments, 

results in attractive interactions of the colloids with negatively charged clay minerals [51,52]. This 

could have several important implications. For example, Fe-oxide coatings play an important role in 

colloid transport; that is, the mobility of these colloids, and associated pollutants can be strongly 

influenced by their Fe content in the environmental polluted soils [51,52]. 

4.3. Smectite Nanoparticles in Black Soil 

Environmental soil nano-clays were found in the pedosphere and their biogeochemical and 

ecological impacts are some of the fastest growing areas of research today, especially pollutants 

adsorption reaction. However, how to separate and collect a single species nano-clay with high 

efficiency and in large quantities in soils is a challenge. In this section, the black soil rich in 

nano-smectite clay was used as a model soil in the separation and collection experiments to compare 

the pollutants adsorption reaction. The black soil was obtained from the Taitung Prefecture of eastern 

Taiwan (Shi-yu-san, SYS) and the low elevation of sample sites were between latitudes 23°02'20"N to 

23°51'47"N and longitudes 121°11'27"E to 121°32'52"E [53]. The SYS black soil has a high clay 
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content and characteristic features that allow them to be classified as a fine, montmorillonitic, 

hyperthermic, or Vertic Endoaquoll [54–56]. 

Black soil samples were separated and collected to various particle-size fractions (<2000, 450–2000, 

100–450 and 1–100 nm) for experimental investigation (Figure 5). The low-cost readily available soil 

nano-clays (particle size < 100 nm) were collected by the AUD apparatus. The specific surface areas of 

smectite nano-clays (<100 nm) were 87.3 m2 g−1 by N2 adsorption/desorption isotherm. It can be 

clearly observed that the soil nano-clays (<100 nm) have shown an X-ray poor crystalline structure of 

smectite materials (d = 1.25 nm). The soil smectite was also characterized by XRD analysis with a 

saturation of Mg and glycerol solvation, showing the expansion of 1.70 nm reflection peak in XRD 

analysis [53]. 

Figure 5. Photograph showing the (a) bulk sample (<2000 nm) prior to particle-size 

fractionations, (b) smectite nanoparticles with 1–100 nm size fraction. 

(a) (b)

 

The removal of CV and MB dyes from the aqueous solution was investigated using soil nano-clays. 

It was experimentally concluded that soil nano-clays could be used as low-cost and relatively effective 

adsorbents for the removal of CV and MB basic dyes from wastewater. Soil nano-clays have greater 

adsorption amount compared with untreated soil clay minerals (<2000 nm) because of the increased 

surface are and greater pore volume. The maximum CV and MB adsorption amount of soil nano-clays 

were about two to three times higher than those of soil clays (<2000 nm). The sorption of dyes by the 

clays was affected by the contact time, adsorbent dose, pH, ionic strength, the initial concentration, and 

the temperature. The adsorption kinetics data could be well described with the pseudo-second-order 

kinetics model. By contrast, the Langmuir model was found to provide a good prediction for the 

adsorption of CV and MB dyes, indicating favorable for the removal of CV and MB on the clays. The 

adsorption processes for CV and MB dyes on either soil clays (<2000 nm) or soil nano-clays (<100 nm) 

were endothermic and spontaneous in nature. Thus, soil nano-clays can be recommended as a friendly 

sorbent for CV and MB removal. 

The AUD (nano-technology) apparatus can be used to efficiently collect large quantities of soil and 

related environmental nanoparticles to investigate the nanoscale, structural characteristics, and surface 

properties of these particles. The soil nano-clays adsorb both CV and MB dyes efficiently and could be 

employed as a low-cost alternative to remove cationic dyes in wastewater treatment. 
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4.4. Quartz Nanoparticles in the Gouge of Fault of Chi-Chi Earthquake 

The Chi-Chi earthquake (Mw 7.6) took place in the central Taiwan on 21 September 1999. The 

hypocenter was near Chi-Chi town (120.81°E, 23.86°N, depth ~10 km) [57]. The surface rupture was 

along the Chelungpu fault zone at about 85 km in length with large surface deformation [57–59]. The 

surface deformation provided us a good opportunity to sample outcrop fault gouge of recent 

earthquake. The gouge sample was caught from the Chelungpu fault branch of the 1999 Chi-Chi 

earthquake surface rapture passes though Wu-Feng down town in center Taiwan. The hanging wall 

raised a height about 2.5 m in the campus of Kuang-Fu Junior High School during the Chi-Chi 

earthquake. The sample was investigated from the outcrop of Chi-Chi fault gouge, which locates at 

riverbed behind campus. 

For studying the physical and chemical process of earthquake, fault gouge sample is a key point to 

investigate the faulting mechanism. The energy releases of fault zone during an earthquake are still 

unknown clearly. In the past, numerous studies reported that analysis of particle size distribution 

within ultrafine gouge and calculation of total grain surface area by using microscope for estimation 

the fracture energy associated with gouge formation [60–62]. 

The grain size of ultrafine fractions within fault gouge could approach the nanometer scale during a 

fault slipping [61]. Chester et al. (2005) [62] observed the finest particle size is 1.6 nm within 

Punchbowl fault gouge as the lower cut-off for estimation of fracture energy. Ma et al. (2006) [63] 

observed the fault gouge of Taiwan Chelungpu-fault Drilling Project (TCDP) at depth about 1 km. 

They used grain sizes larger than 50 nm as lower cut-off for estimation of fracture energy. In order to 

investigate the smallest grain sizes formed by fracture within ultrafine gouge, analysis of the finest 

mineral composition and grain size distribution are requisites. The gouge samples in the 1999 Chi-Chi 

earthquake surface rupture were used to separate different particle size range from 50 μm to 1 nm by 

the centrifuge and AUD apparatus. 

According to the synchrotron XRD analysis and transmission electron microscope observation, the 

major minerals of gouge were quartz, plagioclase, smectite, illite, chlorite, and kaolinite. The mineral 

composition of <100 nm particles were quartz, smectite, and illite. However, there were only semectite 

and illite without quartz in the size fractions of 1–25 nm. Quartz is most important target minerals 

associated with coseismic fracture, the minimum grain size about 25 nm [63,64]. Gibbs (1967) [65] 

reported that the minimum grain size of quartz was ~1 μm within the suspended solids at the mouth of 

Amazon River. Some experiences showed that quartz could be grinding to 30–50 nm in a stirred-media 

mill. Grain size reduction in the fault zone is caused of cracked grains result from original 

fragmentation by rupturing [66–68]. Quartz grain of <50 nm was in the gouge of fault from both 

results of XRD analysis and TEM observation. Separated quartz could be the index mineral associated 

with earthquake fracture and the finest grain size was about 25 nm. 

5. Implications 

Quantities of nanoparticles collected by the AUD apparatus developed can be greater than those 

collected by the conventional syringe method. Furthermore, it is not practical to use the syringe 

method to handle such large quantities of suspension samples because of the limitations of human 
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manual strength by using hand operation. The AUD apparatus developed in the present review can be 

employed for efficient collection of large quantities of nanoparticles from several scientific fields such 

as soil science (e.g., black soils, red soils), geoscience (e.g., gouge of earthquake fault), material 

science (e.g., zeolite), clay science (e.g., illite, kaolinite, hematite, goethite, smectite), surface science 

(e.g., specific surface area), and environmental science (e.g., physicochemical property). In particular 

application to environmental science, the AUD apparatus would facilitate the investigation of the 

formation, transformation, nature and physicochemical properties of environmental nanoparticles, the 

kinetics and mechanisms of their interactions with metals, metalloids, and anthropogenic organic 

compounds and their biogeochemical and ecological impacts. The AUD apparatus would be a vital 

tool to further advance the knowledge on basic and applied sciences at the molecular level. 

6. Conclusions 

The AUD apparatus developed was based on a hydraulic ram with automatic operation to collect 

nanoparticles (1–100 nm) for scientific research in basic and applied sciences. The AUD apparatus was 

used to demonstrate efficient collection and separation of nanoparticles in highly weathering red and 

black soils, and gouge of earthquake fault, as well as zeolite. This apparatus would also be useful to a 

wide range of related sciences such as colloidal and interfacial sciences, biochemistry biotechnology, 

and material and health sciences. The AUD apparatus would, thus, substantially facilitate scientific 

research in nanotechnology and nanosciences. This would lead to further advancement of knowledge 

in this important and challenging area of science today and for the years to come. 
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