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Abstract

:

We report in this article the systematical acquisition of physico-chemical parameters for two newly discovered halloysite (Hal) minerals from Shiyan and Tongling in China. As the comparative reference, the data from Hal in Linfen, Chenxi, and the salt lake in Australia (samples were abbreviated as Hal-AU, Hal-SY, Hal-LF, Hal-CX and Hal-TL, respectively) were also investigated using X-ray diffraction (XRD), scanning electronic microscopy (SEM), transmission electron microscopy (TEM), Fourier transformation infrared spectroscopy (FTIR), differential scanning calorimetry-thermogravimetry (DSC-TG), X-ray fluorescence, surface zeta potential measurements and N2 adsorption-desorption isotherms. The newly found minerals were probably formed in hydrothermal leaching and sedimentary circumstances. The Hal-SY contains 7 Å-halloysite and dickite, while Hal-TL contains 10 Å-halloysite with some alunite (similar with Hal-CX). Other impurities found in the samples include quartz, gibbsite, iron oxide and anatase. All of them showed tubular morphology with diameter in the range of 30–90 nm and a length of 300–2500 nm, while the Hal-SY has the largest inner diameter to about 150 nm. Specific surface areas varied from 26.0~59.0 m2·g−1. In addition, maximum CEC (cation exchange capacity) of the newly found Hal was about 40 cmol/kg, while that of Hal-AU was relatively low (8 cmol/kg) due to the sedimentary nature of Salt Lake circumstances. The surface charge was predominantly negative over most of the relevant pH range (>2.0). It can be concluded that the different morphology and impurity content of halloysite will greatly affect the surface area, pore volume, and cationic exchange capacity (CEC) of the minerals.
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1. Introduction


Halloysite (abbreviated as Hal) (Al2Si2O5(OH)4·2H2O) is a hydrated polymorph of kaolinite with a peculiar naturally occurring tubular clay mineral [1], where the layered [SiO4] and [AlO6] polyhedrons are arranged in a 1:1 style manner. Hal contains extra water molecules between the alumina/silica layers compared to kaolinite (Al2Si2O5(OH)4) [2]. The hydration of –Al–OH and –Si–OH groups reduces bonding interactions between the adjacent alumina/silica layers, which in combination with the mismatch of [SiO4] tetrahedron and [AlO6] octahedron lattices, drives the layers to bend and form a stereotypically hollow tubular morphology [3,4,5], although occasionally, halloysite minerals may show some distinctive forms such as spherical and platy ones [6]. The basal d (001) spacing of hydrated halloysite is 10 Å, which is larger than kaolinite (~3 Å). The interlayer water is weakly coordinated, so that the 10 Å-halloysite will be easily converted to 7 Å-halloysite (also known as meta-halloysite) through mild dehydration [7,8]. Furthermore, the exterior and interior surfaces of Hal are composed of siloxane (Si–O–Si) groups and a gibbsite-like array of aluminol (Al–OH) groups, respectively, resulting in a negatively charged outer surface and the positively charged inner surface in the pH range 2.0~8.0 [2]. The average diameter of interior lumen is 15~20 nm, and that of the outer diameter is 50~80 nm, length of the tubes will vary from 100 nm to 1500 nm or more. The reported maximum specific surface area of Hal reached 156 m2/g [8].



Halloysite is mainly formed through weathering of igneous rocks or their hydrothermal alterations. Halloysite mineral reserves are found throughout the world, such as the Dragon Mine in USA, Australia, New Zealand, Portugal and China [9,10]. Different producing areas have varied geographical and climatic conditions, so the formation of halloysite also has different morphological and physicochemical properties. Recently, Hillier et al. studied 21 relatively pure, tubular halloysite (Hal) samples from different locations, the results suggested that prismatic halloysite is a cylindrical shape, on which the nanotubes continue to grow and form [11]. Churchman et al. [12] summarized some new insights and data on recent literatures on the morphology and structure of halloysite, and found that the neoformation of halloysite always requires the presence of water. In the event of dry circumstance, kaolinite is formed. The halloysite growth manner and morphology may be limited by the oxides and hydroxides associated with Fe and Mn elements.



Based on the hollow nanotubular morphology, large surface area, high porosity, non-toxicity, good thermal stability and biocompatibility, as well as adjustable surface properties of halloysite mineral [13,14,15]. Significant attention has been focused on the application of halloysite into many fields in these years, such as the applications in chemically blocked and controlled release [16,17,18,19,20,21], biomimetic nanoreactors [22,23,24], medicine carrier and biological antibacterial materials [25,26,27], catalysis supports [28,29,30,31,32], hydrogen storage matrix [33,34,35], food packaging applications [36], mineral templates and other functional materials [37,38,39]. Many reviews have summarized the characters and application fields of Hal minerals [40,41], for example, Yuan et al. [42] introduced the main structural features and properties of halloysite, especially focused on the structure and morphology of halloysite and its changes, the formation mechanism of tubular structures, the physico-chemical properties, chemical modification of surfaces, and halloysite-based advanced materials. Lee et al. [18] found that the addition of Hal could enhance the interfacial bonding strength between carbon fibers and epoxy resins. The above literatures have clearly shown the high importance of halloysite in the fields of both mineralogical and materials science.



In the process of exploring some useful minerals, two halloysite minerals were newly discovered in Tongling and Shiyan, China, which have never been reported previously. The objective of this study is to obtain some basic information about these two newly found Hal minerals through XRF, XRD, TEM, TG and DSC techniques. For contrast, three Hal from typical areas, Chenxi, Linfen, and Australia were also acquired. The results show that, in developing new products with halloysite nanotubes, changes in the physicochemical properties of halloysite from different regions need to be considered. The data may provide some reference for the choice of clay from different regions to meet specific requirements or to optimize the performance of future product.




2. Experimental


2.1. Materials


The tested Hal samples were obtained from Shiyan, Hubei province (abbreviated as Hal-SY), Tongling, Anhui province (Hal-TL) Linfen, Shanxi province (Hal-LF) Chenxi, Hunan province (Hal-CX) in China, and Salt Lake in Australia (Hal-AU).




2.2. Halloysite Purification


Pre-treatments were adapted before the samples were tested. Visible impurities attached on the raw mineral (such as the brown parts containing too much ferrites and soil) were removed by manual selection, white or blue bulks were used as the samples, and were ground to make them pass a 200 mesh sieve before the followed tests. The Hal (4 g) powder were added into 200 mL distilled water, and subsequently magnetically stirred in a conical flask at 25 °C for 6 h. The purpose of washing was to remove some of the soluble impurities in the mineral. The suspension was then filtered and washed with distilled water and anhydrous ethanol several times to remove the possible organic material contained in halloysite. The treated mineral was dried at 60 °C for further characterizations.




2.3. Characterizations


The crystal phase of the samples was confirmed by a DX-2700 powder X-ray diffractometer (Dandong Hao Yuan, Dandong, China) with Cu Kα-radiation (λ = 1.541806 Å). Sample was scanned from 3° to 80° of 2θ with a step width of 0.02°. The “Minerals” package in Jade software was used for mineral phase identification and quantification. Transmission electron microscopy (TEM) images were characterized with TEM system (Titan G2 60-300, FEI, Hillsboro, OR, USA) equipped with an energy-dispersive X-ray spectrometer (Oxford EDX, Oxford, UK) operating at 200 kV. Fourier transform infrared spectroscopy (FTIR, Shimadzu, Kyoto, Japan) analysis was performed at room temperature using a Shimadzu Iraffinity-1 spectrometer from 4000 cm−1 to 400 cm−1 with pressed disks of the sample and KBr mixture (the mass ratio is 1:100), 32 scans were accumulated. TG/DSC (Netzsch, Bavaria, Germany) curves of the pure Hal was measured by a Netzsch STA449 in Nitrogen atmosphere, the heating rate was set at 10 °C/min. The TESCAN MIRA3 LMU scanning electron microscope was used to observe the surface morphology at the acceleration voltage of 30 kV. Chemical composition of the halloysite was measured by a Bruker S4 Pioneer X-ray fluorescence spectroscopy (XRF) (Bruker, Ettlingen, Germany). The zeta potential was measured on a Zeta potential & Size Distribution Analyzer Zeta plus apparatus (Malvern, Malvern, UK) at solids content of about 0.25 mg/mL in distilled water. The halloysite samples were stirred and soaked in the testing solution for a minimum of 30 min to guarantee the sufficient infiltrated by the solvent prior to the tests. HCl 0.5% and NaOH 1% was used to adjust pH 2~12 to achieve stable suspension. CEC of the minerals was measured in a neutral environment by exchange of NH4+ cations. 1 g treated halloysite was dried at 95 °C for 4 h, then mixed with 25 mL 50% aqueous ethanol to remove most of the soluble salts. Leachates were drained and discarded. The mineral powers were mixed with 500 mL 0.1 M NH4Cl at pH 7.0 in a test tube for at least 4 h to ensure saturation with NH4+. The above process was repeated for 3 times, then transferred to 100 mL volumetric flask. Channels and air locks were gently removed by applying suction to the outlet of the test tube when the 0.1 M NH4Cl was added. In detail, 8 mL neutral formaldehyde (35%) was poured into 25 mL boiling exchange solution. Then, 5 drops phenolphthalein (0.1%) was added into the mixed solution simultaneously and titrated with prepared sodium hydroxide (0.1 M) until the solution became light purple and did not fade after 30 s. The process was repeated for 3 times and averaged. The textural properties of the samples, such as surface area, pore volume and pore size distribution, were determined at 77 K using a Micromeritics ASAP 2020 gas phase sorbent (Micromeritics, Atlanta, GA, USA) for N2 adsorption-desorption isotherms, and then treated by the BET (Brunauer-Emmett-Teller) method and the BJH (Barrett-Joyner-Halenda) method.





3. Results and Discussion


3.1. XRD Analysis


Halloysite usually shows broad and weak reflections due to their tubular morphology, high degree of disorder, small crystal size and interstratification of layers with various hydration states. Structure of the acquired samples were analyzed with the assistance of XRF results. X-ray diffraction patterns in Figure 1a show that the samples were all dominated by 7 Å- or 10 Å-halloysite structures, but some contained traces of impurity structures. The diffraction pattern for the Hal-SY had five peaks corresponding to 7 Å-halloysite (JCPDS PDF No. 29-1487), which is quite similar to the reflections from the Hal-CX. Other peaks at 2θ = 25.96°, 35.48°, 46.87° and 48.96° were detected, which were the characteristics of dickite (Al2Si2O5(OH)4, monoclinic structure, JCPDS PDF No. 10-0446). The coexistence of dickite (or alunite) and halloysite in the mineral indicating that halloysite was formed in the leaching and re-crystallization process, while the recrystallization process had not fully finished in the geology circumstance, yielding the mixed crystal structures in the mineral. XRD pattern of Hal-TL showed broad peaks belong to the 10 Å-halloysite (JCPDS PDF No. 29-1489). A characteristic reflection from gibbsite (Al(OH)3, monoclinic structure, JCPDS PDF No. 33-0018) was also observed on Hal-TL, suggesting that halloysite may be formed by weathering of feldspar mineral (KAlSi3O8, monoclinic structure, JCPDS PDF No. 89-8572). The Hal-AU sample is obtained in the sediments of Salt Lake in west Australia, the un-washed pristine Hal-AU sample contains large amount of NaCl (not shown here). So, the leaching and recrystallization process of Hal-AU should have better fulfilled in the cations abundant hot water, which should facilitate the crystallization process of many minerals. As a result, most of the diffraction peaks of Hal-AU can be indexed to the typical 10 Å-halloysite with a sharp and intense reflection at 2θ = 8.84°, corresponding to the basal spacing of (001) facets (d = 0.98 nm), while there seems to have a co-existed 7 Å-Hal in this sample, which may resulted from the drying pretreatment at 60 °C, as no such phase will be detected when no pre-treatment was conducted for this mineral, while that will show large amount of NaCl on the XRD. The co-existence of 7 Å- and 10 Å-Hal were also found in the Hal-LF sample. Only very few reflections from impurities were found in these two samples, the reflection at 2θ = 25.58° might be originated from the trace amount of TiO2 lattice in Hal-AU, while the traces of alunite (KAl3(SO4)2(OH)6, hexagonal structure, JCPDS PDF No. 73-1652) at 2θ = 17.87° and 30.92° were found on the XRD pattern of the Hal-LF sample. The existence of alunite in the Hal-LF indicated its formation by the action of acid-sulphate fluids.



Due to the varied environmental factors that affect the orderliness of different halloysite minerals, the formation and growth of Hal under different geological conditions have resulted in some very complicated structures and degrees of order. A crystallinity index of halloysite was introduced to estimate the crystal orderliness of the minerals. The index reflects the stacking order and internal variability of crystal lattice of a clay mineral, which was derived from the ratio of the intensities for the peak at 2θ = 4.4~4.5 Å to that at 2θ = 2.4~2.5 Å on each of the XRD patterns [8]. The derived crystallinity index for Hal-TL, Hal-SY, Hal-AU, Hal-LF, and Hal-CX were 2.21, 1.54, 1.85, 1.26, and 3.41, respectively. The index indicates that the crystallinity of Hal-TL is higher than Hal-SY, while it is still lower than the well crystallized Hal-CX sample. This should indicate that the lattice of Hal-TL sample from leaching of feldspar mineral is better developed than the non-fully developed Hal-SY mineral.




3.2. XRF Analysis


XRF results in Table 1 show that SiO2 and Al2O3 contents occupy the major components of halloysite; the commonly reported theoretical ratio is 2:1 in many literatures [16]. Actually, the ratio was often affected by the contents of impurities. The atomic ratios of SiO2 to Al2O3 in all of these Hal samples were varied in the range 1.11~1.26, rather than the theoretical 2.0, indicating that the [SiO4] tetrahedral sheet may contain some other positive ions (e.g., Al, Fe, Ti), which have substituted the normal Si sites and yielded some isomorphic or isomeric minerals. The main impurity in halloysite was Fe3+ (which existed as hematite or maghemite, and even partly substitute positions of Al3+ in the octahedral sheet [15,43]), Ca2+ and K+ (which often coordinates with oxygen atoms on the edge of the polyhedrons to compensate the excessive electronic charges, these cations may be exchangeable, or existed in the form of carbonates that cannot contribute to the cation exchange). The Hal-AU, Hal-SY and Hal-TL had a trace amount of Ti content, indicative of the anatase (TiO2) impurity [44]. P2O5 and SO3 were detected because of the existence of the aforementioned excessive cations in forms of phosphates and sulphates. The presence of K2O and SO3 in Hal-SY, Hal-LF and Hal-TL samples reflected traces of alunite [6]. Samples Hal-SY and Hal-TL recorded comparatively higher phosphorus possibly from the woodhouseite (CaAl3(PO4)(SO4)(OH)6) which may be formed in the geological sedimentation procedure.




3.3. Zeta Potential Analysis


The zeta potential of minerals is dependent on the ionic strength of the suspension, morphology and surface properties. The zeta potentials changing curves of the samples (Figure 1b) show large net negative charge in a wide range of pH values for all of the Hal surface that the negativity increased with increasing pH. Two main reasons were proposed for the surface negative charge of Hal in aqueous solution. Firstly, the hydroxylation of surface and edge sites of layered lattice of Hal in aqueous solution, which is the main reason for its negative charge [45]. Secondly, the replacement of Al3+ by Fe2+ in the octahedral sheet of halloysite raised the unbalanced layer charge. Zeta potential estimations based on first principle modeling for halloysite revealed that the two structural sheets showed different pH-dependent behaviors [46]. The octahedral sheet was positively charged when the pH was below 8.0, while the tetrahedral sheet was negatively charged when the pH was above 2.0. When the oxygen atoms of [SiO4] and [AlO6] are exposed to water, some aluminol and silanol hydroxyl groups will be formed on the surface through the following reactions (1) and (2) [47], accompanied with the ionization balance processes.


Sur-OH + H+→Sur-OH2+



(1)






Sur-OH + OH−→Sur-O− + H2O



(2)







The point of zero net proton charge (pHPZNPC) represents the critical point of the mineral surface protonation. When the pH of halloysite aqueous solution is lower than pHPZNPC, the aluminol and silanol groups begin to protonate through reaction (1) and form positively charged on broken edges and gibbsite planes. When the pH of halloysite aqueous solution is larger than pHPZNPC, the aluminol and silanol groups begin to deprotonate through reaction (2) and form negatively charged on broken edges and gibbsite planes [45]. The [SiO4] acidic sites on surface of the halloysite tubes will cause the equilibrium (1) move to the right hand over a wide pH range, and thus negatively charged on the surface. As the pH continued to increase, the balance was broken and the negative charge continued to increase. Surface potential for all of the samples are negative even in strong acidic circumstance (pH = 2.0), and the potential continues to decrease in the following tested pH range. The Hal-SY and Hal-TL samples show a relatively higher surface potential in all of the samples. A near zero potential was also detected on the Hal-SY when pH was close to 2.0, considering that this sample contains some dickite, the relatively higher surface potential is reasonable due to the relatively higher cation exchange capacity of this sample. In the pH value of 7.0~10.0, the Zeta potential of all of the samples tend to be in the range −60~−45 mV, especially the samples Hal-LF, Hal-CX, and Hal-TL, which were similar to previous results [6,15]. There is a slight increase at pH = 8, which can be attributed to the interior aluminoxane surface (IEP 9) [48]. The largest negative potential (−62.0 mV) was detected at pH = 11.0 on the Hal-AU sample. Also, this sample is nearly the most negatively charged sample in the tested pH range, indicating that the Salt Lake developing circumstance should have favored the negatively charged surface of the silicate mineral; also, the possible impurities such as alunite should contribute to the surface charges. As the presence of other components, especially alunite, makes the behavior-related electrolyte concentration of zeta potential difficult to interpret [6].




3.4. CEC Analysis


CEC of clay minerals determines the cation exchange ability with typical alkaline or alkalin-earth ions, which is the decisive factor for the adsorbing ability, chemical stability and application probability. CEC is usually measured in a neutral environment by exchange of NH4+ cations [49]. Generally, CEC of halloysite varied in the range 8~60 cmol/kg, which is a bit higher than Kaolin (1~15 cmol/kg) due to the existence of inter-layer water molecules and hydroxyls [50]. These inter-layer hydroxyls and water molecules will provide the exchangeable sites for many kinds of ions, and usually these ions are also exchangeable, yielding the relatively larger CEC values in Hal compared with kaolinite. At room temperature, the adsorption experiments of halloysite to NH4Cl showed that there are only two absorption sites in Hal, interlayer and outer surface, respectively, while NH4Cl can also be adsorbed by the surface as it is negatively charged. CEC of halloysite is actually affected by the purity of the raw material, particle size and even the effect of micro-topography. Due to the extremely small size of Hal nanotubes, it also had excellent boundaries and surface activity, so that its CEC value increased with decreasing sizes. Bailey (1990) considered Al3+ substituted Si4+ cations in the halloysite tetrahedron to produce negative charges [51], however, the 27Al NMR by Newman et al. (1994) [52] indicated that halloysite has similar Al(IV) content as standard kaolinite. This charge was balanced by the interlayer surface hydration exchangeable cations. In other words, the interlayer water in halloysite formed hydrated shells of charge-balancing cations, thus will contribute to the CEC of the Hal nanotubes. On the other hand, impurities in Hal minerals may also be responsible for the excessive Mg and K content in these samples. Ca, K, Mg and Na were the major exchangeable cations. The measured CEC for the Hal samples are included in Table 1. According to the chemical compositions of each sample in Table 1, the calcium should act as the dominant exchangeable cation in Hal-SY, Hal-LF and Hal-CX samples; a higher CEC (32 cmol/kg) was detected in the well-developed Hal-CX mineral with high purity, which is possibly due to the large amounts of hydroxyls as the exchangeable sites presented in the interlayer of halloysite tube walls. The Hal-SY mineral with the highest CEC (40 cmol/kg) was also obtained, which should be ascribed to the existence of high content Ca2+ in the sample, and the under-developed crystal lattice in the sample also should be responsible for the high CEC value. The Hal-TL and Hal-LF showed similar CEC, as they have similar exchangeable cation contents. The smallest CEC (8 cmol/kg) in Hal-AU was very impressive, which is similar with that of kaolinite. Considering the Salt Lake sedimentary circumstances, the highly ionic concentrations seem to have eliminated most of the exchangeable cations in the formation process of this mineral, resulting in the extremely low CEC value of the Hal-AU sample. The above results have indicated that the chemical compositions, as well as the cations status and developing conditions of the Hal will deeply affect the CEC and surface charge characters of the minerals. Also, the interlayer adsorption of NH0+ may contribute to the exchangeable cations in the test, which may provide some confusing results. While for the purpose of providing contrasting results with the literature, this method was still adapted in these experiments.




3.5. FTIR Analysis


FTIR spectrum is often used to characterize the structure and coordinative sites of clay-based minerals. Many typical vibration bands can be found on IR spectra of different clay minerals, while the spectra of halloysite in the range 550~1350 cm−1 are similar to kaolinite [53], so the ascriptions are often difficult to be recognized, but they still have some distinctive bands. Each vibration line is assigned to the stretching or deformation of the groups and bonds in the samples according to the literature [48,54,55,56,57]; the FTIR spectra of Hal from different regions are shown in Figure 2 and the ascriptions are included in Table 2, respectively. The double adsorption bands at around 3696 cm−1 and 3620 cm−1 were ascribed to the stretching vibration of the adsorbed water. The peaks at 3696 cm−1 corresponded to the stretching of perpendicular surface –OH groups, and the band at around 3620 cm−1 is ascribed to the stretching of –OH coordinated with the tetrahedral sheet and octahedral sheet located in the unit cell of Hal structural. The peak at 1642~1650 cm−1 could be ascribed to the bending of –OH in adsorbed water (for better recognition of the typical IR bands in the range 400~1200 cm−1, the spectra in the range 1200~3000 cm−1 were not shown for clarity of the fringes in mid-infrared part). The intensity of the H–O–H deformation band at 1642 cm−1 increased with decreasing degree of structural order, and the band increased with the increasing of inter-layer water contents. The broad bands in the range adsorption band at 950~1150 cm−1 originated from the Si–O stretching vibrations in all kinds of silicate-based clay minerals. The main absorption was detected at 1030 cm−1, with a trace of shoulder at around 1010 cm−1, which were often ascribed to the asymmetric in-plane Si–O–Si stretching. The same in-plane stretching of apical Si–O bonds were detected at 1094 cm−1. Furthermore, the symmetric stretching of Si–O bonds involving the basal oxygen atoms can be observed at 1116 cm−1. All of the Si–O stretching bands are similar for the Hal samples, with the exception of Hal-SY sample, which illustrated a relatively stronger band at 1116 cm−1, confirming that the Hal-SY sample should have more fragments or imperfections in the lattice. This has been and will be further verified in the following characterizations. The adsorption peak at around 910 cm−1 could be ascribed to the –OH deformation of inner hydroxyls [58], which illustrated a small shift to the higher wavenumber position (913 cm−1) for Hal-SY sample, indicating the different hydration state of this sample. The spectral bands from 690~800 cm−1 could be designated to the stretching of the Si–O lattice. The symmetric stretching was detected at 793 cm−1, and the doublet bands observed at 756 cm−1 and 695 cm−1 originated from the perpendicular stretching of Si–O bonds probably involving to surface hydroxyls. The double adsorption peaks at 534 cm−1 and 468 cm−1 were ascribed to the bending vibration of the Si–O groups. The former should result from the deformation of Al–O–Si frames, and the latter should have originated from the deformation of Si–O–Si bonds. The small bands at 432 cm−1 and 418 cm−1 should also come from the stretching of Si–O bonds in [SiO4] tetrahedral frameworks. The FTIR spectra of the different Hal showed nearly similar shapes with very little deviations, only the Hal-SY has some tiny differences in the positions or relative intensities of the vibration bands, which confirms that the acquired Hal minerals has the same basic structures, but remains to have some differences in the individual samples.




3.6. SEM and TEM Analysis


SEM and TEM images are the most direct avenue to verify tubular characters of different Hal minerals. Typical SEM images of the halloysite in Figure 3 clearly show the cylindrical shape for all of the Hal samples; TEM images showed that typical Hal possessed a hollow tubular structure with open ends. The nanotubes adhered and aggregated with each other in the pristine minerals. Some bubble-like fragments can be seen in some of the TEM images possibly due to the residual of ethanol solvent absorbed into the tube lumen by capillary forces in the sampling of TEM suspensions. The estimated morphological parameters of the various Hal minerals after dispersion in de-ionized water are summarized in Table 3. The halloysite particles were mainly tubular, with the outer diameter of about 30–80 nm, the inner diameter about 10–70 nm, and the length of about 200–2000 nm. Very few fragments were observed in the Hal-SY and Hal-CX samples. Comparison of the length/diameter (l/d) ratios based on the images revealed that most of Hal samples were composed of relatively long tubes and thin walls with a round or oval cross-section, whilst the exceptional Hal-SY was obviously composed of stubby tubes with outer diameter up to 150 nm (Figure 3d), which is much larger than the other samples. Some sheet-like particles were also observed in Figure 3c, which might be the presence of kaolinite or dickite in the sample. The Hal-TL sample has a quite smaller l/d ratio and less tube diameter, so as to the Hal-CX and Hal-LF samples. The most obvious character of Hal-AU is the well-developed nanotubes with uniform sizes and larger l/d ratio, no fragment and stubby tubes can be found in the sight field. The variation of the halloysite morphology should be originated from the difference in the geological circumstances and the genetic types. Two typical genetic types of halloysite were concluded in the literature: weathered residuals, and secondary leaching gel deposition-recrystallization. The formation of halloysite was associated with a silicon rich environment deposit, excessive Ca and K inhibited halloysite nucleation [8]. The presence of many different nucleation sites (Fe and/or Mn hydrates, kaolinite, dickite) may inhibit the crystal growth of these minerals, and may yield different kinds of isomeric products. It seems that the Hal developed from the Salt Lake circumstance have favored the formation of a well-developed halloysite mineral. Based on the composition and structure of the minerals, combined with X-ray diffraction and microscopic and scanning electron microscopy analyses, it can be concluded that all of the tested Hal samples should be formed following the secondary leaching gel deposition-recrystallization deposition process, while some of the Hal-SY mineral was not full developed due to the high impurities or different geological conditions, resulting in the mixture of dickite with halloysite in the mineral.




3.7. BET Surface Analysis and Porosity


Nitrogen adsorption-desorption isotherms of Hal samples, and their corresponding BJH pore size distributions are shown in Figure 4, analysis of nitrogen adsorption data, surface area, pore size distribution, and pore volume are summarized in Table 4. The isotherms of all halloysite possessed type II with significant type H3 hysteresis loop in the high relative pressure (P/P0) range of 0.8–1.0, indicating the unrestricted monolayer/multilayer adsorption of N2 in the slit-shaped pores [59]. The inflection point, as shown in Figure 4a, indicated the beginning of the linear middle portion of the isotherms at which monolayer adsorption was completed and multi-layer adsorption started. Samples Hal-LF, Hal-CX and Hal-TL have larger surface areas (up to 55~58 m²/g), while the Hal-SY sample has a reduced BET surface area (26 m²/g) probably owing to the existence of sheet-like kaolinite or dickite. Most of the pore size distribution curves (Figure 4 and Table 4) have a similar broad bimodal shape, although the peak positions varied in the different samples. The double peaks (peak 1 and 2) correspond to the smaller inter-layer pores and larger tube lumens in the samples, respectively. Peak 1 in the smaller size side (2~8 nm) is due to the internal/surface pores, artificial pores caused by the tensile strength effect and the newly formed mesopores during dehydration of tubular halloysite, including spaces between the overlaps of folded halloysite nanotubes [60]. The sharp peaks at 7.5 nm for Hal-LF and Hal-TL should also be regarded as the longitudinal pores created by the tightly connected rolled tubular halloysites in the drying or dehydration process, confirming the regularly arranged nanotubes in these two samples [61]. Peak 2 is located in the bigger size side (14~17 nm), which should be mainly due to the central cavity of the halloysite tubes. Although the sizes derived from the BJH method are smaller than those observed in TEM images due to the sampling method of TEM, peak 2 in all of the BJH curves confirmed the existence of a lumen cavity in all of the samples. The observation of Peak 1 and the two sharp peaks in Figure 4b reflect the different status of the arrangement (or aggregation) of the nanotubes, while the existence of peak 2 should indicate the large cavity of the nanotubes. The obviously decreased Peak 2 on BJH curve of the Hal-SY sample should again confirm the different mineralogical character of this sample due to the existence of sheet-like kaolinite and/or dickite. This can be verified by the smaller pore volume in Hal-SY (0.16 cm³/g out of the 0.23 and 0.29 cm³/g for the other samples) in combination with the XRD and TEM results.




3.8. Thermogravimetric Analysis


The thermal properties of the Hal in typical regions were recorded by TG and DSC from room temperature to 1010 °C at a heating rate of 10 °C/min (Figure 5). There were two main endothermic peaks followed by an exothermal peak in the heating process, with the exception of Hal-SY sample, for which, more sophisticated thermal behaviors were detected. The first endothermic peak for all of the TG/DSC curves in the range of 50–150 °C was attributed to the loss of adsorbed water on the surfaces or lumen of the halloysite. The mass loss in this process was about 10.67%, 9.16% and 7.322% in Hal-AU, Hal-TL and Hal-LF, respectively, as these samples contain a large part of 10 Å-halloysite, according to the XRD results, which has a higher hydroxyl contents compared with the 7 Å-halloysite. Whereas this mass loss stage for the Hal-CX is only 5.94% because this sample contained only 7 Å-halloysite. For the Hal-SY sample, only about 3% mass loss was detected before 200 °C, confirming a relative lower water content for the mixture of 7 Å-halloysite and dickite in this sample. The second endothermic peak between 450 °C and 600 °C is often attributed to the structural de-hydroxylation process; a mass loss from 8.12%~13.13% was recorded in this stage. The exothermic peak in the range 900 °C~1000 °C should be attributed to the phase segregation of SiO2 and γ-Al2O3 from halloysite lattice in the mineral [62]. As expected, the DSC curves for 7 Å-halloysite and 10 Å-halloysite were similar except for the weak or absent first endothermic peak before 120 °C. The shape, position and area of the drastic de-hydroxylation peak can be affected by particle size distribution, crystallinity, type of isomorphs substitution, and impurities. The de-hydroxylation in the Hal-SY happens near up to 516 °C, which is accompanied by an obvious mass loss of 12.91%. This may be due to the presence of dickite in the Hal-SY sample, which had a de-hydroxylation temperature of about 603 °C [63]. The peak temperature for de-hydroxylation in Hal-TL was reduced to 481 °C possibly due to the presence of gibbsite, which has a de-hydroxylation temperature of 246 °C [64,65].





4. Conclusions


Based on the above physico-chemical properties, it can be concluded that halloysite minerals formed under different geographical and climatic conditions have varied morphological and chemical properties. Morphology of the newly found Hal-SY have an l/d ratio of about 8.13, while the Hal-TL sample has the smaller l/d ratio of about 6.79 with stubby shape. Hal-AU and Hal-LF had a particularly uniform and straight tubular morphology with a diameter in the range of 30–90 nm and a length of 300–1600 nm. Zeta potential measurements showed that all halloysite samples were negatively charged in the range of pH 2–12. The presence of dickite in the sample Hal-SY caused the increased de-hydroxylation temperature but decreased specific surface area, whereas the presence of gibbsite decreased the de-hydroxylation temperature of Hal-TL. Cation exchange capacity of the tested halloysite samples was revealed to be in the range 8~40 cmol/kg and maximized in Hal-CX. These basic results may provide useful information for the understanding of halloysite minerals from different areas and will aid in the preparation of advanced materials from halloysite.
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Figure 1. (a) XRD patterns of powdered samples of halloysite minerals; (b) Zeta potential measurements for different halloysite samples. 
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Figure 2. FTIR spectra of different halloysite minerals in the range 3000–4000 cm−1 and 400–1200 cm−1. 
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Figure 3. SEM and TEM images of (a,b) Hal-TL, (c,d) Hal-SY (e,f) Hal-AU (g,h) Hal-LF (i,j) Hal-CX. 
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Figure 4. (a) N2 adsorption-desorption isotherms and (b) pore size distributions of the Hal samples. 
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Figure 5. TG and DSC results for halloysite samples (a) Hal-TL; (b) Hal-SY; (c) Hal-AU; (d) Hal-LF and (e) Hal-CX; the table in (f) is the detailed parameters of each stages of thermal behaviors. 
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Table 1. The chemical composition and CEC values of halloysites in typical regions (%).
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	Composition (%)
	SiO2
	Al2O3
	Fe2O3
	MgO
	CaO
	K2O
	Na2O
	TiO2
	P2O5
	SO3
	Cl
	CEC (cmol/kg)





	Hal-SY
	41.90
	37.67
	0.32
	0.06
	1.83
	0.18
	0
	0.02
	2.60
	1.33
	0.01
	40



	Hal-TL
	44.98
	36.28
	0.10
	0.04
	0.04
	0.24
	0
	0.03
	0.12
	0.25
	0.03
	20



	Hal-AU
	45.03
	35.78
	1.01
	0.03
	0.01
	0.23
	0.07
	0.05
	0
	0.16
	0.17
	8



	Hal-LF
	53.15
	44.66
	0.19
	0.13
	0.15
	0.24
	0.09
	0
	0
	1.29
	0.06
	24



	Hal-CX
	44.33
	37.81
	0.20
	0
	0.12
	0.02
	0
	0
	0.05
	0.30
	0.05
	32
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Table 2. Assignments of FTIR vibrations recorded for halloysite samples.
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Suggested Assignments

	
Wavenumbers (cm−1)




	
Hal-AU

	
Hal-SY

	
Hal-LF

	
Hal-CX

	
Hal-TL






	
stretching of perpendicular surface –O–H

	
3694

	
3694

	
3697

	
3697

	
3697




	
–O–H stretching of inner hydroxyls

	
3620

	
3620

	
3623

	
3623

	
3623




	
the bending of –OH in adsorbed water

	
1642

	
1649

	
1642

	
1650

	
1650




	
(Broad band) Si–O stretching

	
1027

	
1030

	
1032

	
1035

	
1035




	
–O–H deformation of inner hydroxyls

	
910

	
913

	
910

	
911

	
910




	
Symmetric stretching of Si–O

	
793

	
796

	
794

	
796

	
796




	
the perpendicular Si–O stretching

	
756

	
755

	
754

	
754

	
754




	
the perpendicular Si–O stretching

	
694

	
693

	
691

	
692

	
692




	
the bending deformation of Al–O–Si

	
534

	
536

	
534

	
535

	
535




	
the bending deformation of Si–O–Si

	
466

	
469

	
468

	
468

	
468




	
Stretching of [SiO4] tetrahedron

	
434

	
433

	
432

	
432

	
432




	
Deformation of [SiO4] tetrahedron

	
418

	
416

	
417

	
-

	
-
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Table 3. Morphological characteristics of halloysites in this study.
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	Halloysite
	Dominant Particle Shapes
	Length (nm)
	Inner Diam. (nm)
	Outer Diam. (nm)
	Pore Shape
	Length/Diameter Ratio





	TL
	Short and stubby, tubular and plate-like
	200~1000
	10~25
	40~90
	Cylindrical
	6.79



	SY
	Tubular and plate-like
	300~3000
	20~150
	50~300
	Prismatic
	8.13



	AU
	Long and thin tubular
	400~1600
	10~25
	40~90
	Cylindrical
	15.31



	LF
	Long and thin tubular
	300~1300
	10~30
	30~80
	Cylindrical
	10.76



	CX
	Long tubular
	500~1500
	10~30
	40~60
	Cylindrical
	9.63
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Table 4. BET-specific surface area, pore volume and BJH adsorption average pore size of Hal samples.
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	Samples
	Surface Area (m²/g)
	Pore Volume (cm³/g)
	Average Pore Size (nm)





	Hal-SY
	27.0
	0.2
	22.0



	Hal-TL
	58.2
	0.2
	14.7



	Hal-AU
	48.7
	0.2
	16.4



	Hal-LF
	55.4
	0.2
	17.7



	Hal-CX
	58.7
	0.3
	16.5











© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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