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Abstract

:

Barium carbonate (BaCO3) materials with the controllable morphology of nanoparticles were selectively loaded into the lumen halloysite nanotubes (abbreviated as Hal) by a urease assisted catalytic implementation strategy. The Hal mineral was pre-treated through leaching by hydrochloric acid (abbreviated as A-Hal), resulting in increased defect sites and zeta potential. The negatively charged urease was loaded inside the positively charged A-Hal lumen, and then through the decomposition of urea catalyzed by urease to produce carbonate ions and ammonia. When Ba2+ diffused in, BaCO3 particles were selectively synthesized in the lumen of A-Hal, the pore channels of A-Hal effectively controlled the growth and aggregation of BaCO3 nanocrystals and their geometrical morphology. The obtained BaCO3/A-Hal-T was characterized by transmission electron microscopy, Fourier transformation infrared spectroscopy and X-ray diffraction, differential scanning calorimetry-thermogravimetry (DSC-TG). The BaCO3/A-Hal-T may provide a candidate for potential applications.
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1. Introduction


Halloysite (abbreviated as Hal) (Al2Si2O5(OH)4·2H2O) is a kind of clay mineral in the category of the kaolin group. These two have similar chemical compositions and analogous crystallographic structures. While unlike the kaolinite crystals, the layers in Hal are naturally curved to form a tubular structure due to the size mismatch of the two kinds of polyhedra [1,2], yielding the naturally occurred nano-tubular morphology in the Hal minerals. The outer silicon (hydr-)oxide tetrahedral [SiO4] surface and the interior aluminum (hydr-)oxide octahedral [AlO6] surface are arranged in a layer-by-layer 1:1 manner [3]. The chemical difference between the inner and outer surface of Hal result in a negative charged external surface and a positive charged interior surface in a wide pH range of 3.0~9.0 [3]. So, Hal has a negative overall zeta potential from −50~−30 mV in this pH range, which makes the very good dispersion and colloidal stability of Hal in mild acidic circumstances [4]. The length of Hal varies between 100~1000 nm, the interior and external diameter are about 15~20 nm and 50~80 nm, respectively [5,6]. Hal has many unique properties such as high surface area, high aspect ratio, high porosity, large surface chemical properties, non-toxic biocompatibility and good thermal stability [7], etc., making Hal widely used as a hydrogen storage matrix [8,9,10], catalysis supports [11,12,13,14,15,16,17,18,19], nanoreactors [20,21,22], medicine carrier, biological antibacterial [4,23,24,25,26] and other functional materials [27,28,29,30,31,32]. Some excellent reviews have summarized the physical and chemical properties of Hal with structural modification methods and have included the applications of the Hal-based materials [33,34,35,36].



BaCO3 is a thermodynamically stable crystal among the carbonates existing in nature. BaCO3 has recently attracted a lot of research [37] due to its close relationship with many important applications in the ceramic and glass industries, as well as a precursor for magnetic ferrites and/or ferroelectric materials [38]. Recently, the application of BaCO3 nanoparticles as catalysts for high-temperature oxygen reduction reactions(ORR) in solid oxide fuel cells (SOFCs) was reported [39,40]. Then, Cao et al. showed that the barium ions on the surface of catalyst played a key role in the adsorption of oxygen molecules and the formation/decomposition of intermediates for ORR [41]. Cai et al. found that the BaCO3/CaO composite after additive roasting and acid leaching was proved to be feasible for vanadium recovery from refractory stone coal [42]. The influence of BaCO3 on chlorine fixation and combustion characteristics was investigated by Wang et al. and showed that the chlorine fixation of cotton stalk was improved 5.35 times by adding a reasonable ratio of BaCO3. The reasonable additive ratio between biomass, NH4H2PO4 and BaCO3 could be K:P:Ba = 1:1.5:1 [43]. Zhang et al. chose BaCO3 as the support of Ag-CuCl2 catalyst for gas-phase epoxidation of propylene by oxygen; the composite catalyst showed fairly good propylene oxidation (PO) selectivity and propylene conversion efficiency [44]. Whittaker et al. studied the multi-step crystallization, rapid interconversion of amorphous and crystalline precursors of barium carbonate [45]. Massoni et al. studied the effect of BaCO3 on the synthesis of barytocalcite, which showed that barium carbonate has positively affected the sintering processes through decreasing the sintering activation energy and increasing the shrinkage rate to obtain higher densities [46]. Zhang et al. found that barium carbonate can be used in solar power plants for high-temperature thermal energy capture, transportation and storage materials [47]. The above literature clearly shows the high importance of barium carbonate in the fields of both mineralogical and materials science. In addition, BaCO3 is a widely available and very cheap material that has attracted much attention in applications as catalysts for high-temperature oxygen reduction in solid oxide fuel cells (SOFC). The BaCO3 nanoparticles can obviously decrease the interfacial polarization resistances of cathodes for medium-temperature SOFCs. About one order of magnitude resistance reduction is originated from the low-frequency response [39]. Barium ions on the surface of catalyst play a key role in the adsorption of oxygen molecules and the formation/decomposition of intermediates [41]. Therefore, infiltrating the electrocatalyst (BaCO3) within a porous structure (such as the Hal minerals with naturally occurred nanotubes) may increase the catalytic activity through elevating the surface area as well as reducing the aggregation of the catalyst [40]. However, there are few reports on synthesizing BaCO3 in mineral based matrices, especially in the lumen of tubular Hal to the best of our knowledge.



Here, the BaCO3 nanoparticles with controlled morphology are prepared in tubular channels of halloysite through a urease assisted catalytic assembly strategy. Hydrochloric acid treatment to halloysite is conducted in order to expand the diameter of the nanotubes, and so as to facilitate the anchoring of biological active catalyst (urease) in the lumen of A-Hal. The urease is introduced as the key component to accelerate the decomposition of urea to carbonate ions and facilitate barium carbonate precipitation in the tubes. The inner lumen of halloysite plays the role of nano-confinement for BaCO3 nanoparticles (2~8 nm). The synthesis of BaCO3/A-Hal-T in this work is of value in the field of controllable assembly of functional materials in a tubular template for many potential applications.




2. Experimental


2.1. Materials


Hal was obtained from Linfen, Shanxi province in China. 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 ground and passed a 200 Mesh sieve. In the pretreatment process, 10 g Hal raw mineral was dissolved in 500 mL deionized water and magnetically stirred at 600 rpm for 6 hours. Finally, after standing for 10 hours, the supernatant was centrifuged and washed by ethanol, followed by drying at 60 °C. Urease (MW 480,000, diameter 5 nm [48]) from Jack Bean was purchased from Aladdin Reagent Co., Ltd. (Shanghai, China). BaCl2 and urea were purchased from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). All other reagents in this study were analytically pure and were used as received without further purification.




2.2. Acid Treating


The pretreated Hal (1 g) was added into 50 mL 2 M hydrochloric acid solution (HCl), and subsequently magnetically stirred in a conical flask at 60 °C for 5 h. The aim of acid leaching was to partially dissolve the aluminum in the tube and expand diameter of the lumen to facilitate the assembly of urease molecular and metal resources. The suspension was then filtered and washed with distilled water for several times to remove all of the leached Al3+ and residual Cl− ions until no acid could be detected by AgNO3 solvent. The treated mineral was dried at 60 °C to obtain the acid-treated Hal sample (denoted as A-Hal). Then A-Hal were ground and passed through a 200 Mesh sieve before being used.




2.3. Experimental Procedure


The acid-treated Hal was mixed with urease solvent (12.5 mg/mL), the solution was magnetically stirred for 30 min and then the suspension was transferred into a vacuum jar, a pump was used to vacuum the chamber. Slight fizzing of the suspension suggested the air interior of the halloysite lumen was removed. After the fizzing stopped, the vial was sealed for 30 min to reach an equilibrium enzyme distribution [20]. The process was repeated twice. The modified halloysite underwent extensive washing/centrifugation with distilled water to remove excessive urease solvent from the outer surfaces of the nanotubes. After that, the Hal with urease molecules was dispersed ultrasonically in a mixture of urea (0.0025 M) and BaCl2 (0.005 M) for 30 min and transferred to a vacuum jar to repeat the pump steps. After the reaction, the halloysite suspension was centrifuged to remove excess of the Ba-salt and the process was repeated two times to ensure that the halloysite was filled with the maximum amount of barium carbonate. The product was dried at 60 °C, BaCO3/A-Hal was calcined at 500 °C to remove residual organics (denoted as BaCO3/A-Hal-T).




2.4. Characterizations


The phase of the samples was confirmed with a powder X-ray diffractometer (DX-2700, Dandong Hao Yuan Apparatus Co., Ltd., Dandong, China) with Cu Kα-radiation (λ = 1.541806 Å). Sample was scanned from 5° to 80° of 2θ with a step width of 0.02°. The zeta potential was measured on a Zeta potential and Size Distribution Analyzer Zeta plus (Malvern Zetasizer NANO ZS90, Malvern, Malvern, UK). The clay was dispersed in distilled water at a concentration of 5 mg/mL, prior to the tests, the Hal and A-Hal samples were stirred and soaked in the testing solution for a minimum of 30 min to guarantee the sufficient infiltration by the solvent. HCl (0.5% wt %) and NaOH (1% wt %) were used to adjust the pH to the range 2.0~12.0. Fourier transform infrared spectroscopy (FTIR) analysis was performed at room temperature using a Bruker TENSOR27 spectrometer from 4000 cm−1 to 400 cm−1 with pressed disks of the sample and KBr mixture (the mass ratio is 1:100). A TESCAN MIRA3 LMU scanning electron microscope was used to observe the surface morphologies. The resolution of the secondary electron image was 1.0 nm, the acceleration voltage was adjustable in the range of 0.2~30 kV, the magnification was 3.5~1,000,000 times. Transmission electron microscopy (TEM) images were characterized with a TEM system (Titan G2 60-300, FEI, Hillsboro, OR, USA) operated at 200 kV, which was equipped with an energy-dispersive X-ray spectrometer (Oxford EDX, Oxford, UK). The contents of Ba in the sample were measured with an inductively coupled plasma emission spectrometer (ICP-AES) on a Thermo Scientific-ICAP 7400 spectrometer (Thermo Scientific, Waltham, MA, USA). TG/DSC (Mettler Toledo, Zurich, Switzerland) curves of the samples were measured by a Mettler Toledo TGA/DSC3+/1600 LF in Nitrogen atmosphere, the heating rate was set at 10 °C/min.





3. Results and Discussion


Surface charge characters of the raw mineral and acid-treated Hal should have great influence on the successful assembly of urease and barium sources. Therefore, the Zeta potential test is used before the synthesis process to determine the surface double-layer electronic potential of the pristine and acid-treated Hal minerals (Figure 1). In a wide range of pH values, the surface potential of the Hal exhibits a large net negative charge, the potential decreases when pH is adjusted to 2.0. After acid treatment, the zeta potential of the A-Hal relatively increases, but still remains negatively charged [49]. The over-all negative charge of halloysite should be reasoned as follows: During the acid leaching process, the aluminol Al−OH species on the surface of the Hal is protonated by the H+ ions in the acid solution, forming a positive Al(OH2) species. These positive species will weaken the bonding between Al and O atoms, resulting in the partial leaching of Al from Hal. The Al content in each aluminosilicate layer will decrease from the inner shell to the outer shell, and thus would expand the multilayer structure within the tube lumen [50]. After acid activation, Hal shows a disaggregated tube morphology and the nanotubes are broken into smaller tubes. Hydroxyl groups located at edges, steps, and related defects of clay mineral particles are different and called terminal OH groups. These OH groups are under-coordinated and carry either a positive or negative charge depending on the type of metal ion and the pH of the ambient aqueous solution [51]. Homogeneous substitution in halloysite is weakened during the acid leaching process, resulting in the rise of the overall zeta potential for A-Hal.



The X-ray diffraction pattern for pristine Hal in Figure 2 shows a number of peaks that can be well indexed to a typical 7 Å-halloysite (JCPDS PDF No. 29-1487, Hexagonal, space group Primitive), the diffraction peaks of A-Hal coincide well with the raw Hal. But after the acid treatment, the diffraction peaks of the halloysite are broadened, indicating the decreased crystallinity of the lattice. The lattice etching takes place at the interior layer during acid leaching, where aluminum ions are leached out, resulting in the mismatches and defects in the lattice of the A-Hal compared with the Hal. The XRD pattern of BaCO3/A-Hal-T sample shows broad peaks at 23.89°, 24.30°, 27.71°, 34.07°, 41.98°, and 44.88°, relatively, which are characteristic peaks of BaCO3 (JCPDS PDF No. 45-1471, orthorhombic, space group Pnma). No peak belongs to any impurities, confirming the relative high purity of the products.



FTIR analysis in Figure 3 is further carried out to verify the formation of barium carbonate during the reaction process. Positions and assignments of the FTIR vibration bands of different samples are presented in Table 1. Both of the double peaks at 3697 and 3623 cm−1 are ascribed to the stretching vibrations of the adsorbed water in Hal, but the peak at 3697 cm−1 is the stretching vibrational mode of perpendicular surface –OH groups, and 3623 cm−1 is the stretching vibrational mode of inner hydroxyl groups, respectively [52]. The sharp peak at 1642 cm−1 corresponds to the H–O–H deformation band in the adsorbed water. Peak at 1032 cm−1 could be ascribed to the asymmetric in-plane Si–O–Si stretching. The adsorption peak at 910 cm−1 results from the –OH deformation of inner hydroxyls [53]. The sharp peak at 794 cm−1 corresponds to the symmetric stretching of Si–O. The spectral band at 691 cm−1 originates from the perpendicular stretching of Si–O bonds probably coordinated to surface hydroxyls. The double adsorption peaks at 534 cm−1 and 468 cm−1 are ascribed to the bending vibrations of the Si–O groups [54]. 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. According to the FTIR spectra of the Hal and A-Hal, the amount of Al–OH species decrease with a longer leaching time, as indicated by the weakness of the peaks at 3697, 3623 (Al–OH stretching vibrations), and 910 cm−1 (Al–OH deformation vibration). The peak at 1657 cm−1 could be attributed to C=O stretching mode of urease (amide I) [21]. The band observed at 1545 cm−1 corresponds to the stretching and deformation mode of N–H (amide II). The band at 1400 cm−1 is due to C–H vibrations of the CH2 groups [55]. This red shift (urease) indicates that urease could form the interaction with aluminol (Al–OH) groups in the lumen of A-Hal. The IR spectra of BaCO3/A-Hal-T exhibit adsorption peaks at around 1450, 856 and 694 cm−1, which represent a characteristic absorbance of BaCO3 with high purity. A wide and smooth absorption band at 3450 cm−1 is due to intermolecular hydrogen bonds or the stretching vibration peaks of O–H in water molecules. The peak at 694 cm−1 should result from in-plane bending vibrations of CO32−; the peak at 856 cm−1 is ascribed to out-of-plane bending vibrations of CO32−. The peak at 1450 cm−1 corresponds to the non-stretching vibrations of CO32− [44]. These results are consistent with the XRD results of Hal and BaCO3/A-Hal-T.



The thermal properties of the A-Hal, (b) U/A-Hal, (c) BaCO3/A-Hal-T are recorded by TG and DSC from room temperature to 1100 °C at a heating rate of 10 °C/min (Figure 4). The TG curves of the A-Hal show two-stepped curves, the first step with about 2.98% weight loss before 150 °C is ascribed mainly to dehydration, including removal of the physically adsorbed water and the interlayer water during the transformation from Halloysite-10 Å to Halloysite-7 Å [54]. The second step about 13.47% and 14.83% weight loss in the range of 400–550 °C corresponds to the endothermic peak centered at 525 °C and 523 °C, respectively, and can be attributed to dehydroxylation in A-Hal and U/A-Hal [56]. The narrow exothermic peak at 997 °C is attributed to the phase segregation of SiO2 and γ-Al2O3 from the halloysite lattice in the mineral [7]. The thermal decomposition of urease is considered to occur at 180 °C attributable to the fragments CONH and CHO, respectively, from the urease skeleton (Figure 4b). This temperature is higher than that observed for free urease, which suggests that the urease loaded in A-Hal is thermally stabilized. The decomposition products with higher molecular weight losses of about 7.22% are observed at 330 °C, which result from the thermal decomposition of residual amino acids of urease [57]. Figure 4c shows the TG-DSC curves of BaCO3/A-Hal-T, which have a continuous weight loss of 6.01% from 25 to 800 °C, which may have originate from the desorption of water molecular before 200 °C, de-hydroxylation and decomposition of residual urea and urease, as well as possible carbonates before 800 °C.



The scanning electron microscopy (SEM) micrographs verify that Hal has a rod like morphology (Figure 5a) with diameters of 30~50 nm and lengths of about 1000 nm. After acid leaching (Figure 5b), A-Hal shows a disaggregated tube morphology, the nanotubes are broken into smaller tubes, and the dispersibility of the Hal in the experiments is increased, which may result in a substantially short diffusion path. Hal contains the following major elements: O, Al, and Si. In addition, A-Hal mainly contains Si and O, while part of the Al content is retained (see the inset of Figure 5d). The external diameters of the tubes remain unchanged, indicating that etching takes place solely in the inner lumen. The BaCO3/A-Hal-T in Figure 5c shows the nanotubes with similar character with that of the acid-treated Hal sample; few particles can be found on the outer surface of the nanotubes. Energy-dispersive X-ray analysis shows a small amount of Ba species in the products, confirming Ba-containing compound formation (Figure 5d). The total amount of released Ba ions from BaCO3/A-Hal-T is about 11.3% according to the ICP-AES analysis, which agrees well with the corresponding results of the SEM.



The TEM images are acquired to further verify that barium carbonate particles are synthesized in the lumen of nanotubes from natural halloysite (Figure 6). A typical TEM image of Hal in Figure 6a shows that the pristine mineral possesses a hollow tubular structure with a smooth surface, open ends and continual hollow lumen with a diameter of about 15–30 nm and length of about 1000 nm. The acid-treated Hal (Figure 6b) is well dispersed in the copper mesh, and the sizes of A-Hal are a bit smaller than pristine Hal. Characteristics of tubular morphology are retained even after acid leaching, with diameters of the inside channel increasing about 10%, while the outer diameter of the tube remains unchanged, indicating that etching only occurs in the interior lumen. The observations of the crystal growth of the BaCO3 nanoparticles (Figure 6c) suggest that the nanoparticles could be formed in A-Hal lumens, rather than attaching onto the external surface of A-Hal. The large amount of production of 2–8 nm sized BaCO3 nanoparticles is observed in the lumen. The EDX spectrum in Figure 6d confirms that the sample contains Ba, Si and Al elements. All of these agree well with the corresponding FTIR and XRD results.




4. Assembly Mechanism Analysis


Based on the aforementioned results, a schematic illustration to describe the formation mechanism of the BaCO3/A-Hal product is summarized in Scheme 1. During acid leaching, H+ gradually replaces the six-fold coordinated cations such as Al3+ and Fe3+ in the octahedral layer, which produces some defects through etching some Al3+ or [AlO6] groups from the crystal lattice of the interior lumen, thus the Al content in each aluminosilicate layer is reduced, resulting in an increased interior tube diameter. The defects may also facilitate the selective adsorption of the Ba2+ metal cations [58]. The Hal is then dispersed in a urease solution, after the air in the Hal chamber is removed with a vacuum pump, the urease solvent is absorbed into the lumen. Since the isoelectric point of urease is pH ~6.0, the negative charged urease in distilled water can also be adsorbed and anchored into the lumen of Hal because of the positively charged interior surface [20]. After washing, excessive urease is eliminated from the outer surface due to the negatively charged status of this side. When the urea and Ba2+ solvent is absorbed into the lumen, the ureases will catalyze the decomposition of urea at a suitable temperature to produce ammonia and CO32− ions and results in the alkaline environment in Hal lumen that promotes the formation of BaCO3 nanoparticles within the lumen by inhibiting the hydrolysis of carbonate. Then the barium cations in the lumen will be coordinated by the carbonate radicals, finally yielding the BaCO3 nanoparticles in situ inside the A-Hal lumen.




5. Conclusions


BaCO3 nanoparticles were selectively synthesized in the lumen of nanotubes from natural halloysite for the first time. In the acid leaching process, the inner diameter of the halloysite tube was expanded, resulting in increased defect sites and zeta potential. Negatively charged urease and positively charged Hal lumens can form interactions, so urease was loaded into the lumens of Hal nanotubes. After barium cations and urea were absorbed from the surrounding solution, the ureases catalyzed the decomposition of urea to produce ammonia and CO32− ions. BaCO3 nanoparticles with sizes less than 8 nm were successfully loaded in situ in the A-Hal lumen, rather than loading the outer surface of the A-Hal. The channels of halloysite effectively confined the growth of BaCO3 crystals and controlled geometrical morphology. The product had potential utilization in catalysis.
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Figure 1. Zate potential plot of the Hal and A-Hal samples. 
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Figure 2. XRD patterns of the raw and acid-treated Hal mineral, and BaCO3/A-Hal-T. 
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Figure 3. FTIR spectra of the raw Hal, A-Hal, U/A-Hal and BaCO3/A-Hal-T samples. 
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Figure 4. TG-DSC curves of (a) A-Hal, (b) U/A-Hal and (c) BaCO3/A-Hal-T samples. 
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Figure 5. (a) SEM image of Hal, (b) A-Hal, (c) BaCO3/A-Hal-T and (d) EDX spectrum of BaCO3/A-Hal-T. 
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Figure 6. Morphologies of the samples. TEM images of (a) Hal, (b) A-Hal, (c) BaCO3/A-Hal-T and (d) EDX spectrum of BaCO3/A-Hal-T. 
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Scheme 1. Schematic illustration to the acid etching of Hal, and urease immobilization to catalyze the synthesis of barium carbonate in the lumen of A-Hal. 
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Table 1. Positions and assignments of the FTIR vibration bands of different samples.
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	Position/cm−1
	Assignments





	3739
	–O–H stretching of adsorbed water



	3695
	stretching of perpendicular surface –O–H



	3624
	–O–H stretching of inner hydroxyls



	3450
	stretching vibration peaks of O–H in water molecules



	1642
	bending of –OH in adsorbed water



	1040
	(Broad band) Si–O stretching



	911
	–O–H deformation of inner hydroxyls



	691
	perpendicular Si–O stretching



	535
	bending deformation of Al–O–Si



	1657
	stretching and deformation mode of C=O (amide I)



	1545
	stretching and deformation mode of N–H (amide II)



	1400
	C–H vibrations of the CH2 group



	1450
	non-stretching vibration of CO32−



	856
	out-of-plane bending vibration of CO32−



	794
	symmetric stretching of Si–O



	694
	in-plane plane bending vibration of CO32−
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