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Abstract:



Halloysite (HNT) is treated with sulfuric acid and the physico-chemical properties of its morphology, surface activity, physical and chemical properties have been investigated when HNT is exposed to sulfuric acid with treatment periods of 1 h (H1), 3 h (H3), 8 h (H8), and 21 h (H21). The significance of this and similar work lies in the importance of using HNT as a functional material in nanocomposites. The chemical structure was characterized by Fourier transform infrared spectroscopy (FTIR). The spectrum demonstrates that the hydroxyl groups were active for grafting modification using sulfuric acid, promoting a promising potential use for halloysite in ceramic applications as filler for novel clay-polymer nanocomposites. From the X-ray diffraction (XRD) spectrum, it can be seen that the sulfuric acid breaks down the HNT crystal structure and alters it into amorphous silica. In addition, the FESEM images reveal that the sulfuric acid treatment dissolves the AlO6 octahedral layers and induces the disintegration of SiO4 tetrahedral layers, resulting in porous nanorods. The Bruncher-Emmett-Teller (BET) surface area and total pore volume of HNTs showed an increase. The reaction of the acid with both the outer and inner surfaces of the nanotubes causes the AlO6 octahedral layers to dissolve, which leads to the breakdown and collapse of the tetrahedral layers of SiO4. The multi-fold results presented in this paper serve as a guide for further HNT functional treatment for producing new and advanced nanocomposites.
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1. Introduction


Aluminosilicate (Al2Si2O5(OH)4·nH2O), commercially known as halloysite nanotubes (HNTs), is quarried naturally from many countries around the world such as Japan, China, America, South Korea, Brazil, France, and Turkey [1]. HNT is a hollow tube-shaped-micro-to sub-micro size structure with limited high aspect ratio. HNTs are characterized by nH2O, whereby n is two for halloysite-7 Å and n is four for halloysite-10 Å [2]. HNT-physical characteristics are 50 to 70 nm, 15 nm, and 1.5 μm in external diameter, internal diameter, and lumen length, respectively. The basal (d001) spacing for halloysite-7 Å is the same as for kaolinite-7 Å. However, the basal (d001) spacing (7 Å) is lower than that of hydrated halloysite-10 Å. This is because the interlayer water in halloysite-10 Å evaporates, converting it into halloysite-7 Å. The crystal structure shown in Figure 1 depicts the two-layer HNT structure, and formed the tertrahedral-SiO4, octahedral-AlO6 octahedral layer. Figure 1 also shows possible bonds along with other characteristics. The water molecule interlayer separates the two layers [3,4,5].


Figure 1. HNT molecular structure.
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Generally, HNT is widely used in a range of applications in numerous areas such as thermoplastic, plastic, polymer and other composites as additive fillers. In addition, its hollow nano-tubular structure makes it a potential substance for use in the production of biomedical applications [6,7]. However, the interlayer water often causes a mismatch of the tetrahedral and octahedral layer, especially at low temperatures. This causes changes in chemical and physical properties of HNTs such as cation exchange capacity [6,8,9]. As a nanoclay mineral, halloysite is used in the production of high-quality porcelain products [10] and subjected to numerous research which focuses on how HNT properties change under acid and/or heating treatment. Various methods such as acid activation, intercalation, thermal-chemical treatment and chemical modification are employed in the functionalization of HNT. All of these methods have improved the properties of HNT as well as the performances of related products. Hence, HNT has attracted considerable interest among stakeholders. It is clear that acid treatment causes disaggregation of HNT and even dissolution of the inner layers [11]. In the same study [11], the use of sulfuric acid for selective etching of alumina from the inner wall could enlarge the lumen of HNT. The effects of hydrochloric acid (HCl) have been studied thoroughly by Belver et al. [12], who focused on alkaline activation of kaolinite. At 6M-HCl, the team found that HCl treatment after 6 h results in the removal of about 90% of the octahedral Al3+ cations, the process that leads to creating amorphous silica with high surface area. One of the differences lies in the regular crystal structure of kaolinite that requires preheating preparation for its reaction with HCl acid [12]. In addition to HCl, sulfuric acid treatment has been employed as a traditional chemical activation method for improving the performance of nanoclay minerals [13,14,15]. The other acid used for treating HNT and kaolinite, an isomeric mineral of HNT, is sulfuric acid (H2SO4). The sulfuric acid treatment triggers several processes such as disaggregation of nanoclay particles, elimination of mineral impurities, and dissolution of the external layers. The main purpose of these processes is to break down the structure of clay minerals, resulting in an increase in surface activity [16] and BET specific surface area [12,17]. Meanwhile, Panda et al. [17] investigated the enhancement of physical and chemical characteristics of kaolin using sulfuric acid treatment. They studied the use of sulfuric acid treatment, in particular, as an effective process for producing less porous nanomaterials with high surface area [17]. One important characteristic of HNTs is that the chemistry of the outer surface of the monolayer is different from the inner surface, which means that the two surfaces have separate modifications [18]. Despite all of these preparations, there are deficiencies in HNTs such as mismatching of the tetrahedral layer and octahedral layer due to the interlayer water. When this happens, there is a direct reduction with acid. Secondly, HNTs react with acid easily due to its nanotubular structure in contrast with kaolinite that does not easily react with acid due to its plate structure [19]. Kaolinite, which shares the same chemical family as HNT, along with HNT, has almost the same benefits due to attaining the adsorption equilibrium much faster with higher pH conditions [20,21,22,23]. Regarding kaolinite, there is a variety of research that uses acids such as the sulfuric acid for treatment. One of the studies by Lenarda et al. [24] used the sulfuric acid treatment on metakaolin for preparing mesoporous catalysts [24]. The effects of using sulfuric acid on HNT physico-mechanical properties were studied by Zhang et al [2]. In their report, HNT was treated with sulfuric acid according to the specific period of times ranges between 1 and 21 h. The structure, morphology and surface characteristics of HNT were thoroughly investigated. TEM images have been shown to dissolve [AlO6] octahedral layers and rupture [SiO4] tetrahedral layers, both of which cause porous nanomaterial. The report showed that BET surface area and pore volume increase until 13 h treatment and then decrease beyond that. In addition, Zhang et al. [2] found that the micropores remain intact as far as the crystalline structure exists while the mesopores are enlarged at the time of the treatment increases. In this study, FTIR, TEM, and FESEM were utilized and a thorough investigation to surface morphology, chemical composition, and crystal structure was performed. Despite the fact that the two studies agreed on the destruction of HNT crystal structure due to sulfuric acid treatment, there are some conflicting results about the BET surface area and the number of the XRD peaks attained.




2. Results and Discussion


2.1. FTIR


Figure 2 shows the vibrational modes of FTIR spectra of treated HNTs that were assigned according to numerous previous and similar studies [25,26,27,28], and the results are tabulated in Table 1. The spectra of [O–H] stretching of inner-surface hydroxyl of H0, H1, H3 and H8 show almost similar absorption spectra at 3692.2, 3694.7, 3694.5 and 3694.6 cm−1, respectively [20]. In addition, the spectra of H0, H1, H3 and H8 in the [O–H] stretching of inner hydroxyl group show similar spectra absorption at 3622.23, 3622.15, 3622.4 and 3621.9 cm−1 [29]. The spectrum of the inner-surface hydroxyl group and inner hydroxyl group of H21 sample disappear. One possible reason for the disappearance of these two spectra is the breakage of their bonds due to longevity of the acid treatment for 21 h. The absorption spectra of [O–H] group with intermolecular hydrogen of H0, H1, H3, H8, and H21 are recorded at 3547.68, 3416.77, 3402.13, 3397.8 and 3388.02 cm−1, respectively [20].


Figure 2. FTIR pattern of H0, H1, H3, H8, and H21 samples of HNT-sulfuric acid treatment.
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Table 1. Results of FTIR.







	
Sample

	
H0

	
H1

	
H3

	
H8

	
H21






	
OH/O-H-Structure

	
O-H inner

	
3692.2

	
3694.7

	
3694.5

	
3694.6

	
-




	
OH-inner

	
3622.23

	
3622.15

	
3622.4

	
3621.9

	
-




	
O-H intramolecular

	
3547.68

	
3416.77

	
3402.13

	
3397.8

	
3388.02




	
C-C

	
1649.17

	
1648.22

	
1638.18

	
1630.5

	
1631.07




	
Si-OH

	
1119.13

	
1116.08

	
-

	
-

	
-




	
Si-O-Si

	
993.5

	
1005.72

	
1025.7

	
1031.6

	
1050.4




	
Al-OH

	
903.6

	
908.5

	
909.3

	
912.2

	
943.8




	
Al-O-OH

	
792.09

	
794.5

	
795.1

	
795.7

	
795.6




	
748.05

	
751.1

	
751.6

	
-

	
-




	
Alcohol-OH-Out of Plane

	
-

	
678.0

	
686.6

	
691.25

	
693.35










The absorption spectra for H0, H1, H3, H8 and H21 recorded at 1649.17, 1648.22, 1638.18, 1630.5 and 1631.07 cm−1, respectively, show very weak peaks that could not be reliable to be assigned to any possible bond and might attributed to some impurities. The bonds at 1119.13 and 1116.08 cm−1 peaks of samples H0 and H1 are assigned to the stretching mode of apical [Si–OH] organic groups [29]. The [Si–OH] spectra disappear for samples H3, H8, and H21, suggesting that [OH] radical is no longer attached to Si due to the influence of the sulfuric acid treatment. The bands at 993.5 and 1005.72 cm−1 are caused by the stretching vibrations of [Si–O–Si], which is closer to the outer surface of the HNT molecules [16,29]. The strong characteristic peaks at 1025, 1031.6 and 1050.4 cm−1 in the HNT spectrum are assigned to the stretching vibration of [Si–O] bonds on HNT surfaces [20]. The bands at 903.6, 908.5, 909.3, 912.2, and 943.8 cm−1 are assigned to bending vibration of [Al–OH] [20]. The bonds at (792.09, 748.05), (794.5, 751.1), (795.1, 751.6), (795.7, 795.6) cm−1 peaks of samples H0, H1, H3, H8, and H21 are assigned to the stretching mode of Al-O-OH. The bonds at 687.0, 686.6, 691.25 and 693.35 cm−1 peaks of samples H1, H3, H8, and H21 are assigned to the stretching mode of apical alcohol-OH out of plane bend [30].




2.2. XRD


XRD is one of most efficient techniques used to study crystal structures. The samples of H0, H1, H3, H8, and H21 are studied using XRD as shown in Figure 3. XRD results are very similar to those reported by Zhang et al. [2] with very limited exceptions. As shown in Figure 3, the diffraction angle (2θ) was taken up to 70° compared to about 50° in Zhang’s work. The extra diffraction angle, about 20°, covers more reflections that result in a better evaluation of the effect of sulfuric acid on the crystal structure of HNT. The neat HNT shows a relatively sharp peak at 2θ of 12.80° with corresponding d value of 10.04 Å, which is the characteristic (001) peak of halloysite-(10 Å). The peak assigned for (001) does not show any shifting, suggesting no interaction of sulphuric acid with interlayer space [31]. Another peak appears at 2θ of 20.56°, which corresponds to d110=10 Å and can be ascribed to halloysite-7 Å. The next reflection appears at 2θ of 25.24°, which is assigned to (002). There is another peak at 2θ of 35.03° (011), 38.27° (200); 49.93° (11-2), and 62.62° (114). It is observed that the peak intensity at 35.03° (011) decreases as acid treatment time increases due to delamination [32]. The intensities of the peaks at 49.93° (11-2) and 62.62° (300) increase due to a greater presence of aluminum sulfate caused by the acid treatment [33]. As sulfuric acid treatment takes place for H1, H3, H8, and H4, the intensity of the peaks at a reflection of (001), (110), and (002) decreases for H1 and H3 and disappears for H8 and H21. For all other reflections, the intensity of the peaks decreases but seemingly survives at the highest treatment of H21.


Figure 3. XRD spectra of H0, H1, H3, H8, and H21. X (halloysite-7 Å), M (aluminium silicon oxide), S (quartz), R (silicon oxide), G (graphite).
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2.3. TEM


TEM images of neat H0-HNT shows that HNT nanotubes are very clear with dimensions of 200–1000 nm in length, 10–50 nm in inner diameter, and 80–150 nm in outer diameter. The wall of the nanotube is composed by about 6–8 molecular layers [34]. It is assumed that the neat HNT exhibited alumite plates [3]. Figure 4b shows H1-HNT nanotubes just started to scatter due to the effect of the sulfuric acid while the single nanotubes are exfoliated on the outer surface. As the time of sulfuric acid treatment increases to 3 h (H3-HNT), the nanotubes show better distribution as indicative that more time treatment results in better HNT distribution. However, the outer surface shows clear exfoliation as depicted in Figure 4c. After 8 h of acid treatment, the nanotubes are almost detached from each other with very little agglomeration, while the outer surface of the nanotubes looks severely exfoliated as shown in Figure 4d. The nanotubes lost their physical appearance by showing no complete tube due to the severe exfoliation as shown in Figure 4e. The effect of the sulfuric acid is clearly shown on the HNT-nanotubes. The results suggest that the distribution of the nanotubes is the best distribution concerning the sequence of treatments employed in this work. It is important to note that the effectiveness of the mixing of these HNTs in composites needs more work to determine the mechanical properties.


Figure 4. TEM images of HNT-H0 (a); HNT-H1 (b); HNT-H3 (c); HNT-H8 (d) and HNT-H21 (e).
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2.4. FESEM


Figure 5 shows the FESEM images of HNT before (H0) and after acid treatment (H1, H3, H8, and H21). The focus in these figures is about the distribution of the nanotubes before and after sulfuric acid treatments. Considering the nature of FESEM images that signifies the distribution of the nanotubes with the virtually unlimited depth of field in the matrix rather than horizontally on the surface, the images did not clearly show the exfoliation of the outer surfaces. The stacking of HNT nanotubes clearly shows the effect of sulfuric acid on the distribution of HNT nanotubes. As the acid time treatment increases, the HNT nanotubes became separable until the 21 h HNT treatment where the HNT nanotubes appeared very mixed with no distinguishable physical feature of the nanotubes themselves. The result of 21 h-acid treatment agrees with the finding of XRD for the same sample as shown in Figure 3, where most of the reflections caused by insider planes have almost disappeared. The FESEM results for the same sample, H21, are in agreement with TEM images of the same sample as shown in Figure 4e, which shows how the outer surface is affected by this long-time treatment.


Figure 5. FESEM microphotographs of (a) H0 (Neat HNT); (b) H1 (acid treated of HNT for 1 h); (c) H3 (acid treated of HNT for 3 h); (d) H8 (acid treated of HNT for 8 h) and (e) H21 (acid treated of HNT for 21 h).
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2.5. Mapping with EDS


EDS, unlike XPS, provides qualitative results based on the instrument ability for collecting data which, in most cases, lies beyond certain limitations which could be accepted at reliable precision. It is expected that EDS spectra show the relative intensities of HNT (Al2Si2O5(OH)4·nH2O) main components of Al, Si, and O (H cannot be seen) either by weight or atomic percentage. Figure 6a–e shows the numerical relative intensities of O, Al, and Si based on weight and atomic percentages for H0, H1, H3, H8, and H21, respectively. The percentage of O content is very crucial since O is bonded to Al, Si, and H. The acid treatment has its impact on the bonding of O with other elements in the matrix. Based on the results in the inserts of Figure 5, the O content is almost stable suggesting that the O is still localized in the matrix whether it is a bind or not. The percentage of other elements depends on their orientation and localization in the matrix.


Figure 6. Mapping and EDX for: (a) (H0); (b) H1; (c) H3; (d) H8; and (e) H21.
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The results of H0 and H8 presented in this paper are better to be discussed in the light of similar results obtained by a previous work conducted by Zhang et al. [2] for same loading since these two loadings are the only ones presented by the two authors as described in Table 2. The results show that the oxygen percentage is almost the same in both analyses while a significant difference was found in other components. For pure HNT (H0), aluminum %weight contents increased by 126%, while for H8, the aluminum %weight content decreased by 45%. Regarding the silicon, the small increment was reported between the two works for H0, but for H8, the increment was recorded at about 11%. Assuming that the oxygen contents have almost similar results, the ratio of Si/Al for H0 decreased from 2.46 to 1.17 while for H8, the same ratio increased from 3.17 to 5.13. One possible reason for these differences is the quality of HNT used in the analysis. Zhang and his group did not identify the source of HNT and, possibly, the quality is different from the one used in this work.



Table 2. Comparison of atomic components between Zhang et al. [2] and current work.







	
Sample

	
Elements

	
Zhang et al. [2]

	
Current Work

	
Percentage Error




	
Weight%

	
Atomic%

	
Weight%

	
Atomic%

	
Weight%

	
Atomic%






	
H0

	
O

	
61.6

	
73.4

	
59.59

	
71.76

	
−3.31

	
−2.28




	
Al

	
8.2

	
12.8

	
18.54

	
13.24

	
+55.7

	
+3.32




	
Si

	
20.2

	
13.7

	
21.78

	
15.00

	
+7.25

	
+8.66




	
H8

	
O

	
60.4

	
72.8

	
60.76

	
72.98
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Al

	
9.3

	
6.7

	
6.40

	
4.56

	
−45.31

	
−46.92




	
Si

	
29.5

	
20.2

	
32.84

	
22.46

	
+10.17

	
+10.08











2.6. TGA


The TG-DTA weight loss spectra of H0, H1, H3, H5, and H21 are shown in Figure 7. DTA spectra of the H0, H1, H3, H8, and H21 show five endothermic peaks at 482.9, 492.8, 491.7, 475.2, and 469.4 °C, respectively. For pure HNT, DTA shows the extra endothermic peak at 86 °C. The area under the curve in the figure represents the amount of heat released endothermically from the surrounding to the HNT nanotubes. For H0-HNT, the endothermic peak shifts slightly to the higher temperature from 482.9 to 492.8 °C due to acid treatment as pointed out by [13]. The shift also suggests that the crystal structure undergoes some changes. As the acid treatment reaches 3 h (H3), the endothermic peak shows no shift in temperature and the size of the peak shows no change either. As the acid time treatment increases to 8 h (H8), the peak temperature shifts towards lower temperature from 491.7 to 475.2 °C, suggesting phase change that requires an ample amount of heat to be released causing lower temperature [35]. It is noticeable that the size of the endothermic peak at 475.2 °C decreases due to the phase change. As the time of the acid treatment increases to 21 h (H21), the peak shifts again to lower temperature of 469.4 °C, suggesting the occurrence of more phase changes, which drastically reflects on the size of the endothermic peak that becomes a negligible amount, showing that the phase changes have almost been completed.


Figure 7. TG–DTA curves of (a) neat HNT (H0); (b–e) H1, H3, H8, and H21, respectively, sulfuric acid treated products as a function of the durations of sulfuric acid treatment.
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The hydroxyl groups of [O–H] (inner and outer) and [O–H] out of plane have the ability to condense and hydrate at temperatures range of 500 to 800 °C. The first stage of the water loss at low temperatures is related to the physisorbed water, whereas the high-temperature weight loss could be attributed to the dehydration and dehydroxylation of the HNT sheet. It is observed that the physisorbed water increases as the acid-treatment time increases. One possible reason for this behavior is that the sulfuric acid increases both the amount of amorphous silica and the surface area, which made the water adsorption higher. At the high-temperature side, the percentage weight loss of HNT acid treated is lower than the pure HNT that could be attributed to the removal of the octahedral Al ions along with the concurrent removal of structural hydroxyl groups [17]. For H0-HNT, the endothermic peak centered at around 86 °C may be due to physisorbed water while the peak at the higher temperature of 480 °C might be due to the liberation of water caused by dehydroxylation of coordinated and structural water molecule [36]. The higher acid concentration increased the physisorbed water and decreased the structural and coordinated water leading to change in the endothermic peaks in treated samples [17].




2.7. DSC


The DSC heating can be used to determine a temperature signifying the melting of the HNT. Figure 8a–e shows DSC scans for H0, H1, H3, H8, and H21, respectively. The results of DSC are summarized in Table 3. The maximum peak temperature is observed for the H0 where no chemical treatment is performed. The peak temperature is shifted from 93.95 °C to its minimum value at 88.21 °C for H8 before the peak increase to 90.85 °C for H21. The effect of the sulfuric acid on the HNT structure clearly suggests structural damaging along with exfoliation as suggested by XRD and FTIR.


Figure 8. DSC curves of (a) neat HNT (H0); (b–e), H1, H3, H8, and H21, respectively, sulfuric acid treated products as a function of the durations of sulfuric acid treatment.
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Table 3. DSC results.







	
Nanotube/Treatment Time h (H)

	
Onset Temp. (°C)

	
Peak Temp. (°C)

	
End Temp. (°C)






	
Neat HNT (H0)

	
42.77

	
95.23

	
140.35




	
1 h (H1)

	
52.45

	
93.95

	
142.06




	
3 h (H3)

	
49.64

	
90.17

	
140.01




	
8 h (H8)

	
50.29

	
88.21

	
150.15




	
21 h (H21)

	
46.37

	
90.85

	
140.30











2.8. BET


The analysis of N2 adsorption-desorption is performed to investigate the surface area and pore volume of the neat HNT and acid-treated HNT specimens at times of 1, 3, 8, and 21 h. Table 4 tabulates the values of BET surface area and pore volume of all HNT samples-treated and untreated. All of the samples in Figure 9 display similar adsorption isotherms that are classified as type IV, which belongs to the mesoporous type according to the International Union of Pure and Applied Chemistry (IUPAC) classification [37]. The isotherm curves show a small area as a result of the adsorption and desorption curve—the area that is related to the number of N2 molecules adhered to the surface and not desorbed. This area becomes smaller as the acid time treatment increases, which can be explained by the TEM images shown in Figure 4e. Figure 9b shows the distributions of micropore size of natural HNT (H0) and sulfuric acid treated products (H1, H3, H8, and H21). When sulfuric acid treated time is increased from 1 to 21 h, the distribution of the micropore size of HNT shows a big difference while the pore size and pore volume indicates an increases [38]. The distribution of a fixed micropore size is to facilitate the utilization of acid treated HNT for various applications such as drug supporters, enzyme carriers, and selective adsorbents.


Figure 9. (a) N2 adsorption-desorption curves; (b) distribution micropore size.
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Table 4. Surface areas and pore volumes of neat HNTs and acid treatment HNTs.







	
Sample

	
H0

	
H1

	
H3

	
H8

	
H21






	
BET surface area (m2/g)

	
59.04

	
222.55

	
234.53

	
306.43

	
279.47




	
Total pore volume (cm3/g)

	
0.26

	
0.45

	
0.48

	
0.71

	
0.74




	
Micropore volume (cm3/g)

	
0.001

	
0.018

	
0.019

	
0.022

	
0.018




	
Mesopore volume (cm3/g)

	
0.28

	
0.49

	
0.52

	
0.81

	
0.82




	
Mesopore surface area (m2/g)

	
67.99

	
199.66

	
215.01

	
303.57

	
281.16




	
Average pore size (nm)

	
16.73

	
9.94

	
9.84

	
10.66

	
11.74




	
BET surface area (m2/g) [2]

	
47.8

	
207.6

	
259.1

	
248.4

	
134.1




	
Error% BET Surface area m2/g

	
−23.51

	
−7.20

	
+9.48

	
−23.34

	
−108.40










There is a significant increase in the BET surface area of HNT from 59.04 m2/g (H0) to 222.55 m2/g (H1). These findings are higher than those reported by Belver et al. [12] because of a high development of both the internal and the external surface of the HNT. This increase slows down as the acid time treatment moved from H1 to H3 and then to H8, where BET surface area reached the maximum of 306.43 m2/g. These developments are very well correlated to the dissolution of AlO6 octahedral layers during acid treatment as suggested by XRD spectra shown in Figure 2. As the acid time treatment increased to 21 h (H21), the BET surface area of HNT decreases to 279.5 m2/g possibly due to the disaggregation of silica layers. It is also noted that the micropore volume of HNT changes slightly from H1 (1 h) to H8 (8 h) due to the formation and blocking of micropores [39]. The other finding reveals that the average pore size of HNT treated by sulfuric acid shows an increase from 9.94 nm at 1 h to 11.74 nm at 21 h; however the maximum pore size of 11.74 nm is below the average pore size of natural HNT (16.73 nm) due to the opening of HNT.



The data presented in the second and the last column of Table 4 compares the current results with those obtained by Zhang et al. [2] for the BET surface area. Both results agree that a significant change in the surface area took place at or around 1 h of acid treatment (H1); however, there is no agreement between the two findings regarding accomplishing the maximum surface area. For Zhang et al. [2], the maximum appears at H3, while, for the current work, the maximum appears at H8. The two results also showed that, at H8, the result of the current work is better than the result presented by Zhang et al. [2].



Seemingly, there are some significant differences between the current work and the work presented by Zhang et al. [2]. One possible reason for these differences is the origin of the HNT nanotubes. HNTs for this work are imported and chemically checked in the USA while the origin of the halloysite used in Ref. [2] is not mentioned and is more likely a commercial grade. In addition to this, the HNT impurities, as reported by Zhang et al. [2], constitute about 4%, while the impurities in HNTs used in this work are less than 0.59%. Apparently, XRD [2] results showed more reflections than the one used in this study, possibly for high impurity percentage. It is important to note that the trend of the results presented here or by Zhang et al. [2] have the same common ground, and the possible differences could be considered secondary factors that do not significantly affect the overall findings.





3. Materials and Methods


The main materials used in this experiment are sulfuric acid and HNTs. The sulfuric acid is of purity 95%–98%, molecular weight 98.08 g/mol, and supplied by Sigma-Aldrich (Saint Louis, MO, USA). HNT was supplied by Natural Nano, Inc. (New York, NY, USA). Table 5 shows the chemical compositions and physical properties of HNTs.



Table 5. HNT chemical composition and physical properties.







	
Chemical composition






	
Compound

	
O:SiO2

	
Al:Al2O3

	
Si:SiO2

	
Impurities




	
Weight%

	
61.19

	
18.11

	
20.11

	
0.59




	
Physical properties




	
Formula

	
Surface Area

	
Pore Volume

	
Density

	
Refractive Index




	
Al2Si2O5(OH)4·nH2O

	
65 m2/g

	
~1.25 mL/g

	
2540 Kg/m3

	
1.54










Acid Treatment


The procedure of acid treatment for HNTs is carried out as follows: add 15 g of HNT into 100 mL of 3M sulfuric acid and divide the mixture into four portions and the samples are kept in a water bath at a steady temperature of 90 °C. The four mixtures are separately stirred at a speed of 200 rpm for 1, 3, 8, and 21 h, respectively. Each mixture is centrifuged at the speed of 3000 rpm for 10 min to separate the paste from the solution. The paste was washed away using distilled water up to four times and then dried in an oven at 70 °C for 12 h. Finally, the dried HNTs were ground using a mortar. The samples were labeled as H0, H1, H3, H8 and H21 based on the duration of the sulfuric acid treatment interval [40].





4. Characteristics


In this section, the characterization of the HNTs treated at different times with acid are presented, which includes FTIR, XRD, TGA, DSC, TEM, FESEM, and BET. FTIR is used to identify the functional group of HNTs. The analysis is performed using a Perkin Elmer System 2000 (Waltham, MA, USA), which is equipped with attenuated total reflectance. For this research, the range of the FTIR spectrum was set between 600 and 4000 cm−1 at a resolution of 4 cm−1. Secondly, the HNT structure and crystallite size are investigated using XRD model D8 with advance Bruker AXS X-ray and Cu radiation of 1.5406 Å (Berlin, Germany). XRD is equipped with the EVA software (Version 2, Bruker Corporation, Karsruhe, Germany) to evaluate the structure and lattice strain of samples. All XRD patterns are compared for standardization with the Joint Committee on Powder Diffraction Standards (JCPDS). The third characterization is TGA. TGA is used to identify the thermal properties of all five specimens of H0, H1, H3, H8, and H21. The analysis is performed using the TGA Model Q600 of TA Instrument, New Castle, USA. The TGA tests were carried out in a nitrogen gas environment at a flow rate of 60 mL/min, while the temperature is set between 25 and 800 °C scanning rate of 10 °C/min. Another characterization is conducted using DSC (Model Q2000, TA Instrument New Castle, DE, USA), which is used to analyze the melting temperature of H0, H1, H3, H8, and H21. All DSC analyses were performed under an inert atmosphere of nitrogen flows at rate of 50 ml/min, between −20 and 250 °C, and at a scanning rate of 10 °C/min. Regarding morphological images, the field of nano-science considers TEM as the most important instrument for studying the samples morphology and particle size. TEM of Philips, model CM12 (Somerset, NJ, USA), is operated at 80 kV, which generates an electron beam capable of passing through the specimen and interacts with it, producing an image that serves to study the surface and the particle size. The sample is prepared by dispersing the proper amount of the powder in 10 mL ethanol using the ultrasonic water bath for 10 min. The images are then magnified and directed to a fluorescent screen for further investigation. In addition to TEM, FESEM of model Zeiss SUPRA 55-VP (Konigsallee, Deutschland) is used to investigate and view the morphology of the HNT samples. FESEM is equipped with a higher resolution, and it has lower charging on the sample surface. The magnification of the morphology observations is set at 200 k. The elemental analysis of HNT is performed using OXFORD EDS and Mapping (Version 2, Omniprobe, Dallas, TX, USA). The isotherm technique of accuracy of ±0.02 m2/g has been used a technique known as BET for a quite long time. BET is used to determine the surface area of the materials by calculating the physical adsorption of nitrogen gas molecules. The surface area of the sample is analyzed using a Gemini apparatus (Micrometrics ASAP 2020, Norcross, GA, USA). The BET analysis requires degassing the sample at certain temperature, time, and vacuum. In this study, the degassing process is carried out at 350 °C for 2 h under the vacuum of 50 mTorr. Using suitable software, the Barrett–Joyner–Halenda (BJH) equation is used to calculate the pore volume as well as the average pore size of the distribution by exploiting the nitrogen desorption isotherm [41]. The total surface area of the sample can be determined by the number of nitrogen molecules obtained from the desorption–adsorption results together with pressure vibrations.




5. Conclusions


The effects of sulfuric acid-time treatment on the morphology, surface activity, and physio-chemical properties of HNTs have been investigated at four acid-time treatments of 1 h (H1), 3 h (H3), 8 h (H8), and 21 h (H21) and compared to a neat HNT (H0) sample. When sulfuric acid is added to the HNTs, the reaction of the acid with both the outer and inner surfaces of the nanotubes causes the AlO6 octahedral layers to dissolve, which then leads to the breakdown and collapse of the tetrahedral layers of SiO4. It is observed that sulfuric acid treatment breaks down the crystal structure of HNT before turning it into amorphous silica. FTIR shows hydroxyl groups were active for grafting modification by sulfuric acid, pointing to some very promising potential uses of halloysite for ceramic materials or as fillers for novel clay-polymer nanocomposites. XRD exhibits the breakdown of the crystal structure of HNTs and changes it into amorphous silica structure. In addition, the FESEM images reveal that sulfuric acid treatment dissolves the AlO6 octahedral layers and induces the disintegration of SiO4 tetrahedral layers, resulting in porous nanorods. It is also found that the BET surface area and pore volume increases when the duration of sulfuric acid treatment time is extended from 1 h to 8 h. The study has revealed very important findings regarding the type and origin of HNT used in the experiment and subsequent analyses. Seemingly, the quality and/or the source of HNT could result in significant differences regarding the behavior of treated HNT, and later in the composite that HNT is a part of it.







Acknowledgments


The authors thank Universiti Kebangsaan Malaysia and the Ministry of Higher Education for the financial support grant DIP-2014-006 and LRGS/TD/2012/USM-UKM/PT/05.




Author Contributions


Tayser Sumer Gaaz was a PhD student, and he did all of the experiments as part of his project. Mohamed H. Nassir helped with characterization of the nanomaterial. Abu Bakar Sulong and Abdul Amir H. Kadhum were the principle investigators, while Ahmed A. Al-Amiery was a co-investigator. All authors are aware of this manuscript and have agreed to its publication.




Conflicts of Interest


The authors declare no conflict of interest.




References


	1. 
Gaaz, T.S.; Sulong, A.B.; Akhtar, M.N.; Kadhum, A.A.H.; Mohamad, A.B.; Al-Amiery, A.A. Properties and Applications of Polyvinyl Alcohol, Halloysite Nanotubes and Their Nanocomposites. Molecules 2015, 20, 22833–22847. [Google Scholar] [CrossRef] [PubMed]

	2. 
Zhang, A.-B.; Pan, L.; Zhang, H.-Y.; Liu, S.-T.; Xia, M.-S.; Chen, X.-G. Effects of acid treatment on the physico-chemical and pore characteristics of halloysite. Colloid Surf. A Physicochem. Eng. Asp. 2012, 396, 182–188. [Google Scholar] [CrossRef]

	3. 
García, F.J.; García Rodríguez, S.K.; Andreas, K.; Reller, A. Study of natural halloysite from the Dragon Mine, Utah (USA). Z. Anorg. Allg. Chem. 2009, 635, 790–795. [Google Scholar]

	4. 
Ece, Ö.I.; Schroeder, P.A. Clay mineralogy and chemistry of halloysite and alunite deposits in the Turplu area, Balikesir, Turkey. Clay Clay Miner. 2007, 55, 18–35. [Google Scholar] [CrossRef]

	5. 
Singer, A.; Zarei, M.; Lange, F.M.; Stahr, K. Halloysite characteristics and formation in the northern Golan Heights. Geoderma 2004, 123, 279–295. [Google Scholar] [CrossRef]

	6. 
Joussein, E.; Petit, S.; Churchman, J.; Theng, B.; Righi, D.; Delvaux, B. Halloysite clay minerals—A review. Clay Miner. 2005, 40, 383–426. [Google Scholar] [CrossRef]

	7. 
Vergaro, V.; Abdullayev, E.; Lvov, Y.M.; Zeitoun, A.; Cingolani, R.; Rinaldi, R.; Leporatti, S. Cytocompatibility and uptake of halloysite clay nanotubes. Biomacromolecules 2010, 11, 820–826. [Google Scholar] [CrossRef] [PubMed]

	8. 
Kautz, C.Q.; Ryan, P.C. The 10 Å to 7 Å halloysite transition in a tropical soil sequence, Costa Rica. Clay Clay Miner. 2003, 51, 252–263. [Google Scholar] [CrossRef]

	9. 
Lvov, Y.; Price, R.; Gaber, B.; Ichinose, I. Thin film nanofabrication via layer-by-layer adsorption of tubule halloysite, spherical silica, proteins and polycations. Colloid Surf. A Physicochem. Eng. Asp 2002, 198, 375–382. [Google Scholar] [CrossRef]

	10. 
Du, M.; Guo, B.; Jia, D. Newly emerging applications of halloysite nanotubes: A review. Poly. Int. 2010, 59, 574–582. [Google Scholar] [CrossRef]

	11. 
Wang, Q.; Zhang, J.; Zheng, Y.; Wang, A. Adsorption and release of ofloxacin from acid-and heat-treated halloysite. Colloid Surf. B Biointerfaces 2014, 113, 51–58. [Google Scholar] [PubMed]

	12. 
Belver, C.; Bañares Muñoz, M.A.; Vicente, M.A. Chemical activation of a kaolinite under acid and alkaline conditions. Chem. Mater. 2002, 14, 2033–2043. [Google Scholar] [CrossRef]

	13. 
Frini-Srasra, N.; Srasra, E. Effect of heating on palygorskite and acid treated palygorskite properties. Surf. Eng. Appl. Electr. 2008, 44, 43–49. [Google Scholar] [CrossRef]

	14. 
Kennedy Oubagaranadin, J.U.; Murthy, Z.V.P. Characterization and use of acid-activated montmorillonite-illite type of clay for lead (II) removal. AIChE J. 2010, 56, 2312–2322. [Google Scholar] [CrossRef]

	15. 
Zhang, J.; Wang, Q.; Chen, H.; Wang, A. XRF and nitrogen adsorption studies of acid-activated palygorskite. Clay Miner. 2010, 45, 145–156. [Google Scholar] [CrossRef]

	16. 
Bretti, C.; Cataldo, S.; Gianguzza, A.; Lando, G.; Lazzara, G.; Pettignano, A.; Sammatrano, S. Thermodynamics of Proton Binding of Halloysite Nanotubes. J. Phys. Chem. C 2016, 120, 7849–7859. [Google Scholar] [CrossRef]

	17. 
Panda, A.K.; Mishra, B.G.; Mishra, D.K.; Singh, R.K. Effect of sulphuric acid treatment on the physico-chemical characteristics of kaolin clay. Colloid Surf. A Physicochem. Eng. Asp. 2010, 363, 98–104. [Google Scholar] [CrossRef]

	18. 
Swapna, V.P.; Selvin Thomas, P.; Suresh, K.I.; Saranya, V.; Rahana, M.P.; Ranimol, S. Thermal properties of poly (vinyl alcohol)(PVA)/halloysite nanotubes reinforced nanocomposites. Int. J. Plastics Tech. 2015, 19, 1–13. [Google Scholar]

	19. 
Levis, S.; Deasy, P. Characterisation of halloysite for use as a microtubular drug delivery system. Int. J. Pharm. 2002, 243, 125–134. [Google Scholar] [CrossRef]

	20. 
Wang, J.; Zhang, X.; Zhang, B.; Zhao, Y.; Zhai, R.; Liu, J.; Chen, R. Rapid adsorption of Cr (VI) on modified halloysite nanotubes. Desalination 2010, 259, 22–28. [Google Scholar]

	21. 
Zhao, M.; Liu, P. Adsorption behavior of methylene blue on halloysite nanotubes. Microporous Mesoporous Mater. 2008, 112, 419–424. [Google Scholar] [CrossRef]

	22. 
Liu, S.; Cao, X.; Li, L.; Li, C.; Ji, Y.; Xiao, F.-S. Preformed zeolite precursor route for synthesis of mesoporous X zeolite. Colloid Surf. A Physicochem. Eng. Asp. 2008, 318, 269–274. [Google Scholar] [CrossRef]

	23. 
Liu, R.; Zhang, B.; Mei, D.; Zhang, H.; Liu, J. Adsorption of methyl violet from aqueous solution by halloysite nanotubes. Desalination 2011, 268, 111–116. [Google Scholar] [CrossRef]

	24. 
Lenarda, M.; Storaro, L.; Talon, A.; Moretti, E.; Riello, P. Solid acid catalysts from clays: Preparation of mesoporous catalysts by chemical activation of metakaolin under acid conditions. J. Colloid Interface Sci. 2007, 311, 537–543. [Google Scholar] [CrossRef] [PubMed]

	25. 
Frost, R.L.; Vassallo, A.M. The dehydroxylation of the kaolinite clay minerals using infrared emission spectroscopy. Clay Clay Miner. 1996, 44, 635–651. [Google Scholar] [CrossRef]

	26. 
Morterra, C.; Magnacca, G. A case study: Surface chemistry and surface structure of catalytic aluminas, as studied by vibrational spectroscopy of adsorbed species. Catal. Today 1996, 27, 497–532. [Google Scholar] [CrossRef]

	27. 
Koretsky, C.M.; Sverjensky, D.A.; Salisbury, J.W.; D’Aria, D.M. Detection of surface hydroxyl species on quartz, γ-alumina, and feldspars using diffuse reflectance infrared spectroscopy. Geochim. Cosmoc. Acta 1997, 61, 2193–2210. [Google Scholar] [CrossRef]

	28. 
Madejova, J.; Komadel, P. Baseline studies of the clay minerals society source clays: Infrared methods. Clay Clay Miner. 2001, 49, 410–432. [Google Scholar] [CrossRef]

	29. 
Luo, P.; Zhao, Y.; Zhang, B.; Liu, J.; Yang, Y.; Liu, J. Study on the adsorption of Neutral Red from aqueous solution onto halloysite nanotubes. Water Res. 2010, 44, 1489–1497. [Google Scholar] [CrossRef] [PubMed]

	30. 
Yuan, P.; Tan, D.; Aannabi-Bergaya, F.; Yan, W.; Fan, M.; Liu, D.; He, H. Changes in structure, morphology, porosity, and surface activity of mesoporous halloysite nanotubes under heating. Clay Clay Miner. 2012, 60, 561–573. [Google Scholar] [CrossRef]

	31. 
Abdullayev, E.; Joshi, A.; Wei, W.; Zhao, Y.; Lvov, Y. Enlargement of halloysite clay nanotube lumen by selective etching of aluminum oxide. ACS Nano. 2012, 6, 7216–7226. [Google Scholar] [CrossRef] [PubMed]

	32. 
Bish, D.L.; Blake, D.F.; Vaniman, D.T.; Chipera, S.J.; Morris, R.V.; Ming, D.W.; Treiman, A.H.; Sarrazin, P.; Morrison, S.M.; Downs, R.T.; et al. X-ray diffraction results from Mars Science Laboratory: Mineralogy of Rocknest at Gale crater. Science 2013, 341. [Google Scholar] [CrossRef] [PubMed]

	33. 
Bujold, E.; Roberge, S.; Lacasse, Y.; Bureau, M.; François, A.; Sylvie, M.; Jean-Claude, F.; Yves, G. Prevention of preeclampsia and intrauterine growth restriction with aspirin started in early pregnancy: A meta-analysis. Obs. Gyn. 2010, 116, 402–414. [Google Scholar] [CrossRef] [PubMed]

	34. 
Remškar, M. Inorganic nanotubes. Adv. Mater. 2004, 16, 1497–1504. [Google Scholar] [CrossRef]

	35. 
Vasutova, V.; Bezdička, P.; Lang, K.; Hradil, D. Mineralogy of halloysites and their interaction with porphyrine. Ceramics Silikáty 2013, 57, 243–250. [Google Scholar]

	36. 
Rybiński, P.; Janowska, G.; Jóźwiak, M.; Pająk, A. Thermal properties and flammability of nanocomposites based on diene rubbers and naturally occurring and activated halloysite nanotubes. J. Therm. Anal. Calorim. 2012, 107, 1243–1249. [Google Scholar] [CrossRef]

	37. 
Papoulis, D.; Komarneni, S.; Nikolopoulou, A.; Tsolis-Katagas, P.; Panagiotaras, D.; Kacandes, H.G.; Zhang, P.; Yin, S.; Sato, T.; Katsuki, H. Palygorskite-and Halloysite-TiO2 nanocomposites: Synthesis and photocatalytic activity. Appl. Clay Sci. 2010, 50, 118–124. [Google Scholar] [CrossRef]

	38. 
Pasbakhsh, P.; Churchman, G.J.; Keeling, J.L. Characterisation of properties of various halloysites relevant to their use as nanotubes and microfibre fillers. Appl. Clay Sci. 2013, 74, 47–57. [Google Scholar] [CrossRef]

	39. 
Markovska, I.; Lyubchev, L. A study on the thermal destruction of rice husk in air and nitrogen atmosphere. J. Therm. Anal. Calorim. 2007, 89, 809–814. [Google Scholar] [CrossRef]

	40. 
Fujii, K.; Nakagatio, A.N.; Takagi, H.; Yonekura, D. Sulfuric acid treatment of halloysite nanoclay to improve the mechanical properties of PVA/halloysite transparent composite films. Compos. Interfaces 2014, 21, 319–327. [Google Scholar] [CrossRef]

	41. 
Gregg, S.; Sing, K.S.W.; Salzberg, H.W. Water Adsorption, Surface Area and Porosity, 2nd ed.; Academic Press: London, UK, 1982. [Google Scholar]



































© 2016 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/).







media/file26.jpg





media/file27.png
‘Quantity Adsorbed (cm/g STP)

(a)






media/file13.png
H21 Mag=50.00kx Makmal Morfologi CRIM g






media/file18.jpg





media/file9.png
@ H3 Kv=100 Mag=8000x 5! Mag=28000x 3500 nm

W
¥ G PR
N H21 KV=100 Mag = 8000x






media/file14.jpg





media/file19.jpg





media/file7.jpg
Nag 00003






media/file28.png





media/file5.png
P g g rgorEc

T —

2 Theta (deg)





media/file11.jpg





media/file15.jpg
(Weight® | 5718 | 16.18 | 26.64
Atomic®s | 69.77 | 11.71 | 1852






media/file2.jpg





nav.xhtml


  materials-09-00620


  
    		
      materials-09-00620
    


  




  





media/file6.jpg





media/file1.png
-‘

A,

Vi






media/file16.png
Elem OK AlK SiK

OK SiK

ent
Weight% | 59.59 | 18.54 [ 21.87

[Element [OK [AIK [SiK |
Weight% | 54.24 | 14.84 | 30.93 |

Atomic% | 71.76 | 13.24 | 15.00

Atomic% | 67.25 | 10.91 | 21.84






media/file20.png
\\\\\\\\\\\\\\\\\\\
MR

\\\\\\\\\

.






media/file23.jpg





media/file10.jpg





media/file24.png
kS

A4

romaized 204951

ot RC

Pak  BHC

Bde 206°C

+

D9 0 0 W D MM W N W M M W C
A
24 6 8 W R oM % 8 N 2 N K Bomm






media/file12.png
< : . >
200nm  Ho HL  Mag=50.00kx Makmal Morfologi CRIM g






media/file3.png
1631.07

693.35

3200

2800

2000
Wave nur

1800 1600
mbers (em-1)

800 600





media/file22.jpg





media/file17.png
Element | OK ALK [SiK [ Element [ O [ [SiK ]
Weight® [ 57.18 [ 16.18 | 26.64 [ Weight®s [ 60.76 | 6.40 | 32.84 |
Atomic®o | 69.77 [ 11.71 [ 18.52 [ Atomic® | 72.98 | 4.56 [ 22.46 |
Bl
° °
S
"
os 2 25 3 35 4 os 1 1s 2283 a5 4
ke
©) (d)

[Element [OK [AIK [SiK |
[ Weight® | 5528 | 091 | 4381 |

[Atomic% | 6843 | 067 | 3090
S
0
A
0s 1 15 2 25 3 35 4
ke\






media/file4.jpg
2 Theta (deg)

rny e —






media/file8.png
0 KV=100 Mag=8000x






media/file25.png
Ll
;

b
.
;

s

i S

Sl

) e

e

B e

AR A R A R






media/file0.jpg
Vi





media/file21.png
6 /% DSC /(mVimg)
1

400
Temperature /'C





