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Abstract: Investigates the enhancement of physical and chemical properties of natural nanotubes 

halloysite (HNTs) that has chemical formula of Al2Si2O5(OH)4 are unique and versatile using 

sulfuric acid at various experimental conditions. The findings obtained from the use of Fourier 

transform infrared spectroscopy (FT-IR) reveal that acid breaks down the crystal structure of 

HNTs before it changes into amorphous silica. Another finding reveals that X-ray diffraction 

(XRD) causes the H2SO4 to break down the crystal structure of HNTs and to charge into the 

structure amorphous silica. 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 break down and 

collapse of the tetrahedral layers of SiO4. The final product from this treatment is treated HNTs 

H2SO4 with characteristics for commercial use fixed micropore size distribution and as effective 

low-cost adsorbents. The maximum adsorption capacity for methylene blue is greater than 60 

mgg−1 and the pH value can be used to control the adsorption capacity. Also, this treatment has 

been potentially identified for use in the production of biomedical applications. 
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1. Introduction 

Halloysite nanotubes (HNTs) are a compound that consists mainly of aluminosilicate nanoclay 

mineral with natural nanotubular structure. Generally, the stoichiometry of HNT is noted as 

Al2O3·2SiO2·nH2O, whereby n is 2 for halloysite-(7 Å) and n is 4 for halloysite-(10 Å). The basal 

(d001) spacing for halloysite-(7 Å) and kaolinite (7 Å) is the same. 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 easily in dry air; resulting in halloysite-(7 Å). The crystal structure 

of HNT consists of two layers. The structure is formed by a corner sharing SiO4 tetrahedral layer 

and an edge sharing AlO6 octahedral layer. These two layers are separated by a single layer of 

interlayer water molecules [1-3]. Generally, HNT is used widely in a range of applications in 

numerous areas used in thermoplastic, plastic, polymer and other composites as additive fillers. 

Also its hollow nanotubular structure has made it a potential substance for use in the production of 

biomedical applications [4]. However, the interlayer water often causes mismatch of tetrahedral 

layer and octahedral layer. This causes charges in chemical and physical properties of HNT such 

as cation exchange capacity [4-6]. As a nanoclay mineral, halloysite is used in the production of 

high quality porcelain products [7]. A team of researchers, Zhang et al. examined the effects of 

sulfuric acid (H2SO4) and alkaline activation on kaolinite. Their findings showed that H2SO4 

activation with 6 M HCl and under reflux conditions of 6 hours experience the removal of about 

90% of the octahedral Al3+ cations, resulting in amorphous silica with high surface area. One of 

the differences lies in the regular crystal structure of Kaolinite that requires pre-heating preparation 

for its reaction with H2SO4 [8]. The H2SO4 treatment a traditional chemical activation method is an 

efficient approach for the improvement of the performance of nanoclay minerals [9-11]. The 

H2SO4 treatment triggers several processes; disaggregation of nanoclay particles, elimination of 

mineral impurities, and dissolution of the external layers. These processes break down, the 

structure of clay minerals, resulting in an increase in surface activity, BET specific surface area [8, 

12]. Meanwhile Panda et al. [12] investigated the enhancement of physical and chemical 

characteristics of kaolin using H2SO4 treatment. They studied the use of H2SO4 treatment as an 

effective process for manufacturing active surfaces and porous materials with high surface area 

[12]. The physical characteristic of HNT particles measure 50 to 70 nm in external diameter, 15 

nm in diameter lumen and 1 ± 0.5 μm in length. One important characteristics of HNTs are the 

chemistry of the outer and inner surfaces are different, hence these two surfaces have separate 

modifications [13]. There are a number of researches suggested on H2SO4 treatment of Kaolinite-

the isomeric mineral of HNT. One of the studies by Lenarda et al. used H2SO4 treatment on meta-
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kaolin for the preparation of mesoporous catalysts [14]. Yet there are deficiencies in HNT. For 

one, there is mismatching of the tetrahedral layer and octahedral layer due to interlayer water. 

When this happens, there is a direct reduction with acid. Secondly, HNT reacts with acid easily 

due to its nanotubular structure in contrast with kaolinite that does not react with acid easing due to 

kaolinite its plate structure [15]. Like HNT, kaolinite too benefits from H2SO4 treatment in terms 

of increased surface area, higher porosity level and more number of H2SO4 centers [16-19]. 

Various methods such as acid-activation, intercalation, thermal-chemical treatment and chemical 

modification are employed in the functionalization of HNT. All these methods have improved the 

properties of HNT as well as the performances of related products. Hence, HNT has attracted 

considerable interests among the stake holders. It is clear that acid treatment causes disaggregation 

of HNT and even the dissolution of the inner layers. In a recent study by Wang et al., the used of  

H2SO4  for selective etching of alumina from the inner wall could enlarge the lumen of HNT [20]. 

As such, this study, presents the systematic investigation of processes using H2SO4 in the acid 

treatment of HNT. This is followed by an examination of the effects of H2SO4 treatment on the 

morphology, structure, and porous characteristics of HNT by the analysis of TG–DTA, XRD, and 

BET. The findings revealed that the crystal structure of HNT was broken down but the surface 

area of BET and pore volume was enhanced by H2SO4 treatment. In addition, the investigation of 

the adsorption behavior of H2SO4 treatment HNT for methylene blue (MB) indicated a key role the 

pH value plays in the adsorption process of MB. 

2. Experimental Section  

2.1. Materials 

The main materials used for this experiment are sulfuric acid (ACS reagent, 95-98% 

H2SO4), which was supplied by Sigma Aldrich  and Halloysite Nanotubes (HNT) which were 

purchased  from Natural Nano, New York. Tables land 2 show chemical compositions of HNT and 

the analysis of the physical properties of HNTs. All the materials used are in their original form, 

without any further purification. 

 

Table 1 

Table 2 

 

3.1.1. Procedures in acid treatment of Halloysite Nanotubes 

The following is a description of the procedures involved in the acid treatment of Halloysite 

Nanotubes (HNTs). The first step is to add 15 g of HNT into 100 mL of 3 M H2SO4 solution which 

is of mol L
−1

 concentration. After that, the mixture was placed in to a water bath kept at a 

maintained temperature of 90º C and under a stirring speed 200 of rpm for varying time duration 1 
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h, 3 h, 8 h and 21 h. Then, the mixtures are separated using a centrifuge speed of 3000 rpm for 10 

min. The purpose is to separate the pastel from the solution. The presented was next; the paste is 

washed using distilled water up to four times. This is followed by the drying process where log the 

paste is left in the oven at 70º C for 12 h. Finally dried HNTs were ground using a mortar. The 

samples were named H0, H1, H3, H8 and H21 based on duration of the treatment time of H2SO4 as 

in untreated (0 hr) 1, 3, 8 and 21 hr respectively.  

3.2. Characteristics 

 

3.2.1. Fourier Transform Infrared Spectroscopic analysis (FTIR) 

The analysis of FTIR is to identify the characteristics of possible interaction of HNTs. 

The analysis is performed using Perkin Elmer System 2000 that is equipped with attenuated total 

reflectance (ATR). For this research work, the range for the FTIR spectrum has been set in the 

range of 650 to 4000 cm
-1

 with a 0.4 cm
-1

 resolution. 

3.2.2. X-ray diffraction (XRD) 

 The analysis of XRD investigates the structure and crystallite size of HNTs. The 

equipment used to perform this analysis is form Germany. It is the XRD Diffractometer of model 

D8 with advance Bruker AXS X-ray and Cu Radiation 1.5406 Å. The EVA software (version 2) 

was used for the evaluation of the structure and lattice strain of samples. Finally, the XRD patterns 

of all the samples were wed to compare with the Joint Committee on Powder Diffraction Standards 

(JCPDS). 

3.2.3. Thermogravimetric (TGA)  

The analysis of Thermogravimetric is to identify the thermal properties of all specimens. 

The analysis is performed using the TGA Model Q600 of TA Instrument in New Castle, DE. First, 

the specimens are dried in an air circulating oven at 45 ºC for 12 hr before using them to conduct 

the tests. This is followed by the preparation of the physical conditions to perform the TGA tests. 

One of the conditions is to set the temperature between 25 ºC and 800 ºC in a nitrogen gas filled 

atmosphere where by flow rate of the gas is 60 ml/min. The other condition is the scanning rate is 

set at 10 ºC/min. 

 

3.2.4. Morphology  

 The Field Emission Scanning Electron Microscope (FESEM) of model ZEISS SUPRA 

55-VP is used to investigate and view the morphology of the HNTs samples. This model is 

equipped with a higher resolution and it has lower charging on the sample surface. The 

magnifications of the morphology observations are set at 10, 25, 50, 100 and 200 k. The elemental 

analysis of HNTs is performed using OXFORD EDS and Mapping. 
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3.2.5. BET surface area and pore volume 

Bruncher-Emmett-Teller (BET) is a widely used isotherm technique. It is used by man to 

determine the surface area of the materials calculating the physical adsorption of nitrogen gas 

molecules. The analysis of the surface area of the samples was performed using a Gemini 

apparatus (Micromeritics ASAP 2020, GA, and USA). However, the reliability and accuracy of the 

instrument is ± 2% m
2
/g. This is because silica alumina is used in the calibration. The 

measurement is based on Nitrogen adsorption isotherms process. The samples are subjected to the 

degassing process at 350 °C for 2 h under 50 mTorr of vacuum. The Barrett-Joyner-Halenda 

(HJH) equation obtained from the nitrogen desorption isotherm is used to calculate the pore 

volume as well as the average pore size of the distribution. The total surface area of the sample can 

be determined by the quantity of Nitrogen molecules obtained from the desorption-adsorption 

results together with pressure vibrations.  

3. Results and Discussion 

3.1. Fourier Transform Infrared Spectroscopic analysis (FTIR) 

Figure 1 show the vibrational modes of FTIR spectra in treated HNT products which have 

been reported in previous HNT studies [21-24]. Table 3 lists the functional groups that have been 

determined by their wavelengths. The spectra of H0, H1, H3 and H8 in the O-H stretching of 

inner-surface hydroxyl group show similar absorption at 3692, 3694, 3694 and 3694 cm
-1

 

respectively. Also, the spectra of H0, H1, H3 and H8 in the O-H stretching of inner hydroxyl 

group show similar spectra absorption at 3622, 3622, 3622 and 3621 cm
-1

.  

 

Figure 1 

 

Another finding is that the group (O-H) was not evident for sample H21. The peak in the 

absorption of FTIR spectra occurs at 3547 cm
-1 

for O-H with intermolecular hydrogen group, but 

the O-H group was not evident for samples H1, H3, H8 and H21. The absorption for H1, H3, H8 

and H21 are recoded at 2416, 3402, 3397 and 3388 respectively for O-H group with intermolecular 

hydrogen. However, there is no reading for H0 in this particular group with not found in H0. The 

samples; H0, H1, H3, H8 and H21 were also found in the C=C or Alkenyl group. 

 

Table 3 

 

2.1 X-ray diffraction (XRD) 

The application of XRD is used mainly determine the structure of HNT with the purpose to 

show the enhancement of the HNT applications that have under gone the modification process 
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involving acid treatment [25, 26]. Figure 2 shows typical X-ray diffraction patterns of all natural 

halloysites (H0) and acid treated produced halloysites for various durations of treatment time. The 

diffraction peaks of natural halloysites (H0) and of after acid treatment was measured at the same 

angle of 2θ. The XRD is made up of a composition of H, halloysite; X, halloysite-(7 Å); M, 

sodium aluminium silicon oxide; S, quartz; R, silicon oxide and G, graphite for halloysite (H0) and 

acid treated halloysite. The findings reveal that the intensity peaks for acid treated samples show a 

decrease with increasing treatment time. This phenomenon of decreasing intensity is attributed to 

the agglomeration of HNT after acid treatment [25, 26]. This XRD results are supported and 

confirmed by the analysis of the results of FESEM and TEM. 

Figure 2 

 

 

 

3.2. TG-DTA data 
 

Figure 3 (A & B) illustrate the TG-DTA curves of natural HNT and H2SO4 treated 

products. TG curves show two main stages of weight loss. The first stage that occurs at 30 ◦C and 

ends at 100 ◦C may be attributed to the dehydration of physisorbed water and interlayer water. The 

weight loss of natural HNT at this stage is higher than that of acid treated counterparts, whereby 

the weight loss may be attributed to the dehydration and destruction of HNT during H2SO4 

treatment. The second stage occurs at 400 ◦C and ends at 550 ◦C, due to the dehydroxylation of 

structural water [12].  

The weight loss of HNT shows decrease with longer duration of sulfuric acid treatment. 

The reason for this occurrence is that the structural hydroxyl groups in the AlO6 octahedral layer 

are being removed alongside the dissolving of Al
3+

. Meanwhile, the corresponding DTA curves of 

natural halloysite nanotubes and sulfuric acid treated products are consistent with that of TG 

results. The endothermic teaches a peak at 56.4–65.5 ◦C and 480.6–502.4 ◦C, respectively. It is 

found that all the samples are at endothermic status throughout the entire heating process. This has 

attributed to the continuous dehydration and dehydroxylation. 

 

Figure 3 A and B 

 

3.3.  Morphology Characterization 

3.3.1. FESEM and Mapping 

Figure 4 shows the FESEM images of natural HNT (H0) before and after acid treatment. 

However, Figure 4 also shows the dispersion and distribution of the nanotubes together with their 

physical interaction. It was observed that there was a clear dispersion of HNT when of duration 
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stirring time was 3 hours. During this length of time, as the HNTs were homogeneously dispersed 

at a magnification of 100 K. The observations from the micrographs reveal that the individual 

nanotubes could not coerced together due to the presence of strong interfacial bonding between 

nanotubes. Another observation is the nanocomposites with higher HNT content showed obvious 

plastic deformation. This is caused strong reinforcing effects imparted by the HNT nanophase. 

Figure 4 

 

On the other hand, the EDS data of natural HNT recorded the atomic ratio of Si/Al as 

1.13, which is almost the ideal value for HNT. Figure 5 shows the FESEM images of acid treated 

HNT for time duration of 1hr, 3hr, 8h and 21hr. The values of HNT composition were maintained 

under acid treatment time for 1h, 3h, 8h and 21h. This is because the sulfuric acid reacts with HNT 

at surface level. The EDS data of H1 reveals that the atomic ratio of Si/Al has increased to 

approximately 2, which is due to the dissolving of Al
2+

.  

 

Figure 5 

 

3.4.  BET surface area analysis 

The analysis of N2 adsorption-desorption are performed to investigate the surface area and 

pore volume of natural halloysite and acid treated halloysite. All the samples in Figure 6 display 

similar adsorption isotherms that are classified as type IV based on the recommendations by 

IUPAC. The samples are usually of mesoporous and microporous types [27]. 

 

Figure 6 

 

Table 4 tabulates the values of BET surface area and pore volume of natural HNT and 

H2SO4 treated HNT. There is an increase in the BET surface area of HNT, from 59.04 m
2
/g of H0 

to 222.55 m
2
/g of H1, before reaching a maximum of 306.43 m

2
/g after for 8 h (H8) due to the 

dissolution of AlO6 octahedral layers during H2SO4 treatment. Subsequently, the BET surface area 

of HNT decreases to 279.5 m
2
/g (H21). This is attributed to the disaggregation of silica layers. It is 

also noted that the micropore volume of HNT changes slightly from 3 h to 8 h, due to the 

formation and blocking of micropores simultaneously [28]. It is found that the micropore fraction 

of treated HNT increases when the H2SO4 treating time is extended duration 1 to 8 hr, and when it 

is shortened at 21 hr.  

 

 

The other finding reveals that the average pore size of HNT treated by H2SO4 shows an 

increase from 99.4 Å at 1 hr to 117.4 Å at 21 hr. Meanwhile, the average pore size of natural HNT 
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is of a much higher value, 167.3 Å, which is due to the opening of HNT. Figure 7 shows the 

distributions of micropore size of natural HNT and H2SO4 treated products. The distribution of 

SiO4 tetrahedral and AlO6 octahedral layers in halloysite shows a hierarchical formation. When 

H2SO4 treated time is increased from 1 to 21 hr. The distribution of the micropore size of HNT 

shows differences while the pore size and pore volume indicates an increase. 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. 

Table 4 

Figure 7 

4. Conclusions  

This study has investigated the enhancement of physical and chemical properties of HNTs 

using H2SO4 at various experimental conditions. It is observed that H2SO4 treatment break down 

the crystal structure of HNT before turning it into amorphous silica. Also, the FESEM images 

reveal H2SO4 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 H2SO4 treating time is extended duration 1 h to 8 h. Besides 

that, the micropores of obtained products are restricted by the crystalline structure due to the 

continuous H2SO4 treatment. Finally, the H2SO4 treated HNT has proven to be an effective low-

cost adsorbent for its pH value is instrumental in the adsorption capacities. 
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Figure 1. FTIR pattern of natural HNT (H0) and H2SO4 treated products as a function of H2SO4 

treatment durations (H1–H21, the numbers represent the duration of H2SO4 treatment durations). 
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Figure  2 XRD patterns of natural HNT (H0) and of H2SO4 treated products as a function of the 

duration of H2SO4 treatment (H1–H21, the numbers represent the time duration for each H2SO4 

treatment): H, halloysite ; X, halloysite-(7 Å); M, sodium aluminium silicon oxide; S, quartz; R, 

silicon oxide; G, graphite. 
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Figure 3 A. TGA curves of natural HNT (H0) and H2SO4 treated products as a function of the 

durations of H2SO4 treatment (H1–H21, the numbers represent the duration of each H2SO4 

treatment). 

 

 

Figure 3 B. DTA curves of natural HNT (H0) and H2SO4 treated products as a function of the 

durations of H2SO4 treatment (H1–H21, the numbers represent the duration of each H2SO4 

treatment). 
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Figure 4 FESEM microphotographs for: (a) (H0) Neat HNT, (b) H1 (1 hour), (c) H3 (3 hour), (d) 

H8 (8 hour) and (e) H21 (21 hour) at a magnification of 100.00 KX. 
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Figure 5 Mapping and EDX for: (a) (H0) Neat HNT , (b) H1 (1 hour), (c) H3 (3 hour), (d) H8 (8 

hour) and (e) H21 (21 hour). 
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Figure 6 N2 adsorption-desorption curves of natural HNT (H0) and H2SO4 treated products as a 

function of the durations of H2SO4 treatment (H1–H21, the numbers represent the durations of 

H2SO4 treatment). 
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Figure 7 Distribution micropore size of natural HNT (H0) and H2SO4 treated products as a 

function of the durations of H2SO4 treatment (H1–H21, the numbers represent the durations of 

H2SO4 treatment). 
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Table 1 Chemical compositions of HNT 

 

Chemical compositions SiO2 Al2O3 Fe2O3 MgO TiO2    

Weight % 61.19 18.11 0.49 0.10 20.11 
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Table 2 Physical properties of HNT 

Typical analysis of natural HNT  

Chemistry Al2Si2O5(OH)4.nH2O 

d50(median particle size) 1.0 μ 

Aspect ratio (L/D) ~15 

Surface area (BET) 65 m
2
/g 

Specific gravity  2.54 g/cm
3
 

Refractive Index  1.54 
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Table 3. Positions and assignments of the IR vibration bands. 

Position (cm
-1

) Assignments 

3992  O-H stretching of inner-surface hydroxyl group 

3994 O-H stretching of inner-surface hydroxyl group 

3622 O-H stretching of inner hydroxyl group 

3621 O-H stretching of inner hydroxyl group 

3547 O-H with intermolecular hydrogen group 

3388 – 3416 O-H with intermolecular hydrogen group 
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 Table 4 Surface areas and pore volumes of natural halloysite and H2SO4 treated halloysite. 

HNT SBET 

(m
2
/g) 

Total 

pore 

volume 

(cm
3
/g) 

Micropor

e 

volume 

(cm
3
/g) 

Sads of pores 

(17.0 Å and 

3000.0 Å 

diameter) 

(m
2
/g) 

Vads of pores 

(17.0 Å- 3000.0 

Å diameter) 

(cm
3
/g) 

Average 

pore size 

Å 

SBET (m
2
/g) 

reported by 

others* 

H0 59.04 0.26 0.001 67.99 0.28 167.3  47.8 

H1 222.55 0.45 0.018 199.66 0.49 99.4  207.6 

H3 234.53 0.48 0.019 215.01 0.52 98.4  259.1 

H8 306.43 0.71 0.022 303.57 0.81 106.6  248.4 

H21 279.47 0.74 0.018 281.16 0.82 117.4  134.1 

*Zhang et al. [29] 

 


