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Abstract: A novel development on halloysite-polyvinyl alcohol (HNTs-PVA) nanocomposites has
been conducted using malonic acid (MA) by crosslinking PVA and HNTs. PVA-MA crosslinking
produces smooth surfaces, which play an important role in enhancing the properties of HNTs-PVA
nanocomposite. The crystallographic structures of crosslinked HNTs-PVA show almost no change as
depicted by the X-ray diffraction (XRD)-2θ-peak, suggesting that MA has no or little influence on
the crystallographic structure of the HNTs-PVA. Images taken by field emission scanning electron
microscope (FESEM) suggest possible effects of MA on the morphology and internal features of
HNTs-PVA by reducing the agglomeration of HNTs, which is considered a decisive step in improving
the surface qualities of HNTs. Investigating the samples using the Brunauer–Emmelt–Teller (BET)
technique showed that the surface area was increased by about 10 times, reaching the second highest
recorded results compared to the HNTs, which could be considered a breakthrough step in enhancing
the properties of HNTs-PVA due to MA crosslinking.
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1. Introduction

Malonic acid (MA) plays an important role as a competitive inhibitor [1] and as a crosslinker with
minimal toxicity compared to glutaraldehyde or glyoxal [2]. MA produces numerous valuable and
biodegradable compounds [3] that are commonly used in foam packaging, bags, and other related
products. The mechanism of using MA as a crosslinker was described by Qiu and Netravali [4].
When individualized hydrophobic halloysite nanotubes (HNTs) [5] are mixed with polyvinyl alcohol
(PVA), HNTs-PVA is characterized as a fully biodegradable nanocomposite [4] with enhanced
mechanical properties. Nanotubes such as HNTs [6–9] or carbon nanotubes (CNTs) [10] are very
effective with even small quantities of loading with polymers such as thermoplastic nanoparticles,
which could result in significant changes in the physical and chemical properties. The thermoplastic
polymers, such as PVA, are also biocompatible polymers that are widely used in industry for
films, paper, and adhesive coating due to their attractive properties [11,12]. Crosslinking has been
utilized to improve the thermo-physical properties including the solubility of many polymers [13,14].
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Throughout the process of sample preparation, sodium dodecyl sulfate (SDS) is used as a good
dispersing agent for HNTs in aqueous solution [15,16]. The chemical structure of HNTs shows
that the external surface contains siloxane (Si–O–Si) groups, aluminol (Al–OH), and silanol (Si–OH)
groups [17,18]. The effect of the biopolymer charge on nanocomposite materials was thoroughly
discussed in [19]. HNTs possess a much better dispersion property and potential ability for the
formation of hydrogen bonding [20] than other natural silicates such as montmorillonite and kaolinite.
HNTs were acid-treated by Abdullayev et al. [21,22] and Zhang et al. [23] who reported improvement
in the specific surface area to 250 m2/g and 267 m2/g from about 60 m2/g, respectively. HNTs’ wear
resistance was discussed by [24] while creating a mechanically robust spray of epoxy-coated halloysite
composites was discussed in [25]. Recently, two publications, Shu et al. [26] and Gaaz et al. [27], both in
press, have shown that the specific surface area was improved to new frontiers, as far as 608 m2/g
and 306 m2/g, by treating HNTs with alkali solution, followed by acid etching, respectively. Briefly,
esterification is obtained via PVA-MA crosslinking [28,29]. Researchers have been exploring different
levels for the effectiveness of MA crosslinking while their expectations varied within a reasonable level
of differences, especially in thermal properties. The highest level of HNTs-PVA nanocomposite was
achieved by producing water-insoluble PVA [30]. The qualities of the composite by individualization of
HNTs with the assistance of MA crosslinking with PVA were also studied [31]. In this work, the specific
surface area was improved to 511 m2/g from about 60 m2/g for neat HNTs, which is considered the
second highest increase to the best of our knowledge.

2. Results and Discussion

2.1. X-ray Diffraction (XRD)

XRD patterns of different samples exhibited characteristic reflections of the four samples S0, S05,
S07, and S10, as shown in Figure 1. A view of a single HNT crystal with clear representation of the
crystal axes is included as the insert in Figure 1 [32]. Reflections of S0 were detected at 2θ = 11.2◦, 20.1◦,
25.2◦, 26.9◦, 27.6◦, 35.9◦, 50.1◦, 55.4◦, 60.1◦, 62.9◦, 68.2◦. Apparently, XRD peaks of the modified HNTs
nearly remained consistent with the neat HNTs. After surface modification, there was no indication of
significant change in the XRD peaks, implying that the crystal structure of HNTs was not altered [33].
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Figure 1. XRD patterns of S0, S05, S07, and S10. X, halloysite (7 Å); M, sodium aluminum silicon oxide;
S, quartz; R, silicon oxide; G, graphite.

2.2. Field Emission Scanning Electron Microscope (FESEM)

Figure 2 shows the FESEM images of S0, S05, S07, and S10. Based on the capability of FESEM,
the images of the samples show the bulk of the sample rather than the surface. Sample S0 shows
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several sizes of HNTs, shown in Figure 2a. By adding SDS, PVA and MA at 5 wt. % to the mixture of
HNTs and distilled water, the effects of these treatments are shown in the subsequent FESEM images.
Apparently, HNTs were significantly affected by the treatment, as many HNTs were broken, as shown
in Figure 2b. The condition of S07, shown in Figure 2c, was improved as the treatment increased from
5 wt. % to 7 wt. % of SDS, PVA, and MA. S07 underwent some changes, which resulted in improving
the condition of the bulk sample by showing that the number of intact HNTs was higher than S05 and
the distribution was better. As the mixture of HNTs and distilled water was treated with 10 wt. % of
SDS, PVA, and MA, as shown in Figure 2d, the crosslinking caused by MA showed better distribution
and the number of intact HNTs was increased. The agglomeration of HNTs in the nanocomposite
significantly decreased.
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2.3. Brunauer–Emmelt–Teller (BET)

N2 adsorption-desorption isotherms of S0, S05, S07, and S10 with the distinct-type H3 hysteresis
loop are shown in Figure 3a, while the distribution of the microspore sizes of the same set is shown
in Figure 3b. The BET results are listed in Table 1. The parameters under consideration included the
BET surface area and total pore volume. For the S0 sample, the BET surface area and the total pore
volume were recorded at 59.04 m2/gm and 0.26 cm3/g, respectively. The results of S0 are in agreement
with other findings [26]. As the treatment of HNTs is conducted by adding SDS, PVA, and MA at
5%, 7%, and 10%, the BET surface area decreased to 40.13 m2/gm (about a 30% decrease) for S05,
and then moderately increased to 54.68 m2/gm, almost approaching the level of S0. The result of 30%
less surface area goes very well with the reduction of the total pore volume from 0.26 to 0.23 cm3/gm
(density increases from 3.84 to 4.34 gm/cm3). As the treatment increased to 7% (sample S07), the BET
surface area increased while the average pore size decreased, suggesting that S07 became less porous
due to the crosslinking process. When the treatment was increased to 10%, BET was significantly
increased to 511.12 m2/gm. This increase goes very well with the results of the total pore volume
which decreased by almost the same percentage as the BET surface area. The results of the average
pore size of S10 do not reflect these significant changes; however, the number of pores (not the size)
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could support the results by assuming that the surface and the bulk of S10 have a huge increase in the
number of the pores, which makes S10 very porous compared to the S0 sample, as shown in Figure 3b.

Table 1. Surface areas and pore volumes of neat HNTs and HNTs crosslinked with MA.

Sample S0 S05 S07 S10

BET surface area (m2/gm) 59.04 40.13 54.68 511.12
Total pore volume (cm3/gm) 0.26 0.23 0.25 2.35
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3. Experimental Section

3.1. Materials

Natural Nano, Inc., 832 Emerson Street Rochester, New York, NY, USA, supplied HNTs.
Tables 2 and 3 contain the chemical compositions and physical properties of HNTs, respectively.
Other chemicals used in this work and their properties are presented in Table 4.

Table 2. Chemical composition of HNTs.

Chemical Compositions SiO2 Al2O3 TiO2 Fe2O3 MgO

Weight % 61.19 18.11 20.11 0.49 0.10

Table 3. Physical properties of HNTs.

Chemical Formula Surface Area Pore Volume Density Refractive Index

Al2Si2O5(OH)4·nH2O 60 m2/g ~1.25 mL/g 2540 kg/m3 1.54

Table 4. Other chemicals used in this work and their properties.

Materials Typical Data Unit Value Sources

SDS (C12H25NaO4S)

Molecular Weight g/mol 288.38
BioShop Canada Inc.,

Burlington, ON, Canada
Melting Point ◦C 204–207

pH - 9.5
Specific Gravity - 1.11

PVA

Molecular Weight g/mol 89-98
Sigma Aldrich,

St. Louis, MI, USA
pH - 5–7

Viscosity cps 11.6–15.4
Density g/cm3 1.27

MA (C3H4O4)
Molecular Weight g/mol 104.06 Sigma Aldrich,

St. Louis, MI, USAPurity % 98.5–101.5
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3.2. Procedures of HNTs-PVA Crosslinked with MA

The preparation of the samples was performed throughout four steps as shown in Table 5 and
schematically in Figure 4. Firstly, a mixture of 1.0 g HNTs (powder) added to 50 g distilled water at
room temperature. The mixture was then treated with 0.05 g of SDS followed by adding 0.05 g of PVA
(powder) to the mixture. The final mixture was then treated with 0.05 g MA for crosslinking. For the
other two samples, the wt. percentage of 0.07 g and 0.10 g were separately added instead of 0.05 g
of SDS, PVA, or MA. The addition of SDS facilitates the dispersion as noted in [16,34]. The mixtures
produced in step IV are stirred separately for 1 h at 90 ◦C at speed of 500 rpm. Then, the samples were
taken for sonication at 60 ◦C for 10 min and are dried slowly in an oven at 40 ◦C. The three samples
are labeled as S05, S07, and S10 based on the wt. percentage of SDS, PVA, or MA, where S refers to
sample. The samples are ground separately using a grinding mortar. For completeness, the neat HNTs
sample is denoted as S0.

Table 5. Samples preparation.

Samples Step I Step II Step III Step IV

S05 HNTs (1.0 g) + H2O (50 g) +SDS (0.05 g) +PVA (0.05 g) +MA (0.05 g)
S07 HNTs (1.0 g) + H2O (50 g) +SDS (0.07 g) +PVA (0.07 g) +MA (0.07 g)
S10 HNTs (1.0 g) + H2O (50 g) +SDS (0.10 g) +PVA (0.10 g) +MA (0.10 g)
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3.3. Characterization: Apparatus and Techniques

Investigating HNTs, PVA, and HNTs-PVA nanocomposites are conducted through several
techniques. Firstly, the HNTs 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, Manufacturer, 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). Regarding morphological images of the HNTs, field emission
scanning electron microscope (FESEM) of model Zeiss SUPRA 55-VP (Manufacturer, Konigsallee,
Germany) was used. This model is equipped with a higher resolution and it has a lower charging on
the sample surface. The magnifications of the morphology observations are set at 50.00 kx. Finally,
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Brunauer–Emmelt–Teller (BET) was used to show the physical adsorption of gas molecules to specify
the effective surface area using (V-Sorb 2800TP). BET analysis including surface area, pore size,
and distribution, and pore volume, was performed using a Gemini apparatus (Micrometrics ASAP
2020, Norcross, GA, USA) of accuracy of ±0.02 m2/g. Samples are degassed in a vacuum of 50 mTorr
and at 350 ◦C for 2 h. 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 [35].
The total surface area of the sample can be determined by the number of nitrogen molecules obtained
from the desorption–adsorption results.

4. Conclusions

HNTs-PVA nanocomposites have been investigated by numerous numbers of researchers due
to their wide applications in industry and medical fields. HNTs-PVA crosslinking is a relatively
new technique. In this work, MA was added at 5 wt. %, 7 wt. %, and 10 wt. % to the mixture of
HNTs-PVA, creating three samples, S05, S07, and S10, which were investigated and compared to the
neat HNTs in sample S0. The samples were examined using XRD, FESEM and BET. FESEM images
of S05 and S07 showed that HNTs are well distributed. FESEM images of the four samples showed
a possible effect of MA on the morphology and internal features of HNTs-PVA by showing less HNT
agglomeration as indicative of the effect of SDS. The XRD results showed almost no difference in the
2θ-peak, suggesting that adding MA has little effect on the crystallography of the treated samples.
The BET investigation showed that the surface area was increased by about 10 times compared to the
HNTs, achieving the level of 511 m2/g. This result, the second highest recorded result, is considered
a breakthrough in enhancing the properties of HNTs-PVA treated by MA crosslinking, which may be
attributed to the size and number of the pores.
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