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Abstract: Kaolinite nanoscrolls (NScs) are halloysite-like nanotubular structures of great interest due 

to their ability to superimpose halloysite’s properties and applicability. Especially attractive is the 

ability of these NScs to serve as reaction vessels for the uptake and conversion of different chemical 

species. The synthesis of kaolinite NScs, however, is demanding due to the various processing 

steps that lead to extended reaction times. Generally, three intercalation stages are involved in the 

synthesis, where the second step of methylation dominates others in terms of duration. The present 

research shows that introducing microwave processing throughout the various steps can simplify 

the procedure overall and reduce the synthesis period to less than a day (14 h). The kaolinite nano- 

scrolls were obtained using two final intercalating agents, aminopropyl trimethoxy silane (APTMS) 

and cetyltrimethylammonium chloride (CTAC). Both produce abundant NScs, as corroborated by 

microscopy measurements as well as the surface area of the final products; APTMS intercalated NScs 

were 63.34 m2/g, and CTAC intercalated NScs were 73.14 m2/g. The nanoscrolls averaged about 

1 µm in length with outer diameters of APTMS and CTAC intercalated samples of 37.3 ± 8.8 nm 

and 24.9 ± 6.1 nm, respectively. The availability of methods for the rapid production of kaolinite 

nanoscrolls will lead to greater utility of these materials in technologically significant applications. 
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1. Introduction 

Kaolinite nanoscrolls (NScs) are well known tubular structures that can be synthesized 
from bulk kaolinite. The kaolinite structure is layered and consists of two different sets 
of sheets, octahedral alumina, AlO6, and tetrahedral silica, SiO4, in 1:1 ratio [1–4]. Hal- 

loysite nanotubes, which are compositionally similar to kaolinite, have been investigated 
due to their potential applications in drug delivery [5], catalyst supports [6], waste water 
treatment [7], composite materials [8], and host structures for the preparation of nanocom- 

posites [9–11]. Halloysites have limitations with respect to occurrence and purity, which 
creates a need for a divergent material, which can have properties such as these natural 

nanotubes [12,13]. Kaolinite NScs are good candidates for this replacement [14] and have 
the added benefit of structure tunability [15]. 

Singh and coworkers first reported methods for the synthesis of kaolinite NScs [16]. 

They showed that NScs could be synthesized by the repeated intercalation of kaolinite with 
potassium acetate followed by washing with excess water. Additionally, their determination 

that scrolls form along the b axis of the parent product is significant. More recently, Kuroda 
et al. reported a one-step route to produce kaolinite NScs, though this synthesis contains 

a long 7-day methylation step [17]. Later, Li et al. executed a different approach where 
they enhanced the intercalation of organics by an ultrasonication process [18]. Mako 
et al. reported a solvothermal process to obtain NScs from methylated kaolinite using 

cetyltrimethylammonium chloride (CTAC) as the final intercalating agent [19]. 
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Despite their involved synthesis procedures, kaolinite NScs are still of interest with 

widespread applications. Nakagaki et al. synthesized an efficient and selective heteroge- 
neous catalyst by immobilizing iron porphyrins within the kaolinite tubular structure [20]. 

Tang et al. synthesized a flame-retardant nanocomposite with polypropylene fused with 
kaolinite nanoscrolls [21]. Further, Abukhadra et al. successfully utilized kaolinite NScs to 
adsorb heavy metals from water [22]. 

A general procedure for synthesizing kaolinite NScs can be gleaned from the series 

of previously reported experiments [17–19,23]. Mainly, these NScs form in a three-step 
process, where the first step involves intercalated kaolinite products through polar molecule 
intercalation. The structure of kaolinite due to the presence of silica tetrahedral sheets 

(negatively charged) and alumina octahedral sheets (positively charged) possesses perma- 
nent dipolar characteristics, which favors the intercalation of small polar molecules such 

as dimethyl sulfoxide (DMSO) and N-methylforamide (NMF) [24,25]. This resulting inter- 
calated structure allows for the polar methanol molecule to subsequently intercalate into 

the layers with displacement of the DMSO or NMF. Dettelier et al. pioneered methylation 
in the kaolinite structure [26]. This methylation is crucial in that without it, the formation 
of kaolinite NScs does not readily occur, and this step allows other organic molecules to 

intercalate into the kaolinite. In a third step, CTAC or amino propyl trimethoxy silane 
(APTMS) can then be used as scrolling agents leading to the targeted NScs [17–19]. The 

duration of the first and third steps are short compared to the methylation of intercalated 
kaolinites. Recently, Qu et al. were able to decrease the methylation processing time to 8 h 
through a Soxhlet separation method though the total required time to obtain the kaolinite 

nanoscrolls was 72 h [27]. 
The synthesis of kaolinite NScs has been done through various processes such as 

stirring [17], ultrasonication [18], solvothermal [19], etc. The microwave processing of the 
kaolinite material has been described by some researchers. Zhenbang et al. reported the 

exfoliation of kaolinite from urea-intercalated precursor with microwave heating [28], and 
Zhang et al. reported synthesis of kaolinite nanocomposites, where they treated kaolinite 
with polyethylene glycol followed by DMSO [29]. Mo et al. also employed a microwave 

for the modification of kaolinite to make a hydrophobic material with an organosilane, 
which later was utilized for oil recovery [30]. Zsirka et al. traced broken and cracked 

tubular structures where chip-like particles dominated during the synthesis of kaolinite 
nanocomposites [31]. Recently, Zhang et al. compared traditional heating with microwave 

heating during the study of the activation properties of zeolite precursors from kaolinite [32]. 
The importance of kaolinite nanoscrolls supports the need for faster and more stream- 

lined processing of these materials. Microwave processing is known to shorten the reaction 

time compared to existing processes. In a recent article from Akbarian-Tefaghi et al., it was 
shown that microwave treatments could complete week-long reactions within hours [33]. 

Herein, we report on the synthesis of kaolinite NScs through multistep microwave pro- 
cessing. This approach not only shortens the reaction times for the production nanoscrolls 
from several days to half a day (14 h) but also simplifies the overall preparation. The 

products resulting from this method are of high quality and exhibit well defined tubular 
morphologies with an increased surface area. 

2. Experimental 

Materials. Powdered kaolinite (KGa-1b), originally sourced from Washington County, 
Georgia, USA, was purchased from the Clay Minerals Society. Before using the kaolin- 
ite, it was passed through a 200-mesh sieve. Dimethyl sulfoxide (DMSO, ACS reagent 
grade) was purchased from J. T. Baker (Phillipsburg, NJ, USA). N-methylformamide (NMF, 

99%), methanol (99.8%, anhydrous), cetyltrimethylammonium chloride (CTAC, 98%), and 
(3-aminopropyl)trimethoxysilane (APTMS, 97%) were all obtained from Sigma Aldrich 

(St. Louis, MO, USA). Toluene (ACS grade) and ethanol (anhydrous, ACS grade) were 
acquired from Fisher Scientific (Fair Lawn, NJ, USA) and PHARMCO-AAPER (Brookfield, 

CT, USA) respectively. 
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Microwave processing. The different intercalation reactions utilized during the synthesis 

of kaolinite nanoscrolls generally take days. Microwave synthesis procedures can accelerate 
these reactions to obtain the desired products in a short amount of time. In the current 

procedure, the reactions were carried out in Milestone START microwave system (Milestone, 
Shelton, CT, USA). The system holds up to 32 individually capped reaction tubes (glass 
tubes can withstand pressures up to 15 bar). Each tube can hold 4–16 mL of solution and 

a magnetic stir bar coated with Teflon. If the reaction medium is nonpolar then a Weflon 
(graphite-doped Teflon) button is inserted inside the tube, which assists in the absorption of 

microwave radiation. Caution: Glass microwave reaction tubes need to be free from cracks 
and dirt; such imperfections can produce hot spots, possibly leading to explosions. The 
selection of reaction parameters should consider solvent boiling points and the pressure 

limitations of the reaction vessels. 
Synthesis of intercalated kaolinite. In total, 0.1 g kaolinite was placed in a microwave tube 

along with 1.0 mL deionized water and either 9.0 mL DMSO or 9.0 NMF. The volume of 
DMSO and NMF was selected by maintaining a ratio with water (9:1). The ratio was chosen 
by following Qu et al. and Olejnik et al.’s procedure during intercalation with DSMO and 
NMF, respectively [27,34]. The mixture was sonicated for 1 min and then heated in the 

microwave oven at 100 ◦C and 500 W for 5 h with magnetic stirring. After intercalation, 
the room temperature mixture was transferred to a 50 mL centrifuge tube and washed one 
time with 10.0 mL anhydrous methanol. The supernatant was discarded, and powder kept 
wet in methanol for the next step. The samples were labeled as KD for DMSO intercalated 

kaolinite and KN for NMF intercalated kaolinite. 
Methylation of intercalated kaolinite. Wet KD or KN were dispersed in 10.0 mL anhy- 

drous methanol and transferred from a centrifuge tube to a clean microwave tube. Then, 
the dispersed wet powder was sonicated for 10 min and combined with a magnetic stir 

bar. The sample was heated in the microwave for 1 h at 75 ◦C at 500 W with stirring. 
When the sample reached room temperature, the magnetic bar was removed. The process 
was repeated two more times with fresh anhydrous methanol. Finally, the sample was 
centrifuged in a 50 mL centrifuged tube. The two samples, KD and KN, were then called 
KM-1 or KM-2, respectively. 

Synthesis of kaolinite nanoscrolls (NScs). Kaolinite NScs were obtained by two different 
routes. In one route, NScs were obtained through intercalation with APTMS and in another 

route, CTAC was intercalated. 
APTMS. Wet KM-1 or KM-2 was placed in a microwave tube with one magnetic 

stirring bar, one Weflon button, and 10.0 mL APTMS. The intercalation was done at 90 ◦C 
at 500 W for 4 h. The sample was then washed 3 times with ethanol. The powder was 
collected and dispersed in 10 mL toluene and sonicated for 10 min. The sonication with 
fresh toluene was repeated three more times. Then the sonicated sample centrifuged, and 
the final sample stored in a glass vial. 

CTAC. Wet KM-1 or KM-2 was placed in a microwave tube with 10 mL 1 M CTAC 

solution in methanol and then kept in a microwave with magnetic stirring for 4 h at 75 ◦C 
at 500 W. After the reaction, the sample was washed 3 times with ethanol. The powder 
was collected and dispersed in 10 mL toluene and sonicated for 10 min. The sonication 
with fresh toluene was repeated for three more times. Then, the sonicated sample was 
centrifuged and the final sample was stored in a glass vial. 

Characterization. Samples were collected after each step during the synthesis of kaoli- 

nite NScs. Wet samples were dried in an oven at 70 ◦C for 24 h before characterization. 
The sample for X-ray powder diffraction (XRD) was mounted on a glass slide, and char- 

acterization was carried between 2.5 and 35.0◦ 2θ on a Rigaku Miniflex II Desktop X-ray 

diffractometer (Rigaku, Tokyo, Japan) with a scan speed of 0.75◦/s; the instrument used 
CuKα radiation at 30 kV and 15 mA. A Hitachi 4800 High-resolution SEM (Hitachi, Tokyo, 

Japan) (Tulane University) was used to observe morphologies; the samples were carbon- 
coated before SEM imaging with a Cressington 208 HR sputter coater. For TEM imaging, 
dilute suspensions of powdered samples were prepared by dispersion in toluene via a 
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30 s sonication. Then, the suspension was drop cast on a Cu TEM grid (Ted Pella) and 

dried in an oven at 70 ◦C for 12 h. Transmission electron microscope (TEM) imaging was 
carried out on a JEOL 2010 TEM (JEOL, Peabody, MA, USA) at 200 kV and 110 mA. FTIR 
characterization utilized a Perkin Elmer System 2000 FTIR spectrometer (Perkin Elmer, 
Beaconsfield, England) where the sample was spread on a clean polished KBr salt plate 
(25 mm in diameter). For adsorption and desorption characterization, a Micromeritics 
ASAP 2020 (Micromeritics, Norcross, GA, USA) instrument was used with nitrogen gas. 

The sample was degassed at 300 ◦C for 30 min to remove moisture or other gases that 
previously adsorbed on the surface. The specific surface area of the sample was calculated 
from the BET theorem [35]. Additionally, the porosity of raw kaolinite and nanoscrolls 
was studied using the Barrett, Joyner, and Halenda (BJH) desorption dV/dD pore volume 
method [35]: dV represents distribution the curves of pore volume as a function of pore 
diameter and dD, the adsorption–desorption isotherm of nitrogen. 

3. Results 

A three-step procedure utilizing microwave methods has been developed that re- 
duces processing times and streamlines the production of kaolinite NScs. Detailed crys- 
tallographic, vibrational, microscopic, and gas-adsorption studies on intermediates and 

products highlight the effectiveness of this approach. The rapidity of this method reduces 
processing times from 3 days to almost a 1 day. 

The unreacted kaolinite parent (KGa-1b) shows the 001 plane corresponding to a d- 
spacing of 0.69 nm (Figure 1). Intercalation with DMSO, a step mandatory for further reaction 

in the structure, increases the spacing; DMSO intercalated kaolinite (KD) has a d-spacing 
of 1.06 nm. The increase in basal spacing of KD is 0.37 nm relative to kaolinite. Following 
intercalation with DMSO, methylation allows methanol to intercalate (graft) between the 

layers of kaolinite reducing the basal spacing to 0.82 nm due to the smaller size of methanol 
compared to that of the DMSO (∆ = 0.13 nm relative to parent). Then, the intercalation of 

APTMS in the methoxy-grafted kaolinite leads to scrolling; the nanoscroll sample, NScs-1, 
exhibits a broad and diminished peak corresponding to ~0.85 nm (Figure 1c). Nanoscrolls 

were also accessible by intercalation with CTAC (NScs-2) with d-spacing 0.82 nm. The 
reflection seen at 0.69 nm d-spacing is attributed to unreacted kaolinite. 

 

Figure 1. XRD patterns of (a) untreated kaolinite (Kt), (b) DMSO treated kaolinite (KD), (c) methanol 

treated kaolinite (KM-1), (d) APTMS intercalated nanoscrolls (NScs-1), and (e) CTAC intercalated 

nanoscrolls (NScs-2). (The asterisk (*) indicates unreacted kaolinite in the sample.). 
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Another primary intercalating agent, NMF, was investigated. NMF also inserts into 

the layers of kaolinite and allows for subsequent methanol intercalation. XRD characteriza- 
tion (Figure 2) shows that the NMF intercalated kaolinite, KN, exhibits the 001-reflection 

corresponding to a d-spacing of 1.02 nm, which shows an increase in basal spacing of 
0.33 nm. Following intercalation with methanol, the structure of the basal spacing is again 

reduced to 0.82 nm. After final reaction and scrolling from APTMS treatment (NScs-3), a 
broad peak is observed at 0.87 nm (Figure 2d). In the case of CTAC (NScs-4), however, no 

reflection is observed in that region (Figure 2e). Evidence for kaolinite is again observed at 
0.69 nm. 

 

Figure 2. XRD pattern of (a) untreated kaolinite (Kt), (b) NMF treated kaolinite (KN), (c) methanol 

treated kaolinite (KM-2), (d) APTMS intercalated nanoscrolls (NScs-3), and (e) CTAC intercalated 

nanoscrolls (NScs-4). (The asterisk (*) indicates unreacted kaolinite in the sample.). 

Following the methods of Qu et al. [27], we can estimate the intercalation ratio in 

percent from XRD data for both the DMSO and NMF pathways to give an estimate of 
the percent unreacted kaolinite. This approach is based on fractional intensity ratios 

(intercalate/(intercalate + kaolinite)) of the 001 reflections for the intercalate products 
relative to kaolinite. In the case of DMSO intercalation, the ratio is found to be 83.0%, with 

the subsequent methanol intercalation at 78.7%. For NMF, the percent intercalation is not 
as extensive: 68.0% NMF intercalation and 68.7% subsequent methanol intercalation. Based 

on these calculations, we can roughly estimate that for DMSO, about 79% of the kaolinite 
participated in the reaction and for NMF only about 68%. 

For IR analysis of kaolinites, different intermediate and nanoscrolls are shown in 
Figures 3 and 4. During the analysis of IR spectra for certain molecules, the focus was on 
their main characterization peaks. In Figure 3, kaolinite’s peaks appeared at 3695, 3671, 

3655, and 3619 cm−1. These peaks appeared due to -OH stretching modes. After DMSO 

intercalation, new peaks arise at 3661, 3540, 1427, 1402, 1390, and 1318 cm−1. Methylation 

steps draw changes in DMSO-modified kaolinite where 3695 and 3619 cm−1 peaks remain 

visible, but a new peak at 1654 cm−1 appears due to OH bending in the system [36]. Both 
APTMS and CTAC intercalation have an impact on IR spectrums. The peaks at 2918 and 

2849 cm−1 appear due to -C-H- stretching from aliphatic groups of those intercalating 
agents [37,38]. 
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Figure 3. IR spectra of (a) untreated kaolinite (Kt), (b) DMSO treated kaolinite (KD), (c) methanol 

treated kaolinite (KM-1), (d) APTMS intercalated nanoscrolls (NScs-1), and (e) CTAC intercalated 

nanoscrolls (NScs-2). 
 

Figure 4. IR spectra of (a) untreated kaolinite (Kt), (b) NMF treated kaolinite (KN), (c) methanol 

treated kaolinite (KM-2), (d) APTMS intercalated nanoscrolls (NScs-3), and (e) CTAC intercalated 

nanoscrolls (NScs-4). 
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In Figure 4 IR spectra for NMF intercalated kaolinites peaks observed at 3695, 3619, 

3419, 2905, 1681, 1528, 1419, 1379, and 1237 cm−1 where 3419 and 1528 cm−1 are character- 

istic peaks for NMF. At 3419 cm−1, the signal indicates that the NMF molecule intercalated 

with kaolinite through H bonding, and 1528 cm−1 refers to the C-H peak in the NMF 
molecule that arose due to C-H bending [24]. After methylation, significant peaks for 

NMF at 3419 cm−1 disappear, but peaks at 1681 cm−1 show traces of NMF, and 1650 cm−1 

indicated the presence of OH bending from adsorbed water [36]. After intercalation with 
APTMS and CTAC, it is found that the CTAC intercalated system has sharp peaks at 2918 

and 2849 cm−1, but for APTMS, a weak signal at 2918 cm−1 was observed. This indicates 
APTMS is less pronounced in the system. 

3.1. Morphology 

For the morphological studies of kaolinites, methoxy-modified kaolinites and nano- 
scrolls were observed by electron microscopy. Figure 5 shows the SEM image of 200 mesh 
kaolinite powder, which reveals the stacked sheet-like structure of kaolinite. It is also 

noticeable that smaller (<1 µm) kaolinite particles are present in the starting material. 

Figures 6 and 7 present both SEM and TEM images of the DMSO and NMF-originated 
nanoscrolls, respectively. The SEM image of KM-1 (Figure 6a) shows that after methylation, 
the sample forms thinner plate-like structures compared to that of the bulkier kaolinite 
precursor (Figure 5) and TEM of KM-1 (Figure 6b) shows after methylation, the crystallites 
form thin platelets and retain a hexagonal shape. Figure 6c,d show the SEM and TEM 
images of nanoscrolls (NScs-1), respectively. Nanoscrolls, alongside partially formed scrolls, 
curled sheets, and small kaolinites nanosheets, are observed. 

 

 
Figure 5. SEM image of 200 meshed kaolinite powder. 

 

From the TEM image (Figure 6d), it is found that the scroll walls are multilayered 
and the scrolls themselves have average inner and outer diameters of 15.2 ± 3.8 and 

37.3 ± 8.8 nm, respectively. Figure 6e,f shows, respectively, the SEM and TEM images of 
nanoscrolls formed by the CTAC intercalation (NScs-2). Here, fully formed nanoscrolls, par- 
tially formed nanoscrolls, and small particles (or nanosheets) of kaolinite are observed. TEM 

images show that the inner and outer diameter of the NSc-2 nanoscrolls are 14.8 ± 4.2 nm 

and 24.9 ± 6.1 nm, respectively. 
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Figure 6. SEM and TEM images of DMSO-modified methylated kaolinite (a,b); APTMS intercalated 

NScs-1 (c,d) and CTAC intercalated NScs-2 (e,f), respectively. (SEM images (a,c), and (e); TEM images, 

(b,d), and (f). 

Figure 7 represents the SEM and TEM images of NMF-originated nanoscrolls with 

methylated kaolinites. Figure 7a,b show the SEM of TEM, respectively, of methylated 
kaolinite, KM-2, and it is found that they also have become a thin-layered structure with 

a hexagonal shape as seen with the DMSO-originated methylated kaolinite. The SEM 
images of nanoscrolls formed by APTMS (NScs-3) or CTAC (NScs-4) reveal morphologies 

consisting of fully formed nanoscrolls, partially formed nanoscrolls, curled nanosheets, 
and small particles of kaolinite. The images of these nanoscrolls reveals that APTMS inter- 
calated nanoscrolls are multilayered or thick-walled compared to that of CTAC intercalated 

nanoscrolls, that the average inner diameter of NScs-3 is 13.8 ± 3.3 nm and of NScs-4 is 
14.1 ± 3.7 nm, and that the outer diameter of NScs-3 is 35.1 ± 7.7 nm and of NScs-4 is 

24.3 ± 4.2 nm. 
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Figure 7. SEM and TEM images of NMF-modified methylated kaolinite (a,b); APTMS intercalated 

NScs-3 (c,d) and CTAC intercalated NScs-4 (e,f), respectively. (SEM images (a,c), and (e); TEM images, 

(b,d), and (f). 

3.2. Surface Area and Porosity Results 

The surface area of untreated kaolinite and nanoscrolls were characterized by the 
BET method. The Figures 8 and 9 shows the N2 adsorption and desorption isotherms 
and pore size distribution of different nanoscrolls and raw kaolinites. The isotherms of 
all nanoscrolls (Figures 8a and 9a) show type IV isotherms, while unreacted kaolinite’s 
isotherm is type II. The surface areas for the various components varied with processing 
and, as would be expected, the observed values of the nanoscroll samples are larger than 

bulk kaolinite powder: kaolinite (10.16 m2/g), NScs-1 (63.34 m2/g), NScs-2 (73.14 m2/g), 

NScs-3 (54.48 m2/g), and NScs-4 (62.28 m2/g). 
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Figure 8. N2 adsorption-desorption isotherms (a) and pore size distribution histograms (b) of 

untreated kaolinite, NScs-1, and NScs-2. 
 

Figure 9. N2 adsorption-desorption isotherms (a) and pore size distribution histograms (b) of 

untreated kaolinite, NScs-3, and NScs-4. 

The pore size distributions were determined by the BJH desorption dV/dD pore 
volume method. Figures 8b and 9b show the pore size distribution for different nanoscrolls 

compared to the raw kaolinite. From the respective isotherms (Figures 8b and 9b), it is 
found that NScs-1 has an inner diameter in the range of 11–20 nm, for NScs-2 it is 10–18 nm, 

for NScs-3 it is 11–23 nm, and for NScs-4 it is 11–20 nm. In Table 1, the average inner 
diameter obtained from TEM observation and BJH desorption is presented. 

 
Table 1. Inner diameter and surface area of different nanoscrolls. 

 

Nanoscrolls 
Average Inner Diameter 

(TEM Observations) (nm) 
Average Inner Diameter 

(BJH Method) (nm) 

NScs-1 15.2 ± 3.8 16.4 

NScs-2 14.8 ± 4.2 13.5 

NScs-3 13.8 ± 3.3 15.3 

NScs-4 14.1 ± 3.7 15.1 
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4. Discussion 

The three-step rapid synthesis of kaolinite NScs highlighted in this report utilizes mi- 
crowave processing. It is found that not only the initial DMSO/NMF and final APTMS/CTAC 

intercalation steps readily occur but that the more difficult methylation step is greatly 
accelerated (reduced to 3.5 h). This 14-h overall process is the fastest reported to date 

and leads to high-quality Kt NScs. Table 2 compares the processing times with other 
reported methods for the synthesis of kaolinite nanoscrolls. The processes mainly con- 
tain three general steps where methylation dominates the total duration of the synthesis. 

The microwave method applied in this experiment reduces the methylation duration and 
decreases overall synthesis time. The surface area obtained from the BET measurement 

indicates that this experiment’s outcome is in good agreement with previous literature for 
CTAC based NScs [17]. It is noteworthy that while in most respects nanoscrolls originating 

from DMSO and NMF are similar, the ones from DMSO-CTAC modification were in general 
better dispersed. 

 
Table 2. Comparison of processing times for the synthesis of kaolinite NScs. 

 

Most Time-Consuming 
Step 

Method 
Duration 

(h) 
No. of 
Steps 

Total Duration 
(h) 

Surface Area 

of NScs (m2/g) 
Reference 

Methylation Stirring 120 3 >168 71 Kuroda et al. [17] 

Methylation Stirring >168 3 240 32.6 Yuan et al. [15] 

Methylation Solvothermal 24 3 84 . . . . . . Xu et al. [39] 

Methylation Washing 24 5 96 100.7 Li et al. [18] 
 

Intercalation with DMSO 
or Urea 

Aged in a 
closed vessel 

168 or 456 3 or 2 216 or 480 . . . . . . Mako et al. [19] 

Intercalation With DMSO Stirring 24 3 72 39.6 Qu et al. [27] 

Intercalation with DMSO Microwave 5 3 14 73.1 This work 

 
The d spacing (0.69 nm) of kaolinite powder used as a precursor in this experiment is 

in good agreement with previous reports (~0.72 nm) [16]. After intercalation with DMSO, it 
was found that the interlayer spacing increased up to 1.06 nm [26,40]. When NMF was used 
as the primary intercalating agent, the increment was 0.33 nm, which was also observed 
by Kelleher et al. and Komori et al. [24,41]. It is important to note that the XRD samples 

are prepared by drying the samples at 70 ◦C for 24 h, which indicates that the primary 
intercalant is thermally stable under mild heating. After methylation, it was found that 
the dried methylated kaolinite sample interlayer spacing decreased to 0.82 nm, which is a 
general phenomenon [42]. 

After treatment with APTMS on methylated kaolinite, the sample becomes amorphous 
with ultrasonication irrespective of their primary intercalant. This is highlighted in the 
broadness of the peaks (Figure 1d,e and Figure 2d,e). When CTAC treatment and ultrasoni- 

cation were carried out on methylated-modified kaolinite, a trace of CTAC remained in the 
DMSO-originated kaolinite. According to the findings of Komarneni et al., ultrasonication 

is responsible for the amorphous nature of the product [18]. After the final intercalation, 
the presence of d-spacing of 0.69 nm as seen by XRD indicates that the trace of unreacted 

kaolinite remained in the samples. 
IR analysis provides further insight into the formation of kaolinite NScs. Unreacted 

kaolinite’s signature peaks, which appear in the 3600–3700 cm−1 region, were weakened in 
intensity (Figure 3) after intercalation with DMSO. Besides this, the appearance of 3661, 

3540, and 3505 cm−1 peaks indicate the formation of hydrogen bonds between kaolinite 

and DMSO [20,27,43]. After methylation of DMSO, 3540 and 3505 cm−1 signals disappear, 
consistent with methylation. 

When NMF is intercalated in bulk kaolinite the intensity of the 3695 cm−1 band 

becomes weak as expected. Additionally, 3419 cm−1 and 2905 cm−1 bands appear due to 
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NMF N-H and C-H stretching, respectively. When methylation occurs to NMF, these two 

bands disappear as expected, due to the displacement of NMF in the structure [24,36]. 

On treatment of methylated kaolinite with APTMS, washing, and ultrasonication in 
toluene, irrespective of their primary intercalant, the dried samples show signals at 2918 and 

2849 cm−1, which have appeared due to C-H stretching of -CH2 and -CH3 aliphatic groups, 
respectively, from APTMS [38]. Upon intercalation with CTAC with methylated kaolinite, 

similar peaks appeared at 2918 and 2849 cm−1 due to C-H stretching from CTAC [37]. 

The transformation of stacked kaolinite to nanoscrolls can be appreciated through the 

monitoring structural variations after each processing step. From Figure 6, it is visible that 
kaolinite starts as well-formed plate-like crystals until the DMSO or NMF intercalated is 

methylated (Figures 6a and 7a), which leads to the exfoliation of nanosheets. Subsequent 
treatment with APTMS or CTAC leads to well-formed nanoscrolls. Interestingly, it is found 

that, on average, APTMS intercalated nanoscrolls have more outer layers (turns) than 
CTAC intercalated nanoscrolls and that their inner and outer diameters are different from 
each other. Kuroda et al. suggested that the size variation is related to the identity of the 

final intercalating agent, such that APTMS intercalation favors larger sheets of kaolinite 
and forms nanoscrolls with a larger outer diameter compared to CTAC [17]. 

The surface area and porosity analysis reveal the materials size, porosity, and shape. 
The surface area of raw kaolinite and different nanoscrolls also has coherency with previous 
reports. Especially, it is found that when CTAC is used as the final intercalating agent 

compared to the APTMS intercalated nanoscrolls, the surface area is larger [17,27,39]. 
Additionally, the isotherm obtained for kaolinite infers that the raw materials were mainly 

macroporous with the trace of few mesoporous and microporous powders [44]. On the 
other hand, the isotherm obtained for nanoscrolls is type IV with an H2 loop. This indicates 

that the final samples obtained from this experiment were mainly meso to microporous 
materials [45]. The finding of the inner diameters of NScs from BJH method are in good 
agreement with the TEM measurements of inner diameters of NScs. 

5. Conclusions 

The microwave method presented here significantly reduces processing times in the 
synthesis of kaolinite NScs. Intercalation with both DMSO and NMF were successful under 

microwave radiation, and the methylation step was especially efficient. After intercalation 
and ultrasonication with APTMS or CTAC, the processing produced high-quality nano- 

scrolls. Overall, this indicates that microwave processing is an effective advance in the 
rapid production of kaolinite nanoscrolls. 

 
Author Contributions: Conceptualization, M.S.I.K.; methodology, M.S.I.K.; validation, M.S.I.K. and 

J.B.W.; formal analysis, M.S.I.K. and J.B.W.; investigation, M.S.I.K.; resources, J.B.W.; data curation, 

M.S.I.K. and J.B.W.; writing—original draft preparation, M.S.I.K.; writing—review and editing, 

M.S.I.K. and J.B.W.; visualization, M.S.I.K. and J.B.W.; supervision, J.B.W.; project administration 

J.B.W.; funding acquisition, J.B.W. All authors have read and agreed to the published version of 

the manuscript. 

Funding: This research was funded by the National Science Foundation grant number CHE-2004178. 

Informed Consent Statement: Not applicable. 

Data Availability Statement: The data presented in this study are available on request from the 

corresponding author. 

Acknowledgments: Thanks to Jibao He (Tulane University) for helpful discussions on electron microscopy. 

Conflicts of Interest: The authors declare no conflict of interest. 



Nanomaterials 2022, 12, 3141 13 of 14 
 

 
 

References 

1. Detellier, C. Functional Kaolinite. Chem. Rec. 2018, 18, 868–877. [CrossRef] [PubMed] 

2.  Matusik, J. Chapter 17—Halloysite-like Structure via Delamination of Kaolinite. In Developments in Clay Science; Yuan, P., Thill, 

A., Bergaya, F., Eds.; Nanosized Tubular Clay Minerals; Elsevier: Amsterdam, The Netherlands, 2016; Volume 7, pp. 409–428. 

[CrossRef] 

3. Schulze, D.G. Clay Minerals. In Encyclopedia of Soils in the Environment; Hillel, D., Ed.; Elsevier: Oxford, UK, 2005; pp. 246–254. 

[CrossRef] 

4. Churchman, G.J. Relevance of Different Intercalation Tests for Distinguishing Halloysite from Kaolinite in Soils. Clays Clay Miner. 
1990, 38, 591–599. [CrossRef] 

5.  Fizir, M.; Dramou, P.; Dahiru, N.S.; Ruya, W.; Huang, T.; He, H. Halloysite Nanotubes in Analytical Sciences and in Drug Delivery: 

A Review. Microchim. Acta 2018, 185, 389. [CrossRef] [PubMed] 

6. Massaro, M.; Casiello, M.; D’Accolti, L.; Lazzara, G.; Nacci, A.; Nicotra, G.; Noto, R.; Pettignano, A.; Spinella, C.; Riela, S. One-Pot 

Synthesis of ZnO Nanoparticles Supported on Halloysite Nanotubes for Catalytic Applications. Appl. Clay Sci. 2020, 189, 105527. 

[CrossRef] 

7.  Anastopoulos, I.; Mittal, A.; Usman, M.; Mittal, J.; Yu, G.; Núñez-Delgado, A.; Kornaros, M. A Review on Halloysite-Based 

Adsorbents to Remove Pollutants in Water and Wastewater. J. Mol. Liq. 2018, 269, 855–868. [CrossRef] 

8. Francisco, D.L.; Paiva, L.B.; Aldeia, W.; Lugão, A.B.; Moura, E.A.B. Noncovalently Functionalized Halloysite Nanotubes for Use 

in Reinforced Polymer Composites. ACS Appl. Nano Mater. 2020, 3, 11510–11516. [CrossRef] 

9. Makaremi, M.; Pasbakhsh, P.; Cavallaro, G.; Lazzara, G.; Aw, Y.K.; Lee, S.M.; Milioto, S. Effect of Morphology and Size of 

Halloysite Nanotubes on Functional Pectin Bionanocomposites for Food Packaging Applications. ACS Appl. Mater. Interfaces 

2017, 9, 17476–17488. [CrossRef] 

10. Rostamzadeh, T.; Islam Khan, M.S.; Riche’, K.; Lvov, Y.M.; Stavitskaya, A.V.; Wiley, J.B. Rapid and Controlled In Situ Growth of 

Noble Metal Nanostructures within Halloysite Clay Nanotubes. Langmuir 2017, 33, 13051–13059. [CrossRef] 

11.  Kushwaha, S.K.S.; Kushwaha, N.; Pandey, P.; Fatma, B. Halloysite Nanotubes for Nanomedicine: Prospects, Challenges and 

Applications. BioNanoScience 2021, 11, 200–208. [CrossRef] 

12.  Joussein, E. Chapter 2—Geology and Mineralogy of Nanosized Tubular Halloysite. In Developments in Clay Science; Yuan, P., 

Thill, A., Bergaya, F., Eds.; Nanosized Tubular Clay Minerals; Elsevier: Amsterdam, The Netherlands, 2016; Volume 7, pp. 12–48. 

[CrossRef] 

13. Pasbakhsh, P.; Churchman, G.J. Natural Mineral Nanotubes: Properties and Applications; CRC Press: Boca Raton, FL, USA, 2015. 
14. Li, X.; Wang, D.; Liu, Q.; Komarneni, S. A Comparative Study of Synthetic Tubular Kaolinite Nanoscrolls and Natural Halloysite 

Nanotubes. Appl. Clay Sci. 2019, 168, 421–427. [CrossRef] 

15. Yuan, P.; Tan, D.; Annabi-Bergaya, F.; Yan, W.; Liu, D.; Liu, Z. From Platy Kaolinite to Aluminosilicate Nanoroll via One-Step 

Delamination of Kaolinite: Effect of the Temperature of Intercalation. Appl. Clay Sci. 2013, 83–84, 68–76. [CrossRef] 

16. Singh, B.; Mackinnon, I.D.R. Experimental Transformation of Kaolinite to Halloysite. Clays Clay Miner. 1996, 44, 825–834. 

[CrossRef] 

17. Kuroda, Y.; Ito, K.; Itabashi, K.; Kuroda, K. One-Step Exfoliation of Kaolinites and Their Transformation into Nanoscrolls. 
Langmuir 2011, 27, 2028–2035. [CrossRef] 

18. Li, X.; Liu, Q.; Cheng, H.; Komarneni, S. High-Yield Production of Mesoporous Nanoscrolls from Kaolinite by Ultrasonic Assisted 

Exfoliation. Microporous Mesoporous Mater. 2017, 241, 66–71. [CrossRef] 

19. Makó, É.; Kovács, A.; Antal, V.; Kristóf, T. One-Pot Exfoliation of Kaolinite by Solvothermal Cointercalation. Appl. Clay Sci. 2017, 
146, 131–139. [CrossRef] 

20.  Nakagaki, S.; Machado, G.S.; Halma, M.; dos Santos Marangon, A.A.; de Freitas Castro, K.A.D.; Mattoso, N.; Wypych, F. 

Immobilization of Iron Porphyrins in Tubular Kaolinite Obtained by an Intercalation/Delamination Procedure. J. Catal. 2006, 242, 

110–117. [CrossRef] 

21.  Tang, W.; Zhang, S.; Gu, X.; Sun, J.; Jin, X.; Li, H. Effects of Kaolinite Nanoroll on the Flammability of Polypropylene Nanocom- 

posites. Appl. Clay Sci. 2016, 132–133, 579–588. [CrossRef] 

22. Abukhadra, M.R.; Bakry, B.M.; Adlii, A.; Yakout, S.M.; El-Zaidy, M.E. Facile Conversion of Kaolinite into Clay Nanotubes (KNTs) 

of Enhanced Adsorption Properties for Toxic Heavy Metals (Zn2+, Cd2+, Pb2+, and Cr6+) from Water. J. Hazard. Mater. 2019, 374, 
296–308. [CrossRef] 

23. Makó, É.; Kovács, A.; Katona, R.; Kristóf, T. Characterization of Kaolinite-Cetyltrimethylammonium Chloride Intercalation 

Complex Synthesized through Eco-Friend Kaolinite-Urea Pre-Intercalation Complex. Colloids Surf. Physicochem. Eng. Asp. 2016, 

508, 265–273. [CrossRef] 

24. Komori, Y.; Sugahara, Y.; Kuroda, K. A Kaolinite-NMF-Methanol Intercalation Compound as a Versatile Intermediate for Further 

Intercalation Reaction of Kaolinite. J. Mater. Res. 1998, 13, 930–934. [CrossRef] 

25. Zhang, S.; Liu, Q.; Cheng, H.; Zeng, F. Combined Experimental and Theoretical Investigation of Interactions between Kaolinite 

Inner Surface and Intercalated Dimethyl Sulfoxide. Appl. Surf. Sci. 2015, 331, 234–240. [CrossRef] 

26. Tunney, J.J.; Detellier, C. Chemically Modified Kaolinite. Grafting of Methoxy Groups on the Interlamellar Aluminol Surface of 

Kaolinite. J. Mater. Chem. 1996, 6, 1679–1685. [CrossRef] 

http://doi.org/10.1002/tcr.201700072
http://www.ncbi.nlm.nih.gov/pubmed/29314594
http://doi.org/10.1016/B978-0-08-100293-3.00017-0
http://doi.org/10.1016/B0-12-348530-4/00189-2
http://doi.org/10.1346/CCMN.1990.0380604
http://doi.org/10.1007/s00604-018-2908-1
http://www.ncbi.nlm.nih.gov/pubmed/30046919
http://doi.org/10.1016/j.clay.2020.105527
http://doi.org/10.1016/j.molliq.2018.08.104
http://doi.org/10.1021/acsanm.0c02600
http://doi.org/10.1021/acsami.7b04297
http://doi.org/10.1021/acs.langmuir.7b02402
http://doi.org/10.1007/s12668-020-00801-6
http://doi.org/10.1016/B978-0-08-100293-3.00002-9
http://doi.org/10.1016/j.clay.2018.12.014
http://doi.org/10.1016/j.clay.2013.08.027
http://doi.org/10.1346/CCMN.1996.0440614
http://doi.org/10.1021/la1047134
http://doi.org/10.1016/j.micromeso.2016.12.006
http://doi.org/10.1016/j.clay.2017.05.042
http://doi.org/10.1016/j.jcat.2006.06.003
http://doi.org/10.1016/j.clay.2016.08.008
http://doi.org/10.1016/j.jhazmat.2019.04.047
http://doi.org/10.1016/j.colsurfa.2016.08.035
http://doi.org/10.1557/JMR.1998.0128
http://doi.org/10.1016/j.apsusc.2015.01.019
http://doi.org/10.1039/jm9960601679


Nanomaterials 2022, 12, 3141 14 of 14 
 

 

 
27. Qu, H.; He, S.; Su, H. Efficient Preparation of Kaolinite/Methanol Intercalation Composite by Using a Soxhlet Extractor. Sci. Rep. 

2019, 9, 8351. [CrossRef] [PubMed] 

28. Pi, Z.; Liu, Z.; Yang, C.; Tian, X.; Fei, J.; Zheng, J. Exfoliation of Kaolinite by Urea-Intercalation Precursor and Microwave 

Irradiation Assistance Process. Front. Earth Sci. China 2007, 1, 26–29. [CrossRef] 

29. Li, Z.J.; Zhang, X.R.; Xu, Z. Novel Method for Preparation of Kaolinite Intercalation Composite. Mater. Technol. 2007, 22, 205–208. 

[CrossRef] 

30.  Mo, S.; Pan, T.; Wu, F.; Zeng, M.; Huang, D.; Zhang, L.; Jia, L.; Chen, Y.; Cheng, Z. Facile One-Step Microwave-Assisted 

Modification of Kaolinite and Performance Evaluation of Pickering Emulsion Stabilization for Oil Recovery Application. J. 

Environ. Manag. 2019, 238, 257–262. [CrossRef] [PubMed] 

31. Zsirka, B.; Horváth, E.; Makó, É.; Kurdi, R.; Kristóf, J. Preparation and Characterization of Kaolinite Nanostructures: Reaction 

Pathways, Morphology and Structural Order. Clay Miner. 2015, 50, 329–340. [CrossRef] 

32. Zhang, L.; He, Y.; Lü, P.; Peng, J.; Li, S.; Chen, K.; Yin, S.; Zhang, L. Comparison of Microwave and Conventional Heating Routes 

for Kaolin Thermal Activation. J. Cent. South Univ. 2020, 27, 2494–2506. [CrossRef] 

33. Akbarian-Tefaghi, S.; Teixeira Veiga, E.; Amand, G.; Wiley, J.B. Rapid Topochemical Modification of Layered Perovskites via 

Microwave Reactions. Inorg. Chem. 2016, 55, 1604–1612. [CrossRef] 

34. Olejnik, S.; Posner, A.M.; Quirk, J.P. The Intercalation of Polar Organic Compounds into Kaolinite. Clay Miner. 1970, 8, 421–434. 

[CrossRef] 

35. Bardestani, R.; Patience, G.S.; Kaliaguine, S. Experimental Methods in Chemical Engineering: Specific Surface Area and Pore Size 

Distribution Measurements—BET, BJH, and DFT. Can. J. Chem. Eng. 2019, 97, 2781–2791. [CrossRef] 

36. Caglar, B.; Çırak, Ç.; Tabak, A.; Afsin, B.; Eren, E. Covalent Grafting of Pyridine-2-Methanol into Kaolinite Layers. J. Mol. Struct. 
2013, 1032, 12–22. [CrossRef] 

37. Zhang, S.; Gao, N.; Liu, K. Insights on the Intercalation Mechanism of the Coal-Bearing Kaolinite Intercalation Based on 

Experimental Investigation and Molecular Dynamics Simulations. Chem. Pap. 2021, 75, 6335–6344. [CrossRef] 

38. Fatimah, I. Preparation, Characterization and Physicochemical Study of 3-Amino Propyl Trimethoxy Silane-Modified Kaolinite 

for Pb(II) Adsorption. J. King Saud Univ.-Sci. 2018, 30, 250–257. [CrossRef] 

39. Xu, H.; Jin, X.; Chen, P.; Shao, G.; Wang, H.; Chen, D.; Lu, H.; Zhang, R. Preparation of Kaolinite Nanotubes by a Solvothermal 

Method. Ceram. Int. 2015, 41, 6463–6469. [CrossRef] 

40. New Insights into the Molecular Structure of Kaolinite–Methanol Intercalation Complexes—ScienceDirect. Available online: 

https://www.sciencedirect.com/science/article/abs/pii/S016913171500112X?via%3Dihub (accessed on 7 March 2022). 

41. Kelleher, B.P.; Sutton, D.; O’Dwyer, T.F. The Effect of Kaolinite Intercalation on the Structural Arrangements of N- 

Methylformamide and 1-Methyl-2-Pyrrolidone. J. Colloid Interface Sci. 2002, 255, 219–224. [CrossRef] 

42. Li, X.; Cui, X.; Wang, S.; Wang, D.; Li, K.; Liu, Q.; Komarneni, S. Methoxy-Grafted Kaolinite Preparation by Intercalation of 

Methanol: Mechanism of Its Structural Variability. Appl. Clay Sci. 2017, 137, 241–248. [CrossRef] 

43. Lipsicas, M.; Raythatha, R.; Giese, R.F.; Costanzo, P.M. Molecular Motions, Surface Interactions, and Stacking Disorder in Kaolinite 

Intercalates. Clays Clay Miner. 1986, 34, 635–644. [CrossRef] 

44. Anovitz, L.M.; Cole, D.R. Characterization and Analysis of Porosity and Pore Structures. Rev. Mineral. Geochem. 2015, 80, 61–164. 

[CrossRef] 

45.  Thommes, M.; Kaneko, K.; Neimark, A.V.; Olivier, J.P.; Rodriguez-Reinoso, F.; Rouquerol, J.; Sing, K.S.W. Physisorption of Gases, 

with Special Reference to the Evaluation of Surface Area and Pore Size Distribution (IUPAC Technical Report). Pure Appl. Chem. 

2015, 87, 1051–1069. [CrossRef] 

http://doi.org/10.1038/s41598-019-44806-y
http://www.ncbi.nlm.nih.gov/pubmed/31171827
http://doi.org/10.1007/s11707-007-0004-7
http://doi.org/10.1179/175355507X236713
http://doi.org/10.1016/j.jenvman.2019.03.003
http://www.ncbi.nlm.nih.gov/pubmed/30852402
http://doi.org/10.1180/claymin.2015.050.3.06
http://doi.org/10.1007/s11771-020-4475-y
http://doi.org/10.1021/acs.inorgchem.5b02514
http://doi.org/10.1180/claymin.1970.008.4.05
http://doi.org/10.1002/cjce.23632
http://doi.org/10.1016/j.molstruc.2012.08.004
http://doi.org/10.1007/s11696-021-01803-8
http://doi.org/10.1016/j.jksus.2017.04.006
http://doi.org/10.1016/j.ceramint.2015.01.085
https://www.sciencedirect.com/science/article/abs/pii/S016913171500112X?via%3Dihub
http://doi.org/10.1006/jcis.2002.8666
http://doi.org/10.1016/j.clay.2016.12.031
http://doi.org/10.1346/CCMN.1986.0340603
http://doi.org/10.2138/rmg.2015.80.04
http://doi.org/10.1515/pac-2014-1117

