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In this study, a phytochemical-mediated green synthesis approach was adopted to fabricate Aloe vera-modified montmorillonite nanoclay 

under mild aqueous conditions. The investigation focused on the ability of naturally occurring phytochemicals, namely polysaccharides, 

phenolic compounds and flavonoids, to function as surface-functionalising, dispersing, stabilising and intercalating agents for the structural 

modification of montmorillonite, eliminating the requirement for hazardous chemical modifiers. The synthesised nanoclay was characterised 

using XRD, FTIR, SEM, particle size distribution analysis and UV-visible spectroscopy to assess its crystal structure, morphology, 

particle size and surface chemistry. XRD patterns exhibited distinct changes in basal spacing and crystallinity confirmed the successful 

incorporation of A. vera-derived phytochemicals within the layered clay structure. FTIR analysis identified characteristic shifts in absorption 

bands together with spectral broadening, reflecting strong interactions between the phytochemical constituents and the montmorillonite 

surface. SEM micrographs depicted a less agglomerated morphology accompanied by partial exfoliation of the clay layers. Particle size 

distribution analysis placed the majority of particles within the 7-60 nm range, which is consistent with the formation of nanosized 

material. UV-visible spectra reflected the adsorption of A. vera phytochemicals onto the montmorillonite surface, a characteristic 

associated with successful surface modification through the green synthesis route. 
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INTRODUCTION 

 Nanoparticles possess distinctive physico-chemical pro-

perties arising from their high surface-to-volume ratio and 

quantum confinement effects, making them valuable for appli-

cations such as drug delivery, catalysis, optoelectronics and 

environmental remediation [1-5]. The increasing use of nano-

materials has stimulated the development of sustainable synth-

esis strategies that minimise environmental and health concerns 

associated with conventional chemical methods. Conventional 

synthesis routes, however, often require hazardous chemicals 

and generate toxic byproducts, creating a need for environ-

mentally benign alternatives. 

 Green synthesis has emerged as an attractive approach by 

integrating biological systems into nanomaterial fabrication. 

Plants, bacteria and fungi have been explored as natural plat-
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forms for nanoparticle synthesis due to their ability to facili-

tate reduction and stabilisation processes [6,7]. Among these, 

plant-mediated synthesis has received considerable attention 

owing to its simplicity, cost-effectiveness, scalability and com-

patibility with eco-friendly processing conditions. Plant extracts 

contain a wide range of bioactive phytochemicals such as 

flavonoids, phenolic compounds, terpenoids and polysaccha-

rides, which serve as natural reducing, capping and stabili-

sing agents during nanomaterial formation. Although microbial 

systems including Bacillus subtilis [8], Penicillium species 

[9] and Fusarium oxysporum [10], have been employed for 

nanoparticle synthesis, plant-derived extracts remain more 

attractive due to their broad availability, straightforward prep-

aration and ease of handling. 

 Among layered nanomaterials, montmorillonite (MMT) 

has emerged as an important clay mineral due to its layered 
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silicate structure and favourable physico-chemical properties. 

It comprises alternating silica tetrahedral [SiO4]4– and alumina 

octahedral [AlO3(OH)3]6– sheets, which impart a high aspect 

ratio, large specific surface area and excellent ion-exchange 

capacity. These characteristics make MMT an effective nano-

filler for polymer composites, improving mechanical strength, 

thermal stability, flame resistance, barrier performance and 

gas impermeability [11-15]. The performance of MMT largely 

depends on the degree of layer exfoliation and surface modi-

fication, which govern its compatibility with polymer matrices 

and other functional materials. 

 Conventional modification of MMT commonly relies on 

alkyl ammonium surfactants and other chemical modifiers to 

expand the interlayer spacing and improve surface compati-

bility [16]. Although effective, these methods involve hazar-

dous reagents and energy-intensive processing. Plant-derived 

extracts provide a sustainable alternative by enabling nanoclay 

modification under mild aqueous conditions without toxic 

chemicals. Among medicinal plants, Aloe vera is recognised 

for its abundance of polysaccharides, flavonoids, phenolic 

compounds and saponins, all of which possess reducing, stab-

ilising, capping and surface-active properties [17-19]. These 

phytochemicals have been extensively employed in the green 

synthesis of metallic nanoparticles, where they influence the 

particle size, dispersion and stability [20-22]. Their potential 

for the direct modification of clay minerals, however, remains 

comparatively unexplored. 

 The present study explores a phytochemical-mediated 

green synthesis of MMT nanoclay using A. vera extract as a 

natural modifying medium. The phytochemical constituents 

are expected to function simultaneously as surface functiona-

lising, stabilising, dispersing and intercalating agents, pro-

moting nanoscale structural modification under mild aqueous 

conditions. Structural and surface changes were investigated 

using X-ray diffraction (XRD), Fourier-transform infrared 

spectroscopy (FTIR), scanning electron microscopy (SEM), 

particle size distribution analysis and UV-visible spectroscopy. 

The findings provide insight into phytochemical assisted clay 

engineering and establish a sustainable route for preparing 

functional nanoclay suitable for applications in polymer nano-

composites, environmental remediation, biomedical materials 

and green construction technologies [23-27]. 

EXPERIMENTAL 

 Analytical grade of montmorillonite (MMT) clay was 

procured from a certified supplier. Fresh leaves of Aloe 

barbadensis Miller were collected from nursery at the ICFAI 

University, Dehradun, India (Latitude: 30º21 N, Longitude: 

77º52 E). All chemicals used were of analytical grade and 

used without further purification. Deionised water was used 

throughout the experiments. 

 Preparation of A. vera extract: Fresh and healthy A. 

vera leaves were washed thoroughly with distilled water to 

remove surface contaminants. The outer green rind was peeled 

and the inner gel was carefully extracted. The gel was then 

homogenised using a sterile blender and filtered through 

muslin cloth followed by Whatman grade 1 filter paper to 

remove particulate matter. The filtrate (clear extract) was 

stored at 4 ºC and used within 24 h for synthesis purposes. 

 Pre-treatment of MMT clay: The raw MMT clay was 

pre-treated to remove organic impurities. The clay was disp-

ersed in deionised water (1:10 w/v) and stirred for 6 h at room 

temperature. The suspension was then centrifuged at 4000 

rpm for 15 min. The pellet was washed several times with 

deionised water until neutral pH was achieved and dried at 

60 ºC in a hot air oven for 12 h. 

 Green Synthesis of MMT based nanoclay: A pre-

treated MMT sample (5 g) was dispersed in 100 mL of deion-

ised water and sonicated for 30 min to obtain a homogeneous 

suspension. Freshly prepared A. vera extract (50 mL) was then 

introduced dropwise under continuous magnetic stirring. The 

suspension was stirred at ambient temperature for 24 h to pro-

mote interaction between the clay surface and the phyto-

chemical constituents of the extract. Polysaccharides, phenolic 

compounds, flavonoids and other oxygen-containing biomole-

cules present in A. vera extract. Adsorption of these phyto-

chemicals onto the MMT surface modified the interlayer 

environment, promoted partial exfoliation of the clay 

platelets and reduced particle agglomeration, leading to the 

formation of nanostructured MMT. The suspension was 

centrifuged at 6000 rpm for 20 min, followed by repeated 

washing with deionised water to remove loosely bound phyto-

chemicals. The filtered solid was dried at 60 ºC and finely 

ground. 

 Characterisation: The green-synthesised MMT nano-

clay was characterised using analytical techniques to examine 

its structural, morphological, optical and surface properties. 

X-ray diffraction (XRD) analysis was performed using a 

Bruker D-8 diffractometer with CuK radiation ( = 1.54 Å) 

operating at 40 mA. Diffraction patterns were recorded over 

a 2θ range of 5-90º at a scanning rate of 2º/mim and analysed 

with the JCPDS/PDF database for phase identification and 

structural evaluation. Surface morphology and particle chara-

cteristics were examined using a QUANTA 200 FEG scan-

ning electron microscope (SEM) after sputter coating the 

samples with a conductive layer. Fourier-transform infrared 

(FTIR) spectroscopy was carried out in the 4000-400 cm–1 

region to identify the functional groups and examine inter-

actions between MMT and A. vera phytochemicals. UV-visible 

spectroscopy was recorded over the wavelength range of 

200-700 nm to investigate optical absorption behaviour asso-

ciated with phytochemical adsorption and surface modifi-

cation of the MMT nanoclay. 

RESULTS AND DISCUSSION 

 A green synthesis route employing Aloe vera extract was 

developed for the preparation of MMT nanoclay under mild 

aqueous conditions. Phytochemicals, primarily phenolics, 

flavonoids and polysaccharides, functioned as natural surface-

functionalising, dispersing, stabilising and intercalating agents. 

Their interaction with the layered MMT structure through ion 

exchange, coordination interactions and hydrogen bonding 

modified the surface, expanded the interlayer spacing and 

promoted partial exfoliation into nanoscale platelets.  

 Particle size distribution analysis: The particle size 

distribution of the green synthesised MMT nanoclay is shown 

in Fig. 1. The particles were primarily distributed within the 

7-60 nm range, with the highest volume fraction centred  
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Fig. 1. Particle size distribution of Aloe vera-mediated MMT nanoclay 

 

between 25 and 35 nm, reflecting a relatively narrow size 

distribution. Particle populations exceeding 100 nm were 

negligible, consistent with effective phytochemical-assisted 

size reduction and suppression of particle agglomeration. 

According to the internationally accepted definition, materials 

possessing at least one external dimension below 100 nm are 

classified as nanomaterials. The measured particle size distri-

bution satisfies this criterion, establishing the successful 

formation of MMT nanoclay. 

 XRD: To examine the structural modification of MMT 

following phytochemical treatment, the XRD pattern of the 

synthesised nanoclay was compared with that of pristine 

MMT (Fig. 2). The untreated clay exhibited the characteristic 

basal reflection of MMT at 2 = 6.68º, together with diffraction 

peaks attributed to quartz and calcite impurities. Treatment 

with A. vera extract altered both the position and intensity of 

the diffraction peaks. The basal reflection shifted from 6.68º 

to 10.28º, is attributed to the changes in the interlayer environ-

ment arising from interactions between the clay layers and A. 

vera phytochemicals. Such peaks displacement are attributed 

due to the ion-exchange, interlayer rearrangement, partial 

dehydration of exchangeable cations and surface functiona-

lisation of layered silicates. 

 The modified nanoclay exhibited additional reflections 

at 2 values of 25.28º, 27.68º, 36.94º, 37.80º, 38.57º, 55.06º 

and 62.12º. The diffraction patterns exhibit broader peaks and 

lower intensities, which reveals reduced crystallinity, higher 

lattice disorder and partial exfoliation of the layered structure 

after phytochemical treatment. Quartz reflections remained 

essentially unchanged, because the associated mineral imp-

urities were largely unaffected, whereas the structural changes 

were confined to the MMT phase. The observed diffraction 

behaviour is consistent with adsorption of phytochemical 

constituents onto the clay surface, followed by hydrogen 

bonding, ion-exchange and interlayer interactions that modi-

fied the layered architecture of MMT [28].  

 SEM: The SEM micrographs of pristine MMT clay and 

A. vera-mediated synthesised nanoclay are shown in Fig. 3a-

c. The untreated MMT clay exhibits relatively large, compact 

and highly aggregated platelet-like particles with a character-

istic layered morphology, as observed at magnifications of 

2500x and 6000x. The clay platelets appear densely stacked 

with irregular agglomerates, which is typical of naturally 

occurring MMT resulting from strong interparticle inter-

actions and layer stacking. 

 Following treatment with A. vera extract, a distinct morp-

hological transformation is observed. The synthesised material 

exhibits smaller, thinner and more uniformly dispersed plate-

let like particles with reduced agglomeration compared with 

the pristine clay. Interaction between the phytochemicals and 

MMT disrupted the stacked clay layers, leading to the partial 

exfoliation, fragmentation and improved particle dispersion. 

The observed reduction in particle aggregation is attributed 

to the adsorption of phytochemical molecules on the clay 

surface, which likely reduced interparticle attractive forces 

during the green synthesis process. This observations are 

further supported by the XRD analysis, which revealed changes 

 

 

Fig. 2. Comparative XRD patterns of (a) pristine MMT clay and (b) Aloe vera-mediated MMT nanoclay, illustrating changes in diffraction 

peak positions, intensities and crystallinity following phytochemical treatment 
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in diffraction peak position, peak broadening and reduced 

crystallinity following phytochemical treatment.  

 FTIR: Fig. 4 compares the FTIR spectra of pristine MMT 

and green-mediated MMT nanoclay. The spectrum of pristine 

MMT contains the characteristic absorption bands of layered 

aluminosilicates, comprising Si–O stretching at 1045 cm–1, 

Al–Al–OH bending at 920 cm–1, Si–O–Al vibrations within 

the 881-797 cm–1 region and structural O–H stretching near 

3643 cm–1. These absorption bands correspond to the typical 

mineralogical structure of MMT. 

 Treatment with A. vera extract altered both the position 

and profile of several absorption bands. For example, the peak 

displacements from 1045 to 1035 cm–1 for the Si–O stretch-

ing vibration and from 920 to 915 cm–1 for the Al–OH–Al 

deformation band are characteristic of modifications in the 

local chemical environment of the silicate framework. Such 

spectral variations are the characteristic of interactions bet-

ween phytochemical constituents and the clay surface through 

hydrogen bonding, electrostatic attraction and surface funct-

ionalisation. 

 The sharp structural O–H band of pristine MMT at 

approximately 3643 cm–1 was replaced by a broad absorption 

envelope centred near 3440 cm–1, together with bands at 3623 

and 3697 cm–1. This broadening is attributed to hydroxyl-rich 

 

Fig. 3. Scanning electron microscopy (SEM) micrographs of (a) pristine MMT clay at 2500× magnification, (b) pristine MMT clay at 6000× 

magnification and (c) phytochemically synthesised MMT nanoclay using Aloe vera extract 
 

 

 

Fig. 4. FTIR spectra of (a) pristine MMT clay and (b) Aloe vera-mediated synthesised MMT nanoclay 
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phytochemicals adsorbed onto the clay surface and modifi-

cations in the hydrogen-bonding environment. An absorption 

band at 1639 cm–1, assigned to H–O–H bending vibrations and 

oxygen-containing organic functional groups, further shows 

the presence of A. vera phytochemicals associated with the 

MMT structure [29]. 

 UV-Vis spectroscopy: The UV-Vis absorption spectrum 

of the green-mediated MMT nanoclay is shown in Fig. 5. A 

prominent absorption maximum occurs at approximately 320 

nm, followed by a broad absorption band extending into the 

visible region with a shoulder near 433 nm. The absorption 

at 320 nm originates from electronic transitions of oxygen-

containing phytochemicals such as phenolic compounds, flavo-

noids, anthraquinones and polysaccharide-derived functional 

groups, adsorbed onto the MMT surface during synthesis. 

The broad absorption between 330 and 550 nm, together  

with the shoulder at 433 nm, is characteristic of interactions 

between phytochemical ligands and hydroxylated alumino-

silicate layers, involving ligand-to-metal charge-transfer pro-

cesses associated with structural Al3+, Mg2+ and Fe3+ ions, 

together with light scattering from the modified clay particles. 

Since MMT is a layered aluminosilicate rather than a semi-

conductor, the observed absorption features are attributed to 

phytochemical adsorption and surface functionalisation rather 

than quantum confinement or other nanoscale electronic effects. 

 

 
Fig. 5. UV-visible absorption spectrum of phytochemical mediated synthe-

sised MMT nanoclay 

 

 Mechanism of phytochemical mediated functionalisa-

tion of MMT nanoclay: The functionalisation of MMT by 

phytochemicals proceeds through a combination of coordina-

tion interactions, ion- exchange, hydrogen bonding and inter-

calation mechanisms. The pristine MMT structure, (Na,Ca)0.33-

(Al,Mg)2Si4O10(OH)2⋅nH2O contains exchangeable interlayer 

cations (Na+/Ca2+), which play a crucial role in facilitating 

interactions with bioactive molecules.  

 Phenolic compounds undergo deprotonation under suit-

able conditions to form phenolate ions (Ph–O–), which replace 

interlayer Na+ ions via ion-exchange processes, leading to the 

formation of organically modified clay, MMT–(O–Ph)x. Simi-

larly, flavonoids, possessing multiple hydroxylated aromatic 

rings, interact more strongly with the clay surface through 

both ion-exchange and multidentate coordination with octahe-

dral Al3+ centres, resulting in stable hybrid structures, MMT–

(O–Ar)x. In contrast, polysaccharides primarily interact through 

hydrogen bonding between their hydroxyl groups and surface 

silanol (≡Si–OH) groups of MMT, along with partial inter-

calation into the interlayer galleries. 

 These interactions promote expansion of the basal spac-

ing (d-spacing), weaken interlayer forces and facilitate exfo-

liation of the layered structure into nanoscale platelets. The 

modified material can be represented as phytochemical-

functionalised nanoclay MMT–(organic)x, [(Na,Ca)0.33(Al,Mg)2 

Si4O10(OH)2⋅nH2O⋅(O–R)x] exhibiting enhanced surface reac-

tivity, dispersion stability and potential applicability in advan-

ced material systems. (where x represents the total degree of 

surface functionalisation and R denotes the phytochemical 

moieties phenolic (Ph), flavonoid (Ar) and polysaccharide-

derived functional groups incorporated via ion-exchange, 

coordination and hydrogen bonding). 

Conclusion 

 A green synthesis route employing A. vera extract was 

developed for the phytochemical-mediated modification of 

MMT under mild aqueous conditions. Naturally occurring 

phytochemicals functioned as surface-functionalising, disper-

sing, stabilising and intercalating agents, eliminating the need 

for conventional chemical modifiers. Interactions involving 

ion exchange, hydrogen bonding, coordination, and adsorp-

tion altered the interlayer environment, promoted partial 

exfoliation and improved dispersion of the clay particles. The 

proposed modification mechanism was supported by charac-

terisation techniques. XRD identified changes in basal reflec-

tion and crystallinity associated with structural modification 

of MMT. FTIR spectra exhibited peak displacements and 

hydroxyl band broadening arising from interactions between 

A. vera phytochemicals and the clay surface. SEM micro-

graphs showed a less agglomerated morphology accompanied 

by partial exfoliation of the layered structure. Particle size 

analysis placed most particles within the 7-60 nm range, 

meeting the accepted size criterion for nanomaterials. The 

UV-Vis spectrum contained absorption bands attributed to A. 

vera phytochemicals adsorbed on the MMT surface, consis-

tent with surface functionalisation of the clay. The modified 

MMT retained its layered aluminosilicate framework while 

acquiring phytochemical-derived surface functionalities and 

nanoscale characteristics. 
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