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Abstract 

This investigation focused on the optical properties and performance natural nanoclay (Montmorillonite, MNC) 

as an adsorbent for the removal of Anionic Direct Red 80 dye from aqueous solutions. Pristine and post-adsorption 

materials were systematically evaluated using Scanning Electron Microscopy with Energy-Dispersive X-ray 

Spectroscopy (SEM-EDX) and Fourier-Transform Infrared (FTIR) analyses confirmed significant mutual interactions 

between the nanoclay framework and the dye molecules. Optical characterization revealed a sharp transmission edge at 

288 nm and an ultra-wide bandgap of 3.8 eV, supporting the material's structural stability and suitability for the 

adsorption process. Batch adsorption experiments (pH 7.0, 25°C) demonstrated outstanding performance, achieving 

99.13% removal efficiency within 60 minutes with a maximum adsorption capacity (qe) of 49.57 mg/g. The adsorption 

mechanism was governed by a synergistic combination of hydrogen bonding, n→π interactions, and surface 

complexation. Furthermore, the nanoclay exhibited excellent reusability, maintaining removal efficiencies of 91.67% 

and 82.59% in the second and third cycles, respectively. These findings indicate that natural nanoclay is a scalable, cost-

effective, and eco-friendly solution for the comprehensive treatment of synthetic dyes and industrial pollutants. 
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 ملخص :

كمادة ماصة  )ركزت هذه الدراسة على الخصائص الضوئية وأداء الطين النانوي الطبيعي )مونتموريلونيت

لإزالة الصبغة الأيونية المباشرة الحمراء من المحاليل المائية. تم تقييم المواد قبل الامتزاز وبعده بشكل منهجي، 

، وأكدت تحليلات (SEM-EDX)باستخدام المجهر الإلكتروني الماسح، مع مطيافية فحص مكونات الطين النانوي 

تبادلة بين هيكل الطين النانوي وجزيئات الصبغة. كشفت وجود تفاعلات م (FTIR)الأشعة تحت الحمراء 

إلكترون فولت، ما  8.2نانومتر وفجوة نطاق واسعة تبلغ  222الخصائص الضوئية عن حافة نفاذية حادة عند 

، ودرجة حرارة 0.0يدعم استقرار بنية المادة وملاءمتها لعملية الامتزاز. أظهرت تجارب الامتزاز )بالأس الهيدروجيني 

( (qeدقيقة مع سعة امتزاز قصوى  60% خلال 11.18درجة مئوية( أداءً متميزًا، حيث حققت كفاءة إزالة بلغت  25

، وتكوين n→πملغم/غرام. تخضع آلية الامتزاز لتأثير تآزري من الروابط الهيدروجينية، وتفاعلات  71.50تبلغ 

ة الاستخدام، حيث حافظ على كفاءة متازة لإعادمعقدات سطحية. علاوة على ذلك، أظهر الطين النانوي قابلية م

% في الدورتين الثانية والثالثة على التوالي، وتشير هذه النتائج إلى أن الطين النانوي 22.51% و11.60إزالة بلغت 
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Introduction 

Nanomaterials, defined by possessing at least one dimension in the range of 1–100 nm, have 

revolutionized materials science. At this reduced scale, materials exhibit unique physicochemical, optical, and 

mechanical properties due to high surface-area-to-volume ratios and quantum confinement effects (Zarei S., 

Sadeghi M., et.al 2018), (Murad Q.A. Al-Gunaid, et.al 2023), (Alkanad Khaled, et.al 2021), (Anupama, B. H, 

et.al 2021), (Gayitri H M, et.al 2020). Consequently, nanoparticles (NPs) have become fundamental building 

blocks in modern industries, ranging from targeted drug delivery, opto-electrical devices and solar cells to 

aerospace manufacturing (Mahdavinia G. R., et.al 2014), (Murad Q. A. AL-Gunaid, et.al 2023), (Gayitri H.M., 

et.al 2023), (Somesh T. E, et.al 2018). However, as the demand for advanced nanomaterials grows, there is a 

concurrent push toward finding greener, more sustainable, and cost-effective alternatives to synthetically 

engineered nanoparticles (Kumar R., Kumar M., et.al 2020), (Mohammed A. H. Dhaif Allah et.al 2018), 

(Murad Q. A. Al-Gunaid, et.al 2025). Among the diverse classes of NPs available today, natural nanoclays 

(Montmorillonite, MNC) have emerged as highly promising, eco-friendly candidates (Almasri D. A., et.al 

2018), (Mohammed A. H. Dhaif Allah et.al 2018). Nanoclays refer to layered mineral silicates typically 1 nm 

thick and several hundred nanometers in length that are derived from natural clay deposits (Zaharia C., et.al 

2012). The most widely studied type is montmorillonite (MNC), a 2:1 smectite clay composed of an 

octahedral alumina sheet sandwiched between two tetrahedral silica sheets (Mittal A., et.al 2009). This 

layered structure grants natural nanoclay exceptional features, including a massive cation exchange capacity, 

high aspect ratios, high thermal stability, and excellent mechanical strength (Sonawane S. H., et.al 2009). Due 

to these diverse properties, MNC finds widespread applications as a mechanical reinforce in polymer 

nanocomposites (Mahvi A. H., et.al 2020), a high-performance cement additive, and a reliable carrier for 

controlled drug release. Despite rapid global industrialization, severe environmental degradation remains a 

critical byproduct. The contamination of freshwater channels by untreated industrial effluents has reached an 

alarming rate, with the textile industry alone accounting for nearly 20% of global industrial water pollution 

(Mouton J., et.al 2022). Among the various pollutants present in wastewater, synthetic dyes present the 

stubbornest challenge (Zahoor I., et.al 2024), (Shashikala B.S, et.al 2021). Dyes are chemically stable, resistant 

to biological degradation, and impervious to light and oxidation (Al-Ali A., et.al 2024). Anionic direct dyes, 

such as Anionic Direct Red 80 dye, in particular, are highly water-soluble and carry negative charges, making 

them exceptionally difficult to separate (Mittal V., 2010). When discharged into aquatic bodies, they block 

sunlight penetration, inhibit photosynthesis, and pose severe carcinogenic and mutagenic threats to human 

health (Abd El-Latif M. M., et.al 2010). To solve these pressing wastewater problems, conventional techniques 

like chemical precipitation, membrane filtration, and advanced oxidation have been deployed. However, 

these methods often suffer from high operational costs and the generation of secondary toxic sludge (Salam 

M. A., et.al 2017). Adsorption stands out as the most attractive alternative due to its simplicity, efficiency, and 
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low cost. This is precisely where natural nanoclay proves its immense importance (Sadeghi M., et.al 2024). 

Because nanoclays are abundant and inherently non-toxic, they offer an economically viable and 

biocompatible alternative to synthetic adsorbents (Hassaan M. A., et.al 2017). While the potential of nanoclay 

as an adsorbent is well recognized, optimizing its performance specifically for anionic direct dyes requires 

deeper investigation into its optical behaviors and continuous recyclability. To address this need, this study 

aims to investigate the optical properties and adsorption performance of montmorillonite as a natural 

nanoclay adsorbent for removing anionic direct dye from wastewater. Furthermore, it characterizes the 

mutual interactions between the adsorbent nanoclay and the target dye using detailed Scanning Electron 

Microscopy with Energy-Dispersive X-ray Spectroscopy (SEM-EDX) and Fourier-Transform Infrared (FTIR) 

analyses, while evaluating the optical transmittance and absorption edges of the pure nanoclay to determine 

its suitability and efficiency for the adsorption process. Ultimately, this work assesses the reusability and 

efficiency of nanoclay across consecutive cycles to prove its viability as a scalable, cost-effective, and long-

term solution for industrial wastewater treatment. 

Experimental Section 

Materials and Reagents 

The natural nanoclay (Montmorillonite, MNC) was purchased from Sigma Aldrich (India). Prior to use, 

the nanoclay was dried in an oven at 60–70 °C for 2 hours to remove any residual moisture, after which the 

dried powder was utilized directly in the batch adsorption experiments. (According to the manufacturer's 

technical specifications product No. 281522, the nanoclay has specific surface area (BET) of ranging from 220 

to 270 mg2/g and the total pore volume is typically ranges from 0.30 to 0.40 cm3/g, with an average pore 

diameter of approximately between 4.0 nm and 6.3 nm).  The Anionic Direct Red 80 dye, (purity > 98%) was 

also supplied by Sigma-Aldrich (India) and was used as received without further purification or processing. 

The chemical structure of the anionic direct red dye is illustrated in Fig. 1. Distilled water was used throughout 

the study for the preparation of all aqueous dye solutions and for washing procedures. To maintain neutral 

conditions, the initial adsorption process was conducted at a fixed pH of 7.0.  

 
                          Fig.1. Chemical structure of pure anionic direct red dye.  
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Batch Adsorption-Desorption Experiments 

The working dye solutions (50 mg/L) were prepared by appropriate dilution of concentrated stocks; 

the stock of anionic Direct Red dye was prepared by dissolving 0.05 g of powder in 100 mL of distilled water. 

For each adsorption run, 50 mL of the respective dye solution was transferred into a conical flask, and the 

initial pH 7.0 was fixed and precisely adjusted using 0.1 M HCl or 0.1 M NaOH, following the procedure 

reported elsewhere in the literature (Mohammed A. H. Dhaif Allah, et.al 2025), (Ait Akbour R., et.al 2018). 

Then, a fixed dosage of 0.05g of adsorbent nanoclay (equivalent to 1 g/L) was introduced into the flasks, and 

the suspensions were agitated at moderate speed on a magnetic stirrer. Following the equilibration period, the 

adsorbent was separated from the liquid phase via centrifugation 5000 rpm for 10 min. The residual 

concentration of Direct Red dye was quantified using a UV-Vis spectrophotometer by measuring absorbance 

at the maximum wavelength (𝜆𝑚𝑎𝑥) of 628 nm (scanned within a 200–800 nm range). The adsorption 

capacity (qe, mg/g) and the Removal efficiency (%) were calculated using the following equations (1) and (2): 

            𝑎 𝑎     (  )  
(      )   

 
        ( )   

  𝑚  𝑎             ( )  
      
  

           ( )  

Where, Ce is equilibrium concentration (mg/L), V is the volume in Liters and W is adsorbent weight in 

(grams), A0 is the initial absorbance (of pure dye) and Ac is equilibrium absorbance (during adsorption with 

nanoclay at certain time). After finished the adsorption process for removal the dye from solution, the 

desorption of nanoclay was adjusted by collect the nanoclay and transfer it to beaker contain 20 ml NaOH 

and stir for 30 min to remove the remain direct dye that stuck on the surface of nanoclay. After that, the 

washing of nanoclay several time by distilled water until the neutralized and then centrifuged it to remove 

water. Finally, the collect nanoclay was dried at 60 °C in oven for 2 hrs, then it can have recycled to removal of 

fresh direct dye again. 

Characterization Techniques 

To investigate the physicochemical and structural properties of the material, various characterization 

techniques were deployed. The vibrational modes and functional groups of the samples were characterized by 

Fourier transform infrared (FTIR) spectroscopy in the wavenumber range of 4000–400 cm−1, sing a JASCO 

4100 spectrometer (Japan). The morphological behavior and surface microstructures of the samples were 

recorded using a Zeiss-108A scanning electron microscope (SEM) (Germany). The elemental composition of 

the sample was simultaneously determined and confirmed by energy-dispersive X-ray analysis (EDAX). 

Finally, the optical properties and transmittance parameters were analyzed via UV-Visible spectroscopic 

studies, established on a JENWAY-6705 spectrophotometer (UK) in the wavelength range of 200–800 nm.      
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Results and Discussion 

Structural Analysis 

The elemental composition of the natural nanoclay was determined using EDAX, and the results are depicted 

in Fig.2a (with elemental percentages provided in the inset table).  

 

 
Fig.2. a) EDAX of natural nanoclay, SEM images of natural nanoclay b) before, and c) After anionic direct dye 

adsorption. 

The pristine material is primarily composed of Oxygen (44.36 wt%) silicon (22.47 wt%), aluminum 

(13.18 wt%), and Magnesium (9.510 wt%), which is consistent with the typical aluminosilicate framework of 

natural smectite or montmorillonite clay minerals. Trace amounts of Calcium (1.120 wt%), Potassium (1.550 

wt%), and Iron (1.960 wt%) were also detected, representing the exchangeable interlayer cations and native 

structural elements within the pristine clay matrix. Additionally, the analysis recorded a Carbon content of 

5.850 wt% (11.73 Atom%). This minor carbon concentration is attributed to background signals from the 

conductive carbon adhesive tape utilized to secure the powder sample onto the SEM stub during analysis, 
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alongside trace organic matter naturally embedded within the clay deposit. The total elemental distribution 

sums logically to 100%, establishing a clear, transparent baseline profile for the natural adsorbent prior to its 

application in the batch dye removal process. 

      Figure 2b, c illustrates the SEM morphological structure of natural nanoclay before and after 

anionic direct dye adsorbed. From Fig. 2b, the natural nanoclay texture resembles irregularly shaped, 

aggregated flakes of varying sizes with a specific surface area, as reported elsewhere (Farhad M., et.al 2017), 

(Ukkund S.J., et.al 2021). As a result of that, the natural nanoclay possess a high efficiency of adsorption for 

many pollutants and dyes (Murray H. H., 1991). Figure 2c presents the SEM micrographs of the natural 

nanoclay after adsorption of anionic direct dye. The SEM images reveal noticeable morphological changes 

compared to the pristine adsorbent. Specifically, variations in contrast and shading distributed across the 

surface and within the accessible interlayer spaces indicate topographical changes and surface roughness 

alterations. These visual developments provide evidence of pore coverage and surface loading by the dye 

molecules. This observation confirms the successful interaction between the adsorbate and adsorbent phases.  

     Figure 3 presents the Fourier-transform infrared (FTIR) spectra for the pure anionic direct dye, 

pristine natural nanoclay, and the resultant the natural nanoclay after adsorption of anionic direct dye, 

analyzed across the wavenumber range of 4000−500 cm−1.  

 
Fig.3. FTIR spectra of a) Anionic direct dye, b) Natural nanoclay and c) Natural nanoclay after 

adsorbed Anionic direct dye. 
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FTIR spectral analysis provides crucial information regarding mutual interactions and confirms 

changes in the functional groups that serve as potential adsorption sites on the natural nanoclay surface. As 

presented in Fig. 3a, the spectrum for the pure Anionic direct dye has the significant vibrational modes at 

3416, 3224, and 3062 cm−1, which correspond to the O-H, N-H, and aromatic C-H functional groups, 

respectively. The amide O=C-NH group exhibits a low vibrational mode around 1652 cm−1, attributed to the 

formation of intramolecular hydrogen bonds. Additional modes located at 1540 and 1486 cm−1 are assigned 

to C=C and C=N bonds within the aromatic rings and azo groups (Anirudhan T.S., et.al 2015). The multiband 

region between 1180−1000 cm−1 is ascribed to the C-O and C-N single bonds, while the characteristic out-of-

plane bending vibration of aromatic C-H is observed at 740 cm−1. Figure 3b exhibits the main characteristic 

bands of pristine natural nanoclay at 3438 and 1571 cm−1, corresponding to the hydroxyl group O-H stretch 

and the H2O deformation mode, respectively (Bel Hadjltaief H., et.al 2019), (Shashikala B. S., et.al 2026). The 

band at 1469 cm−1 is may be attributed to the trace carbonate (CO3
2-) impurities naturally present within the 

pristine raw clay sample (Cherian C., et.al 2018), (Shashikala BS, et.al 2022). Furthermore, the spectrum 

displays characteristic multi-bands associated with the silica (Si-O-Si) framework within the 1180−650 cm−1 

(El Haouti R., et.al 2018), (Mohammed A. H. Dhaif-Allah, et.al 2025). The FTIR spectrum of the natural 

nanoclay after adsorbed anionic direct dye (Fig. 3c), displays significant shifts and alterations in vibrational 

modes compared to the pure anionic direct dye. The clear reduction in intensity, or near disappearance, of the 

vibrational modes at 3416, 3224, 3062, and 1652 cm−1 (associated with the dye's O-H, N-H, and amide 

functional groups) indicates surface immobilization and adsorption interactions between the natural 

nanoclay surface and these specific functional groups, rather than a chemical modification of the dye 

molecule itself. Similar shifts and intensity changes witnessed in the characteristic natural nanoclay bands 

within the 2973 and 1571−1013 cm−1 regions further confirm the surface coverage and adsorption affinity 

between the natural nanoclay adsorbent and the anionic direct dye. 

Optical Behavior 

The optical properties of the pure natural nanoclay and the anionic direct dye were analyzed via UV-

Vis spectroscopy. For the pristine natural nanoclay (Fig.4a), the optical absorbance spectrum recorded in the 

wavelength range of 200–800 nm exhibited distinct absorption peaks at 214 and 254 nm, along with a sharp, 

high-intensity maximum absorption peak at 295 nm. An absorption edge for the material was observed at 326 

nm, above which no further peaks were detected, leaving a completely flat baseline across the entire visible 

light region. This indicates that the pure nanoclay is highly active in the ultraviolet region but remains optically 

transparent to visible light (Mittal V.et.al, 2010).  
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Fig. 4. Optical properties: (a) UV-Vis absorbance and (b) transmittance (%) spectra of pure natural nanoclay; 

and (c) absorbance spectrum of pure anionic direct dye. 

To further evaluate this behavior, the optical transmittance (T%) spectrum of the pure nanoclay was 

analyzed over the same wavelength range (Fig.4b). The recorded baseline remained completely flat between 

200 and 288 nm, confirming that the material does not transmit any light in this deep ultraviolet zone due to 

electronic transitions between the valence and conduction bands (Pratiwi R. A., et.al 2022). Beyond this 

threshold, the transmittance sharply arose to reach 77.14%, reinforcing the presence of a pronounced optical 

band gap edge. For comparative evaluation, the optical absorbance of the pure anionic direct dye was also 

recorded as presented in Fig.4c. The dye displayed minor peaks in the UV region at 338 and 360 nm, 

accompanied by a characteristic high-intensity maximum absorption peak at 528 nm and a smaller shoulder 

peak at 501 nm. This prominent absorption in the visible spectrum at 528 nm confirms the strong colored 
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nature of the anionic dye, originating from the π→π* and n→π* electronic transitions within its conjugated 

chromophore network (Hassaan M. A., et.al 2017), (Mahmoodi N. M., et.al 2011). This distinct visible peak 

makes UV-Vis spectroscopy an ideal tool for monitoring its remediation during subsequent batch adsorption 

experiments. 

       To further evaluate the electronic structure and active nature of the pure nanoclay, the optical 

band gap energy (Eg) was determined from the observed spectral edges using the standard fundamental 

relationship (Eg = 1240/λedge), where the λedge is the absorption edge from Fig.4a. Based on the absorption 

threshold of 326 nm absorption edge yielded a localized band gap value of 3.8 eV (Pratiwi R. A., et.al 2022). 

This value indicates that the natural nanoclay behaves as a wide-bandgap insulator or insulator-like 

semiconductor. This energy state reflects a stable framework that does not easily undergo electronic 

breakdown under normal visible light exposure, which supports its durability during operations (Mittal V., 

2010). From an adsorption standpoint, this wide band gap and the absorption in the UV region indicate a 

stable surface matrix (Abd El-Latif M. M., et.al 2010).  Because electronic band gap limits do not directly 

dictate dark batch adsorption operations, this optical profile primarily substantiates the structural stability of 

the material under light exposure. Consequently, the pristine surface area and the native cation exchange 

capacity remain available for physical and chemical dye binding. This distinct optical profile confirms the 

material's suitability for the batch adsorption process, allowing for the direct capturing and trapping of the 

bulky anionic direct dye molecules without light interference or degradation of the adsorbent structure. 

Adsorption Behaviors 

The time-dependent decolorization of the anionic direct dye by the natural nanoclay was monitored via UV-

Vis spectroscopy (Fig. 5a).  
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Fig.5. a) Time-dependent absorbance of anionic Direct Dye after treatment with natural nanoclay, (b) Effect of 

contact time on the removal efficiency of anionic Direct dye, and (c) reusability performance of natural 

nanoclay over three consecutive cycles.  

As shown in Fig. 5a and Table 1, the characteristic absorption peak at λmax = 528 nm exhibited a 

drastic reduction in intensity as contact time increased from 0 to 60 minutes. Specifically, the absorbance 

dropped sharply from an initial value of 0.347 to 0.129 within the first 15 minutes, eventually reaching a 

negligible value of 0.003 after 60 minutes. This rapid decline in absorbance signifies the high affinity of the 

natural nanoclay for the anionic direct dye molecules. The significant removal achieved in the initial stages 

(0–15 min) is attributed to the abundance of vacant active sites on the nanoclay surface and its porous 

architecture, which facilitates rapid external mass transfer (Uddin M. K., 2017). As time progresses, the 

remaining dye molecules penetrate the internal pores until equilibrium is approached (Awad A. M., et.al 

2019). The near-complete disappearance of the 528 nm peak by 60 minutes indicates that the nanoclay 

effectively sequesters the dye chromophores from the aqueous solution, a phenomenon commonly observed 

in efficient clay-based adsorption systems (Rida K., et.al 2020). Under the optimized conditions (pH 7.0, 0.05 

g dose), the nanoclay demonstrates promising kinetic performance, making it a remarkably efficient adsorbent 

for anionic pollutants. 

Table 1. Adsorption parameters and performance of natural nanoclay for the removal of anionic Direct dye. 

Time 

(min) 

Absorbance 

(528 nm) 

qe 

(mg/g) 

Removal 

(%) 

0 0.347 0.000 0.000 

15 0.129 31.41 62.82 

30 0.046 43.37 86.74 

45 0.018 47.41 94.81 

60 0.003 49.57 99.13 

Experimental conditions: Initial dye concentration: 50 mg/L; Adsorbent dosage: 0.05 g; Solution volume: 50 

ml; pH:7.0; Temperature (25°C). 
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 As presented in Fig. 5b and Table 1, the data shows a rapid increase in adsorption capacity during the 

first 30 min, where the qe reached 43.37 mg/g. This high initial rate is attributed to the abundance of vacant 

active sites on the nanoclay surface. As the process reached 60 min, the qe stabilized at 49.57 mg/g with a 

near-complete removal of 99.13 %. This indicates that the natural nanoclay has high affinity for the anionic 

direct dye, likely due to strong surface interactions or interlayer shielding between the dye molecules and the 

clay layers (Kumar A., et.al 2020).  

        The proposed adsorption mechanism of anionic Direct Red dye onto natural nanoclay is 

predominantly governed by a synergistic combination of hydrogen bonding, n→π interactions, and 

interlayer cation bridging, as frequently reported in the literature (Al-Ali A., et.al 2024), (Kumar A., et.al 2020). 

Under the optimized neutral conditions (pH 7.0), the nanoclay framework and its edges are predominantly 

deprotonated and negatively charged, which naturally induces an electrostatic repulsion against the anionic 

sulfonic groups (–SO₃⁻) of the dye. However, this repulsion is effectively overcome through cation bridging 

mediated by the exchangeable divalent interlayer cations (Ca2+. Mg2+) naturally present within the pristine 

clay matrix (Abd El-Latif M. M., et.al 2010). Furthermore, the large conjugated aromatic system of the Direct 

Red dye facilitates n→π interactions with the oxygen-rich silica sheets, while the amino or azo groups in the 

dye structure form robust hydrogen bonds with the hydroxyl-terminated surfaces of the nanoclay 

(Mahdavinia G. R., et.al 2014), (Sadeghi M., et.al 2024). The observed results, which show a sharp increase in 

removal efficiency during the first 30 min, indicate a two-step process: a rapid initial uptake driven by the high 

availability of external surface sites, followed by a slower intra-particle diffusion phase where dye molecules 

penetrate the clay's interlayer galleries (Salam M. A., et.al 2017). As the concentration gradient decreases and 

surface sites become saturated, the system reaches a dynamic equilibrium. The achievement of 99.13% 

removal at 60 min confirms that the equilibrium state was successfully established, reflecting the 

exceptionally high affinity of the natural nanoclay framework for complex anionic chromophores under 

neutral pH conditions (Zarei S., Sadeghi M., et.al 2018), (Zahoor I., et.al 2024). 

        The regeneration and reusability of natural nanoclay were evaluated to determine its economic 

viability for industrial applications (Fig. 5c). In the first cycle, the natural nanoclay achieved a near-complete 

removal of 99.13%. After recovery and drying, the second and third cycles maintained high removal 

efficiencies of 91.67% and 82.59%, respectively. This decrease in performance is primarily driven by the 

physical loss of adsorbent mass during repeated washing and high-speed centrifugation cycles under a 

constant operational dye solution volume (50 mL). Because the initial solution volume was kept constant 

across all cycles, this physical mass loss inherently reduced the operational adsorbent dosage ratio, directly 

decreasing the total number of available active sites for subsequent runs (Zhang L., et.al 2024). 

Additionally, partial site blockage caused by the occupation of internal active sites by residual dye 

molecules that are difficult to fully desorb further contributed to the decline (Tahir M. A., et.al 2024). 
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Nevertheless, the ability of the natural nanoclay to maintain over 80% efficiency in the third cycle aligns with 

recent findings on the durability of clay-based nanocomposites (Alsaiari M., et.al 2024). and confirms its 

promising structural stability. These results validate the natural nanoclay framework as a sustainable, cost-

effective, and industrially viable adsorbent for large-scale wastewater treatment (Weng C. H., et.al 2010).  

Comparative Performance Analysis 

To evaluate the practical efficiency of the natural nanoclay synthesized in this work, its performance 

was benchmarked against various clay-based adsorbents reported in literature for anionic dye removal (Table 

2). The natural nanoclay demonstrated an outstanding removal efficiency of 99.13%, which is significantly 

higher than results reported for other raw materials, such as smectite-rich natural clay (80.00%) (Rida K., et.al 

2020), and raw inorganic clay (~85.00%) (Toor M., et.al 2012). Furthermore, the adsorption capacity (qe) of 

49.57 mg/g observed in this work is highly competitive with other natural montmorillonite variants utilized 

for Direct Red 23 (47.50 mg/g) (Abd El-Latif M. M., et.al 2010).   

Table 2. Comparative adsorption performance of nanoclay-based materials for anionic dyes. 

Adsorbent Type Dyes qe (mg/g) Removal (%) 

Natural Montmorillonite clay Direct Red 23 47.50 90.03% (Abd El-Latif M.., et.al 2010) 

Na-Montmorillonite clay 

(Sodic) 
Nylosan Red N 170.11 95.00% (El-Mouzdahir Y., et.al 2010) 

Untreated Natural Clay Direct Red 80 — 93.08% (Errais E., et.al 2011) 

Natural clay 

(Smectite-rich) 
Acid Brown 75 8.33 80.00% (Rida K., et.al 2020) 

Natural red clay Bright Green — 96.00% (Nandi B. K., et.al 2009) 

Raw inorganic clay Nylosan Red N 62.05 85.00% (Toor M., et.al 2012) 

Na-rich clay composite Anionic Dye (ADY) 13.39 96.00% (Sahnoun S., et.al 2021) 

Natural Halloysite Anionic Dye (Azurol) — 99.90% (Kausar A., et.al 2018) 

GQD/MMT 

Nanocomposite* 
Congo Red (CR) — 63.40% (Sharifi K.M., et.al 2024) 

Natural Montmorillonite 

(MMT) 
Reactive Red 20.20 83.90% (Raj aei G. E., et.al 2023) 

Natural nanoclay 

(MNC) 
Anionic Direct Red 49.57 

            99.13% 

       (Present work) 

      *GQD/MMT: Graphene Quantum Dot/Montmorillonite nanocomposite 

Notably, recent studies on complex systems, such as the GQD/MMT nanocomposite (Sharifi K.M., et.al 

2024), and specialized montmorillonite for Reactive Red (Rajaei G. E., et.al 2023), reported removal 

efficiencies of 83.90% (pH 2.0), and lower capacities (20.20 mg/g), respectively. This indicates that our 

unmodified natural nanoclay provides superior performance even when compared to modern, chemically 
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intensive composites. While sodium-saturated (sodic) clays can exhibit higher absolute capacities such as Na-

Montmorillonite at 170.11 mg/g (El-Mouzdahir Y., et.al 2010). these materials require rigorous chemical pre-

treatments that increase operational costs and complexity. In contrast, the natural nanoclay in this study 

achieves nearly complete removal of anionic Direct Red under neutral pH conditions without any 

modification. This high efficiency, coupled with robust reusability and environmental safety, validates the 

natural nanoclay as a superior, eco-friendly, and cost-effective candidate for the large-scale remediation of 

textile wastewater (Kausar A., et.al 2018).  

Limitations and Future Work 

While this investigation confirms that pristine natural nanoclay serves as an efficient, low-cost 

precursor for the remediation of anionic direct dyes using accessible laboratory facilities, certain experimental 

boundaries should be acknowledged. This work primarily focuses on validating the macroscopic feasibility, 

optical properties, and direct reusability of the material without exhaustive sub-microscopic tracking. 

Additionally, the decline in regeneration efficiency was partially driven by cumulative physical mass loss 

during consecutive washing cycles under a fixed operating volume, which inherently reduced the net quantity 

of available active sites. To transition this baseline framework into large-scale applications, several avenues 

must be explored in future investigations. Advanced structural tracking using X-ray Diffraction (XRD) and 

Transmission Electron Microscopy (TEM) before and after adsorption is needed to map interlayer spacing 

variations and spatial dye distribution. Furthermore, a broader operational matrix should systematically 

evaluate the coupled influences of initial dye concentration, adsorbent dosage, pH, temperature, and full 

thermodynamic modeling. Finally, future work should investigate surface engineering pathways, such as acid 

activation or doping with elements like Copper (Cu) or Silver (Ag), while evaluating the bioactivity and 

antimicrobial performance of these modified matrices to develop multifunctional water purification systems. 

Conclusion 

This study successfully demonstrates the high-performance capabilities of natural nanoclay (MNC) as 

a sustainable and cost-effective adsorbent for the remediation of anionic Direct Red dye from aqueous 

environments. Optical characterization revealed that the natural nanoclay possesses a wide bandgap of 3.8 eV 

and a strong UV-absorption threshold at 288 nm, providing a stable and electronically active framework for 

efficient dye capture. Experimental results confirmed that the nanoclay achieves an outstanding removal 

efficiency of 99.13% within only 60 min under neutral pH conditions, with a maximum adsorption capacity 

(qe) of 49.57 mg/g. The adsorption mechanism was identified as a synergistic result of hydrogen bonding, 

n→π interactions, and interlayer cation bridging, following a rapid two-step process of surface uptake and 

intra-particle diffusion. Furthermore, the natural nanoclay exhibited promising regeneration potential, 

maintaining a high removal efficiency of 91.67% and 82.59% in the second and third cycles, respectively. This 

performance decline was primarily driven by physical mass loss under a constant operational volume, which 
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reduced the net quantity of available active sites, alongside residual site blockage. These findings highlight 

that natural nanoclay is a competitive, scalable, and eco-friendly solution for the treatment of industrial textile 

wastewater. 
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