
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Message from Dr R. Chidambaram 

 

 

 

Dear Dr. Chandrachoodan, 

 

I am very happy to note that ISAS, for the first time in India, is bringing out a Journal in 

Analytical Sciences, named as Analytica India.  Analytical sciences are essential for many 

areas including healthcare and biology, environmental monitoring, forensics, and of course, 

research in chemistry, physics and other disciplines. 

 

I am sure that Analytica India, as it will be managed by highly experienced and reputed Indian 

scientists from DAE and ISRO, and other leading  Indian academicians, will maintain the 

highest  standards  in terms of content and quality, 

 

I send my best wishes to Analytica India for becoming a popular journal of high international 

repute. 
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Indian Society of Analytical Scientists. 

 

 

Editorial 

Dear Readers, 

It is with great pleasure we present the 11th issue of the Journal of ISAS (J. ISAS), a testament 

to our commitment to fostering and sharing high-quality research that addresses critical 

scientific challenges. The journal is quarterly open access e-journal with ISSN and Doi number 

having free access to all.  This issue features a diverse array of contributions, reflecting the 

multidisciplinary nature of contemporary science. 

One of the featured studies explores the degradation of Prazosin, a pharmaceutical pollutant, 

using innovative dual activity hydrodynamic cavitation reactors. This work offers valuable 

insights into the development of advanced methods for environmental remediation. Another 

paper delves into the application of Raman spectroscopy in the study of carbon materials, 

emphasizing its pivotal role in understanding and characterizing these versatile substances, 

which are at the forefront of material science and nanotechnology. The issue also includes a 

fascinating study on the facile synthesis, characterization, and photocatalytic activity of MOF-

5, a promising metal-organic framework with significant potential for sustainable energy 

solutions. Additionally, research focused on the identification and quantification of amino acids 

in medicinal plants from the Western Ghats, Maharashtra, using High-Performance Thin-Layer 

Chromatography (HPTLC), adds valuable data to the fields of ethnopharmacology and natural 

product research. 

In addition to these original research articles, this issue features a review of the book "Textbook 

of Environmental Education for Undergraduates," It highlights the book’s contribution to 



 

fostering environmental awareness and education, making it an essential tool for undergraduate 

learning. 

The wide-ranging topics in this issue demonstrate the dynamism and depth of contemporary 

research. These contributions not only expand the boundaries of knowledge but also pave the 

way for future innovations and practical applications. We extend our heartfelt gratitude to the 

authors for their exceptional work, the reviewers for their critical evaluations, and the editorial 

team for their dedication to maintaining the journal’s quality and integrity. My special thanks 

are due to Dr. Raghaw Saran, Dr. Vinay Bhandari and Dr. Vijalalaxmi Adya for their 

cooperation in bringing this issue. Technical support from Shivani Kantak and Vaibhav Parse 

is duly acknowledged. 

We hope this issue inspires our readers to explore new perspectives, engage in meaningful 

discussions, and contribute to the advancement of science. Your feedback and suggestions are 

always welcome as we strive to improve and serve the scientific community better. 

Thank you 

Sincerely 

 

 

Dr. Nilima Rajurkar 

Editor in Chief 

J.ISAS 
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Abstract 

A study was conducted to investigate the degradation of Prazosin, an Alpha-1 Adrenergic 

Blocker, which is commonly used in the treatment of Hypertension. The study aimed to 

achieve improved efficiency using Hydrodynamic Cavitation (HC) and Process 

Intensification. A new cavitation technique that utilises the Dual Activity Reactor, which is a 

vortex flow-based cavitation device, was introduced in the study. Two different types of 

vortex diodes were used in a comparative investigation: a Non-Catalytic Aluminium diode 

and a Dual Activity Copper diode exhibiting catalytic properties. The impact of pressure on 

Prazosin degradation and mineralisation was studied on a pilot-plant scale with a capacity of 

1 m3/h. Process Intensification was carried out by Aeration, Hydrogen Peroxide, and pH 

modification. The results showed that aeration produced significant degradation (~18% 

degradation) using the Cu-Vortex Diode compared to the Al-Diode. The use of H2O2 resulted 

in complete (100%) degradation of the Active Pharmaceutical Ingredient (API) pollutant 

within just 5 minutes of treatment. Effective mineralisation of ~55% was obtained with the 

Cu-Diode, whereas only 34% was obtained with the Al-Diode. The development of 

Hydrodynamic Cavitation technology, with the incorporation of a Dual Activity Reactor-Cu 

Vortex Diode as a cavitation device, represents a remarkable breakthrough in the field of 

industrial wastewater treatment. This technology can provide an efficient and practical 

solution to remove various API pollutants, thereby reducing the environmental impact of 

industrial activities. The potential benefits of this technology for the industry are immense, 

opening up a world of possibilities for cleaner and more sustainable industrial practices. 
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1.Introduction 

 

Hydrodynamic cavitation (HC), an advanced oxidation process, is considered to be an 

effective technique in various areas of water, energy, chemicals, and materials sectors. 

Cavitation here  creates a low-pressure region within a cavitation reactor, leading to the 

formation of vaporous cavities; the bubbles are allowed to grow and collapse in a specified 

manner. These cavities undergo pressure fluctuations and collapse catastrophically, producing 

intense shear forces, localized high-pressure and temperature zones (T, ∼10000 K and P, 

∼1000–5000 atm) which results in-situ generation of hydroxyl radicals1. Hydrodynamic 

cavitation reactors involve the use of specific designs of cavitating devices, which may or may 

not incorporate moving parts, and are used in various areas, such as biomass pretreatment2, 

food and beverage processing3, extraction of natural bioactive4, microbial disinfection5-7, 

desulfurization of fuels8, removal of refractory pollutants like active pharmaceutical 

ingredients (APIs)9,10, phenolic compounds11, dyes12 etc. HC offers numerous advantages over 

other advanced oxidation processes (AOPs) such as Fenton oxidation, photocatalysis, UV 

treatment, electrochemical oxidation, and ozonation, for mineralization without secondary 

waste generation or the use of external catalysts13. 

 

Various geometric configurations for hydrodynamic cavitation reactors have been reported, 

including linear flow devices like venturi and orifice, and non-linear flow devices like vortex 

diode and rotor-stator assembly. The vortex diode, employing rotational flow offers 

advantages such as high energy efficiency, low pressure requirements, reduced clogging, and 

easy scale-up14. The efficiency of HC processes can be intensified by adding oxidizing agents, 

nanoparticles, or metal/metal oxides13, or by modifying cavitation reactors through changes 

in the material of construction or by coating the internal surface of the reactor with appropriate 

metals like copper, nickel, iron, silver15-16. Parsa et al. reported the catalysed HC process 

combined with scrap iron sheets as a catalyst for decolorization of Rhodamine B17. Copper 

oxide and peroxymonosulfate-activated copper oxide have been reported as highly promising 

catalysts, in the form of pellets or nanoparticles, to enhance the degradation of various organic 

pollutants 18-20. Recently, dual-activity cavitation reactors combining catalytic activity with 



 

3 

JOURNAL OF ISAS VOLUME 3, ISSUE 3, JANUARY 2025 

JULY 2022 
 

cavitation have shown remarkably high degradation rates for API pollutants such as 

cephalexin, ciprofloxacin, metformin 15,16,21.  

 

Due to the increase in emerging contaminants, particularly from pharmaceutical industries, it 

is crucial to develop effective methods for removing these refractory pollutants. Prazosin 

Hydrochloride (PRH), being an Alpha-1 Adrenergic Blocker, is widely used to treat 

hypertension, benign prostatic hyperplasia, and post-traumatic stress disorder. Due to its 

extensive use, PRH finds its way into the environment through various channels, such as the 

disposal of medicines through healthcare centres, industrial effluent, and human feces.  Al-

Qaim reported the typical concentrations of prazosin in influent sewage treatment plants (14-

525 ng/L) and raw leachate (3850 ng/L)23-24. The rapid growth of the pharmaceutical industry, 

coupled with widespread medication usage, leads to elevated levels of API pollutants in 

industrial wastewater and in surface waters. This necessitates the development of suitable 

treatment technologies or modifications to ensure a sustainable and economically viable 

approach for treating effluents containing low to high concentrations. 

 

Very few methods for the removal of PRH have been reported so far that include different 

advanced oxidation processes such as electrochemical oxidation25-26, activated sludge process 

using aerobic sequencing batch reactor (SBR)27, biodegradation28, photocatalysis29, stress 

conditions30. Mussa et al. reported the electrochemical oxidation of different therapeutic 

classes of pharmaceuticals, including PRH, using a graphite PVC composite electrode, 

achieving 98% degradation in 50 minutes of electrolysis 26. Al-Qaim also reported 96% PRH 

degradation using an electrochemical degradation process in NaCl medium in 40 minutes25. 

Other than these methods, biodegradation of prazosin was also reported by isolating and 

characterising the potential microbes that help in the degradation process, resulting in 88% of 

the removal rate28. Bakshi et al. demonstrated that PRZ underwent significant degradation 

under hydrolytic stress30. Zaini et al. reported the removal of PRH using the aerobic 

sequencing batch reactor system and found moderate degradation efficiency of 41%27. Despite 

many reported methods achieve high removal rates (∼98%), these have significant drawbacks 

such as high maintenance costs, high energy requirements, secondary waste generation, the 

formation of numerous by-products, and high treatment times. It is intuitive to develop a cost-

effective and techno-economically feasible technology to degrade PRH with for industrial 

scale applications. 
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The present study demonstrates remarkably high degradation rates for prazosin by 

hydrodynamic cavitation. Two different vortex diodes were used: Al-vortex diode and Cu-

vortex diode. The studies were carried out on a pilot plant scale with a capacity of 1 m³/h. The 

methodology suggests potential for redesigning reactors in the existing cavitation processes 

by changing the material of construction (MOC) using selected catalytic metals. It promises 

significant improvements in the removal efficiency and for lowering treatment costs. 

 

2.Materials and Methods 

 

2.1 Materials 

 

Prazosin Hydrochloride (C19H21N5O4.HCL; 419.86 g/mol; CAS: 19237-84-4; Purity > 99.9%, 

BLD Pharma Pvt Ltd, India) in crystalline form was used to prepare synthetic wastewater. 

The chemical and physicochemical properties of PRH are listed in Table 1. Hydrogen 

Peroxide (H2O2; 50% w/v, AR grade, RANKEM, Mumbai) and Acetonitrile (≥ 99.9% Purity, 

HPLC grade, Avantor Performance Materials) was used for the process intensification studies. 

pH modification was performed using 1N Nitric acid (70% w/v) and 1N Sodium hydroxide, 

both procured from Merck, India. 

 

2.2 Experimental Methodology  

 

The hydrodynamic cavitation pilot plant setup with a capacity of 1 m³/h was used to study the 

degradation of prazosin (Fig. 1). The methodology was already described in our previous 

research9,15 and hence only the essential details are discussed here. 

 

The pilot plant setup consisted of a 50 L water storage tank and a multistage centrifugal pump 

(Model CNP, CDLF2–26, SS316, 1.2 m³/h at 228 MWC, power rating 3 kW (4 hp), India) for 

pumping the wastewater. Two vortex diodes, each having an 11 mm throat diameter and a 66 

mm chamber diameter, were utilized as cavitation reactors. One was a conventional aluminum 

vortex diode, and the other was a dual-activity catalytic reactor, a copper vortex diode, which 

exhibits additional catalytic activity. The pressure drop across the cavitation reactor was 

adjusted and measured using pressure transmitters (Honeywell ST 700, India). A flow 

transmitter (KRONE, H250) with a range of 150–1500 LPH and an integral analog indicator 

was used to measure the mainline flow rate while a thermocouple-RTD (EUREKA Eng. 
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Enterprises India; 0–200˚C) was used to measure the inlet temperature of the system. The 

temperature within system was controlled by a cooling system (JULABO, Model FL 1701, 

Japan). The entire setup was mounted on a stainless-steel frame with wheels. 

 

All the experiments were performed with 20 L synthetic wastewater containing a known initial 

concentration of 10 mg/l prazosin. The effect of pressure drop was studied in the range of 0.5-

2 bar across the vortex diode. The aeration effect on PRH degradation was studied by bubbling 

air into the wastewater tank using an air pump (SOBO AQUARIUM SB-9905). Additionally, 

the process intensification was carried out using hydrogen peroxide at different molar ratios 

of PRH: H2O2 such as 1:100 (0.081 g/L), 1:200 (0.162 g/L) and 1:500 (0.405 g/L). The effect 

of pH was studied by modifying the pH of the wastewater solution under acidic (pH 4) and 

alkaline conditions (pH 9). All the experiments were carried out for 60 minutes, with samples 

withdrawn at intervals of 5–10 minutes. The reproducibility of the experiments was confirmed 

and found to be satisfactory. 

 

2.3 Analysis 

 

The analysis for the removal of the model API pollutant-Prazosin was carried out using Total 

Organic Carbon (TOC-L-H564054; Shimadzu, Japan) and High-Performance Liquid 

Chromatography (HPLC, Prominence i-series LC2030c 3D plus HPLC, Shimadzu C-18 

Column, 4.6 × 250 mm, particle size 5 µm). The mobile phase consisted of acetonitrile (75%) 

and 0.1% formic acid in deionized water (25%), used as the eluent for detecting Prazosin at a 

flow rate of 1 ml/min and a wavelength of 247 nm. The pH of the samples was measured using 

a Multi Para MP-5 pH meter (Spectra Lab Instruments Pvt. Ltd., India). The determination of 

intermediates formed during prazosin degradation was conducted through Liquid 

Chromatography High-Resolution Mass Spectroscopy (LC-HRMS) analysis. 

 

3. Results and discussion 

 

3.1 Effect of pressure drop on the degradation of PRH 

 

Pressure drop across the cavitation reactor is a decisive parameter for the efficiency of the 

treatment. As in earlier findings, the cavitation inception point for vortex diode was found to 

be ~0.48 bar pressure drop and therefore, the pressure range for the pressure drop was selected 
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as 0.5–2 bar to find optimum pressure drop8. It may be noted that the degradation decreases 

or remains constant beyond the optimum point due to possible super cavitation phenomenon 

which eventually reduces the cavitational intensity13.  

 

The results from Figure 2 clearly show a significantly higher degradation of PRH at optimum 

pressure drop of 0.5 bar, which then decreases, indicating no requirement of high pressures 

beyond the pressure drop of 0.5 bar. A maximum degradation of 31% and 35% of PRH was 

achieved using the Al-vortex diode and Cu-vortex diode, respectively. In comparison, TOC 

reduction of 30% using the Cu-vortex diode was approximately twice that of the Al-vortex 

diode at 0.5 bar ΔP, indicating additional catalytic action of Cu metal. From Fig. 3 (a, b), the 

HPLC results indicate that there is no intermediate formation for only HC process. The 

kinetics of PRH degradation was evaluated using a pseudo-first-order reaction by equation 1, 

and the kinetic constant values for vortex diodes are listed in Table 2.  

 

     𝐶 = 𝐶0 𝑒−𝑘𝑡      (1) 

 

Where, C0 and C are the PRH concentrations initial and final concentration. ‘t’ is time in min 

and ‘k’ is the first order rate constant (min-1). For the optimum pressure drop, ΔP, of 0.5 bar, 

the corresponding k values for the Al-vortex diode and Cu-vortex diode were 6.2 × 10⁻³ min⁻¹ 

and 7.2 × 10⁻³ min⁻¹, respectively. 

 

Many researchers have investigated the effect of pressure drop on the degradation of 

pollutants, suggesting that significantly higher-pressure drops are required for other cavitation 

reactors than vortex diodes. However, the optimal pressure drop depends on the reactor 

configuration and the type of pollutants involved9,31. Raut-Jadhav reported a maximum 

degradation of 27.49% for the methomyl pesticide using hydrodynamic cavitation with a 

circular venturi having a 2 mm throat diameter, at a very high inlet pressure of 3 bar31. 

However, for the degradation of imidacloprid insecticide, a very high inlet pressure of 15 bar 

was required to achieve a 26.5% degradation32. Dixit et al. reported the superiority of the 

vortex diode over the orifice plate as a cavitation reactor by comparing the degradation 

efficiency of the naproxen compound. The orifice device required a very high pressure drop 

of 5 bar, more than three times than that required by the vortex diode9. 
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The degradation of only 31-35% is not sufficient for industrial applications. Consequently, 

the improvement by catalytic devices needs further investigation through process 

intensification or modifications in hydrodynamic cavitation. 

 

3.2 Effect of aeration on PRH degradation combined with HC 

 

Introducing gases like air, oxygen, or ozone can significantly influence cavitation by affecting 

the number and behaviour of bubbles. Air, being cost-effective, is beneficial for process 

intensification. It enhances cavitation by promoting gas or vapor nuclei formation and 

supporting oxidation reactions through oxygen, which increases oxidizing species and, 

consequently, the degradation of pollutants. For evaluating synergism between the combined 

approach of HC and aeration, experiments were conducted at similar operating conditions, 

such as a constant initial concentration of 10 ppm and a pressure drop of 0.5 bar by 

continuously bubbling air to a recirculating tank. It was observed (Fig. 4) that the extent of 

degradation of PRH increases from 31% to 39% with a 26% TOC reduction, and from 35% 

to 46% corresponding to 35% TOC reduction through intensified process of HC and aeration 

using the Al-vortex diode and Cu-vortex diode, respectively. The results also indicate a higher 

rate of degradation due to the enhancement in the kinetic rate constant of HC + aeration 

compared to HC alone, confirming synergism (Table 2). The synergistic index (ξ) for the 

combined process of HC and aeration was calculated using equations 2 and 3 for both vortex 

diodes. 

  𝜉𝐴𝑙−𝑣𝑜𝑟𝑡𝑒𝑥 𝑑𝑖𝑜𝑑𝑒 =  
𝑘𝐻𝐶+𝑎𝑒𝑟𝑎𝑡𝑖𝑜𝑛

𝑘𝐻𝐶+ 𝑘𝑎𝑒𝑟𝑎𝑡𝑖𝑜𝑛
 =

8.3 𝘹 10−3

6.2 𝘹 10−3 + 0
= 1.34   (2) 

  𝜉𝐶𝑢−𝑣𝑜𝑟𝑡𝑒𝑥 𝑑𝑖𝑜𝑑𝑒 =  
𝑘𝐻𝐶+𝑎𝑒𝑟𝑎𝑡𝑖𝑜𝑛

𝑘𝐻𝐶+ 𝑘𝑎𝑒𝑟𝑎𝑡𝑖𝑜𝑛
=

10.3 𝘹 10−3

7.2 𝘹 10−3 + 0
= 1.43     (3) 

 

The synergistic index values of 1.34 and 1.43, greater than 1, indicate good synergism and 

highlight improvement in the efficiency of the combined HC and aeration process compared 

to the individual processes. 

 

Many literature studies have reported aeration as a process intensification approach in the 

hydrodynamic cavitation for higher efficiency in wastewater treatment applications. Bokhari 

et al. reported achieving 90% degradation of benzene at an inlet pressure of 3 bar within 50 

minutes using a combined approach of HC and aeration33. Patil et al. observed a 100% 

improvement in the degradation of octanol solvent by employing an aeration-based process 
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intensification method. Nevertheless, the authors pointed out that this enhancement was not 

effective for degrading other chemicals like metformin, ciprofloxacin, DMF and 

cyclohexanol34-36.  While aeration is expected to enhance oxidation by increasing oxidizing 

species, its impact on degradation rates varies with pollutant characteristics. Thus, aeration's 

effectiveness is pollutant-specific and minimally affected by device or process conditions. The 

pollutant's nature is the key factor in leveraging aeration-based intensification. 

 

3.3 Effect of H2O2 addition on PRH degradation in combined with HC 

 

Hydrogen peroxide acts as a strong oxidizing agent and the addition of H2O2 to hydrodynamic 

cavitation process increases the generation rate of hydroxyl radicals (OH•), which, if used 

effectively, can significantly intensify the breakdown of organic pollutants13. The effect of 

H₂O₂ at different loadings was examined, with molar ratios of PRH to H₂O₂ set at 1:100, 

1:200, and 1:500. Like conventional intensification methods, the newer catalytic cavitation 

process can also be enhanced, offering additional benefits due to improved catalytic activity. 

The experiments were conducted using both Al and Cu-vortex diodes under the same 

conditions of a pressure drop (∆P) of 0.5 bar and a concentration of 10 ppm. The extent of 

PRH degradation obtained for different molar ratios of PRH:H2O2 is shown in Fig. 5. 

 

It was observed that a complete degradation of PRH with 37% TOC reduction was achieved 

using the Cu-vortex diode within 5 minutes by using low molar concentration of H₂O₂, 1:100 

molar ratio. Whereas, with the Al-vortex diode, the extent of degradation increased from 83% 

to 100% within 5 minutes as the H₂O₂ loading increased from a 1:100 to 1:500 molar ratio. 

Fig. 3 (c, d) illustrates the HPLC analysis of PRH degradation using HC and H₂O₂, where a 

single peak for PRH was observed, indicating no formation of by-products during process 

intensification. The degradation profile shows a predominant mineralization pathway, with 

water and carbon dioxide as the sole products. By increasing the H₂O₂ loading to a 1:200 

ratio, TOC reduction for the Cu-vortex diode increased to 55%. However, further increases in 

H₂O₂ loading decreased TOC reduction due to the scavenging action of residual H₂O₂. When 

H₂O₂ loading exceeds the optimal level, the generated hydroxyl radicals react with H₂O₂ as 

shown in the following reaction37: 

    𝐻2𝑂2 + 𝑂𝐻 ∙ → 𝐻2𝑂 + 𝐻𝑂2     (4) 
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This scavenging phenomenon is also confirmed by literature reports, although different 

optimum values for H₂O₂ loading have been observed. Mishra et al. reported the degradation 

of Rhodamine B using the combined effect of HC and various H₂O₂ loadings, ranging from 

10 mg/L to 200 mg/L. They found that Rhodamine B degradation improved steadily, reaching 

99.9% with 200 mg/L H₂O₂, accompanied by a 55% reduction in TOC38.  

 

The degradation rate constants were determined to be 460.5 × 10⁻³ min⁻¹ for the Al-Vortex 

diode and 921 × 10⁻³ min⁻¹ for the Cu-Vortex diode using an optimum dose of a 1:200 molar 

ratio of PRH to H₂O₂. Thus, process intensification with H₂O₂ resulted in enhancements of 

over 70 and 127 times compared to HC alone. This indicates that the Cu-Vortex diode 

achieved a higher degradation rate than the Al-Vortex diode under the same conditions, further 

highlighting the effectiveness of the Cu-Vortex diode and the synergistic effect of hydrogen 

peroxide in enhancing PRH degradation. The synergistic index was again calculated as per 

the calculations shown in following equation 5 and 6: 

  𝜉𝐴𝑙−𝐻𝐶+𝐻2𝑂2
=  

𝑘𝐴𝑙−𝐻𝐶+𝐻2𝑂2

𝑘𝐴𝑙−𝐻𝐶+ 𝑘𝐻2𝑂2

 =
460.5 𝘹 10−3

6.2 𝘹 10−3 + 1.8 𝘹 10−3 = 57.56  (5) 

  𝜉𝐶𝑢−𝐻𝐶+𝐻2𝑂2
=  

𝑘𝐶𝑢−𝐻𝐶+𝐻2𝑂2

𝑘𝐶𝑢−𝐻𝐶+ 𝑘𝐻2𝑂2

 =
921 𝘹 10−3

7.2 𝘹 10−3 + 1.8 𝘹 10−3 = 102.33  (6) 

 

The values of the synergistic indices were observed as 57.56 and 102.33 for Al-vortex diode 

and Cu-vortex diode, respectively, which confirms the very good synergism of the combined 

approach of HC and H2O2. In the case of the Cu-vortex diode, an exceptionally high 

synergistic index was observed. This is due to the catalytic action of the modified cavitation 

reactor. Dixit et al. also reported the similar and high synergistic index values for dual 

functional cavitation reactor for the degradation of various API pollutant such as cephalexin, 

ciprofloxacin and metformin.15,16,21. Thanekar et al. reported the 53% enhancement in 

degradation of carbamazepine with 60% degradation using process intensification through 

(1:5) H2O2
37. While the role of H₂O₂ has been established, the optimum loading of H₂O₂ 

largely depends on the nature of the pollutants in wastewater, highlighting the need for 

experimental investigation. Additionally, the Cu-vortex diode exhibits remarkable superiority 

in synergism over the Al-vortex diode due to this material change to catalytic material. It is 

anticipated that this innovative approach could substantially enhance the conventional 

cavitation processes. 
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3.4 Effect of pH on PRH degradation  

 

The effect of pH on the extent of PRH degradation was investigated under varying conditions, 

specifically acidic (pH 4) and basic (pH 9), using the two vortex diodes as cavitating devices 

operated under similar optimized conditions. The pH of the medium influences the state of the 

pollutant molecule (molecular or ionic state), resulting in a change in the degradation pathway 

of pollutants. In general, the molecular form of a compound is more susceptible to 

degradation. Therefore, acid dissociation constant (pKa) values can indicate the influence of 

pH on the degradation process. The pKa values of prazosin HCl are 11.09 and 13.32, 

indicating that the compound predominantly exists in its molecular form at acidic pH. This 

suggests that prazosin HCl is more likely to degrade in acidic environments. To establish 

acidic and basic conditions, pH adjustments were carried out using 1 M Nitric Acid (HNO3) 

solution and 1 M Sodium Hydroxide (NaOH) solution, respectively. From the experimental 

results, a complete degradation of PRH was observed with rate constants of 115.1 x 10⁻³ min⁻¹ 

for the Al-vortex diode and 921 x 10⁻³ min⁻¹ for the Cu-vortex diode under acidic condition 

(pH 4). The rate constants surged by over 17 times for the Al-vortex diode and 127 times for 

the Cu-vortex diode, demonstrating a substantial improvement in the degradation rate and 

highlighting the superior effectiveness of catalytic cavitation reactors compared to 

conventional reactors. A maximum TOC reduction of 35% was observed for the Al-vortex 

diode, whereas the Cu-vortex diode achieved a TOC reduction of 41% under acidic conditions 

(Fig. 6). The effectiveness of process intensification through pH modification was quantified 

by calculating the synergistic index values using equations 7 and 8 as follows: 

 

  ξAl−pH4 = 
kAl−HC+pH4

kAl−HC+ kpH4
 = 

115.1×10−3

6.2×10−3 + 0.3×10−3  
 = 17.7    (7) 

  ξCu−pH4 = 
kCu−HC+pH4

kCu−HC+ kpH4
 = 

921×10−3

7.2×10−3 + 0.3×10−3  
= 122.8    (8) 

 

Significantly high values of 17.7 and 122.8 were achieved for the process intensification 

approach through pH modification for both vortex diodes. This confirms the excellent 

synergistic effect over the Al-vortex diode and surpasses individual approaches. 

 

At basic pH, negligible degradation was observed because the PRH molecule becomes 

hydrophilic due to ionization. This increases the difficulty of degradation, as hydroxyl radicals 
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are short-lived, making it less likely for the pollutant to degrade in the bulk solution. These 

findings indicate that acidic conditions significantly enhance the degradation of prazosin using 

HC, especially with the Cu-vortex diode. The HPLC analysis showing only one prominent 

peak of PRH confirmed that no intermediate formation occurred during the degradation of 

PRH (Fig. 3(e, f)). 

 

The enhancement in PRH degradation clearly demonstrates that pH is a critical operating 

parameter in the HC process for degrading API pollutants. Various studies have reported the 

effect of pH on the degradation of different compounds, including dyes38, pesticides31, and 

API pollutants15,21,34,35. Saharan et al. reported that in the HC process, the degradation 

mechanism includes either the thermal or pyrolytic breakdown of the pollutant trapped inside 

the cavity, or the reaction of hydroxyl radicals with the pollutant molecules at the gas-liquid 

interface and throughout the bulk solution39. Patil et al. reported the effect of pH on metformin 

degradation, achieving a significant enhancement of 3000% with 88% degradation in 180 

minutes using a conventional vortex diode with process intensification through pH 

modification34, whereas Dixit et al. enhanced the degradation of same compound and achieved 

complete degradation within 5 minutes using Cu-coated cavitation reactor, confirming the 

effectiveness of dual-functional cavitation reactors with process intensification through pH 

modification21. Mishra et al. found that using a combination of HC and pH modification, 

acidic conditions significantly enhanced the degradation of Rhodamine B, achieving 59.3% 

degradation at pH 2.5. Degradation was considerably lower under alkaline and neutral 

conditions. This is because acidic conditions favor the generation of hydroxyl radicals, 

reducing radical recombination and increasing their availability for pollutant oxidation38. 

Therefore, it is clear that the optimal pH condition is specific to each pollutant and must be 

investigated for various pollutants and operating conditions. 

 

3.5 Per-Pass Degradation & Cavitational Yield Calculation 

 

Conventional kinetic analysis often uses the power-law model, but the per-pass degradation 

model for HC offers a more detailed view of physicochemical behavior, including flow 

dynamics, pressure drops, performance of cavitation process, and energy dissipation. It also 

more accurately assesses the performance of the cavitation process by evaluating cavitational 

yield, offering a more realistic perspective as it considers concentration effects and pressure 
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drops within the cavitation device making it particularly suitable for scale-up in large-scale 

operations. 

The per-pass degradation factor (ф) was calculated by equation 913:  

𝑃𝑒𝑟 − 𝑝𝑎𝑠𝑠 𝑑𝑒𝑔𝑟𝑎𝑑𝑎𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟 (ф) =  𝑅𝑒𝑠𝑖𝑑𝑒𝑛𝑐𝑒 𝑡𝑖𝑚𝑒 𝘹  𝑅𝑎𝑡𝑒 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 (9) 

Here, the residence time can be further defined as the volume ratio of the holding tank and the 

flow rate.  

The per-pass degradation factor was calculated for all processes, including process 

intensification approaches such as aeration, optimised H₂O₂ loading and pH modifications 

and for both the vortex diodes. The obtained values are shown in Fig. 7 (a). The significant 

enhancement in the per-pass degradation factor for the Cu-vortex diode can be clearly 

attributed to its additional catalytic activity. Only marginal improvements were observed with 

the combined approach of HC and aeration, yielding per-pass degradation factor values of 

0.027 for the Al-vortex diode and 0.034 for the Cu-vortex diode, compared to 0.020 and 0.023 

for the HC-only process, respectively. In contrast, a significant enhancement was achieved 

using a process intensification approach with the addition of H₂O₂ at a 1:200 molar ratio, 

resulting in a 75-fold increase for the Al-vortex diode (1.53) and a 114-fold increase for the 

Cu-vortex diode (2.30) in the per-pass degradation factor. Similarly, combining acidic pH 

with HC led to an 18-fold increase for the Al-vortex diode (0.38) and a 114-fold increase for 

the Cu-vortex diode (2.30). The significant improvements observed with Cu-vortex diode 

further support the potential use of novel dual-function reactors in wastewater treatment. 

 

Another important factor, the cavitational yield was calculated for the degradation of prazosin, 

for the different processes and for both the cavitation reactors. The cavitational yield (Y) was 

calculated using equation 1013, 

 

  𝐶𝑎𝑣𝑖𝑡𝑎𝑡𝑖𝑜𝑛𝑎𝑙 𝑌𝑖𝑒𝑙𝑑 (𝑌) =
𝐴𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑃𝑟𝑎𝑧𝑜𝑠𝑖𝑛 𝑑𝑒𝑔𝑟𝑎𝑑𝑒𝑑

𝐸𝑛𝑒𝑟𝑔𝑦 𝑑𝑖𝑠𝑠𝑖𝑝𝑎𝑡𝑖𝑜𝑛
                  (10) 

The values of cavitational yields obtained for different process alterations have been depicted 

in Fig. 7 (b). Very low values of cavitational yield, 0.0035 mg/J and 0.004 mg/J, were observed 

for the only HC process, while minimal improvements were noted with values of 0.0044 mg/J 

and 0.005 mg/J for the Al and Cu-vortex diodes, respectively. Higher cavitational yields of 

6.8 × 10⁻² mg/J and 13.6 × 10⁻² mg/J were obtained using HC with (1:200) molar ratio H2O2, 

indicating an 18-fold and 33-fold enhancement for the Al and Cu-vortex diodes, respectively. 
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Similarly, for process intensification approach with acidic condition yield the cavitational 

value of 1.7 × 10⁻² mg/J for Al-vortex diode and 13.6 × 10⁻² mg/J for Cu-vortex diode. The 

results indicate that exceptionally high cavitational yields can be achieved by using a dual-

function cavitation reactor with a simple change in the reactor's material, selected based on 

the nature of the reaction. 

 

Per-pass degradation and cavitational yield are interrelated terms and reflect the effectiveness 

of the cavitation process and various process intensification. Both parameters are important 

for understanding the hydrodynamic cavitation, analyzing and comparing literature data, and 

future research on different devices. While the per-pass degradation factor is particularly 

useful for scaling up hydrodynamic cavitation, cavitational yield is more pertinent for 

assessing the energy efficiency of the process. 

 

3.6 Cost analysis 

 

The cost is a crucial factor for adopting any process for real life application, including new 

cavitation technologies. Energy required for pumping during hydrodynamic cavitation is a 

major cost component. Thus, the economics of cavitation processes must be thoroughly 

evaluated, especially in comparison to conventional methods. The treatment cost using HC 

process can be calculated by equation 11: 

 

𝐶𝑜𝑠𝑡 𝑜𝑓 𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡 𝑝𝑒𝑟 𝑚3 𝑜𝑓 𝑒𝑓𝑓𝑙𝑢𝑒𝑛𝑡 =
𝑁𝑐×∆𝑃×𝑃𝐸

36𝜂
                         (11) 

 

where, Nc is the number of passes, ∆P is the pressure drop across the cavitation reactor, PE is 

the cost electricity, η is the pump efficiency (66%) for commercial usage. Electricity was 

assumed to cost 10 Rs/kW·h. 

With a vortex diode operating at an optimal pressure drop of 0.5 bar for 60 minutes, the cost 

for hydrodynamic cavitation alone was 0.044 $/m³, resulting in only a 15−30% reduction, 

which limits its practical use. For industrial wastewater treatment, complete degradation is 

desired. The cost was significantly reduced to approximately 0.0049 $/m³, about 10 times 

lower, when using both vortex diodes with process intensification through the addition of 

H₂O₂ at a 1:200 molar ratio. Similarly, a simple acidic pH adjustment significantly reduced 
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the treatment cost. Cost analysis for the combined HC+ pH 4 process showed treatment costs 

of 0.029 $/m³ for the Al-vortex diode and 0.0049 $/m³ for the Cu-vortex diode. The modified 

hybrid approach using a dual functional vortex diode with hydrogen peroxide, or pH 

adjustment provides an efficient and cost-effective alternative for PRH degradation. This 

method offers superior cavitational yield and high efficiency. The dual-activity cavitation 

reactor highlights the importance of reactor design and process intensification in reducing 

treatment time and costs. 

 

Conclusions 

 

The present study demonstrated, for the first time, the effective use of hydrodynamic 

cavitation with vortex diode, more specifically dual activity vortex diode, as a cavitating 

device for degrading prazosin for exceptional enhancement in the rate of degradation and 

extraordinarily high cavitation efficiency. The important findings are: 

1. HC alone for the degradation of PRH resulted in a limited 15-30% reduction, with a 

maximum TOC reduction of 35% at 0.5 bar pressure drop. Combining HC with H₂O₂ 

achieved complete degradation in 10 minutes for the Al-vortex diode and in 5 minutes 

for the Cu-vortex diode, at a (1:200) molar ratio loading. 

2. The pH has significant impact and an acidic pH of 4 was found best for PRH 

degradation in both reactors. Complete degradation was observed within 5 minutes 

using the Cu-vortex diode, while the Al-vortex diode required 40 minutes. 

3. Exceptionally high synergism was observed, with synergistic index values of 57.56 

and 102.33 for process intensification using H₂O₂, and 17.7 and 122.8 for the 

combined approach of HC and acidic pH, for the Al and Cu-vortex diodes, 

respectively. 

4. The per-pass degradation model demonstrated a remarkable improvement of 

approximately 114 times using the Cu-vortex diode with process intensification 

approaches, confirming its superiority over the conventional Al-vortex diode, which 

showed an 18-75 times improvement. 

5. The process intensification approaches of using H₂O₂ or modifying the acidic pH 

highlight a 3300% enhancement for the Cu-vortex diode, compared to a 300-1800% 

improvement for the Al-vortex diode. 
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The results confirm that using a newer vortex flow-based device in hydrodynamic cavitation, 

combined with process intensification through H2O2 or acidic pH conditions, leads to 

significant degradation of PRH with a low treatment cost. The methodology, therefore, can 

provide a techno-economical alternative for the degradation of PRH and wastewater 

treatment. 
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Fig. 1. The hydrodynamic cavitation experimental set-up 
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Fig. 2. Effect of pressure drop on degradation of PRH using Al and Cu-vortex diode 
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Fig. 3. HPLC analysis of different treatment approaches using both vortex diodes 
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Fig. 4.  Effect of aeration on PRH degradation combined with HC 
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Fig. 5. Degradation of PRH using process intensification approach of H2O2  
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Fig. 6. Degradation of MTF using combined approach of HC and pH 
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Fig. 7. Per-pass degradation and cavitational yield for PRH degradation 
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Tables: 

Table 1. Chemical and Physicochemical Properties of Prazosin 

 

Structure Name Prazosin HCl 

 IUPAC name 1-(4-Amino-6,7-dimethoxy-2-

quinazolinyl)-4-(2-furoyl) piperazine 

monohydrochloride 

Mol Mass (g/mol) 419.37 

pKa 6.5 

Solubility 61.9 mg/l 

Melting Point 270-280 °C 

Boiling Point 638.4 °C 

Appearance White to Tan Powder 
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Table 2. PRH degradation with kinetics for different processes at 0.5 bar pressure drop 

  

Processes 

PRH 

Degradation (%) 

TOC 

Reduction (%) 

k × 103 

Only Aeration 0 0 0 

Only H2O2 10 7 1.8 

Only pH 4  < 2 0 0.3 

Conventional Al- Vortex Diode 

Only HC  

HC+ Aeration 

HC + (1:100) H2O2 

HC + (1:200) H2O2 

HC + (1:500) H2O2 

HC + pH 4 

HC + pH 9 

31 

39 

96 

100 

100 

100 

0.5 

15 

26 

32 

34 

24 

35 

1 

6.2 

8.2 

53.6 

460.5 

460.5 

115.1 

0.01 

Dual activity Cu- vortex diode 

Only HC  

HC+ Aeration 

HC + (1:100) H2O2 

HC + (1:200) H2O2 

HC + (1:500) H2O2 

HC + pH 4 

HC + pH 9 

35 

46 

97 

100 

100 

100 

5 

30 

35 

37 

55 

30 

41 

2 

7.2 

10.3 

58.4 

921 

460.5 

921 

0.8 
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Abstract: 

Raman spectroscopy has become an indispensable tool in the field of material science, 

especially in the study of carbon materials. Its non-destructive nature, sensitivity to molecular 

vibrations, and ability to provide detailed information about the chemical composition, 

structure, and crystallinity make it a powerful technique for characterizing a wide range of 

carbon-based materials. This article delves into the significance of Raman spectroscopy in the 

research of carbon materials, exploring its principles, the types of carbon materials it can 

analyze, and the key findings it has facilitated. 

Keywords: Raman spectroscopy; Carbon materials; Enhanced Raman techniques; Radial 

breathing mode; Stokes and anti-Stokes scattering 

1. Introduction: 

Raman spectroscopy is a vibrational spectroscopic technique based on the inelastic scattering 

of monochromatic light, usually from a laser source. When light interacts with a material, most 

photons are elastically scattered (Rayleigh scattering), but a small fraction undergoes inelastic 

scattering (Raman scattering). This inelastic scattering results in a shift in the energy of the 

scattered photons, corresponding to the vibrational energies of the molecules in the sample. 

The Raman spectrum, which plots intensity versus the Raman shift (measured in wavenumbers, 

cm-1), provides a fingerprint of the material's molecular vibrations. 

 

1.1 Principles of Raman Spectroscopy 

Raman spectroscopy relies on the Raman Effect, first observed by C.V. Raman in 1928 1. When 

a photon interacts with a molecule, it can either gain or lose energy, depending on the 

vibrational state of the molecule. This energy difference between the incident and scattered 

photons gives rise to the Raman shift. The Raman spectrum thus provides information about 

the vibrational modes of the molecules in the sample. 

The key features of a Raman spectrum include 2: 

mailto:kdg@barc.gov.in


 

27 

JOURNAL OF ISAS VOLUME 3, ISSUE 3, JANUARY 2025 

JULY 2022 
 

Raman Shift (Δν): The difference in wavenumber between the incident and scattered light, 

typically measured in cm-1. 

Intensity: The strength of the Raman signal, which depends on factors such as the 

concentration of the molecules and the polarizability of the bonds. 

Peak Position: The specific wavenumber at which a peak occurs, corresponding to a particular 

vibrational mode of the molecule. 

Peak Width: The broadness of the peak, which can indicate the degree of crystallinity or 

disorder in the material. 

 

1.2 Theory of Raman Scattering 

Raman scattering is an inelastic light scattering phenomenon where the frequency of the 

scattered light differs from that of the incident light. This frequency shift arises from the 

interaction of the incident light with molecular vibrations within the sample. When a photon 

interacts with a molecule, it can either excite a vibrational mode (Stokes scattering) or de-excite 

an already excited mode (anti-Stokes scattering). Stokes scattering results in a lower-frequency 

scattered photon, while anti-Stokes scattering produces a higher-frequency photon.  The 

intensity ratio of Stokes and anti-Stokes lines provides valuable information about the 

vibrational energy levels and temperature of the sample 3.   The schematic of the energy 

transition is given in Fig. 1.  

 

1.3 Working of Raman Spectrometer 

A monochromatic light source, usually in the visible or near-infrared region, provides the 

excitation energy for Raman scattering. The choice of laser wavelength depends on the sample 

and the desired information. The material to be analysed is placed in the path of the laser beam. 

Collection optics focus the scattered light from the sample onto the entrance slit of the 

spectrometer. A filter, such as a notch filter or edge filter, removes the intense Rayleigh 

scattering from the Raman signal, which is crucial because Raman scattering is typically very 

weak compared to Rayleigh scattering. The monochromator disperses the Raman scattered 

light into its constituent wavelengths, typically consisting of a diffraction grating that diffracts 

the light based on its wavelength, separating the different Raman shifts. A sensitive detector, 

such as a charge-coupled device (CCD) array detector, records the intensity of the Raman 

scattered light at each wavelength. The schematic of the Raman spectrometer is given in Fig.2. 
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2. Carbon Materials and Their Importance 

Carbon materials, owing to their unique properties, have become central to various fields, 

including electronics, energy storage, and nanotechnology. These materials exist in several 

allotropes, including graphite, diamond, graphene, carbon nanotubes, and fullerenes, each with 

distinct structures and properties 4. 

     

Graphite: Composed of layers of hexagonally arranged sp2 hybridized carbon atoms in 

ABAB…..stacking (Fig. 3a), graphite is used in a wide range of applications, from lubricants 

to electrodes. 

Diamond: Known for its hardness and thermal conductivity, diamond is sp3 hybridized FCC 

structure (Fig. 3b) used in cutting tools, optics, and electronics. 

Graphene: A single layer of sp2 hybridized carbon atoms arranged in a hexagonal lattice (Fig. 

3c), graphene exhibits exceptional electrical, thermal, and mechanical properties. 

Carbon Nanotubes (CNTs): Cylindrical nanostructures with sp2 hybridized carbon atoms (Fig. 

3d) having remarkable strength, electrical conductivity, and thermal stability. 

Fullerenes: Spherical or cage like structure (Fig. 3e) composed entirely of carbon, with 

potential applications in medicine, electronics, and materials science. 

 

3. Raman Spectroscopy in Carbon Materials  

Raman spectroscopy is particularly well-suited for studying carbon materials due to its ability 

to probe the vibrational modes associated with the sp2 and sp3 hybridized carbon atoms. The 

technique can provide detailed insights into the structure, defects, electronic properties, and 

interactions of carbon materials. 

 

3.1 Raman Spectroscopy of Graphite and Graphene 

Graphite and graphene are among the most studied carbon materials using Raman 

spectroscopy. The graphene used in this study has been synthesised in-house by CVD method5. 

The graphite were obtained from Tianjin Dingshengxin Chemical Industry Co. Ltd. The Raman 

spectra were acquired using a 514 nm diode laser with an acquisition time of 1 second and a 

power of 20 mW. These parameters were consistently used for obtaining the spectra of other 

carbon nanomaterials analyzed in this study. Few mg of sample was spread on a glass slide and 

spectrum was acquired. The Raman spectrum (refer Fig. 4) of these materials is characterized 

by several key features 6: 
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G Band: The G band, observed around 1580 cm-1, corresponds to the in-plane vibrational mode 

(E2g) of sp2 carbon atoms. It is present in all sp2 carbon systems and is a signature of graphitic 

materials. 

D Band: The D band, appearing around 1350 cm-1, is associated with the presence of defects 

or disorder in the sp2 carbon lattice. It arises due to the breathing modes of sp2 rings and is 

activated by defects such as edges or vacancies in the lattice. The intensity ratio of the D to G 

band (ID/IG) is often used as a measure of the degree of disorder in the material. 

2D Band: The 2D band, also known as the G' band, is a second-order overtone of the D band, 

observed around 2700 cm-1. In graphene, the 2D band is particularly important as it provides 

information about the number of layers and the stacking order of the graphene sheets. In single-

layer graphene, the 2D band is a sharp, single peak, whereas in multi-layer graphene, it splits 

into multiple components. 

D' Band: The D' band, appearing around 1620 cm-1, is another defect-related peak, often 

observed in conjunction with the D band. The intensity of the D' band, along with the D and G 

bands, can provide insights into the nature and concentration of defects in the material. 

D” Band: The D” mode is a higher-order overtone or combination. It typically appears at 

higher wavenumbers compared to the D band and is indicative of more complex vibrational 

interactions within the material. The presence and intensity of the D” band can provide insights 

into the material's structural properties and defect levels. 

D+Dʺ Peak: The D+Dʺ peak is observed around 2425 cm−1, results from simultaneous 

interactions involving both the D and Dʺ phonons. This peak is particularly intense in 

disordered graphene materials and serves as an indicator of the material's quality and structural 

characteristics. 

In graphite with small defect concentration additional peaks like D+Dʹ also appear. 

Raman spectroscopy has been instrumental in characterizing graphene's properties, such as 

layer number, quality, and the effects of strain or doping. For instance, the 2D band analysis 

allows researchers to distinguish between single-layer and multi-layer graphene, while the D 

band intensity reveals information about defects or functionalization. 

 

3.2 Raman Spectroscopy of Carbon Nanotubes 

Carbon nanotubes (CNTs) exhibit a rich and complex Raman spectra, reflecting their unique 

structures and electronic properties. Single –walled CNT (SWCNT) and multi-walled CNT 

(MWCNT) show different features 7. CNTs used in this study were synthesized in-house by 

FC-CVD method 8-10. 
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Single-walled carbon nanotubes (SWCNTs) are one of the most fascinating nanomaterials, 

renowned for their unique structural, electrical, and mechanical properties. Raman 

spectroscopy plays a critical role in characterizing these properties, providing insights into the 

diameter, chirality, electronic structure, and defect density of SWCNTs. The Raman spectrum 

of SWCNTs is rich with information and can be analyzed by focusing on several key features: 

the radial breathing mode (RBM), the G-band, the D-band, and the 2D-band  11. 

Radial Breathing Mode (RBM): The radial breathing mode (RBM) is one of the most 

characteristic and important features in the Raman spectrum of SWCNTs. It is a low-frequency 

mode, typically observed in the range of 100-300 cm-1, and corresponds to the coherent radial 

expansion and contraction of the nanotube. The frequency of the RBM (ωRBM) is inversely 

proportional to the nanotube diameter (d), and can be expressed approximately by the following 

empirical relation 12: 

ωRBM = C1/d+C2 

where C1 and C2 are constants that depend on the environment and nanotube characteristics. 

This mode is particularly useful because it allows researchers to determine the diameter of the 

SWCNTs directly from the Raman spectrum. Fig. 5 (a-d) shows how after capturing RBM 

mode from different positions of a SWCNT bundle we can get diameter distribution. 

 

The RBM is sensitive to the environment surrounding the nanotubes. For example, if the 

nanotube is in a bundle or interacting with a substrate, the RBM frequency may shift. 

Additionally, the intensity of the RBM is linked to the resonance condition between the incident 

laser energy and the electronic transition energy of the SWCNT, which provides information 

on the electronic structure of the nanotube. 

 

G-Band: The G-band is another critical feature in the Raman spectrum of SWCNTs. It is 

typically observed around 1580 cm-1 and arises from the in-plane stretching vibrations of 

carbon-carbon bonds in the sp2 hybridized carbon atoms. Unlike graphene or graphite, where 

the G-band appears as a single peak, the G-band in SWCNTs is split into two components: G+ 

and G- (Fig. 6). 

The G+ band corresponds to the longitudinal optical (LO) phonon mode, which involves 

vibrations along the axis of the nanotube. It is usually located at a higher frequency (~1590 cm-

1) and is relatively sharp.  
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The G- band corresponds to the transverse optical (TO) phonon mode, which involves 

vibrations perpendicular to the nanotube axis. It appears at a lower  frequency  (~1560-1570 

cm-1) and is broader than the G+ band. 

The splitting of the G-band is particularly important because it can be used to distinguish 

between metallic and semiconducting SWCNTs. In semiconducting SWCNTs, the G- band is 

narrow and well-defined, while in metallic SWCNTs, it is broader and lower in frequency. This 

difference is due to the electron-phonon coupling, which is stronger in metallic nanotubes. 

The study of anti-Stokes Raman spectra of single-walled carbon nanotubes reveals significant 

asymmetries compared to Stokes spectra, attributed to unique resonant enhancement 

phenomena influenced by their one-dimensional electronic density of states, which allows for 

selective identification of different nanotube types under specific laser excitation conditions 13. 

D-Band: The D-band, typically observed around 1350 cm-1, is associated with the presence of 

defects or disorder in the SWCNT structure. It arises from the breathing modes of sp2 carbon 

atoms in rings and is activated by the presence of defects, such as vacancies, impurities, or 

functional groups that break the symmetry of the carbon lattice. 

The intensity ratio of the D-band to the G-band (ID/IG) is often used as a measure of the defect 

density in SWCNTs. A higher  ID/IG ratio indicates a greater degree of disorder or a higher 

concentration of defects. This ratio is particularly useful for evaluating the quality of SWCNTs, 

especially after processes like functionalization or chemical treatment. 

2D-Band (G'-Band): The 2D-band, also known as the G'-band, is a second-order overtone of 

the D-band and is typically observed around 2600-2700 cm-1. Unlike the D-band, the 2D-band 

does not require the presence of defects for activation and is always present in the Raman 

spectrum of SWCNTs. 

 

The 2D-band provides additional information about the electronic structure of the SWCNTs. 

Its shape, position, and intensity can vary depending on the number of layers, the presence of 

strain, and the electronic properties of the nanotubes. In SWCNTs, the 2D-band is usually sharp 

and symmetric, and its intensity is strongly dependent on the resonance condition with the 

incident laser energy. 

 

Multi-walled carbon nanotubes (MWCNTs) consist of multiple concentric single-walled 

carbon nanotubes (SWCNTs), with each layer having a different diameter and possibly 

different chirality. The Raman spectrum of MWCNTs shares many features with that of 

SWCNTs, but the additional layers and the complex interactions between them lead to some 
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distinct characteristics. The RBM peak in MWCNT is generally missing and the splitting of 

the G band in MWCNT is not witnessed in MWCNT unlike SWCNT as the combined effect 

of multiple tubes in the MWCNT nullifies the effect (Fig. 7). The Raman spectrum of double-

walled carbon nanotubes (DWCNT) is characterized by distinct peaks such as the radial 

breathing mode (RBM), D band, and G band, where the RBM frequency is sensitive to the 

inner and outer tube diameters; in contrast, multi-walled carbon nanotubes (MWCNT) typically 

show broader peaks and a more complex spectral profile due to multiple concentric layers, 

leading to overlapping signals that complicate the interpretation of individual modes 14 

 

3.3 Raman Spectroscopy of Diamond 

Diamond, with its purely sp3 carbon bonding, exhibits a characteristic Raman peak at 1332   

cm-1, corresponding to the stretching of the carbon-carbon bonds in the diamond lattice. 

Diamond used in this study is diamond powder used in polishing industry 15. The sharpness 

and position of this peak are indicative of the diamond's purity and crystallinity. Raman 

spectroscopy is widely used to assess the quality of synthetic diamonds, identify defects, and 

study phase transitions, such as the conversion of diamond to graphite under high temperatures 

or pressures16. 

In addition to pure diamond, Raman spectroscopy is also employed to study diamond-like 

carbon (DLC) films (Fig. 8), which are amorphous carbon materials with a mixture of sp2 and 

sp3 bonding. The Raman spectrum of DLC typically shows broad peaks around 1350 cm-1 (D 

band) and 1550 cm-1 (G band), similar to those of disordered graphite, but with differences in 

peak position and intensity that reflect the sp2/sp3 ratio and the degree of disorder. 

 

3.4 Raman Spectroscopy of Fullerenes 

Fullerenes, such as C60 and C70, are spherical carbon molecules with unique electronic and 

vibrational properties 17. The Raman spectra of fullerenes are characterized by several distinct 

peaks corresponding to the vibrational modes of the carbon atoms in the cage structure. For 

example, the Ag(2) mode of C60, observed around 1469 cm-1, is a prominent feature in its 

Raman spectrum (Fig. 9). 

Raman spectroscopy has been crucial in studying the structural and electronic properties of 

fullerenes, as well as their interactions with other materials. For instance, the shifts in Raman 

peaks can provide information about the charge transfer between fullerenes and dopant 

molecules, which is important in understanding their behaviour in organic photovoltaics and 

other electronic applications. 
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3.5 Effect of Excitation Wavelength  

The intensity of Raman scattering is inversely proportional to the fourth power of the laser 

wavelength. This means that longer wavelengths (e.g., near-infrared) produce weaker Raman 

signals compared to shorter wavelengths (e.g., UV or visible light). For instance, using a near-

infrared laser can result in spectra that are up to 15 times less intense than those obtained with 

a UV laser under identical conditions. 

Resonance Enhancement: The choice of laser wavelength can also affect resonance conditions, 

which enhance specific spectral features. For example, certain phonon populations in carbon 

materials may resonate differently depending on the excitation wavelength, leading to shifts in 

the D band frequency. This resonance effect is crucial for accurately interpreting the 

microstructure of materials like graphite and carbon nanotubes. 

 

4. Enhanced Raman Spectroscopic Techniques  

4.1 Surface-enhanced Raman Spectroscopy 

Surface-enhanced Raman spectroscopy (SERS) is a powerful analytical technique used to 

enhance the Raman signals of carbon materials by leveraging plasmonic effects from metallic 

nanostructures, such as silver or gold nanoparticles 18. This method is particularly effective for 

detecting low-concentration analytes, revealing subtle structural features, and identifying 

functional groups in carbon-based materials. SERS enables high sensitivity and specificity, 

making it an invaluable tool for studying carbon nanomaterials, such as graphene, carbon 

nanotubes, and amorphous carbon, in various applications ranging from sensing to catalysis. 

 

4.2 Tip-enhanced Raman Spectroscopy 

Another area of ongoing research is the development of tip-enhanced Raman spectroscopy 

(TERS), which combines the spatial resolution of atomic force microscopy (AFM) with the 

chemical sensitivity of Raman spectroscopy 19.  It utilizes a sharp metallic tip, often coated 

with a noble metal like gold or silver, to enhance the Raman signal from molecules located at 

the tip apex. TERS has the potential to provide nanoscale insights into carbon materials, 

enabling the study of local variations in structure and composition that are not accessible with 

conventional Raman spectroscopy. 

TERS allows for highly localized Raman scattering measurements on carbon materials. By 

using a sharp metal tip to concentrate the incident laser light, TERS provides nanoscale spatial 

resolution, enabling the characterization of individual carbon nanotubes, graphene layers, and 
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defects within these materials 20. This technique has proven valuable in understanding the 

structure, properties, and electronic behavior of carbon-based nanomaterials. 

 

5. Applications of Raman Spectroscopy in Carbon Material Research 

Raman spectroscopy has been applied to a wide range of studies involving carbon materials, 

contributing to advancements in various fields. Some of the key applications include: 

 

5.1 Characterization of Graphene-Based Materials: Raman spectroscopy is widely used 

to characterize graphene and its derivatives, such as graphene oxide (GO) and reduced 

graphene oxide (rGO). The technique provides insights into the number of layers, degree of 

oxidation, and reduction efficiency, which are critical for tailoring the properties of graphene-

based materials for specific applications. To determine the number of layers in graphene oxide 

using Raman spectroscopy, one can analyze the intensity ratio of the 2D band to the G band 

(I2D/IG), as well as observe the peak positions and shapes, where a higher ratio typically 

indicates fewer layers and a broader 2D peak suggests an increase in layer number 21. The 

correlation between the full width at half maximum (FWHM) of the Raman 2D peak and the 

number of graphene layers indicates that as the number of layers increases, the FWHM 

generally decreases, with single-layer graphene exhibiting a FWHM of approximately 28.7 cm-

1 and multilayer graphene showing broader peaks due to interlayer interactions and disorder 22.  

 Raman spectroscopy is a powerful tool for differentiating between GO and reduced rGO by 

analyzing the intensity ratios and positions of specific peaks, particularly the D, G, and D' 

bands; for instance, the energy difference between the D' and G peaks can quantitatively define 

the degree of reduction, where a negative difference indicates GO, a small positive difference 

indicates rGO, and a larger positive difference indicates pristine graphene 23. 

 

5.2 Quality Control of Carbon Nanotubes: The synthesis of high-quality CNTs is 

challenging, and Raman spectroscopy serves as a valuable tool for quality control. By 

analyzing the RBM, G, and D bands, researchers can assess the purity, diameter distribution, 

and defect density of CNTs, ensuring their suitability for applications in electronics, 

composites, and energy storage. To quantify the amorphous content in carbon nanotubes 

(CNTs) using Raman spectroscopy, one can analyze the intensity ratios of the D-band and G-

band, specifically the ID/IG ratio, where a higher ratio indicates a greater presence of amorphous 

carbon due to increased disorder in the structure. This method effectively distinguishes between 

crystalline and amorphous phases in carbon materials 24. 
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5.3 Studying Defects and Functionalization: Defects and functional groups play a crucial 

role in determining the properties of carbon materials. Raman spectroscopy is highly sensitive 

to these features, making it an ideal technique for studying the effects of defects, doping, and 

functionalization on the material's properties. For example, in graphene, the ID/IG ratio provides 

a measure of the defect density, while in CNTs, the appearance of new peaks in the Raman 

spectrum can indicate successful functionalization. 

 

5.4 In-Situ and Operando Studies: Raman spectroscopy can be performed in-situ, 

allowing researchers to monitor changes in carbon materials under various conditions, such as 

temperature, pressure, or chemical environment. This capability is particularly useful for 

studying the behaviour of carbon materials in real-time, such as during the electrochemical 

cycling of batteries or the growth of graphene by chemical vapour deposition (CVD). 

 

5.5 Nanotechnology and Device Fabrication: Raman spectroscopy is employed in the 

fabrication and characterization of carbon-based nanodevices, such as graphene transistors and 

CNT-based sensors. The technique provides valuable information about the structural and 

electronic properties of the materials, enabling the optimization of device performance. 

 

6. Challenges and Future Directions 

While Raman spectroscopy has proven to be an invaluable tool in carbon material research, it 

is not without its challenges. One of the primary challenges is the interpretation of complex 

spectra, especially in materials with a high degree of disorder or in heterogeneous systems. 

Advanced data analysis techniques, such as multivariate analysis and machine learning, are 

being developed to address these challenges and extract more detailed information from Raman 

spectra. 

 

7. Conclusions 

Raman spectroscopy has become an essential technique in the research of carbon materials, 

providing detailed insights into their structure, properties, and behaviour. From the 

characterization of graphene and CNTs to the study of diamond and fullerenes, Raman 

spectroscopy has played a pivotal role in advancing our understanding of carbon-based 

materials and enabling their applications in various fields. As the field of material science 
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continues to evolve, Raman spectroscopy will undoubtedly remain a key tool for exploring the 

fascinating world of carbon materials, driving innovation and discovery in the years to come. 
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Figures: 

 

Fig. 1: Energy transition in Rayleigh, Stokes, anti-Stokes scattering 25 

 

 

 

 

Fig. 2: Schematic of Raman spectrometer 26 
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Fig. 3 (a-e): Different structure of carbon 27 

 

 

 

Fig. 4: Raman spectra of graphene and graphite 28 
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Fig. 5: (a) Raman spectra of SWCNT, (b) RBM peak mapping in SWCNT in SWCNT 

bundle, (c) distribution of RBM peak position, and (d) diameter distribution of SWCNT 

determined from RBM position 11 

 

 

 

Fig. 6: (a) Deconvolution of G band of metallic SWCNT, and (b) deconvolution of G 

band of semiconductor SWCNT 11 
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Fig. 7: Raman spectrum of MWCNT 11 

 

 

 

Fig. 8: Raman spectrum from diamond and DLC 29 

 

 

 

 

Fig. 9. Raman spectra from C60 and C70 fullerenes 
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Abstract: 

Metal–Organic-Frameworks (MOFs) are highly tunable to design and functionalize, hence 

they are recognized as materials of interest in applied sciences. MOF-5 having formula 

(Zn4O13-(C8H4)3), is a well-known MOF due to its distinctive porosity and thermal stability. 

MOF-5 has a 3D structure comprising of terephthalic acid and Zn4O clusters. In the present 

study, the MOF-5 was synthesized using facile, ecofriendly one pot hydrothermal process at 

low temperature. The MOF-5 was characterized to assess intrinsic properties such as 

crystallinity, morphology, functional groups at surface sites, using techniques like UVDRS, 

FTIR, XRD and FESEM. The synthesized material was also verified for its photocatalytic 

activity towards dye degradation of methyl orange (MO). The synthesized material of MOF-

5 displays excellent MO dye deprivation efficiency in a natural sunlight by facilitated 

photodegradation route.  

Keywords: porous material, MOF-5, dye degradation, methyl orange (MO) 

1. Introduction: 

In recent times, the field of Metal Organic Frameworks (MOFs) has become one of the 

foremost survey stresses in assorted fields of investigation. MOF is a coordination complex 

with organic ligands comprising prospective cavities. MOF-5 comprises of tetrahedral 

[Zn4O]6+ masses associated by benzene dicarboxylic acid linkers (BDC) to form a 3D cubic 

complex. These materials which are prepared by associating inorganic and organic units show 

pronounced flexibility with which the components geometry, size, and functionality can be 

varied1-3. Metal-organic frameworks symbolize porous materials that are building up from 
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metal ions or metallic complexes and organic ligands. Organic molecules containing one or 

more N-donor or O-donor atoms are normally used as organic ligands to bridge between the 

metal ions in MOFs. Carboxylates, pyridyl and cyano compounds, oxalic acid, and benzene, 

phosphonates, sulfonates, and crown ethers are the most common ligands used. The anions 

counterbalance the positive charge of cationic MOFs and influence the supra molecular 

structure either being coordinated to the metal ions or by occupying the pores of the   

structure4-6. The 3D assembly of MOFs is designed due to robust coordination bonds between 

the metal ions and the organic ligands and displays voids and inner surfaces, which are 

occupied by counter ions, guest molecules, and/or solvate molecules. Other types of 

interactions, such as hydrogen bonds, metal-metal bonds, and π–π interactions can occur and 

contribute to the stability of the MOFs.  The post-synthetic alteration of the MOFs later their 

production has been widely used to introduce functional assemblies and give the anticipated 

physico-chemical properties7-9. The possibility of functionalization of the size and shape of 

the pores compromises high potential for solicitations in the energy and environment, with 

gas sorption, storage, and separation, as well as metal ions and toxic molecules for analytical 

and sensing dedications, insertion of drugs, and biologically important molecules as smart 

transporters for anti-cancer and anti-microbial remedies. Since the novelty of these spongy 

porous materials, their hopeful solicitations in several fields such as, gas storage, energy 

storage, catalysis, dye degradation, drug synthesis, etc., remain to spread and have drawn 

commitment of investigators for innovative analysis and uses. High porosity gives these 

materials a high-class distinguishing possession10-14. In the present work by considering the 

remarkable photocatalytic possessions of Zn-based MOFs, the present work focuses on facile 

synthesis of MOF-5 and its application as a photocatalyst for MO dye degradation was 

evaluated. The photodegradation action of the prepared MOF-5 sample was inspected against 

methylene Orange (MO) dye in presence of natural sunlight. It is exciting to find that the 

alteration in morphology and elemental content has extraordinary consequence on 

photocatalytic activity of the MOF-5 material for dye degradation phenomenon. The current 

work highlights the solicitations of MOF-5 for MO degradation in sunlight.15-21 

2. Experimental Section 

2.1 Materials and methods  

The entire chemicals castoffs for the production of MOF-5 were of AR grade. Benzene 

dicarboxylic acid (BDC), zinc acetate dihydrate, N, N-dimethyl formide (DMF), ethanol, 

methyl orange, and DI water were used for the synthesis and degradation studies obtained 
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from SD Fine India Ltd. All the chemicals were used as received without any additional 

purification. 

 

2.2 Synthesis of MOF-5 

MOF-5 was synthesized according to a modified hydrothermal method. Zinc acetate (3.83 

mmol, 0.85g) and Benzene dicarboxylic acid (BDC) (5.30 mmol, 0.95g) were dissolved in 7 

ml N, N-Dimethyl formide (DMF) and 3 ml ethanol (ratio of 7:3) in a conical flask with 

constant stirring up to 2.5 hour at room temperature. After stirring, the mixture was 

centrifuged for 5 min at 2000 rpm. Then it was heated hydrothermally at 80°C for 2 hrs. The 

reaction mixture was then cooled and filtered. The solid product obtained was then washed 

with DMF and dried in oven. Analytical technique namely, UV-Vis, FTIR, XRD and FESEM 

were used confirm the various properties of synthesized material of MOF-5.  

2.3 Study of photocatalytic performance of MOF-5 

In the present work, the effect of initial photo catalyst (MOF-5) concentration under direct 

sunlight irradiation was inspected by changing the initial concentration from 10 to 50 mg per 

100 ml of 10 mg methyl orange (MO) dye solutions. After adding MOF-5 to methyl orange 

solution, it was exposed to ultrasonication for 1 minute to get uniform mixture. The solution 

mixture was agitated in the dark for 20-30 min to attain adsorption-desorption equilibrium.  

Then absorbance was found out in colorimeter without keeping the test-tube in the sunlight. 

After taking absorbance test-tube was kept in the sunlight for photodegradation of MO and 

absorbance was taken every day for consecutive 10 days. All the observations were noted for 

0.05M, 0.1M and 0.5M concentrations of the MO. The above method was repeated to obtain 

the data for dye degradation under dark circumstances. 

2.4 Characterization  

The pure MOF-5 was characterized to investigate its intrinsic possessions using different 

instrumental methods. UV−visible absorption measurements were taken by a UV−VIS−NIR 

spectrophotometer (SHIMADZU Pharmespec UV-1700). The UV-Vis spectroscopy was 

carried out in the range of 200–700 nm. The functional groups of MOF-5 was recognized 

using Fourier transform infrared (FTIR, Perkin Elmer/Spectrum II) spectrometer using ATR 

disc mode in the range of 500–4000cm−1 wavenumber. The powder X-ray diffraction (PXRD) 

data was collected using Rigaku Miniflex diffractometer in the angular range of 2θ = 10–70° 
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with CuKα radiation (λ = 1.5418 Å; nickel filter) and the scan speed of 1° min−1. The 

morphological studies were accompanied using field scanning electron microscopy (FESEM) 

(Hitachi Model 5890).  

3. Results and Discussion:  

The synthesized MOF-5 material was characterized by several characterization implements 

to recognize its structural and morphological feature which ultimately impacting its catalytic 

activity. The absorption spectrum of MOF-5 was recorded using distilled water as reference. 

The structural analysis of MOF-5 samples was carried out via UV, FTIR, XRD and SEM 

techniques. 

 The UV-Vis spectra (Fig.1) of MOF-5 displays maximum absorption at 300nm agrees to the 

π−π* transition demonstrated by the π electrons of 1, 4-benzene dicarboxylic acid i.e. BDC 

ligand in MOF-5 and corresponds to 1A1g to 1B2u excitation.  

FTIR investigation (Fig.2) shows the FTIR spectrum of the synthesized MOF-5. The peak at 

3450cm-1 belongs to O-H group. The peak located in 1350cm-1  relates to the symmetrical 

vibration of the carboxyl group and the other peak observed in 1600cm-1 are allocated to the 

asymmetric vibrations of the -COOH group which is one of the chief groups of terephthalic 

acid ligand. The peaks in 640, 850 and 1010cm-1 can be assigned to the bending vibration of 

the C-H bond. The peak centered at 530cm-1 is assigned to the Zn-O vibration in the Zn4O 

group. Fourier transform infrared (FTIR) spectrum of MOF-5 displays strong bands at 1659 

and 1600cm–1, which match to the C═O and C–O group stretching vibration of the aromatic 

ring of terephthalic acid.  

The PXRD pattern of MOF-5 shows (Fig.3) a peak at 2θ =9.8º which corresponds to the   

MOF-5 crystal plane. A peak at 6.1, 9.8, 13.1, 15.6 º belongs to (200), (220), (400), (420) 

planes as mentioned in the literature17-20. As shown in Fig.3, the key diffraction peaks at 6.1° 

and 9.8° approve the successful creation of MOF-5 crystalline phase. The intensity ratio of 

the powder XRD peak at 9.8º to the peak at 6.1º (denoted to as the R1 value) can be castoff to 

guess the adsorption possessions of a MOF-5 like materials. From the PXRD pattern of the 

material it is clear that the R1 value of the material is low which is responsible for the dye 

photodegradation properties of the synthesized MOF-5. Moreover the small R1 value, the 

intensity of the peak at 13.1º is high, which relates to the reflections of (400) planes of the 

cubic structure of MOF-5.21 By using Debye Scherrer equation (D = k λ / β cosθ) the particle 
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size was of MOF-5 material was calculated. The average crystallite size of MOF-5 was found 

to be 60-140nm.22   

FESEM images of MOF-5 have been represented in Fig.4. It is observed that the MOF-5 is 

generated of a large number of elliptical petals like structures as shown. The petals like 

constructions witnessed in the synthesized MOF-5 are found to be organized in regular 

assemblies which is distinctive in these 2D structures and in line with the previous 

reports 13-16. 

  

3.1 Photocatalytic activity of Methyl Orange (MO) 

The dye manufacturing alone is majorly accountable for widespread ecological destruction. 

As a consequence, it is vital to improve novel approaches to eradicate these pollutants from 

water bodies entirely. Amongst numerous methods established, photo catalytic degradation 

has received distinct devotion due to its small cost, modest process, abolition of secondary 

pollutants, and operative elimination of contaminants. Keeping these things in mind the 

prepared sample of MOF-5 was tested for the dye photo degradation study. The methyl orange 

dye degradation was carried out as explained in procedure. The results obtained after 1, 4, 6 

and 10 days are displayed in photographs. MO is a common organic dye, and it is very 

interesting to decompose it from wastewater. The photocatalytic activity of the MOF-5 is 

examined by revealing the MO solution comprising photocatalyst to natural sunlight 

radiation. There is a decrease in the peak intensities of absorption spectra (Fig.5) 

demonstrating the decomposition of the organic pollutant. The graph of concentration versus 

absorbance and time versus absorbance were plotted as shown in Fig.5 and 6 for both i.e. for 

reference and MOF-5. The synthesized material (MOF-5), due to its high photocatalytic 

activity can be efficiently cast-off for degradation of MO dye.17 It was observed that for 

complete MO dye degradation in presence of MOF-5 and natural sunlight, it required three to 

five days for various concentrations (0.05-01M) of the MO samples. Furthermore, when MO 

solutions of various concentrations were exposed to sunlight in absence of MOF-5, it was 

observed that about seven to ten days were required for complete dye degradation. It was also 

observed that when the amount of photocatalyst was increased from 10 to 50 mg, the 

photocatalytic activity was found to be increasing, which could be caused by an increased 

number of active sites on the catalyst surface. Further increase in the catalyst amount above 

50 mg diminished the activity, which could be due to the phenomenon of light scattering. 

Specifically, this can be attributed to the increased collection of particles acting as obstacles 
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for the light irradiation17-20. The optimum activity of synthesized MOF-5 was observed when 

50mg of the material was taken in various concentrations of MO in presence of sunlight. In 

absence of sunlight, no dye degradation activity of MOF sample was observed.   

3.2 Mechanism of photo catalysis under sunlight using MOF 

The photo dye degradation includes a practice in which the catalyst absorbs energy in the 

form of sunlight to produce extremely reactive free radicals in a sequences of red-ox reactions. 

If a material is exposed to sunlight, it absorb radiations and causes electronic excitation, 

generating an electron-pair hole in its conduction band and valence band. These sunlight 

created holes can oxidize H2O molecules adsorbed on the surface of catalyst to produce (OH.) 

radicals. Then, these ROS i.e. Reactive Oxygen Species may oxidize the dye molecules into 

smaller species which are harmless. MOF-based constituents display analogous properties as 

semiconductor photo catalysts. The valence band corresponds to the HOMO of the MOF, 

whereas the conduction band corresponds to the LUMO. Beneath light radiations, electrons 

are promoted from the HOMO of the ligand (BDC) and transitioned into the LUMO of the 

metal (Zn) as shown in Fig 7. The complete mechanism may be assumed from the following 

sequence of Red-ox reactions22. 

MOF-5 + sunlight (hv) →   Holes (h+) + e− ----- [1] 

e − + O2 →
 •O2 −      (Reduction  half reaction  ------ [2] 

h+ + OH−   →   •OH      (Oxidation half reaction) ------ [3] 

h+, •O2 , 
•OH + MO → CO2 + H2O (redox reaction) ------ [4] 

4. Conclusion 

In summary, we have synthesized the MOF-5 material using DMF as the solvent and fully 

characterized. The MOF-5 was designed by the facile, ecofriendly hydrothermal method and 

exploited as a photocatalyst. The successful preparation of MOF-5 nano-petals was confirmed 

through the numerous advanced analytical methods such as UV, FTIR, PXRD, and FE-SEM 

analysis. The photocatalytic properties of MOF-5 were confirmed by dye degradation study 

of methyl orange in natural sunlight. From the results obtained we can confirm that 

synthesized MOF-5 material has good porosity and hence can be successfully exploited for 

the MO degradation in presence of sunlight in small amount. It took about three to five days 

for complete MO dye degradation having concentrations 0.05M, 0.1M and 0.5M when 

exposed to 50mg of MOF-5 sample in presence of sunlight.  
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Figures: 

 
Fig.1 UV-Vis spectra of MOF-5 

 

 

 
 

Fig.2 FTIR spectra of MOF-5 

 

 

 

Fig.3 XRD spectra of MOF-5 
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Fig.4 FESEM images of MOF-5 

 

Fig.5 Absorption versus Concentration graph 

 

 

Fig.6 Absorbance versus Time graph 
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MO dye degradation study 

 

Fig.7 Mechanism of photocatalysis of MOF-5 under sunlight  
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Abstract 

This study focuses on the identification and quantification of 10 different amino acids in seven 

medicinal plants from the Western Ghats of Maharashtra, utilizing the High-Performance Thin 

Layer Chromatographic (HPTLC) technique. Notably, methionine was absent in all plant 

samples analyzed. Among the studied plants, Glochidion ellipticum demonstrated significantly 

high concentrations of lysine, threonine, valine, and leucine compared to other species. In 

contrast, Bombax malabaricum was found to have the lowest amino acid content. 

Key words:  Amino Acid Profiling, Medicinal Plants, HPTLC Analysis 

1.Introduction 

Since ancient times, medicinal plants have been instrumental in treating a wide range of 

ailments1. In recent years, herbal medicines have gained considerable attention as alternative 

therapies for preventing and managing various disorders, despite the largely unknown 

mechanisms underlying their efficacy. This growing interest has driven extensive research 

aimed at analyzing medicinal plants and uncovering their potential health benefits. This 

growing interest has driven extensive research aimed at analyzing medicinal plants and 

uncovering their potential health benefits2.The therapeutic properties of these plants are 

primarily attributed to their diverse chemical constituents, which exert significant 

physiological effects on the human body. Among these, bioactive compounds such as alkaloids, 

tannins, saponins, steroids, flavonoids, amino acids, and terpenoids are recognized for their 

potent antioxidant activities3. 

Amino acids are crucial in protein synthesis and serve as precursors for secondary metabolites. 

They also engage in numerous physiological processes, including skeletal muscle function, 

atrophic conditions, sarcopenia, cancer, cell signalling, homeostasis, gene expression, hormone 

mailto:rathod.vivek@live.com
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synthesis, and protein phosphorylation, and possess antioxidant properties4-7Therapeutically, 

amino acids are employed in treating brain metabolism and neurotransmission imbalances, 

enhancing immune function, and supporting cardiovascular and gastrointestinal health8 They 

are also used in managing liver diseases, fatigue, skeletal muscle damage, cancer prevention, 

burns, trauma, sepsis, maple syrup urine disease, and diabetes9. A survey of the literature 

reveals that there is limited data on the identification and quantification of amino acids in 

medicinal plants10-12, hence the present work is undertaken to identify and quantify ammino 

acids in a few medicinal plants from western ghats, Maharashtra. 

Various analytical methods have been developed for amino acid determination. Early methods 

by Moore and Stein13 involved derivatization and detection in the visible region using an amino 

acid analyzer, which, while reliable, are costly and time-consuming14.Chromatographic 

techniques such as GC-MS15 RP-HPLC16 HPLC17, and capillary electrophoresis18  are also 

employed but are similarly time-intensive.In comparison, High-Performance Thin-Layer 

Chromatography (HPTLC) offers simplicity; it allows for the analysis of multiple samples at a 

relatively low cost and does not necessitate extensive clean-up procedures of crude samples, 

even for quantitative analysis.HPTLC enables the examination of the same sample at different 

wavelengths, providing a comprehensive profile of the plant sample19,20.Consequently, HPTLC 

is globally utilized for characterizing crude plant drugs, pharmacologically active components, 

and other formulations21 . 

2. Experimental 

 

2.1 Selection of plants 

The selected plants were collected form Mahabaleswar and Bhimashankar region of Western 

Ghats from Maharashtra and were authenticated at Agharkar Research Institute (ARI, 

MACS), Pune.  

The study deals with the analysis of Glochidion ellipticum (bhoma), Aspidium cicutarium 

(Kombad nakhi), Mimosa pudica (lazalu bee), Bergenia legulata (pashan bhed), Mesua 

ferrea Linn (Nag keshar), Curculigo orchiodies (Kali Musli) and Bombax malabaricum 

(shalmali kanta). The parts selected from these plants were leaves, rhizome, seeds, stem, 

anther, stem and thorns respectively.  
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The names of medicinal plants along with their use in  medicinal plants  in different treatments 

are mentioned below: 

Bhoma-cancer, Kombad nakhi-toncils and bleeding, Lazalu-astingent, Pashan bhed-renal sone 

and diuretic, Nagkeshar-bleeding and inflammation, kali musali- tonic, shalmali kanta- 

anticoagulant and inflammation. 

2.2 Preparation of plant extract 

5 g of air died plant sample was placed in the extractor of the Soxhlet apparatus and extracted 

with ethanol by continuous extraction for 8h, the obtained solution was concentrated on rota 

vapour. It was then mixed with methanol and used for HPTLC analysis 

2.3 Determination of Amino acids by HPTLC technique  

Each amino acid standard was prepared at a concentration of 0.5 mg mL-1 in methanol and 

water (50:50). Ninhydrin reagent was prepared by dissolving 0.6g of ninhydrin in 15 mL of 

glacial acetic acid and diluting it with 285 mL of iso-propanol. This reagent was used for post 

derivatisation of amino acids.  

2.3.1 Instrument and conditions  

A Camag HPTLC system with an automatic TLC sampler (Camag Linomat 5), TLC scanner 

3, with UV cabinet and twin trough was used for the analysis. TLC plates of Merck, India were 

used for analysis with specification of 20 x 10 cm long, pre- coated with silica gel 60 F254, 

thickness of 0.2 mm. 100 μL syringe was used for sample spotting. The automated sampler 

Camag Linomat 5 was set to apply the sample spots (bands) of 8 mm length at an interval of 4 

mm between the two bands and at a height of 7 mm from the bottom of the plate. Camag glass 

twin trough chamber was used for plate development. The developed plate was scanned using 

Camag TLC scanner 3 with Win CAST 1.4.4.6337 software.  

2.3.2 Plate development and derivatization  

The standard solutions of amino acids were prepared in methanol and water (50 :50). 15 μL of 

plant sample and 2 μL of standard amino acid were applied on the HPTLC plate using the 

Linomat-5 semi autosampler and sampling syringe. HPTLC twin trough chamber (20 X 10 cm) 

was pre-saturated with 15 mL of mobile phase for 10 min. The samples and standard mixtures 
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on the plate were run simultaneously over a migration distance of 7.5 cm. The mobile phase 1-

butanol: glacial acetic acid: water (4: 1: 1) was chosen after several preliminary experiments. 

After development, the plate was dried in the oven at 85 oC for 5 min. the plate was sprayed 

with ninhydrin reagent and again dried in the oven for 5 min. the coloured spots on the HPTLC 

plates were then scanned with CAMAG TLC scanner linked to Win CAST software.  

3. Results and Discussion 

Ten different  amino acids in 7 different plants were estimated in the present work. Their role 

human body is presented in Table 1 

3.1 Analysis of plants for amino acid content 

The mobile phase used for analysis of amino acids was selected on basis of prior literature 

reports of similar separation system and trials. To achieve effective separation of amino acids, 

various combination of mobile phase like 4:3:1, 4:3:3, 4:1:1 and 4:2:2 (1- butanol: glacial acetic 

acid: water) were tried. It was found, that 4:1:1 mixture of 1- butanol: glacial acetic acid: water 

gave good separation, with symmetrical and reproducible peaks of standard amino acids. The 

HPTLC plates were visualized at 366 and 512 nm wavelengths as shown in the Fig.1 and Fig. 

2 respectively. The Rf values of the standards and colour of zone are given in Table 2  

The HPTLC chromatogram of 10 amino acid standards and plant samples at 512 nm 

are shown in the Figs. 3 and 4 respectively. 

The quantification of the amino acids present in the plants under study are compiled 

in the Table 3, the results are with an accuracy of +/- 2-4%. 

An examination of Table 3 reveals that all the plant samples show absence of 

Methionine whereas, Aspartic acid (2.1 mg/g) and Proline (1.36 mg/g) were found in Aspidium 

cicutarium only. Glochidion ellipticum was found to be rich in Lysine (4.9 mg/g) among all 

the plant samples studied. Mimosa pudica was the only plant under study which showed 

presence of Histidine (0.05 mg/g). The highest amount of Threonine was found in Aspidium 

cicutarium (1.18 mg/g) whereas, it is absent in Mesua ferrea and Curculigo orchiodies. 

Glochidion ellipticum (0.85 mg/g) showed the highest Valine content whereas Mesus ferrea 

(0.12 mg/g) showed the least content. 

 The highest concentration of Leucine was observed in Glochidion ellipticum (1.55 

mg/g) and was found to be absent in Mimosa pudica and Bombax malabaricum. Serine was 
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found only in Curculigo orchiodies (0.41 mg/g) and Mimosa pudica (0.13 mg/g). Bergenia 

legualata, Mesua ferrea and Curculigo orchiodies showed the significantly high concentration 

of Alanine. Meusa ferrea (9.46 mg/g) showed the highest Alanine content. From the Table 2 it 

can be summarized that Glochidion ellipticum is found to be rich in Lysine, Threonine, Valine 

and Leucine with significantly high concentrations as compared to other plants studied 

whereas, Bombax malabaricum contains lowest concentration of amino acids Leucine and 

Threonine.   

Conclusion:  

HPTLC studies of different medicinal plants from Western Ghats of Maharashtra for various 

ammino acids estimation revealed that Glochidion ellipticum was found to be rich in Lysine, 

Threonine, Valine and Leucine with significantly high concentration as compared to other 

plants. Methionine was found to be absent in all the plants while Bombax malabaricum was 

found to contain the lowest amount of amino acids 
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Figures: 

 

 
 

Fig.1 HPTLC plate with standards and plant samples before derivatization and 

visualized at 366 nm 

 

 
 

Fig. 2 HPTLC Plate with standards and plant sample after derivatization with 

ninhydrin and visualized at 366 nm 
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Fig.3 HPTLC chromatogram of standard Amino Acids 
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Fig. 4 HPTLC chromatogram of Glochidion ellipticum (GE), Bombax malabaricum 

(BM),Aspidium cicutarium (AC),Curculigo orchiodies (CO),Mimosa pudica (MP),Mesua 

ferrea (MF), Bergenia legulata (BL)  
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Tables: 

Table 1: Role of Amino Acids in human body  

Sr. 

No  
Amino acid  Role in human body  

1  Alanine  
Helps in metabolism of sugar and organic acids, enhances immunity and 

gives energy to the brain and central nervous system.  

2  
Aspartic 

acid  

Helps in proper functioning of RNA and DNA, associated synthesis of 

immunoglobulin and antibody.  

3  Histidine  
It regulates the uptake of metals like Fe, Cu, Mo, Zn and Mn. It also helps 

in formation of metal containing enzymes.  

4  Leucine  
It helps in regulating blood sugar levels, stimulates growth of bone tissues 

and muscles and formation of growth hormones.  

5  Lysine  
Responsible for Ca uptake, help in building muscle protein and formation 

of collagen.  

6  Methionine  Helps in single carbon transfer and detoxification of liver  

7  Proline  
Helps in maintaining strength of heart muscle, proper functioning of joints 

and tendons  

8  Serine  
Important functioning of brain, CNS and maintaining overall physical and 

mental health of body  

9  Theronine  
Supports in smooth functioning of digestive system and liver metabolism. 

It is part of elastin, collagen, and enamel protein.  

10  Valine  
Responsible for smooth functioning of nervous system, muscles, immune 

system and cognitive  

 

Table 2: Rf values of standard amino acids and colour of zone detected with Ninhydrin 

reagent  

 

Amino Acid Rf value Colour 

L- Lysine 0.04 Yellow 

L- Histidine 0.03 Brown 

L-Aspartic Acid 0.15 Pale Violet 

L-Threonine 0.26 Brown 

L- proline 0.48 Brown 

L-Methionine 0.45 Brown 

L-Valine 0.43 Brown 
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L-Leucine 0.59 Brown 

L-Serine 0.20 Brown 

β-Alanine 0.25 Violet 

 

Table 3: Concentration of amino acids in plant samples under study  

Amino Acids Concentration (mg/g) 

Plant 

Name  
Lysine Histidine 

Aspartic 

acid  
Threonine Proline Methionine Valine Leucine Serine Alanine  

Glochidion 

ellipticum 4.90 ND ND 1.17 ND ND 0.85 1.55 ND ND 

Aspidium 

cicutarium  1.23 ND 2.1 1.18 1.36 ND ND 0.11 ND ND 

Mimosa     

pudica ND 0.05 ND 0.65 ND ND 0.21 ND 0.13 ND 

Bergenia  

legulata ND ND ND 0.81 ND ND ND 0.17 ND ND 

Mesua      

ferrea ND ND ND ND ND ND 0.12 0.11 ND 9.46 

Curculigo  

orchiodies  0.62 ND ND ND ND ND 0.13 0.23 0.41 4.77 

Bombax 

malabaricum 0.32 ND ND 0.58 ND ND ND ND ND ND 

ND = Not Detected  
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Textbook of Environmental Education for Undergraduates, edited by Dr. Dilip Ganguly and 

Dr. Vikram Ghole, is a significant contribution to the academic world, thoughtfully aligning 

with the National Education Policy (2020) and the curriculum framework for environmental 

education outlined by the University Commission (June 2023). This book provides a detailed 

exploration of critical environmental topics and serves as an excellent resource for students and 

educators alike. 

The book begins by examining the interaction between humans and the environment, gradually 

delving into essential themes such as the sustainable use of natural resources, the pressing 

environmental issues arising from human interventions, and the need for biodiversity 

conservation. It addresses various types of pollution, their impacts on human health, and the 

growing challenge of climate change. Concluding with discussions on environmental 

management, treaties, and legislation, the text offers a well-rounded perspective on the subject. 
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The book is systematically divided into eight units, covering a wide array of vital topics: 

 Humans and Environment – Exploring the intricate relationship between human 

activities and their environmental impact. 

 Resources and Development – Delving into the sustainable use of natural resources 

and their role in development. 

 Environmental Issues: Local, Regional, and Global – Addressing the spectrum of 

environmental challenges at various scales. 

 Conservation of Biodiversity and Ecosystems – Highlighting the importance of 

preserving biodiversity and maintaining ecological balance. 

 Environmental Pollution and Health – Discussing the effects of different types of 

pollution on health and the environment. 

 Climate Change: Causes, Impacts, and Mitigation Measures – Analyzing the 

causes and consequences of climate change while proposing actionable solutions. 

 Environmental Management – Offering insights into sustainable environmental 

practices and strategies. 

 Environmental Treaties and Legislations – Providing an overview of significant 

international and national efforts to safeguard the environment. 

What sets this book apart is its student-friendly approach. Each chapter includes thought-

provoking questions and project ideas, fostering critical thinking and application-based 

learning. Additionally, links/QR codes for further reading encourage students to explore 

the subject in greater depth. The simple and lucid language ensures that learners from 

diverse academic backgrounds can easily comprehend and appreciate the content. 

This book will undoubtedly benefit undergraduate students, postgraduate students, and 

aspirants preparing for competitive examinations. Congratulations to Dr. Dilip Ganguly, 

Dr. Vikram Ghole, and the team of 18 expert authors for creating this well-rounded and 

insightful guide to environmental education. 

The book is published by Atlantic publishers & distributors and is available on 

www.atlanticbooks.com. 

 
 


