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Abstract

The synthesis of covalent triazine framework (CTFs) conventionally requires prolonged 

reaction time, particularly when prepared through nucleophilic substitution between 2,4,6-

trichloro-1,3,5-triazine (TCT) and amino acid based functional monomers. In this study, a 

Fe3O4-adn-(1,3,5-triazine-2,4,6-triyl)triproline nanocomposite was successfully synthesised 

and characterised by FT-IR, DSC, TGA, XRD, SEM and VSM analyses. The developed 

material demonstrates excellent adsorption proportion for the removal of hazardous industrial 

dyes including Reactive Red-195 (RR-195), Reactive Blue-222 (RB-222), and Reactive Black-

5 (RB-5). Batch adsorption studies at 10% dye concentrations under alkaline conditions 

revealed high removal efficiencies of 95.8% (RR-195), 95.0% (RB-222), and 94.6% (RB-5) 

from real industrial effluents. Kinetic modelling indicate that the adsorption follows a pseudo-

second-order mechanism, while isotherm analysis confirmed suitability of Langmuir 

adsorption model, suggesting mono layer adsorption. Reusability testing further showed that 

adsorption retained over 65% removal efficiency after ten successive cycles, establishing in 

potential as a sustainable, cost effective and recyclable material for waste water treatment and 

dye remediation applications.

Key words: nanocomposite, covalent triazine framework, industrial effluents, adsorption 
kinetics, Langmuir isotherm
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Scheme 1 A scheme showing Fe3O4-adn-(1,3,5-triazine-2,4,6-triyl)triproline nanocomposite 
and use for removing industrial organic dyes.

1. Introduction

Industrial wastewater establishes a substantial source of aquatic contamination, threatening 

both ecological equilibrium and human health. Among miscellaneous industrial effluents, 

printing and dyeing wastewater from textile industry is predominantly stressful due to its 

discriminating chemical oxygen demand (COD), high concentration of hazardous organic 

compounds, and pronounced colors 1-6. The textile dyeing business produces wastewater 

weighed down with synthetic colors, hence escalating environmental contamination. Water that 

has been contaminated with dye can irrigate the eyes and skin when breathed in or touched. It 

is also linked to allergy reaction like conjunctivitis, contact dermatitis, asthma and rhinitis. 

Research has shown that azo dyes can interfere with ovulation and sperm production, whereas 

reactive dyes may attach to human serum albumin, causing the body to make immunoglobulin 

E and release histamine. Azo dyes have been linked to cancer in organs like the liver, bladder, 

and spleen, as well as chromosomal problems and mammalian cells 7-12. It is very important 

for industries that use dyes to cleanse wastewater that contains dyes properly before releasing 

it into bodies of water. This is because dye-contaminated wastewater poses serious threats to 

health and the environment. 

A diverse array of physiological and biological techniques has been employed to assuage 

wastewater contamination, encircling membrane filtration, flocculation, co-precipitation, 

photodegradation, and biological treatment. Among these stratagems, adsorption onto porous 

materials has publicized to be one of the most successful methods owing to its high efficiency, 

low operation cost, simplicity, and environmental compatibility. Recent years have seen an 

increase in environmental alertness and governing focus, leading to discriminating interest in 
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the development of sustainable materials that provide an eco-friendly and economical 

reasonable solution for industrial wastewater treatment and abolition of toxic organic pollutants 
13-18.

The employment of magnetic particle technology for environmental redress has harvested 

momentous research interest in recent year. Magnetic adsorbents provide an exceptional 

benefit, as they can be fluently extracted from aqueous solutions using an external field, 

smoothing effective recovery and reutilization. Miscellaneous magnetic adsorbent-including 

magnetic nanoparticles, organic group modified and chitosan, along with magnetic Fe3O4 

particles-have been engineered and thoroughly considered for the abstraction of dyes from 

wastewater. The manufacture of these magnetic materials is recurrently elaborate, with 

frequent preliminary processes and surface changes, moreover, several of these materials have 

low surface areas, leading to restricted adsorption capabilities, hence limiting their practical 

utility in extensive wastewater treatment systems 19-26.

2,4,6-Trichloro-1,3,5-Triazine (TCT), also referred to as cyanuric chloride, is a significant 

heterocyclic chemical that structurally resembles aromatic benzene, including altering carbon 

and nitrogen atoms. The electron-deficient triazine ring core has robust electron accepting 

properties, facilitating diverse interaction with various contaminants. The features of TCT 

render are a persuasive predecessor for the amalgamation of functional polymers and hybrid 

materials with regenerable compatibilities, appropriate for applications together with 

photocatalysis, adsorption, and environmental remediation 27. 

In this respect, surface functionalisation obliges as an admirable process to improve fussiness 

and customise surface properties for particular applications. An effective method to 

functionalize L-proline and adenine while preservative their intrinsic structural integrity is the 

assimilation of organic functional groups into the surface. The amendment of the L-proline and 

adenine with reactive functionalities that permit the ensuing grafting of organic moieties offers 

an approach to the construction of hybrid materials. These functionalised systems validate 

improved kinship for dyes with both hydrophobic and hydrophilic groups, allowing the 

effective adsorptive removal of a prevalent array of contaminated for aquatic environments 28-

30.

To sum up, we have successfully developed a covalently functionalised triazine-capped Fe3O4 

nanocomposite that functions as an extremely effective magnetically recoverable adsorbent for 

removing reactive dyes from wastewater solutions. Numerous active sites that facilitate strong 
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interaction, and π-π interactions are introduced when nitrogen-rich triazine groups are 

incorporated onto the surface Fe3O4 31-34. The high adsorption capacity, rapid adsorption 

kinetics, and remarkable magnetic separability of this resultant nanocomposite enable effective 

adsorbent recovery and reuse without appreciable performance degradation over multiple 

cycles 35-37. The current material advantages are due to direct covalent surface modification, 

which increases the availability of active sites and improves adsorption efficiency when 

compared to previously reported magnetic triazine-based systems 38. According to result, 

magnetic nanocomposites functionalised with triazine provide a promising basis for developing 

recyclable adsorbents for wastewater treatment 39.

This study seeks to create hybrid structure of L-proline, adenine, magnetite nanoparticles with 

multifunctional capabilities by strategic chemical design. This method tangled the careful 

selection of organic components, emphasizing molecules having functional groups that may 

easily abbreviate with carboxylate function on L-proline surface and amino group on adenine. 

The adsorption efficacy of these materials was asses using Reactive Red-195, Reactive Blue- 

222, Reactive Black-5 dyes as representative industrial contaminants. Essential adsorption 

constraints were refined, and the equilibrium data were evaluated utilising Langmuir and 

Freundlich isotherm models, while the kinetics of the physiological adsorption process were 

methodically scrutinized.

2. Experimental section

2.1. Materials and methods

Cyanuric chloride (s-triazine, sigma-aldrich), L-proline (Loba Chemie), Adenine (Loba 

Chemie), Potassium carbonate (Loba Chemie), Fe3O4 nanoparticles with average particle size 

around 50-100 nm (sigma-aldrich) were used without further purification. We also got the 

industrial effluent from Meghmani dyes and intermediates Ltd. In Ahmedabad, Gujarat. It had 

a mix of three dyes: Reactive Red (RR-195), Reactive Blue 222 (RB-222) and Reactive Black-

5 (RB-5). The chemical structure and characteristics of the dyes are shown in Fig. 1. All testing 

methods were conducted utilizing ultrapure double-distilled water to guarantee the elimination 

of contaminants. 
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Fig.1 Characteristics of Reactive Red 195 (RR-195), Reactive Blue 222 (RB-222) and Reactive Black 
5 (RB-5) dyes

2.2. Instrument and characterization 

The synthesized Fe3O4-adn-(1,3,5-triazine-2,4,6-triyl)triproline nanocomposite was 

characterized to confirm its chemical structure and thermal stability. The characterization of 

the synthesized material was carried out using various analytical techniques, including Fourier 

Transform Infrared (FTIR) spectroscopy (Perkin Elmer, USA), X-ray diffraction (XRD) 

analysis (Bruker D8 Advance, Cu target X-ray tube, X-ray power: 2 kW, Detector: LYNXEYE 

XE-T, scanning range: 2° to 136°), thermogravimetric analysis (TGA) (Perkin Elmer-4000, 

USA), and Differential scanning calorimetry (DSC) (Perkin Elmer-800, USA). N2 adsorption-

desorption isotherm was obtained using micrometrics 3Flex analyser and smart Vac Degasser 

to get the surface area and pore volumes.  Additionally, a UV-Vis spectrophotometer (UV/Vis 

160A, Shimadzu, Japan) was used for spectroscopic analysis.

2.3 Dye adsorption studies 

The adsorption experiments were conducted under controlled conditions to ensure 

reproducibility and accurate evaluation of adsorption performance. Batch adsorption studies 

were carried out 25 ± 2 ºC with continuous agitation at 150 rpm using an orbital shaker in order 

to maintain uniform dispersion of adsorbent and enhance mass transfer between the dye 

molecules and adsorption sites. The equilibrium time was set at 60 minutes based on 

preliminary kinetic experiments that demonstrated that adsorption equilibrium was reached 

within this time frame. A 10% dye concentration was selected to mimic relatively high dye 
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loading conditions frequently found in industrial textile effluents in order to evaluate the 

adsorption capacity and efficacy of the triazine-capped Fe3O4 nanocomposite under realistic 

wastewater scenarios. The adsorption performance of the Fe3O4-adn-(1,3,5-triazine-2,4,6-

triyl)triproline nanocomposite toward Reactive Red 195(RR-195), Reactive Blue 222 (RB-

222) and Reactive Black-5 (RB-5) was evaluated using batch experiments. 

The adsorption kinetic experiments were carried out in 50 mL of dye effluent solution at room 

temperature. The synthesized material was used as an adsorbent dosage about 25 mg and added 

to the Reactive Red (RR-195) dye solutions with concentration 300 mg/L. The effect of 

solution pH, treatment time, effect of adsorbent dosage and initial dye concentration were 

systematically evaluated in separate experiments.  After equilibrium, the solutions were 

analysed. The adsorption capacity and % removal was calculated using following equations. 

0( ) /e eq C C V m= -    ……………  (1)

where C₀ and Cₑ (mg/L) are the initial and equilibrium concentrations of dyes, respectively; V 

(L) is the volume of the solution; and m (g) is the synthesized materials.

0 0R (%) ( / ) 100C C C X= - …………….(2)

where C0 is the initial concentration of dye, C is the equilibrium concentration, V is the volume 

of the solution, m is the mass of adsorbate.

3. Results and discussion

3.1. Synthesis of (4,6-dichloro-1,3,5-triazin-2-yl)proline

A mixture of cyanuric chloride (18.44 g, 0.1 mol) in acetone was agitated with an aqueous 

sodium bicarbonate solution (8.40 g in 100 mL of distilled water) at 0-5 °C for 2 hours. A 

solution of L-proline (11.51 g, 0.1 mol) was added dropwise to the cooled reaction mixture 

while maintaining continuous stirring. The reaction was sustained at a constant temperature for 

a further 3 hours to guarantee full substitution. The resultant solid precipitate was filtered, 

meticulously rinsed with distilled water, and dried. The crude product was subsequently 

recrystallized from ethanol to provide the purified L-proline-substituted cyanuric chloride 

derivative.

2.2. Synthesis of (1,3,5-triazine-2,4,6-triyl)triproline

A solution of (4,6-dichloro-1,3,5-triazin-2-yl)L-proline (26.03 g, 0.1 mol) in 40 mL of acetone 

was incrementally added to a stirred mixture of sodium hydroxide (16 g, 0.4 mol) and L-proline 
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(23.03 g, 0.2 mol) at ambient temperature. The reaction mixture was agitated constantly for 3 

hours, then refluxed at 80 °C for a further 3 hours to pledge complete condensation. Upon 

completion of the reaction, the resultant precipitate was collected via filtration, meticulously 

washed with distilled water, and dried. The crude product underwent purification via 

recrystallization from acetone to provide the required chemical. The Fujiwara test revealed the 

lack of unreacted dichloro-s-triazine, confirming effective substitution and the purity of the 

final product.

2.3. Synthesis of Fe3O4-adn-(1,3,5-triazine-2,4,6-triyl)triproline nanocomposite 

To synthesize triazine-modified magnetic polymeric networks, activated Fe₃O₄ (0.50 g) was 

initially disseminated in N,N-dimethylformamide (DMF, 50 mL) and sonicated for 1 hour to 

get a homogenous suspension. Subsequently, 37.84 g of (1,3,5-triazine-2,4,6-triyl)triproline, 

stirred mixture of sodium hydroxide and adenine (13.51 g, 0.1 mol) were incorporated into the 

mixture, and the reaction was refluxed for 48 hours with constant agitation. Upon completion, 

the black solid product was magnetically separated, meticulously cleaned with ethanol and 

deionized water, and subsequently dried at ambient temperature. Fig. 2. presents a schematic 

illustration of the preparation of Fe3O4-adn-(1,3,5-triazine-2,4,6-triyl)triproline 

nanocomposite. 
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Fig. 2. Plausible reaction scheme and structure of Fe3O4-adn-(1,3,5-triazine-2,4,6-

triyl)triproline nanocomposite

3. Result and discussion

3.1. Fourier transform infrared (FTIR) 

3.1.1. FTIR of (4,6-dichloro-1,3,5-triazin-2-yl)proline

The FTIR (Fig.3A) Spectra of (4,6-dichloro-1,3,5-triazin-2-yl)proline exhibited a wide band at 

3157 -3070 cm-1 indicative of O-H/N-H stretching vibrations. A prominent peak at 1674 cm-1 

was attributed to the C=O stretching pf proline unit, whilst band between 1624 and 1574 cm-1 

were ascribed to -CH2 and C-N vibrations, whereas the range of 845-700 cm-1 exhibited 

distinctive C-Cl stretching, corroborating the synthesis of the intended triazine-proline 

derivative. 

3.1.2. FTIR of (1,3,5-triazine-2,4,6-triyl)triproline
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The FTIR (Fig.3B) spectra of (1,3,5-triazine-2,4,6-triyl)triproline shown large adsorptions at 

3080-2924 cm-1, attributed to O-H and N-H stretching vibrations. Prominent bands at 1751 and 

1710 cm-1 are indicative of C=O stretching, whereas peaks in the range of 1593-1508 cm-1 

signify attributed to C-N and CH2 vibrations, whereas bands at 833-542 cm-1 validated triazine 

ring deformation and skeletal modes. These characteristics together simplify the institution of 

the triazine-proline network.

3.1.3. FTIR of Fe3O4-adn-(1,3,5-triazzine-2,4,6-triyl)triproline nanocomposite

The FTIR (Fig.3C) spectrum of Fe3O4-adn-(1,3,5-triazine-2,4,6-triyl)triproline nanocomposite 

has a wide band at 3209-3053 cm-1, ascribed to the overlapping O-H/N-H stretching of adenine 

and proline, alongside aliphatic C-H bands at 2885 and 2833 cm-1. Intense adsorption at 1776-

1714 cm-1 and 1061-1051 cm-1 correspond to C-N/C=C skeleton and C-N/C-O stretching 

vibrations, respectively. The peaks at 842-763 cm-1 result from vibrations of the 

triazine/adenine ring. The distinctive Fe-O stretching bands 540, 447 and 419 cm-1 validate the 

presence of the magnetite core and effective organic capping.

Fig. 3. FTIR spectra of (4,6-dichloro-1,3,5-triazin-2-yl)proline (A), (1,3,5-triazine-2,4,6-
triyl)triproline (B) and Fe3O4-adn-(1,3,5-triazine-2,4,6-triyl)triproline nanocomposite(C) FTIR 
spectrum of regenerated Fe3O4-adn-(1,3,5-triazine-2,4,6-triyl)triproline nanocomposite after 
adsorption-desorption cycles (D)
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3.1.4. FTIR of regenerated Fe3O4-adn-(1,3,5-triazzine-2,4,6-triyl)triproline nanocomposite

FTIR spectroscopy (Fig.3D) was used to assess the structural stability of Fe3O4-adn-(1,3,5-

triazine-2,4,6-triyl)triproline nanocomposite following adsorption-desorption cycles. The 

spectrum demonstrates that the regenerated material maintained the distinctive vibrational 

bands seen in the new adsorbent. Aromatic C-H stretching is represented by the bands at 3094 

cm-1, whereas aliphatic C-H vibrations are represented by the bands at 2924 and 2852 cm-1.the 

triazine ring C=N stretching is responsible for the prominent peak at 1665 cm-1, while aromatic 

ring vibrations are represented by the bands at 1598-1556 cm-1. While bands at 1209-1035 cm-

1 show C-N/C-O vibrations, peaks at 1444-1354 cm-1 are the result of C-N stretching. The 

preservation of the Fe3O4 core is confirmed by the Fe-O stretching band in low-frequency 

region. The significant shift in peak locations show that the chemical framework is unaltered 

following recycling.  

3.2. Different scanning calorimetry (DSC)

3.2.1. DSC of Fe3O4-adn-(1,3,5-triazine-2,4,6-triyl)triproline nanocomposite 

The DSC thermogram (Fig.4A) Fe3O4-adn-(1,3,5-triazine-2,4,6-triyl)triproline nanocomposite 

displays several temperature changes, indicating the intricate structure of the hybrid 

nanocomposite. The slight endothermic variation noted below 120 ºC is attributed to the release 

of absorbed or loosely bound moisture. Distinct glass transition events observed at 189-196 ºC 

and 270-282 ºC are ascribed to the segmental relaxation of adenine and triazine proline 

moieties, respectively, within polymeric shell. The extensive exothermic shift over 300 ºC, 

succeeded by a significant thermal event at 493-506 ºC, signifies ongoing structural 

reorganization, crosslinking, and subsequent breakdown of the organic matrix. The continuity 

of transition at high temperature validates the significant thermal stability and robust interfacial 

interaction between the Fe3O4 core and the organic triazine-adenine-proline framework.

3.1.2. DSC of dye absorbed Fe3O4-adn-(1,3,5-triazine-2,4,6-triyl)triproline nanocomposite 

The DSC thermogram (Fig.4B) dye-adsorbed Fe3O4-adn-(1,3,5-triazine-2,4,6-triyl)triproline 

nanocomposite exhibits remarkable multi step thermal changes, signifying structural alteration 

following dye absorption. The earliest endothermic phenomenon occurring below 120 ºC 

relates to desorption of physically absorbed moisture or solvent remnants. Three distinct glass 

transition areas are identified at 160-162 ºC, 184-189 ºC, and 265-287 ºC, with corresponding 

Cp values of 0.234, 0.610, and 0.378 J g-1 K-1. The lower-temperature transitions are ascribed 
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to localized molecular relaxations within the adenine and triazine-proline domains, whereas 

the higher temperature Tg indicates constrained segmental motion resulting from robust 

interfacial interaction among Fe3O4 core, organic matrix, and adsorbed dye molecules. The 

lack of a significant degradation exotherm upto 400 ºC suggests that the hybrid preserves its 

thermal integrity following dye absorption. The DSC profile indicates that the dye absorption 

improves molecular packing and thermal rigidity in Fe3O4-adn-(1,3,5-triazine-2,4,6-

triyl)triproline nanocomposite network.

Fig. 4. DSC of Fe3O4-adn-(1,3,5-triazine-2,4,6-triyl)triproline nanocomposite (A) and RR-
195 dye adsorbed Fe3O4-adn-(1,3,5-triazine-2,4,6-triyl)triproline nanocomposite (B)

3.3. Thermogravimetric analysis (TGA)

3.3.1. TGA of Fe3O4-adn-(1,3,5-triazine-2,4,6-triyl)triproline nanocomposite

The TGA curve (Fig.5A) of Fe3O4-adn-(1,3,5-triazine-2,4,6-triyl)triproline nanocomposite 

displays two significant stages of weight reduction. The initial substantial loss of around 70.5% 

within the temperature range of 50-320 ºC is attributed to the elimination of physically absorbed 

water and the degradation of surface-attached chemical groups, including adenine, triazine, and 

proline moieties. The second stage, accounting for roughly 27.4% between 350-500 ºC, is 

ascribed to the breakdown of the residual organic matrix covalently bonded to the Fe3O4 

surface. Above 500 ºC, the mass remains relatively unchanged, signifying the establishment of 

thermally stable Fe3O4 residue. The results validate effective capping of Fe3O4 nanoparticles 

with the organic triazine-adenine-proline framework, resulting in improved thermal stability.

3.3.2. TGA of dye adsorbed Fe3O4-adn-(1,3,5-triazine-2,4,6-triyl)triproline 

nanocomposite 

The TGA (Fig.5B) profile of dye-adsorbed Fe3O4-adn-(1,3,5-triazine-2,4,6-triyl)triproline 

nanocomposite reveals three discrete stages of weight loss. The preliminary 3.8% reduction 

below 140 ºC is ascribed to the elimination of physically adsorbed water and moisture. The 
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principal decomposition phase of approximately 39.5% occurring between 200-350 ºC pertains 

to the thermal degradation of the organic coating, encompassing adenine, triazine, proline 

linkages, and the adsorbed dye molecules. Additional 8.2% loss between 400-500 ºC results 

from the degradation of tightly bonded residual organic constituents and dye fragments. Above 

550 ºC, the curves stabilize, signifying the existence of thermally stable Fe3O4 residue. This 

thermal pattern validates effective dye adsorption and robust stability of the organic- inorganic 

hybrid.

Fig. 5. TGA curves of Fe3O4-adn-(1,3,5-triazine-2,4,6-triyl)triproline nanocomposite (A) and 

RR-195 dye adsorbed Fe3O4-adn-(1,3,5-triazine-2,4,6-triyl)triproline nanocomposite (B)

3.4. XRD of Fe3O4-adn-(1,3,5-triazine-2,4,6-triyl)triproline nanocomposite 

The XRD (Fig.6) pattern of Fe3O4-adn-(1,3,5-triazine-2,4,6-triyl)triproline nanocomposite 

exhibits distinct diffraction peats at 2θ ≈ 30.2, 35.5, 43.2, 53.6, 57.1, and 62.7, which 

correspond to the (220), (311), (400), (422), (551), and (440) planes of cubic inverse spinal 

Fe3O4 (JCPDS No. 19-0629). The lack of contaminant phases verifies the phase purity of 

magnetite. A diffuse broad background in the 15-30º range is ascribed to the amorphous organic 

capping layer. The persistence of Fe3O4 diffraction peaks post-functionalization signifies 

effective surface capping without modification of the crystalline structure, validating the 

creation of Fe3O4 based organic-inorganic composite. 
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Fig. 6. XRD Patterns of Fe3O4-adn-(1,3,5-triazine-2,4,6-triyl)triproline nanocomposite

3.5. Vibrating sample magnetometer (VSM) 

The VSM hysteresis loop (Fig.7) of Fe3O4-adn-(1,3,5-triazine-2,4,6-triyl)triproline 

nanocomposite displays an S-shaped curve with little coercivity (Hc<50 Oe) and exceedingly 

low remanence, indicating, indicating super magnetic characteristics at ambient temperature. 

The saturation magnetisation (Ms ≈ 0.26 emu) is inferior to that of bare Fe3O4, a phenomenon 

ascribed to the existence of the non-magnetic triazine-triproline capping layer. nonetheless, the 

composite preserves adequate magnetic responsiveness, facilitating effective magnetic 

separation while upholding surface functionalization.

Fig. 7. Magnetic hysteresis curve of Fe3O4-adn-(1,3,5-triazine-2,4,6-triyl)triproline 

nanocomposite

Page 13 of 30 Materials Advances

M
at

er
ia

ls
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

2 
A

pr
il 

20
26

. D
ow

nl
oa

de
d 

on
 4

/3
/2

02
6 

1:
30

:2
4 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D6MA00006A

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ma00006a


3.6 Brunauer-Emmett-Teller analysis

The observed adsorption performance of the materials is highly correlated with textural 

properties obtained from BJH and BET analyses (Fig.8). With a well-defined mesoporous 

structure (̴20 Aº) and a higher specific surface area (̴180-220 m2 g-1), the binder-less sample 

offers more accessible active sites, which directly contributes to its higher adsorption capacity 

(qe) in comparison to Fe3O4-adn-(1,3,5-triazine-2,4,6-triyl)triproline nanocomposite. Mass 

transfer resistance is reduced by the enhanced pore volume and homogeneous mesopore 

distribution, which promote effective dye molecule diffusion into the internal pore network.

From a kinetic standpoint, Fe3O4-adn-(1,3,5-triazine-2,4,6-triyl)triproline nanocomposite 

increased mesoporosity facilitates quicker adsorption rates, which are in line with the pseudo-

second-order kinetic model and suggest that chemisorption involving surface functional groups 

is important. Furthermore, by enhancing interparticle diffusion, the existence mesopores 

facilities quick equilibrium attainment. Nanocomposite superior surface properties favor 

monolayer adsorption behaviour in terms of adsorption isotherms, as shown by a better fit to 

the Langmuir isotherms, indicating a homogeneous distribution of active sites. Fe3O4-adn-

(1,3,5-triazine-2,4,6-triyl)triproline nanocomposite comparatively smaller surface area and 

pore volume lead to slower kinetics and decreased adsorption capacity, underscoring the crucial 

role of textural characteristics. Overall, the combined BJH-BET and adsorption analyses show 

that the binder-less material improved mesoporosity and surface area are important factors 

controlling its enhanced adsorption efficiency, favorable kinetics, and strong isotherm 

behaviour, confirming its potential as an effective adsorbent for dye removal applications. 

Fig. 8 BJH desorption pore size distribution (dv/dD vs. pore diameter) of the synthesized 

sample calculated using Hasley standard model
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3.7 Optimization of dye removal performance data 

Optimization is a very important part of every analytical process since it makes the approach 

more sensitive and accurate in different situations. By fine-tuning the settings, it helps the 

system work at its best while still being able to handle the intricacies and variety of real-world 

samples. 

 3.7.1. Effect of pH

Fig. 9 illustrates the impact of pH removal efficiency of the dyes RR-195, RB-222, and RB-5. 

Dye removal was notably elevated at alkaline condition, especially for RR-195 and RB-5, 

owing to the protonation of surface functional groups that intensifies electrostatic attraction 

with reactive dye molecules. A reduction in removal effectiveness was noted in the immediate 

pH range, attributable to diminished surface charge density and poorer dye-adsorbent 

interactions. At alkaline pH, the removal efficiency for all dyes markedly increased, attaining 

peak values at pH 12 (about 90% for RR-195, approximately 89% for RB-5, and approximately 

88% for RB-222). The boost correlates with high tended ionisation of functional groups on the 

adsorbent surface, facilitating stronger interactions with dye molecules. The consistently 

elevated elimination of RR-195 indicates a stronger affinity for the adsorbent. Low standard 

deviation values (SD<1%) signify excellent experimental repeatability.

Fig. 9. Effect of pH on % removal RR-195, RB-222 and RB-5 dyes of Fe3O4-adn-(1,3,5-

triazine-2,4,6-triyl)triproline nanocomposite (adsorbent dose=10 mg, solution volume=50 ml, 

solid-liquid ratio= 0.2 g L-1, temperature= 298 K)

Fig. 10. Zeta potential analysis of the Fe3O4-adn-(1,3,5-triazine-2,4,6-triyl)triproline 

nanocomposite
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Zeta potential measurements were assessed over a pH range of 2-12 in order to comprehend 

the surface charge behaviour of the synthesized triazine-functionalised Fe3O4 nanocomposite. 

Because it regulates the electrostatic interactions between the adsorption of reactive dyes. The 

findings show that the zeta potential gradually drops as pH rises, going from positive values in 

acidic environments to negative values in alkaline ones. The triazine-functionalised Fe3O4 

nanocomposite point of zero charge (pHpzc) is found at pH 6-7. The protonation of nitrogen-

containing functional groups in the triazine ring causes the adsorbent surface to become 

positively charged at pH values below pHpzc. This increases the electrostatic attraction 

between the negatively charged sulfonate groups of the reactive dyes (RR-195, RB-222 and 

RB-5) and positively charged adsorbent surface. A negatively charged adsorbent surface is 

produced when the pH rises above the pHpzc due to the protonation of surface functional 

groups. Adsorption may occur in this area via hydrogen bonding interactions with surface 

functional groups and π-π interaction between the aromatic structures of dye molecules and the 

triazine rings. These findings verify that the pH-dependant adsorption behaviour seen in Fig. 

10 is explained by an adsorption mechanism that combines hydrogen bonding, interactions, 

and π-π electrostatic attraction. 

 3.7.2. Effect of contact time

Fig. 11. Effect of treatment time on % removal RR-195, RB-222 and RB-5 dyes of Fe3O4-adn-

(1,3,5-triazine-2,4,6-triyl)triproline nanocomposite (adsorbent dose=10 mg, solution 

volume=50 ml, solid-liquid ratio= 0.2 g L-1, temperature= 298 K) 
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Fig. 11 illustrates the impact of treatment duration on the removal efficiency of RR-195, RB-

222, and RB-5 dyes. Dye removal exhibits a significant increase during the initial phases of 

adsorption, thereafter transitioning to slow approach to equilibrium for all three dyes. In the 

initial 0.5 hours, removal efficiencies around 29%, 27% and 24% were attained for RR-195, 

RB-222 and RB-5, respectively signifying rapid occupation of accessible active sites on the 

absorbent surface. A significant increase in dye absorption was noted during 2 hours of contact 

time, with removal efficiencies of 53.8% (RR-195), 52.8% (RB-222) and 51.8% (RB-5). 

Subsequent to this time frame, only negligible increase in removal were seen, indicating 

saturation of adsorption sites and the development of adsorption-desorption equilibrium. After 

4 hours, the maximum removal efficiencies were approximately 56.5% for RR-195, 55.4% for 

RB-222, and 54.8% for RB-5. Of the examined dyes, RR-195 consistently shown marginally 

superior removal effectiveness at all contact duration, likely due to enhanced electrostatic 

interaction and a greater affinity of its functional groups for the adsorbent active sites. The 

same kinetic patterns exhibit by all dyes suggest that the adsorption process is predominantly 

regulated by surfaced controlled interactions, characteristic by fast initial uptake succeed by 

diffusion limited equilibrium behaviour.

3.7.3 Effect of Adsorbent Dose on Dye Removal

Fig.12 illustrates the impact of adsorbent dosage on the removal efficiency of the dyes RR-

195, RB-222, and RB-5. An elevation in adsorbent dosage from 10 to 50 mg led to a substantial 

improvement in dye removal, attributed to augment availability of active adsorbent sites. At 

minimal dosage of (10 mg), removal efficiencies were very low (about 28-33 %) whereas at 50 

mg peak removal efficiencies of approximately 88-90% were attained. The fast rise in removal 

to 30 mg signifies efficient use of newly accessible surface sites, whereas the gradual increase 

beyond the threshold implies partial site saturation and diminished impetus for adsorption. RB-

222 and RB-5 demonstrate marginally superiority removal at elevated doses, while RR-195 

exhibited relatively enhanced efficacy at lower doses. 
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Fig. 12. Effect of adsorbent dosage on % removal RR-195, RB-222 and RB-5 dyes of Fe3O4-

adn-(1,3,5-triazine-2,4,6-triyl)triproline nanocomposite (adsorbent dose=10-50 mg, solution 

volume=50 ml, solid-liquid ratio= 0.2-1.0 g L-1, temperature= 298 K)

Fig. 13. Effect of initial dye concentration on % removal RR-195, RB-222 and RB-5 dyes of 

Fe3O4-adn-(1,3,5-triazine-2,4,6-triyl)triproline nanocomposite (adsorbent dose=10 mg, 

solution volume=50 ml, solid-liquid ratio= 0.2 g L-1, temperature= 298 K)

3.7.4 Effect of initial Dye Concentration

Fig. 13 illustrates the impact of initial dye concentration on the elimination of RR-195, RB-

222, and RB-5 dyes. At low concentrations (5-15%) removal efficiencies over 94% were noted 

for all dyes, demonstrating adequate availability of active absorption sites. Optimal elimination 

occurred at a 10% concentration, attaining 95.8% for RR-195, 95.0% for RB-222, and 94.6% 

for RB-5. A notable decline in removal efficiency was seen with an increase in dye 

concentration. At 40% the removal efficiencies decreased to 48.5%, 45.0%, and 44.2%, for 

RR-195, RB-222, and RB-5, respectively. The decrease is ascribed to the saturation of 

adsorption sites and high tended competition among dye molecules at elevated concentration. 

RR-195 consistently demonstrate marginally superior removal efficiency, indicating a greater 

affinity for the adsorbent surface. Minimal standard deviation values (SD<1%) indicated 

excellent experimental repeatability.

3.7.5 Kinetics modelling 

The connection between empirical data and theoretically kinetic models was built in order to 

gain a deeper understanding of the adsorption mechanism. By applying pseudo-first-order 

(PFO) along with pseudo-second-order (PSO) models, the kinetic behaviour of RR-195 
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sorption onto the Fe3O4-adn-(1,3,5-triazine-2,4,6-triyl)triproline nanocomposite was examined 

(Fig. 14). Eqs. (3) and (4), correspondingly, are the linear equations for PFO and PSO, and 

Table 1 provides a summary of the fitting parameters.

t
.
k

e q)tqe (q -=-
3032

loglog 1        ... (3)

t
eq)eq(ktq

t 1
2

2

1 


=                            ... (4)

where adsorption capabilities of the Fe3O4-adn-(1,3,5-triazine-2,4,6-triyl)triproline 

nanocomposite at equilibria and at time t (min) are denoted by qe (mg/g) and qt (mg/g), 

respectively. In the pseudo-first-order kinetic model, the rate constant is denoted as 𝑘1 (min−1), 

whereas in the pseudo-second-order kinetic model, the equilibrium rate constant is represented 

by 𝑘2 (g mg−1 min −1). The PSO model proposes that chemical adsorption, which is reliant on 

a plentiful supply of binding sites, predominates, whereas the PFO model implies diffusion as 

the rate-limiting step.

Fig. 13. Fitting curves of RR-195 dye obtained from pseudo-first-order and pseudo-second-

order models

One important metric for assessing how well the model fits experimental data is the correlation 

coefficient (R²). In comparison to the PFO model, the PSO model showed a higher R2 value 

(0.9975), and the computed 𝑞𝑒 values were more in line with the experimental findings. These 

results suggest that chemical interactions involving functional groups are primarily responsible 

for the adsorption of RR-195 onto the surface of Fe3O4-adn-(1,3,5-triazine-2,4,6-triyl)triproline 

nanocomposite.
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Table 1 Kinetic parameters of pseudo-first-order and pseudo-second-order models for RR-
195 dye onto the Fe3O4-adn-(1,3,5-triazine-2,4,6-triyl)triproline nanocomposite

3.7.6 Adsorption Isotherm modelling

To gain deeper insight into the equilibrium adsorption of RR-195 dye onto the Fe3O4-adn-

(1,3,5-triazine-2,4,6-triyl)triproline nanocomposite, the experiment equilibrium data obtained 

from the concentration-dependant adsorption experiments (Fig.15) were analysed using 

Langmuir and Freundlich isotherm models. The nonlinear fitting results are presented in Fig. 

9, and the corresponding isotherm parameters are summarized in Table-2. 

The Langmuir isotherm model, which assumes monolayer adsorption on a homogeneous 

surface with a finite number of energetically equivalent adsorption sites, is expressed as: 

𝑞𝑒 = 𝑞max𝐾𝐿𝐶𝑒

1+𝐾𝐿𝐶𝑒
 ……………(5)

Where qe (mgg-1) is the equilibrium adsorption capacity, qmax ((mgg-1)) is the maximum 

monolayer adsorption capacity, K1 (L mg-1) is the Langmuir constant related to adsorption 

affinity, and Ce (mg L-1) is the equilibrium dye concentration.  

The Freundlich isotherm model, applicable to heterogeneous surfaces and multilayer 

adsorption, is expressed as: 

𝑞𝑒 = 𝐾𝐹𝐶1/𝑛
𝑒 ……………(6)

Where Kf is the Freundlich adsorption constant and 1/n represents adsorption intensity. 

The Langmuir model seems to fit the adsorption of RR-195 dye better, with R2 >0.99, which 

evidences that the active sites are relatively homogeneously distributed and that adsorption is 

primarily in monolayer (Table 2). It reflects the strong affinity of dye molecule toward Fe3O4 

capped with Adn-(1,3,5-triazine-2,4,6-triyl)triproline.

Pseudo First Order Pseudo Second Order

R2 qe,cal k1 R2 qe,cal k2 
Dye 
Name

mg/g min-1 mg/g min-1

RR-195 0.9613 0.7612 1.30 0.9975 555.55 0.0063
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Fig. 15. Fitting curves of RR-195 dye obtained from Langmuir and Freundlich models

Table 2 Langmuir and Freundlich isotherm parameters for the adsorption of RR-195 dye 
onto the Fe3O4-adn-(1,3,5-triazine-2,4,6-triyl)triproline nanocomposite

3.7.7 Regeneration Performance

The regeneration of a dye-loaded Fe3O4-adn-(1,3,5-triazine-2,4,6-triyl)triproline 

nanocomposite was evaluated in both acidic and alkaline conditions to restore adsorption 

capacity. After adsorption, the nanocomposite was magnetically separated and stirred 

continuously for 60 minutes before being exposed to either 0.05M HCl and 0.05M NaOH. In 

an acidic medium, protonation of triazine nitrogen and surface hydroxyl groups decreases 

hydrogen-bonding and electrostatic interactions, which encourages dye desorption. 

Conversely, alkaline treatment deprotonates surface functional groups, creating negatively 

charged sites that promote electrostatic repulsion with anionic dye molecules such as reactive 

Red 195. The regenerated adsorbent was magnetically recovered, cleaned to neutral pH, dried 

at 70 ºC, and then used once more in subsequent adsorption cycles to show efficient and 

sustainable regeneration. 

To investigate stability and practical applicability, the reusability of the Fe3O4-adn-(1,3,5-

triazine-2,4,6-triyl)triproline nanocomposite was examined in ten consecutive adsorption 

Langmuir Isotherm Freundlich Isotherm
Dye 

Name
R2 qo b R2 Kf n

RR-195 0.9956 909.09 0.0338 0.9858 0.4724 0.3623
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desorption cycles. From Fig. 16, it can be observed that the adsorption capacity for RR-195 

decreases gradually with increasing cycle number. After ten cycles, the remaining RR-195 

adsorption capacities for the Fe3O4-adn-(1,3,5-triazine-2,4,6-triyl)triproline nanocomposite 

was more than ~65% of its initial adsorption capacity, showing good structural integrity and 

strong retention of active functional groups. The minor loss in adsorption performance could 

be due to the partial blockage of active sites or incomplete desorption of residual dye molecules 

in the process of regeneration. Thus, according to these results, the synthesized structure 

possessed satisfactory reusability, confirming its potential for repeated use in the treatment of 

wastewater.

Fig. 16 Regeneration cycle

3.7.8 Dye removal mechanism

The adsorption of reactive dyes RR-195, RB-222, and RB-5 onto the triazine-modified 

magnetic polymeric network occurs via a synergistic, multi-interactions mechanism influenced 

by the surface chemistry of the adsorbent and the anionic characteristics of the dye molecules 

(Fig.17). In acidic to near neutral circumstances, secondary amine groups from proline units 

and exocyclic amine functions from adenine become protonated, resulting in positively charged 

polymer surface. The protonation significantly increases the electrostatic interaction between 

the adsorbent and the sulfonate (-SO2) groups of the reactive dyes, serving as the principal 

driving forces for adsorption. Alongside electrostatic interactions, significant hydrogen 

bonding transpires between the -NH and -COOH groups within the polymeric structure and the 

azo (-N=N), sulfonate and heteroatom containing moieties of the dye molecules. These 
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interactions enhance adsorption stability and diminish dye desorption during agitation. 

Additionally, the π-conjugated s-triazine and adenine moieties facilitate π-π stacking the donor 

acceptor interactions with the frameworks of the dyes. These interactions are especially 

important for large planner dye molecules like RB-5 and RB-222, facilitating multilayer 

adsorption on the heterogeneous polymer surface. The cross-linked structure provides a high 

density of available functional sites, aligning with Freundlich type adsorption characteristics. 

Fig. 17. Plausible interaction between Fe3O4-adn-(1,3,5-triazine-2,4,6-triyl)triproline 
nanocomposite and RR-195 dye molecule
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Following dye adsorption, notable shifts and changes in the intensity of characteristic bands 

corresponding to Fe-O bonds (̴ 580 cm-1), triazine C=N vibrations (1500-1650 cm-1), and -OH/-

NH stretching (3200-3500 cm-1) were noted. These spectral changes show that the surface 

functional groups are directly involved in the adsorption process. While changes in the triazine 

ring vibrations support π-π interactions between the adsorbent and aromatic dye molecules, the 

shift in -OH/-NH bands suggest hydrogen bonding interactions. 

The main function of the Fe3O4 nano particles in the triazine-functionalised nanocomposite is 

to act as a magnetic core, which enables quick magnetic separation and simple adsorbent 

recovery treatment. Nonetheless, hydroxyl groups(-OH) are commonly found on the surface of 

Fe3O4 nano particles, and these groups may also take part in adsorption through weak 

coordination interaction or hydrogen bonding with dye molecules. However, the nitrogen-rich 

triazine functional groups provide the dominant adsorption sites and encourage strong 

interactions with reactive dyes through π-π interactions and electrostatic attraction. A 

multifunctional triazine modified magnetic polymeric network facilitate the effective 

adsorption reactive dyes via synergistic electrostatic, hydrogen bonding-bonding and π-π 

interactions, while included Fe3O4 nano particles provide quick magnetic separation and 

superior recyclability.

3.7.9 Comparative analysis of adsorbents

Direct comparison of adsorption efficiency among various adsorbents is frequently problematic 

due to large variations in experimental circumstances, including pH, temperature, beginning 

dye concentration, and contact duration across different investigations. Nonetheless, despite 

these discrepancies, a comparative evaluation of adsorption capacities documented in the 

literature can yield significant insights. Table 3 displays a comparison of the highest adsorption 

capabilities of several adsorbents documented for removal of RR-195 dye. The adsorption 

capabilities of the Fe3O4-adn-(1,3,5-triazine-2,4,6-triyl)triproline nanocomposite created in 

this study exhibits enhanced performance compared to several previously reported materials, 

affirming its high affinity and efficiency for the removal of dye from aqueous environments. 

Table 3 Comparison of recently reported magnetic triazine-based adsorbents and related Fe3O4 

nanocomposites for dye removal from aqueous solutions
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4 Conclusion

Here, we successfully prepared Fe3O4-adn-(1,3,5-triazine-2,4,6-triyl)triproline nanocomposite 

that works well as an adsorbent for getting rid of dyes in industrial water and can be recovered 

magnetically. Structural and surface characterisation indicated triazine moieties were well 

anchored with Fe3O4 core, creating a stable hybrid framework with nitrogen-containing active 

sites. The nanocomposite kept its super magnetic properties, which made it easy and quick to 

separate the magnetic particles once they have been absorbed. Adsorption test showed that 

industrial reactive dyes could be removed very well. This was due to a combination of 

electrostatic interaction, π-π stacking, hydrogen bonding, and surface complexation. Kinetic 

and isotherm investigations demonstrated a chemisorption-dominated on homogeneous 

surface, indicating monolayer adsorption characterised by dye-adsorbent interaction. The 

nanocomposite stood out for its great recyclability, as it kept a high adsorption capacity 

throughout many reuse cycles with almost no loss of performance. The fact that it is very 

efficient can be separated by magnets, and structurally stable shows that is might be used again 

and again. In general, the covalent triazine-capped Fe3O4 nanocomposite is a strong and long-

lasting adsorbent for cleaning up dyes. The mechanistic insights and reusability exhibited in 

this study offer a valuable basis for the development of improved magnetic nanoparticles for 

effective wastewater treatment applications. 
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Data Availability Statement for title: “Covalent triazine-capped Fe3O4 nano composite for 
efficient dye remediation: structural insights, adsorption mechanism, and recyclability” 

The datasets generated/analyzed during the current study are presented in the article. 
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