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Alizarin red dye is a toxic and long-lasting pollutant in water bodies, making it a serious 

environmental concern. Among the available treatment methods, adsorption offers a practical 

and efficient solution for its removal. This work explores the use of silica-supported nanoscale 

zero-valent iron (nZVI) particles as adsorbents to eliminate alizarin dye and the determination of 

the thermodynamic & kinetic parameters of adsorption and removal of alizarin dye. Two types of 

nanocomposites were made using iron salts with different counter ions—nitrate ([ZVNI/NO₃⁻]) 

and chloride ([ZVNI/Cl⁻]). These variations influenced the materials’ performance, with the 

combined properties of the components enhancing their adsorption efficiency. Several factors 

affecting dye removal, such as pH, temperature, contact times, and adsorbent quantity, were 

thoroughly analyzed. The best performance was observed at pH 3, with removal rates reaching 

94.9% for [ZVNI/Cl⁻] and 85% for [ZVNI/NO₃⁻]. It was concluded that adsorption followed the 

Langmuir model, indicating single-layer coverage on the surface. Thermodynamic results 

showed that the process is favourable and requires heat input, confirming it as endothermic. 

These outcomes demonstrate that silica-coated nZVI materials are effective and eco-friendly 

options for treating dye-contaminated wastewater. 
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Introduction 

Alizarin dye, a synthetic colourant extensively utilized in the textile industry, has emerged as a 

persistent pollutant in aquatic systems, raising significant environmental concerns 
1
. The global 

textile sector is estimated to discharge approximately 300,000 tonnes of synthetic dyes annually, 

a substantial portion of which comprises non-biodegradable compounds such as alizarin 
2
. The 

environmental risks associated with alizarin are further intensified by its documented mutagenic 

and carcinogenic properties 
3-5

. Therefore, investigating efficient and long-lasting methods for its 

removal from aqueous settings is imperative. Among the available treatment methods, adsorption 

has received considerable attention due to its operational simplicity, economic viability, and high 

removal efficiency for a broad range of dye pollutants 
6, 7

. Notably, its capacity to remove dyes at 

low concentrations makes it particularly suitable for industrial effluent management and 

environmental restoration 
8–10

. The adaptability of adsorption—stemming from tunable process 

conditions and the wide variety of available adsorbents—further enhances its appeal for large-

scale applications 
11

.         

      In recent years, the application of nanostructured materials in dye adsorption has shown 

considerable promise 
12, 13

. Because of their high surface-to-volume ratios, adjustable surface 

chemistry, and abundance of reactive sites, nanoparticles can interact with dye molecules like 

alizarin red more effectively 
14, 15

. These properties facilitate efficient dye uptake, even at low 

concentrations 
16

, and are complemented by scalable synthesis routes and function-alization 

methods that improve specificity and performance 
17, 18

. Moreover, their potential for 

regeneration and reuse, combined with low environmental impact, supports their use as 

environmentally benign adsorbents 
19

. 

       Numerous studies have demonstrated adsorption as a reliable and efficient strategy for dye 

removal, with the added benefits of operational convenience and the possibility of water reuse 

following treatment 
20–23

. In many cases, adsorbents can be recovered and recycled, further imp-

roving process sustainability 
24–26

. A variety of adsorbent materials have been explored, inclu-

ding gold nanoparticle–modified activated carbon, Fe₂O₃/activated carbon hybrids, polypyrrole-

coated magnetic nanoparticles, and biomass-derived sorbents such as mustard husk 
27, 28

. 

Because of its ability to effectively degrade and immobilise harmful chemicals, nanoscale zero-

valent iron (nZVI) has attracted increased attention among nanomaterials for environmental 

remediation 
29

. Its high specific surface area enhances reaction kinetics, while the nanoscale size 

allows for greater mobility and dispersion in contaminated matrices. Recent advancements in 

synthesis techniques have further lowered production costs, expanding the feasibility of nZVI for 

field-scale applications. 

This study investigates the kinetics and thermodynamic parameters of the removal of alizarin dye 

from aqueous media using silica-supported zero-valent iron nanocomposites (ZVNI). The 

influence of key parameters—such as pH, temperature, contact time, adsorbent dosage, and 

adsorption kinetics—was systematically evaluated. Thermodynamic analyses, including 



assessments of entropy change (ΔS), enthalpy change (ΔH), and Gibbs free energy (ΔG), were 

also conducted to elucidate the nature and feasibility of the adsorption process.   

Materials and Methods 

All chemicals used in this study were of analytical grade and used as received without further 

purification. Sodium borohydride (NaBH₄), anhydrous ferric chloride (FeCl₃), ferric nitrate  

[Fe(NO₃)₃·9H₂O], and alizarin red dye were procured from Sigma-Aldrich. Deionised water was 

used in all experimental procedures. 

Synthesis of nZVI Nanoparticles 

The preparation of nanoscale zero-valent iron (nZVI) was carried out as established in     

literature 
3
. The synthesis follows the general reduction reaction: 

2FeXₙ + 6NaBH₄ + 18H₂O → 2Fe⁰ + 6NaX + 6B(OH)₃ + 21H₂  (1) 

Two variations of nZVI were synthesized using different anions—chloride (NZVI/Cl⁻) and 

nitrate (NZVI/NO₃⁻). For each, a 0.6 M solution of the iron precursor was prepared in a 4:1 

ethanol-to-deionised water mixture (24 mL ethanol and 6 mL water) under continuous stirring. 

Separately, 3.028 g of NaBH₄ was dissolved in 100 mL of deionised water to form a 0.8 M 

reducing agent solution, ensuring an excess amount to promote complete reduction and enhance 

nanoparticle formation 
30

. 

The NaBH₄ solution was added dropwise (approximately one drop every two seconds) into the 

iron salt solution using a burette under vigorous stirring. The formation of black precipitates 

marked the initiation of nanoparticle synthesis. After completing the dropwise addition, stirring 

was continued for an additional 30 minutes to ensure uniform particle formation. The resulting 

black suspension, containing nZVI particles, was separated via vacuum filtration. 

To remove residual moisture and prevent oxidation, the particles were washed three times with 

25 mL of absolute ethanol. This washing step is critical in maintaining the integrity of the zero-

valent state of the iron nanoparticles. The filtered product was then autoclaved at 160°C for four 

hours, followed by overnight drying at 60°C. The final dried nanoparticles were stored under a 

thin ethanol layer to minimize oxidation during storage. 

Adsorption Experiments 

Using a number of variables, including dye concentration, pH, temperature, adsorbent dose, and 

contact time, the synthesised silica-supported nZVI composites' ability to adsorb alizarin red S 

(ARS) dye was methodically examined. A known mass of adsorbent (0.0012 g) was mixed with 

50 mL of ARS solution (initial concentration: 150 mg/L) in a horizontal shaker set at 410 rpm. 

The pH was left unadjusted unless stated otherwise. Contact times were varied from 15 to 260 

minutes. Samples were withdrawn at predetermined intervals to monitor decolorization. 



Temperature effects were assessed at 308, 318, 333, 340, and 350 K using optimal contact 

durations—180 minutes for nZVI/Cl⁻ and 120 minutes for nZVI/NO₃⁻—and a fixed adsorbent 

dosage of 0.012 g. Post-treatment, the mixtures were filtered and centrifuged to separate the 

adsorbent particles from the solution. The efficiency of dye removal was calculated using the 

standard formula as reported in previous literature 
30

. 

   

𝑇 =    
(𝐶 𝑖 − 𝐶 𝑓)

𝑚
   𝑉                                                                 (1)             

and percentage elimination 

 

=  
𝐶  𝑖 − 𝐶 𝑓

𝐶  𝑖
. 100                                                              (2) 

 

 

where Ci represents the initial concentration of alizarin red S (ARS) dye in solution (mg·L⁻¹), Cf 

is the dye concentration after the adsorption process (mg·L⁻¹),  V is the volume of the dye 

solution (L), m is the mass of the adsorbent utilised (g), and T is the amount of dye adsorbed per  

unit mass of the ZVNI adsorbent (mg·g⁻¹). 

  Results and Discussion 

 Influence of pH on ARS Dye Adsorption 

The adsorption behavior of ARS dye on nZVI composites is largely governed by electrostatic 

forces among the functional groups on the adsorbent surface and the charged dye molecules 
31

. 

Since both the adsorbent and the dye can gain or lose charge depending on the solution’s pH, this 

parameter plays a critical role in determining the extent of adsorption. 

ARS dye contains a phenolic group that dissociates with a pKa of approximately 5.5, influencing 

its charge distribution in solution (Scheme 1) 
32, 33

. Previous research has highlighted that the 

adsorption efficiency of dyes is strongly influenced by the pH of the medium, because it 

influences the dye's ionisation state as well as the adsorbent's surface charge [34]. Moreover, the 

optimal pH for adsorption varies depending on the specific properties of each adsorbent–

adsorbate system 
35

. In this study, the initial pH of the dye solution was adjusted across a range 

from pH 3.0 to 9.0 to evaluate its effect on adsorption (Figure 1). The results demonstrated that 



maximum adsorption occurred at pH 3.0, where the nZVI nanocomposites exhibited the highest 

affinity toward ARS. Specifically, dye removal efficiencies at this pH were found to be 89.9% 

for the [ZVNI/Cl⁻] composite and 45% for the [ZVNI/NO₃⁻] variant. 

 

 

 

 

 

Scheme 1 Acid–base equilibria of (a) Alizarin red S (ARS) 

 

This pH-dependent trend can be attributed to alterations in both the surface charge of the nZVI 

materials and the ionization state of the ARS dye. Under acidic conditions, the surface of nZVI  

likely carries a positive charge, which enhances electrostatic attraction with the anionic ARS 

molecules. As the pH increases, the adsorbent surface becomes less positively charged or even 

negatively charged, weakening the interactions and thereby reducing the adsorption efficiency. 

 

Figure 1. Effect of pH on the adsorption efficiency of ARS dye using ZVNI composites as 

adsorbents (initial ARS concentration: 600 mg·L⁻¹) 

 

2 4 6 8 10

20

40

60

80

100

ZVNI/NO
3

ZVNI/Cl

 d
y
e
 r

e
m

o
v
a
l,
 %

 

pH



Thermodynamic Analysis 

To investigate the thermal behavior of the ARS dye adsorption process, experiments were 

conducted at various temperatures (10°C, 20°C, 33°C, 40°C, and 50°C) using both nZVI/Cl⁻ and 

nZVI/NO₃⁻ composites. The results indicate that adsorption capacity increases as temperature 

rises, implying an endothermic nature of the process. This observation is supported by the 

calculated positive enthalpy change (ΔH), suggesting that both adsorption and absorption 

mechanisms are involved. 

An increase in temperature enhances the kinetic energy of ARS dye molecules, promoting their 

diffusion and enabling deeper penetration into the pores of the adsorbent. Furthermore, the 

improved interaction between the adsorbent and dye molecules at elevated temperatures suggests 

a stronger binding affinity, which leads to increased uptake. According to earlier research, 

traditional thermodynamic equations were used to calculate the thermodynamic parameters, 

specifically entropy change (ΔS), Gibbs free energy change (ΔG), and enthalpy change (ΔH) 
36

.  

These parameters provide further insight into the feasibility, spontaneity, and energetic profile of 

the adsorption process. 

log  𝑥𝑚 =
−∆𝐻

2.303 𝑅𝑇
+ 

∆𝑆

𝑅
                                               (3 ) 

 

∆𝐺 =  ∆𝐻 − 𝑇∆𝑆                                                                   (4)  

 

where Xm  is the largest amount of adsorbate (mg/g), R = 8.314 J/mol K (gas constant), and T, 

measured in Kelvin, is the absolute temperature. As illustrated in Fig. 2, ΔH is identified by the 

van Hoff plot's slope (log(Xm) vs 1/T), and ΔS was identified by the intercept.  

 

Figure 2 presents the relationship between log Xm and the reciprocal of temperature (1/T) for 

the adsorption of alizarin red dye onto silica-coated ZVNI/Cl⁻ and ZVNI/NO₃⁻ nanocomposites. 
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From the thermodynamic evaluation, the calculated enthalpy change (ΔH) and entropy change 

(ΔS) were found to be 24.26 kJ/mol and 69.94 J/(mol·K), respectively. These values suggest that 

the ARS dye molecules exhibit continued surface mobility, indicating the presence of both 

adsorption and absorption phenomena. The negative Gibbs free energy change (ΔG = –

3.418 kJ/mol at 298 K) confirms that the process is spontaneous and thermodynamically 

favorable. 

Based on enthalpy values, adsorption interactions can generally be classified as follows: (a) 

physical adsorption for ΔH < 20 kJ/mol, (b) electrostatic interaction when 20 ≤ ΔH ≤ 80 kJ/mol, 

and (c) chemisorption for ΔH between 80 and 450 kJ/mol 
36

. The ΔH values determined in this 

study fall within the range characteristic of electrostatic interactions, indicating that such forces 

are primarily responsible for ARS dye adsorption onto both ZVNI composites. 

The positive ΔH further confirms that the adsorption is endothermic in nature 
37

, while the 

positive ΔS suggests increased randomness at the solid–liquid interface, consistent with the 

displacement of dye molecules from the aqueous phase onto the solid adsorbent surface 
38–40

.      

Figure 3 illustrates the experimental adsorption efficiency of ARS dye at different temperatures 

using NZVI/Cl⁻ and NZVI/NO₃⁻ adsorbents. As depicted, higher temperatures result in increased 

dye removal, which reinforces the endothermic character of the adsorption process. 

 

Figure 3 Influence of temperature on the removal efficiency of alizarin red dye using nZVI/Cl⁻ 

and nZVI/NO₃⁻ nanocomposite adsorbents. 

 Adsorption Isotherms 

To better understand the interaction between ARS dye molecules and the surface of the 
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interpret the experimental results. 

300 310 320 330 340 350

70

80

90

100 ZVNI/NO
3

ZVNI/Cl

d
ye

 r
em

o
va

l, 
%

Temperature, K



Langmuir Isotherm Model 

The Langmuir model is based on the premise that adsorption takes place evenly across a surface 

made up of similar spots, creating a monolayer covering where the adsorbed molecules do not 

interact 
38

. In addition, this model makes the assumption that a dye molecule cannot be adsorbed 

again at a site after it has taken up residence there. The mathematical form of the Langmuir 

equation is provided in Equation (5). 

 𝐶𝑒

 𝑄𝑒
=  

1

𝑎
  +  

𝑏

𝑎
 𝐶𝑒                                                                        (5) 

 

In the Langmuir model, Ce represents the equilibrium concentration of the dye in the liquid 

phase, while (a) and (b) are the Langmuir constants, which are related to the adsorption energy. 

Qe denotes the equilibrium adsorption capacity of alizarin red dye on the nZVI/Cl⁻ and 

nZVI/NO₃⁻ composites, reflecting the monolayer coverage of the adsorbent surface. Figure 4A 

shows the relationship between (Ce/Qe) and (Ce), which was used to fit the adsorption data to 

the Langmuir model. With monolayer adsorption onto a surface that has similar sites and 

homogeneous adsorption energy; the results show that the adsorption behaviour is in good 

agreement with the Langmuir equation 
36

. 

   

 

Fig. 4 Langmuir isotherm for the adsorption of alizarin red dye on nZVI/Cl
- 
(A) and on 

nZVI/NO
-
3 (B) 
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 Freundlich isotherm model 

The Freundlich equation is given as follows: 

𝒍𝒏 𝒒𝒆 = 𝒍𝒏 𝑲𝒇 +  
𝟏

𝒏
 𝒍𝒏𝑪𝒆                                                (𝟔) 

 

                 𝑲𝒇 =  
 𝒒𝒎

 𝑪𝒐
𝟏/𝒏

 

In the Freundlich model, Kf and n are constants that represent the adsorption capacity and 

intensity, respectively. This model is based on the assumption of a heterogeneous surface, where 

adsorption sites vary in energy, and it does not describe monolayer adsorption. Figure 5A and 5B 

show the relationship between ( ln Qe)and (ln Ce), which was used to fit the adsorption data of 

alizarin red dye to the Freundlich equation. The results indicate that the adsorption behavior does 

not follow the Freundlich model. 

 

     

 

Figure 5 Freundlich isotherm for the adsorption of alizarin red dye onto ZVNI/Cl⁻ (A) and 

ZVNI/NO₃⁻ (B). 

Adsorption Kinetics 
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kinetic models were applied to the data. The results indicated that equilibrium for dye adsorption 

was reached in approximately 80 minutes with 0.1 g of ZVNI/Cl⁻ and ZVNI/NO₃⁻ adsorbents 
39

. 

                              ln(𝑞𝑒 − 𝑞𝑡) = ln 𝑞𝑒 − 𝑘1 𝑡            (pseudo-first-order model) 

1

𝑞𝑡 
=

1

 𝑘2 𝑞𝑒
  +

𝑡

𝑞𝑒  
                                 (pseudo − second − order model ) 

 

where, qe is the quantity of red alizarin adsorbed in equilibrium (mg / g), and qt is the quantity of 

red alizarin adsorbed in various times t (mg / g), respectively, k1 and k2 are the kinetic rate 

constants values. The cinematic data can be correctly characterized with a high correlation 

coefficient (R2 > 0.9798) in the pseudo-secondary order pattern (Fig. 6) 

 

Fig. 6 Dye adsorption kinetic curves, faux first order (A), pseudo second order (B). 

 

Effect of Adsorbent Dose 

The impact of varying adsorbent doses on dye adsorption was investigated, and the results are 

presented in Figure 7. It was observed that increasing the dose of nZVI/Cl⁻ and nZVI/NO₃⁻ 

adsorbents in the dye solution led to a higher removal percentage. This increase is attributed to 

the greater availability of adsorption sites for dye molecule binding 
40,

. Figure 7 demonstrates 

that the highest removal efficiency was observed at an adsorbent dosage of 3.0 g, achieving 

86.7% and 80% dye removal for Alizarin Red-S using nZVI/Cl⁻ and nZVI/NO₃⁻ composites, 
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Effect of Adsorbent Dose 

The dosage of the adsorbent plays a crucial role in determining the adsorption capacity for a 

given initial concentration of adsorbate. To investigate this, the effect of adsorbent dose on the 

removal of alizarin red dye was tested using doses ranging from 0.002 to 0.012 g. The 

experiments were carried out by adding the adsorbent to 50 mL of alizarin red dye solutions with 

an initial concentration of 150 mg/L for both nZVI/Cl⁻ and nZVI/NO₃⁻. After the systems 

reached equilibrium, the solutions were centrifuged, and dye concentrations were analyzed. The 

results, shown in Figure 7, indicate that increasing the adsorbent dose enhances the dye removal 

efficiency, most likely as a result of the adsorbent surface's increased availability of active sites.It 

was observed that the dye removal efficiency reached a maximum of 96.786% for NZVI/Cl⁻ and 

87.206% for NZVI/NO₃⁻. 

 

 

 

Fig. 7 Effect of adsorbent dose on the alizarin red dye removal efficiency using ZVNI/Cl
-
 and 

ZVNI/NO
-
3 adsorbents 

Conclusion 

The adsorption of Alizarin Red-S dye onto nZVI-based composites is effectively described by 

the Langmuir isotherm model, indicating monolayer coverage on uniform adsorption sites. Both 

nZVI/Cl⁻ and nZVI/NO₃⁻ demonstrated high removal efficiencies, achieving maximum 

adsorption capacities of 96.79% and 86.06%, respectively. Thermodynamic parameters 



confirmed the spontaneity and endothermic nature of the process, while kinetic analysis revealed 

that the adsorption follows a pseudo-second-order model. These findings highlight the potential 

of nZVI composites as efficient and promising materials for the removal of textile dyes from 

aqueous environments. Given their high performance and environmentally friendly nature, these 

materials hold strong potential for real-world applications in wastewater treatment, particularly 

in textile and dyeing industries. 
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