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ABSTRACT: In this study, zero-valent iron nanoparticles immobilized on activated carbon  

(nZVI-AC) were synthesized to rapidly remove Acid Red 33 (AR 33) as an azo dye from an aqueous 

medium. This novel nanocomposite was characterized by Scanning Electron Microscopy (SEM), 

Energy Dispersive X-ray Spectroscopy (EDS), X-Ray Diffraction (XRD), and Fourier Transform 

InfraRed (FT-IR)spectroscopy. The effect of experimental variables, including adsorbent dosage, pH, 

initial concentration of AR 33, and the temperature was studied to select the optimum conditions 

for maximum removal efficiency. The optimal conditions were achieved at an adsorbent dosage  

of 0.2 g/L, pH=3, initial dye concentration of 10 mg/L, and a temperature of 313 K. Isotherms  

and kinetics studies indicated that Langmuir isotherm with regression determination (R2) of 0.9914 

and pseudo-first-order model with R2=0.9922 fitted well to the experimental data. The calculated 

thermodynamic parameters such as ΔGº, ΔHº, and ΔSº revealed that the adsorption process was 

spontaneous and endothermic. The reusability of the nZVI-AC was investigated and it found that this 

adsorbent had a potential ability to remove AR 33 dye. 
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INTRODUCTION 

Water sources are contaminated by various pollutants 

such as heavy metal ions, dyes, pesticides, etc., which is 

one of the most serious worldwide environmental 

problems. Dyes are used in different industries, including 

paper, textile, food, pharmaceutical, plastics, and leather, 

they enter the aquatic environment and make increase 

pollution. [1,2]. Organic matter present in the dyes makes 

them resistant to chemical and biological oxidation. [3].  

 

 

 

Owing to aromatic rings in most dyes, carcinogenic, 

mutagenic, and toxic effects have been observed in them. 

Dye adsorption in plants due to their non-degradation  

can be a factor for genetic mutations [4]. Dyes interfere 

with the growth of antibacterials and inhibit the photosynthesis 

of aquatic plants, as well as increase the Chemical Oxygen 

Demand (COD) of the aqueous solutions [5]. By discharging 

a large volume of dyes into the water, aquatic  
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Fig. 1: Chemical structure of AR 33. 

 

environments and human health will be affected [6,7]. 

Hence, the elimination of these harmful materials should 

be implemented before releasing them into natural water. 

60-70% of the dyes produced worldwide are azo dyes 

(−N=N−), known as the main source of environmental 

pollution [8]. Among azo dyes, Acid Red 33 (AR 33) (Fig. 1)  

is a color additive permitted for mouthwashes, dentifrices, 

cosmetics, and hair dyes. By coupling diazotized aniline 

along with 5-amino-4-hydroxy-2,7-naphthalenesulfonic 

acid in alkaline pH, AR 33 is produced.  

It is used in drugs, cosmetics, mouthwashes, 

toothpaste, and tooth powder [9]. Several methods, 

including nanofiltration [10], electrochemical [11], photo-

electrochemical oxidation [12], coagulation [13], and 

Fenton oxidation [14] have been utilized to eliminate dyes. 

The mentioned methods possess some limitations such as 

complicated operation, high cost, generation of toxic 

products, and low efficiency [15]. Adsorption methods have 

some advantages such as simplicity, low-cost, high yield, 

and adsorbent reusability. Easy operation, insensitivity to 

harmful compounds, and flexibility are the other benefits of 

this method. Therefore, it is a suitable treatment technique for 

the removal of dyes from aquatic media [16-18]. Some of 

these adsorbents such as activated carbon [19], bentonite 

[20], multiwall carbon nanotubes [21], alumina nanoparticles 

[22], synthesized nickel (II) oxide nanoparticles [23], etc. 

have been used for dye removal.  

Nanoscale Zero-Valent Iron (NZVI) has received 

 a lot of attention for removing toxic contaminants due to 

its nano size, great specific surface area, strong reducing 

power, degradation ability of the material, and excellent 

rapid reactivity [24,25]. However, magnetic interactions 

and high surface energy of iron nanoparticles lead  

to aggregation and material reactivity is reduced. In order to 

solve these shortcomings, suitable supports have been developed 

to stabilize nZVI on their surface [26]. The potential 

superiority of the use of nZVI in environmental treatment 

involves enhancing the effectiveness and efficiency of 

purification corresponding to the soils or ground waters 

compared to the macro iron particles that are already used [27]. 

Activated Carbon (AC) has significant properties such as 

large surface area, high porosity and mechanical strength, 

and elevated efficiency [28]. Immobilization of the nZVI 

on the porous surface of AC, reduces the risks of the random 

release of the nanoparticles into the environment. Stabilized 

the nZVI on this surface causes the prevent oxidation.  

Due to the mentioned features, nZVI-AC can be a good 

adsorbent for dye removal [29]. Therefore, the obtained 

nanocomposite can adsorb the contaminant and degrade its 

structure, thereby increasing the removal efficiency of the 

pollutant occurs. 

In this study, nZVI supported by AC was successfully 

synthesized to rapidly remove AR 33 from an aqueous 

solution. In the previous research, there was no report 

about this nano adsorbent for removing AR 33, which  

has been able to perform the most removal in the shortest 

time. The prepared nanocomposite was characterized using 

Scanning Electron Microscopy (SEM), Energy Dispersive 

X-ray Spectroscopy (EDS), X-Ray Diffraction (XRD), and 

Fourier Transform InfraRred (FT-IR) spectroscopy. In order to 

evaluate the performance of dye adsorption on the nano-

adsorbent surface, isotherm models were studied. To investigate 

the speed of reaction and spontaneity of the removal 

process, kinetic studies and thermodynamic parameters 

(ΔGº, ΔHº, and ΔSº) were studied. Experimental parameters, 

including adsorbent dosage, pH, initial dye concentration, 

and temperature were investigated. Isotherm and kinetics 

models were studied.  

 

EXPERIMENTAL SECTION 

Materials 

Acid Red 33 (Color Index: 17200) was procured from 

Alvan Sabet Co. (Tehran, Iran). Ferric chloride 

hexahydrate (FeCl3.6H2O), sodium borohydride (NaBH4), 

and activated carbon with particle size < 100 µm were procured 

from Merck (Germany). Sodium hydroxide (NaOH, 0.1 M) 

and hydrochloric acid (HCl, 0.1 M) were used for pH 

adjustment.  

 

Synthesis of  nZVI-AC nanocomposite 

The nZVI-AC nanocomposite was synthesized by 

adding 5 g of activated carbon to 200 mL of distilled water, 

then 2 g of iron chloride was added to the solution and  

the solution was stirred for 5 min. Then 100 mL of 0.3 mM  
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Fig. 2: (a) SEM and (b) EDS of ZVI-AC nanocomposite. 

 

NaBH4 was added to the stirring solution drop by drop. 

The procedure was done under N2 atmosphere. The 

stabilized nZVI particles were separated by filtration and 

washed 3 times with acetone. It was then stored in  

a vacuum desiccator. The resulting reaction was [30, 31]: 

3

( a q ) 4 ( a q ) 2
4 F e 3 B H 9 H O

 
                     (1) 

0 0

( s ) 3 ( a q ) ( s ) 2 ( g )
4 F e 3 H 2 B O 1 2 H 6 H


    

 

Characterization techniques of  the materials (nZVI-AC) 

The morphology and size of nZVI-AC particles  

were characterized by SEM (FESEM, ZEISS, Sigma VP, 

Germany), equipped with mapping and WDS detectors. 

The elemental analysis of the synthesized nanocomposite 

was studied using EDS (Oxford Instruments, England). 

XRD analysis of the nZVI-AC was surveyed by Malvern 

Panalytical (Germany) X-ray diffractometer. FTIR spectra of 

nZVI-AC composite were determined using Perkin Elmer 

FTIR spectrophotometer (spectrum GX, USA). 

 

Determination of removal yield  

The amount of AR 33 residual was analyzed by  

a double beam UV–Vis spectrophotometer (Philler 

Scientific, SU 6100, China) equipped with 1 cm quartz 

cells at λmax=531 nm. Before determining the concentration of 

the solution, the nZVI-AC nanocomposite was separated 

through a centrifuge (ROTINA-380 R, 3000 rpm).   

The percentage of AR 33 removal R (%), the adsorption 

capacity of AR 33 on the nZVI-AC at t min 𝑞𝑡  (mg/g), and 

amount of AR 33 per unit of adsorbent in equilibrium  

qe (mg/g) were calculated using Eqs (2), (3), and (4), 

respectively. 

0 t

0

C C
R ( % ) 1 0 0

C


                     (2) 

 0 t

t

C C V
q

W


                     (3) 

 0 e

e

C C V
q

W


                     (4) 

Herein C0, Ct, and Ce are the initial concentration, 

concentration at t min, and the equilibrium concentration 

of AR 33 (mg/L), respectively. V denotes the volume of 

AR 33 solution (L) and W is the weight of nZVI-AC (g). 

 

RESULTS AND DISCUSSION 

Characterization of adsorbent 

Fig. 2 (a) reveals the SEM images of nZVI-AC composite. 

According to the images, the zero-valent iron nanoparticles are 

not agglomerated by the activated carbon bed and thus 

uniformLy dispersed and the average particle size of 

nZVI-AC was uniform and the average particle size of 

adsorbent was in the range of 24.56-59.46 nm. The results 

obtained from EDS (Fig. 2 b) confirmed the presence of C, 

Fe, and O elements on the nanocomposite surface.  

Fig. 3 shows the XRD spectra of nZVI/AC. AC  

has maintained its normal structure. The peak appearing  

at 2θ equal to 45.55° indicates the presence of nZVI particles 
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Fig. 3: XRD spectrum of ZVI-AC nanocomposite. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4: FTIR spectra of (a) nZVI-AC nanocomposite and (b) 

nZVI-AC after reaction with AR 33. 

 

inside ACs or inside the network cavities. The appeared 

peaks in 2θ equal to 30.2°, 35.7°, 43°, 57.2°, and 62.5°  

are related to Fe2O3. Also, peaks in 2θ equal to 44.5°, 

64.7°, and 82.8° demonstrate the nZVI [32-34]. 

FT-IR spectra of nZVI/AC are illustrated in  Fig. 4(a). 

The peaks at 701.47 cm-1 are related to Fe3O4 and FeO. 

Also, the peak in the region of 1383.79 cm-1 shows the CH2 

and CH3 groups. In addition, the presence of a wide bond 

in the 3408.50 cm-1 is related to the OH group in H2O. 

According to this spectrum, it has been determined that  

the bonding of magnetic iron nanoparticles to activated 

carbon has been carried out. Also, Fig. 4(b) displays 

spectra of nZVI/AC with AR 33. Peaks at 1383.85 and 

1632.76 cm-1, are related to the CH2, CH3, and activated 

carbon groups, respectively, as well as the peak in the 

region of 3425.29 cm-1 shows the O H group [32].  

 

Optimization 

Effect of adsorbent dosage  

The effect of nZVI-AC dosage was studied at different 

dosages (0.1 to 0.3 g/ l), pH=3, and initial AR 33 

concentration of 10 mg/ l at room temperature (25 ºC).  

By increasing adsorbent dosage, the AR 33 dye removal 

efficiency was enhanced (Fig. 5a). 

The AR 33 removal efficiency increased to 100% with 

0.3 g/L of the adsorbent for 8 min. Increasing the 

nanocomposite dosage provides more surface-active sites 

to accelerate the initial reaction resulting in more iron ions 

colliding with dye molecules so, the dye removal 

efficiency was improved [35]. 

 

Effect of pH  

In order to assess the effect of pH on the removal 

percent of AR 33, experiments were accomplished with the 

adsorbent dosage of 0.2 g/L, initial concentration10 mg/L, 

and various pHs in the range between 3 to 8 at room 

temperature (25 ºC). According to Fig. 5 (b), AR 33 

removal efficiency increased from 89.72 to 100% by 

decreasing the solution pH from 8 to 3. The results obtained 

from experimental data revealed the pHZPC of nZVI-AC 

nanocomposite was 6.3. It can be concluded that the 

positively charged surface of nZVI-AC interacted with the 

negatively charged sulfuric group related to the AR 33 at 

pH <pHzpc ≈ 6. Less than a pH of the zero point of charge 

(pHZPC), which is equal to 6.3, the surface of adsorption 

has a positive charge. At pH<3.6 and pH>3.6, the nZVI-AC 

surface becomes positive and negative, respectively. It can 

be assumed that at high pH, a large amount of zero iron is 

changed to iron oxide-hydroxide or iron oxide. Therefore, 

its activity has decreased [36]. On the other hand, 
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Fig. 5: The effect of (a) adsorbent dosage, (b) pH, (c), initial concentration (d) temperature on the removal of AR 33. 

 

in the acidic environment due to adsorption and hydrogen 

radical production, the dye degradation process increases.  

It is most probable that lowering the pH generally increases 

the H+ amount which provides the required protons for 

the reduction process according to the proposed dye reduction 

reactions (Eqs (5-8)). According to the explanations, the mechanism 

is as follows [37]: 

2
F e F e 2e

 
                     (5) 

a d s
2 H 2 e 2 H

 
                     (6) 

a d s
n H n H n e

 
                     (7) 

D y e (O x .s t a t e ) n e D y e ( R e d .s t a t e )


                   (8) 

 

Effect of initial dye concentration  

The initial concentration of AR 33 in the range of  

10 to 20 mg/L was investigated. The other parameters, including 

pH and adsorbent dosage, were constant at 3 and 0.2 g/L, 

respectively. By reducing the initial dye concentration 

from 20 to 10 mg/L, the AR 33 removal efficiency was enhanced 

from 88.16 to 100% (Fig. 5c) because of the many empty 

sites of the nano adsorbent in low dye concentration.  

As shown, more than 70 % of AR 33 was removed within 

the first 2 min. This indicates the high rate of the contaminant 

removal reaction and the removal process is complete after 

5 min. The short removal time indicates that the 

nanocomposite was effective in dye removal. At the 

beginning of the reaction, AR 33 molecules were moved 

to the nZVI surface due to the strong adsorption and 

reduction ability of nZVI. The surface of the adsorbent 

possesses many empty sites and AR 33 can be contacted 

with available sites on nZVI surface at low concentrations. 

Therefore, high adsorption was observed by nZVI-AC  

and the removal efficiency increased [18]. 

 

Effect of temperature  

The effect of different temperatures (288 to 313 K)  

on AR 33 removal efficiency was studied at pH=3, the initial 
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Fig. 6: (a) Langmuir and (b) Freundlich isotherms for removal AR 33. 

 

the concentration of 10 mg/ l, and an adsorbent dosage  

of 0.2 g/L. As shown in Fig. 5(d), AR 33 removal efficiency 

was increased from 81 to 100% by increasing the 

temperature from 288 to 313 K. The results showed that 

the reaction was endothermic and by increasing the 

temperature, the process rate was increased. 

 

Adsorption isotherm models 

In this study, Langmuir and Freundlich adsorption 

isotherm models were used to determine the interactive 

behavior between the adsorbate and adsorbents.  

The Langmuir adsorption model expresses that the 

maximum adsorption is associated with a saturated 

monolayer of solute molecules on the adsorbent surface. 

Also, Langmuir isotherm assumes adsorption on 

homogeneous surfaces. The linear form of the Langmuir 

isotherm is given by the following equation: 

e m L m e

1 1 1 1

q q K q C
                     (9) 

Where 𝑞𝑒 (mg/g) is the amount of dye adsorbed at 

equilibrium and qm (mg/g) shows the monolayer capacity 

of the adsorbent. Also, Ce (mg/L) and KL (L/mg) show  

the concentration of adsorbate at equilibrium and  

the Langmuir's adsorption constant, respectively [38,39]. 

1/qe  was plotted versus the 1/Ce (Fig. 6a). KL and qm were 

calculated from the intercept and slope of the straight line, 

respectively.  

On the other hand, the Freundlich isotherm, which  

is assumed multilayer adsorption on heterogeneous 

surfaces was evaluated. The linear form of the Freundlich 

adsorption model is defined as follows: 

   e f e

1
L o g q l o g K l o g C

n
                  (10) 

Herein Kf (L/mg) and n (g/L) are related to the adsorption 

capacity and adsorption intensity, respectively [40].  

By plotting log qe versus log Ce (Fig. 6b), the parameters 

of this isotherm were obtained. 

According to Fig. 6(a) and (b), the correlation 

determination (R2) of the Langmuir model was higher than 

the Freundlich. Hence, the adsorption of AR 33 fitted  

to Langmuir isotherm, which indicated the monolayer 

process of adsorption. The calculated parameters related  

to the Langmuir and Freundlich isotherms are given in Table 1. 

 

Adsorption kinetics studies 

The exchanges in dye molecule adsorption were 

investigated using the pseudo-first-order and pseudo-

second-order kinetic models. The pseudo-first-order 

kinetic model is expressed by Eq (11). 

  1

e t e

k
l o g q q l o g q t

2 . 3 0 3
                   (11) 

Where 𝑞𝑒 and 𝑞𝑡 (mg/g) are the amount of AR 33 

adsorbed at equilibrium and at time 𝑡, respectively. Also, 

k1 (min−1) is Lagergren rate constant [41]. Calculation  

of the rate constant, slope, and intercept were implemented by 

plotting log (qe−qt) versus time (Fig. 7a). 

Besides, the pseudo-second-order kinetic model can be 

described by Eq (12). 
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Table 1: The obtained parameters of isotherm models for AR 33 removal. 

Langmuir Freundlich 

qm (mg/g) KL (l/mg) R2 Kf (l/mg) n R2 

26.80 1.15 0.9914 14.90 1.62 0.9853 

 

Table 2: The obtained kinetic parameters for AR 33 removal. 

pseudo-first order Pseudo-second order 

kl (min-1) qe  (mg g-1) R2 k2 (g.mg-1. min-1) qe (mg g-1) R2 

0.016 4.72 0.9922 0.887 4.95 0.9866 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 7: (a) pseudo-first-order and (b) pseudo-second-order kinetics for removal AR 33. 

 

2

t e2 e

t 1 t

q qk q

                    (12) 

Where k2 (g/mg.min) demonstrates the constant of this 

model [42]. The qe, k2, and R2 associated with this model 

were calculated by plotting t/qt versus time (Fig. 7b). 

According to Fig. 7, The high R2 (0.9922) related to the 

pseudo-first-order model indicates that the adsorption of 

dye fitted to this model. The calculated parameters of these 

models are tabulated in Table 2. 

 

Thermodynamic parameters 

Thermodynamic parameters such as Standard free 

energy change (ΔGº) (kJ/mol), standard enthalpy change 

(ΔHº) (kJ/mol), and the standard entropy change (ΔSº) 

 (J/mol.K) were determined using the Equations (13)  

and (14). 

G H T S                      (13) 

c

S H
L n K

R R T

 
                   (14) 

Where Kc is the adsorption distribution coefficient. T is 

the absolute temperature (K) and R is the universal gas 

constant (8.314 J/mol.K) [43,44]. 

According to Vant Hoff’s equation (Eq 14), plotting of 

Ln k versus 1/T (Fig. 8) was performed. Therefore, ∆Hº 

and ΔSº values were obtained and listed in Table 3.  

The negative value of ΔGº indicates the spontaneous 

reaction of AR 33 adsorption onto nZVI-AC nanoparticles. 

The positive values of ΔHº indicated that the adsorption of 

AR 33 was endothermic. 

 
Investigating the reusability of adsorbent for AR 33 

removal  

One of the most important aspects of reducing cost and 

waste production is adsorbent recycling. Fig. 9 displays 

 the nZVI-AC efficiency for removing AR 33 for 9 

repetitions. It can be concluded that the dye removal 

efficiency decreased from 100 to 44.97% after six cycles. 

As shown in this figure, the adsorbent has the potential 

ability after six removal processes. 
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Table 3: Thermodynamic parameters of AR 33 dye adsorption onto nZVI-AC. 

∆Hº (J/mol) ∆Sº (J/(mol.K)) ∆Gº (J/mol) 

16984.67 82.72 

Temperature (K) 

288 298 313 

−8908.03 −7667.17 −6839.92 

 

Table 4: Comparison of the proposed adsorbent with other adsorbents. 

Adsorbent 
Removal 

efficiency (%) 
Pollutant 

Time 

(min) 
pH 

Temperature 

(K) 
Ref. 

Nanozeolite-x 97.60 Crystal violet 6 8 298 [17] 

Nano-zero-valent iron 91.03 Direct Red-31 1.83 6 298 [33] 

Nano-zero-valent iron 94.57 Direct Brown-2 1.83 6 298 [33] 

Granular red mud-supported zero-valent 90.78 Acid Orange 7 120 1 298 [45] 

Chitosan particles 84.20 Reactive Red 195 600 4 318 [46] 

Modified Kenaf core fiber 97.25 Reactive Orange 16 110 6.5 303 [47] 

Zeolite 87.98 Acid Black 26 59.99 4 298 [48] 

Zero-valent iron nanoparticles/activated carbon 100.00 Acid Red 33 8 3 313 This study 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 8: lnKc versus 1/T for determination of AR 33 removal 

reaction enthalpy by nZVI-AC. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 8: Reusability of nZVI-AC for removing AR 33. 

 

 

Comparison with other adsorbents 

The removal percentage of nZVI-AC was compared 

with other adsorbents and the results are summarized  

in Table 4. It can be seen that the nZVI-AC has excellent 

removal efficiency and is higher than the other adsorbents. 

So, its ability is comparable with other adsorbents.  

In addition to the adsorption process, the feature of the 

proposed nano absorbent is the degradation ability of 

pollutant structure. Table 4 shows that the time required  

to remove high-efficiency pollutants is shorter than the other 

adsorbents, indicating the high rate of the removal reaction. 

CONCLUSIONS 

In this study, nanocomposite nZVI-AC was synthesized 

to rapidly and effectively remove AR 33 dye from  

an aqueous solution. Characterization methods confirmed 

the formation of nZVI-AC. Stabilization of nZVI on active 

carbon increase uniform dispersion followed by increasing 

active sites, as well as a better stability of iron 

nanoparticles. Isotherm and kinetics models, also 

thermodynamic parameters were studied. The removal 

reaction followed the Langmuir isotherm model. The 

kinetics reaction revealed that the pseudo-first-order has  
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a better response. The amount of free energy change 

showed that the reaction is spontaneous. The effective 

experimental parameters were optimized and maximum 

removal was obtained at an adsorbent dosage of 0.2 g/L, 

pH=3, initial concentration of 10 mg/ L, and temperature 

of 313 K. In addition, the reusability of nanocomposite 

represented the ability of adsorbent for AR 33 removal 

until six cycles without regeneration. The proposed 

adsorbent has many advantages, such as being cost-

effective, and environmentally friendly, and due to 

adsorption-reduction degradation possesses high-

performance removal efficiency, which has great prospects 

for effective removal of dye from aqueous media. 
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