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Abstract 

Water pollution by azo dyes that are very toxic for living things is increasing rapidly. Thus, it is very important to 

eliminate these dyes from aqueous media. In this study, bimetallic nano zero-valent iron-nickel (nZVI-Ni) 

supported on biopolymer chitosan (CS-nZVI-Ni) were synthesized and characterized by scanning electronic 

microscopy (SEM), energy-dispersive X-ray spectroscopy (EDX), X-ray diffraction (XRD), Fourier-transform 

infrared spectroscopy (FTIR), Brunauer-Emmett-Teller (BET), and vibrating sample magnetometer (VSM). The 

synthesized nanocomposite was used as an adsorbent for the removal of Direct Red 16 (DR16) from the aqueous 

solution. The effect of pH (4-9), adsorbent dosage (0.08-0.3 g), contact time (5-30 min), and dye concentration 

(20-40 mg/L) revealed that the pH of 4, the adsorbent dosage of 0.2 g, contact time of 15 min, and initial 

concentration of 20 mg/L had maximum removal percentage (>96%). Two equilibrium models (Langmuir and 

Freundlich) were applied to calculate the adsorption parameters. The Langmuir model indicated the most suitable 

model that best fits the equilibrium data and the maximum adsorption capacity (qmax) was 84.74 mg/g with a 

coefficient of determination (R2) value of 0.9993. The pseudo-second-order kinetic model fitted well for the 

adsorption of DR16 with R2 of 0.9986. Thermodynamic parameters were calculated, and the results indicated that 

the adsorption was spontaneous and exothermic. The proposed adsorbent revealed excellent reusability with the 

removal efficiency from 88.32% to 60.28% after 5 cycles of adsorption experiments. Based on the results obtained 

from this work, the suggested adsorbent as a promising, simple, cost-effective, and efficient material could 

effectively be used for the elimination of various dyes from wastewater. 

Keywords: Bimetallic nanoparticles, Chitosan, Direct Red 16, Nickel, Zero valent iron  

 



 

 

1. Introduction 

Water treatment has become one of the hot research topics because various pollutants are increasing due to their 

wide applications. Toxic dyes, heavy metal ions, pesticides, and nitroarenes are known as the main contaminants 

of wastewater. According to reports, the widespread use of organic dyes in various industries has caused them to 

be the major component of effluent [1]. The main use of dyes is in paper, rubber, plastic, textile, and wood 

industries. The principal pollutants released from industrial wastewater belong to dyes based on azo, 

anthraquinone, and triphenylmethane groups [2]. AZO dyes are the largest and most important group of dyes with 

the widest application in diverse industries. These dyes have one or more AZO groups (-N=N-) as a prominent 

feature that connects the two organic parts of the dye [3]. 

Direct Red (DR16) has been introduced as the most basic and widely used azo dye, which is a common pollutant 

of industrial wastewater. This dye is highly resistant under aerobic conditions and their anaerobic reduction 

renders aromatic amine by-products. Hence, Carcinogenic, mutagenic, and resistant to biodegradation are some 

of the negative effects of this dye. It poses serious risks to aquatic organisms and human life by impairing 

photosynthesis and inhibiting plant growth and entry into the food chain  [4,5]. Also, a change in the pH and 

chemical composition of water occurs, which leads to an environmental imbalance and an enhancement in the 

chemical oxygen demand (COD) and biological oxygen demand (BOD) [6]. Therefore, it is necessary to remove 

these types of dyes from the water environment. 

The remediation techniques such as electrocoagulation [7], coagulation [8], flocculation and precipitation flotation 

[9], electro-Fenton [10], oxidation [11], and advanced oxidation [12] have been reported to eliminate azo dyes. 

The limitations of these methods include costly, sludge production followed by disposal problems, use of electrical 

energy, and chemical reagents [13]. Sedimentation and coagulation–flocculation use a large number of coagulants 

and flocculants that produce huge amounts of sludge, which can be difficult to manage and needs extra procedures 

to treat. Electrocoagulation is a fast process for the treatment and it possesses very good removal efficiency of 

ionic and colloidal matter, as well as its electrode cost is relatively low, while it requires high energy demand, and 

it represents low cost-efficiency. Minimum sludge production and economically feasible are the strengths of the 

electro-Fenton method, while slow generation of H2O2, low current efficiency at a pH lower than 3, and lethargic 

Fe2+ regeneration are the limitations of this method [14,15]. Compared with the mentioned approaches, adsorption 

is widely accepted for the treatment of wastewater owing to its easy operation, cost-effectiveness, simple 

operation, high efficiency, more compatible with the environment, and easy recovery and reuse of adsorbents. The 

adsorption capacity of the adsorbent has a significant effect on the removal of pollution [16-18]. 

Wastewater containing azo dye can degrade using zero-valent metals due to their reducibility. The loss of stable 

azo bonds occurs through redox with active metals. Among them, zero-valent iron (ZVI) is of great interest due 

to its unique features such as being environmentally friendly, good reducibility, low-cost, and useful application 

for wastewater treatment [19]. Nano zero-valent iron (nZVI) particles can act as a strong electron donor for the 

oxidation and conversion of a wide range of contaminants. The high reactivity of nZVI compared to ZVI is usually 

attributed to the larger surface area and more surface reaction sites [20]. Also, the magnetic adsorbent can be 

easily separated from the solution by applying an external magnet [21]. However, nZVI particles have high 

magnetism and surface energy, which lead to easy aggregation and oxidation, as a result, their dispersion and 



 

 

applications are reduced. Also, when interacting with water, a passive layer is formed, adversely affects the 

reactivity and transport capacity of nZVI [22]. Hence, as a successful approach, a second metal, such as nickel 

(Ni), can be integrated with nZVI to aid in stability while increasing the degradation rate compared to nZVI alone, 

resulting in effective dye removal [23-25]. Nickel with catalytic effect can cause better stability against corrosion 

and lower cost for site remediation. Iron-based bimetallic nanoparticles remain more stable in the air by this 

catalyst, which means it prevents oxidation. In comparison with other catalytic metals, Ni is less toxic and 

economically feasible [26,27]. 

Highly active surfaces metal nanoparticles (NPs) have highly active surfaces that lead to their aggregation. To 

avoid aggregation, the deposition of metal NPs on the supporter material like chitosan, silica, zeolite, alumina, 

and so on is a proper method [28]. Chitosan (CS) is widely chosen as a supporter due to its availability, nontoxicity, 

low cost, biodegradability, and unique structure [29]. By deacetylating chitin, CS as a linear copolymer is 

produced. Its advantages for the wastewater treatment include high adsorption capacity, floc formation, 

antimicrobial features, and renewable resources [30]. Most important of all these, the present reactive hydroxyl 

and amine groups in the CS structure make it a versatile candidate for the removal of dyes [31]. The high water 

solubility of CS leads to the effective removal of azo dyes using bimetal-CS without significant shaking and 

energy consumption [32]. 

The other adsorbents have been used for the removal of dyes and heavy metals. Neolaka et al., reported the 

removal of methyl red from an aqueous solution using Bali cow bones with a capacity of 7.2 mg/g [33]. Khera et 

al., used Archontophoenix alexandrae for the removal of copper, zinc, and nickel ions with capacities of 45.5, 

30.0, and 25.0 mg/g, respectively [34]. Kuncoro et al., represented the adsorption of Cd2+ and Pb2+ from aqueous 

solution by a mixture of bagasse-bentonite with a capacity of 20.61 and -4.28 mg/g at a time of 45 min [35,36]. 

In the other study, Kuncoro et al., reported the removal of  Pb2+ from an aqueous solution using a mixture of algae 

waste-bentonite at a contact time between 10 to 240 min [37]. 

The objective of this study was to treat aqueous solutions from azo dye, DR16, using bimetallic nZVI-Ni stabilized 

on CS as an environmentally friendly and economical adsorbent. The synthesized CS-nZVI-Ni was characterized 

by SEM, EDX, XRD, FTIR, DLS, and BET.  The influences of some experimental variables (pH, adsorbent 

dosage, reaction time, and pollutant concentration) were evaluated on the removal percentage. To ascertain the 

maximum adsorption capacity (qmax) of the adsorbent, adsorption isotherms, including Langmuir and Freundlich 

for DR16 dye removal were investigated. Also, Pseudo-first-order, pseudo-second-order, and Elovich kinetic 

models were studied. The short removal time with high qmax and high removal percentage of the proposed 

adsorbent makes it remarkable compared to previous studies. Therefore, it can be used to remove DR16 dye and 

other dyes in the wastewater of various industries. 

2. Materials and methods 

2.1. Materials 

Chitosan with a deacetylation degree between 75% to 85% and medium molecular weight was provided from 

Sigma-Aldrich. Iron(II) chloride tetrahydrate (FeCl2.4H2O), sodium borohydride (NaBH4), nickel(II) sulfate 

(NiSO4), hydrochloric acid (HCl), sodium hydroxide (NaOH), and acetone (C3H6O) were procured from Merck, 



 

 

as well as DR 16 dye (Scheme 1) was purchased from Alvan Sabet Company (Iran, Tehran). Its molecular structure 

is related to the double azo class with a molecular weight of 637.55 g/mol. 

 

Scheme 1. Chemical structure of DR16 

2.2. Preparation of CS-nZVI 

200 mL of distilled water was deoxygenated under N2 gas for 10 min using a mechanical stirrer at a rate of 354 

rpm. Afterward, FeCl2.4H2O (2g) and CS (0.4 g) were added 5 min apart. This mixture was dissolved well through 

a mechanical stirrer for 15 min under N2 gas (solution 1). A certain amount of NaBH4 (1g) was dissolved in 100 

mL distilled water (solution 2). Solution 2 was poured into solution 1 drop by drop using a burette. This mixture 

was stirred for 15 min under N2 gas, and then the filtration was accomplished via a vacuum pump. The obtained 

precipitate was transferred to another container and coated with acetone to prevent iron oxidation. 

2.3. Preparation of CS-nZVI-Ni 

NiSO4 (0.09 g) was dissolved in 200 mL of distilled water and it was stirred for 10 min under N2 gas. After that, 

a certain amount of CS/nZVI (2g) from the previous step was added to this solution and stirred for 15 min under 

N2 gas. This mixture was filtered using a vacuum pump. 

2.4. DR16 removal 

Various concentrations of DR16 (20, 25, and 30 mg/L) were prepared at a constant pH of 4. Afterward, adsorbent 

dosage of 0.2 g was added to each container. The samples were stirred for 15 min, and then sampling was carried 

out. Followed by a strong magnet was used to take out the adsorbent. The solution was centrifuged for 10 min at 

2000 rpm and the absorption of the supernatant solution was recorded by UV-Vis spectrophotometer (SU-6100 

double beam). Based on Eq (1), the dye removal percentage was determined. 

𝑅𝑒𝑚𝑜𝑣𝑎𝑙 (%) =
𝐶0 − 𝐶𝑒

𝐶0

× 100                                                                                                                    (1) 

Herein the initial and the final concentration of the DR16 are denoted by C0 (mg/L) and Ce (mg/L), respectively 

[38]. 

3. Results and discussion 

3.1. Characterization 

3.1.1. SEM and EDX analysis 

The surface morphology of CS-nZVI and CS-nZVI-NI was studied using ZEISS SEM (SIGMA VP, Germany) 

(Fig 1). The small white dots can be attributed to the placement of nZVI on CS. This image also represented that 



 

 

nZVI was dispersed in the form of spherical particles on the surface of CS and A relatively smooth surface can be 

observed (Fig 1a). The excellent performance of CS resulted in good dispersion of nZVI and Ni on CS (Fig 1c). 

These metal NPs covered the surface of CS due to the presence of NH2 and OH groups in the CS chain [29]. CS 

as a stabilizer can reduce the potential of the electrostatic barrier and stabilize the NPs. Also, it can improve the 

surface of NPs [26].  

SEM equipped with an EDX detector (LEO 9121413) was used to analyze elements in the structure of CS-nZVI 

and Cs-nZVI-Ni (Fig 1b and Fig 1d). The presence of iron (Fe) and carbon (C) with the amounts of 70.62% and 

24.36% confirms the formation of nZVI-CS. The existence of sodium (Na) in a small amount (5.02%) may be due 

to the use of NaOH during the synthesis process (Fig 1b). The Fe (65.54%) and Ni (25.35%) elements observed 

in Fig 1 (d) are assigned to the presence of nZVI and Ni in the structure of CS-nZVI-Ni. S with a weight of 9.11% 

was also detected, which was owing to the usage of NiSO4 in the synthesis of CS-nZVI-Ni. 

 

Fig 1. SEM images of (a) CS-nZVI and (c) CS-nZVI-Ni, EDX spectra of (b) CS-nZVI and (d) CS-nZVI-Ni 

3.1.2. FTIR analysis 

The functional groups of CS, CS-nZVI, and CS-nZVI-Ni were determined by Spectrum Two FTIR (Perkin Elmer). 

Fig 2 (a) displays the FTIR spectrum of CS. The stretching vibration of   O-H and N-H is represented by a broad 

peak at 3435 cm-1 [39]. The absorption peak at 2925 cm-1 is assigned to the C-H stretching vibration of CH2 [29]. 

The bending vibration related to the N-H can be observed at 1624 cm-1 [40]. The bands at 1375 and 1061 cm-1 are 



 

 

related to the C–O stretching of the primary alcohol group and the C–O stretching of the polysaccharide bond, 

respectively [41]. The -CH and -CH2 bending vibrations are detected at 892 cm-1 [42]. 

The FTIR spectrum of CS-nZVI (Fig 2b) shows the same peaks observed in CS with a small shift. So, it can be 

said that there is an interaction between iron and functional groups in CS, including amine and hydroxyl. The Fe–

O stretching vibration appeared at 569 cm-1 [40]. 

In the FTIR spectrum of CS-nZVI-Ni (Fig 2c), the wavenumber of O-H and N-H was reduced, indicating the 

interaction between nZVI and Ni with bonds in the structure of the polymer [26]. The observed peak at 611 cm-1 

is ascribed to the Ni–O stretching band [43]. 

 

 

 

 



 

 

 

Fig 2. FTIR spectra of (a) CS, (b) CS-nZVI, and (b) CS-nZVI-Ni 

3.1.3. XRD and DLS analysis 

Panalytical XRD (Xpert Pro) with a Cu kα radiation source at the wavelength (λ) of 1.54 Å (0.154 nm) was used 

to analyze the crystalline structure of CS-nZVI and CS-nZVI-Ni. The data were achieved in 2θ range of 10° to 



 

 

80° at a scan step time of 1 s at a temperature of 25◦C. Fig 3 (a) illustrates the pattern of CS-nZVI. An amorphous 

peak around 2θ=20º can be ascribed to CS. The presence of iron particles was confirmed by a sharp peak at 

2θ=35.82º. The pattern spectrum of CS-nZVI-Ni is shown in Fig 3 (b). The appearance of peaks at 20.07º and 

36.30° (ICSD 631728) are assigned to the CS and Fe2O3, respectively [40,44]. According to JCPDS file no. 04–

0850, A peak at 2θ=43.55° is related to the Ni with (111) plane [45]. Two peaks at 47.11º and 62.82º are related 

to the iron particles [46,47]. 

The crystalline size of the NPs was calculated using the Debye Scherrer equation (Eq 2). 

𝐷 =
𝐾𝜆

𝛽𝑐𝑜𝑠𝜃
                                                                                                                                                                               (2) 

where K is the Scherer constant (between 0.9 to 1);  the wavelength of the X-ray source is described by λ; β is the 

full width of the half maximum related to the diffraction peak; and θ shows the Bragg's angle [48]. The crystalline 

size of CS-nZVI-Ni was found to be 8.55 nm. 

As shown in the size distribution histogram of dynamic light scattering (DLS), the average size of CS-nZVI-Ni 

was about 10 nm (Fig 3c). 

 



 

 

 

 

Fig 3. XRD pattern of (a) CS-nZVI and  (b) CS-nZVI-Ni, and (c) histogram with size distribution of Cs-nZVI-Ni 

3.1.3. BET analysis 



 

 

The BET theory is close to the Langmuir theory, which specifies the specific surface area (SSA).  This theory 

assumes that in multi-layer adsorption, equilibrium is established in all layers. Eq (2) describes the BET model. 

𝑃/𝑃0

𝑛 (1 −
𝑃
𝑃0

)
=

1

𝑛𝑚𝐶
+

𝐶 − 1

𝑛𝑚𝐶
(𝑃/𝑃0)                                                                                                                     (2) 

where n is a certain amount of the adsorbed gas at the relative pressure P/P0; nm is the capacity of the monolayer 

of adsorbed gas; P denotes the pressure; P0 represents the saturation pressure of a substance being adsorbed at the 

adsorption temperature; and C is BET constant [49]. 

Specific surface area and pore size distribution of CS-nZVI and CS-nZVI-Ni were determined by BET (Belsorp 

mini). The N2 adsorption–desorption isotherm related to the CS-nZVI and CS-nZVI-Ni is shown in Fig 4 (a) and 

(c). The hysteresis loop of this figure matched with IUPAC classifications of physisorption isotherms (type IVa 

curve) [50]. Fig 4 (b) and (d) indicate the BET plots of CS-nZVI and CS-nZVI-Ni with R2 of 0.9983 and 0.9998, 

respectively. These plots can estimate the BET surface area, which was obtained at 23.42 and 19.35 m2/g for CS-

nZVI and CS-nZVI-Ni, respectively. The Langmuir isotherm calculate specific surface area. The sharpness of the 

knee of the hysteresis loop was confirmed by the high value of parameter C (453.18). Table 1 represents BET and 

Barrett-Joyner-Halenda (BJH) BJH-dependent parameters. The average pore diameter of the adsorbent was found 

to be 15.62 nm, so it can be said that the CS-nZVI-Ni is mesoporous. 

 



 

 

 

Fig 4. (a) and (c) nitrogen adsorption–desorption isotherm plot of CS-nZVI and CS-nZVI-Ni, respectively, (b) and (d) 

BET plot of CS-nZVI and CS-nZVI-Ni, respectively 

Table 1. The data obtained from BET and BJH methods for the CS-nZVI and CS-nZVI-Ni 

Sample as,BET (m
2/g) rp,peak (Area) 

(nm) 

Vp (cm3/g) ap (m
2/g) Vtotal (cm3/g) 

CS-nZVI 23.42 4.91 0.0795 25.86 0.0872 

CS-nZVI-

Ni 

19.35 5.29 0.0740 20.17 0.0756 

 

 

 

 



 

 

3.1.4. VSM analysis 

Fig 5 shows the magnetic intensity of the Cs-nZVI-Ni nanocomposite. The saturation magnetization (σs) of the 

adsorbent was found to be 10.196 emu g−1. Due to the combination of nZVI with CS, the magnetic properties may 

be slightly reduced. 

 

Fig 5. VSM image of CS-nZVI-Ni nanocomposite 

3.2. Effect of operational parameter on dye removal 

3.2.1. Effect of pH 

According to Fig 6 (a), the pH change from 4 to 9 led to a decrease in the removal percentage from 96.21% to 

71.18%. The anionic nature of DR16 and the negative surface charge of CS-nZVI-Ni can be a reason to justify 

this issue. In an acidic medium, positive ions neutralize these negative charges, providing the opportunity for 

DR16 molecules to get close to the CS-nZVI-Ni surface and adsorb on reactive sites. In contrast, repulsion is 

dominant in an alkaline environment, which leads to preventing the reaction of dye molecules with the adsorbent 

surface [4,5]. Hence, a pH of 4 with a removal percentage of 96.21% was selected as the best pH. In addition, the 

pHZPC of the CS-nZVI-Ni was determined by mixing a certain amount of adsorbent (0.2 g) and NaCl. The solution 

pH was adjusted to the required pH in the range of 4–8 using HCl and NaOH [51,52]. The pHZPC of CS-nZVI-N 

was obtained at 5.6 

3.2.2. The effect of adsorbent dosage 

The influence of adsorbent dosage was investigated in three different values (0.08 g, 0.14 g, 0.2 g, 0.3 g). As 

shown in Fig 6 (b), the maximum removal percentage (97.43 %) was related to the 0.2 g CS-nZVI-NI. This result 

emphasizes the issue that the enhancement in dosage of CS-nZVI-Ni increases the removal efficiency of DR16 to 

a large extent. When adsorbent dosage with small particle size is increased, the total total active surface available 

for dye adsorption is elevated, which causes more DR16 to be removed [53]. 



 

 

3.2.3. Effect of contact time 

Fig 6 (c) denotes the effect of contact time at six various time intervals of 5 min on the DR16  removal. The dye 

removal efficiency was obtained at 97.64 % by CS-nZVI-Ni within 15 min. This may be due to the presence of 

enormous empty active sites on the surface of CS-nZVI-Ni. As the DR16 molecules were adsorbed onto the 

adsorbent surface, the availability of active sites diminished gradually, and the adsorbent became saturated, 

leading to a reduction in the rate of removal percentage in DR16 with time [53]. 

3.2.4. The effect of initial concentration 

The impact of DR16 concentrations on the removal efficiency was assessed at concentrations ranging from 20 to 

40 mg/L. As shown in Fig 6 (d), the increment of the DR16 concentration possesses a negative influence on the 

removal percentage. At high concentrations of dye, the surface of CS-nZVI-Ni was saturated with DR16, which 

caused a decrease in the uptake and finally decline in removal percentage [54]. Therefore, a concentration of 20 

mg/L with a removal percentage of 98.59% was selected as the best value. 

 

Fig 6. The effect of (a) pH, (b) adsorbent dosage, (c) contact time, and (d) initial concentration on the removal 

percentage of DR16 with 3 repetitions 

3.3. Adsorption isotherm 

Two most widely used adsorption isotherm models i.e. Langmuir and Freundlich were proposed to evaluate data. 

Adsorption in the Langmuir model is a monolayer process and the existence of a limited number of adsorption 

sites on the absorbent surface is the basis of this model. Occupying the adsorption site with a dye molecule causes 

further adsorption not to occur in that place because it can only keep one adsorption molecule in itself. The linear 

form of this model is described in Eq (3). 



 

 

𝐶𝑒

𝑞𝑒

=
1

𝑞𝑚𝐾𝐿

+
1

𝑞𝑚

𝐶𝑒                                                                                                                                                 (3) 

Where Ce (mg/L) is the concentration of adsorbate in the solution at the equilibrium state; qe and qmax (mg/g) are 

the adsorption capacity at the equilibrium state and the maximum monolayer adsorption capacity of adsorbent, 

respectively. KL (L/mg) is the Langmuir constant, indicating the affinity of the adsorbate. The values of qmax and 

KL can be calculated by plotting  Ce/qe versus Ce (Fig 7a), which were obtained from the slope and intercept of 

the straight line, respectively. Based on the related calculation, qmax and KL parameters were 84.74 mg/g and 

0.0416 L/mg, respectively (Table 2). 

A good fit of the experimental data with the Langmuir model can express a dimensionless constant separation 

factor (RL) (Eq 4). 

𝑅𝐿 =
1

1 + 𝐾𝐿𝐶0

                                                                                                                                                                 (4) 

where RL is the adsorption nature and C0 (mg/L) is the maximum initial dye concentration. When RL = 0, 0 < RL 

< 1, RL = 1, and RL > 1, the adsorption nature is irreversible, favorable, linear, and unfavorable, respectively. RL 

value was found to be 0.5458, denoting favorable monolayer sorption [55,56]. 

The assumption of the Freundlich model is that the surface is heterogeneous and the desired analytes are adsorbed 

in the form of multilayer adsorption. This model is represented as follows: 

𝐿𝑜𝑔 𝑞𝑒  = 𝑙𝑜𝑔 (𝐾𝐹) + 
1

𝑛
 𝑙𝑜𝑔 (𝐶𝑒)                                                                                                                                 (5) 

The constant value of the adsorption intensity and the nature of adsorption are specified by KF and 1/n, 

respectively. The plot of Log qe versus Log Ce (Fig 7) can estimate the KF and 1/n values via slope and intercept 

[57]. The 1/n value was achieved at 0.5745, which shows the favorability of adsorption. The data obtained from 

the present study (Table 2) showed a better fit with the Langmuir model with a coefficient of determination (R2) 

equal to 0.9993 for the adsorption of DR16. 

 

 

 



 

 

 

 

Fig 7. (a) Langmuir and (b) Freundlich isotherms in different concentrations for the removal of DR16 by CS-nZVI-Ni 

Table 2. The obtained parameters of isotherm models for DR16  removal 

Langmuir Freundlich  

(mg/g) maxq (L/mg) LK LR 2R 
fK 1/n 2R 

84.74 0.0416 0.5524 0.9993 2.627 0.5745 0.9356 

 

3.4. Adsorption kinetics 

In this study, Pseudo-first-order (PFO), pseudo-second-order (PSO), and Elovich were investigated to express the 

adsorption kinetics of DB16 onto CS-nZVI-Ni. In the PFO model, the Lagergren equation is applied to evaluate 

the adsorption in the solid-liquid system (Eq 6). 

𝑙𝑛 (𝑞𝑒 − 𝑞𝑡) = 𝑙𝑛𝑞𝑒 −

𝑘1(𝑡)                                                                                                                                (6) 

Where qt and qe (mg/g) are the amount of the DB 86  adsorbed at time t and equilibrium state, respectively;  K1  

(min-1) represents the constant rate of PFO at the equilibrium state [58]. ln (qe-qt) versus time (min) was plotted 

(Fig 8a) to obtain K1 from the slope of this plot. 



 

 

In the PSO model, it is assumed that the type of process is chemical adsorption and the adsorption capacity 

determines the adsorption rate. Eq (7) can describe the PSO process. 

𝑡

𝑞𝑡

=
1

𝑘2𝑞𝑒
2

+
𝑡

𝑞𝑒

                                                                                                                                                                        (7) 

Where k2 (g mg-1·min-1) denotes the rate constant at the equilibrium state [59]. The linear chart of t/qt versus time 

(min) was plotted and qe and K2 parameters were found from the slope and intercept, respectively (Fig 8b). As 

shown, the R2 of the PSO model fits best with the adsorption of dye onto CS-nZVI-Ni.  

The Elovich equation can be described as follows: 

qt= 1/β.ln (α.β) + 1/β.ln (t)                                                                                                                         (8) 

Herein α (mg/g/min) is the initial adsorption rate and β (g/mg) is assigned to the extent of surface coverage and 

activation energy for chemisorption [60-62]. 

The parameters related to the mentioned models were calculated and given in Table 3. 

 

 

Fig 8. (a) Pseudo-first-order, (b) Pseudo-second-order, and (c) Elovich adsorption kinetics of DR16 



 

 

Table 3. The obtained kinetic parameters for DB 86 removal 

Kinetic  Parameters   

Pseudo-first-order Kl (min-1) 

qe (mg g-1) 

R2 

0.0581 

9.562 

0.9445 

Pseudo-second-order K2 (g.mg-1. min-1) 

qe (mg g-1) 

R2 

0.0148 

20.40 

0.9986 

Elovich α (mg/g/min) 

β (g/mg) 

R2 

0.2498 

0.2741 

0.9375 

 

3.5. Thermodynamic studies 

The determination of the spontaneous process was evaluated using a thermodynamic study. Parameters of 

thermodynamics, including the adsorption Gibbs free energy (ΔG0), standard enthalpy (ΔH0), and standard 

entropy (ΔS0) were calculated through the adsorption isotherm of the DR16 onto the CS-nZVI-Ni at different 

temperatures (283, 298, 323 K). These parameters were calculated using equations (9) to (12). 

∆𝐺0 = −𝑅𝑇𝑙𝑛𝐾                                                                                                                                                                   (9) 

𝐾 =
𝑞𝑒

𝑐𝑒
⁄                                                                                                                                                                             (10) 

𝑙𝑛𝐾 = −
∆𝐻0

𝑅𝑇
+

∆𝑆0

𝑅
                                                                                                                                                         (11) 

∆𝐺0 = ∆𝐻0 − 𝑇∆𝑆0                                                                                                                                                           (12) 

where K is the thermodynamic equilibrium constant; R (8.3145 J mol-1 K-1) is the gas constant; T (K) is the 

absolute temperature; qe is the adsorption capacity and Ce is the equilibrium concentration of pollutant. The ∆H0 

and ∆S0 values were determined via the slope and intercept of the equation of the Van’t Hoff plot (Lnk versus 1/T) 

(Fig 9), respectively. The negative value of ∆G0 confirms the spontaneous nature of the adsorption process, as 

well as the negative value of ∆H0 proves the exothermic reaction (Table 4). 



 

 

 

Fig 9. LnK versus 1/T for the removal of DR16 by CS-nZVI-Ni 

Table 4. Thermodynamic parameters of DR16 adsorption onto CS-nZVI-Ni at different temperatures  

ΔG0 (J/mol) ΔH0 (J/mol) ΔS0 (J/mol K) 

283 K 298 K 323 K 

−302.57 −251.72 −151.99 −1373.97 −3.77 

 

3.6. Reusability of adsorbent 

Costs and waste production can be reduced by adsorbent recycling. Therefore, the removal efficiency of the 

proposed adsorbent versus five successive cycles was studied. As shown in Fig 10, it can be concluded that CS-

nZVI-Ni has a high potential after five removal processes for reuse. The removal percentage was diminished from 

88.32% to 60.28%. 

 

Fig 10. Reusability of CS-nZVI-Ni for the removal of DR16 

3.7. Selectivity 

The influence of interfering substances like Na+, Mg2+, Fe2+, Fe3+, and so on was evaluated to estimate DR16. 

Table 5 indicated that interfering ions did not remarkably affect the determination of the mentioned dye. The 



 

 

permissible concentration of these interfering substances is higher than the DR16 concentration, representing a 

proper selectivity between dye and other substances. 

 

Table 5. Interfering effect of several species for the determination of DR16 

Species Tolerance limit [X]/[DR16] 

Na+, Cl-, K+, NO3-, CO3
2- 

Ni2+, Fe3+ 

Fe2+, SO4
2- 

Mg2+, Zn2+ 

300 

100 

500 

50 

 

3.8. Comparative study 

The performance of some previously reported adsorbents is compared to the results of this study (Table 3). The 

studied adsorbent (CS-nZVI-Ni) considerably outperforms other sorbents in terms of the qmax, removal percentage, 

and contact time. The adsorbent namely B-ZnO/TiO2 reveals a removal efficiency of 100% with a contact time of 

200 min. This contact time is higher than the contact time of this study (15 min). The qmax values of all adsorbents 

are lower than qmax of CS-nZVI-Ni (84.74 mg/g). As a result, the proposed adsorbent seems to have a bright 

future in widespread practical usage.  

Table 3. Comparison of various studies for the removal of different dyes 

Adsorbent Pollutant qmax (mg/g) Removal efficiency 

(%) 

Time (min) Ref. 

B-ZnO/TiO2  

Ag NPs/Ag3VO4/AgVO3/GO 

Feldspar 

Acidic soil containing iron  

ZFN-CTAB2 

CS-nZVI-Ni 

DR16 

DR16 

DR16 

DR811 

DR233 

DR16 

13.05 

--- 

5.30 

--- 

26.10 

84.74 

100.00 

61.54 

93.00 

84.00 

63.00 

98.59 

200 

155 

15 

30 

60 

15 

[4] 

[5] 

[63] 

[64] 

[65] 

Present study 

1 Direct Red 81 

2 Zinc ferrite nanoparticle (ZFN)- cetyl trimethylammonium bromide (CTAB) 

3 Direct Red 23 

 



 

 

3.9. Economic assessment 

An appraisal related to the cost of using CS-nZVI-Ni for the adsorption of DR16 was carried out based on the 

saturation capacity (84.74 mg/g) of the CS-nZVI-Ni alone, without considering other cost factors. Other 

researchers also have used this way to compute the adsorption process cost [66]. The adsorption system cost was 

considered as the relative cost for the adsorption of 1 g of DR16. Every 0.2 g of adsorbent can remove 1 g of 

DR16 with a cost of 0.3 USD, which can be said to be an economical adsorbent. 

3.10. Adsorption mechanism 

The removal mechanism of synthesized NPs along with CS was via the degradation catalyzed by Fe° and 

adsorption caused by iron oxide shell and CS. The nZVI particles can destroy the DR16 molecule chromophore 

using atomic hydrogen which was generated by the reaction between Fe° and H2O and H+. Ni located on the 

surface of Fe° has a catalyst role, which facilitates the production of atomic hydrogen and enables electron transfer 

through the iron oxide shell. Therefore, Fe/Ni nanoparticles are stimulated for higher dye removal efficiency. CS 

as a stabilizer not only preserves the nZVI particles and enhances the interaction between Fe° and DR16 but also 

reveals a synergetic effect on the removal of DR16  by the adsorption process (Scheme 2) [53]. 

 

Scheme 2. Mechanism of raction between CS-nZVI-Ni and DR16 

4. Conclusion 

This study indicates the removal of an azo dye, Direct Red 16, using nZVI-Ni bimetallic nanoparticles along with 

chitosan from an aqueous solution. The successful synthesis of CS-nZVI-Ni was confirmed by SEM, EDX, FTIR, 

XRD, BET, and VSM analysis. The effect of experimental factors, including pH, adsorbent dosage, contact time, 

and initial concentration of dye was studied to obtain the highest removal efficiency. Interpretation of experimental 

data was better with the Langmuir model. Among the various kinetic models (Pseudo-first-order, pseudo-second-

order, and Elovich), the adsorption kinetic results revealed that the data followed the pseudo-second-order model. 

Adsorption thermodynamic parameters indicated that the adsorption of DR16 on the surface of CS-nZVI-NI was 

exothermic and spontaneous. The reusability of the adsorbent demonstrated that the dye removal was reached to 

60.28% after five recycles. In future studies, the synthesized adsorbent can be used to remove other azo dyes from 



 

 

the effluents of different factories. To reach the dye wastewater treatment, an adsorption method with CS-nZVI-

Ni as a simple, low-cost, available, and efficient adsorbent would be a viable option.  
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