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Abstract  
Ag2O/sawdust nanocomposite (Ag2O/SD NC) as adsorbent of Cr(VI) was prepared by precipitation method. 

The as-prepared sample was characterized by various techniques such as X-ray diffraction (XRD), scanning 

electron microscopy (SEM) and Fourier transform infrared spectroscopy (FT-IR). The SEM micrographs show 

formation of Ag2O nanoparticles within 50–60 nm in size which have been homogeneously dispersed on the 

sawdust surface. The as-prepared Ag2O/SD NC were used to remove Cr(VI) from aqueous solutions. To 

determine the optimal conditions for adsorption, the effect of important parameters such as pH, contact time, 

initial concentration of Cr(VI), amount of adsorbent, temperature and ionic strength were investigated. It was 

found that the Ag2O/SD NC showed a high Cr(VI) removal capacity of 20.75 mg/g at 25 
o
C. The experimental 

data were well described by the pseudo-second-order kinetics and Langmuir isotherm model. Thermodynamic 

studies for the adsorption system were calculated and suggested that the adsorption process is spontaneous and 

exothermic. Taking advantages of the high adsorption capacity, inexpensive adsorbent, fast removal and easy 

separation from treated water, the Ag2O/SD NC can be used as an efficient for Cr(VI) removal  from aqueous  

solution. The exhausted adsorbent can be regenerated by simple alkaline treatment with high efficiency.  

 

Keywords: Adsorption, Ag2O/Sawdust nanocomposite, Cr(VI) Removal, Langmuir isotherm    

                                                         

1. Introduction  
In the last years, environment contaminations by heavy metals such as chromium, mercury and copper has 

gained much attention due to the important impact on public health. Chromium is one of the most toxic 

pollutants generated by the electroplating, photography, leather tanning, metal finishing, dye and textile 

industries [1, 2]. In aqueous solutions chromium is commonly found in two stable oxidation states such as 

trivalent Cr(III) and hexavalent Cr(VI). Trivalent chromium is considered as an essential micronutrient for 

human, plant and animal metabolism and much less toxic than Cr(VI). While Cr(VI) is extremely toxic and 

carcinogenic to living organism [2, 3, 4]. Due to its high toxicity and bioaccumulation as well as its high 

mobility in the environment, the removal of Cr(VI) from contaminated aqueous solution is of great importance. 

Developed and potential technologies such as coagulation [5, 6], electrochemical reduction [7], ion exchange [8, 

9], membrane separation [10, 11], adsorption [12-16] have been used for the removal of Cr(VI). Compared to 

other methods, adsorption is proved to be an effective and convenient method due to its low initial cost, easy 

operation, flexibility in design, and insensitivity to biological materials in aqueous environment [3, 4]. Several 

kinds of materials have been used as adsorbent for removal of heavy metal ions, such as active carbon [17-19], 

oxide nanoparticles [20, 21], nanocomposites [22-24] and agriculture waste [25, 26], inorganic materials [27, 

28], etc. These adsorbents showed  good  performance  for  the  removal  of  Cr(VI) from  aqueous  solutions. 

Despite these advantages, many adsorbents suffer from some drawbacks such as low adsorption efficiency, 

impurity, high cost and slow kinetics. An ideal adsorbent should have a suitable particle size, accessible pores, 

large surface areas, and high environmental stability [4]. Therefore, recent advances in nanotechnology focuses 
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on the fabrication of nano-sized adsorbents with enhanced adsorption capacity and rapid sorption rate for the 

removal of contaminants. This could be due to the large surface area and highly active surface sites of the 

nanoadsorbents [3]. 

Today, alternative adsorbents derived from renewable resources or less expensive natural materials have 

attracted much interest for removal of pollutants from wastewaters. Sawdust as a waste material is one of the 

most attractive biomaterials used for removing of heavy metals and organic pollutants from aqueous media and 

the capability of sawdust as treated and untreated has been studied to remove pollutants from aqueous solutions 

[29-33]. 

In this work, a facile method was developed to produce an Ag2O/sawdust nanocomposite. The adsorption 

properties of the nanocomposite toward Cr(VI) in aqueous solution were  investigated. To determine the optimal 

conditions for absorption, the effect of important parameters such as pH, contact time, initial concentration of 

Cr(VI), adsorbent dose, and temperature were studied. The Ag2O/Sawdust nanocomposite is found to possess 

unique capability such as easy separation, economical, cheap and commercially available adsorbent for the 

removal of Cr(VI) from aqueous solution.  

 

2. Materials and methods 
2.1. Material  

All chemicals used were of analytical grade (AR) and were prepared in distilled water. Sawdust samples (SD) 

from dicer were obtained from a local carpentry workshop. Silver nitrate (AgNO3), sodium hydroxide (NaOH), 

Potassium dichromate (K2Cr2O7), 1, 5-di-phenylcarbazide was obtained from Merck. 

 

2.2. Instrumentation 

A magnetic stirrer, analytical scale and pH meter (model 827, Metrohm) with a combined double junction glass 

electrode, calibrated against two standard buffer solutions at pH 4.0 and 7.0 were used in experiments. The pH 

adjustments were made using dilute NaOH and HCl solutions. A single beam Perkin-Elmer UV-Vis 

spectrophotometer with a 1cm cell was used for measuring all the absorption data. Cr(VI) concentration was 

measured by UV-Visible Spectrophotometer (TU-1800PC Beijing) at 540 nm wavelength by 1,5 diphenyl 

carbazide method [34]. 

 

2.3. Chemical synthesis  

Ag2O/sawdust nanocomposite (Ag2O/SD NC) was chemically prepared by the co-precipitation method. For this 

purpose, 5.0 g sawdust was poured into 50 mL of 0.20 M AgNO3 and then 50 mL of a 0.40 M sodium hydroxide 

(NaOH) aqueous solution was added drop wise, while the solution was constantly stirred with a magnetic stirrer, 

until the solution had the consistency of a brown-black colloidal suspension. The solution was kept at 60 °C for 

2 h to ensure complete reaction. After the heating and stirring for 2 h, the product was separated by filtration and 

washed with ethanol several times, and then dried at 80 °C. The reaction of silver nitrate with sodium hydroxide 

produces silver hydroxide via the following mechanism [35]: 

AgNO3 + NaOH → AgOH (s) + NaNO3 

The intermediate AgOH is thermodynamically unstable, and upon mild heat treatment is converted into Ag2O 

through the following dehydration process: 

2AgOH(s) → Ag2O (s) + H2O  

 

2.4. Preparation of Cr(VI) solution 

Chromium solutions were prepared by dissolving potassium dichromate in distilled water. For this purpose, 

0.535 g potassium dichromate was dissolved to deionized water in a 1000 mL volumetric flask (stock solution 

of Cr(VI) with concentration of 200 mg/L).  

2.5. Characterization of adsorbent 

X-ray powder diffraction (XRD) patterns were obtained on a Philips PW1840 diffractometer at a voltage of 40 

kV and a current of 100 mA with Cu Ka radiation (λ = 1.54056 Å). The surface morphology of Ag2O/SD NC 

was examined using Scanning electron microscopy ((SEM) with unique thermo-emission electron source by a 

tungsten film, Germany and UK co-production model LEO 1430VP) at an accelerating voltage of 15.0 kV. The 

infrared spectra (400-4000 cm
-1

) of samples were recorded on an alpha FT-IR (2011 Bruker Optic GmbH) 

instrument. 
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2.6. Adsorption batch study 

The adsorption experiments of Cr(VI) from solutions by Ag2O/SD NC was investigated in batch mode under 

various operational conditions. The Cr(VI) solutions for experiments with appropriate concentrations were 

prepared by diluting the stock solution (200 mg/L). The pH of the Cr(VI) solution was  adjusted  either  by  

using  either 0.10–0.01 M  HCl  or  0.10–0.01 M  NaOH solutions  and was  varied  within  the  range  of  2–10. 

Various parameters such as pH (2-10), contact time (1 to 60 min), the initial concentration of Cr(VI) (15.0–

200.0 mg/L), adsorbent dose (0.025-0.200 g), and temperature were studied. For the influence of parameters in 

each experiment, Cr(VI) solution with certain pH and the amount absorbent at 25
o
C on shaker with 150 rpm 

speed were mixed. The volume of Cr(VI) solution was 25 mL with initial concentration 50 mg/L and the 

amount of adsorbent was 0.10 g. After shaking at a certain time, the solution was separated from the adsorbent 

by filtration. Measurement of unadsorbed Cr(VI) ion was carried out according to standard method by Gilcreas 

et al [36]. This method consists of measuring the absorbance at 540 nm of filtrate after adsorption and addition 

of a small amount of 1,5-diphenyl carbazide solution. This reagent makes a highly colored violet complex with 

Cr(VI) in 0.10 to 0.20 M H2SO4 [37]. 

The Cr(VI) removal efficiency was determined using the following equation: 

 

 Removal (%)=C0-Ce/C0 ×100                                                                                                       (1) 

Where C0 is the initial concentration (mg/L) of Cr(VI) and Ce is the equilibrium concentration (mg/L). The 

equilibrium adsorption capacity (qe) was determined using the following equation: 

 

qe=(C0-Ce)V/m                                                                                                                               (2) 

Where C0 is the initial concentration of Cr(VI) in solution (mg/L), Ce is the equilibrium concentration (mg/L), qe 

is the equilibrium adsorption capacity (mg/L), m is the mass of adsorbent (g), and V is the volume of solution 

(L). At optimum  pH value, the effect of  adsorbent  dose  on  the  removal of Cr(VI)  was  studied  with  25 mL  

of 50 mg/L solution at 25 ºC.  The mass of adsorbent was varied from 0.025 g to 0.200 g. 

The kinetic adsorption performance was studied by contacting 0.10 mg of Ag2O/Sawdust nanocomposite with 

Cr(VI) solutions of two initial concentration at 25 
o
C. The initial pH of the Cr(VI) solution is 2.00, and the 

solution was shaked in a thermostatic shaker bath during the process. Samples were taken out of the solution at 

different time, each time 10 mL. The adsorption capacity was calculated by the following equation [38]: 

qt=(C0-Ct)V/m                                                                                                                                (3) 

Where qt is the adsorption capacity at time t, C0 is the initial concentration of Cr(VI) in solution (mg/L), Ct is the 

Cr(VI) concentration at time t (mg/L), m is the mass of adsorbent (g), and V is the volume of solution (L). 

Thermodynamic parameters such as ∆H
o
, ∆S

o
 and ∆G

o
 were also evaluated from equilibrium data. In addition, 

the kinetics was also studied, and the adsorption isotherms were investigated by the Langmuir, Freundlich and 

Temkin models. 

 

3. Results and discussion 

 
3.1. XRD Analysis 

The XRD patterns of untreated sawdust, Ag2O/SD NC and silver oxide nanoparticle are shown in Figure 1. The 

XRD pattern of sawdust is presented in Figure 1a. In Figure 1a, the bulk of the X-ray signal originated from the 

sawdust substrate. Figure 1b shows the XRD pattern of Ag2O-covered sawdust. The XRD results show that the 

as-deposited Ag2O has a great amount of Ag crystalline grains. The reflections observed at 2θ= 37.90° (111), 

43.90° (200) and 64.18° (220)  are related to the face-centered cubic (fcc) structure of metallic silver particle 

with the (111) reflection intensified considerably, in the presence of sawdust [39, 40]. The observed decrease in 

reflection intensity of sawdust after treating with silver oxide can be due to the strong interactions between 

silver or silver oxide with functional groups on the surface of sawdust. 

 Figure 1c shows the XRD pattern of Ag2O nanoparticles and confirms the synthesized material to be Ag2O. The 

XRD pattern for the Ag2O nanoparticles had the following planes: 111, 200, 220, 311, and the 222 which 

correspond to the reflections observed at 2θ= 32.94°, 38.22°, 55.12° and 65.70° in Ag2O with cubic system [35, 

40]. The diameter of the Ag particles coated on sawdust surface and Ag2O particles was calculated using the 

Scherrer formula: 

D= Kλ/βcosθ                                                                                                                        (4) 
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 Where D is the average diameter of the crystals in angstroms, λ, the X- ray wavelength for a Cu target (1.54˚ 

A), K, the crystal form factor (K = 0.89, corresponding to a crystal with an  unknown shape), θ, the Bragg angle 

in degree and β is the  full width at half maximum (FWHM) of the highest diffraction peak in radian. The value 

of k depends on several factors, including the shape of crystal and the miller index of the reflection plane. The 

characteristic peak of the coated Ag particles with the (111) reflection at 2θ=37.90 (crystal plane distance d= 

2.37˚ A) was used to calculate its crystal diameter, and we obtained D = 12 nm (Figure 1b). Correspondingly, 

the size of the silver oxide particles was calculated D = 33.35 nm from the reflecting peak at 2θ=32.94 (Figure 

1c).

 
Figure 1: XRD patterns of: (a) pure sawdust, (b) Ag2O-coated sawdust and (c) Ag2O NPs. 

 

3.2. Morphology study 

In order to investigate the morphology of the obtained samples, surface morphology of the untreated, treated 

sawdust and Ag2O nanoparticles was studied by scanning electron microscopy analysis (Figure 2 and Figure 
3). 

 
Figure 2: SEM images of: (a, b) pure sawdust and (c, d) Ag2O-coated sawdust. 
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Figure 3: SEM images of: (a, b) Ag2O-coated sawdust after adsorption of Cr(VI) 

 and (c, d) Ag2O particles. 

 

Figures 2a and 2b show the surface of the pristine sawdust. The SEM micrographs show that the sawdust had 

a rough and porous surface. The comparisons between the SEM images of the treated and untreated sawdust 

clearly show that treated sawdust is covered by dispersed Ag and/or Ag2O particles. It can be seen that the 

deposited nanoparticles were composed by agglomerates of fine particles with dimensions that are less than 

100 nm and nanoparticles were uniformly distributed on the sawdust surface (Figure 2c and 2d). Figure 3a and 

3b show the SEM image of treated sawdust after adsorption of Cr(VI). SEM images reveal that the most of Ag 

particles are irregularly shaped and relatively spherical with dimensions less than 100 nm. Its can clearly be 

seen the surfaces of adsorbent were covered by the fine particles and the bulk particles are separated. The 

SEM images of the powdered Ag2O particles are shown in Figure 3c and 3d. The particles in this sample have 

relatively a sphere-like morphology. The image reveals that the most of them are agglomerates of irregularly 

shaped and relatively spherical with dimensions that are less than 100 nm. 

 

3.3. FT-IR spectroscopy study 

The FT-IR spectra of the untreated sawdust, Ag2O, Ag2O/SD NC before and after adsorption are shown in 

Figure 4. Figure 4a shows the FT-IR spectra of untreated sawdust. Sawdust has a fiber structure and its main 

component is cellulose, which has a straight chain structure and large molecule mass. The absorption peak at 

3411 cm
–1

 indicates the hydroxyl groups and the absorption band at 2905 cm
−1

 is due to the contribution from 

C-H stretching.  The band at 2359 cm
−1

 is assigned to stretching vibrations of N–H or C=O groups probably 

due to amines and ketones, 1647 cm
−1

 is an indication of COO, C=O, and can also indicate the bending 

vibration of adsorbed water, 1268 cm
−1

 is assigned to carboxylic acids vibration, 1058 cm
−1

 is stretching 

vibration of C–O–C and O–H of polysaccharides. The band at around 1428 cm
−1

 is assigned to symmetric 

COO– stretching motions and to the bending vibrations of aliphatic groups, whereas the peak at 1372 cm
-1

 

refers to C-O stretching of cellulose in sawdust [41]. 

FT-IR spectrum of Ag2O nanoparticles is presented in Figure 4b. It represents several bands at 3375, 1651, 

and 1385 cm
−1

. The absorption peak at 3375 cm
–1

 indicates the hydroxyl groups, 1651 cm
−1

 is a bending 

vibration of adsorbed water and the absorption band at 1385 cm
−1

 could be assigned to CO2 stretching 

vibration (carbon dioxide from atmosphere, perhaps due to the mesoporous nature of Ag2O nanomaterials). 
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The Ag-O-Ag stretching vibration band could be appeared at around of 509 cm
–1

 which is covered due to the 

overspread of spectra in region 400-500 cm
–1

 [42]. 

Figure 4c shows the FT-IR spectra of Ag2O/SD NC. FT-IR spectrum analysis confirms that the silver oxide 

nanoparticles are dispersed onto the sawdust. The intensity of some bands has decreased because of the 

presence of silver oxide nanoparticles onto the sawdust. The bands at 1647, 1428 and 1058 cm
-1

 were shifted 

to 1642, 1416, 1030 cm
-1

 respectively in the Ag2O/SD nanocomposite and it proves the interaction of silver 

oxide nanoparticles with the different reaction sites of sawdust. FT-IR spectra of Ag2O/SD NC after 

adsorption of Cr(VI) is shown in Figure 4d. Two new peaks were observed in FTIR spectra of Cr(VI)-loaded 

sorbents (807 and 900 cm
-1

) attributed to Cr-O and Cr=O bonds of HCrO4
-
, which suggests that Cr(VI) was 

adsorbed on the surface of Ag2O/SD NC [43, 44]. 

As shown in the Figures 4a, 4c and 4d, the some wave number shifts in the main peaks of sawdust compared 

with Ag2O/SD NC, it might be concluded that some metal binding between sawdust and silver oxide taking 

place at the surface of the sawdust [15]. Formation of some metallic silver particles as confirmed by XRD, 

some oxidation reaction occurred on the surface of sawdust (as reductant). However, the adsorption 

mechanism could be considered as mixture of chemisorption and electrostatic interaction. Electrostatic 

interactions between silver based nanocomposite and Cr (VI) ions (mainly existed as HCrO4
-
 form at pH 2) 

seems to be the dominant reason for uptake of Cr(VI) ions by Ag2O/SD NC.  

 
 Figure 4: FT-IR of: (a) pure sawdust, (b) Ag2O NPs (c) Ag2O-coated sawdust and (d) Ag2O/SD NC after 

adsorption of Cr(VI). 

 
3.2. Batch adsorption study 

3.2.1 Effect of pH on Cr(VI) removal 

The initial solution pH is one of the most important environmental factors strongly influence on the adsorption 

of Cr(VI). The effect of pH was examined by varying the pH of the solution in the range 2.00–10.00 using 25 

mL an initial concentration of 50.0 mg/L of Cr(VI) by aliquots of adsorbents (0.10 g) at 298 K and is 
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illustrated in Figure 5. It is found that the adsorption capacity is highly dependent on the pH of the solution. 

Cr(VI) removal is improved with decreasing pH from 10.0 to 2.0 for all adsorbents (sawdust, Ag2O and 

Ag2O/SD NC). As a result, the optimum pH for Cr(VI) adsorption was found as 2.0 and the other adsorption 

experiments were performed at this pH. According to the  literature [3], the  predominant  Cr(VI)  species are 

monovalent bichromate (HCrO4
−
) and divalent dichromate (Cr2O7

2−
) when the pH  is  in  the range of  2.0–6.0, 

while the dominant species is chromate (CrO4
2−

) when the pH  is above  6.0.  As shown in Figure  5,  when  

the  pH  of the  initial  solution  changed  from  10.0  to  2.0,  the  adsorption  efficiency  increased  from  

45.5%  to  about  99%.  Removal of HCrO4
-
 anions using Ag2O/SD NC increased at pH 2 owing to the 

formation of positive charges on the adsorbent surface (due to high concentration of H
+
 at acidic conditions) 

and electrostatic interactions between adsorbent and adsorbate. The  reason  for  the  decrease  of adsorption  

efficiency  at  alkaline pH values is  due  to  the  repulsive interactions between the negatively charged 

adsorbent surface (due to high concentration of  OH
−
  at alkaline conditions) and CrO4

2−
 anions[2, 3].   

 

 
Figure 5: The effect of initial  pH of solution  on  the  percentage removal of Cr(VI) from  solution on 

sawdust, Ag2O and Ag2O/SD NC (initial concentration of Cr(VI)  50  mg/L, adsorbent  dose  0.1  g, 

temperature  298  K, and contact time 30 min). 

 
3.2.2 Effect of contact time 

The Effect of contact time on adsorption of Cr(VI) ions was studied by shaking mixture of 0.10 g adsorbent 

(Ag2O/SD NC) with 50 mL of the aqueous solutions of Cr(VI) ions with initial concentrations of 50.0 and 

75.0 mg/L at acidic pH (pH= 2). The  effect  of  contact  time  on  the  percentage removal of Cr(VI)  ion  is  

presented in  Figure 6. The data obtained from the adsorption of Cr(VI) ion on the Ag2O/SD NC showed that 

the adsorption increases with an increasing contact time. For a concentration less than 50.0 mg/L Cr(VI) the 

maximum adsorption was reached in a short period of time and the composite adsorbed approximately 100% 

of the metal ion. The result indicates that a fast adsorption process of Cr(VI) occurred during the first few 

minutes. The plot reveals that the rate of percentage removal of Cr(VI) ion is initially high which is probably 

due to the availability of larger surface area of the Ag2O/SD NC for the adsorption of Cr(VI) ions. The 

maximum percentage removal of Cr(VI) ion was attained after 30 min of stirring time. The adsorption did not 

changed much with further increase in contact time. Therefore, the contact time of 30 min was sufficient to 

achieve equilibrium for Cr(VI) ion. 
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Figure 6: The Effect of time contact on the percentage removal  of Cr(VI) on Ag2O/SD NC (pH 2, initial 

concentration of Cr(VI)  50  mg/L,  adsorbent  dose  0.1 g, and temperature  298  K). 

 
3.2.3. Effect of initial concentration of Cr(VI) on the removal 

The initial metal ion concentration is another important variable that can affect the adsorption process. The 

rate of adsorption or adsorption capacity is a function of initial metal ion concentration. The effect of 

chromium concentration on the adsorption was studied under optimized pH. For this investigation, 0.10 g of 

Ag2O/SD NC were treated with 50 mL of Cr(VI) ion solution with different initial concentrations. 

Concentrations of Cr(VI) varied from 15.0 to 200.0 mg/L. The effect of initial Cr(VI) concentration on 

removal efficiency of the adsorbent is presented in Figure 7. It can be seen that with increasing initial 

concentration of chromium removal efficiency decreases. So, with increasing of initial concentration of 

chromium from 15.0 to 200.0 mg/L, the absorption rate is reduced from 100.00% to 55.57%. Decrease in 

adsorption percentage at higher concentrations might be due to the relatively smaller numbers of active sites 

available at higher chromium concentrations. On the other hand, at higher concentrations, the available sites 

of adsorption become fewer, and hence the percentage removal of metal ions depends upon the initial 

concentration [41]. 

 
 
Figure 7: The effect of initial concentration of Cr(VI) on the percentage removal of Cr(VI) ion from solution 

on Ag2O/SD NC (pH 2.0, adsorbent dose 0.1 g, temperature 298 K, and contact time 30 min). 
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3.2.4 Effect of the dosage of Ag2O/SD NC 

Adsorbent dosage is an important parameter because it determines the capacity of an adsorbent for adsorption 

of an adsorbate. In this experiments, Cr(VI) solution (50 mL, 50.0 mg/L) was treated with various amounts of 

the Ag2O/SD NC (from 0.025 to 0.200 g) at pH 2.0 and room temperature for 30 min. Figure 8 shows the 

effect of adsorbent dosage on the removal efficiency (% removal) of Cr(VI) from aqueous solution. The 

results indicated that the percentage removal of Cr(VI) rapidly increased (from 59.0% to 100.0%) with the 

increase of dosage (from 0.025 to 0.200 g). This is due to an increase in the surface area and availability of 

more active sites of the adsorbent for uptake of Cr(VI) ions [3]. After optimum dosage (0.100 g), the removal 

efficiency remains unchanged with increase in adsorbent dosage. Further increase in adsorbent dosage (>0.10 

g) did not create significant improvement in Cr(VI) removal efficiency. This seems to be due to the binding of 

almost all ions to the adsorbent and the establishment of equilibrium. It has been reported that there are many 

factors which can contribute to adsorbent dosage effect on efficiency of adsorption. The most important factor 

is that adsorption sites remain unsaturated during adsorption process. As the adsorbent dosage is increased, 

the adsorption increased slightly resulting from the lower adsorptive capacity utilization of the adsorbent. The 

other reason may be the aggregation/agglomeration of adsorbent particles at higher dosages, which would lead 

to a decrease in the surface area and an increase in the diffusion path length. The particle interaction at higher 

adsorbent dosage may also help to desorbs some of the loosely bound metal ions from the sorbent surface 

[45]. 

 
Figure 8: The effect of adsorbent dosage on the percentage removal of Cr(VI) ion from solution on Ag2O/SD 

NC (pH 2.0, metal concentration 50 mg/L, temperature 298 K, and contact time 30 min). 

 
3.3. Equilibrium isotherms studies 

Adsorption isotherms are basic requirements for designing of an adsorption system. Isotherm expresses the 

relation between the amounts of adsorbate removed from the aqueous solution by unit of mass of sorbent at 

constant temperature [46, 47]. The parameters of adsorption isotherms provide useful insight into both 

sorption mechanism and surface properties. Therefore it is important to create the most suitable correlation of 

equilibrium curves in order to optimize the conditions for the design of adsorption systems [46, 47]. To 

quantify the adsorption capacity of Ag2O/SD NC for the removal of Cr(VI) from aqueous solution, the 

Langmuir, Freundlich and Temkin isotherm models were used at various temperatures. 

 
3.3.1. Langmuir and Freundlich isotherms 

The Langmuir model assumes that the adsorption of metal ions occurs on a homogeneous surface by 

monolayer adsorption, and no interaction happens between sorbent species [3]. The Freundlich model 

assumes physicochemical adsorption on heterogeneous surfaces. The linearized Langmuir (Eq. (5)) and 

Freundlich (Eq. (6)) models are expressed as follows: 
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Ce/qe = 1/qm.b + Ce/qm                                                                                                              (5) 

Ln qe = ln kF + 1/n (ln Ce)                                                                                                         (6) 

Where qe is the amount of adsorbate adsorbed per mass of adsorbent at equilibrium (mg/g), Ce is the 

equilibrium concentration of adsorbate in aqueous solution (mg/L), qm is  the  maximum  adsorption  capacity 

(mg/g) of the Ag2O/SD NC, b is the  free  energy  of  adsorption  (L/mg), kF and n are the Freundlich isotherm 

parameters related to adsorption capacity  (mg/g)  and  intensity  of  adsorption,  respectively. The linearized 

plots of Langmuir, Freundlich and Temkin isotherms are shown in Figures 9a–9c, respectively. From the 

linear equation of the plots, the calculated parameters of the isotherms are presented in Table 1. The 

monolayer adsorption capacity (qm) was obtained as 20.75 mg/g for Ag2O/SD NC which is considerably 

higher than SD and Ag2O nanoparticles. Based on the higher values of correlation coefficients (R
2
) for 

Langmuir model (R=0.9905) compared to the Freundlich model (R=0.8806), adsorption data seems to be 

described by the Langmuir model more favourably. On the other hands, the Langmuir model is more suitable 

than the Freundlich model for describing the adsorption process, indicating that the adsorption of Cr(VI) on 

the Ag2O/SD NC is homogenous. 

The favorability (the essential features of the Langmuir isotherm) of the adsorption process was also 

represented by a dimensionless constant separation factor RL (RL, also called equilibrium parameter), which is 

defined by the Eq. (7) [46]: 

 

RL=1/(1+bC0)                                                                                                                                (7) 

Where C0 is the initial concentration (mg/L) and b is the Langmuir constant (L/mg). The value of RL 

represents the adsorption process to be unfavorable when RL>1, linear when RL=1, favourable when RL<1 and 

irreversible when RL=0 [3]. For this studied, RL values fall between 0 and 1 (Table 1) confirming the 

favourable nature of adsorption of Cr(VI) by the Ag2O/SD NC. 

 
3.3.2. Temkin isotherm model 

The Temkin  isotherm  model  unlike  the  Langmuir  and Freundlich isotherms contains a factor that 

explicitly  takes  into  account  the  interactions between  adsorbents  and  metal  ions  to  be  adsorbed  and  is 

based on  the  assumption  that  the  free  energy  of  sorption  is a function  of  the  surface  coverage [3, 46]. 

On the other hand, the Temkin isotherm assumes that the heat of adsorption in the layer decreases linearly 

with coverage due to the interactions between adsorbate and adsorbate. Also, this model assumes that 

adsorption process is characterized by a uniform distribution of binding energies, up to some maximum 

binding energy [48]. Temkin isotherm is represented by following equation: 

qe=(RT/bT) ln (kTCe)                                                                                                                     (8) 

 

Equation (8) can be expressed in its linear form as:  

qe=B lnkT +B lnCe                                                                                                                         (9) 

 

Where  kT is  the  equilibrium  binding  constant corresponding  to the maximum  binding  energy  (L/g),  bT is  

the Temkin  constant related to the heat of adsorption (KJ/mol), R is the universal gas constant (8.314 

J/mol.K) and T is the absolute temperature (K) [3]. The adsorption data can be analyzed according to equation 

(9). A plot of qe versus lnCe enables the determination of the isotherm constants KT and B. This isotherm is 

plotted in Figure 9c for Cr (VI) adsorption on Ag2O/SD NC and the values of the related parameters of the 

used adsorbents are also given in Table 1. 
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Figure 9: The linear plot of adsorption equilibrium data. (a) Langmuir isotherm, (b) Freundlich isotherm and 

(c) Temkin isotherm  (Conditions: pH 2.0, adsorbent dose 0.10 g, temperature 298 K, and contact 

time 30 min). 
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Table 1: The Freundlich, Langmuir and Temkin equilibrium adsorption isotherm models for adsorption of 

Cr(VI) on the used adsorbents 

 

Lungmuir constant 

Adsorbent qm (mg/g) b (L/mg) R
2
 RL 

Ag2O/SD NC 20.75 0.674 0.9905 0.015 

Ag2O NPs 12.77 0.546 0.9817 0.012 

SD 6.67 0.078 0.9729 0.078 

Freundlich constant 

Adsorbent n KF (L/g) R
2
 

Ag2O/SD NC 10.61 12.94 0.8806 

Ag2O NPs 3.85 4.77 0.8833 

SD 3.06 1.37 0.8529 

Temkin constant 

Adsorbent KT (L/mg) B R
2
 

Ag2O/SD NC 2.53 1.11 0.8828 

Ag2O NPs 11.34 2.03 0.9313 

SD 1.21 1.24 0.8700 

 
It was found that the correlation coefficient (R

2
) for the Langmuir isotherm model was 0.9905, which was 

higher than that of Freundlich isotherm model (0.8806) and Temkin isotherm model (0.8828). This suggests 

that the Langmuir model provided a more consistent fit to the data compared with the Freundlich and also 

Temkin models. In sawdust, various functional surface groups (e.g. phenolic –OH, aliphatic C–H and 

carboxylic groups) can be responsible for Cr(VI) removal. Both sawdust and silver oxide are capable to 

uptake Cr(VI) ions as indicated in Table 1. However, the nanocomposite was found to be more effective due 

to the synergistic effect.  

 

3.4. Adsorption kinetics 

Adsorption kinetic study provides valuable information on the reaction pathways and the mechanism of 

adsorption process [37]. The mechanism of adsorption depends on the physical and chemical characteristics of 

the adsorbents. The kinetics of adsorption explains the rate of uptake of chromium ions onto the Ag2O/SD NC 

and this rate controls the equilibrium time. In order to investigate the kinetic mechanism of Cr(VI) sorption 

onto the Ag2O/SD NC, kinetic models including pseudo-first order (Eq. 10) and pseudo-second order (Eq. 11) 

were examined  

log (qe-qt) = log qe – k1t/2.303                                                                                                    (10) 

t/qt  = 1/k2qe
2 
+ t/qe                                                                                                                       (11) 

       Where qe (mg/g) and qt (mg/g) are amount of Cr(VI) adsorbed at equilibrium and at time t (min), k1 

(1/min) and k2 (g/min.mg) are the pseudo-first order and pseudo-second order adsorption rate constant, 

respectively [3]. The values of k1 and qe for the pseudo-first order model were determined from the slope and 

intercept of the plot of log (qe-qt) against t as indicated in Figure 10a. Values of k2 and qe for the pseudo-

second order model were calculated from the slope (1/qe) and intercept (1/K2qe
2
) of the linear plot of t/qt 

versus t as indicated in Figure 10b. The conformity between experimental data and the model predicted values 

was expressed by the correlation coefficient (R
2
). The resulting kinetics data calculated for the three 

adsorbents are also summarized in Table 2. 
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Figure 10: Cr(VI) adsorption on Ag2O/SD NC. (a) Pseudo-first order and (b) Pseudo-second order kinetics 

 
Table 2: Parameters obtained from the kinetics models for the used adsorbents 

 

  Pseudo-first-order model Pseudo-second-order model 

Adsorbent qe,exp 

(mg/g) 

K1 

(1/min) 

qe,cal 

(mg/g) 

R
2
  K2 

(g/mg.min) 

qe,cal 

(mg/g) 

  R
2
 

Ag2O/SD NC 12.43 0.490 4.83 0.9651 0.116   12.72 0.9998 

Ag2O NPs 10.89 0.076 2.45 0.9603 0.104 11.17 0.9989 

SD 5.37 0.107 2.975 0.9636 0.072 5.81 0.9982 

 
It can be seen that values of correlation coefficients for pseudo-second-order model are greater than those of 

pseudo-first-order model. Moreover, the calculated value of qe for pseudo-second-order model is much closer 

to the experimental values of qe (Table 2). Therefore, it could be concluded that the sorption of Cr(VI) onto 

Ag2O/SD NC follows the pseudo-second order kinetics model and Cr(VI) removal is mainly governed by 

chemical sorption. Based on the regression analysis and the closeness of the experimental adsorption capacity 
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(qe exp) to qe cal for the used adsorbents, chemisorptions and pseudo-second order kinetics model could be 

suggested. 

 

3.8. Thermodynamic investigations  

The thermodynamic parameters associated with the adsorption process, namely, standard Gibbs free energy 

change (ΔGº), entropy change (ΔSº) and enthalpy change (ΔHº) were calculated using the following 

equations: 

 

ΔGº = −RT lnKC                                                                                                                            (12) 

lnKc = ΔSº/R−ΔHº/RT                                                                                                                   (13) 

 

      Where  R (J/mol/K) is  the  ideal  gas  constant, T (K)  is  the  absolute temperature  and  Kc (L/mol)  is  

the  thermodynamic  equilibrium constant [3]. The thermodynamic parameters of adsorption of Cr(VI) onto 

Ag2O/SD NC calculated from  the slope and intercept of the linear plot of lnKc versus 1/T is represented in 

Figure 11. The thermodynamic parameters obtained for the three adsorbents are summarized in Table 3. 

 
Figure 11: The plot of ln Kc versus 1/T for Cr(VI) adsorption on Ag2O/SD NC. 

Table 3:  Thermodynamic parameters for Cr(VI) uptake for the used adsorbents 

 

Adsorbent Temperatures  
(K) 

Kc ΔG
o  

(KJ/mol) 
ΔH

o  

(KJ/mol) 
ΔS

o  

(J/mol.K) 

Ag2O/SD  
298 

960.5 -17.02 -73.31 -185.92 
Ag2O 6.78 -4.74 -0.983 -16.54 
SD 0.754 0.69 -0.908 -32.50 

Ag2O/SD  
308 

323.7 -14.80   
Ag2O 5.87 -4.53 
SD 0.646 1.13 

Ag2O/SD  
328 

49.4 -10.66 
Ag2O 4.92 -4.20 
SD 0.527 1.69 

Ag2O/SD  
338 

11.6 -6.89 
Ag2O 3.68 -3.55 
SD 0.431 2.29 
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It is obvious that the negative values of free energy change in all the systems indicate the spontaneous nature 

of the process. On the other hand, with an increase in temperature negative values of change in Gibbs free 

energy (ΔG°) are obtained which reveal the spontaneity of the adsorption process. The negative values of 

standard enthalpy change suggest the exothermic nature of the adsorption process and the negative values of 

ΔS° indicate faster interaction during the forward reaction (sorption). As shown (Table 3) from the 

thermodynamic investigations, it can be concluded that Cr(VI) sorption onto Ag2O/SD nanocomposite  is 

more favourable. 

 

3.9. Desorption studies 

Since the adsorption of Cr(VI) ions onto Ag2O/SD NC is pH-dependent and the lower pH is beneficial for the 

Cr(VI) adsorption, the desorption of Cr(VI) ions from the adsorbent can be achieved by increasing the system 

pH values. Therefore, for performing desorption studies the exhausted Ag2O/SD NC was treated with 0.10 M 

NaOH and 5 wt% ammonia solution in order to regenerate the Ag2O/SD NC. It was found that more than 95% 

of the pre-adsorbed Cr(VI) ions can be desorbed upon simple treatment of Ag2O/SD particles with 0.01 M of 

NaOH solution. Desorption investigation showed that the introduced adsorbent in the current research can be 

used for Cr(VI) removal with high regeneration efficiency (>95%). 

 

3.10. Adsorption capacity of the prepared nanocomposite compared to some reported adsorbents  

The adsorption capacity of Ag2O/SD NC for Cr(VI) ions removal was compared with some other reported 

adsorbents (Table 4). As shown, the adsorption capacity achieved in this work is higher than most of them. 

Therefore, it can be concluded that Ag2O/SD NC is an effective adsorbent for Cr(VI) ions removal from 

aqueous solutions.  

 

Table 4: Comparison of the adsorption capacities of Ag2O/Sawdust NC with some reported adsorbents for 

Cr(VI) removal. 

umber Adsorbents Adsorption capacity 

(mg/g) 

Ref. No 

1 Neem bark 19.60 [14] 

2 Rice straw 12.172 [15] 

3 Rice husk 11.398 [15] 

4 Hyacinth roots 15.281 [15] 

5 Neem leaves 15.954 [15] 

6 Base extracted sawdust  10.10 [41] 

7 Sawdust  5.50 [41] 

8 Tartaric acid modified 

sawdust  

10.72 [41] 

9 Treated sawdust of Sal tree 9.55 [49] 

10 Modified red pine sawdust 22.6 

 

[50] 

11 Coconut shell based 

activated carbon 

20 

 

[51] 

12 Ag2O/Sawdust  20.75 This study 

 

Conclusions 
Ag2O/Sawdust nanocomposite was prepared as a good alternative biosorbent for removal of Cr(VI) from 

aqueous solution. The nanocomposite was used without any chemical treatment presenting biosorption 

capacities for efficient removal of Cr(VI). The performance of prepared nanocomposite for Cr(VI) removal 

from aqueous solution was investigated by batch adsorption experiments. The optimum pH for the maximum 

removal of Cr(VI) was found to be about 2.0. The adsorption and equilibrium data closely follows the 

Langmuir adsorption isotherm demonstrating that monolayer adsorption mechanism and chemisorptions 

process. The monolayer adsorption capacity (qm) as estimated from the Langmuir isotherm is 20.75 mg/g. 

Kinetic data and correlation coefficients (R
2
) confirm that sorption of Cr(VI) onto Ag2O/Sawdust 
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nanocomposite follow the pseudo-second order kinetics model. The adsorption process is spontaneous nature 

and exothermic, which is confirmed by the evaluated thermo dynamical parameters. Its use can be interesting 

in the commercial and environmental viewpoint because of its low preparation cost, high sorption capacity 

and regeneration efficiency. 
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