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ABSTRACT: Discharge of untreated industrial wastewater containing heavy metals such as Pb2+ 

is hazardous to the environment due to their high toxicity. This study reports on the adsorption, 

desorption, and kinetic study on Pb2+ removal from aqueous solutions using wood/Nano-manganese 

oxide composite (WB-NMO). The optimum pH, contact time and temperature for adsorption  

were found to be 5.0, 4 h and 333 K, respectively. Pseudo-second-order kinetics best described  

the adsorption process with an initial sorption rate of 4.0 mg g min-1, and a half-adsorption time t1/2 of 

31.6 min. Best fit for adsorption isotherm was obtained with the Brunauer-Emmett-Teller (BET) 

model with a maximum adsorption capacity of 213 mg/g for an initial metal concentration  

of 60 mg/L. Both intra-particle diffusion and film diffusion contribute to the rate-determining step. 

Desorption experiments with 0.5 mol/L HCl, inferred the reusability of the composite. Adsorption 

experiment of Pb2+ from industrial wastewater confirmed that the prepared WB-NMO is  

a promising candidate for wastewater treatment. The WB-NMO demonstrated high Pb2+ removal 

efficiency and is considered as a promising alternative and reusable composite for lead removal 

from contaminated effluents. 
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INTRODUCTION 

Water contamination with heavy metals, such as lead (Pb), 

receives considerable attention from scientists and 

engineers due to their toxic nature. Even at low 

concentrations, lead may cause a range of health effects 

including behavioral problems, and learning disabilities 

(WHO 2008; Cechinel et al. 2014). Therefore, the World 

Health Organization (WHO) [1] recommended a 

maximum acceptable concentration of lead in drinking 

water of less than 0.01 mg/L (WHO 2008). Several 

sources of lead pollution can threat the natural water 

sources in the surrounding area, i.e. urban or industrial 

activities; such as batteries, dyes, glass and paint coatings 

(WHO 2008; Özcan et al. 2009; Eren et al. 2009; Al 

Abdullah et al. 2014; Li et al. 2010). 

Numerous technologies have been investigated  

for metal ions removal from wastewater. Sorption as  

a convenient method has been widely used to immobilize 

ions onto a solid phase surface (Eren et al. 2009; Šćiban 

et al. 2007; Maliyekal et al. 2010; Eberhardt and Min 

2008; Shi et al. 2015; Sanchooli Moghaddam et al. 2016; 

Yousefpour 2017; Tajiki and Abdouss 2017). 

Although different materials from natural or man-

made origin have been investigated as promising 

adsorbents, the focus of researchers has recently been 

directed towards the use of natural materials, such as 

agricultural by-products, olive stones, nut shells, coffee 

and tea waste, spent grain, rice husks, leaves, wood bark 

and sawdust from various trees (Cechinel et al. 2014; 

Mohan et al. 2014; Miró et al. 2008; Kalavathy et al. 

2005; Wu et al. 2005; Božić et al. 2013; Hegazi 2013; 

Zhu, Zongqiang et al. 2013; Pehlivan and Kahraman 

2011; Yargıç et al. 2015; Martín-Lara et al. 2014).  

The high availability and low cost of such materials  

make them more beneficial than the conventional adsorbents 

or ion exchange resins. 

In addition, the use of many types of woods including 

wood sawdust, mango, maple, poplar, pine, almond shell, 

and oak has been investigated as a promising sorbent  

for the adsorption of hazardous metal ions from wastewater, 

but with limited efforts for significantly improving  

the properties of the used biosorbents (Božić et al. 2013; 

Hegazi 2013; Pehlivan and Kahraman 2011; Semerjian 

2010; McLaughlan et al. 2015; Ishaq et al. 2016). 

Recently, it has been shown that various 

Nanostructured Manganese Oxides (NMO) can be 

prepared through a simple, low cost and eco-friendly 

route by the reduction of 4KMnO  by inorganic acids or 

alcohols (Chen and He 2008; Al Lafi and Al Abdullah 

2015; Al Abdullah et al. 2016; Al Lafi et al. 2016). 

However, NMO has not been widely applied in 

environmental remediation due to several engineering 

limitations such as the difficulty in solid–liquid 

separation, leaching of NMO along with the treated 

effluent and the low hydraulic conductivity. Moreover, 

the presence of other ions with NMO in aqueous solution 

can cause aggregation of nanoparticles, and thereby 

reduce its reactivity. This phenomenon of ion induced 

aggregation of nanoparticles in aqueous suspension  

may be prevented by anchoring the nanoparticles on suitable 

matrices (Maliyekkal et al. 2010; Al Lafi and  

Al Abdullah 2015; Al Abdullah et al. 2016; Al Lafi et al. 

2016).  

Wood is considered an appropriate material due to  

its hierarchically porous structure, with a micrometer  

the scale of transverse ray parenchyma and fiber, and  

a nanometer scale of molecular fiber and cell membrane 

(Greil 2001). 

In this work, wood biosorbent-NMO composites 

(WB-NMO) have been prepared and their structural, 

morphological and adsorption properties were 

investigated. The experimental data obtained by batch 

assay have been analyzed using kinetics and adsorption 

isotherms. Moreover, the reusability of WB-NMO has 

been discussed to obtain a treatment process with lower 

production of residues. The results of this study were 

applied to industrial wastewater and the efficiency for the 

adsorption of lead as an alternative to conventional 

processes was evaluated. 

 

EXPERIMENTAL SECTION 

Materials 

Poplar wood waste, one of the most wood wastes 

produced in the country, was collected from a local 

company in Damascus. Real wastewater samples were 

collected from a local factory of battery production  

in Damascus. The main characteristics of these samples are: 

pH=2.95, Pb = 20.0±0.2 mg/L, So4
2- = 240±5 mg/L  

and Ca2+ = 60±2 mg/L. All reagents used were of 

analytical grade, and working concentrations of Pb2+ ion 

were obtained by diluting a standard solution of Pb(NO3)2 

(1000 mg/L) to desired values. 
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Adsorbent preparation and characterization 

All wood samples were air-dried, crushed, sieved  

with different meshes (100-2000 µm), and the mean size 

(500-800 µm) was taken in the present study. The biosorbent 

(WB) was prepared by treating wood samples with 4 % 

w/w NaOH solution for 24 h, washing several times  

with super pure water, and finally drying in an oven at 353 K. 

The composite; WB-NMO was prepared by impregnating 

WB in KMnO4 solution (0.03 mol/L), and heating at 

333K for 12 h in a drying oven. When the liquid content 

reached 10 %, the reaction mixture was dried at 355 K  

for further 2 h. WB-NMO samples were washed several 

times with super pure water to get rid of un-reacted 

chemicals, and finally dried at 363 K to a constant weight 

and stored in polyethylene bottles for further use. 

Stability tests of WB-NMO with respect to pH effect 

were carried out by equilibrating 0.1 g of composite 

samples in 150 ml of super pure water at different pH 

values in the range 2-12, and keeping them in  

an automatic shaker at 295±2 K for 24 h. Solutions  

were then filtered and the total manganese content  

was determined. 

The point of zero charge ( PZCpH ) was determined  

by acid-base titration according to the procedure outlined 

by M. Davranche et al. (2003). 

The manganese loading in WB-NMO samples  

was determined by acid digestion method. For this, 0.2 g of 

WB-NMO samples were leached with 100 mL HCl 

solution (6 mol L-1). Results showed that the manganese 

oxide contents in the composite samples were in the 

range 2-10 %. 

 

Instruments 

The concentrations of Mn and Pb ions were measured 

using Atomic Absorption Spectroscopy (AAS-Perkin-

Elmer 2380 instrument). The quality of the analysis  

was checked with internal certified samples, and procedural 

blanks were run with samples in a similar way for quality 

assurance of the laboratory analysis. The accuracy of  

the analysis was ±5 % for all elements. The Pb2+ standard 

solution from Fisher Scientific® was analyzed in the same 

manner for analysis accuracy check. Results showed that 

the errors in the analysis were less than 5 %. 

A STADI-P STOE Transmission Diffractometer,  

with CuK radiation (= 1.54060 Å) and a germanium 

monochromatic operated at 50 kV and 30mA was used  

to record the X-Ray powder Diffraction (XRD) patterns  

in a range of 5-90o (2θ). Fourier Transformation InfraRed 

(FT-IR) spectra were recorded using a Nicolet 6700 FT-IR 

spectrometer operating on the ATR mode. All spectra 

were measured from 400 to 4000 at a resolution of 4cm-1 

and a total of 64 scans. A separate background spectrum 

was subtracted in each collection. Scanning Electron 

Microscopy (SEM) images were taken by a Tescan Vega 

II XMU scanning electron microscope operated at 20 kV. 

 

Adsorption experiments 

Batch adsorption experiments were carried out in 250 mL 

falcons, with a lead solution volume of 200 mL. After  

the addition of WB-NMO, the falcons were immediately 

shaken at 200 rpm in an automated shaker at 295±2 K. 

The effect of agitation time was studied for periods 

ranging from 15 min to 6 h, at v/m= 0.07 g/L and lead 

concentration of 5.0 mg/L. The pH of the solution  

was kept constant at 5.0±0.2. Effects of adsorbent dose 

were investigated at a pH of 5.0±0.2 and Pb2+ concentration of 

10, 25 and 60 mg/L. The pH effect on Pb2+ adsorption 

was also investigated by varying the pH from 2.5-10 

using diluted solution of NaOH (0.01 mol/L), with lead 

concentration of 1.3 mg/L at 295±2 K. The effect of pH 

was studied at low concentration of Pb2+ to avoid  

the precipitation of Pb(OH)2 at high pH value. 

The percentage removal of Pb2+ was calculated using 

Eq. (1): 

 o e o% Removal 100 c c c                                     (1) 

Where oc  and ec  are the initial and equilibrium 

concentrations of Pb2+, respectively. 

The data obtained in batch studies were used to 

calculate the equilibrium metal uptake capacity using the 

following equation: 

 e o eq c c v m                                                         (2) 

Where v (L) is the solution volume and m (g) is  

the adsorbent mass. 

 

Column adsorption study 

Column adsorption experiments were conducted with 

real wastewater produced from the battery industry.  

As one important and growing sector where the use of 

non-toxic and non-hazardous substitute materials has not 

rapidly developed in such industry. 
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Fig. 1: The FT-IR spectra of wood before and after alkali 

treatment and the FT-IR spectrum of the composite material. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2: X-ray powder diffractograms of wood samples: (1) untreated 

wood (W); (2) wood biosorbent (WB) and (3-5) WB-NMO  

with different NMO loading (3 being the highest), respectively. 
 

Real Pb2+ wastewater at pH 5.0±0.2 was fed through 

the column (10 cm in length packed with 10.0 g of  

WB-NMO, the equivalent to a packing height of 6.5 cm, 

with an internal diameter of 2.5 cm) by a peristaltic pump 

with a flow rate of 4 mL/min and operation time of 24 h. 

The temperature was maintained at 295±2 K. Effluent 

samples were collected at several time intervals and 

analyzed for lead. 

 

RESULTS AND DISCUSSION 

Characterization of W, WB and WB-NMO 

It is well known that wood mainly consists of 

cellulose, hemi-cellulose, and lignin (Wiedenhoeft and 

Miller 2005). The NaOH solution was used to clean and 

modify wood surfaces according to the following reaction: 

 

 

 

 

 

 

Fig. 1 shows that the intensity of several IR 

absorption bands was slightly reduced after alkali 

treatment. These include the bands at 1737, 1515 and 

1254 cm−1, which are assigned to a CO stretching 

vibration of ester in hemicellulose, the benzene ring 

vibration of lignin and to a CO stretching vibration of the 

acetyl group in lignin component (Morán et al. 2008; 

Sreenivasan et al. 1996). The results indicated a partial 

removal of hemicellulose and the cross links which is 

lignin, and as a result the porosity of the lignocellulosic 

materials is increased (Sun and Cheng 2002). The major 

effect of alkaline pretreatments is the delignification of 

lignocellulosic biomass, thus enhancing the reactivity of 

the remaining carbohydrates. 

X-ray results for wood samples before and after 

treatment are shown in Fig. 2. Alkali treatment has been 

reported to reduce the proportion of crystalline material 

present in wood, as observed by several researchers 

(Sreenivasan et al. 1996; Gassan and Bledzki 1999). 

However, as shown in Fig. 2, alkali treatment did not change 

the structure of wood, which may be attributed to  

the improvement of the order of crystallites after alkali 

treatment (Gassan and Bledzki 1999). 

After the treatment with KMnO4, the previous bands 

at 1737, 1515 and 1254 cm−1 were disappeared indicating 

that these bands were involved in the oxidation reaction 

of wood. This is consistent with that the treatment  

with KMnO4 selectively oxidizes lignin moieties to create 

carboxylic and ester functions (Jolly et al. 2006). 

As shown in Fig. 2, the XRD pattern of the wood  

were reduced due to the deposition of NMO on the surface 

of wood, and disappeared in the sample corresponding 

to the highest NMO loading. Moreover, no crystalline patterns 

were observed for NMO, which may be attributed to  

the amorphous oxide phase or the formed nano structure  

of the oxide. 

The SEM micrographs of wood samples are presented 

in Fig. 3. The SEM of untreated wood in Fig. 3 (a) shows 

the radial surface of tracheids, and bordered pits are 

clearly visible. The warty membrane that lines the lumen 

is also clearly visible, especially in Fig. 3 (b) where it 
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Fig. 3: SEM images of (a) untreated wood (b) WB (c, d) WB-NMO scaled to 20 and 1 micrometer, respectively. 

 

has peeled back at some spots due to alkali treatment.  

The disappearance of the previous structural information 

in Fig. 3 (c) is due to the deposition of NMO on the surface 

of the wood particle (Tshabalala 2005). Fig. 3 (d) shows  

the high-magnification image of NMO particle, which  

is composed of uniform flower-like microsphere nanostructures 

with a diameter of 400-600 nm. 

 

Effect of contact time and pH 

As shown in Fig. 4 (a), the equilibrium time  

for Pb2+ adsorption on WB-NMO was determined in the 

batch experiment and found to be 240 min. The acidity of 

the solution is one of the most important factors affecting the 

sorption of metal ions. The effect of pH on the adsorption of 

Pb2+ was studied from 2.5 to 10, and results were shown  

in Fig. 4 (b). 

Removal efficiencies (%) were very low at strong 

acidic medium and increased sharply at pH higher than 4. 

The removal efficiency has reached a plateau nearly pH 

value of 5. When solution pH increased from 2 to 5,  

the Pb2+ biosorption percentage increased from 16.0 to 

94.8 %. Hence, the optimum pH of Pb2+ solution  

was determined as 5.0 and the rest of this study was carried 

out at this value. 

Generally, at low pH values the surface of the 

adsorbent would be closely associated, by repulsive 

forces, with hydronium ions H3O+ to the surface 

functional groups, consequently decreasing the 

percentage adsorption of metal ions (Madhava Rao et al. 

2006). As the solution pH increases, the onset of the 

metal hydrolysis and precipitation begins and therefore 

the onset of adsorption occurs before the beginning of 

hydrolysis. When the pH of the adsorbing medium was 

higher than the pHPZC = 4.3, there was a corresponding 

increase in the de-protonation of the adsorbent surface, 

leading to a decrease in H+ on the adsorbent surface.  

This creates more negative charges on the adsorbent 

surface, which favors the adsorption of positively charged 

species. 

 
Effect of WB-NMO Dosage 

The sorbent capacity for a given initial concentration 

of adsorbate was defined by sorbent dosage, which 
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Fig. 4: a) Effect of agitation time on Pb2+ removal in batch experiment (v/m= 10 L/g), b) Effect of pH value on the Pb2+ adsorption 

onto WB-NMO (v/m= 200 L/g). 

 

As a significant parameter, the effect of WB-NMO 

dosage on Pb2+ removal was studied by varying dosage 

for three initial concentrations (10, 25 and 60 mg/L).  

As clearly seen in Fig. 5, the sorption percentage of Pb2+ 

from solution was increased with the increase in  

WB-NMO content. This could be attributed to the availability 

of greater active sorption sites with increasing the  

WB-NMO content. With increasing WB-NMO content, 

the available sorption sites increase without any additional 

Pb2+ available in solution i.e. availability of fewer Pb2+ 

per unite mass of WB-NMO. This could explain  

the decrease in the equilibrium adsorption capacity qe 

with increasing WB-NMO content (Fig. 5). The 

maximum removal of more than 97 % was observed at an 

adsorbent dosage of 0.5, 0.6 and 1.3 g/L for initial Pb2+ 

concentration of 10, 25 and 60 mg/L, respectively. 

Therefore, the choice of the adsorbent dose was made  

to be justified for economical purposes. 

 

Effect of temperature 

Temperature is an important factor in evaluating the 

mechanism and determining the sorption type. The effect 

of temperature on the Pb2+ adsorption mechanism on 

WB-NMO was studied with initial Pb2+ concentration of 

30 mg/L, a pH of 5.0±0.2, m/v=0.02 to 1.0 g/L at three 

different temperatures of 295, 313 and 333 K. 

Fig. 6 shows that the equilibrium sorption capacity  

of WB-NMO increases with temperature, indicating that 

a higher temperature favors Pb2+ removal by adsorption 

on WB-NMO. An increase in the amount of adsorption, 

with a rise in the temperature, may be due to higher adsorption 

caused by an increase in the thermal energy of the 

adsorbate. This indicates that the adsorption process is 

endothermic in nature. This effect is characteristic of  

a chemical reaction, or bond being involved in the sorption 

process with the increase in temperature, increasing  

the equilibrium conversion (Turan et al. 2007). 

 

Adsorption kinetics 

Adsorption kinetics is one of the most important 

aspects of the operation defining the efficiency of the 

process. In order to evaluate the kinetic mechanism that 

controls the adsorption process, the experimental data  

are interpreted by four kinetic models including  

the pseudo-first-order, the pseudo-second-order, intra-particle 

diffusion and Elovich models (Salifu et al. 2013). 

The mathematical linear forms of pseudo first and 

second-order models are given in Eqs (3) and (4), 

respectively. 

 e t e 1ln q q lnq k t                                                    (3) 

2
t 2 e et q 1 k q (1 q )t                                                    (4) 

Where qe and qt in (mg/g) are the adsorbed amounts 

of the adsorbate at equilibrium, and at any time 

respectively. 1k (min-1) and 2k (g/mg min) are the first 

and second-order adsorption rate constants respectively, 

and t is the time in a minute. The adsorption rate constant 

k2 can be used to calculate the initial adsorption rate h0 as 

2
0 2 eh k q . The adsorption rate can be also predicted  

by the half-adsorption time 1 2 2 et 1 k q , defined as the 
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Fig. 5: Effect of the adsorbent amount on Pb2+ sorption  

by WB-NMO. c0 (a) 10 mg/L, (b) 25 mg/L and (c) 60 mg/L, 

pH= 5.0±0.2, T= 295±2 K, time=240 min. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6: Variation of adsorption capacity of Pb2+ on WB-NMO, 

with contact time at different temperature. 

 

the time required for the adsorbent to take up half  

as much Pb2+ as its equilibrium value.  

The Kinetic parameters and coefficients of 

determination for initial concentration (C0= 25 mg/L) 

were calculated from the corresponding plot (Fig. 7) and 

listed in Table 1. 

The values of coefficients of determination of pseudo-

second-order kinetic model (0.997) are higher than those 

of the Elovich, pseudo first-order and intra-particle 

diffusion equations. Regarding Fig. 7 (b), straight lines 

were obtained in plotting t/qt versus t and the results are 

presented in Table 1. It was noted that the best agreement 

of experimental data was with the pseudo-second-order 

kinetic model, with an adsorption capacity agreed with 

experimental results. Thus, it could be assumed that  

Pb2+ adsorption on WB-NMO follows second-order 

chemisorptions, with an initial sorption rate of 4.0 mg/g 

min, and a half-adsorption time t1/2 of 31.6 min. 

Elovich model, a useful kinetic model for describing 

chemisorption, was investigated based on Eq. (5), where 

a plot of the adsorbed Pb2+ qt against tln should yield  

a straight line. The constant  (mg/g min) is considered 

as the initial adsorption rate, and the  value is an indication 

of the number of sites available for adsorption. 

 tq 1 ln 1 ln t                                                     (5) 

As shown in Fig. 7 (c), it was found that the kinetics 

data for the WB-NMO/Pb2+ systems were well described 

by the Elovich model, which further supports the 

involvement of chemisorption in the adsorption 

mechanism. 

m/v (g/L) 

q
e 

(m
g

/g
) 

250 

 

 
200 

 

 
150 

 

 
100 

 

 
50 

 

 
0 

0               0.2             0.4             0.6             0.8               1 

100 

 

 

80 

 

 

60 

 

 
40 

 

 
20 

 

 
0 

P
b

(II) r
e
m

o
v

a
l %

 

m/v (g/L) 

q
e 

(m
g

/g
) 

600 

 

 

 
400 

 

 

 
200 

 

 

 
0 

0               0.2             0.4             0.6             0.8               1 

100 

 

 
80 

 

 

60 

 

 
40 

 

 
20 

 

 
0 

P
b

(II) r
e
m

o
v

a
l %

 

m/v (g/L) 

q
e 

(m
g

/g
) 

800 

 

 

 

600 

 

 

 

400 

 

 
 

200 

 

 
 

0 

0               0.2             0.4             0.6             0.8               1 

100 

 

 
80 

 

 

60 

 

 
40 

 

 
20 

 

 
0 

P
b

(II) r
e
m

o
v

a
l %

 

Time (min_ 

q
t 
(m

g
/g

) 

140 

 
120 

 
100 

 
80 

 
60 

 
40 

 
20 

 
0 

0                    100                  200                   300                 400 



Iran. J. Chem. Chem. Eng. Al Abdullah J. et al Vol. 37, No. 4, 2018 

 

138                                                                                                                                                                  Research Article 

Table 1: Kinetic parameters for adsorption of Pb2+ on WB-NMO composite. 

qe,exp 

(mg g-1) 

Pseudo-first-order Pseudo-second-order 

k1×10-2 q1 R2 k2×10-4 q2 h0 t1/2 R2 

115 1.3 79.7 0.977 2.5 126.6 4.0 31.6 0.997 

qe,exp 

(mg g-1) 

Intra-particle diffusion Elovich equation 

kt C R2 α β R2 

115 4.50 39.92 0.939 13.2 0.045 0.987 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 7: The linear fitting of (a) Pseudo-first order, (b) Pseudo-second order, (c) Elovich equation and  

(d) Intra-particle diffusion models. 

 

For better understanding the mechanism of Pb2+ 

adsorption on WB-NMO, and rate controlling step,  

the intra-particle diffusion model was used for fitting  

the experimental data.  

The intra-particle diffusion model is commonly 

applied to predict the rate controlling step. The rate 

constant of intra-particle diffusion idk (mg/g min1/2)  

at stage i was determined using the following equation: 

1 2
t id iq k t C                                                               (6) 

Where ci (mg/g) is the intercept at stage i. The value 

of ci is related to the thickness of the boundary layer.  

The larger ci represents the greater effect of the boundary 

layer on ion diffusion. 

If intra-particle diffusion is involved in the adsorption 

process, a plot of qt versus. t1/2 should be linear. The rate-
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limiting process is only due to intra-particle diffusion 

when the line passes through the origin. Otherwise, some 

other mechanism is also involved in the rate-controlling 

step alongside intra-particle diffusion. 

Based on the R2 value (Table 1), the intra-particle 

diffusion plays an important role in the adsorption of Pb2+ 

on WB-NMO. However, the linear plot did not pass 

through the origin (Fig. 7 (d). This indicates that  

the adsorption process is complex and both intra-particle 

diffusion and film diffusion (diffusion of Pb2+ across  

the boundary layer to the exterior surface of the adsorbent 

particles) contribute to the rate-determining step.  

As WB-NMO outer surface occupied with Pb2+, the adsorption 

process in the later stages would be controlled by intra-

particle diffusion through the pores for uptake at the 

interior surface of the adsorbent until equilibrium  

is reached. The boundary layer thickness (C) could give 

an insight about Pb2+ tendency to be adsorbed onto  

the adsorbent phase, where higher adsorption could be 

expected with higher C values. As shown in Table 1,  

C value (39.92) presents an important effect of the 

boundary layer on Pb2+ ion diffusion. 

 

Adsorption isotherms 

The equilibrium adsorption isotherm is fundamental 

in describing the interactive behavior between the 

adsorbate and adsorbent and is important in the design 

of adsorption systems. 

To understand the interaction of Pb2+ with WB-NMO, 

it is important to establish the appropriate correlations for 

the equilibrium data. Three isotherm models; namely 

Langmuir, Freundlich, and Brunauer-Emmett-Teller 

(BET) were used to correlate the equilibrium data  

for Pb2+ removal. Linear regression is generally used  

to define the best fitted isotherm, and also the coefficients 

of determination are evaluated to compare the practicality 

of isotherm equation. The Langmuir isotherm is described 

by Eq. (7) (Langmuir 1918), and it supposes  

that adsorption takes place on a homogenous surface  

by monolayer sorption without interaction between 

adsorbed ions. 

e L max e max1 q (1 k q )(1 c ) 1 q                                     (7) 

Where qmax(mg/g) and kL(L/mg) are Langmuir 

constants which are related to maximum sorption 

capacity and energy of sorption, respectively. qmax and kL  

can be calculated from the intercept and slope of the 

linear plot of 1/qe versus 1/ce. 

The empirical Freundlich isotherm explains 

monolayer sorption with a heterogeneous energetic 

distribution of active sites (Salifu et al. 2013).  

The linearized form is given in the following equation: 

e F elnq ln k n lnc                                                       (8) 

where kF and n are the Freundlich constants that  

are related to the sorption capacity and intensity, 

respectively. They kF can be calculated from the slope 

and intercept of the linear plot of lnq versus lnce. 

The Brunauer-Emmett-Teller (BET) is a theoretical 

equation considered as an extension of the Langmuir 

model for multilayer adsorption. The linear form of  

BET equation is given by: 

  e s e e B s B B s e sc (c c )q 1 k q k 1 k q c c               (9) 

where kB is the equilibrium constant related to the 

interaction energy of adsorbate with the surface of  

the adsorbent, qs(mg/g) is the maximum monolayer 

capacity and cs(mg/L) is the adsorbate monolayer 

saturation concentration. 

The initial concentration of Pb2+ could be an 

important factor affecting the adsorption process. This 

could be due to the driving forces provided by the initial 

concentration to overcome all mass transfer resistances of 

the metal ion between aqueous and solid phases. Thus, 

adsorption experiments were carried out using a different 

initial concentration of Pb2+ (10, 25 and 60 mg/L), with 

pH= 5.0±0.2 at a constant temperature of 295±2 K. 

Results were presented in Fig. 8 as a function of the 

equilibrium adsorption capacity, and the values obtained 

for the adsorption parameters of the three models studied  

were presented in Table 2. 

Multilayer shapes of the adsorption isotherms were 

observed, consistent with a recent study on the adsorption 

of Cu, Cd, and Zn on Poplar wood sawdust (Šćiban et al. 

2007). However, several studies concerning the 

adsorption of heavy metals onto wood have shown plots 

with a flattening at higher levels of metal concentration 

(Kalavathy et al. 2005; Božić et al. 2013; H. U. Rahman et al. 

2005). 

As can be seen from Table 2, the Langmuir and 

Freundlich coefficients of determination are relatively 

low, and the most precise match was acquired with 
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Fig. 8: Sorption isotherm of Pb2+ on WB-NMO. pH= 5.0±0.2, 

T= 295±2 K, time = 240 min. 

the BET model with R2 = 0.979, 0.937 and 0.984 for c0 = 10, 

25 and 60 mg/L, respectively. In other words,  

the BET model confirmed that the adsorption of Pb2+ on  

WB-NMO is multilayer. 

Comparing to other adsorbents in the literature,  

WB-NMO exhibited higher uptake properties of Pb2+ than 

many other adsorbents such as, kaolinite, Na-bentonite 

and modified magnetic adsorbents, reflecting of the 

potential application of WB-NMO on Pb2+ adsorption 

(Yang et al. 2010; Sari et al. 2007; Zhu, Yehua et al. 

2012; Jiang et al. 2015; Tran et al. 2010; Xu et al. 2011). 

 

Thermodynamic studies 

Thermodynamic parameters, such as the Gibbs energy 

(G0), enthalpy (H0), and entropy (S0) are useful  

to evaluate the orientation and feasibility of the 

physicochemical adsorptive reaction, and provide 

information about the inherent energy and structural 

changes. They are determined by using the following 

equations (Eqs. (10), (11) and (12)): 

e
d

e

q
k

C
                                                                        (10) 

o
DG RTln k                                                            (11) 

0 0

d

S H
ln k

R RT

 
                                                       (12) 

Where R (8.3145 J/mol K) is the ideal gas constant,  

T (K) is the absolute temperature and kD is the 

equilibrium constant for Pb2+ ion adsorption on  

WB-NMO. The values of changes of enthalpy H0 and 

entropy S0 are calculated from the slopes and intercepts 

of the plot of lnkd  vs. 1/T by using Eq. (10). 

The enthalpy of the adsorption, H0, is a measure of 

the energy barrier that must be overcome by reacting 

molecules. The positive values of H0 indicate the 

endothermic behavior of the adsorption reaction and 

suggest that a large amount of heat is consumed  

to transfer Pb ions from aqueous into the solid phase.  

As suggested by Nunes and Airoldi (1999), the transition 

metal ions must give up a larger share of their hydration 

water before they can enter the smaller cavities. Such  

a release of water from the divalent cations will result  

in positive values of S0 (Eren et al. 2009). 

The value of S0 can be used to identify whether  

the adsorption reaction is attributed to associative 
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Table 2: Langmuir, Freundlich and BET isotherm constants for Pb2+ adsorption on WB-NMO composite. 

c0 

(mg/L) 

Langmuir model Freundlich model BET model 

kL (L/mg) qmax (mg/g) R2 kF (L/g) n R2 kB qs (mg/g) R2 

10 27.5 46 0.623 48.85 0.392 0.881 80 63 0.979 

25 6.91 69 0.908 61.47 0.530 0.893 200 125 0.937 

60 5.11 103 0.799 52.91 0.474 0.895 118 213 0.984 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 9: Five cycles of Pb2+ sorption/desorption with HCl 

solution (0.2 mol/L) as the desorption agent. pH=5.0±0.2, 

T=295±2 K, time = 240 min, m/v = 1.5 g/L and 0c =25 mg/L. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 10: Final concentration of Pb2+ in the effluent vs. contact 

time for wastewater. 

 

 

or dissociative mechanism. Generally, entropy change  

S0 > −10 J/mol K implies dissociative mechanism.  

The entropy changes in this work are positive, implying 

that the dissociative mechanism is involved in the 

adsorption processes. 

The Gibbs energy change ranged from -9.4 kJ/mol at 

295 K to -14.9 kJ/mol at 333 K. These negative values 

show that the adsorption process is feasible and 

spontaneous thermodynamically. Furthermore, the 

increase in 
oG  with increasing temperature indicates 

that the adsorption is favorable at a higher temperature.  

It was concluded that the temperature affects  

the adsorption process of metal ions onto WB-NMO,  

and a higher temperature provided more energy to enhance 

the adsorption rate. 

 

Regeneration of WB-NMO composite 

To enhance the economic value of the sorption 

process, desorption is considered as an important process 

in sorption studies, which helps to regenerate the spent 

adsorbent. As demonstrated in Fig. 4 (b), Pb2+ adsorption 

in acidic medium was relatively low, thus Pb2+ could be 

desorbed from spent adsorbent using acidic solution. 

Results showed a low desorption percentage using 

HNO3 solutions (> 40 %). The Pb2+ desorption 

efficiencies using HCl solutions were 70.5±1.6, 77.3±1.4, 

82.3±0.9, 98.9±1.1, 99.2±1.3 and 99.1±1.2 % for HCl 

concentrations of 0.01, 0.05, 0.1, 0.5, 1.0 and 2.0 mol/L, 

respectively. As a result, the 0.5 mol L-1 HCl solution was 

chosen as a Pb2+ desorption solution. 

The reusability of WB-NMO composite was studied 

in five sorption/desorption cycles using 0.5 mol/L HCl  

as a desorption agent. As shown in Fig. 9, the sorption 

percentage decreased from 98.5 % to 86.3% after five 

cycles. The recovery of Pb2+ from spent adsorbent 

decreased from 98.9% to 90.0%. Therefore, HCl solution 

can regenerate the adsorbent successfully, and the 

biosorbent composite material can be efficiently reused 

with lower production of residues. 

 

Application of the composite to wastewater 

The results of the column adsorption experiment, 

using a sample of industrial wastewater (initial Pb2+ ions 

concentration=20.0 mg/L), is presented in Fig. 10.  

As shown, a maximum concentration about 0.1µg/L of Pb2+ 

was present in solution during the first 9 h of the 
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operation of the column, after which the concentration 

was increased progressively, and reached the initial 

concentration after 24 h of operation. 

The total Ca2+ concentration in the effluent was 

moderately decreased from 60±2 to 50±2 mg/L. The 

slight increase in the total concentration of Ca2+ 

confirmed the low effect of Ca2+ ions on the Pb2+ ions 

adsorption onto the WB-NMO. The test results confirmed 

that the prepared WB-NMO was a promising candidate 

for wastewater treatment. 

 

CONCLUSIONS 

The chemical modification with NaOH increased  

the reactivity of wood and allowed potassium permanganate 

to react with wood components resulting in the formation 

of active sites on which NMO precipitated and  

the composite WB-NMO produced. To evaluate  

the efficiency of the composite as a sorbent, the maximum 

uptake data of Pb2+ ions at room temperature was fitted  

to different kinetics and isotherms models. The Brunauer-

Emmett-Teller (BET) model better described the system 

equilibrium and confirmed that the adsorption of Pb2+ 

from wastewater is a multilayer. The pseudo-second-

order model best represented the experimental kinetics 

data with high initial adsorption rate, which confirmed 

that the chemical sorption could control the sorption 

process. Not only the intra-particle diffusion plays  

an important role in the adsorption of Pb2+ ions onto  

WB-NMO but there was also evidence that film diffusion 

contributes to the rate-determining step. Thermodynamic 

parameters demonstrated the endothermic nature of 

sorption, which could be explained by the partial 

dehydration of Pb2+ before its adsorption on the composite 

samples. WB-NMO could be efficiently reused, and HCl 

solution could regenerate the composite material 

successfully. In general, the WB-NMO is potentially  

a new alternative for Pb2+ removal from contaminated 

effluents allowing its subsequent reuse and application  

in industrial wastewater treatment. This study could 

encourage other researchers to use wood-metal oxide  

as an effective filtration amendment in treatment devices 

as well as to minimize the landfill space for wood waste. 
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