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ABSTRACT: Batch experiments were conducted to study the adsorption behaviors of lead ion 

(Pb2+) onto ferrihydrites prepared using three different procedures which were characterized  

by textural analysis (BET). The adsorption removal of Pb2+ by the three ferrihydrites (called FH-1, 

FH-2 and FH-3, respectively) were compared, and FH-3 shows fast adsorption kinetics as well as 

high adsorption capacities, the adsorption properties of the three ferrihydrites for lead ion depend 

on the pH value and the optimal pH for Pb2+ adsorption of FH-3 is 6.0. The maximum adsorption 

capacity of lead ion on FH-3 is 13.75 mg/g and the adsorption isotherms followed Langmuir 

isotherm model better than the Freundlich isotherm model. The adsorption kinetic data could be 

described well by pseudo-second-order kinetic equation. 
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INTRODUCTION 

Water pollution due to heavy metals is a serious 

environmental and public health issue. Heavy metals are 

generally recognized to be a threat toward humans and 

ecosystems because of their high potential toxicity.  

They could not be biologically decomposed into harmless 

materials and, to matters worse, were accumulated  

in the organisms [1]. The heavy metals such as lead, cadmium, 

copper and zinc, are among the most common pollutants 

found in industrial effluents. Drinking those that contain 

lead ion (Pb2+) for a long term, even if in a very low 

concentration, could lead to a wide range of spectrum 

health problems, such as blood dyscrasia and kidney and 

nervous troubles [2, 3]. Hence, it is necessary to remove 

lead from wastewater before being discharged. Several 

methods have evolved over the years on the removal of 

heavy metals present in water and wastewater. These are 

chemical precipitations, conventional coagulation, reverse  

 

 

 

osmosis, ion exchange and adsorption. But the 

addition of chemicals often incurs high operational 

costs and may not meet strict regulatory requirements. 

Although reverse osmosis and ion exchange methods are 

effective in removing such pollutants, they are expensive 

in the operational procedure. These factors have limited 

the use of methods for the removal of lead and other 

heavy metals from water and wastewater especially  

in most of developing countries [4, 5]. One of which, 

adsorption method, is simple and cost-effective, thus has 

been widely used [6-9]. Among various absorbents, 

adsorption onto activated carbon has proven to be one of 

the most effective and reliable physicochemical treatment 

methodologies [10-12]. Due to its high surface area and 

porous structure it can efficiently adsorb gases and 

compounds dispersed or dissolved in liquids [13]. 

However, the application of activated carbon powders  
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in water treatment system is limited because it is difficult 

to separate after the treatment process and reuse the tiny 

particles. In addition its regeneration with refractory technique 

results in a 10-15% loss of the adsorbent and its uptake 

capacity. Thus, there has been intensive research 

exploring the potential of alternative low-cost, easily 

available materials as adsorbents for the removal of lead 

ion. For this purpose in recent years, various biological 

and industrial by-products have been investigated intensively 

for their ability to remove lead ion from aqueous solution 

as they can be obtained readily and are in great abundance, 

such as chitosan [14, 15], rice hull ash [16], wheat straw [17], 

modified clays [18], bentonite [19] and muskmelon  

peel [20] have the potential of being used as alternative 

adsorbent for the removal of dyes from aqueous solutions.  

Adsorption from solution onto exposed mineral 

surfaces has been shown to exert a strong control on the 

mobility and bioavailability of trace metals in the 

environment [21]. Iron oxides, as an abundant component 

in solid phases, are considered important adsorbents for 

trace heavy metals [22-24]. Ferrihydrite (FH) is a poorly 

ordered hydrous iron oxide commonly present in low 

temperature geochemical processes. It is an important 

member of the iron oxides family, plays a substantial role 

in the sequestration of contaminants from groundwater 

and streams through adsorption and coprecipitation 

because of its extremely high surface area, adsorption 

capacity and reactivity [25]. Owing to the widespread 

occurrence and abundance of ferrihydrite in the 

environment, adsorption of lead on ferrihydrite is an 

important geochemical process that controls its mobility 

and fate in aqueous environment. The main goal of this 

work lies on the study of the adsorption characteristics of 

toxic metals in aqueous solution, specifically for Pb2+ 

using ferrihydrites prepared by three different procedures. 

In addition, the Pb2+ adsorption equilibrium and kinetics 

were determined at various concentration conditions. 

 

EXPERIMENTAL  SECTION 

Preparation and characterization of ferrihydrite 

adsorbents 

All the chemicals used in the study are of analytical grade. 

All the solutions were prepared using deionized water. 

All glassware was cleaned by rinsing with hydroxylamine 

hydrochloride, soaking in 10% HCl, and rinsing with 

deionized water. 

The ferrihydrites used in this study was synthesized 

using a slightly modified procedure from that reported  

in the literature [26]. Briefly, in procedure 1 FH  

was prepared by the addition of FeCl3·6H2O to deionized 

water to obtain a specified iron concentration (0.5 mol/L). 

NaOH solution (6.0 mol/L) was added until the pH 

stabilized at 7.0. The suspension was centrifugated, 

washed with deionized water and then dried at 40 °C  

for 10 days. This product was called FH-1. FH-2  

was prepared by reversing the mixing procedure of Fe(III) 

and NaOH solutions described in procedure 1. FH-3  

was prepared in procedure 3: Fe(III) and NaOH solutions 

were simultaneously added to a certain volume of water 

until the Fe(III) solution was exhausted. The drip rate of 

the two solutions was controlled by maintaining pH 7. 

The surface area of all samples were calculated from 

nitrogen adsorption isotherms at 77 K performed in  

a Micromeritics ASAP 2000 surface area analyzer. 

Collected data were analyzed by the BET method  

for surface area and by the BJH method for pore volume. 

X-ray diffraction analysis (on a Rigaku D/max-r B X-ray 

diffractometer) confirmed the identity of the solid  

as ferrihydrite. 

 

Adsorption amount of lead ion on three ferrihydrites 

The adsorption capacities of different ferrihydrites 

were determined by batch adsorption experiments at 20 ºC 

in aqueous solution. Lead ion was hardly adsorbed  

onto any of the FH samples in solutions having values of 

pH less than 3; At values of pH higher than 7,  

the adsorption experiments failed as a result of precipitation 

of lead hydroxide. Thus the solution pH values in this 

study ranged between 3.5 and 6.5. In several glass vials, 

lead ions solution (50 mg/L) was contacted with 

ferrihydrite suspensions (5.0 mg/L). The suspensions 

were adjusted to the targeted pH by adding 0.1 mol/L 

NaOH or HNO3 until it remained constant (±0.10).  

The vials were placed in a water bath at 20 ºC for 

approximately 6 h. Then, each solution was filtered with 

a polycarbonate membrane of 0.22 μm of pore diameter, 

and the concentration at equilibrium was determined. 

Initial and equilibrium concentrations were measured  

by an Atomic Fluorescence Spectrometer (AFS)  

(PS Analytical Ltd., Kent, UK). The amount of lead ion 

adsorbed was calculated from the difference between  

the quantity of metal ion added to the ferrihydrites 
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Fig. 1: Adsorption edge of Pb2+ on the three FHs as a function 

of pH (Experimental conditions employed : Pb2+ concentration 

50 mg/L, agitation speed 180 r/min, adsorbent dosage 5.0 g/L, 

contact time 180 min). 

 

and the metal ion content of the supernatant with  

the following equation: 

qe=V(C0-Ce)/W                                                               (1) 

where qe is the amount adsorbed (mg/g); C0 and Ce 

are the initial and equilibrium lead concentrations in the 

solution (mg/L), respectively; V is the solution volume (L); 

and W is the mass of ferrihydrites (g). 

To determine the effects of different parameters on 

Pb2+ adsorption, experiments were performed at various 

adsorbent dosage values ranging between 1.0 and 7.0 g/L. 

Initial Pb2+ concentration of 50 mg/L and 5.0 g/L of 

adsorbent were employed. The suspensions were shaken 

at 180 r/min for 180 min. Then the optimum adsorbent 

dosage was identified. The effects of initial Pb2+ 

concentration, contact time were also conducted. 

 

Adsorption isotherms 

The adsorption isotherms of lead ions on Fh-3  

was conducted according to the above description, in several 

glass vials, 100 mL of solution containing various lead 

ion concentrations (50, 100, 200, 400, 600 mg/L)  

were contacted with 0.5 g of FH-3. The vials were placed  

in a water bath at 20 ºC for approximately 24 h. 

 

Kinetic study 

The adsorption kinetic study was performed for lead 

ions in solution at pH 6.0 and room temperature (20 ± 1 ºC). 

Several glass vials were used to hold 100mL of lead 

solution of known initial concentration (50, 100 mg/L) 

and FH-3 suspensions (5.0 mg/L), and shaken at 180 r/min 

for a duration ranging from 0 to 240 min. At certain 

period of time, each vial was removed from the shaker, 

and approximately 10 mL aliquots were sampled, 

centrifuged for 10 min at room temperature and 

subsequently filtered with a polycarbonate membrane of 

0.22 μm pore diameter to measure the lead concentration. 

 
RESULTS AND DISCUSSION 

Adsorption amount of lead ion on three ferrihydrites 

The experimental results obtained from lead ion 

adsorption onto the three FHs surfaces as a function of 

pH are shown in Fig. 1. FH dosage (5.0 g/L), lead ion  

(50 mg/L) and agitation speed (180 r/min) were kept constant 

in all experiments. The lead ion adsorbed by the three 

FHs is sensitive to pH variation over the examined range 

of 3.5 to 6.5. The removal efficiency increases sharply 

with increasing pH. The results can be explained based 

on the competition between Pb2+ and H+ for sites on FHs. 

At low pH levels, excess H+ ions compete with lead ions 

for the surface of the adsorbent, which would restrict  

the approach of lead ions due to the repulsion [27]. Hence, 

the metal removal is the lower amount presumably due  

to the enhanced competition of proton with lead ions  

for ligand binding sites and complex formation. With 

increasing pH, adsorption of lead ion became favorable 

due to the deprotonation of adsorption sites, resulting  

in more adsorption sites available for binding with lead ion. 

This phenomenon favors the adsorption of lead ion due  

to electrostatic attraction. Our results support  

the observation that increasing solution pH leads to an 

increase in net negative surface charge on ferrihydrite  

where lead ion is adsorbed by a simple binding 

mechanism [28]. 

A further increase in solution pH (>6.0) did not cause 

significant improvement in Pb2+ adsorption, therefore,  

the pH 6.0 was chosen for the following experiments. 

It can also be seen from Fig. 1 that the adsorption 

efficiency at the same pH is ranked in the order FH-3> 

FH-2>FH-1. For example, the lead adsorption efficiencies  

of the three FHs at pH 5.5 are 78.2, 85.1 and 92.9% for FH-1, 

FH-2 and FH-3, respectively. This can be explained  

due to the increase of the BET specific surface areas of 

three ferrihydrite samples. The specific surface areas are 

202.61, 210.17 and 232.82 m2/g for FH-1, FH-2 and FH-3, 

respectively. The fact that the size of FH-3 aggregates 
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Fig. 2: Effect of initial Pb2+ concentration on the adsorption 

of Pb2+. (Experiment conditions employed: adsorbent dosage 

5.0 g/L, solution pH 6.0, contact time 180 min, agitation speed 

180 r/min). 

 

is the smallest is responsible for the result of BET area [29]. 

The surface area is one of the key factors to control  

the adsorption efficiency of adsorbent. The larger  

surface area is, the higher adsorption efficiency is.  

It is noted that the surface area of FH-3 is larger than  

the other FHs, so the adsorption efficiency of FH-3 is higher 

than those of other types. Due to the higher adsorption 

efficiency of FH-3, it is used for all the other 

experimental studies. 

 

Effect of initial Pb2+ concentration  

Initial concentration is one of the effective factors  

on adsorption efficiency. Initial concentrations of Pb2+ 

solutions were changed (50, 75, 100, 150 and 200 mg/L) 

in order to determine proper Pb2+ adsorption keeping 

constant temperature (20 °C), solution pH (6.0), contact 

time (1 h) and adsorbent dosage (5.0 g/L). The 

experimental results were shown in Fig. 2. It can be seen 

that the Pb2+ removal rate decreased with the increase  

in initial Pb2+ concentration, the percentage adsorption  

of Pb2+ on FH-3 decreased from 93.3 to 43.2% as the initial 

Pb2+ concentration was increased from 50 to 200 mg/L. 

At lower Pb2+ concentrations, the ratio of the available 

adsorption sites of adsorbent to the initial number of Pb2+ 

is large and subsequently the fractional adsorption 

becomes independent of initial concentration. However, 

at higher Pb2+ concentrations, the available sites for Pb2+ 

adsorption during the adsorption reaction become fewer, 

and hence the percentage removal of Pb2+ which depends 

upon the initial concentration, decreases. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3: Effect of adsorbent dosage on the adsorption of Pb2+. 

(Experiment conditions employed: initial Pb2+ concentration 

50 mg/L, solution pH 6.0, contact time 180 min, agitation 

speed 180 r/min). 

 

Effect of adsorbent dosage  

The effect of adsorbent dosage on adsorption of Pb2+ 

was shown in Fig. 3. The increase in adsorbent dosage 

from 1.0 to 7.0 g/L resulted in an increase from 25.2 to 95.3% 

in adsorption of Pb2+. This is because of the  

availability of more and more adsorption sites for Pb2+ 

adsorption during the adsorption reaction. A further increase 

in adsorbent dosage (>5.0 g/L) did not cause significant 

increase in Pb2+ adsorption. This may be due to the 

adsorption of almost all Pb2+ to the adsorbent and the 

establishment of equilibrium between the Pb2+ adsorbed 

to the adsorbent and those remaining unadsorbed  

in the solution. The results of this study are in accordance with 

obtained findings by other researchers [16, 17]. Thus 

Thus 5.0 g/L of FH-3 was chosen for next study. 

 

Effect of contact time  

Contact time is one of the effective factors in batch 

adsorption process. The effect of contact time on Pb2+ 

adsorption efficiency was shown in Fig. 4. As it  

was shown, the adsorption was very fast and equilibrium 

between the aqueous solution and FH-3 was established 

within about 180 min. There was no significant change  

in Pb2+ removal rates after 180 min up to 240 min. Based on 

these results, 180 min was taken as the equilibrium time 

in adsorption experiments. The removal of Pb2+ from 

aqueous solutions by adsorption on FH-3 increases with 

contact time, till the equilibrium is attained. Similar 

results have been reported in literature for removal of 

lead ion [16, 17, 20]. 
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Fig. 4: Effect of contact time on the adsorption of Pb2+. (Experiment 

conditions employed: initial Pb2+ concentration 50 mg/L, adsorbent 

dosage 5.0 g/L, solution pH 6.0, agitation speed 180 r/min). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5: Adsorption isotherms of Pb2+ by FH-3 (Experimental 

conditions employed : solution pH 6.0, agitation speed  

180 r/min, adsorbent dosage 5.0 g/L, contact time 24 h). 

 

Adsorption isotherms 

For the design purpose, it is necessary to fit the 

isotherm data with the models. Langmuir and Freundlich 

isotherm equations are most widely used for the 

equilibrium study. Lead ion adsorption isotherms 

obtained for FH-3 are shown in Fig. 5. These isotherms 

represent the adsorption behavior of lead ion on the 

adsorbent as a function of increasing aqueous lead 

concentration for a contact time of 24 h at pH=5.0 and 

6.0. These isotherms showed that the adsorption capacity 

increases with increasing equilibrium concentration of 

lead ion. 

The results of lead ions adsorption on FH-3 (Fig. 5) 

are analyzed by using the Langmuir model to evaluate 

parameters associated to the adsorption behavior. The 

linear form of Langmuir equation at a given temperature 

is represented by: 

qe= qm·b·ce/(1+b·ce)                                                        (2) 

where ce is the aqueous phase ion equilibrium 

concentration (mg/L), qe is the amount of lead ion sorbet 

onto 1 g of the considered adsorbent (mg/g), b is the 

adsorption constant (L/mg) related to the energy of 

adsorption and represents the affinity between the 

adsorbent and adsorbate, qm is the maximum adsorption 

capacity (mg/g). 

Eq. (2) can be rearranged to obtain: 

ce/qe = 1/(b·qm) + ce/qm                                                   (3) 

Experimental isotherm data acquired at different pH 

fit to the linear form of the Langmuir equation  

can obtained by plotting of ce/qe against ce. The results 

are shown in Fig. 6. This linear plot is employed to obtain 

the values of qm and b from the slope and intercept of  

the plot, the isotherm parameters related to the model 

obtained from the experimental data are listed in Table 1. 

It can be seen from Table 1 that both qm and b increase 

with increasing pH from 5.0 to 6.0. High values of b  

are reflected in the steep initial slope of an adsorption 

isotherm, indicating desirable high affinity. Therefore, 

FH-3 performed well in lead adsorption at pH 6.0 

compared to other pH values examined. 

The Freundlich isotherm model is also used  

to analyze the results of lead ion adsorption on FH-3 

adsorbent (Fig. 5). The Freundlich model can be expressed 

by the following equation: 

qe = kf·ce
1/n                                                                       (4) 

where kf and n are constants related to the adsorption 

capacity and affinity, respectively. The equation  

is conveniently used in the linear form by taking  

the logarithm of both sides as: 

log qe = log kf + (1/n) log ce                                           (5) 

The adsorption data fit to the linear form of  

the Freundlich equation can be obtained by plotting of log qe 

against logce. The results are shown in Fig. 6. 

Experimental isotherm data acquired at different pH are 

fitted with the Freundlich model and the isotherm 

parameters related to the model obtained from  

the experimental data are listed in Table 1. 

The data show that the kf constant is increased 
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Table 1: The parameters of Langmuir and Freudlich equation for Pb2+ adsorption by FH-3. 

Initial pH 
Langmuir equation Freundlich equation 

qm (mg/g) b (L/mg) R2 1/n kf 2R 

5.0 12.04 2-×1098.3 0.9977 0.1186 5.4193 0.9888 

6.0 13.75 2-×10575. 0.9982 0.0963 7.1794 0.9852 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6: Linear fitting chart of adsorption isotherms of Pb2+ on FH-3: (a) Langmuir; (b) Freundlich. 

 

with the increase of pH values, at pH 6.0, kf is larger 

thanthat at other pH value, and 1/n value at pH 6.0  

is smaller than that at other pH value. These imply that 

the binding capacity reaches the higher value and the affinity 

between the adsorbent and lead ions is also higher than 

other pH value. The correlation coefficients (R2) given in 

Table 1 also show that the Langmuir equation gives  

a better fit than Freundlich equation to the adsorption 

isotherms.  

 
Kinetics study 

In order to obtain the adsorption kinetic information 

of lead ion on FH-3 adsorbent, the change of lead ion 

concentration with adsorption time is recorded for  

an initial Pb2+ concentration of 50, 100 mg/L and a fixed pH 

solution of 6.0, adsorbent dosage 5.0 g/L (Fig. 7). It is 

evident from Fig. 7 that the adsorption of lead ion 

increases rapidly with time as well as with the increase of 

the initial ion concentrations. However, the time to reach 

the adsorption equilibrium takes longer with an increase 

in the concentration.  

To investigate the mechanism of adsorption, the 

pseudo-second-order rate equation model is applied to the 

kinetic experimental data. The pseudo-second-order 

kinetic equation can be derived as [30]: 

dqt/dt = k2·(qe − qt )2                                                       (6) 

Separating the variables in Eq. (6) gives 

dqt/( qe − qt )2 = k2·dt                                                      (7) 

Integrating both sides for the boundary conditions  

t = 0 to t = t and qt = 0 to qt = qt gives the integrated rate law 

for a pseudo-second-order reaction, 

1/(qe − qt) = 1/qe + k2·t                                                    (8) 

Equation (8) can be rearranged to obtain: 

t/qt = 1/( k2·qe
2) + t/qe                                                     (9) 

The kinetic constant, k2, can be determined by plotting 

of t/qt against t. 

The kinetic experimental data of lead ion on FH-3 

adsorbent is simulated by pseudo-second-order rate Eq. (9). 

The results are shown in Fig. 8. The rate constants (k2) 

determined by the pseudo-second-order rate equation are 

listed in Table 2. 

Remarkably, the kinetic data can be described well  

by the pseudo-second-order rate equation with a minimum 

linear correlation coefficient of 0.9987 (see Table 2), 

which is based on the assumption that the rate limiting 

step may be chemical sorption or chemisorptions 

involving valency forces through sharing or exchange of 
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Table 2: Kinetic parameters for Pb2+ adsorption by FH-3 

c0 (mg/L) qe(mg/g) k2(L/mg·min) R2 

50 10.977 1.46×10-3 0.9987 

100 12.832 0.877×10-3 0.9998 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 7: Adsorption kinetics of Pb2+ by FH-3 (Experimental 

conditions employed: pH 6.0, agitation speed 180 r/min, 

adsorbent dosage 5.0 g/L). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 8: Linear fitting chart of adsorption kinetics of Pb2+ on 

FH-3. 

 

electron between adsorbent and adsorbate [31]. It can be 

seen that the values of the pseudo-second-order rate 

constant decrease with increasing the initial lead ion 

concentrations. 

 

CONCLUSIONS 

Adsorption of lead ion (Pb2+) onto ferrihydrites 

prepared under different conditions has been studied,  

the results showed that the material is a suitable adsorbent 

to remove toxic of heavy metals such as lead in aqueous 

solution. The investigations on models of adsorption 

isotherms show that the Langmuir model describes  

the adsorption behaviors of Pb2+ better than the Freundlich 

model. The overall adsorption rate is illustrated well  

by the pseudo-second-order kinetic models. These results 

demonstrate that the prepared ferrihydrites could be used 

as an effective adsorbent for the adsorption of lead ions 

from aqueous solution. 
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