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Abstract— In the present work, lab synthesized TiO2 nano-adsorbents in fiber form with surface area of about 740 m2/g and 
promising FTIR results were employed for the removal of Pb(II) and Zn(II) ions from aqueous solutions by batch-
adsorption technique. The SEM results indicated well aligned fibers with average diameter of 255nm. The effect of contact 
time, initial concentration of metal ions, temperature, solution pH and adsorbent dose on the amount of metal ions adsorbed 
was investigated. The adsorption process was fast for both the metals, and equilibrium was achieved within 120 min. The 
amount of metals adsorbed increased as temperature increased, suggesting an endothermic adsorption. The process followed 
second order kinetics and the data gave best fit for Langmuir isotherm. The Mass transfer mechanism appeared to be film 
diffusion controlled and the thermodynamic parameters ΔG°, ΔH° and ΔS° highlighted the fact that the adsorption was 
spontaneous and endothermic in nature. 
Keywords— Nano, adsorption, heavy metal, kinetics, thermodynamics, mass transfer 

I. INTRODUCTION 
Over the last three decades there has been an increase in global concern over public health impacts attributed to environmental 
pollution, in particular, the non biodegradable and highly toxic heavy metals. The pollutants flux increase is directly related to 
the increase in anthropogenic activities. The dispersion of metals in the atmosphere results in their mobilization. It is important 
for this reason to study the process that limits its release, and also to evaluate the effectiveness of the processes employed to 
treat industrial effluents. Lead and Zinc are amongst heavy metals entering the environment majorly via e-waste. Also the 
extensive use of lead antiknock additives in gasoline has made lead perhaps the most widely distributed toxic heavy metal in the 
urban environment. Lead can damage the fetal brain and hit diseases of the kidneys, circulatory system, and nervous system and 
Zinc causes depression, lethargy, neurological signs and increased thirst [1]. Zinc is present in many alloys and is also found in 
a number of pharmaceutical samples and in airborne particulates, causing environmental pollution. 
Chemical precipitation [2], ion exchange process [3,4], electrolytic methods [5], organic-based ligand precipitation [6], 
membrane and reverse osmosis processes [7] have been used to remove metal ions from wastewater effluents These methods 
score low because of the high capital and operating costs and/or the ineffectiveness in meeting stringent effluent standards. 
Adsorption technology has gained a wider application due to its inherent low cost, simplicity, versatility and robustness [8].  
Metal oxides are effective heavy metal adsorbents since they provide high adsorption capacity, rapid adsorption rate and simple 
separation. Nanostructured metal oxide materials have attracted considerable attention because of their potential applications in 
many areas such as electronics, photonics, sensors and catalysis [9-14]. Nanosized ceramics with large surface area per unit 
mass can have enhanced electrical, physical, and chemical properties with respect to their bulk counterparts [15,16]. Among all 
metal oxides at nanoscale, TiO2 possess high potential for environmental applications due to its physical and chemical stability, 
relatively lower cost, non-toxicity, resistance to corrosion, and large surface area, and stable colloidal suspension [17-19]. 
Various morphological advancements in TiO2 at nanoscale are being tried out by scientists worldwide, fibers being one 
promising form of it. Various approaches for the preparation of nano- and micro-structures of titania have been reported, such as 
sol-gel processes, pyrolysis, electrospinning, chemical vapor deposition and hydrothermal methods [20-24] 
The present work reports the effectiveness of lab synthesized electrospinned Titania nanofibers in Pb and Zn adsorption form 
aqueous solutions with emphasis on kinetic, thermodynamic and mass transfer behavior. 

II. MATERIAL AND METHODS 
Titania nanofiber synthesis via combined sol-gel and electrospinning processes was adapted from Dan Li and Younan Xia [25] 
wherein a polymer based sol-gel solution containing TTIP (97%), acetic acid and ethanol in the ratio 1:2:2 (obtained from 
Merck) was electrospinned onto a collector plate. A constant feed rate of 1 mL/h was maintained by the syringe pump to ensure 
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the steady deposition of nanofibers on the collector plate. The obtained fibers were kept in air for 5 hours for complete 
hydrolysis. These fibers were then calcined at 500°C in muffle furnace for 3 hours in order to eliminate the organic components 
and to obtain the crystalline structure of fibers.  
The stock solutions of Pb(II) and Zn(II) were prepared from Pb(NO3)2 and Zn(NO3)2·6H2O respectively. The solution pH was 
adjusted with HNO3 and NaOH solutions. All batch adsorption experiments were performed in 500 mL flasks, containing 100 
mL metal solution with shaking at 200 rpm on a rotary shaker for desired duration. The concentration of Pb(II) and Zn(II) in 
aqueous solution were determined by Atomic  Absorption  Spectroscopy  (Aurora  Instruments  Ltd,  Canada). The metal 
concentration of a sample was estimated using a calibration curve (absorbance versus concentration) prepared using respective 
standard concentration metal solutions. Adsorption process was quantified by calculating the sorption percentage (%R) as 
defined by Eq. 1: 

%	ܴ =
ܥ − ݁ܥ
ܥ

× 100														(1) 

where Co is the initial concentration and Ce is the equilibrium concentration (mg/L). The amount of ions adsorbed per unit mass 
of adsorbent, qe (mg/g) is evaluated using Eq. 2: 

݁ݍ =
ܥ − ݁ܥ
ܹ ܸ																								(2) 

where Co and Ce (mg/L) as in Eq. (1), V (mL) is the volume of metal solution, and W (mg) is the weight of adsorbent, TNF in 
this case. 

The effects of different experimental parameters such as pH (3, 5, 7 and 9), absorbent dosage (0.01 to 0.08 g/100mL), contact 
time (30 to 180 mins), temperature (25, 30 and 35°C) and initial concentrations of Pb(II) and Zn(II) (5 and 10 mg/L) on the 
adsorption kinetics were evaluated. 

III. RESULTS AND DISCUSSION 

A. Adsorbent characterization 
Combined sol-gel and electrospinning techniques showed promising results for titania nanofiber synthesis. Fig. 1 represents 
Scanning Electron Microscopy results. The synthesized fibers appeared well aligned and had smooth morphology. There were 
not many breakages and the fibers had good continuous length which definitely makes the weaving strong and strengthens the 
fiber mat as a whole. The average diameter of the fibers came out be around 255nm.  
 

 
 

Fig. 1 SEM image and average diameter plot of electrospinned Titania nanofiber 
The larger the surface area, the better is the adsorption process. The surface area (BET) measurements of the adsorbent was 
obtained using BET method with nitrogen gas at 77K using Micrometrics surface area analyzer and results were promising. The 
fiber had surface area as large as 740.188 m2/g.  
The spectra of the fiber samples were measured by Fourier transform infrared spectroscopy (FTIR) within the range of 400–
4000 cm−1 wave number. Table 1 represents FTIR spectroscopic characteristics. A particular band position has a possible 
assignment as mentioned in the table. The results indicate promising presence of Ti stretching band. The presence of OH group 
and physisorbed water is also indicated at their respective band positions. 
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TABLE I 
FTIR ANALYSIS 

Peak (cm-1) Inference 
3700 - 3000 OH group 

1632 Physisorbed water 
900 - 450 Ti-O-Ti stretching 

 
The characterization results indicated that the synthesized titania fiber can be employed as adsorbent for heavy metal uptake 

from aqueous solutions. Various process parameters known to affect the adsorption process were studied in detail. 

B. Effect of paramaters 
1) Effect of pH: The pH of the system plays a vital role since it influences the protonation or deprotonation. Adsorption 
experiments for both Pb and Zn were carried out in pH range of 3 – 9, keeping all other parameters constant (Fig. 2). The Pb 
and Zn uptake at different pH values showed the same trend, the adsorption increased with increasing pH of the solution. The 
increase in metal removal with increase in pH values can be explained on the basis of a decrease in competition between proton 
and the metal cations for the same functional groups and by the decrease in positive charge of the adsorbent which results in a 
lower electrostatic repulsion between the metal cations and the surface. The maximum adsorption rate was observed at the pH 
value of 5 which was thereafter fixed for all experiments.   

 
Fig. 2  Effect of pH on metal uptake. 

2) Effect of initial metal ion concentration and contact time: The uptake of both Pb and Zn at concentrations of 5 and 10 mg/L 
each was investigated at different times to study the influence of adsorbent-adsorbate contact time on metal uptake. With the 
increase in contact time, the percent metal uptake was found to increase till 120 min, thereafter no remarkable increase in uptake 
capacity was observed, i.e after the attainment of equilibrium the removal efficiency remained almost constant.  It was observed 
that metal uptake efficiency of TNF decreased when the metal concentration was increased from 5 mg/L to 10 mg/L as 
indicated in fig. 3. This might be due to the fact that with an increase in metal ion - adsorbent ratio, the adsorption starts 
targeting lower energy sites since the higher energy sites are saturated which results in the decreased metal uptake with increase 
in initial metal concentration [26]. 

 
Fig. 3 Effect of contact time and initial metal concentration on Pb and Zn uptake. 
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3) Effect of adsorbent dose: The effect of adsorbent dose on metal uptake was studied by varying the dose from 0.01 to 0.08 
mg/100mL TNF for both Pb and Zn (5 & 10 mg/L each) (Fig. 4). The metal adsorption appeared to increase initially with 
increasing adsorbent dose which can be attributed to the availability of greater surface area hence more sites promoting easier 
and faster adsorption. At an adsorbent dose of 0.05 mg/100mL, the adsorption capacity reaches a stable (maximum) value after 
which further increase in the adsorbent dose doesn’t significantly contribute to the process which might be due to the fact that 
above a certain dose, the amount of adsorbent ions and free ions remains constant and hence does not affect metal uptake. 

 
Fig. 4: Effect of adsorbent dose on Pb and Zn uptake. 

4) Effect of Temperature: The effect of temperature is important in adsorption systems since change in temperature can cause 
the change in the equilibrium constant and adsorption capacity of the adsorbent, thereby affecting the overall process. To study 
the effect of temperature on metal uptake, the batch adsorption experiments were carried out at 25°C, 30°C and 35°C and results 
are plotted in Fig. 5. Maximum metal uptake was observed at a temperature of 30°C. The adsorption percentage of both Pb and 
Zn was seen to be increasing with increase in temperature from 25°C to 30°C. Further increase in temperature to 35°C decreases 
the adsorption since the increase in temperature increases the mobility of the adsorbate resulting in decreased adsorption. 

 

 
Fig. 5: Effect of temperature on metal uptake (A) Pb(II) (B) Zn(II) 
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C. Adsorption mechanism 
1) Isothermal modeling: The purpose of the adsorption isotherms is to relate the adsorbate concentration in the bulk and the 
adsorbed amount at the interface. The equilibrium adsorption isotherm, characterized by certain constants expresses surface 
properties and the affinity of the adsorbent towards adsorbate, and is important for designing an adsorption system as these 
models describe the interactive behavior of the solution and the adsorbent. The isotherm results were analyzed using the 
Langmuir and Freundlich isotherms. 
 
Langmuir and Freundlich isotherms: The Langmuir adsorption model is based on the assumption that maximum adsorption 
corresponds to a saturated monolayer of solute molecules on the adsorbent surface, with no lateral interaction between the 
sorbed molecules [27]. Langmuir model assumes the sorbent to be structurally homogeneous. The isotherm data was linearized 
using the Langmuir equation, expressed as Eq 3 and plotted between Ce/qe versus Ce as shown in fig. 6A. 

Ce
qe

=
1

qmb
+

Ce
qm

																								(3) 

where qe is the amount of metal ions sorbed per unit mass of the sorbent (mg/g) and Ce the amount of metal ions in the liquid 
phase at equilibrium (mg/L), qm is the maximum adsorption capacity and b is the Langmuir constant. A dimensionless constant, 
RL calculated using Eq 4 describes the type of Langmuir isotherm; irreversible (RL=0), favorable (0 < RL> 1) and linear or 
unfavorable (RL> 1). 

RL =
1

1 + bCi 																											(4) 

The value of qm (mg/g) which is a measure of the monolayer adsorption capacity of TNF was observed to be 2.381, 2.933 and 
2.90, 2.545 for Pb (5 and 10 ppm) and Zn (5 and 10ppm) respectively. The RL values for both the ions at both concentrations 
were observed in the range 0 <RL>1 which is an indication of adsorption favorability. 

 

 
Fig. 6: Isothermal modeling plots for Pb and Zn (A) Langmuir (B) Freundlich 

 
The Freundlich isotherm is an empirical equation employed to describe heterogeneous systems [28]. The Freundlich equation is 
expressed as: 
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qe = (Kf)(Ce)ି୬																	(5) 
where kf  and n are Freundlich constants with kf being adsorption capacity of the sorbent and n giving an indication of how 
favorable the adsorption process is. The values of kf and n, calculated from the intercept and slope of the plot log qe vs log Ce 
(fig. 6B), determine the steepness and curvature of the isotherm [29]. The values of 1/n, less than unity is an indication that 
significant adsorption takes place at lower concentration but increase in the adsorbed amount with concentration becomes less 
significant at higher concentration and vice versa [30]. The values of n which is related to the distribution of bonded ions on the 
adsorbent surface obtained from freundlich plot were - 1.565, - 0.847 and - 2.05, - 0.864 for Pb (5 mg/L, 10 mg/L) and Zn (5 
mg/L, 10 mg/L) respectively. Even though the regression values seem fine enough, the negative values of n indicate unfavorable 
adsorption.  

The regression values and the values of constants for both Langmuir and freundlich isotherms are tabulated in table 2. The 
regression values for both Langmuir and Freundlich plots seem quite close. While comparing the other constant values, the 
negative n values for freundlich plot was a setback for adsorption favorability. 

TABLE III ISOTHERM PARAMETERS FOR METAL ION ADSORPTION 

Ion Concentration 
(mg/L) 

Isotherm 
Langmuir parameters Freundlich parameters 

qm RL R2 kf n R2 
Pb 5 2.381 0.428 0.936 0.861 - 1.565 0.899 

10 2.933 0.227 0.917 1.726 - 0.847 0.933 
Zn 5 2.90 0.367 0.940 0.823 - 2.05 0.896 

10 2.545 0.203 0.879 1.671 - 0.864 0.9 
 
2) Kinetic modeling: The adsorption kinetics depicts the rate of adsorbate uptake in terms of surface tension at the solid-liquid 
interface [31]. Determination of rate controlling mechanism by studying kinetic models can give an idea of the mechanism 
involved. 
Pseudo first and second order kinetics 
The experimental data were tried for Pseudo-first order kinetic model represented by Lagergren equation given as Eq. 6 [32]: 

log(qe − qt) = log qe −
k1t

2.303													(6) 

where qe and qt (mg/g) are the amounts of metal ions adsorbed onto TNF at equilibrium and at time t and k1 (min-1) is the rate 
constant. Plot of log (qe - qt) vs t (fig. 7A), gives the values of k1 and qe. While the constant values were fine, the regression 
value did not appear very impressive. 
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Fig. 7: Kinetic modeling (A) Pseudo first order (B) Pseudo second order 

 
Pseudo-second-order equation stands for chemisorption and can be expressed as Eq. 7 [33]: 

t
qt =

1
k2	qeଶ +

t
qe 																									(7) 

where k2 (g/mmol min) is the adsorption rate constant of pseudo second-order reaction. The plots of t/qt vs. t (fig.7B) gave rate 
parameters.   

Table 3 enlists pseudo first and second order parameters as obtained from the graphs. The regression values for second order 
were high for both Pb and Zn. Also the constant values were better for second order than first order.  

TABLE IIIII 
PSEUDO FIRST AND SECOND ORDER RATE PARAMETERS 

Ions Concentration 
(mg/L) 

Pseudo first order Pseudo second order 
k1 qe R2 k2 qe R2 

Pb 5 0.083 2.267 0.722 6.965 2.69 0.933 
10 0.028 3.975 0.917 3.686 5.7 0.96 

Zn 5 0.30 3.187 0.86 6.081 2.82 0.976 
10 0.023 1.632 0.712 0.133 5.1 0.99 

 
3) Mass Transfer Mechanism:Diffusion occurs by virtue of concentration gradient and rate of sorbate transport is influenced by 
its interaction with the sorbent. Intraparticle diffusion, a transport process involving movement of species from the bulk of the 
solution to the solid phase describes the adsorption process occurring on a porous adsorbent. To determine the rate-limiting step 
of the overall adsorption process, the following models were analyzed: 
 
Weber and Morris model 
Weber and Morris Intraparticle diffusion model represented by Eq.8 is a plot of the amount of sorbate adsorbed, qt (mg/g) and 
the square root of the time which gives the rate constant. 

qt = ki	൫√t൯																									(8) 
where, ki intraparticle diffusion constant. The experimental data for Pb and Zn adsorption is plotted in fig. 8A. Both the metals 
follow almost the same graph trend. 

The graph trend in fig. 8A represents three different phases. The first part follows a linear trend which corresponds to the fast 
uptake of sorbate, followed by a stage where sorbate uptake speeds up reflecting non consecutive diffusion of sorbate molecules 
into the larger pores within the sorbent and finally the third and the last phase where, diffusion remains fairly constant due to 
pore volume being exhausted. The values of ki for Pb adsorption came out to be 0.743 and 1.311 for 5 mg/L and 10 mg/L 
respectively whereas for Zn, ki values were found to be 0.761 and 1.554 for 5 mg/L and 10 mg/L respectively. It can be seen 
that the adsorbate concentration does not affect the diffusion pattern. The uptake mechanism assumes intraparticle diffusion 
only if the following conditions are met for the plot qt vs t 1/2: 

(i) High R2 values to ascertain applicability and,  
(ii) Straight line passing through the origin  

A deviation from the above shows that the mode of transport is affected by more than one process [34]. This gives an 
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indication that intraparticle diffusion is not only the rate limiting step and there might be a possibility of some degree of film 
diffusion control. The rate of uptake is limited by the size of adsorbate molecule, the adsorbate concentration and its affinity 
towards the adsorbent, the diffusion coefficient of the adsorbate in the bulk, the adsorbent pore size distribution and the degree 
of mixing [35]. 

 

 
Fig. 8: Mass transfer plots for Pb and Zn adsorption on TNF with varying concentrations at different times (A) Weber and Morris (B) Boyd plot 

 
Boyd model 
The contribution of film diffusion is often confirmed using the model given by Boyd, as represented by Eq.9 [36]: 

F = 1−	
6
πଶ 	


1
nଶ exp(−nଶBt)

ஶ

୬ୀଵ

															(9) 

which can be rewritten as, 
Bt = [−0.4977− ln(1 − F)]																					(10) 

where, F is the fractional attainment of equilibrium at any time t and B is the time constant. The experimental values can be 
plotted as [−0.4977− ln(1−F)] against time to test its linearity as shown in fig.8B. If the plot is in the form of straight line 
passing through the origin, this indicates that sorption processes are governed by particle-diffusion mechanisms; otherwise, they 
are controlled by film diffusion [37]. Figure indicates that the plots were neither linear nor passed through the origin for both Pb 
and Zn suggesting the film diffusion-controlled mechanism. 
 
4) Thermodynamic parameters: Thermodynamic parameters such as free energy change (ΔG°), enthalpy change (ΔH°) and 
entropy change (ΔS°) were calculated from the variations of the thermodynamic distribution coefficient, K with change in 
temperature according to the following equations: 

ΔG° = RT lnK                                    (11) 
ΔG° = ΔH° - T (ΔS°)                         (12) 

Table 4 gives the values for the thermodynamic parameters. It can be marked that the ΔH° values are all positive for both Pb 
and Zn which indicates the endothermic nature of the adsorption process. The negative values of ΔG° and ΔS° represent the 
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spontaneous nature and lower degree of freedom of the system, respectively. 

TABLE IVV 
THERMODYNAMIC PARAMETERS FOR METAL ION ADSORPTION 

Metal Temperature (K) ΔG° 
(cal/mol) 

ΔS° 
(cal/mol K-1) 

ΔH° 
(cal/mol) 

Pb(II) 298.15 - 5391.38 - 29.03 7.448 
303.15 - 9760 
308.15 -12047.1 

Zn(II) 298.15 - 3621.6 - 48.06 9.124 
303.15 - 8489.5 
308.15 10123.42 

 

IV. CONCLUSIONS 
Combined sol-gel and electrospinning technique appears to be a promising one for titania nanofiber synthesis. Titanium being 
one tested metal oxide for heavy metal was used as adsorbent in fiber form. This form provides advantage of large surface area 
as well as ease of handling. SEM, FTIR and BET results were promising. It can be concluded from the experimental results that 
titania nanofibers had good metal affinity for both Pb(II) and Zn(II) and that both followed same adsorption trend. This study 
showed that TNF could be used as an alternate to conventional adsorbents for the removal of metal ions from wastewater in a 
very short time with high removal efficiency. The removal of Pb(II) and Zn(II), as a typical metal ion commonly present in 
wastewaters, by adsorption onto Titania nanofibers was successfully accomplished. Adsorption was very rapid and equilibrium 
was achieved in about 120 min. Also adsorption was highly dependent on the initial metal ion concentration, pH and 
temperature. Also adsorption increased with increase in adsorbent dose and contact time, thereafter the trend varied. The 
adsorption isotherms were also determined and were appropriately described by both Langmuir and Freundlich models, with a 
better fitting to Langmuir model than Freundlich model. The thermodynamics of metal ion adsorption onto titania nanofibers 
confirmed the endothermic nature of the adsorption process, the spontaneity and the physisorption nature of the process. 
Therefore, titania nanofibers are recommended as fast and effective adsorbents for rapid removal of metal ions from wastewater 
effluents. 
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