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Titania Nanofibers: A Potential Adsorbent for Mercury and
Lead Uptake
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Abstract—The present investigation focuses on testing the
adsorptive behaviour of laboratory synthesized titania
nanofibers towards Hg(ll) and Pb(ll) in the aqueous system.
The BET analysis confirmed that the electrospinned nanofibers
were confirmed to possess a large surface area of 740 m?/g. The
fiber mats were analysed by EDX, which confirmed the
adsorption of the metals on the fiber surface. SEM revealed the
smooth morphology and continuous nature of the fibers. The
effect of pH, contact time and adsorbent dose is compared for
both the metals. At the most optimized conditions, highest
uptake of 95.5% was observed for 0.01 mg/L Hg(ll)
concentration while it was 83.8% for 0.5 mg/L Pb(ll)
concentration. Since the rate limiting steps in adsorption are of
vital importance in order to define the rate parameters for
design purposes, the present study takes into account Weber
and Morris and Boyd mass transfer diffusion models for both
Hg(ll) and Pb(ll) adsorption on titania nanofibers. The
equilibrium data were then analyzed using Langmuir and
Freundlich sorption models and the characteristic sorption
parameters for each isotherm were determined. The discussion
also focuses on few of the recently used adsorbents for heavy
metal uptake and their comparison with the present study.

Index Terms—Adsorption, heavy metals, isotherm, mass
transfer, nano adsorbent.

I. INTRODUCTION

Water pollution affects the entire biosphere and so is a
problem of great concern. The increasing industrialization
has played a very important in the degradation of natural
water resources. The direct or indirect discharge from the
industries into the water bodies demote the water quality and
make it unsuitable for aquatic as well human life. Metals
reach the environment naturally through the weathering of
soils and rocks, and through anthropogenic activities like
mining, processing, etc. The presence of heavy metals in
effluent streams range from troublesome to being severely
life threatening. Heavy metal contaminated aqueous streams
have become a global concern due to their carcinogenicity
and delirious effects on human health.

Mercury and Lead appear in the list of chemicals of major
public concern declared by WHO [1]. While mercury with a
maximum allowable USEPA discharge limit of 0.001 mg/L is
considered to be a global pollutant, lead has a maximum
discharge limit of 0.015 mg/L [2]. Their presence in
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environment is of significant concern because of their
extreme toxicity, persistence and bioaccumulation properties
[3]. Once in the environment, mercury gets converted into
methyl-mercury chloride, which is its most toxic form. The
major industries releasing mercury-laden wastewaters into
environment are fertilizers, mining, mineral processing and
tanning, etc. The major sources of lead in the environment are
through metal plating and paint industries [2]. Human
exposure to mercury severely produces neurological
imbalance, anxiety, restlessness and lung disease, etc. while
lead affects kidneys and nervous system.

Conventional techniques like chemical precipitation and
ion exchange for heavy metal remediation have their own
respective disadvantage of sludge production and being
economically infeasible. The stringent laws and tight
regulation on heavy metal bearing wastewaters being
discharged into the water stream lead to emergence of
technically advanced and super effective treatment methods.
Adsorption with its advantage of operation and design
flexibility has come up as a very promising technique for
heavy metal uptake. Numerous studies have highlighted the
efficient use of modified activated carbons [4], chitosan [5],
carbon nanotubes [6], etc for heavy metal adsorption. The
advantage of using nano adsorbents for heavy metal
remediation from wastewaters lies in their properties such as
high porosity and enhanced structural properties suitable for
adsorption process. Nanostructured metal oxide materials
have attracted considerable attention because of their
potential applications in many areas such as electronics,
photonics, sensors and catalysis [7]-[9]. Nanofibers are an
excellent new class of materials being used for numerous
applications such as insulation, medical, cosmetics and
filtration, etc. Various approaches for preparation of nano
and microstructures of titania have been reported, such as
sol-gel processes, pyrolysis, electrospinning, chemical
vapor deposition and hydrothermal methods [10]-[12].
Electrospinning has recently attracted much attention for
nano-fiber synthesis since it offers flexibility of control over
morphology, porosity, functionality and composition.

Most of the studies have worked on higher metal
concentration [13]-[15] and the difficulty in removing the
metals at lower concentrations is still a challenge. The
present study takes up the adsorption of Hg(ll) and Pb(ll)
onto laboratory synthesized titania nanofibers from aqueous
solutions at a lower concentration actually found in
industrial efluents. A comparison of the effect of pH, contact
time and adsorbent dose on adsorption of Hg(ll) and Pb(Il)
is presented. Mass transfer mechanism is discussed in details
via Weber and Morris and Boyd models. The adsorption
data is dynamically studied through Langmuir and
Freundlich isotherm models.
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Il. MATERIAL AND METHODS

A. Titania Nanofiber Synthesis

The Titania nanofibers (TNF) were synthesized using a
combination of sol gel and electrospinning techniques.
Solution prepared with Titanium Tetraisopropoxide (TTIP),
ethanol and acetone in a fixed ratio was mixed with a solution
of Polyvinylpyrrolidone (PVP) and ethanol. This mixture
was injected to a syringe and the fibers were collected at the
collecting plate. After hydrolysis at room temperature, the
fibers were calcined in muffle furnace. The fiber synthesis
process is described in details in our previous work [16]. Fig.
1 schematically presents the spinning process. A constant
solution-feeding rate of 1 mL/h regulated by the syringe
pump and a positive high voltage of 12 kV ensured the steady
deposition of nanofibers on the collector plate. As the
accelerated jet moved towards the collector, the solvent gets
evaporated, leaving only ultra thin fibers on the collector
plate. The process continued until all the solution in the
syringe was used up.
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Fig. 1. Schematic representation of electrospinning process.

B. Adsorption Experiments

Analytical grade HgCl, and PbNO; were used to prepare
Hg?* and Pb* stock solution, respectively. The metal
adsorption studies were carried out in batch mode at varying
parameters with 0.01 mg/L Hg*" and 0.5 mg/L Pb*, one
metal at a time. Measured quantities of TNF were dosed in
metal containing aqueous solutions, and pH of the solution
was varied between 4.0-8.0, contact time from 0 to 240 min
and adsorbent dose from 0.01 to 0.07 g/L. The aliquots at the
outlet were tested for remaining Hg** or Pb®" at different time
intervals using ICP technique. The amount of metal ion at
equilibrium, g, and percentage metal removal is calculated
from the mass balance Eq. (1) and (2) respectively. V is the
volume of the solution; W is the weight of the adsorbent; Cq
and C, are the initial and equilibrium metal concentrations
respectively [17].
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I1l. RESULTS AND DISCUSSION

A. Titania Nanofiber Synthesis

The fiber synthesis carried out with varying process
parameters revealed morphological changes. Fig. 2
represents the effect of process parameters on average
diameter of fiber and the effect on fiber morphology is
discussed in details in our previous work [16]. The increase in
PVP concentration from 6 wt% to 12 wt% increases the
average diameter from 147 nm to 297 nm (Fig. 2a). This
increase in the diameter is attributed to the increase in
viscosity of the spinning solution. However, futher increase
in the PVP concentration led to the non-uniform ejection of
the jet. Similarly, the increase in solution viscosity with the
increase in precursor concentration from 1.5mL to 3.0 mL
seems to increase the average diameter from 297 nm to 443
nm (Fig. 2b). From Fig. 2c it can be seen that the average
diameter of the fiber decreases from 422 nm to 155 nm as the
calcination temperature is increased from 500 to 800 °C. This
reduction in fiber diameter can be ascribed to the shrinkage
of fiber along the radial direction at high temperatures. At the
most optimized conditions, perfectly smooth and
well-aligned fibers with BET surface area of 740 m?/g were
observed. A surface area as large as this was sufficient

enough for heavy metal adsorption application.
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Fig. 2. Effect of process parameters on average diameter of fiber.
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B. Metal Adsorption on TNF Effect of pH

The effect of pH on Hg(ll) and Pb(ll) adsorption by TNF
was studied in the pH value range of 4.0 to 8.0. The results
are presented in Fig. 3. It is clearly depicted from the figure
that the metal adsorption onto TNF initially increases with
increasing pH value of the solution up to a value of 6.0 and
5.0 for Hg(11) and Pb(ll), respectively. Thereafter it decreases
with further increase in the pH value. This phenomena can be
explained as the adsorption of metal ions (M) through
exchange reactions stated in Eq. (3)-(5):

Ti-OH + M** ->TiO-M* + H* 3)
Ti—OH (OH), + M* — Ti(OH),0-M"* + H* (4)
TiOH** + M?* — TiO-M*" + H* (5)

The above reactions clearly indicate that metal ion
adsorption increases with decreasing proton concentration or
increasing pH value. In addition, the effect of pH can be
explained by considering the surface charge on the adsorbent.
The low adsorption at smaller pH values is due to the
competition of protons with metal cations for the same
adsorption sites [18]. As the pH increases, this competition
decreases which enhances the metal uptake capacity of the
adsorbent. At above a certain pH (6 for Hg(ll) and 5 for
Pb(1l)), the metal uptake again starts decreasing. This is due
to the fact that above the pH point of precipitation (pHp,) for
each metal, metal hydroxide precipitation occurs, thereby
reducing the adsorption of metal ions onto the adsorbent
surface.
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Fig. 3. Effect of pH on Hg(ll) and Pb(l1) adsorption onto TNF.

1) Energy dispersive X-ray analysis

The elemental composition and morphology of the TNF
mat after metal adsorption was analysed by SEM-EDX
spectroscopy. From Fig. 4, it can be seen that the fibers
maintained their morphology and did not get affected by the
adsorption experiments for both Hg(ll) and Pb(ll). Fig. 4a
and Fig. 4b, represents the post adsorption result of Hg(ll)
and Pb(ll) ion, respectively. A significant metal ion peak is
observed in both the cases which confirms the adsorption of
both Hg(Il) and Pb(Il) metal ions in their respective sets of
adsorption experiments. The presence of Ti peak points to the
fact that not all the titania has been used up and it can still be
reused.

77

1

IFul Scale 83 cts Cursor: 0.000

b

Fig. 4. TNF SEM and EDX after rr(1e1al adsorption (a) Hg(ll) (b) Pb(ll).

2) Effect of contact time

The change in metal concentration is plotted in Fig. 5 as a
function of time in the range 0 to 240 min. The equilibrium
was reached at 210 min with a maximum of 63.5% Hg(ll)
uptake. In case of Pb(ll), TNF took 180 min for maximum
uptake of 50.9%. In both experiments, the metal adsorption
increases rapidly initially, until a point after which no
significant uptake is observed. High initial rate of adsorption
must be due to the availability of greater number of sites for
metal ion adsorption. With increase in contact time, as the
equilibrium approaches and the number of vacant surface
sites decrease and the adsorption rate slows down after a
certain period of time due to the formation of repulsive forces
between the metals on the solid surface and in the liquid
phase.
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Fig. 5. Effect of contact time on metal adsorption onto TNF.

3) Effect of adsorbent dose

The effect of TNF dose on metal adsorption was
investigated in the range 0.01 to 0.07 g/L for both Hg(ll) and
Pb(Il) (Fig. 6). TNF dose of 0.05 g/L gave a maximum of
95.5% Hg(I1) and 83.8% Pb(Il) ion removal, respectively. It
is observed that the percentage removal of both the metal
increases with the increase in adsorbent dosage and at a
particular dose, the removal reaches almost a constant value.
The initial increase in the efficiency of adsorbents can be
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attributed to the fact that with an increase in adsorbent dose at
a fixed metal concentration provides more adsorbent surface
area and hence more adsorption sites are available for the
metal ions adsorption. The adsorption reaches a stable value,
i.e., equilibrium after which further increase in adsorbent
dose doesn’t significantly contribute to the process.
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Fig. 6. Effect of TNF dose on metal adsorption onto TNF.

C. Mass Transfer Mechanism

The rate-limiting step (slowest step of the reaction) is an
important factor to be determined so as to establish the
mechanism involved for transportation of mass. The
intra-particle and fluid-film diffusion mass transfer
limitations are verified for both Hg(ll) and Pb(Il) using
Weber & Morris and Boyd models (Fig. 7(a)-(c)). The plot of
q: versus t° (Eq. (6)) represents intra-particle diffusion,
where ¢, represents adsorption capacity at any time t and k; is
intra-particle diffusion rate constant (mg/g min*?) [19]. Eq.
(7) represents the Boyd kinetic model where F (gi/qe) is the
fractional attainment of equilibrium at time t, B is the Boyd
constant, g; and g, are the amounts of metal ion adsorbed at
time and at equilibrium, respectively [20].

q: = ki Vt (6)

F=1- 2 ¥, e 0t )

The value of intra-particle constant (k;) obtained was
0.0052 and 0.21 mmol/g min'? for Hg(ll) and Pb(ll),
respectively (Fig. 7(a)-(b)). For Hg(ll) adsorption mass
transfer mechanism, the Weber & Morris model provided a
higher R? value of 0.939 than the Boyd model R? value of
0.847. Similarly for Pb(Il) mass transfer mechanism, again
Weber & Morris model provided a higher value R* value of
0.9628 than the Boyd model R® value of 0.939. For
intra-particle diffusion model, the deviation of the data from
linearity would indicate that the rate-limiting step should be
the boundary layer (film) diffusion. The plots (Fig. 7(a) & (b))
feature three stages; initial curved portion due to external
mass transfer, followed by an intermediate linear portion due
to intra-particle diffusion, and a plateau up to the equilibrium
stage where intra-particle diffusion starts to slow down due to
extremely low solute concentrations in the solution. For Boyd
model too, the linear plots of [- In (1 — F)] versus t (Fig. 7(c)
with zero intercept would suggest that the kinetics of the
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adsorption process is controlled by diffusion through the
liquid film surrounding the solid adsorbent. It is also
observed that the Boyd plots did not pass through the origin
and had lower regression values for Hg(ll) and Pb(ll),
respectively. Hence, this system seems to follow a complex
process with none of the single mechanism taking the
complete charge.
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Fig. 7. Mass transfer mechanism model (a) Weber and Morris for Hg
adsorption (b) Weber and Morris for Pb adsorption (c) Boyd for Hg and Pb
adsorption.
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D. Adsorption Kinetics

Adsorption isotherms are empirical models representing the
amount of material bound at the surface as a function of
material present in bulk at constant temperature. Langmuir
isotherm represents monolayer adsorption and the equation
follows Henry’s law while Freundlich model assumes
multilayer adsorption. Eq. (8) and (9) represent Langmuir
and Freundlich models respectively where, Q,, represents the
maximum amount of metal ion adsorbed, C. is the metal
concentration at equilibrium, k_ is Langmuir constant and k¢
Freundlich constant [21], [22].

1
Qmky,

Ce _
Qe

Ce
Qm

(8)
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Log Q. = Log ks + % Log C, 9)

The equilibrium adsorption data for Hg(ll) and Pb(l1) were
plotted using Langmuir and Freundlich isotherms and the
data are enlisted in Table I. It can be seen that, for both Hg(l1)
and Pb(11), the R?values in case of Langmuir and Freundlich
isotherms were satisfactory. Further, the factors, R, for
Langmuir and (1/n) for Freundlich isotherm should ideally be
below 1, to indicate the favorability of the process. The factor
R and 1/n represents the favorability of the process through
Langmuir and Freundlich, respectively. When it is greater

Langmuir isotherm. However few works fitted well to
Freundlich isotherm as well. The works mentioned above
have targeted higher metal concentrations while the need of
the hour is to target the concentrations close to the ones found
in real industrial effluents. The lab synthesized TNF used in
the present work had very high affinity for Hg®* as well as
Pb®* metal ions. The main reason behind this seems to be the
high surface area. Adsorption, being a surface phenomenon
largely depends on surface area and with such high surface

areas comes higher removal efficiencies.

TABLE II: COMPARISON WITH RECENT WORKS

. ] i . Working -
than 1, the reaction is unfavorable; when between 0-1, it ~ Nanoadsorbents  Properties ..~ Findings Ref
represents favorable conditions and when it is equal to 1, it nnanycinp on C=05-400,  Q=2895,
represents linear relationship. From the table, it can be  SiOJ/ALO, D =5-30 'F’)*H‘:Oi‘fi-;"t I-Langmuir
observed that the value of R, for Hg(ll) is very close to 1~ mixed :’X'de SA=243 L4571 OFSfe“ndL'Ch
. . suppor _ -Secon
while that of 1/n is well below 1. On the contrary, for Pb(ll) PP 625'5‘; -
. . . . =Z.0e ",
the 1/n factor is much higher than 1, which completely rejects A=01-4 R=08
its applicability. Hence, the equilibrium isotherm behavior Hydrziﬁ;ame D=100  pH=39,t  Illangmuir
for Hg(l) and Pb(ll) adsorption follows Freundlich and NP =0-1,T= O-Second
Y . 10-40, S =
Langmuir isotherm patterns, respectively. 200
TABLE I: EQUILIBRIUM CONSTANTS FOR METAL ADSORPTION ONTO TNF FesO4 NPs Cn;/EO:iO R =98.6
Metal ion Isotherm Constants Values modified with D = 40-50 0.06-2.4, I-Langmuir 13
2-mercapto-benzo _
In 6.544 thiazole pH=1-11,1
Langmuir b 0.038 =005
R 0.9 C=1-80,A
Hg(ll) R? 0.96 Polyrhodanine D=10 =05,pH= R=945
ks 3.237 coated y-Fe;03 SA :_94 &5 2-8,t= I-Freundlich 25
Freundlich 1/n 0.687 NPs ' 0-12,T= O-Second
R’ 0.948 25
O 2563 C=
. b 0570 100-800, A _
Lenamalr Ru 0.867 Tio.NP D=10.19 = =15 pH= IQF_ 163i§6h 14
Pb(II) R? 0.867 ’ SA=9874  29,1= ores”e”wﬁ
ke 0.865 059, T= °
Freundlich 1/n 2.13 30-60
R? 0.936 Q=101
) D=91 E.=25
TIONPS(HUV)  gps200  c=100,A  I-Langmuir
=10,pH = O-First 26
IV. COMPARISON WITH RECENT WORKS 6,t=15T Q=1238
- - i i = =25-45 =
Numerous earlier works have used nano-sized adsorbents T'%i/t?‘()ftgsg'uo s AD_ 23;; I_Efangzriﬁr
for removing Hg”™ from agqueous solutions in batch O-First
experiments. Table Il represents some of the recent works on C = 40-100
mercury adsorption in batch mode using nano adsorbents. Thiol-functionaliz ug/l, A= R=9376
Manganese chloride nanoparticles [23], functionalized iron ¢ sjlica-coated D=50 4:?1“3{'9-'t I-Ereundlich 15
nanoparticles [13], [24], [25] with particle diameters 100,  magnetite NPs P 0;5 =
40-50 and 10 nm respectively could remove more than 95% 10-35
Hg(I1) at various concentrations. Titania nano particles [14], ~Amino C=3 A= 0=1678
[26] with diameter ranging from 3-10 nm and large surface  functionalized D=3857 0.16,pH=  I-Langmuir
area had adsorption capacity of more than 120 mg/g Hg(ll) at ~ FesOs graphene SA=6243 19,t=05  O-Second
concentrations ranging from 100-800 mg/L with or without NC gzig_i(())o
UV illumination. More than 90% of 40-100 ppm Hg(ll) in  Mercapto A=01 pl-; Q=2564,
aqueous media was removed by thiol functionalized f“”Ct'O”a"Zetq D=40 _,4¢= "grgund“gh 28
magnetite nanoparticles [15]. Iron oxide nano composite [27] Eing"zi?;;gs 0-3,T= ->econ
. s 34
and nano polymer [28] showed a good affinity over a range of 25-45
metal ion concentration, with adsorption efficiency around D= C2255‘5&A | LRar‘] ?:'_r
. . =25, = - ui
167.8 and 256.4, respectively. Fe,03-Al,03 nano fibers [29]  Fe:0s-Al,OsNF 200-500 ., o :p 03 O-Se?: ond
had a small surface area of 9.6 m?g but exhibited Hg(ll) SA=96  1_pt

adsorption of 89%. Most of the mechanisms followed
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V. CONCLUSION

The present study took up the synthesis and application of
titania nanofibers with emphasis on its adsorption behavior
for Hg(l1) and Pb(Il) metal ions. The adsorption of metal ion
was found to be dependent on pH and contact time apart form
other factors. The work highlights an enhanced rate of
adsorption, which is attributed to the large BET surface area
of 740 m?/g. The after use analysis of fiber showed the
possibility of its re-use. A detailed discussion on mass
transfer mechanism, taking into picture both intra particle and
film diffusion control is taken up. The nature of the plot
indicated that the mass transfer process is rather complex.

The equilibrium

isotherm behavior was tested using

Langmuir and Freundlich isotherms and the favorability
factor was discussed. Taking into account the regression
values and values of favorability factor, the Hg(lI) and Pb(11)
adsorption seem to follow Freundlich and Langmuir pattern,
respectively. That is, Hg(ll) and Pb(ll) adsorption shows
multilayer and monolayer uptake phenomena, respectively.
TNF showed a great affinity for both Hg and Pb and can be a
potential candidate for adsorption of other metals as well.
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