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Abstract Spent sorbents in water treatment processes have
potential risks to the environment if released without proper
treatment. The aim of this work was to investigate the
potential regeneration of commercially prepared nano-TiO,
(anatase) for the removal of Pb (II), Cu (II), and Zn (II) by
pH 2 and ethylenediaminetetraacetic acid (EDTA) solutions.
The percent of metal adsorption/desorption decreased with
the increasing number of regeneration cycles, and the extent
of decrease varied for each metal. Competitive effects were
observed for the adsorption/desorption of different metals
when the nano-TiO, was regenerated by EDTA solutions.
Nano-TiO, was able to treat simulated metal polluted water
with greater than 94 % adsorption and greater than 92 %
desorption after four cycles of regeneration using pH 2
solution. These results demonstrated that nano-TiO, can be
regenerated and reused using pH 2 solution compared to an
EDTA solution for aquatic metal removal, which makes
nanosorbents promising and economically and environmen-
tally more attractive in the application of water purification.

Keywords Regeneration - Anatase - Metals - Adsorption -
Desorption - Water purification

Responsible editor: Philippe Garrigues

Electronic supplementary material The online version of this article
(doi:10.1007/s11356-013-1502-7) contains supplementary material,
which is available to authorized users.

J. Hu (P<) - H. J. Shipley

Department of Civil and Environmental Engineering, University of
Texas at San Antonio, One UTSA Circle,

San Antonio 78249 TX, USA

e-mail: fjjxhu@gmail.com

Introduction

Metals, particularly heavy metals (i.e., Pb, Cu, Zn, etc.), can
be toxic at higher concentrations although some of them are
essential micro-nutrients for biota (Hashim et al. 2011). A
majority of metal pollution in water comes from industries
such as metallurgical, tannery, chemical manufacturing,
mining, battery manufacturing, and military industries
(Cruz Viggi et al. 2010; Fu and Wang 2011; Rao et al.
2007).

Currently, metal removal technologies include, but are
not limited to, chemical precipitation, ion-exchange, adsorp-
tion, membrane filtration, coagulation—flocculation, and
electrochemical methods. Most of these technologies have
drawbacks, such as high capital and operational cost or the
disposal of residual sludge (Kobya et al. 2005). Among
these technologies, ion-exchange, adsorption, and mem-
brane filtration are the most frequently studied (Fu and
Wang 2011). Adsorption, which is recognized as an effec-
tive and economical method for metal removal, is one of the
most promising techniques (Hu 2006). An optimal adsor-
bent should have high surface area, fast adsorbing rates,
high adsorption capacity, and effectiveness when metal con-
centrations are low (Zhang and Fang 2010).

TiO; has been used commercially in numerous consumer
and industrial applications since the early 1900s, particular-
ly for coatings and pigments (US EPA 2009). Nano-TiO,
has some advantages such as increased specific surface area
and an increased number of surface sites when compared
with bulk TiO, (US EPA 2009). Such properties have led to
the development or use of nano-TiO, for a wide variety of
applications, one of which is the application of nano-TiO, as
an adsorbent for metal removal due to their high chemical
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stability in acidic and alkaline solutions and fast rates of
sorption, especially for nano-TiO, in anatase crystal struc-
ture form (Engates and Shipley 2011; Gao et al. 2004; Hu et
al. 2006; Kim et al. 2003; Shipley et al. 2009; Tratnyek and
Johnson 2006; Yang et al. 2007; Zhang 2003).

After nano-TiO, is used in metal removal, a sludge
material containing nano-TiO, would be generated.
Nano-TiO, as well as the adsorbed metals may be
released and enter surface or ground water without
proper treatment (US EPA 2009). This, coupled with
the need for conservation of raw materials, recycle,
recovery, and reuse of waste products, needs to be
considered (Hu 2006). Results from sorbent regeneration
and reuse are imperative for future practical use of
nanoparticles and can render adsorption an economically
more attractive metal removal method. Also, it can
eliminate the potential environmental effects of nano-
particles used in contaminant removal.

Chelating agents such as EDTA have been proven to be
efficient in regenerating sorbents for metal removal (Deng et
al. 2007; Gao et al. 2003; Zhou et al. 2009). Deng et al.
(2007) showed that 82 % of Pb (II) bound to biomass was
recovered by 0.01 M EDTA, which allowed the reuse of the
biosorbent (Cladophora fascicularis) (Deng et al. 2007).
Gao et al. (2003) used EDTA containing electrolyte solution
to desorb Pb and Cd from natural sediment, and their results
showed that 90 % freshly sorbed Pb and Cd was desorbed in
the first two desorption steps (Gao et al. 2003). EDTA was
also found to have the highest efficiency (90 %) in desorb-
ing Cu adsorbed by a magnetic nanoadsorbent, which was
modified from chitosan-coated magnetic nanoparticles with
«-ketoglutaric acid (Zhou et al. 2009).

Several studies have showed the effectiveness of com-
mon ions for the desorption of adsorbed metals from certain
types of sorbents (Lezcano et al. 2011). For example,
(Lezcano et al. 2011) used NaHCO; to desorbed Cu from
a natural biomass, and a recovery of 76.7 % was observed
(Lezcano et al. 2011). Gupta and Rastogi (2008) showed
that the around 30 % chromium (VI) was desorbed from
nonviable cyanobacterium Nostoc muscorum biomass using
CaCl, and MgCl, (Gupta and Rastogi 2008). Three and 1 M
KCI were proved to be effective in desorbing Pb (99.5 %)
and Zn (80.0 %) from natural zeolite (Katsou et al. 2011).

To the best knowledge of the authors, there is not previ-
ous data on the regeneration of nano-TiO, for aquatic metal
removal, although a few studies have demonstrated the
potential to desorb metals from nano-TiO, surface using
acid or chelating agents (Debnath et al. 2011; Gao et al.
2004; Hu and Shipley 2012). Gao et al. (2004) studied the
adsorption/desorption of Cd*" to large and nanometer-
scale anatase, and their results showed that the desorption
of Cd*" from both particle sizes was completely reversible
(Gao et al. 2004). Debnath et al. (2011) studied the
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adsorption/desorption behavior of Cd** and Cu** on/from
nanostructured hydrous titanium oxide (NHTO), and their
evaluation on the desorption of adsorbed metal ions from
NHTO surfaces showed that 0.01 M EDTA and 0.1 M HCI
were the most efficient (Debnath et al. 2011). Hu and
Shipley (2012) studied the desorption of Pb (II), Cu (II),
and Zn (I) from nano-TiO, using batch techniques, and
desorption was showed to be pH dependent with more than
98 % of all metals desorbed at pH 2 (Hu and Shipley 2012).

In this investigation, commercially prepared nano-
TiO, (anatase) used for Pb (II), Cu (II), and Zn (II)
removal was studied for its ability to be regenerated.
Metal desorption in solutions of common ions (e.g.,
Ca*", Mg®", HCO5~, HPO4*", etc.), EDTA, and a solu-
tion at pH 2 were evaluated to screen the best methods
for regeneration. The effects of consecutive regeneration
cycles and the presence of coexisting metals on metal
adsorption/desorption were evaluated. In addition, the
regeneration method was tested for the treatment of
synthetic metal-contaminated water using nano-TiO, as
a sorbent.

Materials and methods
Materials

Commercially prepared nano-TiO, (anatase) from Sigma-
Aldrich (St. Louis, MO, USA) was used in the present
study. Characteristics of the nano-TiO, were previously
reported by Engates (2010). In summary, surface area was
determined by the Brunauer—Emmett—Teller method to be
185.5 m%/g, and the nominal particle size was calculated
to be 8.3 nm. X-ray diffraction identified the nanoparticles
as crystalline anatase (Engates 2010). The point of zero
charge (pzc) of the TiO, was determined by potentiomet-
ric titration to be at pH 5.2, which is consistent with
previous literature results of pH,,. (Engates and Shipley
2011; Guzman et al. 20006).

Metal stock solutions were prepared from Pb (NOj),,
ZnSOy4, and Cu (NOj3), (certified ACS grade, Fisher
Scientific, Houston, TX, USA), which yielded approximate-
ly 500 mg/L for each metal. Experiments conducted at
pH 8.00£0.02 were buffered with 0.01 M tris(hydroxy-
methyl) aminomethane (THAM) and adjusted with 6 N
HNO; to the desired pH. Experiments conducted at
pH 2.00£0.02 were adjusted by 0.01 M HNO; and
0.01 M NaOH solutions to the desired pH. An electrolyte
background of 0.01 M NaNO; was added to all buffer
solutions. Ethylenediaminetetraacetic acid (EDTA) solu-
tions were prepared from Na,EDTA (certified ACS grade,
Fisher Scientific, Houston, TX, USA). Certified ACS grade
NaNO;, CaCl,, MgS0,4, NaHCO3, Na,SO4, NaCl, and
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Na,HPO, were used for the preparation of common ion
solutions.

Water was prepared by reverse osmosis by sand and
carbon nanofiltration, using a NANOpure Diamond
Barnstead with Hollow Fiber Filter. Tap water, which was
treated water from the Edwards Aquifer, was taken from
University of Texas at San Antonio and used in this study.
HACH standard methods (HachCompany 2008) were used
to analyze the turbidity, alkalinity, hardness, silica, phos-
phate, and sulfate, and metal concentrations in the water
were analyzed by Perkin Elmer inductively coupled plasma
mass spectroscopy (ICP-MS) and ICP-OES. Results of the
composition and water quality parameters were shown in
Table 1. Simulated metal polluted water was prepared by
spiking the San Antonio tap water with Pb (II), Cu (II), and
Zn (1) (1.50+0.18 pumol/L each). The HACH sensION pH
meter was used to measure pH and was calibrated daily at
pH 4.0, 7.0, and 10.0 using standard solutions.

The software Visual Minteq 3.0 was used for the calcu-
lation of Pb (II), Cu (II), and Zn (II) speciation as a function
of pH at 1.50 umol/L and 22 °C. The results are shown in
Figure S1. At the Pb (II), Cu (II), and Zn (II) concentrations
studied, more than 99 % of M (II) species were M*" at pH 2.
At pH 8, the major species for Pb (II) were Pb®" and Pb
(OH) *, the major species for Cu (II) were Cu** and Cu
(OH) *, the major species for Zn (II) were Zn>" and Zn
(OH)", and all of those species were positively charged.
None of the metals were showed to be precipitated at either
pH. Similar distribution diagrams for Pb (II), Cu (II), and Zn
(II) species in aqueous solution were reported in previous
literatures (Machida et al. 2004).

Table 1 The composi-

tion and water quality Pb** ND
parameters for San cd* ND
Antonio, Texas, USA cut 0.17
tap water before spiking N2t ND
Zn* 0.07
Cl 14.7
Na" 7.6
Ca* 65.5
Mg** 11.6
S04~ 27.0
Total Fe 0.03
PO, 0.12
NTU nephelometric tur- HCO;5~ 24.0

bidity units

Alkalinity (mg/L CaCO3) 197.0
All units are milligrams —— p 066 (me/L CaCOs) 250.0
per liter unless other- .
wise stated. Spikes con- Organic matter ND
sisted of 1.50 pmol/L of Turbidity (NTU) 0.27
Pb2+, Cu2+, and Zn2+ pH 7.92

added to solution

Metal analysis methods

Metal concentrations were measured on a Perkin Elmer
DRC-e ICP-MS (PerkinElmer, Waltham, MA, USA) having
a quadruple mass spectrometer. The plasma is argon gas
with a nebulizer gas flow of 0.83 L/min, a lens voltage of
6.5V, and RF power of 1,200 W. Operating conditions were
determined after optimization of each parameter. Metal
standards were prepared from 100 pg/mL standard stock
solutions (VHG Labs) and diluted to meet the desired cali-
bration standard concentrations of 1, 10, and 100 pg/L.
Each calibration standard was acidified with 1 % HNO; by
volume. Coefficients of determination (+*) were greater than
0.999 in most cases with a relative standard deviation less
than 5 %.

Screening experiment: batch adsorption—desorption
experiments

Metals (1.50+£0.18 pumol/L) were initially adsorbed to
0.1 g/L nano-TiO, at pH 8.0 in 0.01 M THAM buffer with
0.01 M NaNOj;. Metals were added individually at concen-
trations of 1.56 umol/L to a 50-mL sealed centrifuge tube
and rotated at 25 rotations per minute for 24 h using a
LabNet Mini LabRoller Rotator (Bioexpress, Kaysville,
UT, USA). Samples were filtered with cellulose acetate
0.45 wm membrane filters (Whatman OE 67) to recover
the nano-TiO, solid. One (5 mL) sample was withdrawn
from the supernate and acidified with 1 % HNO; for ICP-
MS analysis to determine the adsorbed concentration of
each metal to the nano-TiO, surface. Desorption experi-
ments were performed for Pb (II), Cu (II), and Zn (II) by
adding metal-free desorbing solution to the recovered nano-
TiO, solid. The desorbing solutions included 0-2 pmol/L
for Cu (IT) and Zn (IT), 0-5 wmol/L for Pb (II))EDTA
solutions (at pH 8 in 0.01 M NaNOs), and common ion
solutions (NaNOs, CaCl,, MgS0,, NaHCO;3;, Na,SOy,
NaCl, Na,HPO, at pH 8, and an ionic strength of 0.5 M).
The recovered nano-TiO, solids were again rotated for 24 h.
Samples were filtered and acidified for ICP-MS analysis.
The detection limits for the metals were 0.0005 pg/L for Cu
and Pb and 0.001 pg/L for Zn. The experiments were con-
ducted with two replications with statistically similar results
each time.

The amount of metals remaining on the surface after each
desorption cycle was calculated as the difference between
the initial amount of metals adsorbed minus the amount of
metals recovered from the supernate. The reliability of the
desorption method was checked by mass balance as dis-
cussed in a previous paper (Hu and Shipley 2012). Mass
balance showed that greater than 95 % of TiO, was recov-
ered after each cycle of desorption. The presence of the
THAM buffer was checked to ensure that there was
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negligible interference to Pb (II), Cu (II), and Zn (IT) adsorp-
tion/desorption. Experiments were conducted with the
THAM buffer in solution and without the THAM buffer in
solution at pH 8 with metals in solution. A negligible
statistical difference between the buffers present and not
present was observed, confirming that the THAM did not
interfere with metal adsorption/desorption. Also, the pH was
tested throughout the experiments and remained stable
(change within £0.02).

Regeneration: single metal systems

The solutions exhibiting the highest percent desorption for
each metal were used to examine the regeneration potential of
the nano-TiO,. In our previous research, desorption of Pb (1),
Cu (II), and Zn (II) from nano-TiO, was found to be pH
dependent with greater than 98 % of metal desorbed at pH 2
when they were initially adsorbed at pH 8 with a initial metal
concentration of 93.4+2.8 ug/L (Hu and Shipley 2012). Thus,
for Cu (II) and Zn (II), the regeneration solutions were a pH 2
solution or a 2-pumol/L EDTA solution. For Pb (II), they were
apH 2 solution or a 4-umol/L EDTA solution. The recovered
nano-TiO, was then used for cycles of adsorption—desorption
following the experiment procedure described in “Screening
experiment: batch adsorption—desorption experiments” sec-
tion. The cycle of adsorption—desorption was carried out for
nine cycles of adsorption and eight cycles of desorption.

Regeneration: switching metals systems

To investigate the effect of adsorption/desorption of a
previous metal (M1) on the adsorption/desorption of an-
other metal (M2), regeneration experiments were carried
out by switching the metals in different adsorption—de-
sorption cycles, using a similar procedure as described
in “Screening experiment: batch adsorption—desorption
experiments” section. For Cu (II) and Zn (II), the regen-
eration solutions were a pH 2 solution or a 2-pumol/L
EDTA solution. For Pb (II), they were a pH 2 solution
or a 4-umol/L EDTA solution. The cycle of “adsorption
(M1)—desorption—adsorption (M2)-desorption” was carried
out for a total of three cycles.

Regeneration: multiple metals systems

To investigate the competitive effect of different metals on
the adsorption/desorption process, regeneration experiments
were carried out by adsorbing Pb (II), Cu (II), and Zn (1)
simultaneously (1.22 umol/L Pb (II), 1.58 pmol/L Cu (II),
and 1.55 pumol/L Zn (IT)). A similar procedure as described
in “Screening experiment: batch adsorption—desorption
experiments” section was used for the adsorption—desorp-
tion study, and a pH 2 solution or an EDTA (4.0 umol/L)
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solution were used for the desorption experiment. The cycle
of adsorption—desorption was carried out for nine cycles of
adsorption and eight cycles of desorption.

Regeneration: simulated metal polluted water treatment

Spiked tap water was used as simulated metal polluted water
for this study. Pb (II), Cu (II), and Zn (II) were added to the
tap water simultaneously. The metal concentrations in the
spiked tap water were 1.22, 4.19, and 2.62 umol/L for Pb
(D), Cu (1), and Zn (II), respectively. A similar procedure as
described in “Screening experiment: batch adsorption—
desorption experiments” section was used for the adsorp-
tion—desorption with a pH 2 solution being used for the
desorption experiments. The number of adsorption—desorp-
tion cycles was five cycles of adsorption and four cycles of
desorption.

Surface complexation modeling

Surface complexation modeling was conducted to estimate
the trends of metals desorption from nano-TiO, over the full
range of EDTA concentration. The adsorption of metals as a
function of equilibrium metal concentrations was also esti-
mated by surface complexation modeling to predict the
adsorption capacity of nano-TiO,. The diffuse layer model
was incorporated into the FITEQL and Visual MINTEQ
programs and used for all model predictions. Surface com-
plexation reactions used for modeling are listed in Table 2,
while important solution complexation reactions employed
in the modeling are presented in Table S1. An assumption
that the nano-TiO, surface was homogeneous and neutral
was made. The unoccupied surface sites of TiO, were
expressed as =Ti (OH) (OH,), which contains both a surface
hydroxyl and a chemisorbed water (Yang and Lee 2005).
The specific surface area (in square meters per gram), solid
concentration (in grams per liter), and site density (sites per
square nanometer) were used to determine the total site
concentration of =Ti (OH) (OH,) (Hayes et al. 1991; Hu
and Shipley 2012). A site density of 2.31 sites/nm” was
employed in this study (Davis and Kent 1990). The intrinsic
surface complexation constant (Kj,) for the reactions of
metal-EDTA on the nano-TiO, surface was determined by
FITEQL using a weighted least-squares method (Herbelin
and Westall 1999). The K, for protonated (=Ti (OH,)") and
deprotonated (=Ti (OH), ) nano-TiO, surface sites was
reported by Stone et al. (1993) to be 10*? and 10737,
respectively (Stone et al. 1993). The Kj,, for EDTA com-
plexation on the nano-TiO, was determined by Yang and
Davis (1999) to be 10> (Yang and Davis 1999). The K,
for Pb (II), Cu (II), and Zn (II) complexation on the nano-
TiO, was previously determined to be 10%72, 10%%, and
107932 (Hu and Shipley 2012).
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Table 2 Reactions and parameters used in surface complexation modeling employing the diffuse layer model

p p g employing y
Reactions logKin¢ WSOS/DF
=Ti(OH)(OH,)+H"==Ti(OH,)," 3.9° -
=Ti(OH)(OH,)==Ti(OH), +H" -8.7% -
=Ti(OH)(OH,)+Pb"*==Ti(OH,)O-Pb*+H" 0.72° -
=Ti(OH)(OH,)+Cu*?==Ti(OH,)0-Cu*+H" -0.32° -
=Ti(OH)(OH,)+Zn"?==Ti(OH,)O-Zn"+H" 0.68° -
=Ti(OH)(OH,)+2H" +EDTA *==Ti(OH)EDTAH, *+H,0 22.09¢ -
=Ti(OH)(OH,)+Pb"?+EDTA *==Ti(OH)EDTAPb >+H,0 21.69¢ 1.41
=Ti(OH)(OH,)+Cu?+EDTA *==Ti(OH)EDTACu >+H,0 21.30¢ 0.35
=Ti(OH)(OH,)+Zn"?+EDTA *==Ti(OH)EDTAZn >+H,0 20.01¢ 3.72

WSOS/DF is a measurement of the goodness of the model fit to the experimental data

WSOS/DF weighted sum of squares divided by degrees of freedom
#Stone et al. (1993)

®Hu and Shipley (2012)

¢ Yang and Davis (1999)

¢ Determined in this work

Results and discussion

Screening experiment using EDTA and common ion
solutions

Regeneration using an EDTA solution

In this study, EDTA solutions at various concentrations were
tested for their ability to desorb Pb, Cu, and Zn species from
nano-TiO,. To eliminate the possible effect of pH on metal
desorption, all EDTA solutions were buffered at pH 8.0, in
which negligible amount of metals were desorbed (Hu and
Shipley 2012). Results are shown in Fig. 1. Results showed
that the percent of metal desorption increased as the concen-
tration of EDTA increased and the majority of adsorbed

120

% Desorbed

EDTA Concentration (umol/L)

Fig. 1 Percent of metal desorbed from 0.1 g/L nano-TiO, in EDTA
solution; metals were initially adsorbed at pH 8 (Cp=1.50+0.18 pmol/
L) (discrete points experiment data; solid and dotted lines results of
surface complexation modeling). Error bars represent 5 % error in the
metal measurement

metals could be desorbed from the nano-TiO,. For Cu (II)
and Zn (IT), when the EDTA concentration increased from 0.1
to 2.0 umol/L, the percent of Cu (II) and Zn (II) desorbed
increased from 7 and 4 to 97 and 99 %, respectively. For Pb
(II), the percent desorbed increased from 1 to 81 % as the
EDTA concentration increased from 0.1 to 4 pmol/L, while it
slightly increased from 81 to 87 % when the EDTA concen-
tration went from 4 to 5 pmol/L. Compared to Pb (II), Cu (II)
and Zn (II) were more readily desorbed at the same EDTA
concentration, indicating a higher affinity of Pb (II) to the
nano-TiO, surface. It has been found that Pb (II) was adsorbed
mainly through inner-sphere complexation, while Cu and Zn
were adsorbed mainly through physical attachment or inter-
action with surface hydroxyl groups (Hu and Shipley 2012).

It has been proposed that EDTA forms stable metal—
EDTA complexes and the EDTA and the metal-EDTA
complexes compete for surface sites on the TiO, surface
(Vohra and Davis 1998; Yang and Davis 1999; Yang and
Lee 2005). To better investigate the mechanisms of metal
desorption from nano-TiO, under the effect of EDTA, sur-
face complexation modeling was conducted with the deter-
mination of surface complexation constants and the
estimation of desorption trends. The intrinsic complexation
constants (Kj,,) for the reactions of metal-EDTA onto the
nano-TiO, surface were calculated based on experimental
data over the full range EDTA concentrations; the values of
logK;, that provided the optimal fit of the model to the
experimental data are given in Table 2. The calculated
logK;,, values were 21.69 for Pb-EDTA, 21.30 for Cu-
EDTA, and 20.01 for Zn-EDTA, which indicated that the
three species had similar affinity to the nano-TiO, surface
sites (Giammar et al. 2007). The values of the weighted sum
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of squares divided by the degrees of freedoms (WSOS/DF)
for Pb-EDTA, Cu-EDTA, and Zn-EDTA were 1.41, 0.35,
and 3.72, respectively. These represented good fits as the
WSOS/DF values were less than 20 (Grossl et al. 1997).

The fit of the model to the metal desorption data as a
function of EDTA concentration is shown in Fig. 1. The
model fits the desorption of Cu (II) and Zn (I) well with more
than 97 % desorption occurring when the EDTA concentration
reached 2 umol/L. This indicated that the mechanism of Cu
(II) and Zn (II) desorption from nano-TiO, could be described
as the formation of Cu-EDTA and Zn-EDTA complexes in
solution. For Pb (II), deviation was observed between the
model prediction and the experimental data, and the prediction
of the percent of Pb (II) desorbed was in excess of the
experimental data. This might be explained by the presence
of complexes such as Pb-HEDTA and Pb-H,EDTA (Zeng et
al. 2011), which could lead to the formation of surface species
such as =Ti(OH)EDTAHPb'~ and = Ti(OH)EDTAH,Pb. The
formation of those surface species could be potentially impor-
tant, though they were excluded in our model prediction
(Yang and Davis 1999).

Regeneration using common ions solutions

In the present study, common ion solutions (NaNOs, CaCl,,
MgS0,, NaHCOs3, Na,SO,4, NaCl, Na,HPO, at ionic strength
of 0.5 M) were evaluated for their effectiveness in desorbing
Pb, Cu, and Zn species from nano-TiO,. Negligible desorption
was observed for Pb (IT) and Zn (1), while part of the adsorbed
Cu (IT) was desorbed in NaNOjz, NaHCO3, NaCl, and
Na,HPQ,, as shown in Table 3. These results further confirmed
that Pb (II) and Zn (II) adsorption onto-TiO, was independent
of ionic strength and the valence of the electrolyte ions, indi-
cating an inner-sphere complexation mechanism (Fan et al.
2009). Cu (II) most likely adsorbed to weak binding sites or
attached through outer-sphere complexation (Hu and Shipley
2012). Desorption of Cu (II) occurred because of the competi-
tion from background common ions when the ionic strength
was increased (Li et al. 2009). Cu desorption might also be
attributed to the complexation of Cu (II) with anions (such as
HCO; and HPO427), which were present in the common ion
solutions (Lezcano et al. 2011). However, even the highest
percent of Cu (II) desorption by Na,HPO, (42.3 %) would
not be practical for application.

Table 3 Percent of Cu
(II) desorbed from
nano-TiO, (0.1 g/L) in

Common ions % Desorbed

common ion solutions NaNO3 23.17
(/=0.5 mol/L) NaHCO; 6.72
NaCl 18.13
Na,HPO, 42.34
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Based on the results of the screening experiments, EDTA
solutions were better at desorbing Pb, Cu, and Zn species than
common ion solutions. Our previous research also showed that
apH 2 solution had high efficiency in desorbing Pb, Cu, and Zn
species (Hu and Shipley 2012). Thus, pH 2 and EDTA solu-
tions were used for the regeneration studies. The EDTA con-
centration used for Cu (I) and Zn (IT) desorption was 2 pmol/L,
while it was 4 umol/L for Pb (II) desorption. These EDTA
concentrations ensured at least 97 % desorption of Cu (II) and
Zn (II), and 81 % desorption of Pb (II) as shown in Fig. 1.

Single metal systems

For every single metal, eight adsorption/desorption cycles
were conducted to determine the adsorption/desorption poten-
tial of the nano-TiO, after each cycle of regeneration.
Desorption was conducted using a solution at pH 2 or an
EDTA (2 umol/L for Cu (II) and Zn (II), 4 umol/L for Pb
(I)) solution. In each cycle, the adsorption/desorption was
conducted until steady-state conditions were reached. In
Fig. 2a, b, the percent of adsorption/desorption of Pb, Cu,
and Zn species are given, respectively, for eight regeneration
cycles using pH 2 solution. The percent of adsorption/desorp-
tion of Pb, Cu, and Zn species for eight regeneration cycles by
EDTA solution were given in Fig. 2c, d, respectively. For
nano-TiO, regenerated by a pH 2 solution, the percent of
metal adsorbed remained consistent after eight cycles of re-
generation, with around 100, 92, and 98 % of Pb (II), Cu (II),
and Zn (II) adsorbed in each cycle (Fig. 2a). However, a
decrease was observed in the percent of metal desorbed after
each regeneration cycle. The percent of Pb (II), Cu (II), and Zn
(IT) desorbed decreased from 98 to 62, 99 to 94, and 99 to
85 %, respectively, from the first to the eighth cycle (Fig. 2b).

For nano-TiO, regenerated by an EDTA solution, the
percent of metal adsorbed slightly decreased with increasing
regeneration cycles. Pb (II) adsorption decreased from 100
to 91 %, Cu (II) adsorption decreased from 92 to 70 %, and
Zn (II) adsorption decreased from 98 to 86 % from the first
to the eighth cycle (Fig. 2¢). A major decrease was observed
in the percent of metal desorbed for each EDTA regenera-
tion cycle. The percent of Pb (II), Cu (II), and Zn (II)
desorbed decreased from 71 to 35, 99 to 42, and 99 to
57 %, respectively, from the first to the eighth cycle
(Fig. 2d). Pb (IT) was relatively stable in the amount
adsorbed during each cycle, while the amount desorbed
decreased with each regeneration cycle for both pH 2 and
EDTA solutions. This suggests that Pb (II) had higher affin-
ity to the nano-TiO, surface, and the inner-sphere complex-
ation of Pb (II) onto the surface sites made adsorption harder
to reverse than for the other metals (Katsou et al. 2011). For
Cu (I) and Zn (1), the affinity for the nano-TiO, surface is
less than Pb, and since desorption decreased with each
cycle, less surface sites were available for adsorption during
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the next regeneration cycle; thus, there was decreasing ad-
sorption over the eight cycles. The decreased desorption
may be due to EDTA being a strong chelating agent making
it harder to reverse adsorption after continuous cycles and
desorption being conducted at pH 8, which previous work
show was not ideal for desorption (Hu and Shipley 2012).

Switching metals systems

To investigate whether the previous adsorption/desorption
of one metal (M1) affected the adsorption/desorption of
another metal (M2) and to further investigate the interaction
between different metals, regeneration experiments were
carried out by switching the metals in different adsorp-
tion—desorption cycles. Three cycles of “adsorption (M1)—
desorption—adsorption (M2)-desorption” were carried out
consecutively. The percent of adsorption/desorption of both
the first metal (M1) and the second metal (M2) are given in
Tables 4 (pH 2 desorbing solution) and 5 (EDTA desorbing
solution, 4 pmol/L for Pb (II), 2 umol/L for Cu (II) and Zn
(II)); it should be noted that the desorption of M2 was
carried out for two cycles while the other adsorption/desorp-
tion processes were carried out for three cycles.

For nano-TiO, regenerated by pH 2 solution, for both the
first and second metals added, the percent of metal adsorbed
remained consistent, while a slight decrease was observed in
the percent of metal desorbed through three cycles for both
metals (Table 4). For nano-TiO, regenerated by EDTA
solution, for both the first and second metals added, the
percent adsorbed decreased slightly with increasing regen-
eration cycles. For example, for the Pb—Cu system, the
percent of Pb (II) and Cu (II) desorbed decreased from
100.0 to 98.1 % and from 94.5 to 88.0 %, respectively, from
the first to the third cycle of regeneration (Table 5). A slight
decrease was also observed for the percent of Cu (II) and Zn
(I) desorbed through the regeneration cycles; however, it did
not matter if the metals were added first or second. Repeated
measures ANOVA was used to analyze the effect of the M1
adsorption/desorption on the adsorption/desorption of the M2.
The statistical analysis was conducted using JMP 9.0 soft-
ware. Data were checked for their normal distribution and
equal variances before ANOVA analysis. A significance level
of 0.05 was used in all the statistic analysis. Comparisons
were made for the experimental data of M2 with and without
previous adsorption/desorption of another metal. The p values
for the statistic analysis were given in Tables 4 and 5.

When pH 2 solution was used as the desorbing
solution, for all three metals studied, the adsorption of
M2 was not significantly affected by the previous
adsorption/desorption of M1, with p values greater than
0.05 (Table 4). Desorption of Cu (II) was significantly
affected by the previous adsorption/desorption of Pb (II)
and Zn (II), which lead to around 6 and 7 % decrease
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in Cu (I) desorption, respectively (repeated measures
ANOVA, p=0.006 for Pb (II), p=0.002 for Zn (II);
Fig. 2b; Table 4). The adsorption/desorption of Pb (II)
had a statistically significant effect on the desorption of
Zn (I), around a 7 % decrease compared to when Zn
was adsorbed/desorbed by itself (repeated measures
ANOVA, p=0.003; Fig. 2b; Table 4). The decrease in
the desorption of M2 could be due to incomplete de-
sorption of M1 in the previous cycle.

When the nano-TiO, was regenerated by an EDTA solu-
tion, adsorption of Cu (II) was significantly affected by the
previous adsorption/desorption of Pb (II) and Zn (1), with
an increase of 5 and 8 % in Cu (II) adsorption, respectively
(repeated measures ANOVA, p=0.028 for Pb (I), p=0.007
for Zn (I); Fig. 2c; Table 4). Zn adsorption was also signif-
icantly affected by the previous adsorption/desorption of Pb

Table 4 Percent of Pb (II), Cu (II), and Zn (II) adsorbed and desorbed
from spent nano-TiO, (0.1 g/L) in a switching metal system

MI- Ml M2
M2
Ist 2nd 3rd Ist 2nd 3rd p

value®

Percent adsorbed (pH 2 regenerated)

Cu— 94.4 93.5 932 100.0 100.0 100.0 0.423

Pb

Zn— 99.1 98.5 100.0 100.0 100.0 100.0 0.423

Pb

Pb- 100.0  100.0 100.0 92.8 934 932 0.181

Cu

Zn— 99.1 98.7 99.8 92.9 93.6 934 0.158

Cu

Pb- 100.0  100.0 100.0 99.0 98.4 99.1  0.563

Zn

Cu— 94.2 94.0 94.7 98.7 99.1 99.3  0.359

Zn

Percent desorbed (pH 2 regenerated)

Cu— 99.1 94.0 93.0 96.3 92.1 0.831

Pb

Zn— 98.9 94.9 92.0 94.5 90.8 0.338

Pb

Pb- 96.1 93.0 88.8 94.7 90.4 0.006

Cu

Zn— 98.2 95.6 91.7 93.0 89.0 0.002

Cu

Pb— 96.4 93.1 89.5 89.5 88.5 0.003

Zn

Cu— 98.4 93.4 88.7 99.1 93.6 0.061

Zn

“Adsorption (M1)—desorption—adsorption (M2)—desorption” was con-
sidered as a full cycle and the study was carried for a total of three
cycles. Adsorption was carried out at pH 8 at same initial concentra-
tions each cycle (1.30 umol/L for Pb (II), 1.57 umol/L for Cu (II),
1.56 pmol/L for Zn (II)), pH 2 solution was used for regeneration

#p value obtained from repeated measures ANOVA analysis when
comparing the adsorption and desorption of M2 with the experimental
results (Fig. 2) without previous adsorption and adsorption of M1
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Table 5 Percent of Pb (II), Cu (1I), and Zn (II) adsorbed and desorbed
from spent nano-TiO, (0.1 g/L) in a switching metal system

MI-M2 Ml M2
Ist 2nd  3rd Ist 2nd  3rd  p value®

Percent adsorbed (EDTA regenerated)

Cu-Pb 942 937 894 996 98.6 98.0 0.083
Zn—Pb 98.8 977 939 989 983 975 0.835
Pb—Cu 100.0 989 981 945 913 88.0 0.028
Zn—Cu 99.0 975 967 946 935 925 0.007
Pb—Zn 100.0 989 985 98.0 94.1 919 0.017
Cu—Zn 940 938 93.0 977 97.8 957 0.041
Percent desorbed (EDTA regenerated)

Cu-Pb 972 871 827 746 9238 0.008
Zn-Pb 984 932 933 733 878 0.014
Pb—Cu 719 921 87.1 921 922 0.224
Zn—Cu 969 928 829 90.0 772 0.044
Pb—Zn 728 91.8 80.1 924 914 0.058
Cu—Zn 97.6 886 789 948 879 0.047

“Adsorption (M1)-desorption—adsorption (M2)—desorption” was con-
sidered as a full cycle and the study was carried for a total of three
cycles. Adsorption was carried out at pH 8 at same initial concentra-
tions each cycle (1.30 pmol/L for Pb (II), 1.57 umol/L for Cu (II),
1.56 umol/L for Zn (II)); EDTA solution was used for regeneration

#p value obtained from repeated measures ANOVA analysis when
comparing the adsorption and desorption of M2 with the experimental
results (Fig. 2) without previous adsorption and adsorption of M1

(IT), with around 4 % decrease in Zn (II) adsorption (repeat-
ed measures ANOVA, p=0.017; Fig. 2c; Table 4). Pb (II)
desorption was enhanced by the previous adsorption/desorp-
tion of Cu (II) and Zn (IT), with 15 and 13 % increase in Pb
(II) desorption (repeated measures ANOVA, p=0.008 for
Cu (II), p=0.014 for Zn (II); Fig. 2d; Table 4). This result
suggests that there might be a synergistic effect but further
work is needed for verification. However, no statistically
significant effect was observed for all other processes as the
p values were greater than 0.05. The enhanced Cu (II)
adsorption by the previous adsorption/desorption of Pb (I)
and Zn (IT) suggested that Cu (II) potentially interacted with
the Pb (II) and Zn (II) that remained on the surface of nano-
TiO, after the previous adsorption/desorption (Doula and
Ioannou 2003; Katsou et al. 2011).

These results suggest that regenerated nano-TiO, that
was previously used for the removal of one metal could be
successfully used for the removal of another metal, espe-
cially when the affinity of the other metal to nano-TiO,
surface is higher. However, the adsorption/desorption of
metals with higher affinity to the nano-TiO, surface did
affect the adsorption/desorption of lower affinity metals.
This indicated that some of the surface sites on the nano-
TiO, could be shared by different metals; in circumstances

when surface sites become limited, metals with higher af-
finity will be more readily adsorbed (Sengil and Ozacar
2009).

Multiple metals systems

Since metals are often present together in most waters, it is
important to investigate whether different metals can be
adsorbed and desorbed from the nano-TiO, simultaneously
and to understand the potential competitive effects. Metals
with similar concentrations (1.22 umol/L for Pb (II),
1.58 umol/L for Cu (1), and 1.55 pumol/L for Zn (II)) were
added. Eight adsorption/desorption cycles were conducted
to determine the percent of metal adsorption/desorption
from the nano-TiO, after each cycle of regeneration. pH 2
and EDTA (4 pumol/L) solutions were used as the regener-
ation solutions. In Fig. 3a, b, the percent of adsorbed and
desorbed Pb, Cu, and Zn species are given, respectively, for
eight regeneration cycles using a pH 2 solution. The percent
of adsorbed and desorbed Pb, Cu, and Zn species for eight
regeneration cycles using an EDTA solution are given in
Fig. 3c, d. For nano-TiO, regenerated by a pH 2 solution,
the percent of metal adsorption remained consistent after
eight cycles of regeneration, with around 100, 91, and 98 %
of Pb, Cu, and Zn species adsorbed during each cycle
(Fig. 3a); those numbers were similar to the results for single
metal systems. However, a decrease was observed in percent
of metal desorbed after each regeneration cycle. The percent
of Pb, Cu, and Zn species desorbed decreased from 99 to 71,
99 to 82, and 99 to 92 %, respectively (Fig. 3b).

For nano-TiO, regenerated by EDTA solution, the per-
cent of metal adsorbed decreased with each regeneration
cycle, especially for Cu (II). Pb (II) adsorption decreased
from 100 to 97 %, Cu (II) adsorption decreased from 92 to
49 %, and Zn (II) adsorption decreased from 99 to 74 %
(Fig. 3c). The percent of Pb (IT) desorbed by each addition
of EDTA was small. The percent of Pb (II), Cu (II), and Zn
(IT) desorbed decreased from 2 to 0.4, 67 to 30, and 40 to
4 %, respectively (Fig. 3d); these results were much lower
compared to when the metals were individually desorbed.
Spent nano-TiO, regenerated by both methods showed the
ability to adsorb and desorb Pb (II), Cu (II), and Zn (II)
simultaneously, especially when it was regenerated by a
pH 2 solution.

To further evaluate whether there were competitive
effects among different metals during the adsorption/desorp-
tion process, experimental data were analyzed statistically
by one-way ANOVA and repeated measures ANOVA. One-
way ANOVA was used to check whether the adsorption of
one metal was affected by the presence of other metals in the
first cycle using the fresh nano-TiO,. Results showed that
the presence of Cu (II) and Zn (II) did not significantly
affect the adsorption of Pb (II) (one-way ANOVA,
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Fig. 3 Percent of Pb (II), Cu
(II), and Zn (1) adsorbed and
desorbed from nano-TiO,
during consecutive regeneration
cycles: a adsorption, pH 2; b
desorption, pH 2; ¢ adsorption,
EDTA; d desorption, EDTA.
Metals were adsorbed at pH 8.0
simultaneously (1.22 pmol/L.
Pb (II), 1.58 pmol/L Cu (II),
and 1.55 umol/L Zn (II)). Error
bars represent 5 % error in the
metal measurement
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p=0.356; Figs. 2a, c and 3a, c), the presence of Pb (II) and
Zn (II) did not significantly affect the adsorption of Cu (II)
(one-way ANOVA, p=0.242; Figs. 2a, c and 3a, c), and the
presence of Pb (II) and Cu (II) did not significantly affect the
adsorption of Zn (II) (one-way ANOVA, p=0.089; Figs. 2a,
c and 3a, c¢). The absence of a competitive effect might be
due to the high specific surface area of the nano-TiO,, which
provided sufficient surface sites for metal adsorption even in
a multiple-metal system. However, if the adsorption amount
is pushed to reach the adsorption edge, competitive effects
may exist between different metals (Trivedi and Axe 2000).

Repeated measures ANOVA was used to check whether
the adsorption/desorption of one metal was affected by the
coexistence of the other two metals in consecutive regener-
ation cycles. For pH 2 regenerated nano-TiO,, through the
eight cycles of regeneration, the coexistence of Cu (II) and
Zn (IT) did not significantly affect the adsorption of Pb (II)
(repeated measures ANOVA, p=0.191; Figs. 2a and 3a); the
coexistence of Pb (II) and Cu (II) did not significantly affect
the adsorption of Zn (II) (repeated measures ANOVA, p=
0.072; Figs. 2a and 3a); however, the coexistence of Pb (1)
and Zn (II) significantly affected the adsorption of Cu (II),
though the decrease in Cu (II) adsorption was relatively
small (around 4 %) (repeated measures ANOVA, p=
0.0002; Figs. 2a and 3a). For the desorption process, none
of the metals were affected by the coexistence of the other
two metals (repeated measures ANOVA, Pb (II): p=0.083;
Cu (I): p=0.071; Zn (II): p=0.096; Figs. 2b and 3b), which
indicated that pH 2 solution was efficient in desorbing the
metals simultaneously.

For EDTA regenerated nano-TiO,, through the eight
cycles of regeneration, Pb (II) adsorption was significantly
affected by the coexistence of Cu (II) and Zn (I), with less
desorption (7 % less) occurring after eight cycles of regen-
eration (repeated measures ANOVA, p=0.0001; Figs. 2c
and 3c); Cu (II) adsorption was significantly affected by
the coexistence of Pb (II) and Zn (II), with a decrease in
desorption of around 20 % after eight cycles of regeneration

(repeated measures ANOVA, p=0.0005; Figs. 2c¢ and 3c);
and no significant effect of Pb (II) and Cu (II) on Zn (1)
adsorption was observed (repeated measures ANOVA, p=
0.184; Figs. 2c and 3c). Desorption of metals in EDTA
solution was found to be significantly affected by coexisting
metals (repeated measures ANOVA, Pb (II): p=0.0005; Cu
(II): p=0.003; Zn (II): p=0.0001; Figs. 2d and 3d). When
metals were desorbed simultaneously, desorption decreased
around 35 % for Pb (IT), 10 % for Cu (II), and 50 % for Zn
(IT) when compared to desorption in a single metal system.
These results indicated that Pb (II) and Zn (II) were more
competitive during the adsorption process, while Cu (II) was
more competitive during the desorption process. However,
further research is needed to investigate the selectiveness of
the nano-TiO, surface sites.

Simulated metal polluted water systems

Figure 4 shows the simultaneous adsorption/desorption of
Pb (II), Cu (II), and Zn (II) from nano-TiO, (0.1 g/L) in
consecutive regeneration cycles in simulated metal polluted
water. A pH 2 solution was used for regeneration. Simulated
metal polluted water was prepared by spiking San Antonio,
TX, USA tap water with metals, which formed a total of
1.22 wmol/L Pb (II), 4.19 wmol/L Cu (II), and 2.62 pmol/L
Zn (II) in the water. The composition of the San Antonio,
TX, USA tap water before spiking is detailed in Table 1. The
pH for the water was 7.92, which was similar to other
adsorption experiments (pH 8.0). Several ions were present
in the water such as Ca®", Mg%, Cl, SO,*, and HCO;~
(Table 1). Pb (II), Cu (II), and Zn (II) were effectively
adsorbed and desorbed simultaneously, with greater than
94 % of metal adsorption and greater than 92 % of metal
desorption throughout the cycles (Fig. 4). The regeneration
study of multiple metals in deionized water also showed
greater than 90 % metal adsorption and greater than 91 %
metal desorption through the first five cycles (Fig. 3a, b).
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To evaluate whether the presence of other ions in the tap
water had an effect on the adsorption/desorption of metals,
statistical comparisons were made between the results for
multiple metal systems and the results for simulated metal
polluted water system. Pb (II) adsorption was founded to be
similar from multiple metal systems and simulated metal
polluted water, with almost complete adsorption (repeated
measures ANOVA, p=0.161; Figs. 3a and 4). The percent of
Cu (IT) adsorbed in simulated metal polluted water was
statistically significant with an increase in adsorption around
6 % than in the multiple metal system (repeated measures
ANOVA, p<0.0001; Figs. 3a and 4). The increased amount
of Cu (II) adsorbed could be due to the interaction of Cu (II)
with ions (such as Cl") in the tap water, which formed
complexes that attached to the nano-TiO, surface and in-
creased the overall adsorption of Cu (II) (Gedik and
Imamoglu 2008; Katsou et al. 2011). The percent of Zn
(IT) adsorption/desorption were shown to be statistically
significant (repeated measures ANOVA, p=0.0008 for ad-
sorption, p=0.037 for desorption; Figs. 3 and 4). However,
no statistically significant difference was observed for Pb
(II) and Cu (II) desorption between the simulated water and
the multiple metal system (repeated measures ANOVA, p=
0.061 for Pb (I), p=0.196 for Cu (II); Figs. 3b and 4).

Conclusion

Out of all the regeneration methods tested, pH 2 solution
was determined to be the most effective. Surface complex-
ation modeling indicated that the mechanism of metal de-
sorption by EDTA was due to the formation of metal-EDTA
complexes, and the competition between EDTA and metal—
EDTA complexes for the attachment on surface sites. In the
single metal system, nano-TiO, was successfully regener-
ated and reused for eight cycles. Nano-TiO, regenerated
from the removal of a previous metal could be successfully
used for the removal of another metal. No competitive effect
was observed for metals adsorbing onto fresh nano-TiO,
surface. Nano-TiO, was able to be regenerated and reused
for the adsorption/desorption of multiple metals simulta-
neously. Nano-TiO, was successfully regenerated using
pH 2 solution and reused for the removal of Pb (II), Cu
(I), and Zn (IT) from simulated metal polluted water, with
greater than 94 % of adsorption and greater than 92 % of
desorption after four cycles of regeneration.

The results suggest three important points that will im-
prove the capabilities of researchers to develop practical
methods for the application of nano-TiO, as a sorbent in
water purification: (1) pH 2 and EDTA solutions were the
most efficient in regeneration suggesting that regeneration
of nano-TiO, can be achieved by simple and low-cost treat-
ment technologies; (2) the capabilities for the nano-TiO, to
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be regenerated and reused in a multiple metals system and
simulated polluted water well meet the requirements for a
practical treatment process, where different pollutants are
often present together; and (3) regeneration of nano-TiO,
could potentially be used to recover the toxic but valuable
heavy metals, which would be useful for industrial
applications.
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