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Abstract

The primary goal of this paper is to propose a series of logical testing steps to determine whether a new adsorbent media is suitable for application
in packed bed configurations for treating drinking water pollutants. Although the focus of the study is placed on titanate nanofibers, as a never
before tested media for arsenate removal, the set of testing processes that encompasses nanomaterial characterization, equilibrium and kinetics
tests, and modeling, can be used on any material to quickly determine whether these materials are suitable for water treatment applications in a
packed bed configurations. Bundle-like titanate nanofibers were produced by an alkaline synthesis method with Degussa P25 TiO,. The synthesized
nanofibers have a rectangular ribbon-like shape and exhibited large surface area (126 m? g~!) and high adsorbent porosity (gp ~ 0.51). Equilibrium
batch experiments conducted in 10 mM NaHCO; buffered ultrapure water at three pH values (6.6, 7.6 and 8.3) with 125 ug L™! As(V) were fit
with the Freundlich isotherm equation (¢ = K x Cll;/ "). The Freundlich adsorption intensity parameter (1/n) ranged from 0.51 to 0.66, while the
capacity parameters (K) ranged from 5 to 26 g g~'. The pore diffusion coefficient and tortuosity were estimated to be Dp 2 1.04 x 1075 cm?s~',
and 7 ~ 4.4. For a packed bed adsorbent operated at a realistic loading rate of 11.6 m* m~2 h~! with particles obtained by sieving the media through
US mesh 80 x 120, the external mass transport coefficient was estimated to be ks ~ 8.84 x 1073 cms~'. In this study, surface diffusion was ignored
because the adsorbent has high porosity. Pore surface diffusion model (PSDM) was used to predict the arsenate breakthrough curve, and a short
bed adsorbent (SBA) test was conducted under the same conditions to verify validity of the estimated values. There was no titanium release in
the treated effluent during the SBA test. The pore Biot number (Bip >100) implied that pore intraparticle resistance controls the overall mass
transport. The PSDM was used to predict arsenate breakthrough in a simulated full-scale system. The overall combined use of modeling, material
characterization, equilibrium, and kinetics tests was easier, cheaper and faster than a long duration pilot tests. While the conclusion regarding the
titanate nanofibers is that they are less suitable for arsenate removal from water than commercially available media, there may be other applications
where this novel nanomaterial may be suitable because of unique surface chemistry and porosity.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

The unique characteristics of nanomaterials such as large
surface area and specific functionality have lead to numerous
reports of their potential use as adsorbents to remove pollutants
from water. Two common approaches for using adsorbents in
full-scale application are either suspended adsorbent or packed
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bed reactors. Unfortunately, it may be extremely difficult to
remove essentially 100% of the nanomaterials in suspended
adsorbent reactors, even if the nanomaterials have unique prop-
erties (e.g. magnetic) [1]. It is far more likely that packed bed
reactors with some form of aggregated nanomaterial adsorbent
media may be utilized to prevent release of nanomaterials into
finished water. Aggregated nanomaterials may become diffusion
limited, and as such addressing this issue is critical in assessing
the viability of nanomaterial adsorbents in full-scale systems.
In the past decade, Kasuga et al. [2], Yuan and Su [3], and
Peng et al. [4] report fabricating bundle-like titanate nanofibers
with high surface area. Since it has been reported in the literature
that titania-based adsorbents can remove arsenic, it is reasonable
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to postulate that bundle-like titanate nanofibers can potentially
be used as nanostructured adsorbents [ 5—8]. Therefore, one focus
of the study is to explore whether these bundle-like nanofiber
structures can be used as adsorbent for arsenic treatment using
continuous-flow water treatment applications. Arsenate was
selected as a target contaminant because of its potential health
and regulatory concerns as well as its ability to adsorb onto
metal (hydr)oxide surfaces by forming inner-sphere bidentate
ligands [9,10]. Arsenic is classified as a Class A human carcino-
gen by the International Agency for Research on Cancer and is
an emerging contaminant in water in many regions of the world
[11,12].

While one focus of this study is to evaluate the suitability
of the titanate nanofibers as adsorbent media in a continuous
flow packed bed reactor for removing arsenate from water, the
main goal is to propose and evaluate series of steps that should
be followed when developing new adsorbent media for appli-
cation in packed bed configurations for treating drinking water
pollutants. The use of titanate nanofibers for arsenate removal
serves as a case study of this process. The following steps were
undertaken to evaluate titanate nanofibers for arsenic removal
while demonstrating a logical testing protocol for new nanoma-
terial water treatment systems: (1) fabricate titanate nanofibers
using an existing method; (2) characterize nanofibers by powder
X-ray diffraction (XRD), energy dispersive X-ray microanal-
ysis (EDX), focused ion beam/scanning electron microscopy
(FIB/SEM) techniques, and surface charge and surface area anal-
ysis; (3) conduct adsorption isotherm tests and dynamic packed
bed column tests for arsenate removal in bicarbonate buffered
ultrapure water; (4) evaluate loss of adsorbent from the packed
bed column; (5) quantify mass transport processes that control
the rate of arsenate adsorption in a packed bed column; (6) pre-
dict the performance of full-scale systems using the pore surface
diffusion model (PSDM).

2. Experimental approach
2.1. Preparation of titanate nanofibers

Bundle-like titanate nanofibers were fabricated using the
alkaline synthesis method developed and studied by Kasugaetal.
[2] Yong and Su [3], and Peng et al. [4]. Briefly, 10 g of Aeroxide
P25 TiO; nanopowder (Degussa, Germany), as a precursor mate-
rial, was suspended in 100 mL of 10 M NaOH and sealed in a
125 mL Teflon vessel. The vessel was heated for a period of 48 h
at 125 &5 °C. After the vessel was cooled, the treated material
was repeatedly washed with ultrapure water (<1 wScm™!) and
1% nitric acid solution and centrifuged at > 1300 G until the
pH of the suspension was <7 and the excess TiO» particles were
removed. The thick suspension was air-dried at 7=20£2°C
in a negative pressure environment until dry and hard cake was
formed. The cake was then crushed and sieved to 80 x 120 mesh
size using US standard mesh sieves, and the particle size was
estimated using scanning electron microscopy technique (SEM
XL 30 by FEI). The size of the crushed media particles gener-
ally ranged from 150 to 400 wm (Fig. 1a), so geometric mean of
~250 pm was considered for purposes of the study.

2.2. Media characterization

Material analysis employed EDX microanalysis (EDAX Inc.)
for the chemical composition, FIB/SEM for the size and the
shape (Nova 200 NanoLab UHR FEG-SEM/FIB), and XRD for
the chemical structure (Bruker SMART APEX). Zeta poten-
tial (¢) was measured using a phase analysis light scattering
technique (ZetaPALS, Brookhaven Instrument Corporation)
in a 10mM KNOj3 background electrolyte solution; pH was
adjusted using KOH and/or HNOj3. Surface area was mea-
sured using Nj adsorption approach (multipoint point BET
method, Micromeritics ASAP 2020). Adsorbent media density
and porosity were evaluated following a procedure described in
Sontheimer et al. [13]. Assuming cylindrical pores, the average
pore diameter was calculated from the surface area—pore volume
ratio as suggested by Crittenden et al. [14]:
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where rpore 18 the average pore radius (m); A,q is the surface
area of the adsorbent (m?); and V,q is the pore volume of the
adsorbent (m?).

2.3. Equilibrium adsorption experiments

Batch arsenate adsorption experiments with nanofibers were
conducted at three pH values of 6.6+0.1, 7.6+0.1, and
8.3£0.1 (final pH values) in 10 mM NaHCO3 buffered ultra-
pure water and initial arsenate concentration Co~ 125 wg L~
Adsorption experiments with the initial P25 TiO, were only
conducted at pH 7.6 £0.1. All experiments were conducted in
50 mL centrifuge vials with adsorbent dosages of 17 mgL~"! to
2.8 gL~!. Although complete adsorption of arsenate onto tita-
nium (hydr)oxide surfaces occurs within few hours, samples
were continuously agitated for 3 days prior to ensure com-
plete pseudo equilibrium [6]. Centrifugation (F> 1300 G) was
used to remove the adsorbent from the suspension. Adsorption
isotherms were developed and analyzed using the Freundlich
adsorption isotherm model (Eq. (1)).

g=Kx /" 2)

where ¢ is adsorption capacity, K is the Freundlich adsorption
capacity parameter, Cg is the equilibrium concentration of adsor-
bate in solution, and 1/n is the Freundlich adsorption intensity
parameter.

2.4. Continuous flow column tests and adsorption modeling

Initial estimates for the external mass transport coefficient
were based on the Gnielinski correlation [13]:
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Fig. 1. SEM of (a) titanate nanofiber media particles used in the short bed adsorber tests and FIB/SEM of (b) Aeroxide P25 TiO,, (¢ and d) titanate nanofibers.

M1
Sc = ©)
p1 X Dy
constrains: Re x Sc>500; 0.6 <Sc<10%* 1<Re<100:

0.26 <£<0.935k; is the external mass transport coefficient
(calculated kf ~8.84 x 1073 cms™!); Re is the Reynolds
number (unitless); Sc is the Schmidt number (unitless); d,, is
the adsorbent particle diameter (d}, =0.250 x 1073 m); Dy is the
free liquid diffusivity for arsenate (D;=9.05 x 10710m?s~1)
[15]; € is the bed void fraction (¢ &~ 0.387); w is the dynamic
viscosity of water at 20°C (1.002 x 103 Nsm™2); p1 is the
density of water at 20°C (p;=998.2kgm™3); & is the particle
shape factor (@=1.2); vy is the liquid superficial velocity
(v ~ 0.00318 ms™1).

Considering that the material was very porous (the particle
porosity ep & 0.507), pore diffusion was the assumed dominant
intraparticle mass transport over the surface diffusion, and the
impact of surface diffusion was assumed negligible. As sug-
gested by Sontheimer et al. [13], the pore diffusion coefficient
was estimated using Eq. (6):

epx D
Dp = P 1

(6)

T

The tortuosity of was estimated using the correlation sug-
gested by Mackie and Meares (Eq. (7)) for electrolyte solutions
[16]:

(2 —ep)?
T =
ep
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where 7 is the toruosity factor; and ep is the particle porosity
(ep ~0.507). The estimated toruosity value was t ~ 4.4, which
does not seem unreasonable considering the estimated average
pore size was dpore & 18 nm, and the diameter of the arsenate ion,
das~ 0.8 nm [17]. This value fits within the expected range for
tortuosities of porous solids (2 < t < 6) such as silica gel or alu-
mina [18]. The estimated value for the pore diffusion coefficient
was Dp~1.04 x 10~ cm? s~ 1.

The pore and surface diffusion model was used to provide
initial predictions of the arsenate breakthrough curve, and to
validate the assumption that surface diffusion can be ignored
[19-21]. PSDM is a dynamic packed bed model that incor-
porates a set of assumptions and governing partial differential
equations describing the adsorber dynamics in a packed bed
setup. PSDM simulations were conducted using AdDesignS™
software (Michigan Technological University) [22].
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To validate the calculated k¢ and Dp values, and to confirm
negligible effect of Dg on the overall mass transport, a short
bed adsorber (SBA) test was conducted. SBA tests are contin-
uous flow column experiments with a packed bed sufficiently
long enough to describe dissolved pollutant mass transfer zone
[23,24]. The initial model estimates predicted that a SBA column
with diameter of 1.1 cm and bed depth of 1.4 cm with adsor-
bent particle of 0.0250 cm should be sufficiently long enough
to describe dissolved pollutant mass transfer zone at loading
rate of 11. 6m3 m~2h~!, initial arsenate concentration Co of
122 pgL~! and temperature of 20°C. Such loading rates are
typical for full-scale packed bed column absorbers [7,25,26].

For the SBA test, a 1.4cm deep adsorbent media bed was
packed atop a support of quartz sand and metal support screen in
a glass column with diameter (dcolumn) Of 1.1 cm (Ace Glass).
Glass beads were placed above and below to provide evenly
distributed flow. Adsorbent media sieved through US mesh size
80 x 120 was used to provide dcolumn/dp ratio of ~44. According
to Benenati and Brosilow [27] and Chu and Ng [28], the wall
effect on the mass transfer can be neglected for dcolumn/dp ratios
>20. Since minimum of 30 mL of sample volume was needed to
conduct the necessary analyses, effluent from the SBA test was
collected in ~20 bed volume (BV) sample aliquots.

The relative importance of internal and external mass trans-
port resistance was evaluated by estimating the pore (Bip) Biot
numbers using the relationship given by [13]:

_kfXdp

Bip =
P 2 x Dp

®

where dp is the geometric mean of the media (cm).

The PSDM was used to model the performance of full-scale
fix bed systems operating at 12m>3 m~2 h~!, and different empty
bed contact times (EBCTs) (20, 40, and 80 min). To maintain
the same loading rate, the length of the packed bed was changed
to achieve the desired EBCTs. The modeling was conducted
with realistic values of Cp =25 pgL~!. Since the external mass
transport is a function of the loading rate and the particle size, k¢
was recalculated for dp =0.8 mm and @ = 1.2 using Eq. (3). The
water chemistry, pH, and bed porosity were assumed the same
as ones used in the SBA test.

2.5. Titanium and arsenic analysis
The loss of the adsorbent from the packed bed column was
evaluated by digesting 20 mL aliquots of column effluent in con-

centrated HNO3/H,SO4 (Standard Methods 3030 D and 3030
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Fig. 2. X-Ray diffraction spectra and EDX microanalysis for (a) Aeroxide P25
TiO, and (b) titanate nanofibers.

G) and analyzing the titanium concentration using a graphite
furnace atomic absorption spectrophotometer (GF-AAS) Varian
Zeeman Spectra 400 with GTA 96 system [29].

Arsenate was analyzed using a graphite furnace atomic
absorption spectrophotometer (GF-AAS) Varian Zeeman Spec-
tra 400 with GTA 96 system.

3. Results and discussion
3.1. Media characterization

The P25 TiOp precursor material used to fabricate the
nanofibers consists of nanoparticles with sizes dp < 100nm,
which are aggregated together into micron size aggregates
(Fig. 1b). This observation is consistent with other reports
[30-32]. EDX analysis confirmed that the TiO; precursor mate-

Properties and Freundlich isotherm adsorption parameters of Aeroxide P25 TiO, and titanate nanofibers

Material Surface area (m? g_]) PHIEP pH Zeta potential £ (mV) K? Kb 1/n (unitless)
P25 TiO; 53 5.7 7.6 £0.1 —24 2.71 143 0.38

6.6 £ 0.1 -25 0.17 26 0.66
Titanate nanofibers 126 3.0 7.6 + 0.1 —28 0.17 22 0.51

8.3 £ 0.1 —34 0.04 5.0 0.57

¢ (pgm ) (Lpg )"
® (pgg H@LpgHm
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rial consists of both anatase and rutile (Fig. 2a). Table 1
summarizes the properties of P25 TiO, precursor material.

Fig. 1c and d illustrates that the fabricated adsorbent media
consists of bundle-like titanate nanofibers of ribbon-like or rect-
angular in shape ~4 pm long and 30—100 nm thick. The surface
area was 126 m? g’l, which is almost 2.5 times greater than
one of the P25 TiO, precursor material (53 m?g~!). EDX of
the nanofibers indicated a different elemental composition from
P25 TiO; precursor material (Fig. 2b). According to Yuan and
Su [3], Chen et al. [33], and Chen et al. [34], diffraction peaks
with 26 angles at ~10-12°, ~25-30° and ~50° are indication of
trititanate. The broadening of the diffraction peaks is due to the
nanometer size of the fibers and bending of some atom planes of
the fibers. The high scattering exhibited in the XRD spectrum for
the nanofibers suggest non-crystalline structure. Although the
XRD 26 values for the nanofibers’ diffraction peaks in Fig. 2b
suggest a structure that can be indexed as trititanate, EDX indi-
cates a ratio of the percent atoms Na:Ti:O ~ 12.5:25:63. Thus,
nanofibers may be monosodium titanate (NaTioOs) or sodium
hydrogen dititanate (NaHTi>Os), considering that EDX cannot
detect hydrogen atoms.

The material density of the nanofibers was pp ~ 1.77 g cm™3,
and the particle density was pp~0.876 gcm™>. The poros-
ity of the titanate nanofiber particles was ep ~0.507. From
Eq. (1), the average pore diameter was estimated to be
dpore 18 nm  indicating that the titanate nanofiber parti-
cles are microporous according to the IUPAC classification
[14].

The iso-electric points (pHigp) and zeta potential at specific
pH values of the titanate nanofibers and P25 TiO; are given in
Table 1. Measured zeta potentials were similar in the pH range
between 6.6 and 8.3. The pHigp of P25 TiO, was almost 2.7 pH
units higher than the pHigp of the nanofibers. However, the zeta
potential of the nanofibers at pH 7.6 was only 4 mV lower the
zeta potential of the P25 TiO; at pH 7.6 (Table 1).

3.2. Equilibrium adsorption experiments

Fig. 3 presents the arsenate adsorption isotherms with adsorp-
tion density normalized per surface area of adsorbent (P25 TiO,
or nanofibers). Table 1 summarizes Freundlich isotherm adsorp-
tion parameters for the equilibrium experimental conditions.
Arsenate adsorption is highest at pH 6.6 &= 0.1, and lowest at pH
8.3 £ 0.1 for the titanate nanofibers. Since arsenate is character-
ized with pKyo-Arsenate = 6.8 and pKy3-arsenate = 11.6, HoAsO4 ™
and HAsO4%~ species will be dominant in waters with pH
between 6 and 9 typically found in the environment [5,12]. At
higher pH, HAsO42~ is more dominant specie than HyAsO4~
and, as such, it will tend to adsorb less onto a negatively charged
surface.

Despite the higher surface area of the nanofibers, the titanate
nanofibers have a lower arsenate adsorption capacity than P25
TiO; at pH 7.6 (Fig. 3 and Table 1). The Freundlich adsorption
intensity parameters were 0.51 < 1/n < 0.66 for the nanofibers,
and 1/n=0.38 for P25 TiO,, suggesting favorable adsorption
processes (i.e. 1/n< 1) for both media.

3.3. SBA test and PSDM modeling

Fig. 4 presents the predicted arsenate breakthrough curve
SBA tests conducted at loading rate of 195Lm~2min~!
(~4.8 gal min~! ft2; Re x Sc ~22830) and initial arsenate con-
centration Copas) ~ 122 g L~!. As illustrated, breakthrough
occurred rapidly. Titanium concentrations in the sample aliquots
were below the instrument’s detection limit for titanium
(MDL7; ~ 10 pg L) indicating that the packed bed was stable
and there was no adsorbent loss in the effluent.

For the initially estimated ks~ 8.84 x 10™>cms™! and
Dp~1.04 x 10°°cm?s™!, the PSDM provided a good pre-
diction (line in Fig. 4a) of the arsenate breakthrough. The
predicted arsenate breakthrough curve did not change shape for

1
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 TiOx nanofibers pH = 7.6 0.1 K,,:_Z-gagvg m= N LHg™)
+ TiOx nanofibers pH = 6.6 + 0.1 R? ;0_57
10 /
K =0.17 (ug m 3L pg )"
& & 1/n = 0.6
£ s R“=0.99
()]
= K =0.17 (ug m 2L pg )"
o 1/n=0.51
R?*=0.99
1 *
/ _ 2 —1y1in
/K-O-O‘*(mm AL ug™)
1n =057
R?=0.94
0 ; . ‘
1 10 100 1000

Ce(ugAsL™)

Fig. 3. Arsenate adsorption isotherms for Aeroxide P25 TiO; and titanate nanofibers in 10 mM NaHCO3 buffered ultrapure water and contact time of 3 days.

(Co-ascv) = 125 pg L1,
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Fig. 4. Arsenate breakthrough curve for titanate nanofibers initial PSDM pre-
diction and experimental data.

Ds <1 x 10719 cm? s~! and provided the best fit with the exper-
imental data. In contrast, Ds > 1 x 107 10¢m2 ! predicted
curves with shapes that were not consistent with the observed
experimental data. Similar values for Dg <10 7' cm?s~! have
been reported for other media where arsenate adsorption occurs
via inner-sphere complexation [25,35]. Experimental data veri-
fied that surface diffusion can be ignored considering that Dy is
at least four orders of magnitude smaller than Dp.

The estimated Biot number (Bip) was >100 and implied that
the pore diffusion controls the overall mass transport. A Biot
number >20 implies intraparticle diffusion controls the overall
mass transport of the system [13].

3.4. Performance of full-scale packed bed systems

As illustrated in Fig. 5, all modeled curves are character-
ized with initial rapid breakthrough for arsenate. This rapid
breakthrough is expected as the adsorption sites located on
the outermost surfaces of the particle become quickly occupied
with arsenate due to the low adsorption capacity, and the only
available sites are deeper inside the particle. The gradual break-
through following the rapid increase is also expected later in the
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. 0.7 4 Ky =3.93x 1ﬂj crnzs“‘
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Fig. 5. Arsenate breakthrough curve for titanate nanofibers PSDM predictions
for a full-scale system at EBCT =20, 40, and 80 min.

run as the intraparticle mass transport becomes more limiting
due to diffusion of arsenate ions deeper inside the pores of the
particle to find available adsorption sites. To improve the overall
system kinetics, the pore diffusion can be facilitated by shorten-
ing the path that arsenate ions travel inside the particle, which
can be achieved by engineering a system with smaller adsorbent
particles. This will also result in increase of the external mass
transfer rate, which is particle size dependant. However, there
are a few drawbacks that can result from using adsorbent media
with small particle size. Increase in head loss, channeling, and
loss of adsorbent have to be also considered when engineering
adsorbent systems with small media particles.

Another way to obtain improved overall performance of the
system (i.e. to treat greater number of bed volumes) is to properly
engineer the packed bed. As illustrated in Fig. 5, the PSDM
predicted that only ~2250 bed volumes can be treated at EBCT
of 20 min before effluent concentration reached the maximum
contaminant level (MCL) of 10 pgL~! (C/Cy=0.4). However,
the number of treated bed volumes before reaching the MCL
increased to ~2600 and ~2800 with increase of the EBCT to
40 and 80 min, respectively, implying that more bed volumes
can be treated by extending the EBCT. The maximum number
of bed volumes treated (BVpax) can be estimated using the
relationship suggested by Sontheimer et al. [13]:

90 X PBED
0

BVMmax = x 1000 C))
where pppp is the bed density of the packed bed
(pBED ~ 0.68 gcm™3); o is the adsorption capacity calculated
at Co. The multiplication factor results from the unit conversion.
The maximum number of bed volumes that could be treated was
estimated to approximately 3100 as illustrated in Fig. 5.

3.5. Comparison of the titanate nanofibers with
commercially available media for arsenate treatment

Under same water chemistry and pH conditions, commer-
cially available aggregated titanium dioxide nanoparticle medias
(MetsorbG and Adsorbsia GTO) exhibited more than 40 times
greater equilibrium adsorption capacity than the nanofibers [7].
However, the smaller average pore diameter of Adsorbsia GTO
(9.4nm), can contribute to increase in tortuosity and reduc-
tion of the pore diffusion rate resulting in slower kinetics than
the titanate nanofibers [36]. Materials such as granulated fer-
ric hydroxide (GFH) or activated alumina are cheaper to use
because of their low cost and higher adsorption capacities than
the titanate nanofibers, but their slower intraparticle mass trans-
port could significantly impact the overall performance of the
media in a packed bed column setup [16,25,35,36].

From a broader perspective, the durable titanate nanofibers
may be well suited to remove different pollutants from water or
other applications where titanate minerals have unique proper-
ties. There are studies reporting that titanates may be suitable
for removal of heavy metals of the actinide series from nuclear
waste solutions [37,38]. Other reports state that titanate-based
media can be used to remove bivalent cations such as cop-
per, nickel, cadmium, and zinc from aqueous solutions [39,40].
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Beyond arsenate, a large number of contaminants pose health or
environmental problems for which titanate nanomaterial-based
media could be considered.

4. Conclusions

This study demonstrated that titanate nanofibers can be
synthesized into highly porous adsorbent media that removes
arsenic from water in a continuous flow application without
release of titania from the packed bed. For the case of titanate
nanofibers, they do not seem as viable a technology for arsenic
removal as other commercially available sorbents. However,
the six-step process for evaluating this nanomaterial should be
transferable to other nanomaterials as they are developed for
contaminant removal applications. The full-scale packed bed
simulation was significantly easier than producing hundreds of
kilograms, which would have been necessary for along-duration
pilot test. The approach used in the case study focused on impor-
tant aspects that have to be considered during development
and design of nanomaterial-based treatment systems involving
packed bed adsorption columns. Besides high adsorption capac-
ity, development and design of such systems should consider
pore diffusion, adsorbent particle size, and packed bed design
as key factors that can improve the overall performance of a
packed bed adsorbent.
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