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This study investigated the effects of in situ ZrO, nanoparticle formation on properties of granulated acti-
vated carbon (GAC) and their impacts on arsenic and organic co-contaminant removal. Bituminous and
lignite based zirconium dioxide impregnated GAC (Zr-GAC) media were fabricated by hydrolysis of zirco-
nium salt followed by annealing of the product at 400 °C in an inert environment. Media characterization
suggested that GAC type does not affect the crystalline structure of the resulting ZrO, nanoparticles,
but does affect zirconium content of the media, nanoparticle morphology, nanoparticle distribution, and
surface area of Zr-GAC. The arsenic removal performance of both media was compared using 5mM
NaHCOs buffered ultrapure water and model groundwater containing competing ions, both with an ini-
tial arsenic Gy ~ 120 p.g/L. Experimental outcomes suggested favorable adsorption energies and higher or
similar adsorption capacities than commercially available or experimental adsorbents when compared
on the basis of metal content. Short bed adsorber column tests showed that arsenic adsorption capacity
decreases as a result of kinetics of competing ions. Correlation between the properties of the media and
arsenic and methylene blue removal suggested that surface area and GAC type may be the dominant fac-
tors controlling the arsenic and organic co-contaminant removal performance of the fabricated Zr-GAC

Keywords:

Nanoparticle

Zirconium dioxide
Arsenic

Methylene blue

Granular activated carbon

media.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Many water sources in small and rural communities are contam-
inated with multiple contaminants, some of which have completely
different chemistries that require complex treatment trains for
adequate removal from water. However, such technologies cannot
be implemented in small and poor rural communities because of
absence of technical knowledge among the residents and unsus-
tainable costs of construction, operation and management of
multiple treatment train units. Nevertheless, a need for providing
potable water for residents of these communities via simple and
inexpensive water treatment systems still exists.

Arsenic is one of the most common water contaminants that can
be found in drinking water sources of many small and rural commu-
nities throughout the world with concentrations often exceeding
500 wg/L [1-3]. The maximum mandated, or recommended, con-
taminant levels for arsenic, however, can be as much as 10-50
times lower depending on a country’s regulations [4-6]. Recent risk
assessment studies suggest that allowable levels of arsenic in water
should be lowered further to 0.1 pg/L because of arsenic’s toxicity
and carcinogenicity [7,8]. Arsenic has a unique chemistry which
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allows it to exist as an oxo-anion in natural waters regardless of
whetheritexistsinarsenite (+3)or arsenate (+5) form, the two most
dominant forms of arsenic in water [9-11]. The oxo-anion configu-
ration allows arsenic to interact with metal (hydr)oxide surfaces by
forming monodentate and bidentate inner-sphere complexes [12].
This interaction makes many of the metal (hydr)oxide materials
suitable media for removal of arsenic from water by adsorption
[13].

Many water sources in small and rural communities con-
tain natural organic matter or organic contaminants in higher
concentrations than arsenic as a result of natural or anthro-
pogenic impacts. In many cases, these organic contaminants can
be removed from water by adsorption using granulated activated
carbon (GAC) [14]. Unlike metal (hydr)oxides, granulated acti-
vated carbon has been proven to be a poor adsorbent for treating
arsenic [15]. However, recent studies have shown that arsenic
and organic co-contaminants can be simultaneously removed from
water by hybrid GAC sorbents impregnated with iron (hydr)oxide
nanoparticles [16-19]. This, in turn, allows for design of small
and inexpensive point-of-use water treatment systems capable of
removing arsenic and co-contaminants from water sources used by
small and rural communities.

In addition to iron (hydr)oxide nanomaterials, many other
metal (hydr)oxide nanomaterials have shown promising arsenic
removal properties [20]. Some of them, such as zirconium dioxide
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Table 1
Surface area and zirconium content of granulated activated carbon media types used
in the study.

Media type BET surface Zirconium
area (m?/g) content (%Zr)

Untreated bituminous GAC media 847 + 12 NA

Bituminous Zr-GAC media 903 + 4 9.5

Untreated lignite GAC media 696 + 5 NA

Lignite Zr-GAC media 615+ 2 12

nanoparticles, can be used to create hybrid metal (hydr)oxide GAC
media capable of simultaneously removing arsenic and organic co-
contaminants. Zirconium dioxide nanoparticles can be synthesized
inside the pores of GAC media using in situ techniques similar to
those used in fabrication of hybrid iron (hydr)oxide GAC media. The
synthesis process changes the properties of the media, which may
affect the arsenic and organic co-contaminant removal abilities of
the media. However, although only a handful of attempts have been
made to fabricate hybrid zirconium dioxide GAC media for arsenic
removal, almost nothing is known about impact of the in situ ZrO,
nanoparticle formation on the properties of the sorbent GAC media
and the consequent arsenic and organic co-contaminant removal
[13].

The goal of this study was to investigate the effect of in situ
ZrO, nanoparticle formation on properties of granulated acti-
vated carbon and the consequent impact on arsenic and organic
co-contaminant removal performance of the media. To bet-
ter understand this relationship between the change in media
properties and contaminant removal performance, the following
objectives were formulated and achieved: (1) novel hybrid zirco-
nium dioxide nanoparticle modified GAC (Zr-GAC) media using two
different types of GAC base media were synthesized; (2) the prop-
erties of both the new hybrid media and the untreated media were
characterized and compared; (3) adsorption capacities of these
media for arsenic under equilibrium conditions were estimated;
(4) impact of zirconium impregnation on the GAC's organic adsorp-
tion capacity was evaluated; and (5) the effects of competing ions
on arsenic adsorption under equilibrium and continuous flow con-
ditions was assessed.

2. Experimental approach

Considering that a number of commercially available GAC media
with different physico-chemical properties exist, this study had to
be limited to only two types of GAC media with distinctively differ-
ent physical properties. For this study, a bituminous GAC medium
and alignite GAC medium were used as base materials to synthesize
hybrid Zr-GAC media. Both untreated GAC media are commercially
produced by Norit Americas Inc. (Marshall, TX, USA) and are avail-
able in 12 x 40 U.S. mesh size. The lignite based GAC is produced
from geologically younger coal material and is not exposed to the
same reducing conditions as the coal used to produce bituminous
GAC [21]. As aresult, the lignite based GAC contains more impuri-
ties such as silica, sulfur, and other contaminants, and it exhibits a
macroporous structure [14].

2.1. Media synthesis

Table 1 summarizes types and properties of the untreated GAC
(V-GAC) used to synthesize Zr-GAC media. ZrO, nanoparticles were
synthesized inside the pores of the GAC media through a modifi-
cation of a synthesis method described by Hristovski et al. [22]. In
brief, 50 mL of GAC were gently mixed with 100 mL of 2.7 M solution
of ZrOCl,-8H,0 precursor for a period of 6 h in a rotating mixer at
30rpm. The excess zirconium salt solution was then decanted and
gently mixed with 5% NaOH for a period of 30 min to precipitate

ZrO(OH); inside the pores of the GAC material. The excess hydrox-
ide was removed from the zirconium treated media by repeated
rinsing with ultrapure water until the decanted solution exhibited
pH < 8. The zirconium treated media was then air-dried in negative
pressure environment at room temperature. The air-dried media
was heated in an inert gas environment at 400 °C for a period of
12 hto anneal the ZrO(OH), and convert it to ZrO,. Ultrapure argon
mixed with 5% of hydrogen was used as inert gas to eliminate
potential oxidation and minimize any surface changes within the
GAC material. The synthesized Zr-GAC media were then soaked in
ultrapure water and stored wet before use.

2.2. Media characterization and analytical methods

Zirconium contents of the Zr-GAC media were determined by
digestion in a mixture of concentrated HNO3 and HF acids (US EPA
SW-846, Method 3052) followed by inductively coupled plasma
optical emission spectroscopy (ICP-OES) analysis for zirconium
(Themo iCAP6300 by Thermo Fisher Scientific). Before the acid
digestion, samples were ground to a powder and dried at 104 °C to
constant mass to remove any moisture. Arsenic concentration was
analyzed using a graphite furnace atomic absorption spectropho-
tometer (GF-AAS) (Varian Zeeman Spectra 400). Methylene blue
concentration was measured using UV/vis spectrophotometer (Jen-
way 6405, Barlow Scientific, Ltd.) at its peak wavelength of 668 nm
[23].

Focus ion beam and scanning electron microscopy (FIB/SEM)
techniques were used to determine the size and shape of the
deposited ZrO, nanoparticles within the pores of the media (Nova
200 NanoLab UHR FEG by FEI). A backscatter detector operated
in high-resolution immersion mode was used to differentiate
between heavier elements such as zirconium, which appear as
white areas, and lighter elements such as carbon, oxygen and
hydrogen, which appear as darker areas. Energy dispersive X-ray
microanalysis (EDX) was used for assessing the elemental distribu-
tion of zirconium inside the GAC media.

The surface charges and iso-electric points of the media
were estimated by measuring the zeta potential (ZetaPALS by
Brookhaven Instrument Corporation) at different pH values in
10 mM KNO3 background electrolyte solution. The pH was adjusted
by drop-wise addition of KOH and HNOj3. X-ray diffraction (XRD)
of the finely powdered samples of the synthesized media was ana-
lyzed using high resolution X-ray difractometer (PANalytical, X'Pert
Pro, CuKa source). The obtained spectra were compared to an exist-
ing library of spectra to identify the crystalline structure of ZrO,.
The density and porosity of all media in bulk were estimated follow-
ing a procedure described in Sontheimer et al. [ 14]. Surface areas of
the samples were determined using the Brunauer-Emmet-Teller
(BET) method, while the pore size distributions were determined
using the BJH model (MicroMeritics Tristar-II 3020 automated gas
adsorption analyzer).

2.3. Multi-point batch equilibrium adsorption tests

The arsenic adsorption capacity of the media was evaluated in
batch adsorption tests at pH 7.6 + 0.2, which is representative of
naturally occurring waters. Two model waters were used in these
experiments: (1) model 5mM NaHCOs3 buffered ultrapure water
with initial arsenic concentration of Cy ~ 120 pg/L and no compet-
ingions was used to assess the maximum adsorption capacity of the
media; and (2) model groundwater with same initial arsenic con-
centration but with competing ions to assess the arsenic adsorption
capacity under realistic conditions. The model groundwater con-
taining contaminants that compete with arsenic was characterized
as described in Table 2. It was similar to NSF 53 Challenge water
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Table 2
Properties of model groundwater matrix containing contaminants competing with
arsenate.

Contaminant species Concentration of ion (mg/L)

N (as NOs™) 1.60
F- 1.10
PO43~ 0.069
B~ 6.60
Pb(II) 0.002
Cr(I1T) 0.001
Fe(Ill) 0.075
Mn(1I) 0.029
V(II1) 0.007
Se(IV) 0.003
As(V) 0.12
Al(IID) 0.046
Cu(In) 0.031
Zn(1I) 0.101
Mo(VI) 0.007
Sio, 20
Mg?* 12
S04~ 197
Ca** 40

[24]. Teflon lined amber glass 250 mL bottles were used as reactors.
Media dosages ranged from 0.03 to 0.65 gdry mediaL~1.

To examine the effect of the ZrO, nanoparticle formation on
the organic contaminant adsorption capacity of the Zr-GAC media,
batch adsorption tests with methylene blue were conducted in
1mM NaHCOs3 ultrapure water at pH 7.5+ 0.2. Methylene blue
has been used in many published studies as a model organic con-
taminant for organic dyes and natural organic matter [25]. The
initial concentration of methylene blue was 50 mg/L. The limita-
tions imposed by the analytical tools used and the high adsorption
capacity of GAC for this organic contaminant mandated use of such
high initial concentrations.

Adsorption of both arsenate
were modeled wusing the Freundlich isotherm model
[14]:(1)ge = Ka Cé/"where ge = adsorption capacity
(mgadsorbate/g adsorbent); Ka=Freundlich adsorption capac-
ity parameter (mgadsorbate/gadsorbent)(L/mgadsorbate)!/";
Cg =equilibrium concentration of the contaminant in solution
(mgadsorbate/L); and 1/n=Freundlich adsorption intensity
parameter (unitless).

and methylene blue

2.4. Short bed adsorber column test

Short bed adsorber (SBA) column tests were conducted on both
the bituminous and lignite based Zr-GAC to assess the effects that
competing ions have on adsorption capacity of the adsorbent for
arsenic under continuous flow conditions. Approximately 3.8 mL
of media (bed depth~4.0+0.1 cm) was packed atop a support of
quartz sand in a glass column with diameter 1.1 cm. Glass beads
were placed above and below the media to provide evenly dis-
tributed flow. The mass of the media was ~1.9 £0.1 g. In the tests,
the ratio of the column diameter to geometric mean particle diam-
eter was >13. According to Knappe et al. [26], particle diameter to
inside column diameter ratios >8 are sufficiently large to neglect
the wall-effect on contaminant mass transfer for GAC media which
have irregular particle shape. The SBA columns were operated at
hydraulic loading rates of 2.8 L/m?2/s (~4 GPM/ft2), which are com-
monly applied to commercial GAC packed bed adsorbers [27]. The
empty bed contact time (EBCT) was very short (EBCT ~14.3 s). The
influent arsenic concentration was ~120 pg/L. Since a minimum of
30 mL of sample volume was needed to conduct the necessary anal-
yses, effluent from the SBA test was collected in ~20 bed volume
(BV) sample aliquots. The column test arsenic adsorption capac-

ity was estimated by calculating the area above the breakthrough
curve as described with Eq. (2):

mg t
/ dmas = Q x / Caps(t)dt (2)
0 0

where mp; is the mass of adsorbed arsenic onto the hybrid media
(IM]); Q is the flowrate in the packed bed ([L]*[T]); Caps(t) is the
difference between the initial and effluent arsenic concentrations
at time t ([M][L]3).

To obtain the continuous flow adsorption capacity, the obtained
mass for adsorbed arsenic was divided by product of the dry mass
of the media used in the packed bed and the zirconium content
fraction (Eq. (3)):

_ Mas
Mpry media X fz

das (3)
where Mpry media 1S the mass of the dry hybrid adsorbent media
used in the packed bed column (g dry media); fz; is the zirconium
content fraction; and qa; is the adsorption capacity of the dry media
(mgAs/gZr).

3. Results and discussion

3.1. Media characterization

Prior to Zr-GAC synthesis, both types of untreated GAC media
(lignite and bituminous) exhibited no zirconium content (Table 1).
After the synthesis, the zirconium content of the lignite based
Zr-GAC increased to a per dry media (~16.2% of ZrO,). The zir-
conium content of the bituminous Zr-GAC was ~9.5% Zr per dry
media (~12.8 ZrO;), which was about 20% lower than its lignite
based counterpart. This finding is important because it implies that
the type of GAC used as a base material has an impact on the over-
all zirconium content of the final synthesized media since both
media were synthesized using the same in situ synthesis method
and under the same conditions.

In addition to its effect on zirconium content, the type of GAC
media appeared to have an effect on the morphology of the zirco-
nium nanoparticles in the Zr-GAC media. The FIB/SEM microscopy
revealed that in situ precipitation of the ZrO, resulted in nanostruc-
tures with different morphology. Fig. 1a illustrates the presence
of patches comprised of berry-like ZrO, nanoparticles with sizes
ranging from ~10 to ~40 nm that formed inside the pores of the
bituminous Zr-GAC media. In contrast, Fig. 1b illustrates the pres-
ence of a more uniform coating with a thickness in the nano-range
that formed inside the pores of the lignite Zr-GAC. Interestingly,
however, sections of this nano thick coating exhibited teeth like
structures (arrow in Fig. 1b). This morphological diversity of ZrO,
nanoparticle structures could be a direct result of a more oxidized
surface and macroporous structure of the lignite GAC. Being pro-
duced from geologically younger coal, which resides closer to the
surface, lignite GAC has more oxygen-containing functional groups
(e.g., carboxyl groups) on the surface of its pores. These func-
tional groups exhibit negative charges in neutral or slightly acidic
pH environments providing for lower isoelectric points. It can be
hypothesized that the positively charged Zr precursor ions (ZrO%*)
are attracted by these negative surface charges which results in
even distribution of the zirconium precursor material on the sur-
face. Furthermore, the macroporous structure of the lignite GAC is
less limiting to the pore transport mechanism that conveys these
precursor ions from the bulk solution into the pores of the GAC
media. This plausible scenario is supported by the data obtained
from both zeta-potential and pore size distribution measurements.
The estimated isoelectric point for the untreated lignite GAC was
about 0.8 pH units lower than the one of the untreated bituminous
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Fig. 1. High magnification FIB/SEM images (200,000 x ) illustrate the presence of nanoscale ZrO, in bituminous (a) and lignite (b) Zr-GAC media. The arrow points at nano-thick

coating exhibiting “teeth-like” structures.

GAC (Fig. S1) Additionally, the lignite GAC exhibits a mesoporous
and macroporous structure (Fig. 2). This porosity structure of the
lignite Zr-GAC allowed for less hindered transport of the relatively
large ZrO2* ions, having an unhydrated diameter of ~5 A [28], into
mesopore and low macropore range. In contrast, the data in Fig. 2
shows very little change in the mesopore range of the bituminous
Zr-GAC, suggesting that most of the ZrO%* ions did not popu-
late these pores; and instead, majority of the nanoparticles were
formed in the macropore region of the bituminous Zr-GAC. The data
from the EDX elemental mapping supports the theory that porosity
structure has an effect on the transport of ZrO2* ions inside the GAC
media (Fig. 3). Zirconium was more evenly distributed throughout
the lignite GAC particles than throughout bituminous GAC particles,
which exhibited higher zirconium deposition in the outer layers.
Table 1 also summarizes the surface area results for the GAC
samples before and after synthesis. Interestingly, the bituminous
Zr-GAC exhibited a ~6% increase in surface area after synthesis,
while the lignite Zr-GAC exhibited a ~15% loss. The increase in
surface area of the bituminous Zr-GAC correlates well with the
evidence showing slight increase in the available macropores in
the region from ~150 to ~200 nm (Fig. 2) and the type berry-like of
nanoparticles (Fig. 1). Formation of berry-like nanoparticles in the
macropore region, which has small contribution to the overall sur-
face area, and their negligible formation in the meso and micropore
regions, which have large contribution to the overall surface area,
could have contributed to the small increase in surface area. In con-
trast, significant decrease in the lignite GAC mesopore volume was

0.60
—— Untreated Bituminous GAC

Untreated Lignite GAC
— = Lignite Zr-GAC
= = Bituminous Zr-GAC

o
wn
=)

<
™~
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0.30 -

Differential Pore Volume (cm¥/g-A)

¥] 50 100 150 200
Pore Diameter(nm)

Fig. 2. Differential pore volume as a function of pore diameter for untreated and
Zr-GAC media.

observed after synthesis, which suggests possible pore clogging
and blockage of some available mesopores and micropores, con-
sequently resulting in reduced overall surface area. This decrease
in mesopore volume correlates well with the FIB/SEM findings for
lignite Zr-GAC showing the uniform ZrO, coating.

The formation of zirconium dioxide nanoparticle structures
resulted in an increase of the isoelectric point for both Zr-GAC
media by ~3 pH units relative to the corresponding untreated GAC
media (Fig. S1). This is expected as ZrO, materials have estimated
isoelectric points in the range of ~6.1 to ~6.5 [20]. The XRD spectra
(Fig. S2) confirmed the presence of only tetragonal ZrO, crystalline
structure in both Zr-GAC data implying that the type of GAC base
material does not have an impact on the ZrO, crystalline structure.
Silica, which is commonly found in the form of impurities in coal
derived GAC media, was also found to be present in the GAC mate-
rial. The silica peaks were not visible in the XRD spectra for Zr-GAC
media probably because of weak peak intensity when compared to
the ZrO, peaks. Presence of silica in the GAC media can impact the
surface charge of the media because it has very low pHjgp of about
2.0. Considering that lignite GAC usually exhibits higher silica con-
tent than its bituminous counterpart, the lower isoelectric points of
the lignite GAC and Zr-GAC media are expected [29,30]. An increase
inisoelectric point is favorable for media expected to remove nega-
tively charged oxo-ions, such as arsenate and phosphate, in natural
waters.

3.2. Effect of zirconium dioxide nanoparticle formation on arsenic
adsorption properties

The arsenic equilibrium adsorption data fitted with the Fre-
undlich isotherm model are presented in Fig. 4 for both types of
Zr-GAC media and both types of model water. The adsorption
capacities of the Zr-GAC media are expressed per mass of zirconium
so that it can be easily compared with the adsorption capaci-
ties of other metal-containing adsorbents. The bituminous Zr-GAC
exhibited slightly higher adsorption capacity than its lignite based
Zr-GAC counterpart for both model water matrices. These find-
ings correlate well with the higher surface area of the bituminous
Zr-GAC, the formation of new pores and the higher iso-electric
point. Interestingly, however, this media had lower zirconium con-
tent than the lignite based counterpart, which suggests that most of
the ZrO, in the lignite Zr-GAC was not accessible either because of
pore blockage or because of formation of larger particles (or thicker
ZrO, layers). Both the pore size distribution and the FIB/SEM data
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Fig. 3. Elemental distribution of zirconium in bituminous (top) and lignite (bottom) Zr-GAC media.

(Fig. 1) support this hypothesis. In contrast to the Zr-GAC media,
the untreated GAC media did not exhibit arsenic removal.

The arsenic Freundlich adsorption intensity parameters (1/n) for
both Zr-GAC media in both model waters were generally <0.66
(Fig. 4). Values for 1/n<1 generally suggest favorable adsorption.
This is not surprising for model water where there is no com-
peting ions, such as phosphate, silica and other oxo-anions, that
form inner-sphere bidentate and monodentate ligands with metal

+Bituminons Zr-GAC in model water with co-cotnaminants

MW Lignite Zr-GAC in model water with co-cotnaminants

©Bituminous Zr-GAC in 5 mM bicarbonate buffered model water with As only
OLignite Zr-GACin 5 mM bicarbonate buffered model water with As only
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Fig. 4. Freundlich equilibrium adsorption isotherms for arsenic removal by Zr-GAC
media in two model waters (pH 7.6 +0.2; contact time 3 days; Cas-pnitial ~ 120 pLg/L).

(hydr)oxides. In the presence of competing ions, the 1/n value usu-
ally tends to increase because competing ions take many of the
available sites for arsenic to adsorb by forming bidentate ligands,
contributing to the most thermodynamically stable state (lowest
adsorption energy) [12,31]. However, this was not the case with
both Zr-GAC media. The Freundlich adsorption intensity param-
eters in matrices with competing ions decreased for both media
to 1/n <0.33. This finding suggests that the presence of compet-
ing ions, which increased the ionic strength of the water matrix,
lowered the adsorption energy for arsenic. For well hydrated sur-
faces, the magnitude of the zeta potential decreases with increase
in ionic strength [31]. In this case, the increase in ionic strength
could have lowered the electrostatic repulsion between the arsen-
ate oxo-anions and the negatively charged surfaces, consequently
leading to lower energy of adsorption, i.e., lower 1/n values.

The maximum adsorption capacities under the given equilib-
rium conditions without the presence of competing ions (qg-gicarg)
were much higher than the values reported for nano-zirconium
oxide media [20,22] assessed under the same conditions (Table 3).
The lignite Zr-GAC media removed ~8.6 mgAs/gZr, while bitu-
minous Zr-GAC removed ~12.2 mgAs/gZr when no competitive
oxo-anions were present. Commercially available ZrO, nanopow-
ders and synthesized ZrO, nanostructured spheres removed
~3.5mg/gZr and ~2.4 mg/g, respectively, when evaluated in bicar-
bonate buffered water matrices with no competing oxo-anions.
This finding suggests that approaches where ZrO, nanoparticles
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Table 3
Comparison of maximum arsenic adsorption capacity values for both Zr-GAC media and published values for other metal (hydr)oxide based media evaluated under comparable
conditions.
Media type qo-sicars (Mg As/g Zr or Fe) go-cw (MgAs/gZr or Fe) qo-sea (MgAs/gZr or Fe)
Zr-GAC (lignite) ~8.59 ~1.52 ~0.42
Zr-GAC (bituminous) ~12.21 ~2.99 ~0.89
ZrO, nanopowder [20] ~3.51 NA NA
ZrO, nanostructure spheres [22] ~2.35 NA NA
Granulated ferric hydroxide" [44] NA ~3.13 NA
Granulated’ ferric hydroxide [45] NA ~2.5 NA
Fe-GAC (pH 6.4) [19] ~6.39 NA NA
Fe-GAC (pH 8.3)[19] ~1.63 NA NA

" Considered ~60% Fe content in GFH, pH 7 and Ceq =100 p.g/L.

are deposited onto high surface area materials could produce bet-
ter performing media for arsenic treatment than approaches that
focus on aggregated of ZrO, nanoparticles.

The maximum equilibrium arsenic adsorption capacities under
the given equilibrium conditions decreased by several fold when
the water matrices were switched from 5mM NaHCO3 to model
groundwater with competing oxo-anions (Table 3). In the pres-
ence of competing oxo-anions, the lignite Zr-GAC removed
~1.5mg As/g Zr, while bituminous Zr-GAC removed ~3.0 mgAs/g
of Zr. Silica, phosphate, vanadate, and other oxo-anions in the
model water compete with arsenic for the available adsorption sites
on metal (hydr)oxides [32-37]. This decrease in adsorption capac-
ity can be primarily attributed to a high concentration of silica in
the model groundwater, which was >150 times greater than the
concentration of arsenate and other oxo-anions such as phosphate,
selenate and vanadate. Soluble silica species and other oxo-anions
exhibit high affinity for surfaces of metal (hydr)oxides (e.g., iron
oxides/hydroxides) [38-40]. Interestingly, however, the maximum
equilibrium adsorption capacities of the media were relatively high
and comparable to removal capacities of iron (hydr)oxides under
similar conditions when expressed on a per unit mass of metal
basis (Table 3), suggesting that surface area may be the largest
contributing factor to high adsorption capacity of zirconium oxide
based media, especially if the newly created surface area is in the
macropore region.

Fig. 5 illustrates the breakthrough curves used to determine the
continuous flow adsorption capacity (gmax-sga) for both Zr-GAC
media. Although the breakthrough curves look very similar, the
calculations showed that the continuous flow adsorption capacity
of the lignite Zr-GAC remained lower (~425ugAs/gZr) when
compared to the bituminous counterpart (~890 g As/gZr). This
difference could be a result of the higher Zr content of lignite
Zr-GAC. Interestingly, however, the capacities of both Zr-GAC
media were ~3.5 times lower than their maximum adsorption
capacities under equilibrium conditions (qo.gw) in the same
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Fig. 5. Breakthrough curves for arsenic in continuous flow short packed bed adsor-
ber tests in model groundwater with competing oxo-anions (error bars represent
standard deviations).

model groundwater. This suggests that mass transport has an
effect on contaminants’ competition for available adsorption sites.
Liquid diffusivity, describing a solutes liquid phase movement,
is largely dependant on the size and charge of the ion and the
temperature of the fluid. Contaminant species with higher D,
values experience lower film and intraparticle resistance and can
diffuse much faster inside the pores of the particle than arsenate,
which allows them to reach unoccupied adsorption sites much
faster than arsenic [14]. This effect is favorable for oxo-anions
with higher liquid diffusivities than arsenate, such as silica,
phosphate, or selenate (D)_jjica ~1.170 x 1075 cm?/s; Dy_dihydrogen
phosphate ~ 0.959 x 1075 cm?/s; Di_selenate ~ 1.008 x 107> cm?/s;
Dy_Arsenate = 0.905 x 107> cm?/s), [41,42]. Considering that these
oxo-anions also form strong inner-sphere complexes, it is very
difficult for arsenate to displace them once they adsorb onto the
metal (hydr)oxide surfaces. The overall effect could result in a
several fold decrease of arsenic adsorption capacity of the media.

3.3. Effect of zirconium dioxide nanoparticle formation on
methylene blue adsorption

Fig. 6 shows Freundlich isotherms for methylene blue adsorp-
tion onto untreated GAC and Zr-GAC media in both model waters.
Interestingly, the methylene blue adsorption capacity of the lignite
based media did not change after impregnation with the ZrO,. The
bituminous Zr-GAC exhibited higher adsorption capacity than its
lignite counterpart in both model waters. However, this adsorption
capacity decreased once the untreated bituminous GAC media was
impregnated with ZrO,. These findings do not seem surprising con-
sidering factors such as: (1) the pore size distribution of these media
(before and after treatment); (2) the size of hydrated methylene
blue molecule, and (3) the calculated Freundlich adsorption inten-
sity parameters. As summarized in Fig. 5, the 1/n values for both
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M
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Fig. 6. Freundlich equilibrium adsorption isotherms for methylene blue (MB)
removal by untreated and Zr-GAC media in 1 mM NaHCO3; buffered ultrapure water
(pH 7.5+ 0.2; contact time 3 days; Cyp-initial &~ 50 mg/L).
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media types did not appreciably change after treatment. This trend
suggests that the energies of adsorption remained the same due to
absence of significant change in properties of the carbon surfaces,
meaning that the change in adoption capacity of the bituminous
based media was caused by physical blockage of carbon surfaces in
the macropore range, rather than chemical change of carbon sur-
face properties. This concept is further supported by the findings
presented in Fig. 2. As discussed above, formation of new pores and
surface area in the bituminous Zr-GAC occurred in the region of
~150 nm to 200 nm due to ZrO, nanoparticle formation. The ZrO,
nanoparticle formation resulted in blocking the carbon surfaces in
this region available for methylene blue adsorption. The hydrated
methlylene blue molecule could not adsorb in the micropore and
mesopore region where carbon surface was not changed because
of its large size (>7 x 16 A) [43]. The lignite Zr-GAC media retained
its adsorption capacity for methylene blue, even though the sur-
face area decreased. In this case, however, most of the decrease in
surface area and pore volume occurred in the micropore and meso-
pore region. Although the macropore region did exhibit a slight
decrease in pore volume, this decrease did not significantly impact
the adsorption capacity for methylene blue.

3.4. Economic feasibility

Although hybrid media for multiple contaminant removal
may be more expensive than the commercially available metal
(hydr)oxide media, the latter ones do not have the ability to remove
multiple contaminants with different chemistries. Implementing
solutions utilizing treatment trains with multiple media to treat
organic and inorganic contaminants may not be economically fea-
sible in small and rural communities because of the high cost of
construction, operation and maintenance. Small point-of-use treat-
ment systems packed with hybrid adsorbents may provide cost
effective alternatives.

Only a fraction of the metal precursors are used during fabrica-
tion of the hybrid materials when compared to the commercially
available metal (hydr)oxide sorbents, which can lead to significant
cost reduction. The cost manufacturing could be further reduced
if cheaper precursor materials are used such as ferric based salts.
However, the substitution of zirconium with iron may not be suit-
able for applications where the pH needs to be decreased in order
to increase arsenic adsorption capacity and minimize the effects of
competing silica. The stability of the zirconium dioxide over fer-
ric (hydr)oxides under lower pH conditions may prove to be the
deciding factor over small cost difference.

4. Conclusions

The findings in this study imply that properties of granu-
lar activated carbon have a significant impact on the formation,
morphology and distribution of the ZrO, nanoparticles. The mod-
ification of the bituminous GAC with ZrO, nanoparticles resulted
in slightly higher surface area and negligible change in the overall
micro and mesopore volume probably because the nanoparticles
formed in its macroporous region, making them more accessible to
potential contaminants. In contrast, the lignite Zr-GAC exhibited
decrease in surface area because the nanoparticles formed in the
mesoporous and low range macroporous region. The increased sur-
face area and better accessibility to the ZrO, nanoparticles could be
attributed to the better arsenic removal performance of the bitumi-
nous Zr-GAC under equilibrium and continuous flow conditions.

Zirconium metal oxide based hybrid media may offer a viable
alternative to other metal (hydr)oxide hybrid based media for
simultaneous removal of multiple inorganic (e.g., arsenic) and
organic contaminants. It was demonstrated that there was little

to no impact on the adsorption capacity of organic contaminates
with the Zr-GAC’s. As shown in this study, proper selection of
GAC media with adequate porosity and suitable surface area and
properties may transform GAC media into media with arsenic
adsorption capacities comparable to commercially available ferric
(hydr)oxides when expressed on basis of metal content. However,
the commercially available ferric (hydr)oxides lack the ability to
simultaneously remove organic contaminants, which is the main
advantage of using hybrid sorbents in water treatment applications
such as small point-of-use systems.
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