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Silica–titania composites (STCs) were applied to trace level mercury solutions (100 �g/L Hg) to deter-
mine the degree of mercury removal that could be accomplished via adsorption and photocatalysis. STCs
are a porous, high surface area silica substrate (>200 m2/g), manufactured using sol–gel methodology,
impregnated with TiO2 nanoparticles. The performance of this material along with its precursors, silica
and Degussa P25 TiO2 were compared. Under adsorption alone (no UV illumination), STCs were able to
achieve approximately 90% removal of mercury, which is comparable to that of Degussa P25. Silica with-
ercury
dsorption
ilica–titania
hotocatalysis

out TiO2 performed poorly in comparison and was minimally affected by UV illumination. Contrary to
expectations, the performance of Degussa P25 was not largely changed by UV irradiation and the STC was
detrimentally affected under the same conditions. It was concluded that elemental mercury was formed
under UV irradiation with or without the presence of TiO2 due to photochemical reactions, decreasing the
mercury removal by STC. Additionally, the primary particle size of the STC was reduced to increase mass
transfer. The result was improved Hg removal under adsorption and photocatalysis conditions. Improved
adsorption kinetics were also achieved by altering the STC pore size and TiO loading.
. Introduction

In the late 1950s, the Minamata tragedy alerted the world to the
anger of mercury pollution to human health. Human exposure
hrough fish consumption and inhalation of mercury vapor are of
ncreasing concern as many fisheries have become contaminated

ith varying levels of mercury. Adverse health effects from mer-
ury exposure include an array of neurological dysfunctions which
ave more drastic effects on sensitive populations and develop-

ng children [1,2]. Governments around the world have adopted
eafood consumption advisories and recommended safety levels of
sh consumption to protect the populations from mercury poison-

ng [3]. Therefore, it is clear that to meet advisory levels and protect
uman health and the environment, mercury pollution needs to be
ontrolled.

A promising treatment method for aqueous mercury removal
s semiconductor photocatalysis on TiO2 [4–8]. In these studies,
ercury removal was achieved through the reduction of divalent
ercury species to elemental via reactions with the photogen-

rated TiO2 electrons. Little to no mercury removal occurred in
he presence of UV with the absence of TiO2 [6,8]. In TiO2 solu-
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tions, mercury removal was further increased by the addition of an
organic scavenger, such as citrate, formic acid, or methanol, which
reduced the fraction of e−/h+ pair recombination. Over 95% mercury
removal could be achieved beginning with initial concentrations
of 100 mg/L of Hg. However, mercury removal at trace levels, ca.
100 �g/L Hg, was not studied. Considering current mercury reg-
ulations and health concerns, the occurrence of mg/L Hg waste
streams is rare and sub 10 �g/L Hg concentrations are desired in the
environment. Such low levels are currently enforced in the Great
Lakes region [9]. Therefore, to address present day and future mer-
cury management needs, this study focuses on trace level mercury
removal.

Additionally, while TiO2 is an efficient photocatalyst, commer-
cialization of full-scale reactors utilizing nanoparticles, such as
TiO2, are limited by the separation of the particles from the waste
stream [10]. To overcome this constraint, TiO2 can be immobi-
lized in a substrate such as silica. Silica–titania composites have
been used for many applications in semiconductor photocatalysis
[11–13]. While titania particles act as a photocatalytic center, silica
gel provides a transparent macrosupport for the nanosized titania,
enabling tailorable particle size for reduced filtering requirements,

and increased surface area (>200 m2/g) for greater adsorption
capacity for many applications. As semiconductor photocatalysis
was found to be a promising mercury removal technology via TiO2,
it was expected that the application of silica–titania composites
would further enhance the removal capabilities.

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:dmazyck@ufl.edu
dx.doi.org/10.1016/j.jhazmat.2009.05.055
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The proposed technology can be adapted for various treat-
ent stream applications such as in line, batch, or pump and treat

onfigurations. The silica–titania composite materials have been
eveloped [14], characterized [15], and successfully applied for
pecific applications for mercury removal from flue gas [14,16], mer-
ury recovery from caustic exhaust emitted from the chlor-alkali
ndustry [17], and the degradation of volatile organic compounds
n gas emitted from pulp and paper mills [18]. The aim of this study
s to evaluate the potential for silica–titania composites to remove
race level mercury from aqueous solutions.

. Experimental

.1. Chemicals and materials

All reagents used in this work were of analytical grade and
ere used without further purification. Silica–titania composites
ere produced with a sol–gel method detailed in previous work

14]. Ingredients included tetraethylorthosilicate (TEOS, Fisher
eagent grade), ethanol (Fisher, 200 proof), Nanopure water, 1 mol/L
itric acid (diluted from concentrated Fisher, certified ACS), 3 wt%
ydrofluoric acid (diluted from 49% Fisher, certified ACS), and
egussa P25 TiO2. Pore size was modified by altering the quan-

ity of hydrofluoric acid added to the mixture during synthesis
hile the other ingredients were held constant. Additionally, the
ass of Degussa P25 TiO2 added to the liquid precursors was

ltered to change the TiO2 loading. Silica gels were created in the
ame manner without the addition of TiO2. Nomenclature for the
TCs and silicas is based on the volume ratio of 3 wt% HF to 1 M
itric acid. Subsequent, the STCs are also differentiated by the mass
atio of TiO2 to STC. For example, STC-1-50 represents a STC with
mL of 3 wt% HF to 1 mL of 1 M nitric acid and 50 mg of TiO2 per
00 mg of dry composite. After all chemical additions, the liquid
ol was mixed in a sealed 250 mL polymethylpentene container
ntil gelation occurred creating silica or STC monoliths. Following
elation, the STCs were aged for 48 h in the same container then
ried using previously described procedures [14]. Samples were
hen ground using a mortar and pestle, wet sieved and dried to
chieve a particle size distribution from 45 to 90 �m. This frac-
ion, unless stated otherwise, was used for all analyses. Mercury
olutions prepared with deionized water and the desired aliquot
f Hg(NO3)2 from Fisher Scientific. Solution pH after the addition
f the media was approximately pH 4. No pH adjustments were
ade.

BET surface areas and average pore size (using the Kelvin equa-
ion) of the specific media synthesized for this study were measured
n a Quantachrome NOVA 1200 Gas Sorption Analyzer. Samples
ere outgassed for 12 h at 110 ◦C prior to analysis.

.2. Batch testing procedures

Since mercury is a difficult chemical to analyze at low levels
19], due care was taken in all sampling procedures. All vessels
or storing mercury solutions or mercury analysis chemicals were

ade of glass and capped with Teflon lined lids. Glassware was
ashed in 25% nitric acid and rinsed copiously with deionized
ater before use. Mercury concentrations were determined using

n atomic adsorption spectrometer (Teledyne Leeman Labs) per EPA
tandard method 254.3.

Batch experiments were carried out in a cylindrical reactor

hich contacted the mercury solution with the selected media, sus-

ended by magnetic stirring, and a PL-S Twin Tube Short Compact
luorescent Lamp of 254 nm (bulbs.com, Worcester, MA) (Fig. 1).
edia loading was selected to be 1 g/L based on preliminary test-

ng. Silica and STCs were applied as synthesized at a particle size
Fig. 1. Schematic of the batch reactor used for adsorption alone and photocatalysis
studies.

distribution from 45 to 90 �m while TiO2 was applied as received
from the manufacturer. The reactor was also equipped with a glass
purge tube and a glass vent port for in situ purging experiments.
The purge was only used for the in situ purging experiments and
for all others the tubes were sealed. During the contact time, the
reactor was covered to shield the solution from ambient light. These
reactions were studied for 5, 15, 30, and 60 min with the UV bulb
illuminated (UV photocatalysis) or turned off (adsorption alone in
the absence of light). After the desired time elapsed, the solutions
were filtered with a 0.45 �m mixed cellulose membrane filter to
separate the media. Control samples were also filtered. The fil-
trate was sampled and analyzed for mercury. Mercury removal is
reported as a normalized concentration, C/C0, filtrate concentra-
tion over initial concentration both in �g/L Hg. Duplicate samples
for each experiment were performed and error bars illustrate the
range.

3. Results and discussion

3.1. STC

The BET characterization of the media discretely prepared and
used in this study is presented in Table 1. The silica and STCs are
mesoporous solids with a narrow pore size distribution. Average
pore diameters were 37, 109, and 232 Å for silica-0.25/STC-0.25,
silica-1/STC-1, and silica-2/STC-2 respectively. Alternatively, TiO2
is a nonporous solid with a low specific surface area of 49 m2/g.
As expected of a composite material of this nature, increasing mass
loadings of TiO2 visibly decreased the specific surface area and pore
volume of the STC. Pore diameters are less affected by TiO2 load-
ing. Also impacted was the availability of TiO2. While some TiO2
is unavailable to surface reactions due to internalization in the sil-
ica matrix, the available TiO2 surface area on the STCs is directly

related to the mass loading of TiO2 added during synthesis and
would therefore increase with increased TiO2 mass in the STC. The
effect of these changes will be discussed with regards to mercury
removal later in this work. Further material characterization can be
found elsewhere [15].
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Table 1
BET specific surface area, pore diameter and pore volume values as measured by
nitrogen adsorption/desorption.

Material Surface area (m2/g) Pore diameter (Å) Pore volume (cm3/g)

Silica-0.25 764 33 0.634
STC-0.25-12 796 33 0.654
STC-0.25-30 655 36 0.591
STC-0.25-50 441 46 0.506
Silica-1 467 116 1.351
STC-1-12 398 101 1.008
STC-1-30 358 112 1.006
STC-1-50 271 107 0.725
Silica-2 236 265 1.565
STC-2-12 223 250 1.397
STC-2-30 192 244 1.176
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TC-2-50 200 169 0.843
egussa P25 TiO2 49 – –

Standard error ± 5%.

.2. Mercury removal

.2.1. Adsorption
The removal of mercury from 100 �g/L aqueous solutions by

TC-0.25-12 was compared with that of its parent compounds,
egussa P25 TiO2 and silica-0.25. Equal mass loadings, 1 g media/L

olution, of each material were used for the comparison. STC-0.25-
2 was selected as a starting point for testing based on successful
pplications of this material in the past with other contaminants.
f the STC formulations, STC-0.25-12 possesses the highest specific

urface area which is usually correlated with contaminant removal.
nder adsorption alone (Fig. 2, black filled markers), silica does
ot have a large affinity for mercury. However, once TiO2 is added
o create a STC, mercury removal sharply increases. STC-0.25-12
erforms very similarly to the benchmark Degussa P25 TiO2. The
ercury concentration is significantly lowered within only 5 min

nd additional adsorption continues slowly up to 60 min which is
here pseudo steady state was determined to be achieved. These

esults indicated that STCs are a very promising sorbent for mercury
emoval.

.2.2. Photocatalysis
It was expected, based on previous literature researching higher

oncentrations of mercury [4–8], that mercury removal under pho-
ocatalysis conditions involving TiO2 would be even greater. Once
rradiated with UV, the TiO2 and STC system performed unexpect-
dly (Fig. 2, open markers). The silica-0.25 did however perform
s anticipated; its mercury removal did not deviate from adsorp-
ion alone conditions since it did not contain any photocatalytic

aterials. While further mercury removal via TiO2 photocatalysis
n the presence of UV was predicted, mercury removal improved
nly marginally. Even more surprisingly, the performance of STC-
.25-12, which had performed as well as TiO2 under adsorption
lone, was hindered under UV irradiation until greater contact
imes (60 min).

.2.3. Comparison
To determine the cause of the unexpected results, the differences

etween the adsorption alone system and the photocatalysis sys-
em were scrutinized. Besides the addition of UV irradiation to the
hotocatalysis system, an increased solution temperature over the
ontact time had occurred due to the direct contact of the UV bulb
ith the mercury solution. Therefore, the effect of increased solu-
ion temperature on mercury removal was investigated. Adsorption
xperiments with the same temperature profile as that of the pho-
ocatalysis experiments were performed to isolate the effects of
emperature change (Fig. 2, gray filled markers). The heat profile
as achieved using the adsorption set-up on a heated stir plate to
Fig. 2. Mercury removal onto (a) silica-0.25, (b) TiO2, and (c) STC-0.25-12 via adsorp-
tion alone (Ads), adsorption in the dark at elevated temperatures (Ads + heat) and
UV photocatalysis (UV).

increase the temperature slowly over time (an increase of about
20 ◦C over 60 min). STC-0.25-12 and TiO2, in the absence of UV but
with an elevated solution temperature to mimic the temperature
of the solution in the presence of UV, again performed very sim-
ilarly to each other (Fig. 2b and c) as in the original adsorption
alone results. Specifically, mercury removal by TiO2 under increased
solution temperature mimicked that of UV indicating that photo-
catalysis did not contribute to mercury removal. Silica-0.25 was

minimally impacted by the change in conditions.

Mercury removal by each material was compared to the reactor
conditions. Mercury removal by silica-0.25 remained unchanged
as experimental conditions changed (Fig. 2a). TiO2 exhibited a
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Fig. 3. Mercury reduction by UV (254 nm) and removal by nitrogen purge.

light improvement in mercury removal under 60 min for the UV
nd adsorption at elevated temperatures compared to adsorption
lone (Fig. 2b). However, once 60 min is reached, the same mercury
emoval is attained. Therefore, photochemical reactions are ineffec-
ive for mercury removal beyond that of adsorption at these trace
oncentrations. On the contrary to the results for silica-0.25 and
iO2, it can be confirmed that mercury removal under UV irradi-
tion is distinctively less than that by adsorption and adsorption
ith elevated temperatures (Fig. 2c) until 60 min is reached. Here

t is evident that the negative change in mercury removal by STC-
.25-12 under photocatalysis is caused by UV irradiation alone and
ot a change in temperature.

.3. Effect of UV on adsorbent

While STC-0.25-12, exhibited a delay in mercury removal in
he presence of UV irradiation as compared to in the dark, this
henomenon was not seen with the individual silica-0.25 or TiO2
aterials. Under 254 nm UV light, TiO2 will be photoactive and

enerate e−/h+ pairs. Mercury removal by TiO2 in this work was
ot affected by the presence (photocatalysis system), or absence
adsorption with heat) of these processes. The affinity of mercury
or silica was also unchanged as silica is not reactive under the pres-
nce of UV [20,21]. Therefore, the effect of UV on the adsorbate was
onsidered to be the significant factor causing a reduced mercury
emoval at times less than 30 min.

.4. Effect of UV on adsorbate

Photochemical reactions of mercury due to the presence of sun-
ight have been gaining attention as of late [23]. Therefore, it was
esirable to investigate the effect of mercury speciation under UV

llumination without a photocatalyst to further isolate the changes
esponsible for a decreased mercury removal for shorter contact
imes in the UV STC system. For these studies, the same batch
eactor was used without media. Mercury solutions were exposed
o UV and a simultaneous nitrogen gas purge through the purge
ube. The nitrogen flow was controlled to 2 L/min and a glass frit
as installed on the end of the purge tube to decrease gas bubble

ize. Nitrogen was selected for this application to be an inert gas
hat would not interact with mercury or contribute to any redox
eactions in the presence of UV. A control study without UV was
erformed to ensure that there was no mercury loss due to purging
lone. Another control with UV but no purge was also performed

o ensure there was no mercury loss due to UV without a purge.
he results in Fig. 3 show that the controls, with either a purge or
V, did not remove appreciable quantities of mercury in agreement
ith high level mercury photocatalysis experiments [6,8]. However,

n the presence of both the purge and UV irradiation, mercury con-
Fig. 4. Comparison of different primary particle sizes of STC-0.5-12 for removal via
adsorption and photocatalysis.

centrations diminished substantially. Trace level aqueous divalent
mercury (the dominant species in an aqueous solution of mercury
nitrate) could indeed be reduced to elemental mercury in the pres-
ence of UV and be volatilized into the nitrogen stream and removed
from solution. As further verification that volatilization occurred,
no filterable species of mercury greater than 0.45 �m were found.

Since elemental mercury can be produced by photochemical
reactions in the absence of TiO2, the speciation change will occur
in all solutions irradiated by UV light even before contacting the
photocatalyst. As an additional test, a mercury solution was irra-
diated with UV followed by an immediate nitrogen purge once the
light was extinguished. This resulted in little to no mercury removal
from solution. Although mercury can be reduced by photochemical
reactions, it can also be oxidized very quickly once the UV lamp is
extinguished. Therefore, both reduction, via UV, and oxidation, in
the absence of UV photons, of mercury occur in solution. TiO2, being
of nanosize and a photocatalyst, will adsorb UV and likely decrease
the reduction reactions of mercury in solution promoting more oxi-
dized mercury in solution. In addition, due to its size, TiO2 will have
more interactions with mercury, which can lead to adsorption, over
much larger micron particles during a given contact time. Due to
these properties, the removal of mercury by TiO2 is not impacted by
the presence or absence of UV light at low concentration of mercury.
The removal of mercury by STC-0.25-12, with a larger particle size
than TiO2 and a lower photocatalyst (TiO2) surface area to absorb
UV photons, is negatively impacted by the presence of elemental
mercury.

3.5. Effect of primary particle size

Since mercury removal by nanosized TiO2 was not impacted
by UV but larger micron sized STC was, the importance of parti-
cle size was investigated. As stated above, STC-0.25-12 was ground
and wash sieved to a 45–90 �m size fraction. The fraction less
than 45 �m was wash filtered to achieve primary particle sizes of
6–45 �m which were tested under adsorption alone and UV irra-
diation experiments. The decreased STC primary particle size more
closely simulated a particle suspension similar to that of the TiO2.
These results were compared to the STC-0.25-12, 45–90 �m size
fraction results from Fig. 2c in Fig. 4.

Decreased particle size increased mercury removal under
30 min. Mercury removal begins to reach steady state after only
5 min for a size fraction of 6–45 �m versus an hour for 45–90 �m for

STC-0.25-12. Additionally, the mercury removal difference between
adsorption alone and photocatalysis decreased with decreasing pri-
mary particle size. By decreasing the particle size, more UV photons
could be absorbed or refracted to decrease mercury reduction pho-
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ig. 5. Comparison of STC-0.25-12 to STC-2-50 for mercury removal via adsorption
nd photocatalysis.

ochemistry and an increased interaction between adsorbent and
dsorbate increased mercury adsorption in a less time than for a
arger STC particle.

While decreasing the STC particle size helped elucidate mercury
emoval phenomena, it may not be desired for a commercial treat-

ent system since it would require greater energy to separate the
dsorption particles from solution. Therefore, the STC was altered
sing pore size and TiO2 loading to achieve greater mercury removal
han with STC-0.25-12.

.6. Effect of TiO2 surface area and pore size

Both pore size and TiO2 loading were increased from previ-
usly tested STC-0.25-12 to create STC-2-50. The results of STC-2-50
pplied to mercury removal are shown in Fig. 5 and compared to
TC-0.25-12 results from Fig. 2c.

By increasing pore size and TiO2 loading, mercury removal was
ncreased. Other conformations of STC shown in Table 1 were also
ested and achieved mercury removals in-between that of STC-
.25-12 and STC-2-50. Comparing the specific surface areas of the
wo materials (Table 1), STC-2-50 has a much lower specific sur-
ace area than STC-0.25-12 but performs better. However, while the
otal specific surface area of the composite is lower, the specific sur-
ace area of TiO2 in the STC increases with increased TiO2 loading
15]. STC-2-50 has more available TiO2 adsorption sites than that
f STC-0.25-12. Therefore, mercury removal is dependent upon the
raction of TiO2 specific surface area in the STC and not the silica
pecific surface area. It can be concluded that the majority of mer-
ury is adsorbing to the TiO2. Additionally, STC-2-50 does have a
arger average pore diameter than STC-0.25-12 which can increase
ore diffusion and therefore a more rapid removal of mercury.

. Conclusion

Greater than 90% mercury removal can be achieved with STC-2-
0 with decreased energy requirements for filtration as compared
o TiO2 alone. The combination of silica and TiO2 provides a

acrosorbent with cation electrostatic attraction to achieve a
igh degree of trace level aqueous mercury removal by adsorp-

ion. Contrary to previous assumptions, photocatalysis of trace
evel mercury was not more successful than adsorption alone. The
roduction of elemental mercury produced by photochemical reac-
ions caused delayed mercury removal compared to adsorption
lone depending on particle size. While this is true of synthetic mer-

[

[

dous Materials 170 (2009) 915–919 919

cury solutions, the addition of other compounds naturally found in
the environment, especially organics, photocatalytic reactions may
be advantageous to simultaneously reduce organic matter while
removing mercury or to break down mercury compounds that
may be difficult to adsorb from solution. Based on the prepared
water studies, this technology is promising and should be tested for
the treatment of mercury burdened waters such as contaminated
groundwaters from industrial activity, effluent from chlor-alkali
facilities employing a mercury cell process, flue gas desulfurization
liquids and others.
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