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Abstract

The photocatalytic reduction of Hg(ll) in air-equilibrated agueous suspensions ptifife@r UV-illumination were studied. The amount of
Hg(ll) photo-reduced is affected by the pH of solution, the amount of the hole-scavengers, the concentration of chloride, mass of the catalyst,
and incident light intensity. Hg(0) was detected during the photocatalytic reduction of Hg(ll). The reduction rate of Hg(ll) was controlled
by the amount of Hg(Il) adsorbed onto the Tifowders. About 100 ppm Hg(ll) is efficiently removed within 30 min from air-equilibrated
solution at pH 4. The separation for Cr(VI)/Hg(ll) mixtures can be achieved via U\{/Ppidtocatalysis. Photocatalytic activities of two
commercially available Ti@(Degussa P25 and Hombikat UV100) were also compared for different light intensities and catalyst loadings.
© 2003 Elsevier Ltd. All rights reserved.
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1. Introduction Photocatalytic reduction of Cr(VI) to Cr(lll) utilizing a
semiconductor has also been widely studitt-15]

For the past several decades, mercury (Hg), has received The objective of this study is to investigate the optimal
increasing attention as a serious pollutant due to its toxic andparameters that affect the photocatalytic reduction of Hg(Il)
bio-accumulative propertiefl]. In aquatic systems, mer- using TiQ powders. An interesting comparison study of
cury is often converted by bacteria to methylmercury (an photocatalytic activities of two commercial TiQpowders
organic form of mercury), which can be magnified through is also presented.
the aquatic food chain hundreds of thousands of times, pos-
ing a potential risk to humans and wildlife that consume fish
[2]. The major sources of mercury pollution in the aquatic 2. Materials and methods
environment are industries, such as chloralkali, paint, elec-

trical, rubber processing, oil refining, and fertilizer industry. Degussa P25 and Hombikat UV100 commercial titanium
In addition, coal combustion and waste incineration emit dioxide photocatalysts were employed in the experiments.
large quantities of mercury into the atmosphere. Both catalysts were used without any pretreatment. The BET
Photocatalytic transformation or deposition of metals gspecific surface areas of Degussa P25 and Hombikat UV100
from aqueous solutions has been developed in enViron-measured by nitrogen adsorption afl96°C were found
mental clean-up and remediati{8+-5]. This photocatalytic  to be 43.8 and 249.0%y, respectively. Stock solutions of
method is based on the reactive properties of electron-holescr(vl) and Hg(ll) were prepared by dissolving analytical
pairs generated in the semiconductor particles upon illumi- grade KCr,07 (Fluka) and HgGl (Merck) in ultra-pure

nation by light with energy greater than the semiconductor \water, which has been passed through an £8Milli-Q
bandgap. For the deposition of a metal M, the energy of the water purification system.

semiconductor band electron must be more negative than Batch adsorption experiments on Bi@ere performed

the E° of the metallic couple (NI"/M°). Ag(l), Au(lll), in the dark. The solution pH was adjusted by using dilute

Cu(l), Pd(ll), and Pt(IV) have been successfully converted HNOz; and NaOH. Photocatalytic experiments were carried
to metallic form via semiconductor photocatalyffs-10] out in a 200 ml cylindrical Teflon reactor at room tempera-
ture (295+ 2K). A 150 ml mixture inside the reactor was

* Corresponding author. Tekt65-6874-8049; fax:+65-6779-1936. maintained in suspension by a magnetic stirrer. Irradiation
E-mail address: cheakr@nus.edu.sg (A.K. Ray). was provided by a 450 W Xe arc lamp (Oriel Model 6266)
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with a UV-Vis band-pass filter (Oriel Model 59450) placed Table 1

on the top of the reactor. The light emission is above the The percentage of Hg(ll) adsorbed on the two Ficatalysts

wavelength of 290 nm and the light intensity at the level of catalyst pH

the reactor bottom is found to be2.2 mW cnt? at 312 nm

using a UViec RX-003 radiometer. This light was em-

ployed as incident light in most experiments. In the experi- Degussa P25 1.8 45 12.3

ment of lower light intensity, a neutral density filter (Oriel Hombikat UV100 08 >4 157

Model 59680) was mounted on top of the band-pass filter. ? [TiO2] =2g/l.

It can attenuate-58% of the incident light intensity. In all

the photocatalysis experiments described below, 5mM of volume. The detection limit for Hg by the ICP method is

formic acid was added to the reactor unless stated otherwise 1 9/l.

Formic acid is used to remove photo-generated holes in or- In order to investigate the surface properties of two

der to allow the reduction to proceed. Air-equilibrated sus- commercial TiQ powders, the; potential values of Ti@

pensions were used in all experiments. The suspensions aréuspensions with different pH values were measured by

initially maintained under agitation in the dark for 60minto & Brookhaven ZetaPlus zeta potential analyzer. X-ray

allow for an adsorption—desorption equilibrium to be estab- Photoelectron spectroscopy (XPS) was performed on the

lished. During the irradiation, aliquots of the solution were AXIS-His spectrometer (Kratos Analytical Ltd., UK) using

withdrawn intermittently for analysis. All samples were fil- @ monochromatic Al & X-ray source (1486.6 eV photons)

tered through a 0.45m Whatman Autovial filter before ~ at a constant dwell time of 100ms and a pass energy of

analysis. 40eV. C 1s signal (284.6eV) was used as internal refer-
Samples were analyzed for Cr(VI) using the 1,5-diphenyl- ence in all experiments. Prior to XPS measurements, the

carbazide method (Ueno et al., 1992) with a Shimadzu Prepared samples were kept in the de-aerated desiccator to

1240 UV/VIS spectrophotometer. The detection limit of this Protect the samples from air.

method is 0.05mg/l. Hg(Il) concentrations were measured

by ICP-OES (Inductively coupled plasma-optical emission

spectroscopy, Perkin Elmer Optima 3000DV), because the 3. Results and discussion

samples for Hg(ll) analysis were filtered and the results us-

ing ICP have no differences from those using the Dithizone 3.1. Adsorption of Hg(ll) onto TiO>

method (Eaton et al., 1995). In order to prevent adsorption

losses of mercury on the bottle walls, a gold preservative [N order to investigate adsorption, a series of experiments

was added to every samp|e to y|e|d 50 mg/| AU in the final in the dark at different pH values were carried out. It can
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Fig. 1. ¢-Potential of the two TiQ suspensions as a function of pH at an ionic strength of 0.001 M NaNO
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be noticed that the adsorption of Hg(ll) on the %iGur- e pH25

face reached saturation within 1Table 1summarizes the 5001 —@—pH3

results of adsorption experiments of 0.56 mM of Hg(ll) us- pH 4

ing TiO, Degussa P25 and Hombikat UV100 as adsorbents. —O—pH25,

The amount of Hg(ll) adsorbed by Ti(particles increased 400 50 mM HCOOH /

with increasing solution pH. The adsorption of the Hg(ll) . .

on TiO, depends to a great extent on the surface charge of /

TiO» particles. To investigate the surface properties ofaTiO

particles in water, the-potential values of Ti@suspensions /'

as a function of pH are presentedfig. 1L The isoelectric UVITIO JHg(ll) System
[TiO,] = 0.1 glL
[(Hg(n], = 0.56 mM

[HCOOH] =5 mM

300+

200+

point (pl), was~6.2 and 7.1 for Hombikat UV100 and De-
gussa P25, respectively. The pl of Degussa P25 is in agree-
ment with the value of 7.0 obtained previously by Rodenas
et al. [16]. But there is no reported pl value of Hombikat
UV100 in the published literature. Therefore, Bi@articles odf - - - -
. . . 0 5 10 15 20
are positively charged when pH is lower than 6.2 in the case T _
of Hombikat UV100 and 7.1 in the case of Degussa P25. Iiradiation time (min)
Moreover, the amount of positive charge decreases with in- Fig. 2. The variation in the amount of Hg(Il) photo-reduced with irradi-
creasing pH. This results in decreased electrostatic repulsioration time at different pH using Ti©Degussa P25.
between the H§" and the positively charged TiGsurface.
Thus, the extent of adsorption of Hg(ll) increased at higher TiO, surfacq18]. The increasing amount of adsorbed Hg(ll)
pH values. It can also be noticed that the amount of adsorbedon TiO, (Table ) with an increase in solution pH makes ad-
Hg(ll) on Hombikat UV100 is larger than that on Degussa ditional Hg(lIl) ions available to react with photo-generated
P25 except at the low pH 2.5. This is not only due to the electrons on the Ti@surface. FronfFig. 2, we can observe
higher surface area of Hombikat (249.8/g), but also the  that by increasing the solution pH from 2.5 to 3, the rate of
lower charge density on the surface of Hombikat compared Hg(ll) reduction increases significantly, yet the amount of

Hg (1) photoreduced (uM)

100 F

with Degussa P25 at the same pH valueéig (1). Hg(ll) adsorbed on the catalyst was only increased slightly
(Table J. It can be ascribed to the possible photo-oxidation

3.2. Effect of pH on the photocatalytic reduction of Hg(0), which inhibits the overall rate of Hg(ll) reduction

of Hg(ll) under strongly acidic condition by photo-generated holes.

Serpone et af2] found Hg(ll) reduction in the first 20 min

A blank experiment of irradiating the solution contain- of irradiation followed by the Hg(ll) re-dissolution at pH O
ing Hg(ll) at 0.56 mM without TiQ shows no decrease in  due to mercury(0) re-oxidation. The photo-oxidation of mer-
Hg(ll) concentration. The same result was obtained in an- cury(0) is thermodynamically favored at more acidic pH,
other blank test on a reaction solution containing 20mM because the potential of the valence band hole also shifts to
of formic acid and 0.56 mM of Hg(ll) without Ti@under more cathodic potentials with increasing solution pH.
UV irradiation. However, when Ti@particles were added . o
into these two solutions, the white TiQurned black with Eve =3.15 - 0059pH (at25°C) @
time, Hg(0) being produced as discussed below. Therefore,Increasing the amount of formic acid in Hg(ll) solution from
the photo-reduction of Hg(ll) occurs only in the presence 5 to 50 mM at pH of 2.5, as shown fRig. 2, significantly
of the semiconductor powderBSig. 2 depicts the results of  increased the amount of Hg(ll) reduced. However, the op-
Hg(ll) photo-reduction as a function of irradiation time at timal value of the concentration of formic acid for Hg(ll)
different solution pH values in the presence of Degussa P25reduction at pH 4 was found to be 5mM (#ig. 3), which
TiO2. Decreasing the pH decreased the amount of Hg(ll) indicates that the re-oxidation of Hg(0) occurs easily under
photo-reduced. It can be explained by the effect of solution strongly acidic conditions.
pH on the potential of conduction band electrons and the
surface properties of the TiGemiconductor. The potential  3.3. Effect of HCOOH on the photocatalytic reduction of
of the conduction band electron is pH dependent, and shiftsHg(I1)
to more cathodic potentials with increasing fit¥].

_ o Preliminary experiments revealed a progressive increase
Ecs = —~0.05—0059pH (at25°C) @) in the amount of Hg(ll) reduced at pH 4, thus all further
The driving force for Hg(ll) reduction by conduction band experiments were carried out at this pH. It is well known
electrons thus increases as pH increases. On the other handhat the overall quantum efficiency of photocatalysis is de-
it is considered that the mechanism of the photocatalytic termined by the interfacial electron-transfer rate and the
reduction is based on the delivery and receipt of electronsrecombination lifetime of the photo-generated holes and
between photo-excited Tgland Hg ions adsorbed onto the electrons. To enhance the quantum efficiencies, the most
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Fig. 3. The variation in the amount of Hg(ll) photo-reduced with irradiation time as a function of formic acid concentration usirgegi@Gsa P25.

common way is to increase the recombination lifetime of In order to complete the hole transfer efficiently, formic
holes and electrons. Therefore, in the process of photo-acid was selected as the hole scavenger in our experiments.
catalytic reduction of metal ions, filling the valence band There are three advantages for selecting formic acid: (a)
holes by the electrons of the reductant may accelerate theFormic acid only absorbs light with wavelengths below
photocatalytic efficiency. In the absence of organic species, 260 nm, as a consequence, there will be only photocat-
the photo-generated holes would have to be consumed byalytic (no direct photolysis) reactions involving formate
water via a four-electron-pathwa¥q. (3). However, this under our experimental conditions; (b) formic acid is a

is a kinetically slow procesgl]. small molecule, which is easily adsorbed onto Fi®o
N N that direct oxidation by the hole may occur; and (c) the
2H0 + 4hj, — Oz + 4H (3) photoproducts of formic acid oxidation are €@nd HO,
600

500
—@— 0 M Chloride
400 —=&— 0.01 M Chloride
0.1 M Chloride
—w— 1 M Chloride
300

UVITIO /Hg(ll) System:
[TiO,]=0.1g/L
[Hg(IN], = 0.56 mM
pH=4

200
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Fig. 4. The variation in the amount of Hg(ll) photo-reduced with irradiation time as a function of chloride concentration using Degussa P25 TiO
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these products would not lead to troublesome environmen-a higher removal rate of metal ions might be achieved. This
tal issues. One should also note that ‘Odduld react with was indeed found out to be true and was reported elsewhere
formic acid and oxygen present in the solution to give su- [5].
peroxide, which further participates in the overall reaction
process. 3.4. Effect of chloride on the photocatalytic reduction of

Fig. 3illustrates the rather dramatic effect of formic acid Hg(l1)
on the photocatalytic reduction of Hg(ll). The figure clearly
shows that HCOOH can act as an efficient hole scavenger Data for photocatalytic reduction of Hg(ll) in the pres-
during the reaction. Carraway et §l9] have provided ex-  ence of varying chloride are shown kig. 4. A significant
perimental evidence for the direct oxidation of formate by decrease in the photo-reduction rate of Hg(ll) was observed
the hole at the semiconductor surface. As showhRim 3, as chloride concentration increased. This could be due to
formic acid accelerated the rate of Hg(ll) reduction, even the mercury-chloride complexes which are present in wa-
at concentrations as low as 0.5 mM. The rate increased sig-ter. If Hg?" and CI- are present in water, they will com-
nificantly with the HCOOH concentration. However, when bine to form the undissociated, but soluble species RgCl
more than 5mM of HCOOH is present in the solution, the (aq), where (aq) is used to designate that the species is in
reaction rate seemed to approach a limiting value. The iden-solution. Chloride can also combine with mercury in other
tical profiles of Hg(ll) reduced with irradiation time in the proportions to form a variety of complexes, among which
solution containing HCOOH at 5, 10, and 20 mM suggests HgClI*, HgCk~, and HgC}?~ are the predominant species.
that the efficiency of photocatalytic reduction of Hg(Il) may Equilibrium relationships for the various mercury-chloride
be determined only by the rate of electron-transfer from species can be developed from the following reactions:
TiO, surface to Hg(ll) when HCOOH approaches a certain

value, not by the recombination lifetime of electrons and Hg?" +CI~ = HgCl* K1 =56x 10° (4)

holes. _ _ HgCI* +CI~ = HgCl, K =3x 10° (5)
It should be noted that all experiments were conducted in

air-saturated samples. Inherent oxyge260x 106 M) in HoCl, + CI™ = HgCly~ K3=7.1 (6)

sample solutions is expected to successfully compete with _ _ o

Hg(Il) for conduction band electron. This is expected since H9Ck™ +CI™ = HgCL,™™ K4 =10 @)

the rate constant for oxygen {&- €aq ™ 02", k=19 x whereKj, Ko, K3, andK, are the stability constantd].

10'°1mol~*s~* [20]) is slightly higher than Hg(Il) reaction Moreover, hydrolysis of these species can occur in the pres-
(Hg(l) + &4 — Hg(), k = 7.1 x 10°Imol~*s71 [21]) ence of OH [22].

with electron. Therefore, one can expect that in the absence

of dissolved oxygen, by purging the solution with nitrogen, Hg?" + 2Hp,O = Hg(OH)2 + 2HT K5 = 10769° (8)

HgCI2 Hg(OH),

HgCl®

2+

Hg
-8pHgCl,

2]

-10p HgCl,*

log[species]

-12¢+

-14}

-16}

.18}

-20

Fig. 5. Distribution of aqueous mercury species at 0.56 mM Hg(ll) and 1.12 mMaGla function of pH.
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Table 2 3.5. Separation of Cr(VI)/Hg(ll) mixtures
Hg(ll) adsorbed on Degussa P25 Ffin the presence of different
concentrations of chloride at pH 4

The addition of Cr(VI) to TiQ suspension dramatically

NaCl in solution Hg(ll) adsorbed inhibited the initial Hg(ll) reduction rate as shownHig. 6.
M) (%) The redox potential (versus NHE) of £3:2-/Crt is

0 10.7 0.82V at pH 4; it can compete more favorably with HgCl
3'21 gé for electrons. The inhibitory effect of Cr(VI) on Hg(ll) re-
1 13 duction by the UV/TIQ process may also be attributed to

catalyst deactivation, consider that although Cr(VI) has been
converted to Cr(lll) after 60 min of irradiation (iRig. 5),

the rate of Hg(ll) reduction was still slow at this stage. To
Based on the mass balance of reacting Hg(ll) species us-verify this hypothesis, we have filtered the suspension after
ing the appropriate stability constantsig. 5 illustrates 60 min of irradiation in order to remove the used catalyst
the distribution of soluble mercury species in water as and to replace it with fresh Ti®at 2 g/l of the remaining

a function of pH when the total molar concentration of solution. As shown irFig. 5, after 10 additional minutes
Hg(ll) is 0.56 mM. At pH lower than 7, the predomi- of irradiation, the reduction of Hg(ll) is almost complete.

a [TiO,] = 0.1g/l.

nant species in water is the neutral HgQhot HZ+. As It can be concluded that Cr(lll) species depositing on the
the chloride concentration increases, the amount ot"Hg  TiO, surface after Cr(V1) photo-reduction resuits in the loss
ion in the aqueous media would decrease, HgClbe- of TiO, photocatalytic activity.

ing the predominant species. However, the redox potential The effect of Cr(VI) on Hg(ll) reduction suggests that

(versus NHE) of the Hg/Hg couple is 0.85V, which  photocatalysis is a useful technique for the separation of

is higher than that of two mercuric chloride complexes Hg(ll)/Cr(VI) mixtures, which exist in the dental office

EagCIﬁ*/Hg = 046V and Ejyc; g = 0.41V) [22], waste stream. Since soluble chlorides can act as legends

therefore, the photocatalytic reduction of Hg(ll) is favored to form complexes with mercury, which have lower reduc-

in the aqueous media containing a low concentration of tion potentials than Hg, the proper addition of chlorides

chloride. to a Hg(ll)/Cr(VI) mixture can retard the photocatalytic
The effect of increasing chloride concentration on the reduction of Hg(ll) and achieve a good final mercury re-

rate of photocatalytic reduction of Hg(ll) may also be due covery with insignificant traces of other toxic metals, such

to the less active sites of TiOcatalyst availableTable 2 as Cr(VI).

summarizes the adsorption of Hg(ll) in the presence of

chloride under the same experimental condition&im 4. 3.6. Comparison of photocatalytic activities of TiO;

The large amount of Cl in solution may result in the  degussa P25 and hombikat UV100

blocking of active surface sites on TiOsince the pos-

itively charged TiQ surface at pH 4 contributes to Cl TiO, Degussa P25 and Hombikat UV100 were tested

adsorption. for the photocatalytic reduction of Hg(ll) at pH &ig. 7

500

E— | |
soof
UV/Degussa P25/Hg(ll)/Cr(VI)
[TIO,]=2glL 400

s
S 400 [Hg(I1)], = 0.56 mM 3
2 [Cr(VI)],= 0.5 mM <
c [HCOOH] = 5 mM 2
2 _ pH=4 300 3
2 300 S
> =
£ e
= inmi 200
< 200 B = Hg(ll) in mixture -
=y —A— Cr(VI) in mixture O
T A

100 - 100
A
0 . . 0
0 20 40 60 80 100 120

Irradiation time (min)

Fig. 6. The effect of Cr(VI) on the photocatalytic reduction of Hg(ll).
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Fig. 7. The comparison in the amount of Hg(ll) photo-reduced with irradiation time for two different commerciap®i@lers.

shows the photo-reduction of Hg(ll) for two different brand by Khalil et al. [23]. However, when the Ti® dose was

of catalyst with illumination time at same experimental reduced Fig. 7§ from 2 to 0.1g/l Fig. 7b), the photo-
conditions except amount of catalyst. When 2 g/l catalyst catalytic activity of Degussa P25 was higher than that of
is used Fig. 79, the photo-reduction of Hg(ll) proceeded Hombikat UV100. It indicates that the two commercial
to completion within 10 min when Hombikat UV100 T30  TiO, powders may have a different sensitivity to the in-
is used, while only a half of the amount of Hg(ll) has cident light intensity, since the dose of the catalyst would
been reduced using Degussa P25 during the same timeinfluence the light absorbance. Degussa P25 is composed
However, photo-reduction was almost complete in 20 min. of loose aggregates of Ti) whereas Hombikat UV100
This may be due to the higher surface area of Hombikat particles are highly agglomerated Bi{L4]. Therefore, the
UV100, thus more active sites taking part in the reduc- Degussa P25 Ti@suspension is more opaque than Hom-
tion process. Similar experimental results were reported bikat UV100 when the catalyst loading is 2 g/l. This results
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Fig. 8. The effect of incident light intensity and TiQlosage on photocatalytic reduction of Hg(ll) using: (a) Hombikat UV100; (b) Degussa P25.

in lower light penetration through the Degussa P25 ;TiO
suspension.

duction in two UV/TIQ systems were carried out under
the same condition:ig. 8ashows the conversion of Hg(Il)

Hg(ll) reduction using Degussa P25 when the light intensity

was increased. By raising the incident light intensity from
To compare the effect of incident light intensity on two 0.92 to 2.2 mW/crf, the rate of Hg(Il) reduction increased
commercial TiQ catalysts, the experiments of Hg(ll) re- only slightly, whether the

dose of Degussa P25 was as high

as 29/l or as low as 0.1g/IF{g. 8b. It seems Degussa
P25 has already reached its limiting capacity for light ab-

using Hombikat UV100. The results indicate that, at a cer- sorbance, while Hombikat UV100 has not reached it yet.
tain dose of Hombikat UV100, the rate of Hg(ll) reduction Moreover, unlike Hombikat UV100, the reduction rate of

increased with increasing light intensity. On the other hand, Hg(ll) in a 2 g/l Degussa P25 suspension was smaller than
the rate also increased with the dose of Hombikat UV100. in a 0.1g/l suspension. It is suggested that the optimum

These results are similar to those of Khalil et[aB]. They

dose of Degussa P25 has shifted to a lower value, not the re-

found that the optimum dose of Hombikat UV100 was 2 g/l. ported 2 g/l. This probably occurs due to the light shadowing
However, we did not observe a significant improvement of (shielding) effect of a large amount of dark Hg(0) deposited
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Fig. 9. Hg(4) XPS spectra of the surface TiDegussa P25.

on the TiQ surface. The above results clearly show that the as shown inFig. 9. This is strong evidence that under
photocatalytic activity depends in addition to the selection UV-illumination, the amount of Hg(ll) reduced on the TiO
of brand of catalyst, also on catalyst loading and light in- is increasing.

tensity. Degussa P25 is photo-catalytically more active than

Hombikat UV100 at the low catalyst loading and at low light

intensity. 4. Conclusions

3.7. XPS study Hg(ll), a toxic species in aquatic systems, can be
photo-reduced via the UV/Ti©process. The process is an
Photo-reduction of metal ions on semiconductor sur- efficient route for the removal or the recovery of mercury,
faces has been studied extensively using many advancedince increasing the pH and the amount of catalyst used can
techniques. Based on the EPR (electron paramagnetic resoincrease the rate of the reduction process. The addition of an
nance) study, Rajh et §24] proposed the current doubling organic hole scavenger also increases the photo-reduction
mechanism for lead reduction on surface-modified ;TiO rate. Mercury can be selectively and totally reduced and
nano-particles. XAFS was also used by Chen ef24] to extracted from a Cr(VI)/Hg(ll) mixture in the presence of
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