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Abstract

Ag/TiO2 catalyst with fine size and homogeneous dispersion of coated silver clusters was synthesized by a recently developed pH-:
controlled photocatalytic process and applied to the photocatalytic reduction of nitrate as an environmentally friendly and low-cost catalyst
with formic acid as a hole scavenger. Compared with conventional preparation routes, the as-preparegdoagdly§t in this study shows
better catalytic performance: a nitrate conversion of 98% and selectivity for nitrogen of ca. 100%, which can be achieved after 30 min of
irradiation. The average activity was calculated to be ca. 24 r,‘qg;olg;; min—1, which is much higher than that of most of Pd—Cu-
based nitrate hydrogenation systems in terms of metal usage, demonstrating its application potential. A similar photocatalytic efficiency
and selectivity for nitrogen were also observed for nitrite photocatalytic reduction on this catalyst. The effects of Ag content, hole scav-
engers, concentration of formic acid, and other anions present in drinking water, such%as 8032, and HCQ~, were systematically
investigated.

0 2005 Elsevier Inc. All rights reserved.
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1. Introduction Liquid-phase catalytic nitrate hydrogenation has been ex-
tensively studied since 1989, when a Pd—Cu bimetal catalyst
Highly concentrated nitrate and its metabolites are toxic Was found to be active by Tacke and Vorlgps]. Since the
to human health and are particularly harmful to infants, Water treatment process must be carried out at ambient tem-
so the World Health Organization (WHO) recommends a Perature, noble metals with potential toxicity, such as Pd,
maximum nitrate concentration of 10 mgcalculated by ~ RN, and Pt had to be used primarily to achieve high activity.
nitrogen weight, denoted as fg), a maximum nitrite con- Neverthelegs, the activity an_d sglectmty fqr nitrogen have
centration of 0.03 mg/I, and a maximum ammonium con- not been S|mu_ltaneously sa_ltlsfymg, especially for tapwater
centration of 0.4 mg/! in drinking water. It has been re- treatment, until recent studi¢®,3,6—16] Furthermore, the

ported that the nitrate concentration in groundwater can beformann 9f _undeswed ammonia, the safety of hydrc_)gen,
as high as 50 mg/l in some locationg1]. Biological and and the efficient contact among three phases are still ma-
physicochemical methods have been developed to treat ex{o" problems to be faced in future applications. In view of

cess nitrate, but a catalytic process is expected to be moreth's’ a negative view of the application prospects of liquid-

economical and to have ecological advantdgea] phase catalytic hydrogenation and conventional methods
' like reverse osmosis as alternatives were expressed by Ruiz-

Bevia[17], but they were soon defended by Corfh8].
" Corresponding author. Fax: +86 22 23500341. In recent years, heterogeneous photocatalytic reduction
E-mail addressguannj@nankai.edu.diN. Guan). of nitrate over semiconductor materials has also been de-
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veloped as a promising method for controlling the concen-
tration of nitrate in drinking watef19-21] Among them,
TiO, was considered to be the material with the most poten-
tial for photocatalytic purposes, because of its exceptional
optical and electronic properties, chemical stability, nontox-
icity, and low cost[22]. It has been prove{23-25] that
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KBH4 (1.0 M) as the reductant under a nitrogen atmosphere.
Typically 2 g titania and a certain amount of AgN@as
added to 25 ml double-distilled water with stirring for 30
min and subsequently ultrasonically dispersed for 20 min.
After that, more than 5 times stoichiometric 1 M Kgldnd

1 M NaOH were mixed and slowly added to the above mix-

metal loading and the addition of so-called hole scavengersture. The reduced particles were finally filtrated and washed
instead of photochemically produced hydrogen are essen-by ethanol or water and dried under ambient conditions. The

tial for the effective reduction of N& . Many metals, such
as Pd[24,26] Pt[24,26] Rh[24,26] Ru[26], and sacrifi-
cial electron donors, such as methaj2@-28] ethanol26],
EDTA [26], oxalic acid[29,30], sodium oxalat¢31], formic
acid[32,33], sucrosdg34], and humic acid19], have com-
monly been used to improve photocatalytic efficiency. Al-

metal weight content of both catalysts was 1 wt%, as ana-
lyzed by ICP.

2.2. Catalyst characterization

Transmission electron microscopy (TEM) was carried out

though the reductants were easier to handle than hydrogenwith a Philips EM-120 TEM instrument with an accelerating

unfortunately, the photocatalytic efficiency of the catalyst
was still unsatisfying, and high concentrations of toxic nitrite
or ammonium by-products instead of the desired nitrogen
were observed in previous studifg9-21,23—-34] Accord-
ingly, it is extremely desirable and exigent to find out an
optimal reaction system to improve the activity and selec-
tivity for nitrogen of the reaction, and to produce a quality
standard for drinking water.

In our previous wor35-37] a pH-controlled photode-

position process at room temperature was developed to con-

trol the size and morphology of coated metals such as silver,
platinum, and palladium on the surface of titania, to produce
homogeneous dispersion and narrow size dispersion.

In this study, the effect of morphology of coated silver on
the photocatalytic activity of nitrate was further investigated.
High conversion (98%) and almost 100% selectivity for ni-
trogen were obtained in nitrate photocatalytic reduction with
the use of nontoxic and relatively low-cost fine Ag clusters

voltage of 100 keV.

X-ray photoelectron spectroscopy (XPS) was performed
with a PHI 5300 ESCA commercial instrument (PHI Inc.)
(Mg-K,, radiation; 1253.6 eV; 10/ Pa), with a C & pho-
toelectron peak (binding energy at 284.6 eV) as an energy
reference.

2.3. Photocatalytic reduction tests

Photocatalytic reaction was carried out in a double-
walled quartz cell cooled by water with a 125-W high-
pressure Hg lamp (main wavelength around 365 nm) as a
light source Fig. 1). The initial concentration of nitrate an-
ions was 100 mg/| (calculated by nitrogen weight, as done
for nitrite and ammonium in this paper). No treatment was
carried out to drive out the dissolved oxygen. During irradia-
tion, a small part of the solution was withdrawn periodically,
the powdered catalyst was immediately separated by cen-

photodeposited on nanosized titanium dioxide particles astrifugation, and the supernatant was analyzed to determine
catalyst (denoted as Ag/Tipand formic acid as an effective  the residual concentration of nitrate, nitrite, and ammo-
hole scavenger. The formation of more deleterious products,nium ions with an UV-vis spectrophotometer (Shimadzu;
nitrite and ammonium, was thereby avoided, and residual UV-240), which has been described in the literat[88].
formic acid can be completely decomposed into a harm- Generally, nitrate, nitrite, and ammonium ions were colored
less compound, C£by further irradiation. Formate has also by color reactions and then their absorption intensity was
been reported to be a potential electron donor instead of hy-measured at 410, 540, and 697 nm separately. No notable

drogen for the biodegradation of nitrate in groundw§3éi.

The average activity for nitrate conversion was calculated
to be ca. 24 mmolg: min~!, whereas that of most pre-
cious metal-based bimetal catalysts in nitrate hydrogenation
is 1-3 mmol g p,min—2.

2. Experimental
2.1. Catalyst preparation

Ag/TiO2(A) (P25, Degussa, Japan; anatase 79%, rutile
21%) catalyst was prepared by a pH-controlled photocat-
alytic process that has been described in our previous work
in detail[35]. Ag/TiO2(B) (P25, Degussa) catalyst was syn-
thesized by a conventional chemical reduction method with
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Fig. 1. Scheme of reactor.
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catalytic ability was found without illumination in this reac-
tion system.

The catalytic activity for the reduction of nitrate was com-
monly defined as the amount of nitrate anions reduced per
minute and active metal weight (m@j,- min~1g_l ). The
selectivity for nitrogen was defined as the ratio between the
concentration of nitrate reduced to form nitrogé#(,) and
the total concentration of nitrate reducedifs), provided
that no by-products were formed, other than nitrite and am-
monium ©n, = (MN,/Miota) x 100%). Unless stated oth-
erwise, the selectivity in this study is an integral result of 30
min of reaction, not a differential or stable one.

To identify the gaseous products during nitrate photo-
catalytic reduction, one separate experiment was done for 4 "3
Ag/TiO2(A) catalyst in the presence of 0.04 rjbformic . e 9 1
acid. Before irradiation, the solution and the reactor vol-
ume were saturated with helium. The experimental results Fig- 2. TEM image of nanosized Ag/T§A) synthesized by photodeposi-
showed that the nitrate conversion rate was unchanged com°™
pared with the corresponding experimental conditions with-
out helium. Gaseous products were analyzed with a gas
chromatograph equipped with a TCD detector, with he-
lium as a carrier, and a molecular sieve 5A column coupled
with a Porapak Q column was used for the gas separation.
The experimental results demonstrated that nitrogen was the
only gas product and the JN\selectivity was calculated to
be 99.9%.

3. Resultsand discussion
3.1. Metal modification

It has been reported that noble metal clusters such as Pd,
Pt, and Ag of appropriate amount or size can efficiently trap
the photoinduced electrorjd0-43] However, metal coat-
ing will usually cause some new problems, resulting in a
decrease in photocatalytic ability. One is the coverage and
occupation of some semiconductor surfaces, decreasing the€Fig. 4), the coated silver on both catalysts can be deduced
photoinduction efficiency; the other is that particle that are to be in the metal statelable 1exhibits the correspond-
too large will become new recombination centers of photo- ing experimental results for catalysts BiDegussa P-25),
generated electrons and ho[@4-47] Thereby, a volcano-  Ag/TiO2(A), and Ag/TiGx(B). Obviously, proper silver coat-
type dependence of metal load was commonly found in ing inhibits the recombination of photogenerated electrons
many photocatalytic systems. and holes very well and thus accelerates the conversion of

Modification of semiconductors with metals has been nitrate. In view of the polydispersion of silver nanopatrticles
carried out by different techniques, and the resulting effi- coated on Ag/Ti@(B), the metal modification effect is rela-
ciency depends on the preparation method and final physic-tively inferior to catalyst Ag/TiQ(A), on which a conversion
ochemical properties of the mater[@R]. Thermal impreg- of 98.4% and a selectivity for a desirable product, nitro-
nation, chemical reduction, and photodeposition were the gen, of 100% are achieved. As discussed above, the main
usual methods, and the last was reported to yield more activedifference between Ag/Tig§A) and Ag/TiO(B) lies in the
photocatalytic catalystg8]. Fig. 2 shows a typical TEM morphology of coated silver particles; thus the fine size and
image of Ag/TiIQ(A) in which the coated silver particles, even dispersion of coated silver nanoparticles may prolong
with an average diameter of ca. 2 nm, are evenly dispersedthe lifetime of photogenerated electrons more efficiently and
on the surface of Ti@ In contrast to this, the metal parti- may be responsible for their superior accelerating effect.
cles coated on a Ag/Tig)B) catalyst by chemical reduction A volcano-type curve of metal content to conversion was
are larger and heterogeneously dispersed, which is shown inalso found in this studyFig. 5 plots the conversion of ni-
Fig. 3. Based on the binding energy of silver in XPS spectra trate as a function of silver content, from which 1 wt%

Fig. 3. TEM image of Ag/TiQ(B) synthesized by chemical reduction.
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367.6 photogenerated electrons and holes, leading a decrease in
photocatalytic efficiency.
120 Ag/TiO,(B) To determine the chemical resistance of Ag/J(i®) cat-

: alyst, the solution was analyzed by ICP after irradiation to
367.4 determine the concentration of silver ions. With the detec-
tion limitation of ICP, no silver was observed in solution,
indicating a good chemical resistance of Ag/3{®) cata-
lyst.

-
w
—
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3.2. Effect of hole scavengers
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In addition to the modification of catalysts, another way
to promote photocatalytic performance is to add sacrificial
Fig. 4. XPS spectra of Ag/Tig electron donors (hole scavengers) to the reaction system.
Distinct kinds of sacrificial reagents were commonly found
to have a different effect on various systems. Accordingly,
choosing a suitable and effective sacrificial reagent becomes
especially important for the improvement of catalytic perfor-
mance. In this study, several hole scavengers were chosen to
investigate their effects on the nitrate reductidalfle 2.

Formic acid exhibited the highest ability among seven
reagents, as displayed ifable 2 When the initial pH
is in a near-neutral region, the reaction activity ranks as
HCOONa > CH3CH;OH > CH3CHOONa > NaCy0y4,
whereas in an acid region from acidic hole scavengers, the
activity is further improved on HCOOH. No catalytic ac-
oda N tivity was observed in water without a scavenger. It is also

T —— 1 found that the selectivity for nitrogen is greatly improved in
0.0 0.5 1.0 1.5 2.0 25 3.0 an acid environment for these hole scavengers (“selectivity”
Metal Ag concent (wt%) in this article is an integral result of 30 min of reaction, not
a differential or stable one).

As far as formic acid was concerned, 0.04 phdbrmic

acid was sufficient to reduce 100 g (7.14 mmolI| or

Ag/TiO,(A) catalyst was found to have optimal activity and 443 MGyo,-/1) nltrgte (faple 3. Although the st0|ch|0met-
selectivity. The distinct modification effect of silver con- 'IC @mountof formic acid is 0.018 md 0.02 mo}| formic

tent may be attributed to their dissimilar improvement in the 2cid resulted in residual nitrite and the formation of ammo-
recombination rate of photogenerated electrons and holesnia. At the same time, the pH rose from 2.66 to 5.73 with
A low level of metal deposition will form fewer electron-  the consumption of formic acid. A further increase of formic
accumulated centers, whereas superfluous silver coating willacid did not increase the catalytic activity, which may be
lead to the formation of larger silver nanoparticles, on which caused by competition for adsorption between nitrate and
a great number of photogenerated electrons will accumu-formic anions. Thus the consumption of electrons by nitrate
late and which will become new recombination centers of was inhibited and finally affected the whole reaction.

100 1

804

60 4

404
NO, concentration (mgN/L)

H," concentration (mgN/L)

—7 X

Fig. 5. Concentration curve of reduced BQ formed NG~ and NHy
after 30 min reaction plotted as a function of silver loaded.

Table 1

Conversion of nitrate, yield of nitrite and ammonium, and selectivity to nitrogen on different catalysts

Catalyst Conversion of N§~ Yield of NO>™ Yield of NH4t Selectivity to N
(%) (mgn /1) (mgn /1) (%)

TiO2(P25) 152 0 0 100

Ag/TiO2(A) 98.4 0 0 100

Ag/TiO2(B) 717 115 0.167 837

Reaction conditions: 250 ml nitrate solution (100y¢ior 7.14 mmo}f1), 0.25 g catalyst, 0.04 mgl formic acid and 30 min irradiation time. Selectivity to
nitrogen was calculated by [(converted nitratejitrite — ammonium](converted nitrate).
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Table 2

The influences of different hole scavengers on conversion of nitrate, yield of nitrite and ammonium, and selectivity to nitrogen ove(AMgaidlyst
Hole Conversion of N@™ Yield of NOy ™ Yield of NH4+ Selectivity to N Initial
scavengers (%) (mgn/1) (mgn/1) (%) pH
HCOOH 984 0 0 100 246
HCOONa 845 450 390 422 7.20
CH3CHOOH 910 350 0 615 283
CH3CHOONa 116 599 0 484 7.10
HyCo04 16.7 220 037 846 234
NayCypOy 7.40 526 0 284 7.54
CH3CH,0OH 287 2220 0 226 6.40
Blank (H0) 0 0 0 0 670

Reaction conditions: 250 ml nitrate solution (100ym¢ior 7.14 mmoJ1), 0.25 g Ag/TiO, catalyst, 0.04 magl hole scavenger and 30 min irradiation time.

Table 3

The influence of formic acid concentration on fOconversion, formed N@~ and NH;+ over Ag/TiO;(A) catalyst

Formic concentration NO3~ conversion Formed NG~ concentration Formed NHt concentration pH
(mol/I) (%) (mgn/1) (man /1)

0.02 954 371 42 2.66-573
0.04 984 0.4 014 246-353
0.08 952 0.64 243 228-290
0.12 935 12 0.19 228-261
0.16 852 35 0.13 215-237

Reaction conditions: 250 ml nitrate solution (100xp¢or 7.14 mmoyl), 0.25 g Ag/TiO, catalyst, 30 min irradiation time.

100 —0— NO,  concentration (mgN/L) 100 | ——NO, concentration (mgN/L)
—O—NO, concentration (mgN/L) —O0— NH4+ concentration (mgN/L)
80}k —A—NH," concentration (mgN/L) 80k
60 60 |
40 40
20 20
0 ok
1 n 1 A [ A 1 A 1 A 1 A 1 n [ 2 1 2 1 A 1 A 1 A 1 A [
0 5 10 15 20 25 30 0 5 10 15 20 25 30
Reaction time (minute) Reaction time (minute)
Fig. 6. Concentration curve of N{J', formed NG~ and NH;+ plotted as Fig. 7. Concentration curve of NO and formed NH* plotted as a func-
a function of irradiation time. tion of irradiation time.

process. The conversion of nitrite demonstrates that this
catalyst also shows good photocatalytic activity for nitrite
reduction, as can be proved by the photoreduction of ni-
Fig. 6 shows the time dependence of the photocat- trite under analogous reaction conditiorf&ig( 7), where
alytic reduction activity of nitrate on Ag/TigfA) cat- 95.8% nitrite conversion and near-100% selectivity for nitro-

alyst. The conversion of nitrate increases linearly, like gen were achieved after 30 min of irradiation at an average
most photoinduced reactions, at an average rate of aboufactivity of 23 mmolg‘\é min—1.

24 mmol ggglmin‘l, which is superior to rates reported for

photocatalytic denitrification systems and even higher than 3.4. Proposed reduction mechanism of nitrate

most noble-metal-based hydrogenation systems. During il-

lumination, nitrite was detected but was finally completely Cox[49] has reported that when a mixture of formate and
converted, and no ammonium ions were found in the whole nitrate at a molar ration of 3:1 at pH 3.9 was heated for 2 h

3.3. Dependence of irradiation time
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at 350 °C and 194 atm, 100% conversion of the nitrate to
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It has been reportef@5,29]that noble-metal-loaded cat-

N2 occurred, whereas at normal temperature and pressurealysts (M/TiG) have been used in photocatalytic reactions
the reaction could not happen. This was proved by a dark mainly because (i) they have a high electron affinity and

experiment without UV irradiation. In the presence of formic

hence increase the lifetime of the excitons, thus slowing

acid, nitrate and nitrite reduction can be expressed as followsthe recombination of the charge carriers (i.e., electrons and

(under UV illumination):

2NO3;™ 4+ 5HCOO™ 4 7HT — Ny + 5COp + 6H0, (1)
2NO3~ + 12H" + 10e — N3 + 6H0, 2)
HCOO™ + ht — HT + COx*~, 3

2NO3™ + 12Ht 4+ 10CO*~ — Ny + 6H,0 + 10COy, (4)

2NO,;™ + 3HCOO™ + 5HT — Ny + 3CO, + 4H0, (5)
2NO,™ + 8H™ + 6¢ — N3 + 4H,0, (6)
2NO,;™ + 8HT + 6CO;*~ — N + 4H 0+ 6C0. (7)

holes) and (ii) they promote the dissociative adsorption of
hydrogen as khsfor metals with low H overpotential (e.g.,

Pt) or stabilize Hgsfor metals with high H overpotential
(e.g., Ru). Photocatalytic effectiveness was known to depend
on how long the photogenerated electrons are trapped on
the metal centers and how efficiently they are used in sub-
sequent reduction reactiof5]. Moreover, the morphology
and size of coated metals that were commonly influenced by
the method of preparation were considered another crucial
factor in determining catalytic activifp6]. For instance, the
activity order of nitrate reduction was RuPt> Pd> Rh

for the catalysts prepared by the impregnation method, and

It is easy to deduce that photogenerated electrons andthe order of activity was Pe- Rh> Pt > Ru for the cat-
holes can be consumed by nitrate and formic acid, respec-alysts prepared by photodeposition method. In this study,

tively. Values for the flatband potential,) of the conduc-

metal silver clusters coated on TiQarticles not only should

tion band (ch) and valence band (vb) of Degussa P-25 haveprolong the lifetime of photogenerated electrons very well,

been calculated to be0.3 V and+2.9 V (pH = 0), respec-
tively [50]. And the position of the flatband of a semiconduc-

but should also act as efficient reduction sites. Since equal
numbers ofe~ andix~ must be consumed in the photocat-

tor in solution follows Nernstian pH dependence, decreasing alytic systems, the acceleration of reduction withat the

by 59 mV per pH unif51], and, consequently, the capability

homogeneously dispersed metal silver surface enhanced the

of electrons and holes that are responsible for redox reactionoverall reaction as observed.

can be controlled by changes in the [#2]. It was reported

Compared with a near-neutral pH region, the catalytic ac-

that the photogenerated holes were consumed by formic an4ivity was much higher in an acid environment. The results

ions to form CQ°*~ [52] [Eq. (3)]. Compared with HCOO
(E°(CO/HCOO ) = —0.2 V), the CQ*~ species has a
stronger reductive abilitjs3] (E°(CO/CO*~) = —-1.8V)

and tends to reduce nitrat&{(NO3~/NO,~) = 0.94 V;
E°(NO37/N2) = 1.25 V; E°(NO27/N2) = 1.45 V) to ni-
trogen [Eq.(4)]. At the same time, photogenerated elec-
trons also have a relatively weaker ability to reduce nitrate
[Eqg. (2)]. So the total reaction can be expressed as Ejs.

suggested that the reduction of nitrite was greatly increased
in the acid region, which resulted in the production of a
great quantity of nitrogen, whereas the reduction of nitrate
was not as affected by acid. As the reductive ability of pho-
togenerated electrons was improved in the acid region, the
consumption of electrons by nitrate or nitrite may be in-
creased.

and (7) Because no treatment was taken for the dissolved 3 5 Effect of salts

oxygen, the decomposition of formate by nitrate or nitrite
may be competed by oxyget {(O»/H,0) = 1.23 V), and
the redox of water can be neglected.

On the surface of Tig) “titanol” (Ti—OH) is present,
which is amphoteric and occurs in an acid-base equilib-
rium [54] as in Eqs(8) and (9) so the absorption properties
can be greatly changed for different pH values

TiOH + H* — TiOH,™  pH < 6.25,
TiOH — TiO~ + Ht pH > 6.25.

(8)
C)

In an acidic environment, Hions will be adsorbed to
the surface of P25 Tig) which was reported to have a large
surface proton exchange capacity (0.46 mfgp[55]. The

In tapwater, the components were complex, including
many anions and cations, which more or less affect the pho-
toreduction of nitrate. In this study, different concentrations
of NapSQy, NapCO3, and NaHCQ@ were added to the re-
action solution to study their effect on the photoreduction
of nitrate.Figs. 8—10show their experimental results, from
which different disturbance effects can be observed. Com-
pared with HCQ~ ions, the presence of $& or CO32~
ions produces a more negative effect on the photocatalytic
conversion of nitrate. The distinct disturbance effects may
be attributed to the dissimilar ability of adsorption com-
petition with nitrate on the surface of the catalyst. Typi-

photogenerated electrons can be captured by the adsorbedally, the surface of titania will be positively charged in

H* to form H34¢ Which is able to reduce nitrate. And the

positively charged titania makes nitrate and formic anions

the formic acid system, so it may be much easier for more
negative S@*~ or CO3%~ anions to stay near the surface

reach the Stern layer near the surface of catalyst and adsortthan for HCQ~ to produce stronger adsorption competi-

to active sites easily.

tion.
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Fig. 8. Concentration curve of reduced BQ formed NG~ and NH;
plotted as a function of Sﬁ‘ concentration.

100 | —0— NO, concentration reduced (mgN/L)
—O—NO, concentration (mgN/L)
80k NH," concentration (mgN/L)
60 |
40 |
20 F
0 -M\i i.

0 50 100 150
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Fig. 9. Concentration curve of reduced §Q formed NG~ and NH; ™
plotted as a function of Sé,?* concentration.

4. Conclusions

Photodeposited Ag/TiPwith fine silver clusters exhib-
ited better activity for photocatalytic reduction of nitrate an-
ions than Ag/TiQ catalyst prepared by a traditional method.
Under the modification of 0.04 mdiformic acid as a hole
scavenger, the as-prepared 1 wt% Ag/A(i®) catalyst was
found to exhibit as much as 98% nitrate conversion for
443 mg,o,- /I nitrate solution and 100% selectivity for ni-
trogen after 30 min of UV illumination. The average activ-
ity was calculated to be 24 mmgi, - g;lmin‘l, which is

much higher than the average activity for most noble-metal-

F. Zhang et al. / Journal of Catalysis 232 (2005) 424-431

100 |
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Fig. 10. Concentration curve of reduced jQ formed NG~ and NH; ™
plotted as a function of HC§™ concentration.
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