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Abstract

Au/TiO, catalysts have been prepared by deposition-precipitation, with the initial pH of a IjAuGltion raised to various values
between 4 and 11 by the addition of NaOH at room temperature. The optimum pH for high activity proved to be 9; at this pH the main
species in solution were anionic Au complexes, from which most of the chlorine had been removed by hydrolysis. At lower pH, the gold
complexes contained more chlorine, Au particles were larger, and activities were lower. Whereas other workers have used catalysts with more
than 2% gold, we have focused on lower loadings: catalysts containing only 0.05-1.9 wt% gold were prepared, and the pH was kept constant
at 9 throughout the preparation. When their activities for CO oxidation were determined under conditions of kinetic control, all of them had
about the same activation energy and the same high specific activity, suggesting that our method of preparation gave similar distributions
of gold particle sizes at all loadings. Their activities were unchanged by calcination up to 573 K; however, a catalyst prepared at pH 6 lost
activity progressively as the calcination temperature was raised. By withdrawing samples at critical points during the preparation, we have
shown that the adsorbed precursor (the form of which determines the size of the gold particles) is in fairly rapid equilibrium with gold species
in solution. This permits easy control of the gold particle size during the preparation and even allows the poor activity of a dried catalyst
initially prepared at non-optimum pH to be substantially improved.

0 2005 Elsevier Inc. All rights reserved.

1. Introduction shown to be effective for the synthesis of transition-metal
oxide-supported gold catalysts for CO oxidation: (i) the so-

The discovery by Harutfl] and his associates that suit- called deposition-precipitation (DP) method used by Haru-

ably prepared gold catalysts have activity for the oxidation ta’s group and (ii) coprecipitatiof6]; the former has been

of CO that is much higher than that shown by the noble more widely used. Classical methods employing impregna-

metals of Groups 8-10 has stimulated extensive work in ation [7-9], reduction, and ceramic oxide supports have had

number of laboratorief2—4]. The consensus is that high very limited success in this reaction, at least in part because

activity requires the metal particles to be very small, ide- the procedures yield gold particles that are too big to be ef-

ally 2-3 nm: for wet chemical methods of preparation this fective.

seems to be most readily achieved with oxides of certain  The DP method used to date entails, in essence, placing

transition metals. It is pOSSible that the transition-metal ox- the Support in contact with an aqueous solution of H%C|

ide is also able in some way to assist in the reaction, but it the pH of which has been raised by the addition of a base,

silica-supported gold (prepared by chemical vapour deposi- g pport, This seemingly simple procedure is capable of nu-
tion) [5]. Two preparative methods in particular have been erous variations, some of which have been described in
the literature, but all too often the published accounts omit

" Correponding author. details that might be important or even critical, and the ratio-
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0021-9517/$ — see front mattét 2005 Elsevier Inc. All rights reserved.
doi:10.1016/j.jcat.2005.01.030


http://www.elsevier.com/locate/jcat
mailto:f.moreau@salford.ac.uk

106 F. Moreau et al. / Journal of Catalysis 231 (2005) 105-114

variety of procedures used is responsible for the considerable [AUCIa]™ + H20 = AuCla(H20) + CI”

range of activities reported and for the degree of importance AuCI3(H20) = [AUCI3(OH)]~ + HT
attached to certain of the steps. Of these, calcination stands [AUCI3(OH)]™ + H20 = AUCIo(Ha0)(OH) + Ht + CI—
out as being of uncertain value. Some consider it to be es-
sential[10-12] others think it is detrimentdL3]. AUCI(HZ0)(OH) = [AUCIZ(OH),] ™ + H™

Louis et al.[10] have shown by TEM that at 473 K gold [AUCI2(OH)2] ™~ + H20 = [AuCI(OH)3] ~ + H* + CI~
particles present small facets with rounded edges and a large [AUCI(OH)3]~ + Hy = [AU(OH)4]~ + Ht + CI~
proportion of low coordinated sites, and that the negative ef-
fect of calcination above 573 K, which is generally admitted scpeme 1. progress of the hydrolysis of the AiCion as the pH is raised.
[11,12] can be explained by a change in morphology, par-
ticularly a smoothing of the surface.

The literature therefore presents a very unsatisfactory pic- 1.0 —Aucls Auon.
ture of the optimum procedure that should be adopted to c AuCI(OH)s
secure high activity for carbon monoxide oxidation and is % 0.8 T
largely silent on the chemistry that takes place during the E
preparation. Furthermore, the influence of metal loading is g06 T AuCI;(OH
unclear. § y uCl(H0
The DP method of preparing Au/Tiatalysts includes E04T L cuony
the control of the following variable parameters: (i) the con- 5
centration of the HAuGl solution; (i) the ratio of its volume 027
and concentration to the mass of support; (iii) the type of 0.0 -

TiO, (Degussa P-25 is the most commonly chosen); (iv) the 0 > 4 6 8 10
base chosen to neutralise the HAwGblution; (v) the tem- pH
peratgre -at which this is done; (vi) the pH' bOth atthe time Fig. 1. Relative equilibrium concentration of gold complexg8l—] =
the TiG; is added and SUbsequemly;, (vii) the time and the 2.5 x 1073 M) as a function of the pH of the solution, calculated with
temperature allowed for the deposition to occur; (viii) the equilibrium constants reported by Nechayev efE5].
method of filtration, washing, and drying; (ix) the conditions
for calcination if performed; and (x) the apparent sensitivity
of the precursor to light (some therefore recommend that all Nechayev and Nikolenkf21] as a basis for discussion; they
manipulations be performed in the ddd]). Very careful ~lead to the results shown fig. 1 The neutral AuQ - H0
selection and control of all of the variable parameters are is the major species at about pH 3—4, and at pH 7, which
therefore necessary if reproducible products are to be ob-is most often selected in the DP method of catalyst prepa-
tained, and an understanding of the chemical basis for thisration, AUCKOH)3™ is probably prevalent. At pH 10 and
is essential for total control over the outcome. A further dis- above, the AtOH)4™ anion is the dominant species. The
turbing feature of the DP method is that the conditions used isoelectric point of P-25 Ti@is reported to be in the range of
most often lead to incomplete transport of the gold to the 4.5-6.3[22], so that anionic species should adsorb by elec-
support, with the degree of recovery (i.e., the actual gold trostatic attraction at lower pH; neutral species, of course,
loading obtained) varying widely, although the best specific Will not adsorb in this manner.
activity is often found when the recovery is far from com-  Given the several hundred papers and patents now pub-
plete. This is clearly not ideal for the scaling up of the proce- lished on catalysis by gold, itis curious that so little attention
dure as required for industrial or environmental applications; has been given to gold catalysts containing less than 1%
the recovery of gold from the filtrate adds to the production gold. In contrast, the use of low loadings is common for sup-
costs. ported metals of Group 10 when they are used for petroleum
We may expect that a critical factor will be the nature reforming and environmental control. Catalysts with 0.01—
of the gold species in solution at the time the support is 0.5% gold on various supports (SiAI,03, MgO, COs,
introduced, so it is important to know how their concen- Fe&Os, TiO2) have been used for the reduction of NGON
trations vary with pH. Three kinds of processes appear to decomposition, alkene hydrogenation, and propene epoxi-
occur as the pH is raise®¢heme } (i) displacement of  dation [23-28] The few studies of low-loading supported
CI~ from a complex anion by water, giving a neutral species gold catalysts that concern CO oxidation are listeddn
(steps 1 and 3); (ii) loss of a proton from a neutral hydrated ble 1, however, the use of different test conditions (tempera-
ion (steps 2 and 4); and (iii) hydrolysis by replacement of ture, contact time, CO/£ratio, time on stream, etc.) makes
Cl~ by OH™ (steps 5 and 6]15]. There are several re- comparison difficulf28-34] The only paper reporting on
ports in the literaturg16—21] concerning the progress of a range of gold contents (0.5-3.1%) showed that specific
the hydrolysis of the AuGI™ ion as the pH is raised, and activity (i.e., rate per unit mass of gold) decreased signifi-
they are not all in good agreement (particularly at high pH). cantly, albeit somewhat irregularly, as the gold loading was
We choose to use the equilibrium constants measured bylowered[34].
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Table 1
Specific rates of CO oxidation for Au/Tilcatalysts

Au (Wt%) Temp. (K) 16 molco s gpt Ref.
05 300 73 a

0.5 300 076 [33,34]
0.7 300 099 [33,34]
18 300 031 [33,34]
2.3 300 18 [33,34]
3.1 300 65 [33,34]
0.15 323 76 [30]
0.05-10 b b [31]
3.0 278 50 [9]
0.06-19 243 39 ¢
0.06-19 278 23 c
0.06-19 300 61 c
0.06-19 323 110 d

& The present work, 100% conversion, under mass-transport control.

b Reaction temperature not stated, influence of loading not discussed,
turnover frequency- 1 st reported.

€ The present work, under kinetic control.

d The present work, from the extrapolation to higher temperatures of Ar-
rhenius plots constructed from data obtained under kinetic control.

This paper reports a systematic study of the critical effect
of pH during the preparation of Au/Tifixatalysts containing
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tures were achieved with a mixture of methanol and Cardice
or liquid nitrogen; we obtained higher temperatures by heat-
ing the reactor in a furnace.

CO conversion was always measured as a function of the
temperature. Activity was first tested at room temperature.
For the most active catalysts, the reactor was then placed in
a Dewar, and the temperature was lowered, after which it was
allowed to rise stepwise to a final value. With less active cat-
alysts, temperatures above ambient were used immediately.
The standard test used a reactant flow of 58 mrim—! and
50 mg of catalyst (space velocity 17,000%.

We wanted to determine the activity under conditions of
kinetic control, since in the region of diffusion control its
value would be underestimated. For several of the more ac-
tive catalysts, the reaction was therefore also carried out at
a higher space velocity (flow rate 150 ¢min—1, 20 mg
of catalyst, space velocity 115,000%). Plotting of specific
rates according to the Arrhenius equation then reveals dis-
tinct regions corresponding to mass transport and kinetic
control: even at the higher space velocity, mass-transport
limitation starts to be apparent at conversions above 40%.
The uncertainty in the conversion valuesjst8%.

Characterisation was performed by powder XRD analy-

between 0.05 and 1.9 wt% gold and records observationssis in the region of 2 = 75°-85 (Cu-K,, Siemens D500

of the influences of temperature during preparation and of
calcination. A preliminary account of this work has already
appeared35].

2. Experimental

In our initial DP method, HAuG (Alfa-Aesar, 99.99%)
solutions with concentrations betweenk11.0~* and 52 x
103 M were first prepared. Their pH was raised to a fixed
value with NaOH solution (0.1 M) added from a burette. The
TiO, support (Degussa P-25, 552gr 1) was then added
with stirring at room temperature (1 g per 50 ml of solution).
The resulting suspension was heated to 343 K and vigor-
ously stirred for 1 h; after cooling it was filtered and the
solid was washed thoroughly with deionised water and then
vacuum-dried at room temperature. The addition of;lab

diffractometer). The most useful gold peak was thatfat2
77.4°, since at this angle there is no overlap with the rutile or
anatase peaks of the support. On each catalyst the percentage
weight of gold deposited was determined by atomic absorp-
tion analysis; the calibration was performed with HAwCI
solutions of different concentration.

Transmission electron microscopy (TEM) images were
obtained with a JEOL 200CX transmission electron micro-
scope. Samples were finely ground in a mortar to fine par-
ticles and then dispersed on a copper mesh with a carbon
micro-grid. Particle size was determined by observation of
more than 100 particles.

3. Resultsand discussion

3.1. Effect of pH on the catalyst activity

ways led to a decrease in pH, and a further decrease in pH

took place during the heating to 343 K. Calcination was not
usually performed, but when used it was carried out under
air (30 mimirr?) for 4 h at a temperature varying between
373 and 673 K.

The oxidation of CO was carried out in a plug-flow fixed-

The initial preparations were carried out by Haruta’s DP
method as described in the Experimental section. Several
catalysts were prepared starting from the same gold concen-
tration (10 x 10~3 M). The pH, initially 2.6, was raised to
various values (4-11) by NaOH addition. However, to keep

bed reactor, and the catalyst was supported on a silica woola constant pH between 4 and 9 was not an easy task, because
bed near the bottom of one side of a U-shaped glass reactorits value tended to fall as OHions were slowly consumed;

The gas flow (0.49 vol% CO in synthetic air) was introduced
through a fine-control needle valve. Product analysis was
performed on-line by means of a Varian 3300 GC and the
use of a manual sampling valve, a CTR1 column (Alltech),

the rates of both the hydrolysis of the various anions and
their subsequent ligand exchange are slow, and it often took
more than 1 h to reach equilibrium.

For each preparation the initial pH (pHof the HAuUCl,

TCD, and helium carrier gas. Temperatures were measuredsolution, the pH after Ti@addition (pH,), and the final pH

with an in situ thermocouple well. The experiments were

carried out between 183 and 373 K. Subambient tempera-

(pHr) at the end of the preparation were noted. The way in
which the pH changed during catalyst preparation is shown
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Table 2
pH changes during the preparation: initial pH {pHbH after TiG, addition
(pHa), pH at the end of the preparation (gHnominal %Au= 1.0%

Catalysts pH pHa pHs
(@) 0.92 AU/TIQ 4 33 22
2 0.93 AU/TIO® 6 - 25
3) 0.42 Au/TIQ 6 5.2 31
4 1.07 AUITMQ 7 7 59
(5) 0.92 Au/TIQ 9.1 5.8 6.4
(6) 0.89 Au/TiIO® 104 85 7.7
@) 0.60 Au/TIQ 11 94 85

in Table 2 Systematic pH decreases were observed just after
TiO, addition and during the heating step; the first of these

was more significant for preparations carried out at pH abo-

ve 8.

The isoelectric point of TiQis in the region of 4.5-6.3,
and thus at higher pH the surface will be negatively charged,
resulting in an electrostatic repulsion of gold-containing an-
ions; this probably accounts for the fall in the gold content at
pH above 6. Below pH 4.5, however, an attraction operates
and the gold content is high.

Fig. 3 shows the XRD patterns for the support and for
the catalysts prepared at final pH values of 2.5, 6.4, and 8.5;
the gold peak becomes more clearly defined as the final pH
is decreased, indicating an increase in particle size for the
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crystalline gold. Later in this paper we discuss XRD patterns Fig. 2. CO conversion as a function of the temperature (a) and Ar-
rhenius plot (b) for uncalcined 1.4% Au/TiOcatalyst, space veloc-

ity: (O) 17,000 ! (standard conditions),l) 115,000 hl; rate in
A
mocogcats .

for a series of catalysts prepared at pH 8-9 that indicate that

the broad feature ifrig. 3b in the @ range of 77-80C is
indeed a result of the presence of gold.

TEM pictures have confirmed the dependence of the gold
particle on pH. The particle size in catalysts prepared at a fi-

average particle size of 10 nm.
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Catalysts were tested between 183 and 343 K for the ox-
nal pH of 8.5 was in the range of 1.5-4 nm, and the mean idation of CO into CQ. Fig. 4 shows how CO conversion
diameter measured with more than 100 particles was 2 nm.depends on the temperature and on pH for uncalcined cata-
Preparation at a final pH of 6 led to a heterogeneous distri- lysts. Higher activities were obtained on catalysts prepared
bution of gold particle sizes in the range of 4-20 nm and an at pH 8.5 (I50 = 243 K). Despite the high deposition effi-
ciency, a lower activity was measured for catalysts prepared

78

80

2-Theta - Scale

Fig. 3. XRD patterns in the region 7890° 29; (a) TiOy, (b) 0.6 % Au/TiG pH; 8.5, (c) 0.92% Au/TiQ pHs 6.4, (d) 0.93% Au/TiQ pHs 2.5.
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Temperature (K) Fig. 5. CO conversion as a function of the temperature for uncalcined cata-

) ) ) ) lysts, standard test conditionsz) 0.47% Au/TiQ (pH; 4 and pH 9) and
Fig. 4. CO conversion as a function of the temperature, for uncalcined cat- (@) 0.55% Au/TiQ, (pH; 11 and pH 8.5).

alysts, standard test conditions)(0.92% Au/Ti& pH; 2.2, (J) 0.93%

AU/TiO» pHs 2.5, ¢) 1.07% AU/TIG pHs 5.9, @) 0.92% Au/TiIQ> pHs

6.4, 0) 0.60% Au/TiQ pHs 8.5.

the pH of the HAuC] solution was raised initially to 10.4
by the addition of NaOH. The Ti®was then added, and

at pH 6.4 and 5.9, and catalysts prepared at even lower pH h : h d ) .
had very poor activity. the suspension was heated to 343 K; some experiments were

The most straightforward explanation of this variation in /SO carried out at room temperature. The suspensions were
activity is that the pH decrease favours the formation of then filtered, washed, and dried. With this method a range
larger gold particles, which are well known to be less ac- Of AU/TIO2 catalysts were prepared with gold loadings be-
tive for the transformation of CO into GO tween 0.06 and 1.9 wt%. Typically they were pale lilac in

It now seemed important to decide on the preparation €0lour. _ _
stage at which the pH is decisive in determining the size, _ 1Nhree of the XRD patterns are showrfig. 6 the inten-
shape, site, chemical nature, and, hence, activity of the goldSity &t 2 ~ 78> remained broad, but it increased with gold
particles. Is it before the support addition, after it, or at the contept. The fraction of gold in the initial solution that was
end of the preparation? To answer this question, two cata-deposited on the support was fairly constant (0.70-0.75) up
lysts were prepared: with the first, the initial pH (lgf the to a nominal content of 0.95 wt% but decreased somewhat
gold solution was raised to 4 by NaOH addition; the pH was for 1.4 wt%.
slightly affected by Ti@ addition (pH 3.8), and it was then Fig. 7 shows that the activity of uncalcined catalysts in-
fixed at 9 until the end of the experiment. We prepared a creases with the gold loading. For a loading of 0.95 wt%,
second catalyst by raising the initial gold solution to pH 9, We obtained also of 243 K, indicating a substantial im-
and this pH was maintained until the end of the preparation. Provement on the previously reported values of 282-320 K
Identical gold percentages, XRD patterns, and activities for for this loading at a similar space velocify3,34] Arrhe-

CO oxidation Fig. 5 were obtained on both catalysts, prov- hius plots showed, however, that for 0.95-1.9 wt% AukTiO
ing that the decisive pH was that used during the later stagescatalysts the reaction was under mass-transport control over
of the preparation. It has proved important for high activity most of the range of conversion covered when our standard
to keep the pH between 8.6 and 9.0 during the last minutesspace velocity was used. Specific rates for the most highly
before filtration. loaded catalysts (0.95, 1.4, and 1.9 wt%) were therefore
determined at the higher space velocity. Activation ener-
3.2. Dependence of activity on Au content using a modified gies determined from data measured under kinetic control
DP method were~ 35 kJ mot !, independently of gold loading, and in
good agreement with the literatuid.

The literature presents a less than clear description of the ~ Very active catalysts, that is those containing more than
optimum deposition-precipitation preparation procedure and about 1% gold, allowed measurements to be made in the
is largely silent on the chemistry that takes place during the range of 173-223 K, where the conversion fell only slowly
preparation. This lack of precision in the preparation and as the temperature was lowered (Bég 2a for an example).
particularly in the pH development during the preparation The activation energy here was 0-5 kJ mo(Fig. 2b). It
led us to reexamine attentively the preparation of AugTiO seems possible that the reaction in this range involves an un-
catalysts. stable but highly active oxygen species adsorbed on the gold,

Based on the results described above, we decided tosuch as O or @ ; such species have been postulated to oc-
maintain the pH of the solution at 9 throughout the prepa- cur on other sp metals such as zinc and magnef3én37].
ration. To allow for a pH decrease after the addition of J[iO  Because of its instability the concentration of such a species
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Fig. 6. XRD pattern in the region 7690° 20 of: (a) TiOy, (b) 0.14% Au/TiQ, (c) 0.77% AU/TIQ, (d) 1.4% Au/TiQ prepared at a final pH of 9.
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Fig. 7. CO conversion as a function of the temperature for uncalcined cat-
alysts, standard test condition®)(1.4% Au/TiOy, (x) 0.95% AU/TIQ,
() 0.25% Au/TiO, (O) 0.14% AU/TIO, (+) 0.06% Au/TIG.

Rate (pm0|.s-1.gca!-1)
'S

(1T

0 0.5 1 1.5 2
Gold Loading (wt%)

Fig. 8. Rates for uncalcined Au/Tigatalysts as a function of gold wt% at
243 K, (@) preparation at 298 K @) preparation at 343 K.

Table 3

Reproducibility tests for low loading Au/Ti® catalysts prepared under
identical condition (final pH 9[HAUCI4] = 4 x 104 M); gold deposited
(Au wt%), gold deposition efficiency (ZP), temperature at 50% conver-
sion (T50), specific activity (sp), and activation energyfa)

Catalyst T Au %DP Tsg rspx 10% Ea
(K)  (wt%) K molcostgyh (KImor?)
1 343 014 70 266 3l 34
2 343 012 60 273 X 35
3 293 014 70 268 D 34
4 293 015 70 263 40 37

would fall quickly as its temperature is raised, causing the
apparent activation energy to be very low or even zero.

Fig. 8 shows rates obtained at 243 K (under kinetic con-
trol at all loadings). They increase linearly with the gold
loading; consequently the specific activity (per unit mass
of gold) is the same for all of the catalysts, and its value
of 3.9(0.4) x 10~* molcos g, is higher than those re-
ported in the literatureTable J).

The most logical explanation for this constant specific
activity is that our preparation method produces a similar
distribution of gold particle sizes at all loadings, and hence
the number of active sites just increases in simple proportion
to the gold content.

The preparation method also has the advantage of be-
ing very reproducible; catalysts prepared in batches rang-
ing from 3 to 30 g gave similar gold weight percentages
(0.15 wt% Au/TiQ) and activities for CO oxidationTa-
ble 3. Two preparations were also carried out wholly at
room temperature, without affecting catalyst properties.
From an initial value of 0.90, during 100 h of continuous
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Fig. 9. CO conversion as a function of the temperature for 0.14% Ay/TiO  Fig. 10. CO conversion as a function of the temperature for 0.92 wt%
prepared at final pH 9, standard test conditio®g;{ncalcined; calcination: Au/TiO, prepared at final pH 6, standard test conditiol®) (ncalcined;
(O) 373K, (A) 473 K, (x) 573 K, and ¢) 673 K. calcination: ) 373 K, (A) 473 K, () 573 K, and ¢) 673 K.

operation, the fractional conversion typically decreased by

0.003 L. ity was observed, in agreement with the literat{®el1]

At conversions greater than 70%, where diffusion control

As mentioned earlier, low-loading gold catalysts have ; L L
. . _dominates, the activity is slightly affected by calcination.
been studied by only a few authors, and Haruta and his . .
In contrast, on the series prepared at a final pH of 6.4, the

colleagues have reported an exponential decrease in theactivit decreased progressively with increasing calcination
CO oxidation rate with decreasing gold contemalfle 1) y prog y 9

[33,34] A series of catalysts with loading in the range of temperature; as seen Fg. 1Q _cglcmatlon at just 473 K.
0.5-3.1 Wi%, with fairly similar average particle sizes, had causes substantial loss of activity. There are two possible

significantly lower specific activity (per unit mass of gold) factors that contribute to this: (i) At pH 6.4 the gold ions in

at the low loadings; for some reason it would appear that asolution are stifrichin chlor_ine, and if retained by the sup-
gold particle on the order of 3 nm in diameter is less active port they would have a detrimental effect, perhaps assisting

when present at low loading. However, it is difficult to ex- the mobility of gold atoms during calcination and affecting

plain the anomalous drop in specific activity observed on the t_he pgrticle morphqlogy. A.t pH 9 there would be fewer chio-
1.8 Wt% Au/TiO; catalyst Table 1. rine ligands associated with the gold complex adsorbed on

The difference between our results and those of Harutathe support and the chloride ions probably would be more

might be explained by the careful pH control performed in feasily eliminated by washing. (ii) As discussed earlier, there

the present work. In addition to the advantages of repro- is also a difference in the particle size. At pH 6.4 some large

ducibility of preparation and high activity, the fact that this particles are created and probqbly some small ones as well,
method results in a constant specific activity allows the re- whereas at pH 9_ large crygtall|r_1e particles are absent._The
placement of a high gold loading catalyst with a larger quan- eX|sFe_nce i sizes in the fofmer case prowdes
tity of low-loading catalyst, potentially leading to a better a driving force for Ostwald ripening, which does not exist

control of heat transfer and temperature hot spots resultingWhen the particles are un|for.mly small. . ,
from the exothermic reaction. Moreover, the lower surface The greater effect of heating on conversion in the regime

density of gold on the support probably limits sintering and ©f diffusion limitation Fig. 9) is not easily explained; there
Ostwald ripening. These factors therefore ought to encour- MY be some physical aggregation of the titania particles as

age the use of catalysts with low gold contents for CO oxi- their surface is dehydroxylated (starting at about 423 K), in-
dation. hibiting mass transport at high conversion.

3.3. Dependence of activity on calcination temperatures ~ 3.4. Analysis performed at various stages of interrupted
preparations
Calcination was performed at 373, 473, 573, and 673 K,
for catalyst series prepared with final pH values of both 6.4 A clearer understanding of the way in which pH at var-
and 9. XRD patterns for calcined and uncalcined catalysts ious stages of the preparation affects the properties of the
within each series were identical, indicating that calcination finished catalyst has been obtained by withdrawing samples
to 673 K does not significantly affect the size of the crys- for analysis at critical points in an experiment in which the
talline gold particles. pH is systematically varied during a single preparation. The
As seen inFig. 9, for catalysts prepared at pH 9, for protocol used is shown iRig. 11, together with the coding
conditions resulting in kinetic control, the activity was es- used to identify each sample. The experiment was carried
sentially unchanged by calcination up to 573 K, but when out with 10 g of TiQ, corresponding to an initial volume of
catalyst were calcined at 673 K, a substantial loss in activ- 500 ml of chloroauric acid solution. For each critical point,
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pH control (+ NaOH)

Table 4
H 10 4——— pH9 —» . X . . .
P TiO, P PH11 pH 124 Time, final pH of the preparation (gH gold deposited (Au wt%), gold
\ \ Heating \_\ deposition efficiency%DP), temperature at 50% conversidfyg), specific
K —_— 3 07T > A — activity (rsp), and activation energyH) of the EC1-EC7 catalysts
HAUC], aq. %‘ 3‘:2'; 322'3" Cata- Time pH; Au  %DP Tso rspx 10° Ea
; 1.— 1
lyst  (min) (Wt%) (K)  (molcos lgA&) (kJmolt)
pH control (+ HNO,) (+NaOH) EC1 90 9 075 60 248 17 26
pH9.3 pH6 H 4 pH9 EC2 120 11 ®0 40 260 10 35
\_‘ EC3 150 124 0.35 28 291 B 24
—H— B — | EC4 180 93 090 72 243 16 25
30min 30min 30min Z0min | EC5 210 6 123 98 260 B 27
EC4 EC5 EC6 EC7 EC6 240 4 125 100 403 @022 33
EC7 270 93 097 78 248 19 29

Fig. 11. Sequential withdrawal of samples for analysis: schematic to illus-
trate protocol.
occurred at pH 4 and 6, which is the range in which the iso-

EC1-EC6, 25-ml aliquots were recovered with a syringe electric point of the support occurs. Results for XRD charac-
without interruption of the preparation. terisation are shown iRig. 12 The catalyst prepared at pH 9

The pH of an HAuC] solution (sufficient to give a nom-  (sample EC1) corresponds to our standard DP procedure,
inal gold loading of 1.25%) was raised to 10.4, and FiO and as before showed only a broad signalt&=2r 7°—78,
was added. The pH was raised to 9 by the addition of NaOH whereas changing the pH to and then 4 gave products (EC 5
(0.5 M), and the first sample was recovered after 1 h of and 6) that showed both greater intensity and a more clearly
mixing (EC1); this stage of the preparation corresponded defined peak in this region, indicating as before the presence
to our DP method (reference catalyst). The pH of the solu- of larger particles. The most important observation was that
tion was then raised and maintained for 30 min at 11 (EC2), finally increasing the pH back te 9 (EC7) again resulted in
and then raised again to 12.5 (EC3). After each pH changea catalyst without large crystalline particles. This shows that
the suspension was stirred for 30 min. The addition of nitric the form of the precursor, which must determine the ultimate
acid (0.5 M) led to a progressive pH decrease, during which gold particle size, is reversible by a change in the pH; that
further samples were taken at pH 9 (EC4), pH 6 (EC5), is, the form observed at, say, pH 4 is altered to that found at
and pH 4 (EC6), and finally the pH was raised again to 9 pH 9, probably by dissolution and re-precipitation.
by NaOH addition. This latter suspension provided catalyst  Fig. 13shows conversion-temperature plots for each un-
EC?7. All samples were filtered, washed, and dried. calcined catalyst; the harmful effects of using high and low

The results are summarised Table 4 Gold uptakes at  pH values are clearly indicated. The final reversal of the pH
pH 9-9.3 were about the same (60-78%), regardless of theto 9 restored high activityTable 4gives the specific rates
point at which this pH was attained, and they varied with at 243 K, as well as values dfg and activation energies
pH much as was found earliefdble 2, with low values obtained under kinetic control. Specific rates for samples
found at high pH. In this experiment uptakes close to 100% obtained at pH~ 9 are almost constants, x 10 = 1.6—
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Fig. 12. XRD patterns in the region 7890° 29 of: (a) TiOy, (b) and (c) EC2 and EC8 gH9, (d) EC6 pH 6 and (e) EC7 pH4.
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Fig. 13. Effect of pH at various stages of an interrupted preparation on CO Sch 2 Ad i £ gold ani t itively ch Tt
conversion as a function of the temperature for uncalcined EC (AgjTiO cheme 2. Adsorption of gold anions at positively charged;TsOrface

catalysts, standard test condition§]{EC1, (-) EC2, (@) EC3, (A) EC4, and possible subsequent reaction.
(O) EC5, (A) ECS6, (+) EC7). See text andiable 4for further details.

pH of 3; they showed a sharp and intense XRD signadat 2
Table 5 7778, indicating the presence of large gold particles, and
pH final of the preparation (ph), gold deposited (Au wt%), temperature at their activity for CO oxidation was low givin@;o < 433K
50% conversionTsp), specific activity (sp) at 243 K, and activation energy ’ . .
(Ea) of the catalysts before (A, B) and after recovery process @g) Unused samples of the catalysts were dispersed in deioni-
sed water (50 ml per g of catalyst), and the pH of the solution

Catalyst (vAv?O/) pHr  Tso rsp X 10471 9 55 mor) was raised and then maintained throughout at 9 by NaOH
’ (molcos ~ gau) addition. The resulting suspension was heated to 343 K

QR g'ié 33 - Aé?é?é 2013 23% and vigorously stirred for 1 h; after cooling it was filtered,

B 0.86 22 473 0013 2 washed with deionised water, and dried under vacuum.

Br 0.42 9 268 15 26 On the recovered catalystsgAand By, respectively 0.42

and 0.46 wt% gold was retainetigble 5. The gold peak at
20 = 77°—78 became broader, indicative of a diminishing
1.9 motos tg,y), and except for the low rate found at  gold particle size; however, the band is slightly sharper than
pH 4, all of the rest giversp x 10% in the range of 0.5— the signal obtained with a catalyst prepared directly at pH 9
1.9 mokps? g;&, showing that the low activity at high pH  and containing a similar gold percentage, probably indicat-
is due chiefly to the lower gold content. We have already sug- ing the presence of a few larger gold particles.
gested that the low activity at pH 4 could be due to a larger ~ The catalysts were tested between 183 and 293 K for CO
particle size, higher chloride content, or both. conversion into C@. The recovery attempt led to a substan-
The results obtained by interruption of the course of the tial improvement in activity 750 values of 265 K and 260 K
preparation by this intermediate raising and lowering of the were obtained for A and B, respectively. The activity at
pH are broadly similar to those reported earlier, where the 243 K of 2x 104 molcos™? g;j is, however, slightly lower
pH was moved immediately to its final value. Specific rates than those obtained for catalysts prepared directly at pH 9;
are slightly lower than those given earlier, because, as sug-the difference is probably due to the presence of the larger
gested by the values of the activation energies, the rates mayparticles mentioned above.
not always have been entirely free of mass-transport limi-  We must keep in mind that the recovery has been demon-
tation. The reversible changes produced by alteration of pH strated for uncalcined, virgin catalysts, that were never in
may be of value in the preparation of gold catalysts on an contact with CO and consequently not chemically altered,
industrial scale. sintered, or otherwise modified under calcination or reac-
The results described above led to a further experimenttion conditions. In these fresh catalysts the gold is probably
in which the recovery of activity was attempted for unused, partly present in an oxidised form, which may, for example,
dried catalysts prepared at non-optimum pH. Two catalysts be transformed into a metallic form during the reaction. It
(A and B) were chosen for their low activity and significant remains to be seen whether the recovery process described
gold content Table 5. Both batches were prepared at a final here can also assist in the reactivation of a used catalyst.

H

HQ OH
/ ;L_O —;LAUZO3

H,O HO\ /0
AUOH); =—= AuOH); + OH =—=  “A{ _Héo /Au\
2
( :é) 0o o
il |
| [

Scheme 3. Adsorption of Au(OH)n negatively charged Tisurface and possible subsequent reactions.
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3.5. Mechanism of pH effect ‘AURICAT’ Research Training Network (HPRN-CT-2002-
00174).

In the pH region where the TiOsurface is positively
charged £ 4.5-6.3) and is populated by protonated hy-

droxyl groups (HO™-), the gold species in solution com- 1] M. Haruta, T. Kobayashi, H. Sano, Y. Yamada, Chem. Lett. (1987)
prise anions AuGI(OH)4_,~ (x = 1-4) and, between pH 2 405.

and 5, the neutral Augl H2O (Fig. 1). We may therefore ~ [2] G.C. Bond, D.T. Thompson, Gold Bull. 33 (2000) 41.

suppose that much of the initial adsorption is electrostatic [ & Bond. D.T. Thompson, Catal. Rev.-Sci. Eng. 41 (1999) 318.

. . . . [4] S. Tsubota, D.A.H. Cunningham, Y. Bando, M. Haruta, in: G. Pon-
in character; each anion may be attracted to a single pos- celet, J. Martens, B. Delmon, P.A. Jacobs, P. Grange (Eds.), Prepara-

itive centre, but other formulations involving two or more tion of Catalysts VI, in: SSSC, vol. 91, Elsevier, Amsterdam, 1995,

centres are possible. Spectroscopic studies are needed to p- 227.

resolve this. The only uncertainty concerns the pH 2-5 re- [5] S. Okumura, S. Nakamura, S. Tsubota, T. Nakamura, M. Azuma,
i here adsorption of anions may disturb the solution M. Haruta, Catal. Lett. 51 (1998) 53

gion, whe ption or an y [6] M. Haruta, N. Yamada, T. Kobayashi, S. ljima, J. Catal. 115 (1989)

equilibrium and cause ionisation of the neutral complex. Al- 301

ternatively, the low gold uptake observed at pH Jalle 9 [7] S. Galvagno, G. Parravano, J. Catal. 55 (1978) 178.

may reflect the reluctance of this species to interact with the [8] J. Schwank, G. Parravano, H.L. Gruber, J. Catal. 61 (1980) 19.

positively charged surface. On filtration and drying, further [9) S:-J-Lee. A. Gaurilldis, J. Catal. 206 (2002) 305,

i . . . [10] R. Zanella, S. Giorgio, C.-H. Shin, C. Louis, J. Catal. 222 (2004) 357.
changes may be expected; these are outlined speculatively i1 £ goccuzzi, A. Chiorino, A. Manzoli, P. Lu, T. Akita, S. Ichikawa,

Scheme 2 M. Haruta, J. Catal. 256 (2001) 202.
When the surface is definitely negatively charged [12] M. Date, Y. Ichihashi, T. Yamashita, A. Chiorino, F. Boccuzzi,
(pH > 6) because of deprotonation of surface hydroxyls, the M. Haruta, Catal. Today 72 (2002) 89.

. . . . . _ [13] A. Wolf, F. Schuth, Appl. Catal. A 226 (2002) 1.
predomlnant Species In solution is prObany AUTH)3 [14] R. Zanella, S. Giorgio, C.R. Henry, C. Louis, J. Phys. Chem. B 106

and/or AUOH),~ and simple electrostatic attraction can- (2002) 7634.

not operate; some other mechanism is required. A neutral[15] Y.A. Nechayev, G.V. Zvonareva, Geokhimiya 6 (1983) 919.
Au(OH)3 - H2O may exist in solution in equilibrium with the [16] C.F. Baers, R.E. Mesmer, The Hydrolysis of Cations, Wiley, New
anion, and this may interact with the surface as suggested in___ 0" 1976, p. 279.

h Id ke d ivel he fi I[17] H.G. Raubenheimer, S. Cronje, in: H. Schmidbaur (Ed.), Gold:
Scheme 3Gold uptake decreases progressively as the fina Progress in Chemistry, Biochemistry & Technology, Wiley, Chich-

pH is raised above 8Table 4, so clearly there is a mobile ester, 1999, Chap. 16.
equilibrium between the adsorbed species and those in solu{18] P.J. Murphy, M.S. Lagrange, Geochem. Cosmochim. Acta 62 (1998)
tion, in which the solution side is more favoured as the pHis 3515 _
increased [19] P.J. Murphy, G. Stevens, M.S. Lagrange, Geochem. Cosmochim.
: ) Acta 64 (2000) 479.
The effect of abrupt changes to the pH of the suspension 2q] r.J.H. Grisel, P.J. Kooyman, B.E. Nieuwenhuys, J. Catal. 191 (2000)
as in the interrupted experiment may be to directly change 430.

the nature of the adsorbed species or may lead to their disso{21] Y.A. Nechayev, G.V. Nikolenko, Geochem. Intl. 32 (1986) 23.
lution and re-adsorption in a modified form [22] M. Kosmulski, J. Colloid Interface Sci. 275 (2004) 214.

. . . . [23] S. Galvagno, G. Parravano, J. Catal. 55 (1978) 178.
The irony of this method of catalyst preparation is that in [24] L. Yan, X. Zhang, T. Ren, H. Zhang, X. Wang, J. Suo, Chem. Commun.

the pH range where gold uptake from solution is very high, (2002) 860.
somewhat large gold particles are formed, and activities are[25] G.C. Bond, P.A. Sermon, G. Webb, D.A. Buchanan, P.B. Wells, Chem.
correspondingly low, and per contra best size and activity _ €ommun. (1973) 445.

- [26] G. Parravano, J. Catal. 18 (1970) 320.
are observed where the uptake is far from complete. It may [27] M. Haruta, in: R.K. Grasselli, S.T. Oyama, A.M. Gaffney, J.E. Lyons

be that during the stages leading to the formation of metallic (Eds.), Proc. 3rd World Congress on Oxidation Catalysis, in: SSSC,
gold from the precursor, below pH 6-7 the support surface vol. 110, Elsevier, Amsterdam, 1997, p. 123.

and/or the adsorbed complexes still retain some chloride [28] S. Naito, T. Tanimoto, Chem. Commun. (1988) 832.

ion, and this encourages mobility and aggregation. Above [29] M- Haruta, S. Tsubota, T. Kobayashi, H. Kageyama, M.J. Genet,

. . . B. Delmon, J. Catal. 144 (1993) 175.
pH ~ 8 the adsorbed precursor is substantially chlorine-free, (30] E.D. Park, J.S. Lee, J. Catal. 186 (1999) 1.

the adsorption of chloride ions is less favourable, and exces-[31] £.A. willneff, N. Weiher, S.L.M. Schroeder, Proc. “Gold 2003", Van-
sive particle growth does not occur. couver, World Gold Council, 2003.

[32] J.M.C. Soares, M. Bowker, Proc. “Gold 2003, Vancouver, World

Gold Council, 2003.

[33] G.R. Bamwenda, S. Tsubota, T. Nakamura, M. Haruta, Catal. Lett. 44
Acknowledgments (1997) 83.

[34] M. Haruta, Catal. Surv. Jpn. 1 (1997) 61.

. [35] F. Moreau, G.C. Bond, A.O. Taylor, Chem. Commun. (2004) 1642.
We gratefully acknowledge support for this work from  [36] A.F. Carley, M.W. Roberts, S. Yan, Catal. Lett. 1 (1988) 265.

the European Commission’s FP5 programme, through the[37] A.F. Carley, P.R. Davies, M.W. Roberts, Catal. Lett. 80 (2002) 25.

References



	Gold on titania catalysts for the oxidation of carbon monoxide:  control of pH during preparation with various gold contents
	Introduction
	Experimental
	Results and discussion
	Effect of pH on the catalyst activity
	Dependence of activity on Au content using a modified DP method
	Dependence of activity on calcination temperatures
	Analysis performed at various stages of interrupted preparations
	Mechanism of pH effect

	Acknowledgments
	References


