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Abstract

Tubular catalytic membranes (TMCs) active in the direct synthesis of hydrogen peroxide were prepared, characterized, and tested u
methanol as the reaction medium. Low hydrogen peroxide selectivity was found when only palladium was used as a catalyst, whereas p:
dium/platinum bimetallic samples gave higher productivity and selectivity, with an optimum molar ratio of 18 ,Theddcomposition rate is
influenced by the feed gases, nproves HO, stability, whereas bl causes hydrogen peroxide to decompose at a higher rate. The most likely
decomposition pathway should be the reduction gbpito water by . Bromide ion was used as a promoter and when used in excess (60 ppm)
causes a decrease in overall catalytic activity.

0 2005 Elsevier Inc. All rights reserved.
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1. Introduction during the 1960424—-26] Recently, the use of specially de-
signed membranel27,28] has attracted considerable interest

The direct synthesis of hydrogen peroxide from hydrogerP&Cause it provides a promising approach to overcoming, at
and oxygen has been known since the beginning of the 20t§ast in principle, the problems of safety and selectiyig,
century [1] and is in principle a more economic and envi- 11,27
ronmentally acceptable alternative to the classic antraquinone Recently[28-30]we reported the use of carbon-coated ce-
route. However, to date it has found no industrial applica-/@Mic membranes containing palladium, which allow the di-
tions, despite a large number of patents filed over the past 3§ct synthesis of hydrogen peroxide. These membranes were
years[2—15] This is due to two main reasons: (i) the needdesigned to feed hydrogen from inside the membrane towa'rd
to avoid formation of explosive $10, mixtures and (ii) the the external part, where an oxygen-saturated aqueous solution

still unacceptably low selectivity of the reaction (whose main€OMes in contact with the Pd active phase. This concept ad-
product is water). Nonetheless, the interest in the direct Syngresses the safety issue, while maintaining interesting produc-
i especially if the reaction is carried out under pressure.

thesis remains very high, as witnessed by Degussa’s recefly': ; . )
announcement of the constitution of a joint venture with aHowever, an evaluation of the selectivity of this catalyst de-

nanocatalysis firm to develop and commercialize a direct syn§Ign remains crucial. In this paper we address this point and

thesis procesk 6] report the use of these catalytic membranes in methanol. This

Scientific works in the open literature began appearing onlflIIOWS reliable measurement ob8, selectivity with the ad-

recently[17-23] although Pospelova was a pioneer in the fielddltlorlall advanta_ge of qbtamlngzle)g solutions _|n an orgamc_
solvent. In principle, this could lead to an easier concentration

step (MeOH instead of D), a factor that can strongly affect
* Corresponding author. the price of hydrogen peroxide given the current production
E-mail address: strukul@unive.i(G. Strukul). technology.
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2. Experimental whole. Because CO is strongly chemisorbed on Pd and Pt, all
samples were characterized after the catalytic tests. Before each
The membranes were 10-cm-long asymmeti@Al .03 measurement, samples were reduced in situ by passing a 5%
tubular supports externally coated with a synthetic carbon layeH>/He mixture at 25C, and then thoroughly evacuated with
The carbon loading was in the range of 70—80 mg for each tubée.
The coating was performed by MAST Carbon Ltd., Guildford, Metal loading was determined by atomic absorption spec-
UK, and the alumina support was supplied by Hermsdérfer Introscopy from the solutions used for metal deposition on the
stitut fiir Technische Keramik-HITK, Hermsdorf, Germany. = membranes. Differences between metal concentration before
and after impregnation gave the amount of loaded metal. The
2.1. Sample preparation efficiency of this method has been proven previo(i306}.

The metal deposition procedure was as described prevR.3. Catalytic tests
ously[29]. Carbon-coated membranes (CAMs) were activated
in CO, at 850°C and then impregnated by a deposition— Tests were carried out in a semibatch recirculation reac-
precipitation method (a classical method for obtaining eggshelltor as described previous[f9], in which the membrane was
type catalysts]31-33] This technique consists of two steps: sealed in a tubular holder. From the inner side, whs fed
(i) basification of the membrane surface by soaking in a NaOHit constant pressure (3 bar) while an oxygen-saturated acidic
solution (0.1 M) and (ii) deposition of Pd(Oklpy precipita-  solution was continuously circulated on the outer side of the
tion from an acidic PdGF~ solution (40 ppm Pd). The pH of membrane (on which Pd was deposited) by a peristaltic pump
the starting Pd(ll) solution was 0.7. Bimetallic samples were(25 ml/min) equipped with special Tyg8hVIH tubing. The cir-
prepared similarly. In this case the metal salt solution was &ulating solution was 100 ml of anhydrous methanol containing
PdClL2~ + PtCl?~ solution with the appropriate PBt molar 6 ppm Br~ and 2.8 gl H>SOs. Before the catalytic experiments
ratio. were begun, the catalyst surface was activated by circulating an

During impregnation, Pd(OH)(with or without Pt(OH))  oxygen-saturated solution on the membrane already placed in
was deposited into the pore network of the external membrarie reactor and pressurized withy Ifom the inner side. Hy-
layer. After metal(s) deposition, membranes were dried, redrogen peroxide concentration was determined by iodometric
duced at room temperature irp Hlow, and eventually washed titration, whereas water content was determined by the Karl
with distilled water to remove chloride ions. Pd loading wasFischer volumetric method. All kinetic runs were carried out
around 2.5 wt% with respect to carbon loading. Th¢fdatio  at room temperature.
was either 10 or 18. Hereafter, the different samples are denoted Selectivity toward HO, at any time was calculated as fol-
as tubular membrane catalysts (TCMs). lows:

o Son — [H202]

2.2. Characterization H202 = 1H,0,] + [H20]

Scanning electron microscopy (SEM) images were obtaine@. Results and discussion
with a Jeol JSM 5600 LV (low-vacuum) microscope. The mem-
brane was gently broken into several chips (10-20 mm) tha®.1. Catalyst characterization
were subsequently attached on a support with conductive glue
and put in the microscope chamber. SEM images given ifrig. 1 show the asymmetric structure
Transmission electron microscopy (TEM) images were ob-of the «-Al,0O3 support. The inside macroporous structure has
tained with a Jeol 3010, operating at 300 kV, equipped withmean pore size of 3 um, whereas the external thin layer mean
a Gatan slow-scan CCD camera (model 794) and an Oxforgdore size is around 100 nm. Carbon coating is hardly visible in
Instrument EDS microanalysis detector (model 6636). EaclfFig. 1, because carbon did not form an external thick layer, but
membrane surface was scratched, and the resulting powder wasther penetrated into the pore structure of the alumina support.
dispersed in isopropyl alcohol, ultrasonicated for 5-10 min sdCarbon is spread all over the TCM, but mostly deposited in the
that particles would not settle down, and then deposited onto 200-nma-Al,03 external layer, where it generates a microp-
holey carbon film. orous fine structure. During impregnation and catalytic tests,
CO chemisorption measurements were carried out &C25 this microporous structure was filled by capillarity with the sol-
with a pulse technique on a homemade apparatus equippeent.
with a thermostatted reactor and a ESS Genesys quadrupole TEM images of the different samples are shown in
mass spectrometer interfaced to a computer for data collectidrigs. 22—f. TCM1, containing only Pd, is shown figs. 2
and analysis. CO fragment (z/z = 28) was used for quanti- and b. In this sample the metal particles are roundish and
tative measurements. A/2 chemisorption stoichiometry was evenly spread on the amorphous carbon layer. In presence of Pt
assumed for both C@d[34] and CQ'Pt[35]. (TCM3 and TCM4), particles are smaller, irregularly shaped,
Calibrations were carried out after each measurement bgnd grouped in clusters. TCM#&i@s. Z, d) shows small parti-
injecting a known amount of CO from a calibrated loop. A spe-cles on carbon and bigger ones near the alumina crystallites.
cially shaped sample holder was used to analyze the TCM asEDS analysis confirmed the presence of both Pd and Pt on
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particle diameter, whereas TEM observation shows two types
of particles, as stated earlier. The mean diameter calculated by
chemisorption is clearly an average.

3.2. Catalytic activity in methanol

The catalytic activity of TCMs is to a large extent influenced
by the gas concentration in solution. Solvents capable of dis-
solving H, and @ in amounts higher than water could help
improve TCM performance. This is clearly shown by the dif-
ferent reactivities resulting from replacing water with methanol
(Fig. 3. The higher H and & solubilities[36] gave a higher
H2O» productivity in methanol with respect to that found in wa-
ter. As can be seen frorig. 3, using a 1:1 watemethanol
mixture did not improve catalytic activity. The effect of im-
proved gas solubility was probably not the only factor to be
considered in this case.

Using a solvent other than water is also mandatory for deter-
mining HyO, selectivity. In fact, measurement of the consumed
H> is not reliable with our reactor design; the analysis of wa-
ter by titration and calculation of the selectivity based on the
amount of HO, and HO formed are much easier tasks that
yield reliable dataFig. 4 shows the concentration profiles for
H»O> and HO during a kinetic run. As can be seen, water
forms at a much higher rate because its overall formation is
a combination of direct synthesis (reaction tSicheme Land
H>0» decomposition (reactions ¢ and d). The observed selec-
tivity ranges from 2.5 to 3.0% throughout the experiment.

3.3. H2O, decomposition

ZEKLU X1: z08  18wm) '

|
»

Independent tests fori®, decomposition were carried out
by placing the catalytic membrane in contact with a slightly
concentrated kD> solution (about 0.2%) in the same reactor
used for synthesigHg. 5. In this case a decrease in the con-

»

(b)

Fig. 1. SEM images of TCM's: (a) section at low magnification (TCM2), (b) ex-

ternal asymmetric carbon coated layer at high magnification (TCM2). centration of HO, with time was recorded. The kinetic data
can be fit by a simple first-order decomposition rate equation,

Table 1 and the value obtained for the kinetic constardhe 9 can
CO chemisorption and particle size data be used as an indication of the catalyst’s ability to faveObl
Sample label PPt CO adsorption Metal particle decomposition.

molar ratio [MMolco/Imetal size (nm) These tests were carried out as follows. EitheioHO, was
TCM1 051 82 replaced by N, as appropriate. The upper curvekif. 5 re-
TCM2 0.52 83 ports the results in the absence of &hd clearly indicates that
TCM3 10 Q59 80

H»Os is rather stable in contact with the catalyst in the presence
of O2. This gives an indication of the intrinsic properties of the
catalyst to decompose B, by dismutation, which are almost
the analyzed samples. Moreover, alumina crystallites were alsgegligible. In contrast, the lower curve represents the results in
identified as the regularly shaped darker regions appearing isbsence of @ In this case there is a clear indication that

the micrographs. TCM3, which has the highest amount of Ptis poorly stable in the presence of lanly. In the case of an
shows two types of particles: (i) clusters of 8- to 10-nm parti-aqueous solution, the decomposition rate in the presence of H
cles and (ii) very small and evenly spread particléigg. 2, f).  is even higherTable 2. Finally, when both Hand G were fed,

CO chemisorption data are collectedTiable 1 These data there was a sort of intermediate situation. This demonstrates
indicate improved chemisorption for the most active samplahat the presence of Hn the gas feed, although necessary for
(TCM4). This is in agreement with TEM observations showingH,0, synthesis, also improves the undesiregDb decomposi-
smaller particles for this sample with respect to those sampletion.
containing Pd only (TCM1 and TCM2). TCM3 shows slightly ~ On the basis of thé values reported iTable 2 it appears
improved chemisorption, which gives rise to a smaller mearthat H,O, reduction (reaction c) is about one order of magni-

TCM4 18 081 64
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Fig. 2. (a and b) TEM pictures of TCM1, (c and d) TEM pictures of TCM4 (Pe:Ri8:1), (e and f) TEM pictures of TCM3 (Pd:Rt10:1).

tude higher than b, dismutation (reaction d). Henceitcanbe  The k values reported iffable 2merit some further com-
concluded that the former, caused by, lis the most likely de- ment to justify why hydrogen peroxide decomposition undgr H
composition mechanism. Other authors have reached the sarsefaster in water than in methanol, despite the higher solubility
conclusions working with powder cataly$i®,37] of hydrogen in methanol. Keep in mind that the Pd surface is
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Fig. 3. HbO» concentration profiles in different reaction media for TCM1. Fig. 5. Influence of different feeds on decomposition rate for TCML.

M, 100% methanol®, 100% waterA, 50% water and 50% methanol.

Table 2
5000+ . e HO Apparent first order rate decomposition constants ap@XHmol%) decom-
4000 posed after 7 h for the sample showedrig. 5(TCM1)
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Fig. 6. Effect of the BF concentration on the catalytic activity of TCM2.
Squares, 6 ppm Br; triangles, 60 ppm Bt (filled symbols, HO, concen-

Scheme 1. Reactions involved in the direct synthesis @4 ; :
4 D4 tration; open symbols, $O concentration).

ﬁ;ﬁﬁiﬁﬁ?ﬁ%ﬁfﬁﬁgtggﬁ g;'cs::cgrer:r;%' t\JISi(t:r? ﬁggﬂs P8 selective poisoning of certain sites. A test was carried out in-
P yiep ) creasing the BF concentration from 6 to 60 ppm, values within

as the solvent, this may lead to the formation of surface for- ; . . Co .
Qe optimum range in aqueous medium, as indicated in the

mate species, blocking the most reactive Pd sites responsibtl

for HO—OH bond breaking, similar to what was observed byC|ted literature. As can be seen frdfig. 6, an increase of Br

Han and Lunsford38] in ethanol as the solvent. concentration in MeOH from 6 to 60 ppm was detrimental to
overall catalytic activity. In fact, the overall formation rates for
3.4. Effect of the Br— ions on H,0, productivity both H,O, and HO were smaller for the higher Brconcen-

tration (although, in relative terms &, decreased much more

It is well known that productivity and selectivity toward than FO). Thus, because Bracts as a poison for catalytic
H,O, are improved by promoters, such as acids and bromid&ites, the proper concentration could be associated with selec-
ion [15]. In the absence of H little H,0, was produced. More-  tive blocking of the sites responsible fop&, decomposition.
over, the addition of small amount of Brreportedly improved An increase above this critical value causes an indiscriminate
selectivity toward HO, [4,20]. Bromide ion is a known poison poisoning of the catalytic sites, including those active for the
for Pd, blocking the active sites on the catalyst particle surfacesynthesis of HO,. As suggested in previous wo[R9], H20,
Under these circumstances, the improved catalyst performandermation likely requires a smooth metal surface. Highly ener-
observed in the presence of bromide ions could well be due tgetic sites are able to break both theadd the HO, molecules
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20004 Table 3
Metal loading and catalytic performance of mono- and bimetallic samples. TOF
is expressed as mold®, formed per mol Pd loaded per hour

2000+ Sample Pdloading Pd/Pt Final HoO, conc.  TOF after 7 h
label (Wt%) molar ratio  after 7 h (ppm) (™

1000+ TCM1 24 265 64

H,O, or H,O concentration [ppm]

TCM2 24 245 55
4Pd:Pt 18:1 TCM3 25 10 309 76
200 .\ PPt 101 TCM4 24 18 395 106
only Pd
200+ itself builds up in the system. Pd-only TCMs showed a very
low selectivity (4% maximum). The bimetallic samples were
1001 generally better, particularly TCM4 (PBt 18), which had 3
04 times the selectivity (12% maximum) with respect to TCM1
120 240 360 (Pd only).
time (min) Bimetallic Pd/Pt catalysts were successfully used in sev-

Fio. 7. Catalviic perf  bimetall /o5 (TOM3 and TCM4) eral epoxidation reactions, mainly propene epoxidation, with
e et (1 g oo, I Situ-generated bOy from Hz and O [42-46] Both metals
open symbols, KO concentration. were needed to ensure proper epoxide productivity. Th®Pd
ratio was found to affect both Pd oxidation state and particle
features. Holderich et d43,44]found that adding Ptto Pd/TS-
1 catalysts stabilized a surface?doxidation state and, over
certain compositions and under specific reduction conditions,
influenced the metal particle shape. The optimum level of Pt
was found to be a balance between the desirable increase of
Pt concentration and the undesirable changes in the surface
morphology of the Pd aggregates, from needle-shaped to spher-
ical [43,45] This is in agreement with our TEM observations
reported above. Pd-only samples had well-developed spheri-
cal particles, whereas bimetallic samples had irregularly shaped

Selectivity %

7
/
g

0 120 240 360 particles. Moreover, the most active sample (TCM4) showed
Time (min) the smallest particles and a spread in the size distribution (see
Figs. z, d).
Fig. 8. Selectivity comparison for bimetallic and monometallic samples. White, In our case the effect of Pt addition should not be limited
Pd only (TCM1); black, PgPt= 10 (TCM3); dashed, PPt= 18 (TCM4). to the evident Pd particle morphology chang&( 2), but also

should also play a role in the overall catalytic cycle. On the ba-
to give adsorbed hydroxyl species that eventually give watesis of the observations reported by Meiers ef48] we believe
The results reported herein seem to support this view and indthat Pt would mainly stabilize an oxidized Pd surface, a con-
cate that the presence of Bions, which bind first to the more dition known to favor the formation of hydrogen peroxide, and
energetic sites, could be necessary to expose a smooth Pd pegeuce the formation of HO-chemisorbed species favored on
ticle surface. As these sites become occupied, exceseBo  Pd highly energetic sites. In this way there should be a syner-
adsorbs on the other sites, inhibiting overall catalytic activity. getic effect between the presence of both the second metal and

the anion in the proper proportion, which could explain the im-
3.5. Bimetallic catalysts: effect of the addition of Pt proved catalytic performance.

The addition of a second metal to Pd has been claimed id. Conclusions
several patentpt,5,7,39]and in the open literaturd 9,40,41]
to improve catalyst selectivity in the direct synthesis ofa. In this work, tubular catalytic membranes that are active and
Platinum was chosen, because it was used successfully in patdairly selective for the direct synthesis of hydrogen peroxide
examples. For our purposes, /A molar ratios of 10 and 18 under very mild and safe conditions have been prepared and
were selected. suitably characterized. Their use in methanol as solvent allows
Fig. 7 and Table 3shows the effect of the presence of the accurate determination of their selectivity in the formation of
second metal on the catalytic activity. The best results were olitydrogen peroxide, a factor that is of foremost importance in
tained with the highest P&t ratio (lowest Pt amount). As can the evaluation of their overall catalytic performance.
be seen, both productivity and selectivity increaded.(8). As A careful analysis of the $D, decomposition reaction indi-
a general trendfig. 8 shows that selectivity decreased with cates that the preferred decomposition pathway.i®t+educ-
time as a consequence of increase®plreduction as HO, tion caused by bl H»O5 is stable in contact with the catalyst
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in the presence of only £ The presence of promoters like Br  [13] H.A. Hutchins, US Patent No. 5,641,467 (1997), to Princeton Advanced

is necessary, because these promoters adsorb on sites that aretechnology Inc.

able to decompose 4@, or dissociatively chemisorb £ An [14] K.M. Vanden Bussche, S.F. Abdo, A.R. Oroskar, US Patent No. 6,713,036
. ) . S . (2004), to UOP.

analygls of their conceptratlon effect indicates that an .opt|muml5] LW, Gosser, US Patent 4,681,751 (1987), to Du Pont.

value is needed to achieve this goal and supports the idea thaj;@) n. seewald, Chem. Week Sept. 29/0ct. 6 (2004) 18.

smooth metal surface is needed to improve productivity and s€17] V.V. Krishnan, A.G. Dokoutchaev, M.E. Thompson, J. Catal. 196 (2000)

lectivity. An excess of Br leads to indiscriminate poisoning of 366.
the surface and is detrimental to overall catalytic activity. (18] 1‘4—1(33- Gaiwad, S.D. Sansare, V.R. Choudhary, J. Mol. Catal. A 181 (2002)

The use of Pd/l.:)t bimetallic Cataly.StS In. the dlre.Ct. Symhes'?w] P. Landon, P.J. Collier, A.F. Carley, D. Chadwick, A.J. Papworth, A. Bur-
of hydrOgen perOX|de was shown to yIEId hlgher activity and se- rows, C.J. Kiely, G.J. Hutchings, Phys. Chem. Chem. Phys. 5 (2003) 1917.
lectivity, with 3 times the selectivity than that of monometallic [20] R. Burch, P.R. Ellis, Appl. Catal. B 42 (2003) 203.
Pd catalysts when a PBt ratio of 18 was used. [21] J.H. Lunsford, J. Catal. 216 (2003) 455.

The selectivities obtained so far by bimetallic catalysts ard?22] I. Yamanaka, T. Onizawa, S. Takenaka, K. Otsuka, Angew. Chem. Int.
well below those of industrial interest (selectivity60%), but Ed. 42 (2003) 3653.

. . . 23] M. Okumura, Y. Kitagawa, K. Yamaguchi, T. Akita, S. Tsubota, M.
it must be emphasized that our tests have been carried out [at% Haruta, Chem. Lett. 32 (2003) 822.

1 bar pressure. Higher pressure generally improvgSstselec-  [24] T.A. Pospelova, N.I. Kobozev, E.N. Eremin, Russ. J. Phys. Chem. 35
tivity and productivity to a large extent, becausgd] synthesis (1961) 143.

(reaction a inScheme 1is favored over HO synthesis (reac- [25] T.A. Pospelova, N.I. Kobozev, Russ. J. Phys. Chem. 35 (1961) 262.
tion b). In fact, tests carried out at65 bar gave very good pro- [26] T.A. Pospelova, N.I. Kobozev, Russ. J. Phys. Chem. 35 (1961) 584.

ductivity and selectivity results. These data are prelimifiary 2] égbghlo#%ary’ A.G. Gaiwad, S.D. Sansare, Angew. Chem. Int. Ed. 40

and will be pUb|'Shed elsewhere. [28] G. Centi, R. Dittmeyer, S. Perathoner, M. Reif, Catal. Today 79-80 (2003)
139.
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