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Abstract

A power flow scheme applicable to probe-type ultrasound reactors is presented, that has been deduced from both theoretical estimate:
and experimental measurements employing a thermal insulated vessel. Under typical conditions for water at 1 atm pressure, 77% of the
electrical power is converted into mechanical motion of the probe, that in turn is dissipated to both acoustiepb28é) and cavitational
heating ¢~ 88%). Approximately 92% of the mechanical power of the probe was converted into heat, with the remaining power presumably
converted into audible acoustic and/or mechanical motion. In a second type of experiment performed here, heterogeneous catalysis exper
iments have been performed at 298 K in an isothermal (i.e., jacketed) reaction vessel comparing chemistry in conventional (e.g., thermal)
versus ultrasound-assisted systems. Both product state distribution and reaction rate measurements have been performed for the hydrogen
tion (using hydrogen gas) of aqueous 3-buten-1-ol solutions employing Pd-black powder. Products from the heterogeneous catalysis include
isomerization tais- andtrans-2-buten-1-ol, as well as hydrogenation to 1-butanol. A reaction scheme involving surface-bound alkyl-radical
species, consistent with previous published work, is proposed to explain product formation. Based on the observed diffeient®s in
trans-2-buten-1-ol ratios in conventional versus ultrasound experiments, employing untreated and prereduced catalysts, it has been deter
mined that ultrasound creates catalyst site(s) enhancingi$tte-trans 2-buten-1-ol ratio from 0.25 to 0.55. In addition, comparing the
total isomerization to hydrogenation ratiwg plustrans-2-buten-1-ol to 1-butanol ratio), for ultrasound-assisted and conventional catalysis,
reveal a~ 5-fold enhancement in isomerization relative to the more energetically favored hydrogenation due to the application of ultrasound.
Finally, the product formation rates for 1-butanol, as well as isomerization plus hydrogenation, revealed that conventional and ultrasound
experiments showed both a nonlinear dependence with applied ultrasound power and no differences between untreated and prereduced cat
lysts. The observed reaction rate enhancements were 1:36:183 for the conventional, 90 W ultrasound, and 190 W ultrasound experiments
respectively.
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1. Introduction the vicinity of a solid—liquid interface. These liquid jets are
thought to possess speeds=ofLl00 nys that, in principle,

In recent years, the chemical effects of ultrasound have can yield heterogeneous chemistries different from conven-
been applied to heterogeneous catalysis [1-5], as well astional (bulk thermal) techniques. Furthermore, SEM/TEM
related phenomena of crystallization [6], nanoparticle for- imaging studies of powders dispersed in liquids before and
mation [7], catalyst production [8], and reagent (e.g., pollu- after sonication suggest that during cavitation high-speed
tant) remediation [9,10]. Pioneering work by Lauterbornand interparticle collisions occur, that can lead to catalyst activa-
co-workers [11,12] and Blake and Gibson [13] has shown tion and eventually sintering into larger structures [1]. These
that during cavitation near an extended interface, impinge- combined phenomena, in part, serve as motivation for our
ment of liquid “jets” into the surface can occur. This result work here.
was obtained from high-speed microcinemagraphic observa-  sonochemically activated heterogeneous catalysis is in-
tion that during cavitation bubble implosion often occurs in creasing in popularity [14], unfortunately much of the re-

search activity is not easily accessible in the West [15].
~* Corresponding author. Catalysts employed in previous studies have been primarily
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some investigations using Pd/C [18]. Of particular interest in probe type) reactor or the isothermal heterogeneous catalysis
the Pd/C investigations is the ability of both methanol [14] studies at 29& 3 K, respectively.
and formic acid [19] to act as hydrogenation species to A brief summary of the experimental procedure for ex-
alkene or ester compounds. Extending the scope of thisperiments employing untreated Pd catalyst material is as fol-
prior work, here we examine the hydrogenation of aque- lows. First, the catalyst and aqueous reagents were weighed
ous 3-buten-1-ol solutions employing Pd-black powder. In and a (prerun) sampling vial was filled for subsequent analy-
particular, the branching ratio of isomerization relative to hy- sis. Second, the catalyst/aqueous solution was introduced
drogenation is examined. into the jacketed reaction vessel, manually stirred, and at-
In the present work two types of studies are discussed.tached to the ultrasonic probe assembly. Third, a NesLab
First, the power flow scheme in probe-type ultrasonic reac- RTE-140 bath circulation unit used to maintain constant
tors is mapped out relevant to our investigations. The pur- temperature throughout an experiment. Temperature was
pose of this measurement is to address issues pertaining tenaintained at 298 3 K by setting the bath circulation tem-
the required power necessary to achieve a given product for-perature to account for the temperature difference between
mation rate. Second, hydrogenation experiments employingthe inside of the reactor and the bath temperature during son-
a simple water-soluble alkene compound (3-buten-1-ol) are ication. For example, a linear relationship was observed for
performed so as to examine reaction pathways (i.e., productthis temperature differential as a function of applied electri-
state distribution) leading to isomerization and hydrogena- cal power such that a 4.0 K differential existed when 100 W
tion. Furthermore, rates of reaction differences in conven- of electrical power was supplied to the system. Fourti0
tional versus ultrasound-assisted catalysis are determinedpressure/vent cycles of the closed reactor cell with hydrogen
Finally, one criteria often utilized by industry for evaluating gas was performed prior to filling with a static pressure of
a new synthetic approach is based on the atom economy and-8 atm of hydrogen gas. Fifth, ultrasound was applied for
the E-factor [20]. The atom economy means the number of & specified time and electrical power supplied by the soni-
atoms in the starting materials that are found in the product. fier was noted. No mechanical stirring of the solution was
The E-factor is based on the amount of waste (in kg per kg) Performed during sonication. Sixth, the hydrogen gas was
of product. This factor can also be correlated with the toxic- vented and the reactor assembly was disassembled. Seventh,
ity of waste. Since the atom economy of ultrasound-assistedthe solution was again mechanically stirred and a sample
heterogeneous catalysis in prior studies has often not beervas collected for subsequent analysis by filtering (0.45-pm

identified, in the work here an effort is made to report these hydrophilic Millipore filter). Eighth, the reaction vessel was
values. reassembled and the process repeated.

The experimental procedure for experiments employing
prereduced Pd catalyst material was identical to that given
2. Experimental above except for the following. First Pd gatalyst powder,
water, and hydrogen gas (6.8 atm) were introduced as de-
scribed above to the reaction vessel and sonicated for 5 min
at 200 W (electrical) power prior to each experiment. Next,
i ) i the 3BEN reagent was added to the prereduced catalyst solu-
Palladium black of 99.9% purity (metals basis; Alfa Ae- i, and mechanically stirred, and the first sample collected
sar), havmggnommal BET specnﬁc su.rface area of 20gn nominally 1 min after 3BEN addition. The catalyst prere-
was used either without prior reduction or prereduced by y,ction experiments yielded product formation immediately

sonication in a procedure discussed below. Aqueous sO-5¢er 3BEN addition, thus the first sample collected at 1 min
lutions were prepared using deionized water (1&-4¢m) had measurable products present

using 3-buten-1-ol (98% purity; Aldrich Chemical Com-
pany) as a reactant. All reagent solutions contained 1.0 Wt% 5 3 Reactant and product sample analyses
3-buten-1-ol and 50 mg Pd-black powder. The hydrogena-
tions employed hydrogen gas from A&L specialty gas

2.1. Materials

Qualitative identification and quantitative analyses were

(99.99% purity) at a pressure of 6.8 atm. performed using an Hewlett-Packard GC/MS (5890 Se-
. ries Il GC and 5972 MSD) equipped with a DB-5 column
2.2. Reaction apparatus and procedure (30 m, 0.2 mm i.d., 1.00-um film). Manual sample injec-

tions (1.0 pL) in triplicate were performed as part of the

Commercially available sonication equipment was used routine data reduction. A statistical analysis revealed that
to perform the studies described here. A Branson Ultrasonicsrelative concentrations were accurate to witHi.0% of
Model 450 Sonifier Il unit, capable of deliveringup to 400 W the stated percentage concentration, whereas the accuracy
(20 kHz), was used. In addition, both unjacketed (Branson among manual injections wasl15%. Analyses of the liquid
Model 101-021-003) and jacketed (Branson Model 101-021- samples both prior to sonication and after reactions allowed
006) reaction cells were used for studies of either the poweran estimate of the mass conservation to be performed. Of
flow scheme in our piezoelectric stack on resonant horn (i.e., particular interest is whether the application of ultrasound
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results in degradation of the reactant 3-buten-1-ol into (un- at 100% amplitude under atmospheric conditions (e.g., only

desirable) products such as carbon dioxide, hydrogen, andl.0 atm pressure). Therefore, pressurization with hydrogen

water, as has been observed for other agueous organic soluis seen to significantly enhance coupling between the probe

tions [21,22]. Such analyses allow the atom economy to be and the fluid.

determined [20]. Scheme 1 can be understood by considering the follow-
ing. From the discussion above, electrical power is sent to
a convertor that generates mechanical motion from electri-

3. Results cal energy, the degree of total power dissipation set by the
o coupling between the solution and the titanium probe, as
3.1. Power dissipation scheme well as the percentage full-scale amplitude setting of the

sonifier unit. By operating the probe in both water and air,

An important aspect of understanding ultrasound-assistedyhere the latter yields only dielectric losses in the convertor,
heterogeneous catalysis is to map out the ultrasound powethe percentage power transfer to the 1.27-cm-diameter probe
flow scheme. The nature of this inVGStigation is to understand can be determined. Hence, the 71 and 83% conversions of
power flow in a probe-type ultrasonic reactor. The pertinent g|ectrical power into mechanical power should be applied to
question that arises is: For a given electrical power output the 112 and 42 W electrical powers, respectively. Next, me-
(W) from the power supply of the sonifier unit, what power chanical motion of the probe can generate the following ef-
flow pathways exist and what are their relative importance fects: (1) acoustic power; (2) nonlinear cavitational heating;
leading to the eventual conversion into heat? Our analysis of 3ng (3) noncavitating mechanical mixing such as acoustic
the power dissipation scheme closely follows the approach streaming and radiation pressure [24]. The former has been
taken by Loning et al. [23]. estimated from the power transmission coefficient from tita-

The ultrasonic unitis composed of three primary parts: 1, nium to water using appropriate acoustic impedances [25].
power supply; 2, convertor consisting of piezo-ceramic ele- Finally, a calorimetric measurement of the temperature rise
ments; and 3, probe assembly. Put simply, electrical power of water (employing the unjacketed insulated reactor) was
from the power supply is sent to the convertor where a mi- seq to compute the pathway percentage into heat with the
nor fraction is converted into heat and a major fraction is remainder assigned to audible acoustic/mechanical power
converted into mechanical motion of the probe. The power gjissipated to the surroundings. As the complete conversion
flow scheme as outlined above for deionized, air-saturated, of acoustic power into heat cannot account for the observed
water at 1 atm pressure, at both 100 and 50% amplitude set-c4|orimetric) heating of water, a combination of cavitational
tings, is illustrated in Scheme 1. For a particular amplitude, heating and/or fluid mixing effects must also be important.
the electrical power delivered by the power supply depends  The jtrasound-assisted and conventional heterogeneous
on the nature of the coupling between the titanium probe catalysis experiments were all performed at 298 K us-
and the fluid being. sonicateq. It is interestﬁng to note that ing a jacketed (water-cooled) reactor. It is unclear to what
for the hydrogenation experiments employing 6.8 atm Ny- gegree hoth purely acoustic power and cavitational heating
drogen gas, 190 W electrical power at 60% amplitude was yq\yer gives rise to enhancements in heterogeneous reaction
delivered. This value can be compared to 112 W of power a4e5 and selectivity (vide infra). An attempt was made here
utilizing the isothermal reactor to exclude bulk-heating ef-
fects as the principle cause of differences in these types of
chemistry. In principle, transient effects such as cavitational
heating include effects such as bubble formation and col-
lapse near an interface, perhaps causing liquid jets incident
Probe upon the catalyst surface and inducing chemistry [11-14].

(x1=12 %) (x,~88 %)
3.2. Hydrogenation and isomerization
Cavitational

Electrical (Water: 100% Amp., 112 W; 50% Amp., 42 W)

(71 % 83 %)

Acoustic
heating A primary objective of this study is to perform a di-
‘yl Vs rect comparison between conventional versus ultrasound-
mediated heterogeneous catalysis. We have chosen 3-buten-
Audible Thermal (95 %, 89 %) 1-ol (3BEN) for this comparison for the following reasons:
Acoustic/ (1) Itis a relatively simple, water-soluble, alkene compound.
Mechanical . .
(~8 %) (xp+Xp= 100 % (2) Hydrogenation gmplo_ymg a standard catglyst and h.y—
Y1 +y2=100 %) drogen gas can be investigated. (3) The relative conversion

Scheme 1. A schematic illustration of the power dissipation scheme for our to 1-butanol (hydmgenatlon) versais- andtrans-2-buten-

probe-type ultrasonic reactor is presented. Percentages have been arrived -0l (C2BEN .and T2BEN) (isomerization)_ can be St'Udie'd-
using both experimental and theoretical estimates (see text) using deionized(4) A comparison between product formation rates yielding
(air saturated) water as the fluid at 1 atm pressure. enhancements arising from the application of ultrasound can



350 R.S Disselkamp et al. / Journal of Catalysis 221 (2004) 347-353
I I I I
Table 1
Product distribution as a function of reaction time for ultrasound and con- 20 T
ventional experiments
Time (min) 3BEN 1BUT T2BEN C2BEN 2
Ultrasound UT1: (190 W) § 15— ]
£ —@— 190 W C2BEN/T2BEN
0 100 0 0 0 g —A— 92 W C2BEN/T2BEN
1 7543 885 1007 565 S —¥— No US C2BEN/T2BEN
2 6631 1271 1347 751 g 10 -2 = 190 W (C2BEN+T2BEN)/IBUT —
3 5785 1594 1715 Q06 S = A - 92 W (C2BEN+T2BEN)/IBUT
4 2913 5938 >898 1251 5 =X = No US (C2BEN+T2BENYIBUT
5 481 4434 4Q72 1013 K
£05 -
Ultrasound UT2: (92 W)
0 100 0 0 0
4 897 3.88 41 2.32 0.0 |
8 67.85 1039 135 826 ' : . ' '
12 5338 1477 2063 1122 ll(])SuLanol proz(?ucl amoun?(()percenl) 0
16 3791 2201 2747 1261 )
20 2025 2879 sarr 1419 Fig. 1. A plot of thecis- to trans-2-buten-1-ol ratio (C2BENT2BEN) is
Conventional UT3 (no ultrasound) given for the 190 W ultrasound, 92 W ultrasound, and conventional ex-
0 100 0 0 0 periments, as a function of percentage 1-butanol product formed. Also
50 9536 266 098 0 presented is the total isomerization to hydrogenation ratio, (T2BEN
100 8983 767 209 041 C2BEN)/1BUT. No prior reduction of the catalyst was performed.
150 8523 1098 31 0.69
200 7903 1537 437 123 I ] I I I I
250 736 1881 586 173 A
N A
Conventional PR1 (prereduced; 90 W ultrasound) 163K ~< 7
12 86.11 536 594 258 714l S~
4 7497 204 1064 535 g "~ X N
8 6513 1322 1451 714 2 12 \ A
12 3307 2499 2962 1232 g < X B
16 433 4185 445 9.32 =
Si0f X\X -
Conventional PR2 (prereduced; no ultrasound) %
a 081 —&— 90 W US C2BEN/T2BEN -
L 871 5 538 252 ] —X— No US C2BEN/T2BEN
50 8076 82 748 356 g = A =90 W US (C2BEN+T2BEN)/1BUT
100 7711 1052 863 374 £ 0.6 =X = No US (C2BEN+T2BENYIBUT ]
150 7314 1301 974 411
200 6871 1555 1127 447 0.4
250 6565 176 1186 489

a After Pd prereduction 3BEN was added to solution, the solution was
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mechanically mixed, and the first sample was collected. Approximate mix-

L L . 1-Butanol product amount (percent)
ing time for this first sample was 1 min.

Fig. 2. A plot of thecis- to trans-2-buten-1-ol ratio (C2BENT2BEN) is
given for the 92 W ultrasound and conventional experiments, as a function
; ey : o1 of percentage 1-butanol product formed. Also presented is the total isomer-
b.e e.x'amlned. The third item above C.OUId have cqmmerual izaFt)ion to hygdrogenation fatio, (TZBENCZBEN)?lBUT, similar to Fig. 2.
S|gn|flcance as ultrasound may prowde an effective MeaNSpgreduction of the catalyst was performed using hydrogen gas and the ap-
of converting a terminal alkene to interneis- andtrans- plication of ultrasound (see text).
alkenes.
Experimental data for untreated catalyst experiments

(UT1, UT2, UT3 runs) and two prereduced catalyst experi-  Fig. 1 presents a reduced form of the data presented in Ta-
ments (PR1, PR2 runs) are presented in Table 1. Listed areble 1 for the untreated catalyst experiments (UT1, UT2, and
the mass percentages for the 3BEN, 1BUT, T2BEN, and UT3). In particular, the C2BENT2BEN isomer ratio is il-
C2BEN species as a function of time. The average masslustrated, as is the total isomerization to hydrogenation ratio,
conservation for the three ultrasound experiments was com-given as (C2BENt+ T2BEN)/1BUT, as a function of per-
puted to be 104- 10%, indicating that cavitational effects, centage 1BUT product formed. In a similar fashion, Fig. 2
should they be present to an appreciable extent, do not ef-presents the same product ratios except that the prereduced
fectively degrade the reagent 3BEN into products other that (PR1 and PR2) experimental data have been used. It is im-
those desired. Thus a very favorable atom economy existsportant to note that additional experiments revealed that no
(~ 100%) for these experiments. product formation was observed in the absence of catalyst
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1-butanol
OH (1BUT)

\\Bf
(+H)

\/\/Am

_I- A- (1BUT&I-TZBEN+C2BEIN)%/min.(Pre-}{edi)
- A - (IBUT+T2BEN+C2BEN)%/min.

—@— %1BUT/min. —40
6 |-—©— %1BUT/min. (Pre-Reduced)

~

OH

3-buten-1-ol \ QH + Ib  — Pd(s)
(3BEN) (+H) \/\/

la

%1 BUT/minute product formation rate

ayex uonewioy 1wnpoid synuru/(NIGTO+NAITL+10d )%

2= Isomerization
via rotation
about 6-bond
1= R
=-"7 L | -0
H D,
0 50 100 150 “ N
Electrical Ultrasound Power (W) C
OH OH
Fig. 3. Product formation rates are presented for 1BUT and 1BUT \/\\/ N
T2BEN-+ C2BEN (hydrogenation plus isomerization), for both untreated
. . Trans-2-buten-1-ol
Pd catalysts and prereduced Pd catalysts. Note the nonlinear dependence in (T2BEN) .
. R . . . . Cis-2-buten-1-ol
product formation rate with applied ultrasonic power, and the nearly identi- (C2BEN)

cal product formation rates between untreated and prereduced catalysts.
Scheme 2. Areaction scheme illustrating a proposed mechanism for isomer-

ization and hydrogenation is given. Rate coefficients for the various forward
and/or hydrern gas. Thus 3BEN pIus CatalySt and hydro' reaction pathways are given ds B, C, and D. Important reaction inter-

gen are needed for chemistry to proceed. mediates proposed to exist, from which products are formed, are labeled la
and Ib.
3.3. Rate of reaction
hydrogenation (using Pd) of the aqueous 3-buten-1-ol and
Another important parameter to characterize is the ratesgaseous 1-butene systems, where the latter has been ex-
of productformation in conventional and ultrasound-assisted tensively studied previously. Second, the type of catalyst
systems, for both untreated and prereduced Pd catalyst exactive site(s) responsible for chemistry in the ultrasound-
periments. Fig. 3 presents the percentage mass of producirradiated and no ultrasound (blank) experiments will be
formed per minute, for 1BUT, as well as 1BUIT2BEN+ approximately accounted for, despite there being insufficient
C2BEN (total product), as a function of applied ultrasound knowledge for an absolute determination of their properties.
electrical powers. Here zero ultrasound power corresponds A reaction scheme that accounts for product formation
to the conventional catalysis results. Several points are worthin our experiments, and more importantly is consistent with
noting about Fig. 3. First, the 1BUF T2BEN+ C2BEN previously published studies, is presented in Scheme 2. This
and 1BUT formation rates are strongly correlated with one scheme can be interpreted as follows. Hydrogen atom addi-
another. The relation between these two rates are suchtion, with rate coefficiend, generates both la (C4 H-atom
that for the ultrasound experiments only the 1BUT pro- addition) and Ib (C3 H-atom addition). The addition of a
duction rate is lower by a factor of 2.5 compared to the second surface-adsorbed H atom to la or Ib, with rate coef-
1BUT+ T2BEN+ C2BEN product formation rate. Second, ficient B, generates the hydrogenated product 1BUT. Owing
a nonlinear relationship exists between product formation to the fact that the isopropyl radical is more stable than the
rates and applied ultrasound power. In particular, the 1BUT ethyl radical by 2.5 kdmol [26], and the bonding of each
product formation rates for the conventional, 90/92 W ul- to the Pd surface is assumed identical, the Boltzman distri-
trasound, and 190 W ultrasound experiments were observedution of states expression suggests that thiblaatio at
to have a ratio of 1:36:183, respectively. Third, and perhaps 298 K is 2.7. This two-step alkene hydrogenation scheme
most importantly, within experimental error, the productfor- where the intermediate is a relatively stable surface bound
mation rates are equal for the untreated and prereduced Pdlkyl-radical species was originally proposed by Horuiti and
catalyst experiments. Polayni nearly 70 years ago [27]. Prior literature support
for this mechanism (process A and B) comes from identical
products being obtained in both equilibrated and nonequili-
4. Discussion brated hydrogen/deuterium mixtures [28—30]. Furthermore,
recent experimental work that determined hydrogen gas re-
In this section two main issues are discussed. First, areac-action orders { 0.5) suggests that either procedsor B
tion scheme is presented that draws on similarities betweencan be rate limiting [31,32]. Also taken from prior published
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mechanisms [30] is the C2 hydrogen atom elimination re- other at 185 W (electrical) ultrasound powers. These exper-
actions yielding T2BEN and C2BEN, each proceeding with iments showed an identicals/trans ratio with percentage
rate coefficients” and D, respectively. It is clear that only  1BUT formation and comparable rates of reaction compared
species la can yield T2BEN and C2BEN, as H elimination to the aqueous experiments. Thus OH group adsorption to
from C3 of species Ib would yield the reagent 3BEN. This the surface (from methanol, 3BEN, T2BEN, or C2BEN)
mechanism is consistent with our data as in principle ef- does not appear to control product state distribution. Fur-
ficient rotation about the C2—C3-bond prior to H-atom  thermore, as our mass conservation wa$00% and little
elimination can occur for the surface-bound alkyl radical butanal was detected (less than 2%), 3BEN apparently did
species yielding the isomerized product. not act as a hydrogenation species. This result differs some-
An examination of Figs. 1 and 2 can yield insight into the what from prior published work [14].
type of catalyst active site(s) responsible for the observed
chemistry. For example, Fig. 1 (non prereduced catalyst)
shows that the C2BEN'2BEN ratios for the ultrasound and 5. Conclusions
no ultrasound (blank) experiments are 0.55 and 0.25, re-
spectively. However, for the prereduced catalyst experiments  For the 3BEN molecule studied here, the conversion of
of Fig. 2 the ultrasound and no ultrasound ratios are both a terminal alkene into an internal one forming botsand
~ 0.50. It can be proposed therefore that ultrasound either transisomers with an enrichment 5-fold compared to con-
applied as part of the catalyst prereduction process, or dur-ventional catalysis was noted. In addition, a comparison be-
ing the course of an experiment, acts to create catalyst activetween untreated and prereduced catalysts for conventional
site(s) that increase the C2BEFIN2BEN ratio, and thateven  experiments has shown that intrinsically different catalyst
after ultrasound is not applied to the system a persistent highsite(s) exist, as reflected in the product state distributions.
C2BEN/T2BEN ratio exists. The ability of ultrasound to enhance the production of less
A somewhat more interesting situation arises for the energetically favorable products has the potential of being
isomerization relative to hydrogenation ratio, (C2BEN  useful in commercial synthesis. Mechanistically, based on
T2BEN)/1BUT (which we will denote JH). For this ratio, prior work, the C3 surface-adsorbed alkyl radical interme-
Fig. 2 shows that the ultrasound and blank values-df.7 diate (la) bound to the Pd surface can undergo C3 H-atom
and 0.3, respectively, differ by a large amount. It can be addition to 1-butanol, or C2 H-atom eliminationdis- and
proposed that ultrasound prepares actives site(s) greatly fatrans-2-buten-1-ol. One goal of future work proposed here
voring a large JH ratio. Furthermore, from the pre-reduced will be to find experimental conditions (catalyst type, ul-
catalyst results of Fig. 2 it is seen that the blank experiment trasound power, hydrogen gas pressure, etc.) that maximize
has the JH ratio monotonically decreasing with increasing differences between ultrasound and conventional catalytic
percentage 1BUT formation. This suggests that the catalystprocessing methods. Consistent with this goal is to moni-
site(s) responsible for th¢H ratio are less stable during the tor energy expenditure resulting in product formation. The
course of an experiment and hence change over time, unlikepower flow scheme presented here is the first task undertaken
the site(s) controlling the C2BEN2BEN ratio. Examining to accomplish this goal. This information is likely crucial in
the proposed mechanism of Scheme 2, since la is a precurassessing energy savings for a process. For example, if en-
sor to product formation, it can be concluded that the ratio of richment in, saygis-to-transisomers for a synthetic process
rate coefficient§C + D)/B is enhanced by the application can be obtained with ultrasound, a cost analysis must con-
of ultrasound. sider ultrasound-expended energy compared to conventional
As a point to note, despite there being differencesin prod- (thermally) generated products plus the cost associated with
uct state distribution according to Figs. 1 and 2, the overall sample purification (e.g., distillation).
rate of product formation for the no ultrasound and 92 W  The experimental data presented here have shown that
ultrasound experiment of Fig. 3 shows that there is little differences in product state distribution and reaction rate
difference in the rate of product formation between the pre- exist between conventional and ultrasound-assisted hetero-
reduced and reduced experiments. Also, since the rate ofgeneous catalytic systems. Much work is needed to map out
product formation is nonlinear in applied ultrasound power, these differences as a function of temperature, reagent con-
it is most cost effective (% prodyblV is greater) to operate  centration (hydrogen gas pressure and liquid phase concen-
at the higher ultrasound powers. trations), reaction time (extent of reaction), catalyst type, and
The role that the OH group in 3BEN plays in the isomer- ultrasound/static reactor operating conditions (i.e., power).
ization and hydrogenation reactions cannot be deduced from
our data employing water as a solvent. As no isomerization
was observed without the presence of hydrogen gas, the OHAcknowledgments
group likely does not bond to the surface and hence play a
role in isomerization. To test this hypothesis, we employed  We note many fruitful discussions of this work with
methanol as a solvent and performed two experiments for theJames White and John Holladay of Pacific Northwest Na-
non-prereduced 3BEN hydrogenation—one at 40 W and thetional Laboratory (PNNL). The encouragement, and yet cri-
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