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Abstract

Bimetallic particles are extremely interesting in accelerating the dechlorination of chlorinated organics. Four noble metals (Pd, Pt, Ru and
Au), separately deposited onto the iron surface through a spontaneous redox process, promoted the TCE dechlorination rate, and the catalytic
activity of the noble metal followed the order of BdRu > Pt > Au. This order was found to be dependent on the concentrations of adsorbed
atomic hydrogen, indicating that the initial reaction was cathodically controlled. Little difference in the distribution of the chlorinatetsprodu
for the four catalystsojs-DCE: 51%; 1,1-DCE: 27%ransDCE: 15% and VC: 7%) was observed. The chlorinated by-products accumulated
in both Pt/Fe and Au/Fe (10.3% and 2.5% of the transformed TCE, respectively), but did not accumulate in Pd/Fe and Ru/Fe. Ru/Fe was
further examined as an economical alternative to Pd/Fe. The 1.5% Ru/Fe was found to completely degrade TCE within 80 min. Considering
the expense, the yield of chlorinated products and the lifetime of a reductive material, Ru provides a potential alternative to Pd as a catalyst
in practical applications.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction and pesticidef7,8]. Finally, the reactants, including iron and
chlorinated organics, are transformed into benign compounds
Destroying aqueous chlorinated organics for environmen- such as hydrocarbons, chlorides and iron oxides.
tal remediation requires either high-energy processes (wet Several shortcomings, including the accumulation of chlo-
oxidation[1]) or complex equipments (ultrasonic technique rinated by-products and the decrease in the activity of iron
[2] and photo-catalytic decomposition under UV irradiation over time, have been not§s, 10—-12] These factors increase
[3]). Biological processes may be effective, but conditions the risk associated with the passing of chlorinated products
must be well controlled to enable microorganisms to grow. through the treatment system. Improved methods that involve
In recent years, an efficient and cost-effective method, in- physical and chemical processes include (1) combining ul-
volving the use of zero-valent metals as reductants to de-trasound and iron to accelerate dechlorination reaction and
grade chlorinated organics at room temperature, has beemeduce the forming of oxide layers on the surface of iron by
extensively considered to be a promising process for treat-continuous cleaning through acoustic cavitafib8]; (2) in-
ing industrial wastewater and groundwafé+8]. Iron, the creasing the surface area of iron by reducing its particle size
most commonly used material, is a highly reductive metal to enhance the reactivijt0]; and (3) depositing a second
for dechlorinating various chlorinated organic compounds, metal as a catalyst onto the surface of the {®©i1,14-23]
such as chlorinated aliphatifs 5], chlorinated aromatid9] Of numerous improvement methods tested, the deposition
of the second metal as a catalyst onto the surface of iron

* Corresponding author. Tel.: +886 2 23625373; fax: +886 2 23928821, IS considered to be promising, in view of the simplicity of
E-mail addressd89541005@ntu.edu.tw (C.J. Lin). preparation and the rapid and complete dechlorination.
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Earlier studies have used two bimetals syst¢his16] [2-ethanesulfonic acid]acid (HEPES, Sigma) and iron pow-
One involves “simple mixing”, in which the second metal is der (99.6%, electrolytic and finer than 100 mesh). Addition-
added at the same time as the iron particles to the reactorsally, the noble metal precursors, including PAdiNZH,0,
The other is “complex mixing”, in which the second metalis H2PtClk-6H,0, RuCk, and AuCk, were supplied Alfa. All
deposited onto the surface of the iron in a redox reaction be-aqueous solutions were made in water purified with a Milli-Q
tween the second metal precursor and iron. The former yieldssystem (18.2 Mk/cm). The desired concentrations of TCE,
slower dechlorination than the latter, because of the effective 7.5 mg L=, in Ar-purged water were prepared by dilution of
contact area between iron and the second metal particles isa saturated TCE stock solution, which was made by stirring
limited. excess TCE with Ar-purged water. Adding the buffer, 10 mM

The deposition of small amounts of the second metal, suchHEPES, to control the pH of the solution at the range 7.1-7.3.
as Pd, Pt, Ag, Ni and Cu onto iron has been reported in the
past 10 yearfd,11,14-23]In all cases, reactions were much 2.2, Bimetals preparation
faster than those of untreated iron. However, loss of activity
of bimetals over time, due to a build up of metal (hydr)oxide  Bimetallic particles were prepared by mixing acidic so-
film or chemisorption of compounds to active sites or a loss |ution of noble metal precursor with iron particles, similar
of the loosely bound second metal particles, exhibited the to the previous studji4,15] The deposition of noble metal

benefit of bimetals to be short-lived. Additionally, leaching onto the surface of iron occurred through the following redox
of Ni or Cu when the iron has been exhausted would be of reaction.

environmental concern. Platinum group metals such as Pd are, L N 0

suggested to be a better choice of catalyst for most application, FE + My — EFez + My (1)

because of its chemical stability and high catalytic reactivity. ) . N

Lowery and ReinharfP4] demonstrated the presence of car- MN is the noble metal and is valence. Initially, the noble

bonate species, sulfur species, and chloride in water did notMetal precursors were dissolved in the solution of 1% HCl at

adversely affect Pd catalyst activity, but it may occur for Ni, the concentration of 1000 mgt. The desired amount of no-

Ag and Cu. Due to noble metal’s chemical stability, the regen- ble metal precursor (0.25,1.0,2.0and 2.5 mL 0f 1000 my L

eration of catalyst activity through weakly acid washing or of'Fhe noble metal), associated to the mass ratio of noble m_etal

oxidative washing would be obtained without destroying its € iron (0.25%, 1.0%, 2.0% and 2.5%, w/w), was added with

active sites. However, a loss of recoverable active sites on NjStiring to 1 g ofiron particles. Then, the mixture was washed

was caused through the regeneration process with acid solufWice by Milli-Q water. The mixture was filtered and then

tion [20]. In addition to economic considerations, the impact dried via vacuum freeze-drying technique (20003 Torr

of any products formed via target pollutant transformation is @nd—56"C for 24 h).

of vital important for both in situ and above ground treatment

system. Production and accumulation of chlorinated products2.3. UV/vis spectra

such as dichloroethylene isomers (DCE) and vinyl chloride

(VC) in the dechlorination reaction of TCE via zero-valent ~ UV/vis spectra (GBC, Cintra) were used to understand the

iron has been observed. They are known to be more toxic redox reaction and confirm the completeness of the redox re-

than the parent compound. Thus, in addition to increasing action. First, the aqueous solutions of the noble metal precur-

the degradation rate of target pollutant, a proper catalyst is SOr at the concentration of 10 mgt.(as noble metal weight)

implemented to solve the problem of production and accu- Were scanned via the wavelength range of 250-600 nm to

mulation of toxic by-products. identify the adsorption peaks. After mixing 1 g of iron par-
In this work, four noble metals (Pd, Pt, Ru and Au) were ticles into the 100 mL of the noble metal precursor at the

employed to promote the TCE dechlorination rate. The ob- concentration of 10 mgt?, the 2 mL sample was withdrawn

jectives of this work are (1) to compare the activity with TCE  periodically and then filtered through a 04 filter mem-

of various noble metals (Pd, Pt, Ru and Au) deposited oniron; brane. The filtrate was scanned with the same model of wave-

(2) to identify the production and accumulation of the reac- length scan. Comparison of spectra of the original aqueous

tion’s chlorinated products during the dechlorination process; solution of noble metal precursor with spectra of the filtrate

and (3) to examined the effect of the nature and loading of can quantitatively confirm the residual noble metal precursor

the noble metal on the dechlorination rate. in the filtrate

2.4. Characterization of bimetallic particles
2. Experimental section
Surface areas were determined by BE7 &dsorption
2.1. Chemicals analysis on a Coulter SA3100 surface area analyzer (Coulter
Co., Hialeach, FL). The morphology of the resulting bimetal-
The chemicals used were trichloroethylene (99+%, lic particles was viewed with Scanning Electron Microscopy
Aldrich, Milwaukee, WI),N-[2-hydroxyethyl]piperazine\'- (SEM) and localized elemental information from the chose
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region with Energy Disperse X-ray Spectroscopy (EDS) in 3
conjunction with SEM. The oxidation states of noble met-
als on the surface of iron were identified by electron spec-
troscopy for chemical analysis (ESCA), a surface-sensitive
tool to explore the surface chemistry of bimetallic particles
[25,26] The ESCA measurements were perform by using
a Vacuum Generators ECSALAB MK photoelectron spec-
trometer (East Grinsted, U.K.) with an AlcKL,2 (1486.6 eV)
X-ray source and a hemispherical 150 mm mean radius elec-
tron analyzer with a take-off angle of 90. The binding ener-
gies of the photoelectrons were determined with the assump-
tion of the carbon 1s electrons of 284.5 ev. During the data ac-
quisition, the pressure in the sample chamber did not exceec
5 x 10~ 10 Torr. The Tafel polarization curve of the ruthenium
aggregate electrode was measured on a potentiostat (Auto
lab, NL) by scanning the electrode potential at the rate of
0.1mvVs ! from —3 to 3V. A custom three-electrode cell
(Ag/AgCl electrode as a reference electrode) in 1 By
was performed to calculate the exchange current dengjty (
Theig of the ruthenium aggregate electrode, obtained by the
intercept of the linear region in the Tafel plot (not shown),
was assessed as T Alcn?. Fig. 1. UV/vis absorption spectra of Pt(IV) ions in water. The sampled time
were 0, 1, 5 and 10 min after mixing iron particles with thgRtCl-6H,O
2.5. Batch experiments solution.
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2.5.1. Reactor system

All experiments as function of time were performed with  1gg°c. peaks were quantified by comparing retention time
15mL serum bottles. In each bottle, 0.3 g of bimetallic par- ;4 peak areas with standard gas (Supelco).
ticles and 10.G£0.1) mL Ar-purged buffered Milli-Q water

were added, leaving a headspace of 5mL. The vials were

capped with Teflon silicone septa and aluminum seals. For

the displacement of residual air in the headspace by He-3. Results and discussion

lium, a glass syringe of 20 mL Helium was injected through

the septa and simultaneously an equivalent volume of gas3.1. Redox reaction between noble metal ions and iron
was withdrew by another needle to keep 1atm. A 100  Pparticles

aliquot of TCE (1100 mg/L) was then added through the

septa, and mixed on a rotary shaker (50 rpm) at room tem- Acolor change, orange into pale yell§¥b], is commonly

perature (25C) in the dark. used to evaluate the completeness of the reduction of Pd pre-
cursor by iron. A large range of reaction times, from a few
2.5.2. Sample analysis minutes[15] to several hourglL7], has been reported. In this

Gaseous TCE and chlorinated intermediates were mea-Study, UV/vis spectra were used to understand the redox re-
sured using a HP5890 GC equipped with a DB-624 capil- action and confirm the completeness of the redox reaction.
lary column and an electron capture detector operated in theAs Fig. 1 reveals, the absorption peak of the Pt precursor
splitless mode. Temperature conditions were programmed aghear 315nm completely disappeared after mixing iron into
follows: oven temperature at 5C; injection port temper-  the Pt precursor solution for 1 min (the ratio of Pt to Fe was
ature at 280C; detector temperature at 300. Ultrapure at 0.1%, w/w). Moreover, both curves, after redox reaction
nitrogen was used as carrier gas for GC and at a flow rateat 5 and 10min, showed similar absorbance in the region
of 4.16 mL/min. Gaseous hydrocarbon products were qual- 280—-380 nm. Iron very quickly reduced the Pt precursor. The
itatively identified with HP5890 GC equipped with a HP-1 time required to deposit Pt onto an iron surface was less than
column and a flame ionization detector. The programmed 1 min. Simultaneously, the absorption peak for Pd, Ru and
temperature was as same as the above description. HydroAu precursors were 350-450, 425-550 and 280-380 nm, re-
gen was identified by HP5830 GC with a 180 &r.63 cm spectively, and no significant adsorption peak were observed
packed molecular sieve no. 5A column and a thermal con- after mixing with iron for 1 min. The UV/vis spectral of the
ductivity detector. Helium was used as the carrier gas at asolution during the reduction reaction more precisely indi-
flow rate of 30 mL/min. The column temperature was kept cates the completeness of the reduction, than dose the color
at 40°C. Both the injection and detector temperature were change.
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Table 1

The surface area, pseudo-first-order rate constant and average rate of hydrogen evolution for various reductants

Reductant BET arégm?/g) Constantkops (h™1) Average rate of hydrogen
evolutiorf (mol/h)

Pd/Fe (0.25%, wiw) 0.9% 0.20 233+4.38 12675

Used Pd/F&(0.25%, wiw) 0.93+ 0.19 Q65 0042

Ru/Fe (2.0%, w/w) 1.44- 0.30 18+0.31 -

Ru/Fe (1.5%, wiw) 1.66t 0.33 24+0.17 3210

Ru/Fe (1.0%, w/w) 1.16 0.25 0435+ 0.06 -

Ru/Fe (0.25%, w/w) 0.8% 0.18 0264+ 0.007 1868

Used Ru/FB (0.25%, w/w) 0.90+ 0.21 0128 0821

Pt/Fe (0.25%, wiw) 0.84t 0.17 Q041+ 0.009 0609

Au/Fe (0.25%, wiw) 0.9% 0.20 0023+ 0.009 0684

Untreated Fe 0.54 0.08 0012+ 0.006 ND.

a Errors represent 95% confidence intervals.
b After continual dipping in Ar-purged Milli-Q water for 10 days.
¢ Averaged results from replicate tests were reported.

3.2. Characterizing bimetallic particles Ru particles into large ones and so reduced the total surface
area.

Several important properties of noble metal/iron particles,  The status of noble metal dispersion on the surface of
including the specific surface area, oxidation states of nobleiron highly affects the efficiency of catalytic effects and the
metal and its dispersion on the surface of iron, were ana- homogeneity of bimetallic particles. In this work, the mor-
lyzed by BET N adsorption, ESCA and SEM/EDS map- phology of iron particles after deposition of Pd was viewed
ping, respectively. Initially, various samples, including the by SEM ([ig. 2a)). Simultaneously, the distribution of Pd
bimetallic particles and untreated Fe, were analyzed the sur-on the surface of iron was exhibited by EDS mapping. As
face areas using BET Nadsorption. The results are listed Fig. 2 shows, Pd particles significantly aggregate on certain
in Table 1 Depositing noble metals onto the iron surface in- iron particles (at the central left side Big. 2(b)) with mod-
creased the total surface area as compared to that of the irongrate non-uniform distribution. The deposition of Pd quickly
consistent with previous findind21]. As Table 1reveals, occurred on the active sites of the iron surface, leading to a
the total surface areas of Ru/Fe particles are determined byhighly variability in the magnitude of total surface area com-
the loadings of Ru. The resulting surface area is increasedpared to the untreated iron with relative standard deviation of
from 0.544+ 0.08 nf/g of untreated Fe to 1.660.33 nf/g 11% and 7%, respectivelfigble J).
of 1.5% (w/w) Ru/Fe. Initially, the surface area increases = When noble metals were deposited onto iron, the oxida-
with the loading of Ru up to 1.5%. Further increasing in this tion states of noble metals were analyzed by ESCAFifs3
loading did not continue to increase the total surface area.shows, P8, R’ and AW are clearly seen in the ESCA spec-
This result implies that the initial increase in Ru served to tra, but both Ptand Pt(Il) seem to be the dominant oxidation
increase the number of fine Ru particles on the surface of states on the surface of iron. Muftikian et @5] postulated
iron. Then, further increasing in Ru leads to aggregate fine the stepwise reduction of Pd(IV) to Pd(ll), and then t&.Pd

Fig. 2. (a) SEM of Pd/Fe particles (2%, w/w, magnification 50D0b) EDX mapping of Pd elements. The spots with high contrast indicated the density of
Pd elements included in Pd/Fe particle$ig. 2a.
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Fig. 3. X-ray photoelectron spectra of Pd, Ru, Ptand Au. (a) Binding energy of the;Bg8&dks: 335.1 eV. (b) Binding energy of the Ry3geaks: 280.1 eV
and C 1s: 284.6 eV. (c) Binding energy of the Py3peaks: 71.2 eV; Pt 3h: 74.5 eV, Pt oxides: 73.8-75.0 eV and Pt halides:73.5-77.5 eV. (d) Binding energy
of the Au 4f;; peaks: 84.0eV.

Unstable Pd(II)-O—-Fe bonds were formed and then collapsefollows the trend Pd/Fg> Ru/Fe > Pt/Fe > Au/Fe. A pseduo-
spontaneously into the element state. The results from ESCAfirst-order kinetic model was used to evaluate the rate con-
analysisindicated Au(lll) and Ru(lll) followed the same step- stants Kqpg), Similar to previous research@$—6]. Table 1
wise reduction of Pd(IV), and zero-valent dominate the ox- reveals the related values. Of all bimetallic systekagg
idation states. However, in a reaction with Pt(IV) and iron, were increased as compared to untreated iron and the magni-
Pt(I1)-O—Fe bonds may be formed more stable than those intudes of them were 23:84.8, 0.264+ 0.007, 0.041 0.009
Pd system, leaving the large amount of Pt(Il) on the surface and 0.023t 0.009 ! for Pd/Fe, Ru/Fe, Pt/Fe and Au/Fe
of iron. (0.25%), respectively. It may be more practical to normalize
kopsaccording to the surface area and the mass concentration
of bimetal particles as does a monometallic iron syqt@&rh
However, the magnitude of total surface area was provided
Fig. 4 shows the disappearance rate of 7.5 mg/L TCE us- by two different metal. These values were highly variable
ing 0.3 g of various bimetal particles with 0.25% noble metal as compared to that of monometallic irofable 1 due to
loading, and as a comparison with 1.5% Ru/Fe. Obviously, non-uniform distribution of noble metal on the iron surface.
Pd/Fe is the most effective in enhancing the activity of iron Reaction with bimetallic particles, iron acts as a reductant to
and complete converted TCE within 5 min. Ru/Fe, Pt/Fe and transform water into hydrogen on the surface of the noble
Au/Fe separately required 6, 35 and 110 h to degrade TCE tometal in anaerobic condition; meanwhile the adsorbed inter-
the detection limit of the detector, which was 0.005 mg/L. The mediate, atomic hydrogen on the noble metal surface, imme-
reaction activity enhanced by noble metals using as catalystsdiately degrades the aqueous or adsorbed TIBE21,23]

3.3. Dechlorination of TCE
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Fig. 4. The disappearance rate of TCE in various bimetallic systems. Errors represent 95% confidence intervals.

Iron and the noble metal play different roles in the course of ucts distribution in the Pd-og-Al,03 system[24,30] The
the dechlorination reaction. Thus, it is not essential to nor- TCE dechlorination rate decreased and the production of
malize kops, Unless the individual surface areas of bimetal chlorinated by-products increased with decreasing] i
particles are distinguished. In this work, the initial rate of hydrogen generation from
Previous research¢®4,28—-30]have indicated hydrogen 0.3 g of Pd/Fe, Ru/Fe, Pt/Fe and Au/Fe (0.25%) in deoxy-
plays a key role in the dechlorination reaction in the pres- genated water were evaluated. EBgy. 5 shown, substan-
ence of Pd. The concentration of hydrogen in agueous solu-tial amounts of hydrogen gas were generated in all the four
tion ([H2]ag) affected the TCE transformation rate and prod- bimetallic systems. No detectable amount of hydrogen was

120 —
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Fig. 5. The initial hydrogen generation in the reaction betweg® Bind various noble metals/iron.
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Fig. 6. The relationship between the square root of hydrogen partial pressures and the observed TCE dechlorination rate constants (datadviena obtaine
Lowry and Reinhard’s resear¢B0]).

observed in monometallic iron system within 25h. The av- wherekis the rate constant ar}, is the hydrogen pressure
erage rates of hydrogen evolution were 12.675, 1.868, 0.609(atm). In this case, [Mkhd is proportional to the square root
and 0.684.mol/h for Pd/Fe, Ru/Fe, Pt/Fe and Au/Fe, respec- of the hydrogen pressure. Lowry and Reinhg@] have re-
tively (averaged results from duplicate tests were reported). ported the observed TCE dechlorination rate constants under
The initial rate for Pd/Fe is significant higher than that for various hydrogen partial pressures. Usj?fézasx_axis and
Ru/Fe or Pt/Fe or Au/Fe. The fact that the better hydrogen the observed TCE dechlorination rate constantg-asis, a
generation catalyst gives a higher dechlorination rate seemsegression line with the coefficient of determination of 0.95
to be valid. InTable 1 however, the dechlorination rate for  was obtainedRig. 6). This finding implies that the activity of

TCE using Au/Fe was increased two times by Pt/Fe with a Pd as a catalyst to degrade TCE is proportionally increased
lower hydrogen evolution rate. Additionally, a highly dechlo-  with [MH aqd.

rination rates were still observed when Pd/Fe was continually  (2) In the electrochemical processes in aqueous solution
dipped in Ar-purged Milli-Q water for 10 days without sig-  with noble metal

nificant amount of hydrogen generated. Thus, the amount

of hydrogen evolution is not completely proportional to the [MH aqd = ki 3
dechlorination rate. Adsorbed atomic hydrogen, serving as

the reducing agent, has been proposed to contribute to thewherei is the cathodic current density (A#h In this case,
highly activity of bimetallic particles for organic compounds [MH 444 is proportional to the cathodic current density. In this
reduction[20,31] However, the effect of adsorbed atomic study, bimetallic particles consisting of noble metal and iron
hydrogen on the dechlorination rates has not been estabwith differences of electric potentials are considered to gen-
lished. This research investigated the correlation between theerate hydrogen via electrochemical processes. The exchange
dechlorination rate and the concentration of atomic hydrogen current densityi, A/lcm?), a function of solution, tempera-

on the surface of noble metal ((MkY). Here, [MHyqd was ture, electrode material, and electrode roughness, is the rate
evaluated via Eq42) and (3)for both hydrogen gas system of hydrogen evolution per surface area at the electrode poten-
and electrochemical hydrogen evolution system, respectivelytial, where the reaction is at equilibrium. Exchange current

[32]. densities differ widely among the different materials. The val-
(1) In the hydrogen gas system ues of Pd, Pt and Au electrode have been reportedat, 10
12 1031 and 10°>4A/cm? in 1M H,SO, [33] and that of Ru
[MHadd = kP, @) was assessed ast®A/cm? via Tafel curve (not shown).
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Fig. 7. Concentration profile of total chlorinated products in various bimetallic systems.

A linear relationship betweery of Au and Ru andkgps of and VC: 7%) was observed. Replicate experiments indicated
Au/Fe and Ru/Fe wagps= 203079 — 0.0578. Furthermore,  the distribution of chlorinated products were reproducible
kopsOf Pt/Fe and Pd/Fe were estimated based on this linear re-within 5-10%. No accumulation of chlorinated products was
lationship to be 16.1 and 20.2(H), respectively. Inthe Pd/Fe  observed in Pd/Fe and Ru/Fe systems, due to the their high
system, the estimated magnitudekgfs fell in the interval dechlorination activity. However, the amount of chlorinated
of 18.5-28.1 (1) with 95% confidence. However, the states products achieved the maximum when TCE completely de-
of the Pt surface dominated by botH’Rind Pt(ll) Fig. 3 graded, and persisted in the Pt/Fe and Au/Fe systems. This
caused a large difference between the estimated and experiindicates that Pd or Ru as a catalyst not only rapidly de-
mental values. Thus, the initial dechlorination rate primarily stroys TCE, target pollutant, but also completely transforms
depends on the concentration of adsorbed atomic hydrogerchlorinated products into hydrocarbons. Carbon mass bal-
on the surface of the second metal and is cathodically con-ances of more than 90% relative to the spiked TCE were

trolled. obtained. Chlorine after the complete TCE degradation was
in good agreement with theoretical ones (>95% accountabil-
3.4. Reduction products from noble metal/iron ity). Replicate experiments indicated that carbon and chlo-

rine balance were reproducible within 5-10%. Although,

Heterogeneous reactions between aqueous chlorinated orthe dechlorination rates are promoted by Pt and Au, these
ganics and bimetallic particles require the reactant to move Systems with residual chlorinated products are impractical.
close to the surface of the solid and then be chemisorbed atFinally, ethane predominated the hydrocarbon products in
reactive sites. After a chemical reaction at these sites, thePd/Fe, Ru/Fe and Pt/Fe systems, but ethane and ethene in
products are desorbed into the solution. In the above pro-2 ratio of 1:1 was observed in Au/Fe system. These obser-
cesses, the catalyst is important in selectively adsorbing thevation results were explained by the fact that TCE may un-
reactants and desorbing the products according to its affinity dergo hydrogenolysis and hydrogenation of the double bond
for them. AsFig. 7shows, total chlorinated products, includ- to form ethane in Pd/Fe, Ru/Fe and Pt/Fe systems. How-
ing VC, 1,1-DCE trans DCE andcis-DCE, are produced at ~ ever, ethene, the first hydrocarbon product, easily desorbs
different yield for the four catalysts in the course of the reac- from the Au surface into water because of its relatively weak
tion. Total chlorination products accounts for 11.8%, 0.5%, adsorption bond, and then releases into the gas phase. The
10.3% and 2.5% of TCE transformed at the maximum for nature of Au differs from Pd, Pt and Ru, leading to ethane
Pd/Fe, Ru/Fe, Pt/Fe and Au/Fe, respectively. Little differ- and ethene in a ratio of 1:1 being observed in the Au/Fe sys-
ence in the distribution of chlorinated products for the four tem, rather than only ethane predominating the hydrocarbon
catalysts ¢iss-DCE: 51%; 1,1-DCE: 27%transDCE: 15% products.
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Depositing noble metal onto iron surface, electrically con- results obtained in this study have demonstrated the follow-
necting two dissimilar metals, gives a driving force to accel- ing:
erate the corrosion of iron, known as galvanic corrosion. In

anaerobic and weakly acidic solution, the anodic reaction is (1) Depositing noble metals onto the iron surface, a sponta-

neous redox reaction, was evaluated by UV/vis spectrato

given by complete less than 1 min. The oxidation states of various

Fe— F&t + 2e @) noble metals on the surface of iron detected by ESCA
revealed PY R’ and AP were predominant on the sur-

while, the cathodic reactions are expressed as face of iron, but Ftand Pt(ll), even Pt(IV), were detected

. B on the surface of iron.

H" + e + MN < MnHads (5) (2) Reactions with Pd/Fe and Ru/Fe separately produced to-
tal chlorinated products at 11.8% and 0.5% of the trans-

MNHads + MNHads — Hz + My (6)

formed TCE at the maximum, but disappeared thereafter.
In contrary, total chlorinated products accumulated in
Pt/Fe and Au/Fe systems with the maximum yield of
10.3% and 2.5%, respectively. Finally, ethane predom-
inated the hydrocarbon products in Pd/Fe, Ru/Fe and

The measurement of the amount of products generation or
reactants loss is a convenient method for determining the
rate of galvanic corrosiof84]. In this study, the measure-
ment of hydrogen generation is preferred over weight loss : . )
measurement due to possible errors in iron oxides precip- Pi/Fe t;systerr(;s_, b:t/;e:thane and ethene in a ratio of 1:1
itation. The initial hydrogen generation rate follows the was observed in Au e;ystem.

trend Pd/Fe>Ru/Fe > Au/Fe > Pt/Fe (12.675, 1.868, 0.684 (3) Increasing the mass ratio of Ru and Fe to 1.5%, a com-
and 0.609umol/h, respectively). The result indicated that pIe'ie dechlolrlnatul)n was ach|§ved Ies; than 80 rt:un. S'('j
the initial corrosion rate of Pd/Fe was faster by a factor of multaneously, a slower corrosion reaction was observe

7 and 11 as compared to Ru/Fe and Au/Fe, respectively. The in RL_’(/er_ sys;c]em as compﬁredh'io _Pd/Fg sys(';em. ThL:Z
value ofig of the noble metal significantly affects the ini- considering the expense, the chiorinated products yie

tial corrosion ratg35]. Initially, a highig of Pd (the cath- and thellifetime of a reductive material_, Ru,is a.pot_ential
ode) would quickly corrode the iron (the anode) resulting in alternative to Pq as a catalystin pract_|cal applications.
a buildup of oxides layers. Then, this reaction was shifted (4) The concentrations of adsorbed atomic hydrogen, depen-
to anodic control, eventually halting further corrosion. Ex- dent on the exchange current density of the noble metal,

perimental evidence demonstrated that the initial hydrogen determmed the dech_lormatmn rate, indicating the initial
generation rates were at 12.675 and 1. 86®l/h for Pd/Fe reaction was cathodically controlled.

and Ru/Fe (0.25%), respectively. However, a slower rate at
0.042pmol/h for Pd/Fe than at 0.83dmol/h for Ru/Fe was
observed after continual dipping in Ar-purged Milli-Q wa-
ter for 10 days. Thus, the advantage of Pd/Fe compared to
other bimetallic particles tested in this work would be short-
lived.

Experiments with various loadings of Ru were performed.
As Table 1shows, the observed rate constants increase
with the mass ratio of Ru to Fe from 0.25 to 1.5% (from
0.246+ 0.007 to 2.4+ 0.17 h1). Further increasing this ratio
did not continue to increase the rate constant. Reaction with [1] 3. Qin, Q. zhang, K.T. Chuang, Catalytic wet oxidation pf
1.5% Ru/Fe, a complete degradation of TCE was achieved chlorophenol over supported noble metal catalysts, Appl. Catal. B29
within 80 min. The price of Ru particles is approximately (2001) 115-123. _ _
10% of that of Pd particles (Alfa). Thus, considering their [2 D- Privers, H. van Langenhove, L.N.T. Kim, L. Bray, Sonolysis of

. . e an aqueous mixture of trichloroethylene and chlorobenzene, Ultro-
expense, the chlorinated products yield and the lifetime of ., sonochem. 6 (1999) 115-121.
a reductive material, Ru, is a potential alternative to Pd as a [3] S. Yamazaki, S. Matsunaga, K. Hori, Photocatalytic degradation of
catalyst in practical applications. However, further compared trichloroethlyene in water using TiOpellets, Water Res. 35 (2001)

experiments are needed to investigate the catalyst poisoning,  1022-1028.

. . . -~ [4] R.W. Gillham, S.F. O’Hannesin, Enhanced degradation of halo-
particularly in solutions containing %é_ and HS" cause genated aliphatics by zero-valent iron, Ground Water 32 (1994)

rapid Pd deactivatioff4]. 058-967.

[5] L.J. Matheson, P.G. Tratnydk, Reductive dehalogenation of chlo-
rinated methanes by iron metal, Environ. Sci. Technol. 28 (1994)
2045-2053.

[6] W.S. Orth, R.W. Gillham, Dechlorination of trichloroethene in aque-
ous solution using Fe Environ. Sci. Technol. 30 (1996) 66-71.

Four noble metals (Pd, Pt, Ru and Au) used as catalysts [7] A, Agrawal, P.G. Tratnyek, Reduction of nitro aromatic compounds

effectively enhanced the dechlorination of TCE by iron. The by zero-valent iron metal, Environ. Sci. Technol 30 (1996) 153-160.
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