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Halocarbons undergo catalytic destruction and min-
eralization with silver and gold nanoparticles in solu-
tion forming metal halides and amorphous carbon.
The reaction, studied for several halocarbons and one
chlorofluorocarbon, is efficient and complete destruc-
tion occurs within several hours at room temperature.
The methodology can be applied for detection, de-
struction and removal of halocarbons with complete
recovery of the products, implying possible applica-
tions.

HALOCARBON stockpile on the Earth’s surface is massive
and efficient destruction strategies are intensely pursued.
Chlorocarbons are some of the major pollutants of soil
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and water and their detection in trace quantities as well as
removal at these levels constitute important aspects of re-
search. Many of them are toxic, mutagenic and resistant
to microbial degradation. Chlorofluorocarbons, being in-
ert in the troposphere reach the stratosphere and contrib-
ute to the catalytic destruction of ozone. Various
methodologies for the destruction of halocarbons have
been proposed' : reductive dehalogenation and minerali-
zation are of particular relevance here. In mineralization,
a recent approach’ is the use of sodium oxalate to gener-
ate sodium halides from halocarbons. Halocarbon degra-
dation by activated carbon’ has been demonstrated. Most
recent approach” in this direction is the reaction,

2Cu0 + CCly = 2CuCl, + CO; (1)
using metal oxide nanoparticles.

In this paper, we report a promising and novel reaction of
metal nanoparticles, which bring about halocarbon min-
eralization efficiently, economically and eco-friendly.
The reaction, studied with silver and gold nanoparticles,
results in the catalytic destruction of halocarbons forming
silver halide (gold chloride) and amorphous carbon. The
reaction is more efficient with silver nanoparticles. Reac-
tion is efficient for all particles in the size range of 2—
150 nm. It is not observed for bulk metals and therefore
constitutes one of the examples of size selective reactiv-
ity of nanoparticles. We believe that this promising reac-
tion is one of the best methods to mineralize halocarbon
stockpile on the earth’s surface.

Our experiments were conducted with several kinds of
nanoparticles prepared using well-established procedures.
Gold and silver particles in the 10-150 nm range were
prepared by the citrate reduction route® and were charac-
terized by optical absorption spectroscopy (UV-visible,
Perkin Elmer Lambda 25) and transmission electron
microscopy (TEM, 120 KV, Philips CM12). Au and Ag
particles with thiolate capping were prepared by the
Brust procedure’ and were characterized in the as-pre-
pared form as well as after-size separation (solvent selec-
tive precipitation) by a variety of techniques®. Particles in
the size range of 2-150 nm were accessible by these two
procedures. Some of the studies were also done using
TiO, and ZrO, covered core-shell nanoparticles of Au
and Ag, prepared using a single-step procedure’. Identifi-
cation and quantitation of the reaction products were
done using X-ray diffraction (XRD, Shimadzu XD-DI,
CuKa), gas chromatography (GC, HP 5987), infrared
spectroscopy (FT-IR, Perkin Elmer Spectrum One) and
mass spectrometry (MS, Balzers Thermostar).

Majority of the experiments were performed with cit-
rate capped silver clusters. In a typical procedure'’, 25 ml
of 0.005 M stock solution of silver nitrate in water is di-
luted to 125 ml and heated until it begins to boil. 5 ml of
1% sodium citrate solution is added and heating contin-
ued till the colour change was evident (yellow). The
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average particle size was 60—80 nm (ref. 10). To 2.5 ml
of 1:1 (by volume) mixture of the nanoparticle solution
and 2-propanol, 50 M of CCl, was added and kept aside
for observation by UV-visible spectroscopy. 2-propanol
was added to increase miscibility of CCl, (solubility of
CCl,=0.65mg/100 g at 298 K in water) in most of the
experiments. Reaction occurs in methanol and ethanol
solutions as well, with different kinetics. Figure 1 shows
change in the absorption spectrum of this solution as a
function of the reaction time showing the complete dis-
appearance of the plasmon peak at 438 nm within a time
interval of 12 h. No significant shift in the peak position
was observed but as the reaction proceeds, certain change
in the absorption profile was observed, presumably as a
result of changes in particle morphology (TEM showed
elongated particles, see below). The solution gradually
became colourless as shown at the end of the reaction
(inset). A grey solid precipitated; the precipitation can be
accelerated by centrifuging. Powder XRD of the precipi-
tate (Figure 2a) matched exactly with AgCI* (Figure
2b) and no metalic silver reflections of the parent
nanoparticles were found suggesting complete conver-
sion (no free Ag" was present in the solution). Grey
appearance of the solid was due to the presence of amor-
phous carbon with the precipitated AgCl, the former did
not show any diffraction. AgCl was dissolved in dilute
ammonia and the solution answered the characteristic
tests for Ag".

The material after AgCl removal showed a sharp infra-
red feature at 1384 cm™ characteristic of amorphous car-
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Figure 1. Variation of the UV-visible absorption spectrum of silver
clusters (total silver concentration of 0.001 M) upon addition of CCl,.
Spectrum of the pure cluster solution (a) shows the plasmon at 438 nm
characteristic of silver nanoparticles of 60—80 nm diameter. Trace (b)
was taken just after the addition of 50 m of CCl, to 2.5 ml of the solu-
tion. Subsequent traces were taken at the interval of 30 min (ctor) and
(s) was recorded after 12 h showing the complete disappearance of the
plasmon. Inset shows the picture of the nanoparticle solution (A) and
the reaction product (B) after adding CCl, (12 h).
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bon materials?. All the CCl, features disappeared from
the spectrum and no intensity was seen in the C-Cl
stretching range (the spectra are given in the supporting
information (1). The material burned completely in air
giving CO,. FT-Raman spectrum of the material con-
firmed that it is composed of amorphous carbon (spec-
trum is given in supporting information (2). The G band
and D band of the amorphous carbon centered at 1550
and 1288 cm ™ respectively are seen®?.

The solution after separation of the precipitate con-
tained free chloride ions, which was quantitated by pre-
cipitation. CCl, was not detected in the citrate solution
left behind (by gas chromatography). No new organic
product was detected in GC. In situ infrared spectroscopy
revealed the gradual disappearance of C-Cl stretching
frequency and the evolution of amorphous carbon, and no
additional feature was detected. Possibility of CO, for-
mation was suspected (due to oxidation of carbon) as the
solution contained dissolved air, and the gas volume
above the reaction vessel was analysed by mass spec-
trometry and no new species were detected. There was a
drastic change in the pH of the solution during the reac-
tion, which changed from 9.7 (nanoparticle solution) to
1.2 (after the reaction). On the basis of all these experi-
ments, we conclude that the reaction observed is a cata-
lytic decomposition of halocarbons. A balanced equation
cannot be given for the above reaction because of the
ambiguity in the value of the number of atoms in a given
metal cluster. The electrons are supplied by the solvent,
presumably by the reaction,

(CH3),CHOH ® (CHj3),CO + 2H" + 2¢, 2
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Figure 2. A comparison of the powder diffractograms of (a) CCl, re-
action product with silver nanoparticles and (b) AgCl prepares by add-
ing Ag' to a dilute solution of CI~. The diffractogram matches exactly
with the powder diffration data file. No features for carbon are seen in
XRD, confirming the amorphous nature of it.
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which explains the increase in pH, though (CH3),CO was
not detected due to reduced concentrations. The pH was
considerably higher (3.5) and the reaction was slower in
a solution containing acetonitrile or acetone (instead of 2-
propanol). Reaction conducted under quantitative condi-
tions showed destruction of 19 CCl, molecules per silver
atom. This number varied with the preparation condi-
tions, indicating variation of the catalytic properties with
size. In pure water medium, the reaction did not lead to
the precipitation of AgCl and amorphous carbon as CCl,
solubility islow (see below).
The direct mineralization reaction,

Ag + CCl,® AgCl +C, 3)

is nearly thermoneutral, using the enthalpy values of ma-
terials in their stan %95 for CCl, and AgCl
are, —128.2 and —127.01.2 kJ mol™ respectively, making

H of the reaction to be 1.2 kJ mol™)*. Reaction enthal-
pies for other chloromethanes are also not large. When
acetonitrile was used instead of 2-propanol, eq. (3) was
nearly quantitative. As the metal involved is of nanodi-
mension with excess energy than the bulk, reaction (3) is
expected to be exothermic. Thus, nanodimension and the
energetic surface atoms are believed to help in overcom-
ing the thermochemical and entropic barriers in bringing
about the above mineralization reaction.

Interaction of CCl, and O, with silver nanoparticles
leading to oxidation of silver has been reported before'
leading to a red shift of the plasmon excitation. CCls-
induced destruction of metal core happens in the case of
thiolate protected nanoparticles in toluene medium®.
Complete destruction as reported here has not been ob-
served till now. Catalytic destruction has to be a cumula-
tive effect of several processes. Although the details of
the processes at the nanoparticle surface are not clearly
known, it appears that three events occur, namely (1)
catalytic decomposition of CCl, at the nanoparticle sur-
face, (2) metal-assisted decomposition of halocarbons or
net mineralization and metal corrosion, (3) an oxidation
reaction involving the solvent releasing protons (and
electrons). It is clear that (2) happens independently,
while (1) and (3) are coupled.

Several other halocarbons exhibited the reaction. Reac-
tivity was checked with common halocarbons such as,
CH,Cl,, CHBr; and CgHsCH,CI (benzyl chloride) and 3-
bromo 1-propyne. We also checked a chlorofluorocarbon,
namely CCIlsF, and the reaction was similar to that of
CCl,. The C—F bond completely disappeared and amor-
phous carbon was formed. No C—H freguency was dete-
cted in the carbon product of CH,Cl, and CHCI;. The
fastest reaction observed was with bromoform. Silver
bromide was precipitated within 10 min of mixing the
two solutions.

No reaction was observed with a silver mirror made
with Tollen's reagent even after refluxing, which shows
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that this reaction is characteristic of particles in the nano
regime. The reaction was seen to occur with a range of
cluster materials, citrate capped clusters, thiolate capped
nanocrystals (with benzyl chloride) and oxide protected
metal particles’. However, in very large particles (made
by increasing metal ion concentration), no reaction
was seen, the particles agglomerated and precipitated
upon addition of CCl,. The aggregates could be brought
back to solution by sonication, but no reaction was ob-
served.

The reaction with gold nanoparticles was slower and
complete mineralization was observed over a period of
48 h (Figure 3). The plasmon red shifted upon the addi-
tion of halocarbons (benzyl chloride), which could be due
to the adsorption of halocarbons on the surface of gold
nanoparticles and the change in colour was distinct. After
12 h, the particles precipitated. Shape changes, mostly to
elongated particles, are observed in transmission electron
microscopy, which explained the changes in the plasmon
structure'®. Upon stirring, reaction continued and com-
plete mineralization occurred resulting in the formation
of AuCl; (see supporting information 3). Thermochemis-
try suggests a more endothermic %95 foOr
AUCl; = —117.6 kI mol™) which could be the reason for
the observed change. An abrupt reaction was observed
with Cu nanoparticles in agreement with thermochemis-

%05 = —220.1 kJ mol ™).

It is important that the method is applicable to dilute

solutions so that applications in water purification become
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Figure 3. Variation of the UV-visible absorption spectrum of gold
clusters upon addition of benzyl chloride. Spectrum of pure cluster so-
lution (a) shows the plasmon at 521 nm characteristic of 15-20 nm
gold particles. Trace (b) was recorded just after adding 50 mi benzyl
chloride to 2.5 ml of cluster solution. Subsequent traces were recorded
at 20 min intervals. The plasmon red shifts to 681 nm initially upon
addition and it disappears completely after 48 h (m). Inset shows pic-
tures of the nanoparticle solution (A) and the reaction product (B) after
adding benzyl chloride (after 1 h).
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possible. Saturated solutions of halocarbons (CH,Cl,,
CHCI3; and CCl,) were prepared in water and citrate sta-
bilized silver clusters were added (without 2-propanol).
After stirring for 2 h, the halocarbon levels went below
the detection limit in both GC and MS. The reaction ap-
pears to be a direct mineralization process.

In all the cases investigated, the mineralization was
complete and the reaction products were removed com-
pletely from solution. Silver chloride being a secondary
ore of silver, the material may be recycled to get pure
Ag, thus making it a zero waste reaction. The process
could be conducted in an eco-friendly manner with excel-
lent efficiency. For drinking water applications, it is
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FTIR spectra of (a) CCI, reaction production in KBr matrix and
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The Raman spectrum of the amorphous carbon obtained in the
reaction between Ag clusters and CCl,. The feature at 1550 cm™
corresponds to G band and that at 1288 cm™ corresponds to D
band of amorphous carbon®.
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important to remove the ions (citrate, nitrate, halide, etc.)
by ion exchange.

In conclusion, we have found a novel reaction by
which halocarbons are mineralized by metal nanoparti-
cles. The reaction in presence of acohols is a catalytic
destruction leading to the metal halide and amorphous
carbon. The reaction occurs with fluoro, chloro and bro-
mocarbons. The reaction products can be removed com-
pletely from the solution, suggesting a viable process for
halocarbon removal. Application of this reaction in the
detection, extraction and degradation of environmentally
significant halocarbons in general, and pesticides in par-
ticular, is being pursued currently.
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The UV-visible spectra showing the emergence of AuCl, peak in
the reaction between Au citrate and benzyl chloride. (a) UV-
visible spectrum of HAuCI,.3H,0 in water; (b) Au citrate reaction
product with benzyl chloride. The shift in the peak maximum from
291 to 318 is due to the change of solvent (from water to water
alcohol (1:1 volume) mixture) and the presence of citrate ions.
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