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A graphite oxide-based nickel catalyst for reductive dechlorination 
of polychlorinated aromatic hydrocarbons 
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Heterogeneous Ni-containing catalysts based on graphite oxide were prepared and their 
activity in the dechlorination of polychlorinated aromatic hydrocarbons by different 
organosilanes was studied. 
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Polychlor ina ted  a romat ic  hydrocarbons (PAH) con-  
tained in e lectr ical  and chemical  industrial  wastes are 
sources o f  highly toxic substances, polychlor ina ted  diox- 
ins and d ibenzofurans . t  Comple te  dech lo r ina t ion  giving 
relatively non tox ic  a romat ic  hydrocarbons appears to be 
the most p romis ing  me thod  among the known methods 
of  PAH detoxif icat ion.  Dechlor ina t ion  can  proceed on 
treatment with sodium naphthal ide,  dispersed alkali met-  
als, mol ten  a luminum,  o r  organohydridesi lanes  in the 
presence o f  catalysts. ~-6  Unlike alkali meta l s  or  molten 
a luminum,  organos i l icon  hydrides are nonpyrophor ic ,  
nonexplosive,  and nontoxic  compounds ,  readily avail- 
able as c o m m e r c i a l  products.  

The coll idal  nickel catalyst prepared by the  reduction 
hz situ of  anhydrous  NiCI 2 with organosi l icon hydrides is 
known 4-7  to catalyze comple te  dech lor ina t ion  of  chlo- 
robenzene (CB) ,  4 ,4 ' -d i ch lo rod ibenzy l  ( D C B ) ,  tetra- 
ch lorobenzene  (TCB) ,  and Sovol (a mix ture  of  poly- 
chlorinated biphenyls  containing,  on the average,  five C1 
atoms per biphenyl  molecule) .  The eff ic iency of  dechlo-  
rination depends  on both the way of  prepara t ion of  the 
catalyst and the number  o f  CI atoms in the PAH. It has 
been shown s-6 that ,  when the PAH molecu le  contains 
many CI a toms (for  example,  TCB or  Sovol) ,  the cata- 
lyst should be prepared from a mixture o f  organosil icon 
hydrides and N a B H  4 and dechlor inat ion requires the use 
of  organosi l icon hydrides whose boiling poin ts  are higher 
than that o f  tr iethylsi lane (TES). In all studies, the 
catalyst was used only once ,  because, af ter  separation 
from the react ion mixture,  it was inactive (perhaps, due 
to oxidat ion in air) and was not regenera ted  on treat- 
ment with o~anohydr ides i l anes .  In addi t ion ,  colloidal 
nickel is pyrophor ic ,  which makes the procedure  more 
compl ica ted .  

We investigated methods  o f  development  o f  a reus- 
able stable catalyst for comple te  dechlorination o f  PAH. 
For  this purpose, we a t tempted  to prepare a heteroge-  
neous catalyst in which nickel is supported on the 
surface of  a graphite-based carbon material. The low 
number  o f  functional groups in graphite precludes fixing 
o f  a sufficiant amount  of  metal on its surface. Con-  
versely, graphite oxide ( G O )  can serve as a support  that 
combines  the properties o f  oxide and carbon supports 
because it contains a large number  of  oxygen-containing 
functional  groups ( C - - O H ,  C O O H ,  etc.) able to anchor  
cat ionic  complexes or  small  transition metal clusters due 
to cat ion-exchange reactions and coordination, s,9 

Experimental 

C402.33H 1.53 (primitive formula) was prepared by the modi- 
fied Hummers method, t~ The C : O  ratio, found from the 
primitive formula after subtraction of H and O in amounts 
corresponding to H20, is 2.55 (see Table I) and the interplanar 
spacing is 6.7 ,-~, which is consistent with published data. II 
According to DTA. GO partially decomposes in air in the 
180--240 ~ range to give CO, CO 2, and H20 and at 
420--580 ~ the carbonaceous residue is oxidized by atmo- 
spheric oxygen, tz The IR spectrum of GO exhibits a broad 
absorption band at about 3400 cm -j (stretching vibrations of 
OH groups participating in hydrogen bonds) and an absorption 
band at 1730 cm -1 due to the stretching vibrations of the C=O 
bonds of the carboxy group. The weak absorption band at 
1620 cm -~ can be assigned to both deformation vibrations of 
H20 15 and vibrations of the carbonyl groups in the quinoid 
system.iS The I R spectrum also contains weak absorption bands 
at about 1380 cm -~, which were assigned to the deformation 
vibrations of the tertiary C--OH groups, and broad bands in the 
region of I000--1100 cm -I ,  assigned to the stretching vibrations 
of the C--O bonds of aliphatic alcohols, t3 
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The catalyst was prepared by supporting nickel chloride 
from an ethanolic solution onto dried graphite oxide followed 
by drying and treatment with TES with refluxing. This gave 
non-hygroscopic (unlike the initial graphite oxide) hydrophobic 
samples, stable during long<erm storage in air and containing 
3--10% Ni. ts The compositions of the resulting catalysts are 
summarized in Table I. 

TES was prepared from EtCI2SiH by the Grignard reaction 
with EtBr. EI(BuiO)2SiH was synthesized by treatment of 
EtCI2SiH with isobutyl alcohol. Anhydrous nickel chloride was 
prepared by refluxing NiC] 2 - 6H20 with thionyl chloode for 4 h 
followed by evaporation of excess thionyl chloride and drying 
the product in vacuo for 7 h at -20 ~ 

The IR spectra of samples pressed in pellets with KBr were 
recorded on a Bruker JFS-I t3V Fourier transform spectrom- 
eter, and X-ray diffraction patterns were obtained on a DRON-3 
dfffractometer ((Cu-Kct) radiation, Ni filter). 

Preparation of graphite oxide. Electric-carbon graphite (20 g) 
and concentrated H2SO 4 (600 mL) were placed in a three- 
necked 2-1iter flask equipped with a mechanical stirrer and a 
thermometer. Concentrated HNO 3 (10 mL) was added with 
stirring and the mixture was heated on a water bath (45 ~ 
until blue-colored graphite bisulfate appeared. The mixture was 
cooled to 10--15 ~C and KMnO.~ (60 g) was added in portions 
over a period of I h. the temperature being maintained below 
20 'C. After the addition had been completed, the mixture was 
slowly cooled with stirring to 40 '-'C and left overnight. Then the 
mixture was cooled again to 10--15 ~ and I L of water was 
added in portions with continuous stirring, the temperature 
being maintained below 50 ~C. The resulting suspension was 
poured into a 3-1iter beaker and concentrated H202 (50 mL) 
was slowly (due to foaming) added with stirring. The warm 
mixture was centrifuged, the precipitate was separated and 
suspended in I L of  3% HCI. and the suspension was centri- 
fuged. The procedure was repeated 4--5 times. Then GO was 
diluted with water to 25 L and washed with decanting until the 
pH of the wash water was _>4.0 and SO4 2- or CI-  ions were not 
detected. The washed suspension was centrifuged and dried in a 
steam of warm air (60 ~ under atmospheric pressure and then 
the sample was ultimately dried to a constant weight at a 
pressure of 0.01 Tort and a temperature of 56 ~ 

Preparation of the catalysts. Graphite oxide (I g) was 
placed in a three-necked flask and an ethanolic solution of 
nickel chloride (0.07 g of NiCI 2 for GO--Ni- I  and 0.39 g of 
NiCI 2 for GO--Ni-2)  was added with stirring. The mixture was 
concentrated in vacuo at -20 ~ TES (3 g) was added, and the 
mixture was refluxed for 20 h: during this period, it was purged 
with air at intervals in order to remove the HCI evolved. The 
precipitate was filtered offand extracted with ether in a Soxhlet 
apparatus and the solution was dried in vacuo at 56 oC until a 
constant weight was attained (the compositions of the catalysts 
are given in Table I). 

Reduetive dechlorination of DCB with TES. el. The 
GO--Ni-I  catalyst (310 rag, 0.147 mmol of Ni) and TES 
(1430 mg, 12.327 retool) were placed in a two-necked fask and 

the mixture was refluxed for 0.5 h. Then DCB (88.6 rag, 
0.353 retool) was added and the mixture was refiuxed for 3 h. 
According to GLC, dibenzyl was formed in a quantitative yield. 

B. A mixture of GO--Ni-2 (1 II rag, 0.193 mmol of Ni) and 
TES (522 rag. 4.500 retool) was refluxed for 0.5 h, DCB 
(113.1 rag, 0.450 retool) was added, and the mixture was 
refluxed tbr 3 h. The yields of dibenzyl determined by GLC 
after t, 2, and 3 h were 24, 64. and 99%. respectively. The 
catalyst was filtered off. washed three times with ether, dried in 
vacuo, and used in three more cycles o f  dechlorination of DCB 
with TES. Dibenzyl was formed in a quantitative yield in 
all cases. 

Reductive deehlorination of DCB with TOS, A mixture of 
GO--Ni-2 (109.2 rag. 0.190 mmol of  Ni) and TOS (913.5 rag, 
5.570 retool) was refluxed for 0.5 h, DCB (41.4 rag, 0.165 retool) 
was added, and the mixture was refluxed for 6 h. Dibenzyl was 
formed in a quantitative yield. 

Reduetive dechlorination of TCB with TOS. A mixture of 
GO--Ni-2 (381.3 rag, 0.665 mmol of  Ni) and TOS (1560 rag, 
9.512 retool) was refluxed for 0.5 h, TCB (47.9 rag, 0.222 retool) 
was added, and the mixture was refluxed tbr 6 h. According to 
GLC, the yield of benzene was quantitative. 

Then TOS (510 rag, 3.110 mmol) and TCB (52.3 rag, 
0.242 retool) were added and the mixture was refluxed t'or 6 I1. 
The yield of benzene was quantitative. 

Additional TOS (400 rag, 2.439 retool) and TCB (51. I rag, 
0.237 retool) were added to the mixture and the mixture was 
refluxed for 6 h. The yield of benzene was quantitative. 

Reduetive deehlorination of Sovol with Et(BniO)zSiH. Sovol 
(10.1 rag, 0.031 mmol) and Et(BuiO)2SiH (473.3 rag, 
2.320 retool) were added to GO--Ni-2  (168.1 mg. 0.293 mmol 
of NiL The mixture was heated for 15 h at 190 ~ According to 
G LC, the yield of diphenyl was quantitative. 

Results and Discussion 

PAH was dechlor ina ted  in the  presence  of  catalysts 
with nickel con ten t s  o f  2.79% ( G O - - N i - I )  or  10.2% 
( G O - - N i - 2 ) .  It was tbund that  refluxing o f  G O - - N i - I  
with T E S  for 3 h results in quant i t a t ive  dech lor ina t ion  of  
DCB. However,  in this case, the  required amo u n t s  o f  
the catalyst and TES per unit weigh t  o f  the substrate (3.5 
and 16.1 g g - l  respectively) shou ld  be large because 
TES acts as both the reducing agent  and the solvent.  
Dechlor inat ion o f  DCB in the p r e s en ce  of  G O - - N i - 2  
also gives dibenzyl in a quant i ta t ive  yield; however ,  in 
this case, substantially smaller  a m o u n t s  of  the catalyst 
and TES with respect  to D C B  are needed (1 and 
4.6 g g - I  respectively); in add i t ion ,  TES is c o n s u m e d  
only in 12--14% excess relative to its s to ich iomet r ic  
amount  and the unreacted  si lane can be recycled. The 

Table 1. Composition of graphite oxide and the catalysts 

Sample Found (%) 

C H Ni CI 

C : O Molecular tbrmula 

Si 

GO* 54.37 1.73 -- -- -- 2.55 
GO--Ni- I  70.00 2.28 2.79 1.96 3.17 6.18 
GO--Ni-2  42.48 2.53 10.23 10.95 0.96 3.30 

C402.33 H 1.53 
C400.s7 HOA5 N i0 04CIo.04A0.0') ** 
C402.42 H 2.42 N i0. 21 C10.37A0.04"* 

* Ash content 1.6%. ** A --- Et3SiO. 
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catalyst can be reused after separation from the reaction 
mixture, washing with ether, and drying,. Three more 
cycles of dechlorination of DCB were carried out; the 
yield of dibenzyl remained quantitative in all cases. 

The prepared catalysts are stable not only in 
alkylsilicon hydrides but also in alkoxysilicon hydrides, 
which are inexpensive commercial products. Hence, the 
latter can be used for dehydrochlorination of PAH. 
Since the H atom in alkoxysilicon hydrides is much less 
active than that in alkylsilicon hydrides, 16 these com- 
pounds cannot be used to reduce NiCI~ at the step of the 
catalyst preparation. However, preliminary treatment of 
the catalyst with organohydridesilanes (for example, TES) 
affords active oxidation-resistant catalysts that can be 
used repeatedly for complete dechlorination of DCB 
when commercially available triethoxysilane (TOS) is 
used as the dechlorinating agent (refluxing for 6 h at 
133 ~ which is the boiling point of TOS). 

In the presence of the GO- -Ni  catalyst, unlike collidal 
nickel, 5 TCB does not undergo dechlorination on re- 
fluxing with TES, apparently because of the low boiling 
point of TES. Indeed, the replacement of TES by TOS,  
which contains less active hydride ion but has a higher 
boiling point, made it possible to perform complete TCB 
dechtorination over a period of 6 h. The catalyst activity 
was retained after the addition of fresh portions of TCB 
and TOS to the reaction mixture: on the one hand, this 
implies the possibility of repeated use of the catalyst and, 
on the other hand, this allows substantial decrease in the 
consumption of TOS. 

Sovol, which contains more CI atoms in the mol- 
ecule than TCB, cannot be dechlorinated by treatment 
with TES and TOS in the presence of GO--Ni .  How- 
ever, the use of a higher-boiling silane Et(BuiO)2SiH 
(b.p. 1 I I -- I 13 ~ Tort) results in complete dechlori- 
nation of Sovol over a period of 15 h at 190 ~ 

The reduction of PAH in the presence of GO--NiCI  2 
yields chlorosilanes, which are fixed by the catalyst so 
tightly that the catalyst still contains silicon even after 
prolonged extraction with ether in the Soxhlet apparatus 
(see Table I). 

in addition, t reatment  of GO--NiC12 with tri- 
ethylsilane results in the partial reduction of GO. This is 
indicated by the comparison of the C : O ratios in the 
initial GO and in G O - - N i  (see Table I). This ratio for 
G O - - N i  was determined in the same way as for GO; 
however, processing of the results of chemical analysis 
was based on the assumption that O and H occur as H20 

molecules and some O atoms exist as Et3SiO-. It follows 
from Table 1 that the C : O  ratio in GO--Ni  is higher 
than that in the initial GO, apparently, due to the 
elimination of oxygen from the support during the re- 
duction of GO--NiCI~_. This reduction appears to ac- 
count for the fact that the G O - - N i  catalysts, unlike GO 
and GO--NiC12, are hydrophobic. The reduction of GO 
is also confirmed by an increase in the thermal stability 
of the catalysts. Indeed, the DTA curve of G O - - N i - 2  
does not exhibit the first exothermic effect correspond- 
ing to the decomposition of GO; an exothermic effect 
associated with the oxidation of the carbon support by 
atmospheric oxygen is observed only in the 470--590 ~ 
temperature range. These results are consistent with 
published data. 12 The presence of all bands correspond- 
ing to oxygen-containing functional groups of GO in the 
I R spectra of the G O - - N i  catalysts points to the partial 
reduction of graphite oxide. 
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