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Abstract

Ca—Fe composite oxides with different Ca/Fe atomic ratios were synthesized by co-precipitation method and characterized by X-ray
diffraction (XRD), scanning electron microscopy with elemental X-ray analysis (SEM-EDX) and inductively coupled plasma optical emission
spectrometer (ICP-OES). Their dechlorination activities were evaluated using hexachlorobenzene (HCB) as a model compound. The resul
indicate that the dechlorination activity is related to the composition of metal oxides. Different compositions lead to the formation of different
phases of Ca—Fe composite oxides. When Ca/Fe atomic ratio was 3.4, the dechlorination activity reached 97%, which was the highest i
the dechlorination of HCB at 30 for 0.5 h. This may be related to the formation ot,E@Os phase and small agglomerate size of oxide
crystal of about Jum. The effect of reaction time on HCB dechlorination and the pathway of dechlorination were investigated using the Ca—Fe
composite oxide with the highest activity. It was found that hydrodechlorination took place in the destruction of HCB, the dechlorination
efficiency is almost 100% after 2 h reaction. After reaction, quantitative measurement of chloride ion and qualitative analysig iofdBz@O
besides hydrodechlorination, other degradation routes may be present. The mechanism of synergic dechlorination using Ca—Fe compos
oxides was discussed.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction safe alternative technology for detoxifying organic halides
has been anticipated.

Polychlorinated aromatic compounds are environmentally ~ Lots of technologies have been developed for the dis-
persistent chemicals, recalcitrant toward degradation, whichposal of chlorinated aromatics at low temperature. They
bioaccumulate in fatty tissue and show carcinogenic and include biodegradatiof8—5], photocatalytic oxidatiof6,7]
mutagenic activity, so they are a class of pollutants of spe- and catalytic hydrodechlorinatid8—17]. In general, chem-
cial environmental concerfi]. The most extensively used ical methods have been by far the most studied ones. The
treatment method involves incineratig]. Toxic chlori- chemical reduction of organic halides involving the replace-
nated compounds appear to be completely destroyed by high-ment of halogen by hydrogen is the so-called hydrogenolysis
temperature thermal oxidation; however, it is related to the of the carbon—halogen bond or hydrodehalogenation reac-
release of even more toxic compounds such as chlorinatedtion, which is known to be promoted by noble metals of
dioxins and furans. The development of a highly efficient, group VIII, such as Ni, Pd and Ru. Compared with traditional

oxidation methods, catalytic hydrodechlorination presents
the following advantages: (i) mild reaction conditions; (ii)
* Corresponding author. Tel.: +86 10 62849172; fax: +86 10 62923563, NO associated dioxin and dibenzofuran formation. However,
E-mail address: zhengmh@mail.rcees.ac.cn (M. Zheng). they are not adapted to large-scale applicatift®, due
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to severe reaction conditions or the high cost. In related SEM analyses were carried out with a Hitachi-3000N elec-
work, some methods have been reported with metal oxidetron microscope equipped with an EDX analyzer (EDAX-
as dechlorination reagent. Among them, some oxides wereGenesis).

used for catalytic oxidation without metal loadifitP—23] Elemental analysis was performed on an Optima 2000
others were acted as supports for metal elempt25] DV model inductively coupled plasma optical emission spec-
In seeking to find less expensive reagents for organochlo-trometer (ICP-OES). Sample solutions were prepared by dis-
rine destruction, the behavior of CaO, MgO ang®¢has solving the samples in dilute hydrochloric acid (1:1).

been examined26-28] respectively. Further studies have Measurement of the surface area was basedadsorp-
revealed that the reaction efficiencies can be improved bytion data obtained using a NOVA 4200e analyzer.

the presence of a small amount of transition-metal oxide as  Chloride ion (Crl) was measured potentiometrically
catalyst coated on nanopatrticles. Such ultrafine (nanoscalelsing a pCL-1 chloride selective electrode (Shanghai Kangyi
particles of metal oxides ([R®3]MgO, [Fe0O3]CaO and Company) with a separate reference electrode calibrated with
[V203]MgO) have been synthesized in the form of shell/core- NaCl standards.

like material[29—-31] Considering the high cost of prepara-

tion of nanocrystalline by sol-gel method and the compli- 2 3. pechiorination of HCB

cated synthetic procedure, a cheaper but efficient method is

expected. The dechlorination of HCB was carried out in a small

In this paper, we report the preparation of ultrafine Ca—Fe glass tube (11cm length, 0.4cm i.d.). CaO-®g oxide
composite oxides by using co-precipitation method. For eval- with different compositions, CaO and #@; were acted as
uation of the dechlorination activity for polychlorinated aro- - dechlorination reagent (DeCR). The oxides were ground into
matic compounds, hexachlorobenzene (HCB) was chosen agowders of average particle size&50um. For all reactions,
amodel compound. Itwas found that atrelatively low temper- 2 0 mg of HCB was mixed with 40 mg DeCR and then sealed
ature (300 C) and shorttime, a high dechlorination efficiency under air atmosphere and was heated in an oven. The reaction
was reached. temperature was fixed at 300.

3. Experimental 2.4. Analysis of the products

After finishing the experiments, the glass tubes were care-
fully crushed and subjected to extraction. Each sample was
extracted with 15 ml hexane twice for 15-20 min each time
in an ultrasonic extractor. Then, the solution was washed
with 10 ml of water twice, and the aqueous layer and hex-

2.1. Sample preparation

The Ca—-Fe composite oxide powers were synthe-
sized with co-precipitation method. Fe(NR@-9H,O and

Ca(NGs)2-4H,0 (analytic reagent grade) were used as the ane layer were separated, then 10 ml of HN@0%, V/v,

starting materials and NaOH as the co-precipitantwithoutfur- 54 ,64us solution) was added to the solid residue and stirred
ther purification. The two salts mentioned above were mixed ¢, 15 min pefore the insoluble material is filtrated out and

and dissolved in deionized water in quantities required. The

- - - washed carefully with water (10 ml). The combined filtrate
solution was thoroughly stirred in awater bath at60Then,

) plus all water washings were used for measurement of chlo-
370ml 0.5 mol/l NaOH aqueous solution was slowly added yige anion. The hexane layers were combined and dried with
to the above solution to reduce the pH to around 9 and contin- oy qrous sodium sulfate. The organic extract was used for
ued stirring for 10 min. The formed precipitate was filtered o measurement of parent HCB remaining and lower chlori-
and washed with deionized water and ethanol in sequencenateq henzenes newly formed. The analyses of chloroben-
then dried at 120C for 20 h to form the precursor of metal a5 were performed by an Agilent 6890 gas chromato-
oxides. Finally, the formed precursor was calcined in air at graph equipped with a DB-5 capillary column (30 m length,
600°C to produce the ultrafine Ca—Fe composite oxides. The 5 >5 mmi.d. 0.2%m film thickness) and interfaced to Agi-
pure FeOz and CaO have been synthesized with the same ot 5973\ MSD. Quantitative analyses of chlorobenzenes
procedure. were performed in selected ion monitoring mode using two
most abundant ions of the molecular ion clusters.

The declorination efficiency (DE, %) for initial HCB is

) _ calculated using following equation:
Powder X-ray diffraction (XRD) patterns of the samples

were recorded using a D8-discover diffractometer under the S0 GiN;i

following conditions: 40kV, 40 mA and Cu & radiation. DE (%)= | 1- 671\70 x 100

Scan speed was®@in~! in the range from 20to 60°.

Diffraction peaks of crystalline phases were compared with whereN; is the molar number of chlorinated benzene con-
those of standard compounds reported in the JCPDS Dataainingi chlorine atoms in the molecule ang is the initial
File. molar number of HCB.

2.2. Characterization
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The definition used for organic chloride mineralization is Some new diffraction peaks that are obviously different

as follows: from those of calcium oxide and iron oxide are detectable in
cl- the XRD patterns. Itindicates that after calcinations, compos-
Organic chloride mineralization (%3 T 100 ite metal oxide phase containing¥end C&*cations have
0

developed. When Ca/Fe atomic ratio is higher than 0.33, CaO
where Cf is the molar number of formed chloride anion and phase is present, whose intensity increases with increasing
Clg is the molar number of chlorine atom from initial HCB.  Ca loading. For S2 and S3, there are no changes in phase

except that the widths and intensities of diffraction peaks

are different. The crystalline size of the metal oxide phase

3. Results and discussions was estimated using Scherrer equation. The mean crystalline
sizes of CaO are 38, 36 and 38 nm for S1, S2 and S3, respec-
3.1. Synthesis and characterization of the DeCR tively. When Ca/Fe atomic ratio is lower than 1.1, the CaO

phaseis never observed. XRD patterns show the reflections of
CaO-FegO3 metal oxides can be prepared by sol-gel «-Fe,O3 and other composite phases. The mean crystalline
method[21], which allows to obtain nanocrystalline with  sizes ofa-Fe,O3 are 29, 23 and 36 nm for S4, S5 and S6,
high surface area, but the procedure of synthesis is compli-respectively.
cated and costly. In this study, the attention was focused on It is obvious that grain size of CaO tends to be small,
CaO-FeOs oxides of different composition prepared by co- when doped with small amounts efFe03. However, the
precipitation. The sample codes for all oxides prepared andvalue increases again with the addition of mefEeO3. The

the related main characteristics are reportetable 1 emergence of Ca(Oklxan be attributed to the dissociative
The XRD patterns of the CaO—4t@3 powders with dif- adsorption of water.
ferent Ca/Fe atomic ratios are shownHig. L Compared SEM micrographs are shown ifg. 2 All ultrafine oxide

with pure CaO (JCPDS file no. 40777) ard-e,03 (JCPDS particles agglomerate into coarser ones. Among all Ca—Fe
file no. 330664), the intensities of peaks of S2, S3, S4 and S5composite oxides, the powder of S2 has the smallest agglom-
tend to decrease, due to the formation of other phases suclerate size of aboutdm. On purex-Fe O3, large particles of

as CaFe0O5 (JCPDS file no. 180286), Cafe, (JCPDS file irregular form were observed. On pure CaO, the particle size

no. 320168) and CaO! E®3 (JCPDS file no. 30825). is small and round. Among the four samples with composite
phases, the higher the amount of the Fe, the more irregular
Table 1 and coarser the agglomerates are.

Main characteristics of the sample prepared using the co-precipitation The distributions of Fe. Ca and O. on the surface of the
method sample, were characterized by scanning electron microscopy

Sample  Ca/Featomic Main XRD BET surface with elemental X-ray analysis (SEM-EDX) as shown in
ratio phases obtained area (g ) Fig. 3 where the diagram of S2 is the image of the whole
Si 00 Ca0 8.8 chemical element, and the spots whose grayscales are dif-
gg i:i 828 ggzgg 2?'1 ferent from the backgrounds in the other diagrams rep-
s4 0.33 a-Fe0; CaOlFeOs 18.1 resent distributions of Fe, Ca and O, respectively. It can
S5 0.17 a-Fe03  CaFeOq 8.5 be found that the distributions of Fe, Ca and O were
S6 0 a-Fe03 10.6 homogeneous.
] 3.2. Dechlorination activities for hexachlorobenzene
! Ju\k RN es
J‘m]\ ° . ss 3.2.1. Comparison of the activities for dechlorination of
" . - e HCB over the ultrafine Ca—Fe composite oxides of
= N W D U ~ different compositions
% o s3 The dechlorination of HCB was used to evaluate the
5 M\ sa dechlorination activities of ultrafine Ca—Fe composite oxide
8 [ (] particles. The dechlorination reaction was investigated at
= r 300°C for 30 min. Each experiment was performed three
" }\ " times. The activities of ultrafine Ca—Fe composite oxides with
| 9 A a8 st different Ca/Fe atomic ratios were compared and the average
. , . , . , . results are shown imable 2 It can be seen that the dechlori-
20 30 40 50 60 nation activities of ultrafine Ca—Fe composite oxide particles
20 follow the following order: S2>S3> S5 > S4. All the com-
Fig. 1. XRD patterns of the CaO—§@3 composite oxides of different com- po_5|te oxides exhibit higher aCtIVItIe_S than m0n0_con_1poner_1t
positions: @) CaO; @) a-Fe;0s; (O) Ca(OHY; (#) CaFe0s; (v) CaO! oxides except S4. S2 and S3 have higher dechlorination activ-

Fe03; (V) CaFeO;. ity, this may be attributed to the formation of §F&,0s phase.
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Fig. 2. SEM images of the CaO—f@3; composite oxides of different compositions.

Comparing the physical characteristics and dechlorination Itcould be seen froriable 3that the percentage of dechlo-
activity between S2 and S3, it was found that even though rination increases rapidly within 5 min and reaches 67%, then
S2 has smaller surface area (showrnTable J), it has bet- increases slowly with further reaction. The value reaches
ter crystallinity (shown irFig. 1) of CepFe;Os phase, which  about 97% at 30 min of reaction (showrliable 9. Atthe last

may lead to its better dechlorination activity. As discussed stage of the reaction, the dechlorination rate tends to decrease
above, the smallest crystal particles and agglomerate sizeobviously, it takes 90 min to increase by 2% of DE.

are observed in S2 with Ca/Fe=3.4. This may be another The data ofTable 3reflect the effect of reaction time on

factor affecting dechlorination activity. the distribution of products obtained. It is observed that the
dechlorination is deeper with increasing reaction time. Within

3.2.2. The effect of reaction time on HCB dechlorination 15 min, only PeCB is detected. After that, the formed TeCB

with S2 as DeCR isomers increase until 60 min. With further reaction, TrCB

Considering S2 exhibits the highest dechlorination activ- and DCB isomers are detected.
ity, in this study, a series of experiments with S2 were Decreasing orders of chlorobenzenes by amount are
designed to determine the effect of time on HCB dechlorina- 1,2,3,5->1,2,4,5->1,2,3,4- for tetrachlorobenzenes (TeCB)
tion in order to investigate the detailed process of declorina- and 1,2,4- > 1,3,5x 1,2,3- for trichlorobenzenes (TrCB); the
tion. The dechlorination reactions were carried out at3D0 amounts of 1,3-, 1,4- and 1,2-dichlorobenzene (DCB) are
The intermediates formed and the declorination efficiency in almost the same. The pathway to form 1,2,4-TrCB must be
the experiments are given rable 3 a major pathway because the highest amount of 1,2,4-TrCB
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Fig. 3. SEM-EDX images of S2.

(64 nmol) is detected. All TeCB-, TrCB- and DCB-isomers chloride selective electrode is utilized to monitor the levels
are detected, showing the presence of more than one dechloef chloride ions after the reactioffrig. 4 shows the extent
rination pathway. of mineralization of organic chlorine in the 2 h of reaction
It is worthy to be mentioned that the intermediate prod- time. It is found that within the first 5 min, organic chlorine
ucts detected are in low amounts. There exists discrepancy inis converted into inorganic chloride rapidly, the extent of min-
the material balance of the starting and dechlorinated materi-eralization is 35%. After 30 min, the value remains at 50%,
als. This implies besides dechlorination, another degradationand it is no distinct change as the reaction time increases. At

process can be present. 30 min of reaction time, comparing the dechlorination extent

3.2.3. Fate of chlorine and carbon atoms in the
dechlorination of HCB with S2 as DeCR "Iz'able 3t ¢ dechiorinati ducts (nmol) duri i (nita
. . I ormation or dechiorination products (nmaol) during reaction process (initial
To furthgr und_ers.tan(_j if there are inorganic ions released |~ | LGB was 70225 nmol)
to reach mineralization in the decomposition of HCB by S2,

Chlorobenzenes Reaction time (min)
Table 2 5 15 60 120
Comparison of the activ_ities f_or dechlorination of HEBmMol) over the 1,3-DCB ND ND ND 3
ultrafine Ca—Fe composite oxides 1,4-DCB ND ND ND 4
Chlorobenzenes Sample 1,2-DCB ND ND ND 2
1,2,4-TrCB ND ND 18 64
S1 S2 e =5 S6 1,3,5-TrCB ND ND 3 10
1,2,4,5-TeCB NB 20 ND ND ND ND 1,2,3-TrCB ND ND 2 7
1,2,3,5-TeCB ND 36 ND ND ND ND 1,2,4,5-TeCB ND ND 62 24
1,2,3,4-TeCB ND 14 ND ND ND ND 1,2,3,5-TeCB ND ND 69 38
PeCB 538 102 255 56 513 321 1,2,3,4-TeCB ND ND 36 11
HCB 3764 94 782 4672 1875 3273 PeCB 69 102 152 4
DE® (%) 40 97 86 33 67 50 HCB 2250 1043 29 3
a Initial amount of HCB was 7022.5 nmol. DE® (*0) 67 84 96 99
b ND—not detected. The detection limit for TeCB, PeCB and HCB was

@ ND—not detected. The detection limit for DCB, TrCB, TeCB, PeCB and
HCB was 0.8, 0.3, 0.2, 0.2 and 0.1 nmol, respectively.
b DE—dechlorination efficiency.

0.2, 0.2 and 0.1 nmol, respectively.
¢ DE—dechlorination efficiency.
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60 ofresidual HCB is only 94 nmol, much lower than the original
7022.5 nmol, and dechlorination efficiency is about 97%. In
contrast, pure CaO and #@3 show lower activity. It is obvi-
ous the formation of C&e,Os exhibits a synergic effect in
the dechlorination of HCB.

Previous studies have revealed that CaO could improve the
decomposition of chlorinated hydrocarbons over iron oxide
catalysis[20,21] This effect is attributed to ion exchange
between the CaO and FeClkhe latter being formed as a
result of interaction of iron oxide with chlorinated hydrocar-
bons. In that case, calcium serves as a sink for chlorine ions,
regenerating iron oxide. For efficient chloride ion exchange
Fig. 4. Extent of mineralization (%) as a function of reaction temperature. Petween iron and calcium in an interfacial process, good con-

tact between the phases is necessary. The systems discussed
of HCB and the mineralization extent of organic chlorine, in the previous papef&1] were composed of transition-metal

it can be seen that there exists larger discrepancy betweer?x'des’ il_mh as (@, sur:jported or;_Ca_(; W'tg rl]ntlmate con- |
the two values (97 and 48%, respectively), which indicates tact. In this paper, Fe and Ca are disiributed homogeneously

organochlorine atoms were only partially mineralized an

Mineralization %

0 20 40 60 80 100 120 140
Reaction time/min

g in the composite oxides. It is reasonable to assume a syner-
were released in the forms of inorganic ions. It can be con- gic.effect t,’ased onthe t,)aSiC Ca-O-Fe m?xtured structure, in
which Cais the adsorption center and Fe is the catalysis cen-
ter. This structure is favourable for the synergic effect of the
two active centers. When Ca/Fe atomic ratio is in the vicin-

jectured that a formation of some organochlorine compounds
was taking place.

The new phase formed on the oxide after reaction was . ) . .
identified by X-ray diffractometer and the result was com- ity of 3.4, the best adsorption and catalysis capacity can be
pared with JCPDS database. The XRD pattefig.( 5 reached.
showed that the new crystal phase formed after 30 min reac-
tion was CaC@(JCPDS file no. 50586). This means the C-C .
bond breaking of aromatic ring took place under the reaction 4- Conclusion
conditions. ) ) . . N

It implies that other organochlorine compounds may be ~ Ca-Fe composite oxide with appropriate composition was
formed though they were not detected. The formation of Proven to possess excellent dechlorination activity at rela-
CaCGQ; can also give an explanation for the discrepancy in the tively low temperature. This dechlorination technique can

material balance of the starting and dechlorinated material. €2 promdising method to detoxify polychlorinated aromatic
compounds.

According to the quantitative analysis of residual HCB and
lower chlorinated benzenes, the conclusion can be made that
the process of hydrodechlorination exists in the reaction. The
dechlorination activity could be assigned to the formation of
Ca—O-Fe mixtured structure.

3.3. The mechanism of synergic dechlorination by
Ca—Fe composite oxides

From the comparison of dechlorination activityTiable 2
it is found that among all samples, S2 with CaO and
CaFe 05 co-existed is the most active. The average amount
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