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ABSTRACT

Ferrous iron Fe(II) in combination with Portland cement is effective in dechlorinating
trichloroethylene (TCE). However, there is no clear evidence about the component in cement
responsible for TCE dechlorination. In present study different cement hydration minerals,
such as ettringite (AFt) and monosulfate (AFm) were synthesized separately in laboratory.
The TCE dechlorination ability of these minerals in combination with Fe(II) was investigated.
It was found that these minerals in pure form do not have TCE dechlorination capacity.
Further a-hematite (a-Fe2O3) that is suspected reactive mineral in cement/Fe(II) was
investigated. It was found that when extra pure a-Fe2O3 along with CaO/Fe(II) was used
for TCE did not show any reduction potential. This result was contradictory to earlier
researchers, who used a-Fe2O3/CaO/Fe(II) for dechlorination of TCE. Thus, the a-Fe2O3

(Bayferrox-110M) used by earlier researchers was investigated and it was found that it had
some other impurities present in it. These impurities were suspected to play significant role
in dechlorination of TCE. Further detailed studies were carried out and a-Fe2O3 was
synthesized by following manufacturing procedure given for a-Fe2O3 (Bayferrox-110M).
When such a-Fe2O3 was used for TCE reduction, it showed improved reactivity. Detailed
investigations showed that the a-Fe2O3 not in pure form but in combination with other
impurities has reduction capacity for TCE.
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1. Introduction

Chlorinated ethylene and their adverse effects on
environment have been studied by many researchers
[1–3]. The iron based solidification and stabilization

technology is one of the most popular technologies to
remediate the ground water polluted with chlorinated
solvents. This technology helps not only in immobiliz-
ing the organic and inorganic contaminants and
prevent their spreading in surrounding environment,
but also can degrade chlorinated hydrocarbons by
reductive dechlorination [4,5].
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Previous studies showed that cement/Fe(II) based
system can reduce chlorinated compounds, such as
trichloroethylene (TCE) to harmless products like eth-
ylene, ethane [4–6]. However, when mixing with
water, the hydration of the cement leads to many
complex phases. During the reaction different phases
of cement such as alite, belite, aluminate, and ferrite,
react with calcium sulfate leading to much compli-
cated products like ettringite (AFt) and monosulfate
(AFm) phases [7].

However, so far it has not been possible to identify
specific mineral or mineral phase responsible for TCE
dechlorination due to complexity of cement hydration
minerals. It was [4] postulated that some of the cement
hydration phases associated with elements such as
Al3+ and Fe3+ and SO4

2� could be responsible for TCE
dechlorination. Ko and B. Batchelor [8], showed the
presence of Fe3+ that was associated with hexagonal
particles in samples of Portland cement slurry ana-
lyzed at the end of tetrachloroethylene reduction reac-
tion. The hexagonal shape is characteristic shape of
AFm phases in cement hydration. The hydration
phases were composed of calcium, aluminum, and
iron hydroxide [8]. It was suspected that AFm phases
were the likely agents for PCE degradation [8].

Ettringite and monosulfate have been shown as
one of the important cement hydration phases for the
immobilization of many hazardous and heavy metals
[9,10]. The Ettringite crystals have hexagonal rods
with channel like morphology [11]. The Ettringite has
general formula of C6(A,F)X3Hy, where (C=CaO,
A=Al2O3, F = Fe2O3, H=H2O) and X represents dou-
bly or singly charged anion [7]. On the other hand
AFm forms lamellar structure or layered double
hydroxides with hexagonal shape with general for-
mula of C4(A,F)X2Hy [7]. The Al-ettringite (AFt)
(Ca6(Al(OH)6)2(SO4)3·26H2O), gets formed at the
early hydration phases of cement, when aluminate
phases (C3A) react with calcium sulfate and water
[7,12]. As the gypsum in the ettringite gets consumed
hydrocalumite will get formed with which ettringite
further reacts to give calcium monosulfoaluminate
hydrate (Ca4Al2O6(SO4)·12H2O) or Al-monosulfate
(AFm) [7,12]. The cation substitutions in the crystal
structures of both AFt and AFm have been reported
by many researchers. Portland cement has 5–15% fer-
rite phase. It is reported by many researchers that in
Portland cement Fe3+ partly replace Al3+ in the lattice
structure of ettringite or monosulfate [13]. There is
strong possibility of co-existence of Fe-ettringite and
Fe-monosulfate along with Al-ettringite and Al-mono-
sulfate in cement system. It was recently suggested
that some of Al-Fe-mono (AFm) phases could be most
likely reactive species in cement/Fe(II) system [8].

Another possibility was that reductive dechlorination
occurs at the solid surfaces of minerals formed during
cement hydration reaction [14]. Thus, it is important
to study the different mineral phases formed during
cement hydration. As the hydration products in com-
bination with Fe(II) produce compounds responsible
for TCE dechlorination [8]. Cement has Fe3+ originat-
ing from Fe2O3, however, it will be present in com-
bined form of tetracalcium alumino ferrite (4CaO
Al2O3 Fe2O3). When Fe(II) is added to the cement sys-
tem it is likely to react with Fe2O3 individually or
other minerals in combination with Fe2O3 [15]. Previ-
ous study [16] compared TCE dechlorination rates of
hematite/Fe(II) system with cement/Fe(II) system,
however, the reactive solids analyzed at the end of
the reaction were suspected to be green rust. Also, the
reactivity was slightly different compared with that of
cement/Fe(II) system [16]. Considering all above facts
different AFt, AFm phases associated with Fe3+ and
Al3+, and minerals like Fe2O3 which are integral part
of cement are suspected responsible candidates for
dechlorination reactions in cement/Fe(II) system. The
cement hydration reaction is quite complicated, and is
composed of mixture of all these mineral phases. It is
important to identify dechlorination capacity of indi-
vidual mineral for better understanding of the reactiv-
ity of cement/Fe(II).

The objective of the present study was to synthe-
size different cement minerals such as ettringite and
monosulfate associate with Al3+ and Fe3+ and evaluate
their TCE dechlorination capacity in combination with
Fe(II). In second phase of experimentation, the dechlo-
rination ability of a-Fe2O3 that is another suspected
mineral in cement was analyzed. For this study pure
a-Fe2O3 and a-Fe2O3 made from pure iron powder
and impure iron powder containing other elements as
starting material were selected. To achieve these
objectives, different cement minerals mentioned above
were synthesized separately in laboratory by follow-
ing the procedures given by various researchers with
some modifications. The synthesized mineral phases
were characterized using scanning electron micro-
scope with energy dispersive spectroscopy (SEM-EDS)
and X-ray diffraction (XRD). Further, the TCE dechlo-
rinating capacities of individual mineral was exam-
ined in batch slurry experiments.

2. Materials and methods

2.1. Chemicals

The chemicals used were TCE (99.5%, Aldrich Che-
mical), 1,1-dichloroethylene (1,1-DCE, 99%, Aldrich
Chemical), cis-dichloroethylene (cis-DCE, 97%, Aldrich
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Chemical), trans-dichloroethylene (trans-DCE, 98%,
Aldrich Chemical), vinyl chloride (VC, 2.0mg/mL in
methanol, Ac-cu Standard), 1% acetylene in nitrogen
(Matheson Tri-Gas), 1,000ppm ethylene in helium
(Matheson Tri-Gas), 1,000 ppm ethane in helium
(Matheson Tri-Gas), methanol (99.9%, HPLC grade,
Fisher Scientific), hexane (99% HPLC grade), nitroben-
zene (99.5%, Junsei Chemicals), acetone (99.5%, Aldrich
Chemicals), ferrous sulfate (99.5%, heptahydrate, Acros
Organics), ferric sulfate (97%, Aldrich Chemicals), cal-
cium oxide (Aldrich Chemicals), calcium carbonate
(99%, Sigma–Aldrich), calcium sulfate dihydrate (99%,
Sigma–Aldrich), aluminum hydroxide (99%, Sigma–
Aldrich), potassium hydroxide (Duksan pure chemi-
cals), sodium hydroxide (Extra pure Duksan pure
chemicals) aluminum chloride (Daejung, extra pure
reagent), ferrous chloride (Daejung, extra pure reagent),
sulfuric acid (extra pure, Duksan Pure Chemicals),
a-Fe2O3 (99.9%, a-Fe2O3, High Purity Chemicals,
Japan), iron powder (Showa Chemicals, 300 mesh), and
extra pure iron powder (99.5%, Merck, 10 lm). Metha-
lonic stock solutions of TCE were prepared daily. Stock
solution of Fe(II) was prepared daily by dissolving the
appropriate amount of ferrous sulfate in Milli-Q water.

2.2.2. Synthesis of different minerals

Different minerals namely Al-ettringite (Ca6(Al
(OH)6)2 (SO4)3·26H2O), Al-monosulfate (Ca4Al2O6(SO4)·
12H2O), Fe-ettringite (Ca6Fe2(SO4)3(OH)·12H2O), and
Fe-monosulfate (Ca4Fe2O6(SO4)·16H2O) were synthe-
sized using the methods described by different
researchers. a-Fe2O3 pure mineral used was supplied
by 99.9% high purity chemicals, Japan. a-Fe2O3 from
pure iron powder and iron powder containing other
elements was made by following United States patent
information and a-Fe2O3 (Bayferrox 110M) product
details. The synthesis details of all minerals are
discussed as follows.

2.2.1. Synthesis of Al-ettringite

The Al-ettringite was synthesized by reaction of
tricalcium aluminate (C3A) and gypsum in presence
of water. Initially, C3A was made by mixing the molar
proportions (3:2) of CaCO3 and Al(OH)3·xH2O. Two
powders were mixed properly and the homogeneous
mixture was heated at 1300˚C using an electric fur-
nace for 72 h, with intermediate grinding at 24 h to
ensure the homogeneity [17]. Thus, formed C3A was
mixed with gypsum in 1:1.2M ratio (excess moles of
CaSO4·2H2O compared to that of C3A), which
increases the chances of formation of ettringite struc-

ture because of more sulfate ion concentrations [18].
Water was added to carryout hydration reaction. The
water to solid ratio was maintained at 10. All the reac-
tions were carried out in closed polythene bottle in
nitrogen atmosphere to avoid the CO2 contamination.
The entire mixture was heated at a temperature less
than 60˚C with constant magnetic stirring for 36 h.
Although the ettringite formation takes place in few
hours [7], the heating was carried out so that the rate
of hydration reaction increases and ettringite can get
formed in lesser time than usual hydration time. Heat-
ing helps to accelerate the hydration reaction [17]. The
temperature below 60˚C ensures that the formed AFt
crystals are not destroyed, because above 70˚C the
ettringite are not stable and get converted to monosul-
fate [19,20]. The reaction mixture was cooled using ice
bath so that the crystal generation gets accelerated.
The reaction mixture was filtered using Whatman fil-
ter No. 2 under vacuum. The filtered solids were
washed with acetone to stop the hydration reaction
[17]. The entire operation was carried under N2

atmosphere. Thus, obtained solids were dried at room
temperature in nitrogen environment.

2.2.2. Synthesis of Al-monosulfate

The synthesis of Al-monosulfate was the same as
that of Al-ettringite. The only difference was that the
ratio of C3A: CaSO4·2H2O was 1:1 and the mixture
was heated at elevated temperature range of 80 to
90˚C for 36 h. It is reported that ettringite crystals are
not stable above temperature of 70˚C and get con-
verted to monosulfate. But monosulfate crystals can
exists even at 100˚C [19–21]. The gypsum proportion
was also reduced so that sulfate was in less quantity.
Deficit sulfate ion concentration favors the formation
of monosulfate directly rather than forming ettringite
[18]. In usual cement hydration reactions formation of
monosulfate at 25˚C takes 8–11days [22].

2.2.3. Synthesis of Fe-ettringite

The synthesis of Fe-ettringite was carried out by
following the method described by Göril Möschner
[23]. Fe-ettringite was synthesized by addition of
0.039mol/L of Fe2(SO4)3·5.3H2O and 0.229mol/L
freshly prepared CaO to 0.016M KOH at a liquid/
solid ratio of 20.The mixing was carried out in gloved
box to avoid CO2 contamination. In original experi-
ment the time dependence of formation of ettringite
was observed on 7, 24, 45, 90, and 180days. In our
case, we took the ettringite crystals formed at the end
of the 7days. The solids precipitated were separated
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by a vacuum filtration and were dried at room
temperature in nitrogen chamber. The rate of forma-
tion of Fe-ettringite is much slower compared to the
formation of the Al-ettringite [24].

2.2.4. Synthesis of Fe-monosulfate

To make Fe-monosulfate, initially calcium ferrite
(Ca2Fe2O5) was synthesized by mixing calcium
carbonate and hematite (Fe2O3) in 2:1M ratio. The
mixture was properly mixed and heated at 1,000˚C for
2 h [25]. Thus, formed Ca2Fe2O5 was then mixed with
CaSO4·2H2O (1:1.5) and hydration reaction was
carried with the water to solid ratio of 10. The mixture
was heated at 80˚C for 36 h. The entire reaction was
carried out in high density polythene bottle with
closed lid under N2 atmosphere. The reaction
products were similar to that of reaction of C3A and
gypsum. The only difference was instead Al-mono-
sulfate the product formed was Fe-monosulfate.

2.2.5. Synthesis of a-Fe2O3 from pure iron powder and
impure iron powder

Initially, the extra pure a-Fe2O3 (99.9% high purity
chemicals, Japan) was used for TCE experiments.
When it did not show reduction capacity for TCE, the
synthesis of a-Fe2O3 was carried out by following the
manufacturing details of a-Fe2O3 (Bayferrox 110M
that was used by earlier researchers) given in the US
patent [26,27] and Bayferrox product manual [28].
Two different types of a-Fe2O3 were synthesized by
using pure iron powder and iron powder containing
different elements as a starting material, respectively.

Initially, the extra pure iron powder (supplied by
Merck) was mixed with nitrobenzene, this reaction
reduces nitrobenzene to aniline and iron powder gets
oxidized to iron oxide black (Fe3O4). Further, this
black powder of Fe3O4 was calcined at 800˚C to get
pure a-Fe2O3. Similar procedure was repeated for
impure iron powder (supplied by Showa chemicals
300 mesh size) containing other elements in it to get
a-Fe2O3 with other elements.

2.3. Experimental procedure for TCE

All the experiments were carried out in clear
borosilicate glass vials (23.4 ± 0.13mL) with triple seals
that were designed to reduce the intrusion of oxygen
and volatilization of TCE. All the samples were
prepared in an atmospheric environment at ambient
temperature (22 ± 0.5˚C). The reactive samples were
prepared either in duplicate or in triplicate. The

controls were made by deionized water and TCE. The
slurry samples were prepared by appropriate mineral
solids and appropriate aliquots of water and Fe(II)
stock solution of 100mM for AFt and AFm minerals.
For hematite experiments, the slurry samples were
prepared by appropriate solids (CaO+ a-Fe2O3,
4:1mol ratio) and appropriate aliquots of water and
Fe(II) stock solution of 200mM. The mass ratio of sol-
ids to solution was 0.10. The vials were filled com-
pletely with the aqueous solutions so as to minimize
gas phase partitioning of the chlorinated solvents. The
CaO was added in hematite experiment in above
mentioned mole ratio, so as to maintain the pH in the
range of 12.3–12.5. As soon as the slurry reactors were
made, 10 lL of methalonic stock solution of TCE was
spiked in to the reactor, so as to get 32.8mg/L
(0.25mM) of initial concentration of TCE. After TCE
was spiked, the reactors were rapidly capped with
closures and were placed on a rotary motion with end
over end rotation of 8 rpm. At specified intervals of
time the duplicate or triplicate samples were retrieved
from the rotator and were centrifuged at 112� g for
3min to separate solids and aqueous phase. For TCE,
50 lL of aliquot was extracted with 1000lL of hexane
in a 2mL GC vial. The vials were shaken for 5min on
an orbital shaker. After equilibrating at room tempera-
ture the samples were analyzed on GC. For gas (VC,
ethylene, acetylene, ethane) analysis, approximately
10mL of aqueous samples were rapidly transferred to
24mL glass vials and were equilibrated with the gas
phase of the vials to be prepared for headspace
analysis.

2.4. Analytical methods

TCE, 1,1-DCE, cis-DCE, and trans-DCE were
analyzed on gas chromatography (GC, Shimadzu
GC-17A) equipped with an electron capture detector
and a HP-5 column (30m� 0.250mm i.d� 0.25lm
film thickness; Agilent tech). Hexane extractant was
injected in a split mode of (50:1) using an auto
sampler at 250˚C. Extra pure nitrogen was used as a
carrier gas at a flow rate of 1.5mL/min. The oven
temperature was isothermal at 60˚C for 3min, ramped
to 150˚C at a rate of 15˚Cmin�1 and held for 5min.
The temperature of the detector was 280˚C.

VC, acetylene, ethylene, and ethane were analyzed
on GC (Younglin M600D) equipped with a flame
ionization detector and a GS-Alumina column (50m�
0.53mm i.d.; J&W Scientific). Headspace samples were
injected manually with a split ratio of 10:1 using a
100-lL gastight syringe. The oven temperature was
held at 80˚C for 1min, ramped to 100˚C at a rate of
5˚Cmin�1, and held for 2min. The injector and
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detector temperatures were 250 and 320˚C, respec-
tively. Nitrogen was used as a carrier gas at a flow
rate of 2.7mL/min. Nonchlorinated gas products were
calibrated using the gas standards mentioned above
(Matheson Tri-Gas).

The synthesized mineral powder samples were
analyzed using XRD analysis. Powder XRD with 2h
values ranging from 4 to 90˚ using a Bruker AXS
D5005 goniometer were collected at a constant
scanning rate of 1˚Cmin�1 with CuKa radiation

Fig. 1. SEM and EDS images of (a) Al-ettringite, (b) Al-monosulfate, (c) Fe-ettringite, and (d) Fe-monosulfate.
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(k= 1.540 nm). The resultant peaks of individual min-
erals were compared with JCPDS cards. The surface
morphologies of the solid minerals was carried out
using field emission scanning electron microscope
(Carl Zeiss SUPRA 55VP) with platinum coating by
sputter coater (BAL-TEC/SCD 005). The quantitative
measurements were performed on wavelength disper-
sive X-ray fluorescence spectrometer (WDXRF, Bruker
AXS S4 PIONEER). The pH was measured with a pH
meter (Orion 720A+) and electrode (9157BN).

2.5. Kinetic analysis

Pseudo-first-order rate law was used to describe
the TCE reduction kinetics of hematite, CaO, and

Fe(II) system. A generic pseudo-first-order equation is
as shown below:

C

Co

¼ e�kt

where C is final concentration of TCE in (mg/L) in
aqueous phase at reaction time “t” (d�1).

3. Results and discussion

3.1. Reactivity of different ettringite and monosulfate with
TCE in presence of Fe(II)

Fig. 1 shows the SEM and EDS images of the syn-
thesized AFm and AFt phases, Fig. 2 shows the XRD

Fig. 2. XRD patterns of (a) Al-ettringite, (b) Al-monosulfate, (c) Fe-ettringite, and (d) Fe-monosulfate.
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analysis of ettringite and monosulfate associated with
Al3+ and Fe3+. All the solids were dried in N2 atmo-
sphere before taking SEM and XRD. Fig. 1(a) shows
the typical SEM and EDS image of the Al-ettringite,
large number of rod like structure with uniform mor-
phology were seen. The average particle size of the
ettringite crystal was found to be (1.2 lm). The EDS
spectra of the crystal surface showed the presence of
Al, S, O, Ca elements which are representative ele-
ments of Al-ettringite. Fig. 2(a) shows the XRD analy-
sis of Al-ettringite with d-spacing values at 9.75,
5.63, 4.75, and 3.88 Å. The peak values were compared
with standard card of Al-ettringite (JCPDS card No.
720646). Strong peak was observed at 7.56 Å which
was of unreacted tricalcium aluminate (Ca3Al2O6)
(JCPDS card No. 320150). Fig. 1(b) shows the hexago-
nal morphology of Al-monosulfate crystal, traces of
ettringite rods were also seen in the SEM image,
although hexagonal crystals were more dominant
minerals. EDS elemental analysis showed the elemen-
tal composition of (Al, S, O, Ca). The elemental com-
position of monosulfate is same as that of ettringite,
but the morphology is different so as the crystal size.
The average crystal size of Al-monosulfate was found
to be (19 lm) and thickness of (0.7 lm). The SO4

� ions
were more in Al-ettringite compared to Al-monosul-
fate. Further, XRD analysis was done to confirm the
Al-monosulfate. As shown in Fig. 2(b) peaks positions
at 8.90, 4.91 Å show strong peaks of Al-monosulfate
(JCPDS card No. 450158). The peak at 7.56 Å which is
representative peak of C3A was not seen in the XRD.
It shows that C3A completely reacted to give major
phase of Al-monosulfate. The peaks at 9.75 Å showed
small amount of Al-ettringite (JCPDS card No.
720646). Further, Fe-ettringite which was made by the
co precipitation method described above. The solids
formed at the end of the 7days were taken for the
analysis. Fig. 1(c) shows the SEM image of Fe-ettringite.
The morphology of crystals showed tiny network of
rods. The rods were of Fe-ettringite, the crystal struc-
ture was not as clear as that of Al-ettringite because of
the fact that the hydration reaction of Fe3+ are slower
compared to that of Al3+ [24] and also the temperature
was not enhanced, as it was done in other cases. The
EDS data confirms the representative elemental
composition of (Fe, S, O, Ca). The average crystal size
was (1lm).The XRD of Fe-ettringite is as shown in
Fig. 2(c) the strong peaks at 9.73, and 3.93 Å are of
Fe-ettringite (JCPDS card No. 400292). Since this reac-
tion was time dependent and formed Fe-ettringite at
the end of 7 day was taken for experiments. Since the
reaction was still undergoing the formation of ettring-
ite crystals, the presence of unreacted calcium sulfate
in the form of calcium sulfate hydrate was expected

in the reaction mixture. The calcium sulfate hydrate
peak was clearly seen in the XRD plot at peak
position of 5.54 and 2.77 Å (JCPDS card No. 840962).
Fig. 1(d) shows the SEM and EDS of Fe-monosulfate,
the SEM image showed plate like crystals the crystal
morphology was not as clear as that of Al-monosul-
fate although the reaction time was similar with the
similar temperature conditions. It is reported that the
ettringite and monosulfate formations with Fe3+ will
take more time compared to Al3+. The average crystal
size was found to be (3.2 lm) and EDS spectra showed
the presence of Fe along with Ca, S, O which are
repetitive elements of Fe-monosulfate. Fig. 2(d) gives
XRD of Fe-monosulfate peak at 10.21, 5.106 Å (JCPDS
card No. 440605). The d spacing values and intensity
in case of Fe-monosulfate was slightly different as
compared to standard card. This could be caused,
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because of different chemical compositions of solids
used during the experiments to that of standards and
also because of different reaction conditions. The
strong peak at 7.66 Å was of unreacted calcium ferrite
(JCPDS card No. 720891).

Further batch experiments were conducted to
check the individual minerals ability to dechlorination
TCE in presence of Fe(II). Figs. 3 and 4 shows the
TCE behavior in Al ettringite, Al monosulfate and
Fe-ettringite, Fe-monosulfate, respectively. It can be
clearly seen that there was no considerable reduction
in the TCE concentrations.

3.2. Reactivity of pure a-Fe2O3 and a-Fe2O3 prepared from
pure iron powder and impure iron powder in presence of
Fe(II) and CaO

Initially, the extra pure a-Fe2O3 (99.9% high purity
chemicals, Japan) was chosen for TCE reduction
experiments. Fig. 5(a) shows the SEM and EDS of the
extra pure a-Fe2O3. The EDS spectra showed, the

presence of only iron and oxygen and there was no
other impurity present in the sample. Fig. 5(b) shows

Fig. 5. (a) SEM and EDS spectra of pure a-Fe2O3 and (b) XRD patterns of pure a-Fe2O3.
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XRD plot of pure a-Fe2O3. Peaks were found to have
matched with JCPDS card No. 87–1166. The TCE
experiments were carried out using this hematite with
CaO and 200mM of Fe(II). The samples were ana-
lyzed at 0, 1, 3, and 5days. Fig. 6 shows the reactivity
of pure a-Fe2O3. The results indicated that there was
no reduction in TCE concentration even after 5 days of
reaction. Since the pure hematite was not showing
reduction capacity, the a-Fe2O3 used by previous

researchers was analyzed using XRF. The analysis
showed presence of many other elements in it. These
elements were suspected to play significant role in
TCE dechlorination reaction. Considering these facts
different experiments of synthesizing the a-Fe2O3 by
using pure iron powder and impure iron powder as
starting material was planned. Thus, prepared differ-
ent types of hematite were used for TCE reduction
experiments. Table 1(a) shows the XRF analysis of
a-Fe2O3 used by previous researchers (Bayferrox-
110M) and Table 1(b) shows XRF analysis of impure
iron powder used as starting material to make
a-Fe2O3 in our experiments. When the elements pres-
ent in both the cases were compared they were almost
identical, however, but their concentration was not the
same. In our experiments two different types of hema-
tite was synthesized using pure iron (99.5%, Merck,
10 lm), as starting material and impure iron (obtained
from Showa) as staring material. By following the pro-
cedure discussed in section 2.2.5. Fig. 7(a) shows the
XRD pattern of impure iron powder. Fig. 7(b) shows
the a-Fe2O3 made from impure iron powder. Fig. 7(c)
shows XRD of pure iron powder. When the d values
were compared with that of impure iron powder, a
slight shift in d values was seen. This could be
because of impurities present in impure iron powder.
Fig. 7(d) shows the XRD plot of a-Fe2O3 made from
pure iron powder. The d values of this a-Fe2O3 were
comparable with that of pure a-Fe2O3 hematite shown
in Fig. 5(b).

Results of the TCE reduction experiments with
a-Fe2O3 made from impure iron powder as starting
material and a-Fe2O3 made from pure iron powder
are as shown in the Fig. 6. The a-Fe2O3 made from
impure iron powder showed reduction capacity for

Table 1
XRF analysis of (a) a-Fe2O3 (Bayferrox�-110M) and (b)
iron powder containing other elements

Elemental
weight %

a-Fe2O3

(Bayferrox�–110M)
Iron powder
containing other
elements (obtained
from Showa) used
for making a-Fe2O3

Mg 0.094 �
Al 0.081 0.16

Si 1.380 5.86

P 0.107 0.375

S 0.035 0.091

Ca 3.116 0.071

Cr 0.122 0.041

Mn 0.434 0.755

Fe 94.31 92.34

Ni 0.040 0.026

Cu 0.243 0.196

Zn 0.044 �
Nb 0.010 �
Mo 0.027 0.021

Ti � 0.042

4.055 3.336 2.537 2.065

2.017

1.801 1.430 1.274 1.138

3.638

2.673

2.496

2.192 1.830 1.687

1.593
1.481 1.448

1.307 1.255

2.026

1.433
1.170

3.690

2.700
2.520

2.207 1.840 1.694
1.599

1.485 1.452 1.309 1.260

10 20 30 40 50 60 70 80 90
2θ

(a) Impure Iron powder 

(d) α-Fe2O3 from extra pure iron powder

(b) α-Fe2O3 from impure

(c) Extra pure iron powder

Fig. 7. XRD analysis of (a) impure Iron powder (obtained from Showa), (b) a-Fe2O3 from impure iron powder, (c) pure
iron powder, and (d) a-Fe2O3 made from pure iron.
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TCE. Impure a-Fe2O3 was able to reduce TCE concen-
trations to almost zero after 7 days. However, both the
pure a-Fe2O3 and a-Fe2O3 made from pure iron pow-
der do not show any reduction capacity for TCE.

The k value of the a-Fe2O3 from impure iron was
found to be (k = 0.2365 d�1, R2 = 0.9328) although it
was not comparable with the earlier researchers Kim
et al. [16] (k = 0. 57 d�1) still our results show signifi-
cance of other co-existing elements present in hematite
made from impure iron source has a capacity to
reduce TCE. The reason for change in the reactivity of
a-Fe2O3 in present study and previous study could be
because the iron powder used in both the cases was
of different origin and so as the number of elements
present in could vary in their concentration. We
hypothesize that in case of a-Fe2O3 containing other
elements the TCE dechlorination reactions must be
taking place on the surface, and the bimetallic oxide
system in a-Fe2O3 must be catalyzing the dechlorina-
tion reactions. Similar findings are reported by Choi
et al. [29] and Cheng et al. [30].

3.3. Degradation products and end product analysis

During the experimentation with impure hematite/
CaO/Fe(II) system the chlorinated degradation prod-
ucts like 1,1 DCE, cis and trans-DCE, and VC were not
detected. The final degradation products were ana-
lyzed to get the information of pathway of dechlorina-
tion of TCE in hematite from impure iron powder
experiment. The head space analysis of samples was

done at the end of 7th day. The presence of ethylene,
acetylene, and ethane was detected. In present study,
we did not quantify the end products; we only
detected them in the samples in which the TCE con-
centration was reduced to make sure that the TCE was
reductively dechlorinated. The presence of acetylene
shows the dechlorination was probably via b-elimina-
tion path way. The gas chromatogram (Fig. 8) indicates
the presence of ethylene, acetylene, and ethane at
retention time of 2.16, 2.31, and 2.60, respectively.

4. Conclusions

We successfully synthesized pure mineral phases
of monosulfate and ettringite associated with Al3+ and
Fe3+. The mineral were confirmed by SEM, EDS, and
XRD analysis. The TCE dechlorination ability of
individual mineral was in presence of Fe(II). Our
studies indicated that these minerals individually in
pure state do not show any capacity to reduce TCE.
Further, the reactivity of pure and impure a-Fe2O3/
CaO/Fe(II) was evaluated. The results indicated that
extra pure a-Fe2O3 do not have capacity to reduce
TCE. However, a-Fe2O3 which has other elements
present in it was found to be efficient in reducing the
TCE concentration. We suspect that in cement/Fe(II)
system for dechlorination of TCE one single mineral
in its pure state might not be responsible, but
minerals in combination with other elements play
significant role.
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