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ABSTRACT 

The dechlorination of carbon tetrachloride (CT) by Fe(II) ion in the suspensions of 
crystalline iron oxide minerals including goethite (α-FeOOH), hematite (α-Fe2O3), magnetite 
(Fe3O4), and amorphous ferrihydrite (Fe(OH)3) was investigated. Experiments were performed 
using 10 mM iron oxides and 3 mM Fe(II) to form surface-bound iron suspensions at pH 7.2 
under anoxic conditions. Ferrous ion can rapidly sorb onto the surface of iron oxides to form 
surface-bound iron species. The sorption of Fe(II) onto goethite and hematite followed 
Langmuir isotherm, while Freundlich isotherm was observed in the magnetite and ferrihydrite 
suspensions. The major product of CT dechlorination in the iron oxide suspensions containing 3 
mM ferrous ion was chloroform (CF) and the conversion ratio of CT to CF was in the range 14-
74%, depending on the type of iron oxides. In addition, the dechlorination followed pseudo-
first-order kinetics, and the rate constants (kobs) for CT dechlorination were 0.38 h-1 and 0.84 h-1 
in goethite and hematite suspensions, respectively. Whereas the kobs was 0.061 h-1 for magnetite 
and 0.014 h-1 for ferrihydrite, which were lower than those in the highly crystalline iron oxide 
suspensions. However, the normalized surface area rate constants (ksa) followed the order 
goethite > hematite > magnetite > ferrihydrite. The solution pH values strongly influenced the 
rate and efficiency of CT dechlorination and both the kobs and sorbed Fe(II) concentrations were 
exponentially increased with increasing pH value within the range of 4-8.5, depicting that the 
increase in kobs is mainly attributed to the increase in the surface-bound Fe(II) concentration at 
high pH. 
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INTRODUCTION 
 
The contamination of groundwater with chlorin-

ated hydrocarbons is a widespread environmental 
problem. The environmental and health impacts of 
chlorinated hydrocarbons have prompted investiga-
tions regarding to their attenuation in natural envi-
ronments. Several chlorinated solvents including car-
bon tetrachloride (CT), chloroform (CF) and tetra-
chloroethylene (PCE) are rather persistent under aero-
bic conditions, but they may undergo reductive deha-
logenation under reducing environments [1] due to 
limited oxygen concentration in both pristine and con-
taminated subsurface environments. Therefore, the 
understanding of reductive transformation of chlorin-
ated hydrocarbons under iron-reducing environments 
is essential from the environmental engineering point 
of view with respect to the remediation of contami-

nated groundwater or soils. 
Fe(II) is one of the natural reductants available 

in various forms including dissolved, mineral bound, 
and as hosts of Fe(II)-bearing minerals. Laboratory 
and field studies have focused on the significance of 
Fe(II) ion in the abiotic reductive transformation of 
halogenated compounds in soils and groundwaters 
[2,3]. Fe(II) ion complexes in dissolved forms have 
been shown to effectively reduce different types of or-
ganic compounds such as polyhalogenated methanes, 
halogenated ethanes and nitroaromatic compounds 
under anoxic conditions [4-6]. Several studies have 
reported that the reactivity of Fe(II) ion in the suspen-
sions of Fe(III)-bearing minerals was higher than that 
of aqueous Fe(II) ion alone [2,3]. The high reactivity 
of Fe(II) species attached to solid Fe(III) minerals is 
rationalized within the framework of surface com-
plexation theory [4]. It is generally believed that, dur-
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ing the contact of Fe(II) ions with the surface of iron 
oxide minerals, protons on the surface hydroxyl 
groups are replaced by Fe(OH)2 to form 
≡FeIIIOFeIIOH, and the concentration of the species is 
proportional to the initial rate of reduction reaction [7]. 
Recent field studies have further demonstrated that 
surface-bound Fe(II) was the predominant reductant 
for nitroaromatic compounds even in geochemically 
complex polluted aquifers [8]. It depicts that surface-
bound Fe(II) system may play a pivotal role as a natu-
ral mediator in the in-situ reduction of contaminants. 
Also, several environmental factors such as surface 
area of iron mineral, available Fe(II) concentration in 
the aqueous solutions, and pH value of the system can 
influence the reactivity of surface-bound Fe(II) spe-
cies. The affinity of the surfaces of different Fe(III) 
minerals for Fe(II) ions might be the most important 
factor to form reactive surface Fe(II) sites and should 
be investigated. 

Goethite (α-FeOOH), hematite (α-Fe2O3), mag-
netite (Fe3O4), and amorphous ferrihydrite (Fe(OH)3) 
are ubiquitous iron oxides in the natural environments 
[9]. They have different crystalline properties, surface 
characteristics and mineralogical characteristics with 
respect to their originalities. Therefore, the Fe(II) ions 
associated with iron oxide mineral surfaces may show 
different reactivities toward the reduction of chlorin-
ated compounds. The objectives of this study were to 
investigate the dechlorination of CT by Fe(II) ions as-
sociated with different iron oxides including goethite, 
hematite, ferrihydrite and magnetite. CT was selected 
as the model compound because the reaction of sur-
face-bound iron species is a one-electron transfer 
process. Moreover, the sorption experiments of Fe(II) 
onto iron oxides were also performed to verify the re-
activity of such systems for the reductive transforma-
tion of CT. 

 
MATERIALS AND METHODS 

 
1. Chemicals  

 
All chemicals were used as received without fur-

ther treatment. CT (> 99.8%, GC grade) and CF (> 
99.8%, GC grade) were purchased from Merck Co. 
(Darmstadt, Germany). N-(2-hydroxyethyl)-piperazine-
N’-(2-ethanosulfonic acid (HEPES) (99.5%), 2-(N-
morpholino)-ethanesulfonic acid (> 99.5%), FeCl2. 
4H2O (99%), and FeCl3.6H2O (99%) were purchased 
form Sigma-Aldrich Co. (Milwaukee, WI). Methylene 
chloride (> 99.8%, GC grade) and ethanol (HPLC 
grade) were obtained from J. T. Baker (Phillipsburg, 
NJ).  

 
2. Synthesis and Characterization of Iron Oxides 

 
Iron oxides including goethite, hematite, magnet-

ite and ferrihydrite were synthesized following the 

procedures of Schwertman and Cornell [10]. After 
synthesizing the iron oxides in flasks, suspensions of 
the iron oxides were then transferred into 1-L screw-
caped bottles. The bottles were vacuumed (0.66 Pa) 
for 30 min and then purged with N2 for 15 min. This 
process was repeated at least five times while stirring 
the suspension continuously to maintain the anaerobic 
conditions. Aliquots of the suspensions were trans-
ferred from the sealed bottles into centrifuge tubes us-
ing a 100-mL N2-purged plastic syringe. The super-
natant was removed by centrifugation at 14,000 g for 
10 min under N2 atmosphere. The pellets in the centri-
fuge tubes were washed five times using deoxygen-
ated deionized water to remove the residual Fe(II) in 
the solution. After washing, suspensions were trans-
ferred anaerobically into a 500-mL serum bottle under 
a N2 purge. The bottles were capped with rubber septa 
followed by vacuuming and N2 purging for several 
times before being stored under a N2 atmosphere. 

 
3. Dechlorination Experiments 

 
Batch experiments were conducted using 70-mL 

serum bottles filled with 50 mL of deoxygenated 
buffer solution under anaerobic conditions [11,12]. A 
high purity of N2 (> 99.9995%) at a flow rate of 42 L 
min-1 was used to maintain the anaerobic conditions 
during the experimental processes. Iron oxides were 
withdrawn using an N2-purged syringe and were de-
livered into serum bottles to a final concentration of 
10 mM. Fe(II) solutions were prepared in deoxygen-
ated buffer solutions in sealed bottles and were intro-
duced into the serum bottles to provide a concentra-
tion of 3 mM. HEPES (50 mM) buffer solutions were 
used to control pH at 7.0±0.1. Bottles were then 
sealed with Teflon-lined rubber septa and aluminum 
crimp caps and were incubated in an orbital shaker at 
150 rpm and at 25±1 oC in the dark. After 20 h of 
equilibrium, 25 μL of the CT stock solution dissolved 
in methanol was delivered into the serum bottle by a 
gas-tight glass syringe to obtain the final concentra-
tion of 20 µM. The total volume of the liquid phase in 
the serum bottle was maintained at 50 mL, which re-
sulted in a 20-mL headspace left for headspace gas 
analysis. Parallel experiments were also carried out 
without the addition of Fe(II). All the experiments 
were run in duplicate or triplicate. 

 
4. Sorption Experiments 

 
In order to understand the sorption behavior of 

Fe(II) onto the iron oxide minerals, the experimental 
procedures described in the dechlorination experi-
ments were followed with identical conditions with 
the exception of CT addition. To study the Fe(II) sorp-
tion isotherms onto iron oxides, various volumes of 
the stock solution of Fe(II) were added to iron oxide 
suspensions (10 mM) to yield the final concentrations 
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of 0.05-5 mM. After the addition of Fe(II), bottles 
were incubated in an orbital shaker (150 rpm) at 25 °C 
in the dark. After 20 h of equilibrium, 1 mL aliquot 
was withdrawn using N2-purged gastight plastic sy-
ringe and 0.5 mL volume was filtered into 1 mL of 0.5 
M HCl solution through acidified 0.2 μM filter car-
tridge (1 cm in diameter). The Fe(II) concentrations in 
the filtrate was then determined at 562 nm using 
ferrozine method. 

 
5. Analytical Methods 

 
The headspace analytical technique was used to 

determine the chlorinated hydrocarbons. The concen-
trations of CT and the byproducts of the test bottles 
were monitored by withdrawing 50 µL of headspace 
gas using a 100 µL gas-tight glass syringe. The mix-
ture was then immediately injected into a gas chro-
matograph (GC) equipped with a flame ionization de-
tector (FID) and an electron capture detector (ECD) 
(Perkin-Elmer, Autosystem, Norwalk, CT). A 60-m 
VOCOL fused-silica megabore capillary column 
(0.545 mm × 3.0 µm, Supelco) was used for separat-
ing the chlorinated compounds. The column was con-
nected to FID and ECD simultaneously by a Y-splitter 
with 40% of the flow (1.85 mL min-1) to ECD for bet-
ter identification and quantification of the chlorinated 
hydrocarbons. The column temperature was main-
tained at 90 ºC isothermally with N2 as the carrier gas. 
Concentrations of chlorinated hydrocarbons in aque-
ous solutions were then calculated using the external 
standards by preparing the known concentrations of 
chlorinated hydrocarbons in aqueous solutions. The 
relative standard deviation for GC analysis was con-
trolled within 10%. 

Concentrations of total HCl extractable Fe(II) in 
the serum bottles were monitored by withdrawing 0.5 
mL of suspension using N2-purged syringes, and were 
immediately acidified with 1 M HCl. After mixing 
vigorously, the acidified samples were centrifuged at 
8,000 g for 10 min to remove particles and Fe(II) con-
tents were determined with ferrozine at 562 nm. The 
dissolved fraction of Fe(II) was determined in the fil-
trates (0.2-μm cellulose acetate filter) acidified with 
0.5 mL of 1 M HCl. 

Samples for specific surface area analyses were 
measured using BET surface area analyzer (Micromet-
rics, ASAP 2020) using N2 as the adsorbate. Single 
point surface area was determined following the stan-
dard procedure. For X-Ray Powder Diffraction 
(XRPD) analysis, powder samples were mounted on a 
glass sample holder using small amounts of grease. 
XRPD was performed using an X-ray diffractometer 
(XRD, Regaku D/max-II B) and a Cu Kα-radiation 
source (λ = 1.54056 Å) with 30 kV voltage and 20 mA 
current. The peak pattern for relevant iron oxides was 
compared with the standard peak pattern of pure iron 
oxide minerals available in the JCPDF database. 
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Fig. 1. The XRPD patterns of the synthesized iron oxide 

minerals. 
 

RESULTS AND DISCUSSION 
 

1. Characterization of  Iron Oxide Minerals 
 

1.1. Goethite  
 
Figure 1 shows the XRPD patterns of synthe-

sized iron oxide minerals. The bright yellow-colored 
iron oxide showed peaks at 21.22°, 36.72°, 33.34° and 
53.24° 2θ with intensities of 100%, 26%, 18% and 
17%, respectively, which is in good agreement with 
that of goethite in the JCPDF database. The needle 
shape of the synthesized mineral shown in the scan-
ning electron microscopy (SEM) image is also a char-
acteristic of goethite.  

 
1.2. Hematite  

 
The iron oxide that was synthesized by the 

hematite preparation procedure had dominant peaks at 
33.11°, 35.61°, 54.0° and 24.12° (2θ) with intensities 
of 100%, 70%, 36% and 24.12%, which are well-
fitted with the XRD pattern of standard hematite in the 
JCPDF database. The SEM image indicates that the 
synthesized hematite is a well-crystallized fine parti-
cles with particle sizes of 30-50 nm, which is similar 
to that of the reported data.  

 
1.3. Magnetite  

 
The XRPD patterns of the synthesized black col-

ored minerals by using the procedure for the prepara-
tion of magnetite are shown in Fig. 1. The black color 
of the mineral provides preliminary evidence that the 
synthesized material could be magnetite. Moreover, 
the Cu Kα x-ray diffractogram shows dominant peaks 
at 35.42°, 62.51°, 30.09°, 56.94° and 43.05° (2θ) with 
intensity ratios of 100%, 40%, 30%, 30% and 20%, 
respectively, which can be assigned as magnetite. The 
cubic shapes with variable particle sizes in the range 
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50-200 nm were clearly observed in the SEM images. 
 

1.4. Ferrihydrite  
 
In contrast to the other crystalline iron oxide 

minerals, ferrihydrite is a poorly crystalline mineral. 
Since XRPD only shows peaks for crystalline materi-
als, the XRD pattern for ferrihydrite does not show 
any sharp peaks. As shown in Fig. 1, the synthesized 
ferrihydrite has two broad peaks at around 36.4° and 
60.2°. This sort of ferrihydrite is referred to as two-
line ferrihydrite. 

 
1.5. Specific surface area  

 
The specific surface areas of iron oxides were 

determined by BET single point measurements using 
N2 as an adsorbate. The determined values of specific 
surface areas were 28.80±0.11, 39.4±0.21, 222.00±0.30 
and 11.67±0.08 m2 g-1 for goethite, hematite, ferrihy-
drite and magnetite, respectively.  

 
2. Sorption of  Fe(II) onto Iron Oxides 

 
The sorption of heavy metal ions onto iron oxide 

minerals has been carried out by numerous studies 
with the objective of possible removal of metal ions 
from aqueous solutions [13]. However, only few stud-
ies focused on the sorption of Fe(II) species onto iron 
minerals, probably because Fe(II) ions are easily oxi-
dized to Fe(III) in the presence of trace amounts of 
oxygen. Since sorbed Fe(II) ions on the Fe(III) oxides 
form Fe(II)/Fe(III) redox couple which often buffers 
the oxidation-reduction potential of anoxic systems, 
the sorption behavior of Fe(II) onto Fe(III) minerals 
may be compatible with the dechlorination behaviors 
of chlorinated hydrocarbons by surface-bound Fe(II) 
systems.  

The Fe(II) adsorption on the goethite was studied 
at various concentration of Fe(II) ranging between 
0.05 and 5 mM at 25 °C. The sorption of Fe(II) onto 
goethite followed Langmuir-type isotherm, which 
gives the relationship of the sorbed concentration on 
the surface of goethite and the equilibrium concentra-
tion:  

]A[K
]A[K

ads

ads
max +

=
1

ΓΓ  (1) 

where Г is the density of sorbate on the surface, Гmax 
is the maximum density of the sorbate, Kads is the ad-
sorption constant and [A] represents the aqueous con-
centration of adsorbate at equilibrium. As shown in 
Fig. 2, the sorption of Fe(II) on goethite can be well-
fitted with Eq. 1, suggesting that Fe(II) sorption fol-
lows Langmuir isotherm. A previous study reported 
that the Fe(II) sorption on the goethite followed Lang- 
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Fig. 2. The sorption isotherm of Fe(II) onto goethite at 

25 °C. 
 
Table 1. The sorption isotherms of Fe(II) onto various 

iron oxide minerals* 
Langmuir  Freundlich Fe(III) oxide 

Гmax Kads  K 1/n 
Goethite 1.682 0.348  - - 
Hematite 1.231 0.899  - - 
Ferrihydrite - -  0.176 4.586 
Magnetite - -  0.567 1.0 
Note: *The sorption of Fe(II) onto goethite and hematite 

followed Langmuir isotherm, while magnetite and 
ferrihydrite obeyed Freundlich isotherm. 

 
muir isotherm at Fe(II) concentrations of 0-3 mM [14], 
which is consistent with the sorption isotherm of Fe(II) 
onto goethite obtained in this study. 

The sorption isotherm of Fe(II) onto hematite 
also followed Langmuir isotherm (Table 1). The sur-
face saturation level for hematite is lower than that for 
goethite, while the Fe(II) Kads for hematite is larger. 
Ferrihydrite is a poorly crystalline Fe(III) mineral 
which has high specific surface area and exhibits 
amorphous characteristics. Therefore, ferrihydrite has 
been proven as an efficient sorbent for the removal of 
dissolved toxic metal ions. The sorption behavior of 
Fe(II) onto ferrihydrite is different form those in goe-
thite and hematite systems. An exponential increase in 
sorbed Fe(II) density with increasing Fe(II) concentra-
tion in the solution was observed, which can be as-
signed as Freundlich isotherm. In addition, sorption of 
Fe(II) onto the magnetite was studied at the magnetite 
concentration of 2.32 g L-1. The sorption isotherm of 
Fe(II) onto magnetite also followed Freundlich iso-
therm with a good linearity, which the n value is al-
most equal to unity and the Freundlich constant (K) is 
0.567. 

 
3. Dechlorination of  CT by Surface-bound Fe(II) 

 
In order to compare the reductive capacities of  
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Fig. 3. Concentration profiles of dechlorination of CT 

by Fe(II) in the presence of various iron oxide 
minerals at pH 7.2 under anoxic conditions. (a) 
CT (b) CF. 

 
dissolved and surface-bound Fe(II), CT was incubated 
with 3 mM Fe(II) at pH 7.2 in the absence and pres-
ence of iron oxide minerals. Figure 3a illustrates the 
dechlorination of 20 μM CT in Fe(II)-amended solu-
tion in the presence of iron oxides. No obvious change 
in CT concentration was observed during the experi-
mental course in solutions containing Fe(II) alone. 
Several studies showed that CT can not be dechlori-
nated by dissolved Fe(II) at neutral pH during a rela-
tively short time [14,15], which is consistent with the 
results obtained in this study. Addition of Fe(II) to the 
iron oxide suspensions increased the rate and 
efficiency of CT dechlorination. A nearly complete 
dechlorination of CT was observed within 48 h in the 
suspensions containing 10 mM hematite and 3 mM 
Fe(II). Nearly complete removal efficiencies of CT by 
Fe(II) were also observed in suspensions of ferrihy-
drite and goethite. However, the mixed-valence iron 
mineral, magnetite, showed a relative low reductive 
capacity and only 43% of the CT was dechlorinated 
within 48 h. 

CF was found to be the major product in all the 
surface-bound Fe(II) systems (Fig. 3b). This result 
agrees with the previous observations that CT was 
dechlorinated by different types of Fe(II)/Fe(III) sys-
tems such as surface-bound Fe(II) associated with 
goethite and biogenic magnetite [16,17]. Because of 
the formation of CF, it is clear that reductive dechlori-
nation is the prominent pathway for CT transforma-
tion. The maximum concentrations of CF in all the 
iron oxide systems except the magnetite system were 
in the range 7.3-13 μM. The production of CF concen-
tration in magnetite system was only 1.14 μM. Table 2 
shows the concentrations of CF after 48 h of incuba-
tion in surface-bound iron suspensions. It is clear that 
the mechanism for the reductive transformation of CT 
in each surface-bound  system  is  not  the  same.  The 

Table 2. The percentage of CF to CT by surface-bound 
Fe(II) associated with different iron oxide 
system at pH 7.2 

Iron oxide  
Δ CT 
(μM) 

Produced 
CF (μM) 

[CF]/ΔCT 
(%) 

Goethite 12.68 7.28 57 
Hematite 19.40 10.54 54 
Ferrihydrite 17.68 12.99 74 
Magnetite 8.35 1.14 14 

 
carbon mass balance with respect to CF formation in 
surface-bound Fe(II) systems is 74% in ferrihydrite, 
57% in goethite, 54% in hematite and 14% in magnet-
ite systems, clearly showing that there may exist sev-
eral degradation mechanisms for CT dechlorination. A 
trace amount of methane in the headspace was also 
detected by GC-MS in this study when  a high concen-
tration of CCl4 (3 mM) was used in the dechlorination 
experiment, implying that further dechlorination to the 
less chlorinated byproducts or non-chlorinated final 
products occurred. Several studies showed that CCl4 
could be transformed to carbon monoxide and formate 
via reductive hydrolysis [16-18], suggesting that the 
loss of CCl4 may be partially due to the formation of 
formate and carbon monoxide in the liquid phases. 

(h) 

The dechlorination of CT by the surface-bound 
Fe(II) species followed pseudo-first-order kinetics: 

tk
C
C

ln obs
t =⎥
⎦

⎤
⎢
⎣

⎡

0
 (2) 

where C0 and Ct are the concentrations of CT at the 
initial and at time t, respectively, and kobs is the ob-
served pseudo-first-order rate constant. A good linear 
relationship between ln(Ct/C0) and time (t) was ob-
served during the first 10-20 h and then the slope de-
creased slightly. Such a deviation in the linearity has 
been reported to be a common phenomenon in the re-
duction of various compounds such as nitroaromatic 
compounds and polyhalogenated alkanes by surface-
bound Fe(II) species [4,15,18]. The decrease in reac-
tivity of surface-bound Fe(II) in the latter part of the 
experimental time is presumably attributed to the pos-
sible consumption of more reactive Fe(II) species at 
the first stage and the high affinity of surface reactive 
sites towards the produced compounds. Table 3 shows 
the kobs values and the normalized surface area rate 
constant (ksa) for CT dechlorination in systems con-
taining various types of iron oxides and 3 mM Fe(II) 
at pH 7.2. The kobs for CT dechlorination followed the 
order: hematite > ferrihydrite > goethite > magnetite. 
When normalized to the specific surface area by di-
viding the kobs by available surface area of iron oxide 
minerals in the serum bottles, the ksa values followed 
the order: goethite ~ hematite > magnetite > ferrihy-
drite. Since similar molar concentration (10 mM) of 
iron oxides were amended into the bottles and the 
dechlorination in Fe(II)-Fe(III) suspension is a surface 
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Table 3. The rate constants for CT dechlorination by 
Fe(II) associated with various iron oxide 
minerals  

Rate constants Iron oxide Surface area 
(m2 g-1) kobs (h-1) ksa (L h-1m-2)

Goethite 28.8 0.0380 0.0296 
Hematite 39.4 0.0836 0.0265 
Ferrihydrite 222 0.0609 0.0051 
Magnetite 11.7 0.0144 0.0106 

 

0.0

0.2

0.4

0.6

0.8

1.0

1.2

4.0 4.5 5.0 5.5 6.0 6.5 7.0 7.5 8.0 8.5

0.0

0.5

1.0

1.5

2.0

2.5

- kobs for dechlorination

- Surface-bound Fe(II)
x

 

k ob
s f

or
 C

T 
de

ch
lo

rn
at

io
n 

(h
-1
)

 

 

 

 

Su
rfa

ce
-b

ou
nd

 F
e(

II)
 c

on
ce

nt
ra

tio
n 

(m
M

)

pH  
Fig. 4. The kobs for CT dechlorination as a function of pH. 
 
mediated reaction, it is reasonable to use ksa to com-
pare the dechlorination kinetics of CT in surface-
bound Fe(II) associated with various iron oxides. 

It is clear that goethite, the most abundant crys-
talline iron oxide, has the highest ksa value, indicating 
the positive role in the abiotic dechlorination of chlo-
rinated solvents. Hematite is also a well-crystalline 
and most stable iron oxide and has a high ksa value. 
Magnetite is a relatively low stable crystalline mineral 
which bears structural Fe(II) and frequently generated 
by bacterial Fe(III) reduction. Its dechlorination capa-
bility with respect to ksa is lower than those of goethite 
and hematite. Ferrihydrite, the amorphous iron min-
eral with high specific surface area, has the lowest ksa 
value obtained in this study. This means that crystal-
line property of the iron mineral may be one of the 
important factors influencing the efficiency of CT 
dechlorination. Since goethite suspension has the 
highest capability for CT dechlorination, it is selected 
as the model iron oxide to examine the effect of pH on 
the dechlorination of CT in the subsequent experi-
ments. 

 
4. Effect of pH on CT Dechlorination by Goethite 

 
Figure 4 illustrates the effect of pH on kobs for 

CT dechlorination in Fe(II)-goethite system. A 23% of 
the initial CT was dechlorinated after 350 h of incuba-
tion at pH 4, depicting that the reactivity of Fe(II)-
goethite system is quite low at low pH. However, the 
dechlorination of CT increased up to 63% when the 

pH increased to 6.5. The rapid increase in the dechlo-
rination efficiency may be due to the change in pH 
from acid to neutral and then to basic. At pH 7.2, the 
CT concentration decreased from 20 to 6 μM during 
36 h of incubation. A nearly complete dechlorination 
of CT was occurred within 9 h when pH increased to 
8.5. The kobs values increased exponentially upon in-
creasing pH values. A parallel series of serum boatels 
was prepared by following the similar procedures with 
the exception of CT amendments to determine the 
concentrations of surface-bound Fe(II). The surface-
bound Fe(II) onto goethite surface also increased in 
the similar trend as the increase in the kobs. This rela-
tionship clearly evidences that the increase in pH en-
hanced the rate and efficiency of CT dechlorination 
due to the increase in the surface-bound Fe(II) 
concentration. 

 
CONCLUSIONS 

 
In this study, Fe(II) associated with iron oxides 

has demonstrated to be effective natural reductants for 
the dechlorination of chlorinated methanes. The reac-
tivity of surface-bound Fe(II) species on the dechlori-
nation is iron oxide-dependent. Comparison of the CT 
dechlorination by Fe(II) associated with iron oxides 
using ksa shows that crystalline iron oxides are more 
reactive than amorphous ferrihydrite. Goethite has the 
highest reductive capability in dechlorinating chlorin-
ated methanes, while ferrihydrite shows the lowest ef-
ficiency on CT dechlorination. The chlorinated prod-
uct generated during reductive transformation of CT 
shows that the formation ratio of CF varies form 14% 
to 74%, which is dependent on the iron oxide minerals. 
The pH value is also an effective factor influencing 
the dechlorination of CT. Good removal efficiency of 
CT was observed at neutral and weakly alkaline pHs, 
depicting the positive impact on natural attenuation 
when using surface-bound iron species as the natural 
reductant. In the natural environments, the Fe(II)-
Fe(III) reaction is one of the most important redox 
processes influencing the natural attenuation and in-
situ remediation of priority pollutants in the subsur-
face environments. The Fe(II) ions can be generated 
from the reductive dissolution of ferric oxides by dis-
similatory iron-reducing bacteria under anaerobic 
conditions. The generated Fe(II) can further sorb onto 
the surface of Fe(III) oxide, resulting in the formation 
of surface-bound iron species that can be used for 
long-term application to the remediation of groundwa-
ter contaminated with chlorinated hydrocarbons. 
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