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a b s t r a c t

Reductive dehalogenation of 2,4,6-trichlorophenol (2,4,6-TCP) by two types of high carbon iron filings
(HCIF), HCIF-1 and HCIF-2 was studied in batch reactors. While the iron, copper, manganese and carbon
content of the two types of HCIF was similar, the specific surface area of HCIF-1 and HCIF-2 were 1.944 and
3.418 m2 g−1, respectively. During interaction with HCIF-1, 2,4,6-TCP adsorbed on HCIF-1 surface result-
ing in rapid reduction of aqueous phase 2,4,6-TCP concentration. However, reductive dehalogenation of
2,4,6-TCP was negligible. During interaction between 2,4,6-TCP and HCIF-2, both 2,4,6-TCP adsorption on
HCIF-2, and 2,4,6,-TCP dechlorination was observed. 2,4,6-TCP partitioning between solid and aqueous
phase could be described by a Freundlich isotherm, while 2,4,6-TCP dechlorination could be described
by an appropriate rate expression. A mathematical model was developed for describing the overall inter-
action of 2,4,6-TCP with HCIF-2, incorporating simultaneous adsorption/desorption and dechlorination

reactions of 2,4,6-TCP with the HCIF surface. 2,4-Dichlorophenol (2,4-DCP), 2-chlorophenol (2-CP) and
minor amounts of 4-chlorophenol (4-CP) evolved as 2,4,6-TCP dechlorination by-products. The evolved
2,4-DCP partitioned strongly to the HCIF surface. 4-CP and 2-CP accumulated in the aqueous phase. No
transformation of 2-CP or 4-CP to phenol was observed.
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. Introduction

Chlorophenols are recalcitrant compounds that are extensively
sed as biocides, wood preservatives and intermediates to the man-
facture of herbicides, pesticides, higher chlorinated congeners and
yes. They are also produced as disinfection by-products during
hlorination of wastewater and drinking water and during bleach-
ng of wood pulp with chlorine [1,2]. Most chlorophenols have been
isted as priority pollutants by USEPA [3] due to their toxicity and
ersistence.

Degaradation of chlorophenols have been studied by vari-
us chemical methods like ozonation [4], Fenton oxidation [5],
hoto-peroxidation [6], photo-Fenton process [7], electrochemical
xidation [8], electrochemical reduction [9], sonication [10], cat-
lytic hydrodechlorination [11], photo-electrochemical oxidation

12] and supercritical water oxidation [13]. Biodegradation stud-
es include aerobic [14,15] and anaerobic [16,17] degradation of
hlorophenols.
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In the last decade, zero-valent metals and bimetallic systems
ave been used to dechlorinate chlorophenols. The rates of
echlorination are often higher in such systems as compared to
iodegradation [18–23]. Kim and Carraway [18] studied dechlo-
ination of pentachlorophenol (PCP) by zero-valent iron (ZVI)
nd ZVI modified through addition of palladium (Pd), platinum,
ickel and copper. Rapid decline in initial concentrations of PCP
uring this study was attributed to a combination of sorption
f PCP to the ZVI surface and dehalogenation reactions. Several
etra-chlorophenol isomers were identified as dechlorination by-
roducts. PCP dechlorination rates with ZVI were reported to be
igher than with amended ZVIs. Liu et al. [19] reported dechlorina-
ion of ortho-, meta- and para-chlorophenol by Pd impregnated ZVI.
ate of chlorophenol conversion to phenol increased with increase

n Pd loading from 0 to 0.1 wt%. Dechlorination of 4-chlorophenol
4-CP), 2,6-dichlorophenol (2,6-DCP), 2,4,6-trichlorophenol (2,4,6-
CP) and PCP by ZVI and zero-valent magnesium (ZVM), with and
ithout added Pd was reported [20]. In 240 min reaction time,
CP was not dehalogenated by ZVI. Slow dehalogenation was
bserved using Pd-ZVI and ZVM, while rapid dehalogenation was
bserved when Pd-ZVM was used. Various tetra-chlorophenol
somers, 2,4,6-TCP, phenol, cyclohexanol and cyclohexanone

ere observed as by-products. 4-CP, 2,6-DCP, and 2,4,6-TCP were

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:pbose@iitk.ac.in
dx.doi.org/10.1016/j.jhazmat.2008.08.005
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egraded significantly only by the Pd/ZVM systems. Wei et al. [21]
eported dechlorination of ortho-chlorophenol by nano-scale ZVI
mpregnated with Pd. In another related study [22], dechlorination
f 2,4-dichlorophenol (2,4-DCP) by nano-scale ZVI impregnated
ith Pd was reported. 2,4-DCP was completely dehalogenated

ver a time period of 5 h. 2-Chlorophenol (2-CP), 4-CP and phenol
ere observed as by-products. Interaction of 2-4-DCP with same
ass of micron-sized ZVI resulted in barely 5% conversion over
h, suggesting increased surface area and presence of Pd resulted

n faster dechlorination by nono-scale ZVI. Dehalogenation of
hlorophenols by magnesium–silver bimetallic systems has also
een reported [23]. PCP dechlorination was accompanied by the
ccumulation of tetra-, tri- and dichlorophenols in the system.
echlorination studies using 2,3,4,6-tetrachlorophenol and 2,4,5-

richlorophenol in a similar system indicated that dechlorination
f chlorophenols decreased with the number of chlorine atoms on
he target compound.

Based on the review of literature following conclusions can be
rawn regarding dechlorination of chlorphenols by ZVI. First, inter-
ction with nano-scale ZVI having large specific surface area will
esult in faster dechlorination of chlorophenols as compared to
nteraction with micron sized ZVI. Second, impregnation of ZVI with
d or other metals may enhance chlorophenol dechlorination rates.
hird, removal of the target chlorophenol from the aqueous phase
s not a sufficient indication of dehalogenation, since adsorption
f chlorophenol on ZVI surface has been observed in many cases.
ourth, chlorophenols with larger number of chlorine atoms are
xpected to dechlorinate faster.

Due to its low cost [24], micron sized HCIF is the material
f choice for use in continuous systems such as permeable reac-
ive barriers (PRBs), which are often employed for degradation of
alogenated organic compounds (HOCs) present in contaminated
roundwater. 2,4,6-TCP has been listed as a priority pollutant by
SEPA [3] due to its toxicity and persistence. During interaction
ith HCIF, 2,4,6-TCP is expected to undergo reductive dechlorina-

ion. Further, 2,4,6-TCP being relatively hydrophobic is expected
o partition like other hydrophobic HOCs on graphite inclusions
resent in the HCIF surface [25,26]. However, adsorption of 2,4,6-
CP is complicated by the fact that it exists in both non-dissociated
nd dissociated forms, with the relative abundance of the two forms
eing dependent on solution pH. In case of a surface with charged
unctional groups, e.g., the activated carbon or metal oxide sur-
ace, both non-ionic and ionic forms of 2,4,6-TCP are expected to
dsorb on the surface [27]. However in case of adsorption on soil
rganic carbon, where partitioning is mainly through hydropho-
ic interactions, the situation may be substantially different. It
as been reported that the ionized form of PCP has a lower ten-
ency to partition to soil organic carbon than the non-ionized form
28,29]. Based on similar reasoning, it is expected that adsorption
f 2,4,6-TCP on the HCIF surface will be predominantly through
he hydrophobic interaction of the of the non-dissociated form of
,4,6-TCP with the graphite inclusions on the HCIF surface, while
he dissociated form will remain predominantly in the aqueous
hase.

The objective of the present study was to investigate and
nderstand the interaction of 2,4,6-TCP with HCIF. Specifically the
bjectives were:
To study the extent of reductive dehalogenation of 2,4,6-TCP by
HCIF.
To elucidate and model the process of concurrent adsorption and
reductive dechlorination of 2,4,6-TCP by HCIF.
To elucidate pathways of reductive dechlorination of 2,4,6-TCP
during interaction with HCIF.
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. Materials and methods

.1. Materials

Commercially available high carbon iron was chipped on a lathe
achine and then ground into iron filings in a ball mill. The fil-

ngs were between 40 and 80 mesh size. HCIF thus produced was
ashed in N2-sparged 1N HCl with periodic shaking for 30 min,

hen rinsed 10–12 times with N2-sparged deionized (Milli-Q) water,
nd dried for 1 h at 100 ◦C in N2 atmosphere. This treatment yielded
lack metallic filings with no visible rust on the surface. X-ray
iffraction (XRD) spectra of the pre-treated HCIF surface were
btained using X-ray Powder Diffractometer (Model ISO-Debyeflex
002, Rich Seifert & Co., Germany) using Cu K� radiation. XRD
esults (not shown) indicated that the HCIF surface was devoid of
ny oxide coating. HCIF was stored in a vacuum desiccator until use
n various experiments.

Two batches of HCIF were prepared as above. Surface area of the
rst (HCIF-1) and second batch (HCIF-2) of HCIF was determined by
ET (N2) analysis using a BET surface area analyzer (Coulter SA 3100,
SA) to be 1.944 and 3.418 m2 g−1, respectively. Carbon content of
CIF-1 and HCIF-2 was determined using the Strohlein Apparatus

Adair Dutt & Co. Pvt. Ltd., India) to be 2.8 and 2.72 wt%. Samples
f HCIF-1 and HCIF-2 were digested in aqua-regia and analyzed by
tomic absorption spectrometer (AAS) (VARIAN, Spectra AA, 220FS,
ustralia) for determination of metal content. The iron, copper and
anganese content of HCIF-1 was 94.4, 0.1 and 0.375 wt%, respec-

ively, while the respective values for HCIF-2 were 93, 0.05 and
.3%.

Other chemicals used were 2,4,6-TCP (98%, Sigma–Aldrich),
,4-DCP (99%, Sigma–Aldrich), 2,6-DCP (>99%, Sigma–Aldrich),
-CP (>99%, Sigma–Aldrich), 4-CP (>99%, Sigma–Aldrich), phe-
ol (>99%, Sigma–Aldrich), cyclohexanol (99%, Sigma–Aldrich),
yclohexanone (99.8%, Sigma–Aldrich), 1,4-dichlorobenzene (>99%,
igma–Aldrich), n-hexane (Merck HPLC Grade), isopropyl alcohol
Merck, HPLC grade), pyrite (Ward’s Natural Science Est., Inc., USA),
Cl (AR Grade, Thomas Baker) and HNO3 (AR Grade, Thomas Baker).
ll chemicals except pyrite were used as is. The pyrite was ground

nto a fine powder before use. 1 g of ground pyrite was digested
n aqua-regia and analyzed by AAS for iron content. This analysis
evealed the purity of pyrite to be 94%.

.2. Experimental procedure

Batch experiments were carried out in 16 mL glass vials with
crew caps equipped with teflon lined rubber septa (Wheaton
cience, USA). For a typical experiment, approximately 5 g of
CIF and 0.1 g of pyrite was added to a vial, with the exact
eight of HCIF and pyrite added being determined gravimetri-

ally. Pyrite addition was for the purpose of pH control. HCIF-1
as contacted with aqueous solutions of 2,4,6-TCP, and 2,4-DCP.
CIF-2 was contacted with only 2,4,6-TCP. Stock solutions of the
bove chlorophenols were prepared in 1:1 (v/v) mixture of iso-
ropyl alcohol and deionized water. Aqueous solutions of 2,4,6-TCP
nd 2,4-DCP were prepared by adding the required volume of
he stock solution to N2 sparged deionized water. This solution
as then transferred to a 1 L separatory funnel and was purged
ith N2 to maintain anoxic conditions. Vials containing HCIF

nd pyrite were filled from the funnel such that no headspace
xisted, and then sealed using the vial screw caps. Aqueous vol-

mes in these vials were determined gravimetrically. Control vials,
ontaining chlorophenols but no HCIF or pyrite, were also pre-
ared.

In experiments involving HCIF-1, approximate concentration
f 2,4,6-TCP and 2,4-DCP in a vial was 200 and 250 �mol L−1,
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espectively. In experiments involving HCIF-2, approximate con-
entration of 2,4,6-TCP in a vial was 260 �mol L−1. For each
ompound–HCIF combination, at least two or more identical vials
ere prepared. All vials were placed on a roller drum and rotated

t 15 rpm such that the vial axis remained horizontal at all times.
mbient temperature was approximately 20±2 ◦C during mixing.
ials were removed (in duplicate and one control) at specified

imes for sampling and analysis. Before sampling, pH and redox
otential were measured in situ in all vials.

.3. Extraction

Both aqueous and sorbed concentration of chlorophenols was
easured in all vials. In experiments involving HCIF-1, duplicate

0 �L aliquots of aqueous phase were sampled from each vial
sing a micro syringe. Each 10 �L aliquot was added to a GC
ial containing 1 mL n-hexane as solvent and 1,4-DCB as inter-
al standard along with 2 drops of concentrated HCl [20] and
ealed. The mixture was then thoroughly mixed on a vortex mixer
o ensure partitioning of chlorophenols to the solvent phase and
he solvent analyzed using a gas chromatograph equipped with
n electron capture detector (GC-ECD). Preliminary experiments
ndicated that extraction efficiency for 2,4,6-TCP and 2,4-DCP was
4–100% using this method. For determining solid phase con-
entration, aqueous content of the 16 mL vial was transferred, as
ar as practicable, to a pre-weighed and sealed 60 mL vial by air
isplacement using a cannula. The 60 mL vial was weighed after
he transfer for determination of the weight and hence volume
f the transferred aqueous phase. Next, 5 mL of n-hexane and 2
rops of concentrated HCl was added to the 16 mL vial. Vial con-
ents were vortex mixed for 5 min to ensure transfer of the solid
hase chlorophenols to the solvent. This extract was transferred
o a 10 mL sealed vial. The procedure was repeated. The combined
xtract was diluted 50 times and analyzed by GC-ECD. Using this
alue, along with the aqueous phase concentration measured ear-
ier, and through application of associated corrections to account
or (1) chlorophenol mass in the aqueous phase removed from the
riginal 16 mL vial to measure the aqueous phase chlorophenol
oncentration and (2) chlorophenol mass in aqueous phase which
ould not be separated from the solid phase, mass of chlorophe-
ol adsorbed on HCIF could be calculated. Comparison of the total
dded mass of 2,4,6-TCP with the sum of measured aqueous and
olid-phase mass of 2,4,6-TCP for the sample after 2 h contact time
amount of 2,4,6-TCP dehalogenation was negligible in 2 h) showed
reater than 99% recovery, thus validating the analytical procedure.
he same procedure applied to 2,4-DCP resulted in 97% recovery
fter 2 h contact.

In experiments involving HCIF-2, 1 mL of aqueous solution from
he 16 mL vials was transferred to a GC vial containing 0.5 mL of
-hexane (with 1,4-DCB as internal standard) along with 2 drops
f HCl and sealed. The contents were mixed on a vortex mixer for
min to ensure partition of chlorophenols to the solvent phase.
o ensure accurate quantification, for some samples, the solvent
hase was concentrated by purging with N2 before analysis. The
olvent phase was analyzed by a gas chromatograph equipped
ith flame ionization detector (GC-FID). Preliminary experiments

howed that recoveries using this method were 90–100% for tri- and
i-chlorophenols and 70–80% for mono-chlorophenols. To measure
he solid phase concentration, 1 mL of 0.1N NaOH solution was
dded to the 16 mL vial and vortex mixed for 10 min. Addition of

aOH facilitated desorption of sorbed chlorophenols to the aque-
us phase [30]. The contents of the vials were sampled as before for
etermination of total chlorophenols concentration. This method
esulted in 90–115% recovery of 2,4,6-TCP and 2,4-DCP after 2 h of
ontact with HCIF.
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.4. Analytical methods

pH and oxidation–reduction potential (ORP) of the aqueous
hase in all vials were measured before sampling of the vials. Nee-
le type microelectrodes were pierced through the septa for these
easurements. A redox electrode (Model: MI-800/414, Microelec-

rodes Inc., USA) and a combination pH electrode (Model: MI-414,
icroelectrodes, Inc., USA) connected to an Orion 320 PerpHecT

nalyzer (Thermo Scientific, USA) was employed for this purpose.
In case of experiments involving HCIF-1, chlorophenols

oncentration was measured using GC-ECD. A PerkinElmer
larus 500 gas chromatograph equipped with an Elite-5 col-
mn (30 m×0.32 mm×0.25 �m) was used for measurement of
hlorophenols concentration. Carrier gas was N2 at a velocity of
0 cm s−1. Injector and detector (ECD) temperature were 240 and
75 ◦C, respectively. The oven temperature program was as follows:
0–150 ◦C at a ramp of 4 ◦C/min and hold for 3 min. Samples (1 �L)
ere injected in splitless mode. Detection limit was 1 pg/�L for
,4,6-TCP, 10 pg/�L for 2,4-DCP, 50 pg/�L for 2,6-DCP, and 4 ng/�L
or 2-CP and 4-CP.

In case of experiments involving HCIF-2, chlorophenols
oncentration was measured using GC-FID. A PerkinElmer
larus 500 gas chromatograph equipped with an Elite-5 col-
mn (30 m×0.53 mm×0.5 �m) was used for measurement of
hlorophenols concentration. Carrier gas was N2 at a velocity of
7 cm/s. Injector and detector (FID) temperature were 240 and
30 ◦C, respectively. The oven temperature program was as follows:
0–90 ◦C at a ramp of 4 ◦C/min and hold for 1 min, 90–185 ◦C at a
amp of 15 ◦C/min and hold for 5 min. Samples (1 �L) were injected
n splitless mode. Detection limit was 1 ng/�L for all chlorophenols
nalyzed.

. Results and discussion

.1. Interaction of HCIF-1 with 2,4,6-TCP

Interaction of 2,4,6-TCP with HCIF-1 in 16 mL vials containing 5 g
approximately 323 g L−1) HCIF-1 resulted in decline in 2,4,6-TCP
queous concentration (Ca, �mol L−1) from 200 to 100 �mol L−1

n 60 h (see Fig. 1A), beyond which the 2,4,6-TCP aqueous concen-
ration remained nearly constant over the experimental duration
f 800 h. Despite addition of pyrite as a buffering agent, pH was
bserved to increase from an initial value of 6.5 to approximately
.2 within 60 h (see Fig. 1B), beyond which pH remained approxi-
ately constant. Solid phase 2,4,6-TCP concentration (Cs, �mol g−1

ron) also increased to the maximum value within 60 h (see Fig. 1C).
nly 2,4,6-TCP dechlorination by-product identified was 2,4-DCP,
hich remained adsorbed to the solid phase (see Fig. 1C). The mea-

ured concentration of 2,4-DCP was less than 1% of the total amount
f 2,4,6-TCP added.

2,4,6-TCP exists in aqueous phase in both non-dissociated and
issociated forms, with the fraction in each form being deter-
ined by aqueous phase pH and the dissociation constant for

,4,6-TCP (KTCP = 10−6.4). Hence, Ca may be apportioned into the
on-dissociated aqueous phase (Ca)1 (�mol L−1) and the dissoci-
ted aqueous phase (Ca)2 (�mol L−1) fractions. Also,

Ca)1

k2−→←−
k3

(Ca)2 +H+, KTCP =
k2

k3
, (1)
here k2 (h−1) and k3 (�mol−1 L h−1) are the reaction rate constants
or 2,4,6-TCP deprotonation and protonation reactions, respec-
ively, and KTCP (M) is the equilibrium constant. Also,

a = (Ca)1 + (Ca)2 (2)
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phase dissociated 2,4,6-TCP will become non-dissociated. Con-
sumption of protons as above will disturb H+/OH− equilibrium,
leading to dissociation of H2O. When new H+/OH− equilibrium
is achieved, the concentration of OH− will be higher than before,
resulting in the observed increase in pH.
ig. 1. Interaction of 2,4,6-TCP with HCIF-1 (HCIF-1 concentration: 323 g L ). (A)
ariation of 2,4,6-TCP aqueous concentration with time. (B) Temporal variation of
H in batch reactors. (C) Variation of 2,4,6-TCP sorbed concentration with time and
volution of 2,4-DCP as a by-product of dehalogenation.

Ca)1 =
[H+]

[H+]+ KTCP
Ca (3)

Ca)2 =
KTCP

[H+]+ KTCP
Ca (4)

otal measured aqueous phase 2,4,6-TCP (Ca) as been apportioned
sing Eqs. (3) and (4), and using pH values presented in Fig. 1B. The
esulting (Ca)1 and (Ca)2 concentrations are shown in Fig. 1A.

Preliminary experiments involving the interaction of elec-
rolytic iron (containing no carbon) with 2,4,6-TCP and other
hlorophenols showed that chlorophenols do not adsorb on the
lectrolytic iron surface. Results presented in Fig. 1A and C however
uggest that the major interaction between 2,4,6-TCP and HCIF was
he adsorption of non-dissociated 2,4,6-TCP as described above.
ence it is logical to conclude that during interaction with HCIF,

he observed adsorption is attributable to the presence of carbon

n HCIF.

Dechlorination of 2,4,6-TCP by the HCIF surface was of negli-
ible consequence. The basis of this conclusion is two-folds, first,
o dechlorination by-products except very low amounts of 2,4-
CP was observed, and second, gradual long-term decline in either

F
D
2

ig. 2. Temporal variation of aqueous and sorbed concentration of 2,4-DCP during
nteraction with HCIF-1 (HCIF-1 concentration: 323 g L−1).

queous phase (Ca) (see Fig. 1A) or solid phase (Cs) (see Fig. 1C)
,4,6-TCP concentration was not observed, though such decline
hould be observed in case dechlorination takes place at a rea-
onable rate. Consequently, the total 2,4,6-TCP concentration (CT,
mol L−1), remained nearly constant over the experimental dura-

ion.
pH was observed to increase during preliminary experiments

onducted with vials containing HCIF but no chlorophenols (data
ot shown). However, when pyrite was added to such vials, pH was

ound to remain constant. However, in vials containing both HCIF
nd chlorophenols, pH was observed to increase despite the pres-
nce of pyrite. Hence, it was concluded that the increase of pH was
ue to the interaction between HCIF and chlorophenols. Increase in
H shown in Fig. 1B may be explained by noting that only the non-
issociated form of 2,4,6-TCP is expected to substantially adsorb
n the HCIF surface. In that case, aqueous phase non-dissociated
,4,6-TCP concentration, (Ca)1, will decline. Thus the equilibrium
etween non-dissociated and dissociated 2,4,6-TCP in the aqueous
hase will be disturbed, and to regain equilibrium, some aqueous
ig. 3. Interaction of 2,4,6-TCP with HCIF-2 (HCIF-2 concentration: 323 g L−1). (A)
ecline in total 2,4,6-TCP concentration with time. (B) Linearized plot of rate of
,4,6-TCP degradation vs. aqueous phase 2,4,6-TCP concentration.
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Fig. 4. Schematic of the interacti

Interaction between 2,4-DCP and HCIF-1 (see Fig. 2) resulted in
nitial decline (over first 50 h of interaction) in aqueous 2,4-DCP
oncentration, (Ca)DCP (�mol L−1), which could be attributed to
dsorption of 2,4-DCP on the HCIF surface. No 2,4-DCP dechlorina-
ion by-products were observed, while the (Ca)DCP and solid phase
,4-DCP concentration (Cs)DCP (�mol g−1 iron) remained constant
eyond the initial 50 h. It was thus concluded that 2,4-DCP was
ot dechlorinated by HCIF-1 under the experimental conditions

nvestigated.

.2. Interaction of HCIF-2 with 2,4,6-TCP

Interaction of 2,4,6-TCP with HCIF-2 resulted in an overall
ecline in the total 2,4,6-TCP concentration (CT, �mol L−1). The
oncentration of HCIF-2 (M) was 323 g L−1 in these experiments.
ecline in CT was due to dechlorination of 2,4,6-TCP by HCIF. CT con-

ists of two components, the non-dissociated form (CT)1 (�mol L−1)

nd the dissociated form (CT)2 (�mol L−1). Assuming that rate of
echlorination of both forms of 2,4,6-TCP is identical and depen-
ent on total aqueous 2,4,6-TCP concentration (Ca),

1Ca +M
k1−→Dehalogenation by-products (5)

ig. 5. Variation of pH in batch reactor during interaction of 2,4,6-TCP with HCIF-2
HCIF-1 concentration: 323 g L−1).

b
o
n
c

F
2

2,4,6-TCP with the HCIF surface.

hus,
dCT

dt
= −k1M(Ca)n1 (6)

inearizing, ln
(
−dCT

dt

)
= ln(Mk1)+ n1 ln(Ca) (6a)

here k1 (h−1 g−1 iron L) is the rate and n1 is the order of the dechlo-
ination reaction, respectively. A plot of ln(−dCT/dt) versus ln(C�)
s shown in Fig. 3. Fitting a linear equation through the data in
ig. 3, values of k1 and n1 (see Eq. (6a)) were calculated to be
.38×10−6 h−1 g−1 iron L and 1.24, respectively.

The overall interaction of 2,4,6-TCP with HCIF-2 is conceptually
epresented in Fig. 4. Both dechlorination and adsorption reactions
re assumed to occur simultaneously. As in case of HCIF-1, it
as assumed that only the non-dissociated 2,4,6-TCP partitions

o graphite inclusions present in HCIF surface. Partitioning of
on-dissociated 2,4,6-TCP to the HCIF surface was assumed to
e non-specific in nature, i.e., the number of adsorption sites

n the graphite inclusions is constrained only by the number of
on-dissociated 2,4,6-TCP molecules that can be fitted on the
arbon surface. At low surface coverage, such partitioning can be

ig. 6. Plot of non-dissociated aqueous vs. corresponding sorbed concentration of
,4,6-TCP during interaction with HCIF-2 (HCIF-1 concentration: 323 g L−1).
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ig. 7. Simulation of interaction of 2,4,6-TCP with HCIF-2 (HCIF-1 concentration: 3
ariation of aqueous non-dissociated concentration of 2,4,6-TCP with time. (C) Vari

epresented by the general equation,

(Ca)1 +M
k5−→←−
k6

cs (7a)

here k5 (L g−1 iron h−1) and k6 (h−1) are the adsorption and
esorption rate constants, respectively. Also, cs = MCs, where Cs

s the sorbed 2,4,6-TCA concentration expressed in �mol L−1.
ssuming the rate of 2,4,6-TCP partitioning is fast in comparison

o dechlorination reactions, adsorption equilibrium was assumed
o be maintained at all times greater than 50 h after reaction
ommencement. The corresponding equilibrium constant describ-
ng 2,4,6-TCP partitioning is KA = k5/k6. Under such conditions,
artitioning of 2,4,6-TCP between solid and aqueous phases can be
epresented by a Freundlich isotherm,

s = KAM(Ca1 )N (7b)

here KA (L g−1 iron) and N are the Freundlich isotherm constants.
s in case of the experiment using HCIF-1 described earlier,
xperimentally obtained Ca values at various times were divided
nto (Ca)1 and (Ca)2 using Eqs. (3) and (4) and pH variation which
ccurred over the experimental duration, as shown in Fig. 5. The
eason pH increase seen in Fig. 5 was the same as that described
uring the experiment involving HCIF-1. A plot of (C�)1 versus
s and the corresponding linear fit (see Eq. (7b)) is presented in
ig. 6. The data could be adequately represented by the Freundlich

sotherm, with N = 0.267 and KA = 0.161 (�mol g−1 iron)/(�mol L−1).

In addition to Eqs. (1)–(7), following relationships also hold at
ll times during 2,4,6-TCP interaction with HCIF-2,

T = (CT)1 + (CT)2 (8)

a
d
t
1
d

1). (A) Variation of total non-dissociated concentration of 2,4,6-TCP with time. (B)
of total/aqueous dissociated concentration of 2,4,6-TCP with time.

CT)2 = (Ca)2 (9)

CT)1 = (Ca)1 + cs (10)

Variation of (CT)1, (CT)2, (Ca)1 and Cs with time during 2,4,6-TCP
nteraction with HCIF-2 can be represented by the equations below,

d(CT)1

dt
= −{k1M(Ca)n1

1 } − {k2(Ca)1} + {k3(Ca)2[H+]} (11)

d(CT)2

dt
= −{k1M(Ca)n1

2 } − {k3Ca2 [H+]} + {k2(Ca)1} (12)

d(Ca)1

dt

= −{k1M(Ca)1} − {k2(Ca)1} + {k3(Ca)2[H+]} − {k5M(Ca)N
1 } + {k6Cs}

(13)

dCs

dt
= {k5M(Ca)N

1 } − {k6Cs} (14)

qs. (11)–(14) were solved simultaneously using PDESOL, a differ-
ntial equation solver. Following initial conditions were used, at
ime t = 0, Cs = 0, (Ca) = (CT)1 = 200 �mol L−1 and (CT)2 = 60 �mol L−1.
ther values used were as follows, k1 = 3.38×10−6 h−1 g−1 iron L,
1 = 1.24, M = 323 g iron L−1. Though k2 and k3 were unknown, their
atio KTCP is known. It is also known that rates of deprotonation (k2)

nd protonation (k3) of 2,4,6-TCP are fast compared to 2,4,6-TCP
ehalogenation or adsorption–desorption reactions. Thus the pro-
onation rate constant (k3) was assigned an arbitrarily high value of
015 �mol−1 L h−1. Since KTCP is known, corresponding value of the
eprotonation rate constant (k2) was calculated as 3.98×108 h−1.
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ig. 8. Simulation of interaction of 2,4,6-TCP with HCIF-2 (HCIF-1 concentration:
queous concentration of 2,4,6-TCP with time. (C) Variation of sorbed concentration

his ensured the (Ca)1 and (Ca)2 will always remain in equilibrium.
he hydrogen ion [H+] concentration was expressed as a function
f time by fitting a curve through the pH data in Fig. 5,

H = 5.86+ 0.3023(t0.1717) (15)

his equation was used to obtain [H+] values required at various
imes during the solution of Eqs. (11)–(14). The adsorption (k5) and
esorption (k6) rate constants are also unknown, but their ratio KA

s known. The desorption rate constant (k6) was used as the fitting
arameter to obtain a match between the experimental data and
odel simulation results. Putting k6 = 10 h−1, and knowing KA, k5
as calculated as 1.61 L g−1 iron h−1. Ionic strength effects were not

onsidered. Model simulation with these values fitted the experi-
ental data quite well for (CT)1 (Fig. 7A) and (Ca)1 (Fig. 7B), but

s seen to slightly over-predict (Ca)2 (Fig. 7C). It thus appears that
he assumption that dehalogenation rates of non-dissociated and
issociated forms of 2,4,6-TCP being identical was not entirely cor-
ect, and dehalogenation rate of dissociated 2,4,6-TCP is probably

lightly higher than that of non-dissociated 2,4,6-TCP.

Considering the overall picture, experimental data obtained dur-
ng interaction of 2,4,6-TCP with HCIF-2 showed an overall decline
n total 2,4,6-TCP (CT) (Fig. 8A), a rapid decrease in the total aque-
us 2,4,6-TCP (Ca) followed by a slow decline (Fig. 8B), and a rapid

w
o
a
d
t

L−1). (A) Variation of total concentration of 2,4,6-TCP with time. (B) Variation of
4,6-TCP with time.

ncrease in solid phase 2,4,6-TCP (Cs) followed by a slow decline
Fig. 8C). The model simulations results shown in Fig. 8 agree with
he experimental results quite closely. The initial rapid decline in Ca

nd the corresponding rapid increase in Cs was primarily attributed
o adsorption of non-dissociated 2,4,6-TCP to the HCIF-2 surface,
hile slow long-term decline in Ca and Cs was primarily due to
echlorination of 2,4,6-TCP by HCIF-2.

.3. Discussion

Interaction of 2,4,6-TCP with HCIF-1 resulted in slower dehalo-
enation as compared to similar interaction with HCIF-2. Iron,
opper, manganese and carbon content of both HCIF were sim-
lar. Surface characteristics of both HCIF were studied by X-ray
iffraction spectrometry. These results were nearly identical, and
onsistent with that expected for un-rusted iron surface (data not
hown). However, the surface area of HCIF-1 and HCIF-2 were
etermined to be 0.944 and 3.418 m2 g−1, respectively. Hence it

as concluded that the difference in the rates of dehalogenation
f 2,4,6-TCP was attributable to the difference in specific surface
rea between the two batches of HCIF. Considering that the
ehalogenation of 2,4,6-TCP occurs through the interaction with
he HCIF surface, it is logical to conclude that, with all other things
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emaining the same, the HCIF with greater specific surface area
ould facilitate faster dehalogenation of 2,4,6-TCP. Dechlorination

ate of 2-chloronaphthalene by HCIF-1 and HCIF-2 was determined
n connection with a related research project, and in that case
lso, dechlorination rate of 2-chloronaphthalene using HCIF-2 was
bserved to be much faster as compared to HCIF-1 [26,33].

Reductive dehalogenation of 2,4,6-TCP yielded 2,4-DCP as the
rimary by-product. 2,4-DCP is expected to be present in non-
issociated state under the prevailing experimental conditions, and
ence was adsorbed strongly to the HCIF surface. No 2,6-DCP was

dentified as a by-product. This showed that the reductive dehalo-
enation of 2,4,6-TCP occurred through the removal of the chlorine
t the ortho-position. In contrast, during dechlorination of poly-
hlorinated biphenyls by metallic iron, chlorine at the para-position
as been observed to be removed [31]. Recently Oh et al. [32] have
hown that dechlorination of 2,4-dinitrotoluene in the presence of
raphite occurred through the removal of the chlorine at the ortho-
osition, while in the absence of graphite, removal of the chlorine
t the para-position occurred first. During interaction with HCIF-
in this study, 2-CP and minor amounts of 4-CP were observed

s by-products of 2,4,6-TCP dechlorination (data not shown). This
uggested that 2,4-DCP formed as the initial by-product of 2,4,6-
CP dechlorination was further dechlorinated to mainly yield 2-CP.
n a recent study involving reduction of 2,4-DCP with nanoscale
d/Fe it has been shown that the rates of conversion of 2,4-DCP to
-CP were 2 times faster as compared to conversion to 4-CP [22].
n present study 2-CP seemed to accumulate in aqueous phase and
id not transform to phenol as observed by Wei et al. [22] or Liu et
l. [19] in a studies involving nano-scale Fe/Pd systems.

. Summary and conclusions

The interaction of chlorophenols with two types of HCIFs, HCIF-
and HCIF-2, was studied in batch reactors. Interaction between
CIF-1 and 2,4,6-TCP or 2,4-DCP and between HCIF-2 and 2,4,6-
CP resulted in rapid decline in the aqueous concentration of the
arget compounds due to partitioning of these compounds to the
raphite inclusions present on the surface of HCIF-1 surface. Such
apid decline in aqueous concentration due to sorption can often
e mistaken for loss through dechlorination. 2,4,6-TCP was dechlo-
inated by both HCIF-1 and HCIF-2, with the dechlorination rate
eing higher with HCIF-2. Major conclusions of this study were:

Non-dissociated fraction of 2,4,6-TCP was substantially adsorbed
to the graphite inclusions present on the surface of HCIF-1 and
HCIF-2.
During interaction with HCIF-2, equilibrium partitioning
of the non-dissociated fraction of 2,4,6-TCP between solid
and aqueous phase could be described by the Freundlich
isotherm, Cs = KAM(Ca1)N, with N = 0.267 and KA = 0.161
(�mol g−1iron)/(�mol L−1).
Both non-dissociated and dissociated fractions of 2,4,6-TCP was
dechlorinated during interaction with HCIF-2.
Assuming dechlorination rates of both non-dissociated and dis-
sociated 2,4,6-TCP by HCIF-2 to be identical, this rate could be
represented by the expression, dCT/dt = −k1M(Ca)n1 , where k1
and n1 were 3.38×10−6 h−1 g−1 iron L and 1.24, respectively.
The simultaneous adsorption/desorption and dechlorination of

2,4,6-TCP by HCIF-2 could be modeled and the model simulation
results agree with experimental data quite well.
2,4-DCP emerged as the initial by-product of 2,4,6-TCP dechlo-
rination, and remained predominantly sorbed to graphite
inclusions present on the HCIF surface. 2,4-DCP produced during
experiments involving HCIF-1 did not dechlorinate further.

[

[

[
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2,4-DCP produced during experiments involving HCIF-2 dechlo-
rinated slowly to 2-CP and minor amounts of 4-CP. These
compounds accumulated in the aqueous phase.

Finally, results of this study demonstrate that reductive dechlo-
ination rates of 2,4,6-TCP by HCIF were slow. For HCIF samples
f similar composition, rate of reductive dechlorination increased
ith increase in specific surface area of HCIF. Using HCIF samples
ith larger specific surface area or modification of HCIF surface

hrough addition of metallic Pd may enhance 2,4,6-TCP dechlori-
ation rates.
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