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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 m? g1, 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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1. Introduction

Chlorophenols are recalcitrant compounds that are extensively
used as biocides, wood preservatives and intermediates to the man-
ufacture of herbicides, pesticides, higher chlorinated congeners and
dyes. They are also produced as disinfection by-products during
chlorination of wastewater and drinking water and during bleach-
ing of wood pulp with chlorine [1,2]. Most chlorophenols have been
listed as priority pollutants by USEPA [3] due to their toxicity and
persistence.

Degaradation of chlorophenols have been studied by vari-
ous chemical methods like ozonation [4], Fenton oxidation [5],
photo-peroxidation [6], photo-Fenton process [7], electrochemical
oxidation [8], electrochemical reduction [9], sonication [10], cat-
alytic hydrodechlorination [11], photo-electrochemical oxidation
[12] and supercritical water oxidation [13]. Biodegradation stud-
ies include aerobic [14,15] and anaerobic [16,17] degradation of
chlorophenols.
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In the last decade, zero-valent metals and bimetallic systems
have been used to dechlorinate chlorophenols. The rates of
dechlorination are often higher in such systems as compared to
biodegradation [18-23]. Kim and Carraway [18] studied dechlo-
rination of pentachlorophenol (PCP) by zero-valent iron (ZVI)
and ZVI modified through addition of palladium (Pd), platinum,
nickel and copper. Rapid decline in initial concentrations of PCP
during this study was attributed to a combination of sorption
of PCP to the ZVI surface and dehalogenation reactions. Several
tetra-chlorophenol isomers were identified as dechlorination by-
products. PCP dechlorination rates with ZVI were reported to be
higher than with amended ZVIs. Liu et al. [ 19] reported dechlorina-
tion of ortho-, meta- and para-chlorophenol by Pd impregnated ZVI.
Rate of chlorophenol conversion to phenol increased with increase
in Pd loading from O to 0.1 wt%. Dechlorination of 4-chlorophenol
(4-CP), 2,6-dichlorophenol (2,6-DCP), 2,4,6-trichlorophenol (2,4,6-
TCP) and PCP by ZVI and zero-valent magnesium (ZVM), with and
without added Pd was reported [20]. In 240 min reaction time,
PCP was not dehalogenated by ZVI. Slow dehalogenation was
observed using Pd-ZVI and ZVM, while rapid dehalogenation was
observed when Pd-ZVM was used. Various tetra-chlorophenol
isomers, 2,4,6-TCP, phenol, cyclohexanol and cyclohexanone
were observed as by-products. 4-CP, 2,6-DCP, and 2,4,6-TCP were
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degraded significantly only by the Pd/ZVM systems. Wei et al. [21]
reported dechlorination of ortho-chlorophenol by nano-scale ZVI
impregnated with Pd. In another related study [22], dechlorination
of 2,4-dichlorophenol (2,4-DCP) by nano-scale ZVI impregnated
with Pd was reported. 2,4-DCP was completely dehalogenated
over a time period of 5 h. 2-Chlorophenol (2-CP), 4-CP and phenol
were observed as by-products. Interaction of 2-4-DCP with same
mass of micron-sized ZVI resulted in barely 5% conversion over
1 h, suggesting increased surface area and presence of Pd resulted
in faster dechlorination by nono-scale ZVI. Dehalogenation of
chlorophenols by magnesium-silver bimetallic systems has also
been reported [23]. PCP dechlorination was accompanied by the
accumulation of tetra-, tri- and dichlorophenols in the system.
Dechlorination studies using 2,3,4,6-tetrachlorophenol and 2,4,5-
trichlorophenol in a similar system indicated that dechlorination
of chlorophenols decreased with the number of chlorine atoms on
the target compound.

Based on the review of literature following conclusions can be
drawn regarding dechlorination of chlorphenols by ZVI. First, inter-
action with nano-scale ZVI having large specific surface area will
result in faster dechlorination of chlorophenols as compared to
interaction with micron sized ZVI. Second, impregnation of ZVI with
Pd or other metals may enhance chlorophenol dechlorination rates.
Third, removal of the target chlorophenol from the aqueous phase
is not a sufficient indication of dehalogenation, since adsorption
of chlorophenol on ZVI surface has been observed in many cases.
Fourth, chlorophenols with larger number of chlorine atoms are
expected to dechlorinate faster.

Due to its low cost [24], micron sized HCIF is the material
of choice for use in continuous systems such as permeable reac-
tive barriers (PRBs), which are often employed for degradation of
halogenated organic compounds (HOCs) present in contaminated
groundwater. 2,4,6-TCP has been listed as a priority pollutant by
USEPA [3] due to its toxicity and persistence. During interaction
with HCIF, 2,4,6-TCP is expected to undergo reductive dechlorina-
tion. Further, 2,4,6-TCP being relatively hydrophobic is expected
to partition like other hydrophobic HOCs on graphite inclusions
present in the HCIF surface [25,26]. However, adsorption of 2,4,6-
TCP is complicated by the fact that it exists in both non-dissociated
and dissociated forms, with the relative abundance of the two forms
being dependent on solution pH. In case of a surface with charged
functional groups, e.g., the activated carbon or metal oxide sur-
face, both non-ionic and ionic forms of 2,4,6-TCP are expected to
adsorb on the surface [27]. However in case of adsorption on soil
organic carbon, where partitioning is mainly through hydropho-
bic interactions, the situation may be substantially different. It
has been reported that the ionized form of PCP has a lower ten-
dency to partition to soil organic carbon than the non-ionized form
[28,29]. Based on similar reasoning, it is expected that adsorption
of 2,4,6-TCP on the HCIF surface will be predominantly through
the hydrophobic interaction of the of the non-dissociated form of
2,4,6-TCP with the graphite inclusions on the HCIF surface, while
the dissociated form will remain predominantly in the aqueous
phase.

The objective of the present study was to investigate and
understand the interaction of 2,4,6-TCP with HCIF. Specifically the
objectives 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.

2. Materials and methods
2.1. Materials

Commercially available high carbon iron was chipped on a lathe
machine and then ground into iron filings in a ball mill. The fil-
ings were between 40 and 80 mesh size. HCIF thus produced was
washed in Ny-sparged 1N HCl with periodic shaking for 30 min,
thenrinsed 10-12 times with N,-sparged deionized (Milli-Q) water,
and dried for 1 hat 100 °Cin N, atmosphere. This treatment yielded
black metallic filings with no visible rust on the surface. X-ray
diffraction (XRD) spectra of the pre-treated HCIF surface were
obtained using X-ray Powder Diffractometer (Model ISO-Debyeflex
2002, Rich Seifert & Co., Germany) using Cu Ka radiation. XRD
results (not shown) indicated that the HCIF surface was devoid of
any oxide coating. HCIF was stored in a vacuum desiccator until use
in various experiments.

Two batches of HCIF were prepared as above. Surface area of the
first (HCIF-1) and second batch (HCIF-2) of HCIF was determined by
BET (N,) analysis using a BET surface area analyzer (Coulter SA3100,
USA) to be 1.944 and 3.418 m? g~!, respectively. Carbon content of
HCIF-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
of HCIF-1 and HCIF-2 were digested in aqua-regia and analyzed by
atomic absorption spectrometer (AAS) (VARIAN, Spectra AA, 220FS,
Australia) for determination of metal content. The iron, copper and
manganese content of HCIF-1 was 94.4, 0.1 and 0.375 wt%, respec-
tively, while the respective values for HCIF-2 were 93, 0.05 and
0.3%.

Other chemicals used were 2,4,6-TCP (98%, Sigma-Aldrich),
2,4-DCP (99%, Sigma-Aldrich), 2,6-DCP (>99%, Sigma-Aldrich),
2-CP (>99%, Sigma-Aldrich), 4-CP (>99%, Sigma-Aldrich), phe-
nol (>99%, Sigma-Aldrich), cyclohexanol (99%, Sigma-Aldrich),
cyclohexanone (99.8%, Sigma-Aldrich), 1,4-dichlorobenzene (>99%,
Sigma-Aldrich), n-hexane (Merck HPLC Grade), isopropyl alcohol
(Merck, HPLC grade), pyrite (Ward’s Natural Science Est., Inc., USA),
HCI (AR Grade, Thomas Baker) and HNO3 (AR Grade, Thomas Baker).
All chemicals except pyrite were used as is. The pyrite was ground
into a fine powder before use. 1g of ground pyrite was digested
in aqua-regia and analyzed by AAS for iron content. This analysis
revealed the purity of pyrite to be 94%.

2.2. Experimental procedure

Batch experiments were carried out in 16 mL glass vials with
screw caps equipped with teflon lined rubber septa (Wheaton
Science, USA). For a typical experiment, approximately 5g of
HCIF and 0.1g of pyrite was added to a vial, with the exact
weight of HCIF and pyrite added being determined gravimetri-
cally. Pyrite addition was for the purpose of pH control. HCIF-1
was contacted with aqueous solutions of 2,4,6-TCP, and 2,4-DCP.
HCIF-2 was contacted with only 2,4,6-TCP. Stock solutions of the
above chlorophenols were prepared in 1:1 (v/v) mixture of iso-
propyl alcohol and deionized water. Aqueous solutions of 2,4,6-TCP
and 2,4-DCP were prepared by adding the required volume of
the stock solution to N, sparged deionized water. This solution
was then transferred to a 1L separatory funnel and was purged
with N, to maintain anoxic conditions. Vials containing HCIF
and pyrite were filled from the funnel such that no headspace
existed, and then sealed using the vial screw caps. Aqueous vol-
umes in these vials were determined gravimetrically. Control vials,
containing chlorophenols but no HCIF or pyrite, were also pre-
pared.

In experiments involving HCIF-1, approximate concentration
of 2,4,6-TCP and 2,4-DCP in a vial was 200 and 250 wmolL1,
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respectively. In experiments involving HCIF-2, approximate con-
centration of 2,4,6-TCP in a vial was 260 wmolL-!. For each
compound-HCIF combination, at least two or more identical vials
were prepared. All vials were placed on a roller drum and rotated
at 15 rpm such that the vial axis remained horizontal at all times.
Ambient temperature was approximately 20 & 2 °C during mixing.
Vials were removed (in duplicate and one control) at specified
times for sampling and analysis. Before sampling, pH and redox
potential were measured in situ in all vials.

2.3. Extraction

Both aqueous and sorbed concentration of chlorophenols was
measured in all vials. In experiments involving HCIF-1, duplicate
10 L aliquots of aqueous phase were sampled from each vial
using a micro syringe. Each 10 pL aliquot was added to a GC
vial containing 1 mL n-hexane as solvent and 1,4-DCB as inter-
nal standard along with 2 drops of concentrated HCl [20] and
sealed. The mixture was then thoroughly mixed on a vortex mixer
to ensure partitioning of chlorophenols to the solvent phase and
the solvent analyzed using a gas chromatograph equipped with
an electron capture detector (GC-ECD). Preliminary experiments
indicated that extraction efficiency for 2,4,6-TCP and 2,4-DCP was
94-100% using this method. For determining solid phase con-
centration, aqueous content of the 16 mL vial was transferred, as
far as practicable, to a pre-weighed and sealed 60 mL vial by air
displacement using a cannula. The 60 mL vial was weighed after
the transfer for determination of the weight and hence volume
of the transferred aqueous phase. Next, 5mL of n-hexane and 2
drops of concentrated HCl was added to the 16 mL vial. Vial con-
tents were vortex mixed for 5min to ensure transfer of the solid
phase chlorophenols to the solvent. This extract was transferred
to a 10 mL sealed vial. The procedure was repeated. The combined
extract was diluted 50 times and analyzed by GC-ECD. Using this
value, along with the aqueous phase concentration measured ear-
lier, and through application of associated corrections to account
for (1) chlorophenol mass in the aqueous phase removed from the
original 16 mL vial to measure the aqueous phase chlorophenol
concentration and (2) chlorophenol mass in aqueous phase which
could not be separated from the solid phase, mass of chlorophe-
nol adsorbed on HCIF could be calculated. Comparison of the total
added mass of 2,4,6-TCP with the sum of measured aqueous and
solid-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
greater than 99% recovery, thus validating the analytical procedure.
The same procedure applied to 2,4-DCP resulted in 97% recovery
after 2 h contact.

In experiments involving HCIF-2, 1 mL of aqueous solution from
the 16 mL vials was transferred to a GC vial containing 0.5 mL of
n-hexane (with 1,4-DCB as internal standard) along with 2 drops
of HCl and sealed. The contents were mixed on a vortex mixer for
5min to ensure partition of chlorophenols to the solvent phase.
To ensure accurate quantification, for some samples, the solvent
phase was concentrated by purging with N, before analysis. The
solvent phase was analyzed by a gas chromatograph equipped
with flame ionization detector (GC-FID). Preliminary experiments
showed that recoveries using this method were 90-100% for tri- and
di-chlorophenols and 70-80% for mono-chlorophenols. To measure
the solid phase concentration, 1 mL of 0.IN NaOH solution was
added to the 16 mL vial and vortex mixed for 10 min. Addition of
NaOH facilitated desorption of sorbed chlorophenols to the aque-
ous phase [30]. The contents of the vials were sampled as before for
determination of total chlorophenols concentration. This method
resulted in 90-115% recovery of 2,4,6-TCP and 2,4-DCP after 2 h of
contact with HCIF.

2.4. Analytical methods

pH and oxidation-reduction potential (ORP) of the aqueous
phase in all vials were measured before sampling of the vials. Nee-
dle type microelectrodes were pierced through the septa for these
measurements. A redox electrode (Model: MI-800/414, Microelec-
trodes Inc., USA) and a combination pH electrode (Model: MI-414,
Microelectrodes, Inc., USA) connected to an Orion 320 PerpHecT
analyzer (Thermo Scientific, USA) was employed for this purpose.

In case of experiments involving HCIF-1, chlorophenols
concentration was measured using GC-ECD. A PerkinElmer
Clarus 500 gas chromatograph equipped with an Elite-5 col-
umn (30m x 0.32mm x 0.25 pm) was used for measurement of
chlorophenols concentration. Carrier gas was N, at a velocity of
30cms!. Injector and detector (ECD) temperature were 240 and
375°C, respectively. The oven temperature program was as follows:
40-150°C at a ramp of 4°C/min and hold for 3 min. Samples (1 pL)
were injected in splitless mode. Detection limit was 1pg/uL for
2,4,6-TCP, 10 pg/.L for 2,4-DCP, 50 pg/p.L for 2,6-DCP, and 4 ng/pL
for 2-CP and 4-CP.

In case of experiments involving HCIF-2, chlorophenols
concentration was measured using GC-FID. A PerkinElmer
Clarus 500 gas chromatograph equipped with an Elite-5 col-
umn (30m x 0.53 mm x 0.5 um) was used for measurement of
chlorophenols concentration. Carrier gas was N, at a velocity of
17 cm/s. Injector and detector (FID) temperature were 240 and
330°C, respectively. The oven temperature program was as follows:
70-90°C at a ramp of 4°C/min and hold for 1 min, 90-185°C at a
ramp of 15 °C/min and hold for 5 min. Samples (1 j.L) were injected
in splitless mode. Detection limit was 1 ng/.L for all chlorophenols
analyzed.

3. Results and discussion
3.1. 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 gL~1) HCIF-1 resulted in decline in 2,4,6-TCP
aqueous concentration (C,, pwmolL~1) from 200 to 100 wmol L1
in 60 h (see Fig. 1A), beyond which the 2,4,6-TCP aqueous concen-
tration remained nearly constant over the experimental duration
of 800 h. Despite addition of pyrite as a buffering agent, pH was
observed to increase from an initial value of 6.5 to approximately
7.2 within 60 h (see Fig. 1B), beyond which pH remained approxi-
mately constant. Solid phase 2,4,6-TCP concentration (Cs, umol g1
iron) also increased to the maximum value within 60 h (see Fig. 1C).
Only 2,4,6-TCP dechlorination by-product identified was 2,4-DCP,
which remained adsorbed to the solid phase (see Fig. 1C). The mea-
sured concentration of 2,4-DCP was less than 1% of the total amount
of 2,4,6-TCP added.

2,4,6-TCP exists in aqueous phase in both non-dissociated and
dissociated forms, with the fraction in each form being deter-
mined by aqueous phase pH and the dissociation constant for
2,4,6-TCP (Ktcp=10-64), Hence, C, may be apportioned into the
non-dissociated aqueous phase (C;); (uwmolL~1) and the dissoci-
ated aqueous phase (C,); (wmol L~1) fractions. Also,

kz k
(Cah = (G +HY, Kiep= é, (1)

k3

where k, (h~1)and k3 (wmol~! Lh~1)are the reaction rate constants
for 2,4,6-TCP deprotonation and protonation reactions, respec-
tively, and Kycp (M) is the equilibrium constant. Also,

Ca = (G +(Ca), (2)
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Fig. 1. Interaction of 2,4,6-TCP with HCIF-1 (HCIF-1 concentration: 323 gL~"). (A)
Variation of 2,4,6-TCP aqueous concentration with time. (B) Temporal variation of
pH in batch reactors. (C) Variation of 2,4,6-TCP sorbed concentration with time and
evolution of 2,4-DCP as a by-product of dehalogenation.

Y
(C)y= — N, (4)

[H*] + Krcp

Total measured aqueous phase 2,4,6-TCP (C;) as been apportioned
using Egs. (3) and (4), and using pH values presented in Fig. 1B. The
resulting (C;); and (C;); concentrations are shown in Fig. 1A.

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

Dechlorination of 2,4,6-TCP by the HCIF surface was of negli-
gible consequence. The basis of this conclusion is two-folds, first,
no dechlorination by-products except very low amounts of 2,4-
DCP was observed, and second, gradual long-term decline in either
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Fig. 2. Temporal variation of aqueous and sorbed concentration of 2,4-DCP during
interaction with HCIF-1 (HCIF-1 concentration: 323 gL~").

aqueous phase (C,) (see Fig. 1A) or solid phase (C;) (see Fig. 1C)
2,4,6-TCP concentration was not observed, though such decline
should be observed in case dechlorination takes place at a rea-
sonable rate. Consequently, the total 2,4,6-TCP concentration (Cr,
wmol L-1), remained nearly constant over the experimental dura-
tion.

pH was observed to increase during preliminary experiments
conducted with vials containing HCIF but no chlorophenols (data
not shown). However, when pyrite was added to such vials, pH was
found to remain constant. However, in vials containing both HCIF
and chlorophenols, pH was observed to increase despite the pres-
ence of pyrite. Hence, it was concluded that the increase of pH was
due to the interaction between HCIF and chlorophenols. Increase in
pH shown in Fig. 1B may be explained by noting that only the non-
dissociated form of 2,4,6-TCP is expected to substantially adsorb
on the HCIF surface. In that case, aqueous phase non-dissociated
2,4,6-TCP concentration, (C;)1, will decline. Thus the equilibrium
between non-dissociated and dissociated 2,4,6-TCP in the aqueous
phase will be disturbed, and to regain equilibrium, some aqueous
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 H,O. When new H*/OH~ equilibrium
is achieved, the concentration of OH~ will be higher than before,
resulting in the observed increase in pH.

O Experimental
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Fig. 3. Interaction of 2,4,6-TCP with HCIF-2 (HCIF-2 concentration: 323 gL-1). (A)
Decline in total 2,4,6-TCP concentration with time. (B) Linearized plot of rate of
2,4,6-TCP degradation vs. aqueous phase 2,4,6-TCP concentration.
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Fig. 4. Schematic of the interaction of 2,4,6-TCP with the HCIF surface.

Interaction between 2,4-DCP and HCIF-1 (see Fig. 2) resulted in
initial decline (over first 50 h of interaction) in aqueous 2,4-DCP
concentration, (C3)pcp (molL~1), which could be attributed to
adsorption of 2,4-DCP on the HCIF surface. No 2,4-DCP dechlorina-
tion by-products were observed, while the (C;)pcp and solid phase
2,4-DCP concentration (Cs)pcp (wmol g~! iron) remained constant
beyond the initial 50 h. It was thus concluded that 2,4-DCP was
not dechlorinated by HCIF-1 under the experimental conditions
investigated.

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

Interaction of 2,4,6-TCP with HCIF-2 resulted in an overall
decline in the total 2,4,6-TCP concentration (Ct, pmolL~1). The
concentration of HCIF-2 (M) was 323 gL-! in these experiments.
Decline in Cy was due to dechlorination of 2,4,6-TCP by HCIF. Gy con-
sists of two components, the non-dissociated form (Cr); (wmolL~1)
and the dissociated form (Ct), (wmolL~1). Assuming that rate of
dechlorination of both forms of 2,4,6-TCP is identical and depen-
dent on total aqueous 2,4,6-TCP concentration (C,),

k .
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Fig. 5. Variation of pH in batch reactor during interaction of 2,4,6-TCP with HCIF-2
(HCIF-1 concentration: 323gL").

Thus, ? —kyM(Ca)™ (6)
. .. dCr
Linearizing, In (—W) = In(Mkq) + nq In(G,) (6a)

where k; (h~1 g~1ironL)is the rate and n is the order of the dechlo-
rination reaction, respectively. A plot of In(—dCr/dt) versus In(Cy)
is shown in Fig. 3. Fitting a linear equation through the data in
Fig. 3, values of k; and n; (see Eq. (6a)) were calculated to be
3.38x10-5h-1glironL and 1.24, respectively.

The overall interaction of 2,4,6-TCP with HCIF-2 is conceptually
represented in Fig. 4. Both dechlorination and adsorption reactions
are assumed to occur simultaneously. As in case of HCIF-1, it
was assumed that only the non-dissociated 2,4,6-TCP partitions
to graphite inclusions present in HCIF surface. Partitioning of
non-dissociated 2,4,6-TCP to the HCIF surface was assumed to
be non-specific in nature, i.e., the number of adsorption sites
on the graphite inclusions is constrained only by the number of
non-dissociated 2,4,6-TCP molecules that can be fitted on the
carbon surface. At low surface coverage, such partitioning can be
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Fig. 6. Plot of non-dissociated aqueous vs. corresponding sorbed concentration of
2,4,6-TCP during interaction with HCIF-2 (HCIF-1 concentration: 323 gL1).
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represented by the general equation,

ks
N(G), + M:Cs
ke

(7a)

where ks (Lg~lironh~1) and kg (h~1) are the adsorption and
desorption rate constants, respectively. Also, ¢s=MCs, where Cs
is the sorbed 2,4,6-TCA concentration expressed in pwmolL~1.
Assuming the rate of 2,4,6-TCP partitioning is fast in comparison
to dechlorination reactions, adsorption equilibrium was assumed
to be maintained at all times greater than 50h after reaction
commencement. The corresponding equilibrium constant describ-
ing 2,4,6-TCP partitioning is Ka =ks/ks. Under such conditions,
partitioning of 2,4,6-TCP between solid and aqueous phases can be
represented by a Freundlich isotherm,
¢s = KaM(Cay )V (7b)
where K (Lg~!iron) and N are the Freundlich isotherm constants.
As in case of the experiment using HCIF-1 described earlier,
experimentally obtained C, values at various times were divided
into (CG;)1 and (G,), using Egs. (3) and (4) and pH variation which
occurred over the experimental duration, as shown in Fig. 5. The
reason pH increase seen in Fig. 5 was the same as that described
during the experiment involving HCIF-1. A plot of (Cy); versus
Cs and the corresponding linear fit (see Eq. (7b)) is presented in
Fig. 6. The data could be adequately represented by the Freundlich
isotherm, with N=0.267 and K =0.161 (wmol g~ iron)/(mol L-1).

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

Cr = (Cr) +(Cr)2 (8)

(Cr)2 =(G)y 9)
(G =(G +6s (10)

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

d(C
% = —{lqM(Ca)1"} — tka(Ca)y} + (k3(Ca)o[H ]} (11)
d(C
% = —{kyM(Ga)3'} — {k3Cay [HT 1} + {k2(Ca)1} (12)
d(Ca)l

de

= —{lqM(Ca)q} — {k2(Ca)q} + {k3(Ca)a[HF ]} — {kSM(Ca)’]V} + {kgCs)

(13)

dC
ap = ksM(Ca)l) — thoCs) (14)

Eqgs. (11)-(14) were solved simultaneously using PDESOL, a differ-
ential equation solver. Following initial conditions were used, at
timet=0,Cs=0,(C,)=(Cr); =200 wmol L-! and (Cr); =60 pmol L1,
Other values used were as follows, k; =3.38 x 1076 h~1 g TironL,
ny=1.24, M=323 gironL~1. Though k, and k3 were unknown, their
ratio Ktcp is known. It is also known that rates of deprotonation (k)
and protonation (k3) of 2,4,6-TCP are fast compared to 2,4,6-TCP
dehalogenation or adsorption—-desorption reactions. Thus the pro-
tonation rate constant (k3 ) was assigned an arbitrarily high value of
10" wmol~! Lh~1. Since Kcp is known, corresponding value of the
deprotonation rate constant (ky) was calculated as 3.98 x 103 h~1,
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This ensured the (C;); and (C,); will always remain in equilibrium.
The hydrogen ion [H*] concentration was expressed as a function
of time by fitting a curve through the pH data in Fig. 5,

pH = 5.86 + 0.3023(t%1717) (15)

This equation was used to obtain [H*] values required at various
times during the solution of Eqs. (11)-(14). The adsorption (ks ) and
desorption (kg) rate constants are also unknown, but their ratio Ka
is known. The desorption rate constant (kg) was used as the fitting
parameter to obtain a match between the experimental data and
model simulation results. Putting kg=10h~', and knowing K, ks
was calculated as 1.61 Lg~!ironh~'.Ionic strength effects were not
considered. Model simulation with these values fitted the experi-
mental data quite well for (Cr); (Fig. 7A) and (C;); (Fig. 7B), but
is seen to slightly over-predict (C,), (Fig. 7C). It thus appears that
the assumption that dehalogenation rates of non-dissociated and
dissociated forms of 2,4,6-TCP being identical was not entirely cor-
rect, and dehalogenation rate of dissociated 2,4,6-TCP is probably
slightly higher than that of non-dissociated 2,4,6-TCP.

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

increase 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
the experimental results quite closely. The initial rapid decline in C,
and the corresponding rapid increase in Cs was primarily attributed
to adsorption of non-dissociated 2,4,6-TCP to the HCIF-2 surface,
while slow long-term decline in C; and Cs was primarily due to
dechlorination of 2,4,6-TCP by HCIF-2.

3.3. Discussion

Interaction of 2,4,6-TCP with HCIF-1 resulted in slower dehalo-
genation as compared to similar interaction with HCIF-2. Iron,
copper, manganese and carbon content of both HCIF were sim-
ilar. Surface characteristics of both HCIF were studied by X-ray
diffraction spectrometry. These results were nearly identical, and
consistent with that expected for un-rusted iron surface (data not
shown). However, the surface area of HCIF-1 and HCIF-2 were
determined to be 0.944 and 3.418 m? g~!, respectively. Hence it
was concluded that the difference in the rates of dehalogenation
of 2,4,6-TCP was attributable to the difference in specific surface
area between the two batches of HCIF. Considering that the
dehalogenation of 2,4,6-TCP occurs through the interaction with
the HCIF surface, it is logical to conclude that, with all other things
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remaining the same, the HCIF with greater specific surface area
would facilitate faster dehalogenation of 2,4,6-TCP. Dechlorination
rate of 2-chloronaphthalene by HCIF-1 and HCIF-2 was determined
in connection with a related research project, and in that case
also, dechlorination rate of 2-chloronaphthalene using HCIF-2 was
observed to be much faster as compared to HCIF-1 [26,33].

Reductive dehalogenation of 2,4,6-TCP yielded 2,4-DCP as the
primary by-product. 2,4-DCP is expected to be present in non-
dissociated state under the prevailing experimental conditions, and
hence was adsorbed strongly to the HCIF surface. No 2,6-DCP was
identified as a by-product. This showed that the reductive dehalo-
genation of 2,4,6-TCP occurred through the removal of the chlorine
at the ortho-position. In contrast, during dechlorination of poly-
chlorinated biphenyls by metallic iron, chlorine at the para-position
has been observed to be removed [31]. Recently Oh et al. [32] have
shown that dechlorination of 2,4-dinitrotoluene in the presence of
graphite occurred through the removal of the chlorine at the ortho-
position, while in the absence of graphite, removal of the chlorine
at the para-position occurred first. During interaction with HCIF-
2 in this study, 2-CP and minor amounts of 4-CP were observed
as by-products of 2,4,6-TCP dechlorination (data not shown). This
suggested that 2,4-DCP formed as the initial by-product of 2,4,6-
TCP dechlorination was further dechlorinated to mainly yield 2-CP.
In a recent study involving reduction of 2,4-DCP with nanoscale
Pd/Fe it has been shown that the rates of conversion of 2,4-DCP to
2-CP were 2 times faster as compared to conversion to 4-CP [22].
In present study 2-CP seemed to accumulate in aqueous phase and
did not transform to phenol as observed by Wei et al. [22] or Liu et
al. [19] in a studies involving nano-scale Fe/Pd systems.

4. Summary and conclusions

The interaction of chlorophenols with two types of HCIFs, HCIF-
1 and HCIF-2, was studied in batch reactors. Interaction between
HCIF-1 and 2,4,6-TCP or 2,4-DCP and between HCIF-2 and 2,4,6-
TCP resulted in rapid decline in the aqueous concentration of the
target compounds due to partitioning of these compounds to the
graphite inclusions present on the surface of HCIF-1 surface. Such
rapid decline in aqueous concentration due to sorption can often
be mistaken for loss through dechlorination. 2,4,6-TCP was dechlo-
rinated by both HCIF-1 and HCIF-2, with the dechlorination rate
being 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.

e 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(C,1)V, with N=0267 and K,=0.161

(nmol g~ tiron)/(pumol L-1).

Both non-dissociated and dissociated fractions of 2,4,6-TCP was

dechlorinated during interaction with HCIF-2.

e 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, dC/dt = —k{M(C,)"!, where k;
and n; were 3.38 x 10-6h~1g~1ironL and 1.24, respectively.

e 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.

e 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.

e 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-
rination rates of 2,4,6-TCP by HCIF were slow. For HCIF samples
of similar composition, rate of reductive dechlorination increased
with increase in specific surface area of HCIF. Using HCIF samples
with larger specific surface area or modification of HCIF surface
through addition of metallic Pd may enhance 2,4,6-TCP dechlori-
nation rates.
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