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Abstract

Transformation of polychlorinated biphenyls (PCBs) by zero-valent iron represents one of the latest innovative technologies for
environmental remediation. The dechlorination of 4-chlorobiphenyl (4-CIBP) by nanoscale zero-valent iron (NZVI) in the presence of
humic acid or metal ions was investigated. The results showed that the dechlorination of 4-CIBP by NZVI increased with decreased
solution pH. When the initial pH value was 4.0, 5.5, 6.8, and 9.0, the dechlorination efficiencies of 4-CIBP after 48 hr were 53.8%,
47.8%, 35.7%, and 35.6%, respectively. The presence of humic acid inhibited the reduction of 4-CIBP in the first 4 hr, and then
significantly accelerated the dechlorination by reaching 86.3% in 48 hr. Divalent metal ions, Co®*, Cu?*, and Ni**, were reduced and
formed bimetals with NZVI, thereby enhanced the dechlorination of 4-CIBP. The dechlorination percentages of 4-CIBP in the presence
of 0.1 mmol/L Co?*, Cu®* and Ni** were 66.1%, 66.0% and 64.6% in 48 hr, and then increased to 67.9%, 71.3% and 73.5%, after 96
hr respectively. The dechlorination kinetics of 4-CIBP by the NZVI in all cases followed pseudo-first order model. The results provide

a basis for better understanding of the dechlorination mechanisms of PCBs in real environment.
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Introduction

Polychlorinated biphenyls (PCBs) consist of 209 con-
geners that are very persistent to degradation and haz-
ardous to the biosphere. Due to their high stability and
thermal properties, PCBs have been widely used as a heat-
transfer medium in electrical transformers and capacitors,
and their production ended in most countries in the 1970s.

Because of their high stability, low aqueous solubility,
and high organic affinity, PCBs are difficult to be treat-
ed (Borja et al., 2005). The most common destructive
technique is incineration, which, however, often produces
more toxic by-products (i.e., polychlorinated dibenzo-p-
dioxins and polychlorinated dibenzo-furans) (Wu et al.,
2005). Destruction of PCBs by reactive nanoscale zero-
valent metals is one of the latest innovative technologies
(Shih et al., 2009; Lim and Lastoskie, 2009; Varanasi et
al., 2007; Lowry and Johnson, 2004; Hadnagy et al., 2004;
Wang and Zhang, 1997). The use of reactive nanoscale
zero-valent metals, which have a larger specific surface
area and higher surface reactivity, has been documented to
work efficiently for the reductive dechlorination of PCBs
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and other chlorinated compounds for several years (Shih et
al., 2009). The remediation of contaminants by nanoscale
zero-valent iron is a process that is largely controlled by
surface reactions, especially those involving the iron oxide
formation under ambient environmental conditions.

NZVI is effective for the removal of chlorinated com-
pounds, and its reactivity is highly controlled by its surface
characteristics. The mechanisms regarding PCBs dechlo-
rination by NZVI have been reported in some previous
studies (Shih et al., 2009; Zheng et al., 2009; He et al.,
2009). However, little is known about their removal in real
environment (Sharma et al., 2009; McDonough, 2008; Xie
et al., 2009). Natural organic matter (NOM) is ubiquitous
in shallow aquifers where remediation technologies based
on Fe’ are most applicable. The kinetics of contaminant
transformation by Fe® might be influenced by: (1) the
solubilization of contaminants by partitioning into NOM
micelles in the solution phase, (2) the e
of contaminants by partitioning into thelhydrophobic layer
formed by NOM that adsorbs to Fe’ pdrticle surfaces, (3)
the competition between NOM and contaminants for the
surface sites where reaction occurs, and (4) the “catalysis™
of contaminant reduction by redox actjvity of NOM"that
acts as electron transfer mediators at [the particle—water
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interface. These effects might occur independently or in
combination, so it is difficult to predict their net effect on
contaminant degradation kinetics (Tratnyek et al., 2001).
However, limited studies have reported the effects of NOM
on the decomposition of some other contaminants by Fe’
(Tratnyek et al., 2001; Zhang et al., 2009; Rao et al., 2009;
Lu et al., 2009; Giasuddin et al., 2007).

Zhang et al. (2009) found the introduction of HA de-
creased the removal of 2,4-DCP. Rao et al. (2009) reported
that the removal rate of arsenic by Fe” was inhibited in
the presence of HA probably because of the formation of
soluble Fe-humate in the groundwater which hindered the
formation of iron precipitates.

Besides the effect of organic compounds, NZVI is also
effective for inactivating dissolved metals. These dissolved
metals can be reduced by NZVI to their lower oxidation
states and co-precipitated with ferric oxyhydroxide on
the surface of NZVI particles. The metallic system has
been further advanced for enhanced reactivity through the
deposition of a discontinuous layer of noble metals on the
substrate-metal surface and the manipulation of its proper-
ties in the nanoscale regime. Because of its high reactivity,
the nanoscale bimetallic system seems promising for the
treatment of aqueous PCBs in groundwater or equivalent
because the dechlorination reaction occurs in water-metal
interface (Choi et al., 2009). Several studies showed that
the deposition of small amounts of second metals such as
Ni, Co, Cu and Pd onto iron surface could enhance the
dechlorination of chlorinated hydrocarbons (Shih et al.,
2009; Zheng et al., 2009; He et al., 2009; Agarwal et al.,
2009; Xu and Bhattacharyya, 2008; Fang and Al-Abed,
2008a, 2008b).

In this study, the reduction of 4-CIBP by NZVI under
different pH and in the present of NOM and metal ions
was studied in water batch reactors. The aim is to explore
the dechlorination process of 4-CIBP in simulating the real
environmental condition.

1 Materials and methods

1.1 Chemicals

Iron particles ranging in sizes from 30 to 100 nm were
obtained from Nanjing Emperor Nano Material Co., Nan-
jing, China. The PCB, used in this study, was congener-003
(4-chlorobiphenyl, 4-CIBP), which was 98.8% pure and
obtained from J&K Scientific Inc., China (CAS No.
2051-62-9). Humic acid (HA) was purchased from Sigma-
Aldrich Co., America. NiCl,-6H,0, CoCl,-6H,O and
CuCl,-2H,0 were obtained from Shanghai Anpel Co.,
China. Hexane (GC grade) and acetone (Optima grade)
were obtained from Fisher Scientific, UK. HCI (12 mol/L)
was analytical grade. The water used in the experi-
ments was oxygen-free, obtained by bubbling nitrogen gas
overnight through milli-Q water (resistivity 18 MCQ/cm).

1.2 Sacrificial batch reactions

The batch dechlorination reaction of 4-CIBP was con-
ducted in 40 mL serum glass vials. In each vial, 0.300 g

NZVI was added into 30 mL of 4-CIBP solution. Solution
pH was adjusted using sulfuric acid or sodium hydroxide
to attain the desired pH values, and was measured using a
standard pH meter (Thermo Orion 868, America). HA (10
mg/L) was added to examine its effect on the reduction of
4-CIBP by NZVI. The effect of metal ions on the dechlo-
rination of 4-CIBP was evaluated by adding 0.1 mmol/L
metal ions (Co?*, Cu?* and Ni?* respectively) into the
serum bottles. Control experiments without the addition of
NZVI were run identically. The initial pH was 4.0, and
the concentration of 4-CIBP (aqueous stock solution of
4-CIBP in acetone) was 5.0 mg/L. The existence of 5%
cosolvent acetone in the stock solution has little effect on
the reduction of 4-CIBP by NZVIL

All pre-processors were operated in anaerobic glove
box (nitrogen protected system), YQX-II, Shanghai CIMO
Medical Instrument Manufacturing Co., China. The serum
glass vials were sealed with Teflon-lined silicon septa
and placed on an orbital shaker at 140 r/min, 25°C in
the dark during the experiment. 4-CIBP and HA were
found to significantly adsorb on the surface of NZVI. For
the dechlorination of 4-CIBP, extraction at predetermined
time intervals was modified by the addition of 0.50 mL
hydrochloric acid to 1.00 mL suspension to promote the
dissolution of NZVI surfaces and protonation of 4-CIBP
(Kim and Carraway, 2000). For analyzing the loss of total
4-CIBP, 1.00 mL of supernatant was withdrawn from the
selected reaction vials. Then, the two kinds of aqueous
extraction solutions were transferred to an 8-mL vial
containing 2.00 mL of hexane respectively. The vials were
placed on the vortex mixer for 1 min, and then shaken on a
reciprocal shaker for 1 hr to achieve extraction equilibrium.

1.3 Analytical methods

One milliliter of the top extracts was transferred to 2
mL GC vials from the extraction bottles, and analyzed
for 4-CIBP using a Hewlett Packard (HP, USA) 6890N
Gas Chromatograph with an electron capture detector
(GC/ECD). A BD-5 column (J&W scientific Inc., China)
with 30.0 m X 0.32 mm X 0.25 pm was used. Samples (1.0
uL) were injected using an auto sampler (HP 6890 Series,
USA). The carrier gas flow rate (He, UHP zero grade) was
1 mL/min. The make-up gas (N,) flow rate was 60 mL/min.
The injection temperature was 250°C, and the detector
temperature was 300°C. The oven temperature was hold at
150°C for 2 min, ramped to 280°C at 10°C/min, and hold
at 280°C for 2 min.

Five milliliters of aqueous solutions in the vials were
withdrawn and filtered through a 0.22-um membrane filter
to remove fine particulates. The deposition of metal ions
on the NZVI was calculated by the change of metal ion
concentration before and after the reaction. The filtered

solutions were then acidified using con
to pH < 2, and heavy metals including Fe, Cu, Ni and
Co were determined by an atomic absogption spectrometer

(Hitachi Z-2000 AAS, Japan).

Concentrations of chloride were det¢grmined by a chlo-
ride ion-selective electrode (pHs-3B, $hanghai PreciSion
& Scientific Instrument Co., China).|Ten milliliters -of
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aqueous solution in the vials were withdrawn for CI~ and
pH measurement.

2 Results and discussion

2.1 Dechlorination of 4-CIBP by NZVI at various pH

Solution pH is generally important for the reductive
dechlorination of chlorinated organic compounds (Song
and Carraway, 2005). The dechlorination of 4-CIBP by
NZVI from three batches was conducted at various pH.
Figure 1a shows the effects of different initial pH on the
dechlorination of 4-CIBP by NZVI. When the initial pH
values were 4.0, 5.5, 6.8 and 9.0, the concentrations of
4-CIBP decreased to 46.2%, 52.2%, 64.3% and 64.4% of
the initial respectively after 48 hr reaction, while the con-
centration of 4-CIBP maintained to be almost constant in
the control treatments without NZVI. The results suggest
that the hydrogen ions largely enhanced the dechlorination
of 4-CIBP. Protons are essential for the dechlorination
process and are consumed during the reaction, so a lower
pH could supply more protons in the solution and thus
enhance the dechlorination as illustrated by the following
reactions (Varanasi et al., 2007).

Fe’ — Fe? + 2¢ €))
H,O — H* + OH™ )
2H* + 2¢” — Hy(g) 3)
RCl + H* +2¢e — RH + CI” 4

Figure 1b shows the variation of the pH values with
time. When the initial pH was 4.0, 5.5, 6.8, solution pH
values changed to near 7.5 quickly, and then varied little
until the end of reaction. But when the initial pH was
9.0, the solution pH kept steady with the time. Low pH
favors more iron surface sites available for the reaction
with chlorinated molecules, promotes the corrosion rate
and leads to the release of chloride ions. When the pH
was 4.0 or 5.5, the oxides on the particles were probably
dissolved, and more surface active sites could be exposed.
Therefore, low pH accelerated the dechlorination of 4-
CIBP. The solution pH increased even if the initial pH
was low. At higher pH, carbonate and hydroxide coatings
were undoubtedly formed, which inhibited the further
decomposition of iron surface and hindered the access of
4-CIBP to the NZVI surface (Fang and Al-Abed, 2008b;
Jovanovic et al., 2005).

As shown in Fig. 1c, the change of solution chloride ion
concentration with time was investigated. The concentra-
tion of Cl~ increased with increasing reaction time, and
reached the maximum at pH 4.0. It indicated that NZVI
was a reactive metal and could be an effective enhancer for
the dechlorination of 4-CIBP. Chuang and Larson (1995)
found that the chlorine atoms removed during dechlori-
nation had been largely or entirely converted to chloride
ions. Lowry and Johnson (2004) found Pd/Peerless Fe® and
nanoscale zero-valent iron tended to dechlorinate PCBs
in a predictable manner with chlorine removal from each
position following the general trend para > meta > ortho
chlorines.
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Fig. 1 Effect of initial solution pH on the dechlorination of 4-CIBP by
NZVI. (a) change of C/Cy of 4-CIBP with reaction time where C and
Cp are 4-dBP concentrations at time ¢ and 0, respectively; (b) variation
of pH with time at the different initial pH; (c) solution Cl~concentration.
Conditions: initial solution 4-CIBP concentration was 5.0 mg/L, NZVI to
solution ratio was 10 g/L.

2.2 Effect of humic acid on the reduction of 4-CIBP by
NZVI

As shown in Fig. 2a, the existence ¢f humic acid gave
notable increases in the dechlorination of 4-CIBP. After
96 hr reaction, the dechlorination efficiency of 4-CIBP in
the presence of HA was 87.2%, while [it was only 65.0%
without HA addition. Adsorption of HA and 4-CIBP on
the NZVI was examined in the same treptments. As-shown
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Fig. 2 Comparison of dechlorination and adsorption of 4-CIBP by NZVI in the presence/absence of HA. (a) effect of HA on the dechlorination of
4-CIBP; (b) effect of HA on the loss of total 4-CIBP. Conditions: initial solution HA concentration was 10 mg/L, NZVI to solution ratio was 10 g/L, and
initial solution 4-CIBP concentration was 5.0 mg/L, initial solution pH was 4.0.

in Fig. 2b, solution 4-CIBP concentrations decreased sig-
nificantly in a very short time. After 8 hr, the loss of mass
of 4-CIBP were 82.6% with HA and 64.2% without HA.
The aim we took two extraction methods was to compare
the dechlorinantion of 4-CIBP by NZVI with the sorption
of 4-CIBP onto the HA-coated NZVI. After 1 hr reaction,
there were distinct difference between dechlorination effi-
ciency (21.5%) and adsorption percentages (20.3%) in the
presence of HA, and 21.1% and 23.3% in the absence of
HA (adsorption percentages = the loss of total 4-CIBP —
dechlorination percentages). When the reaction went on,
the sorption of 4-CIBP onto the NZVI or the HA-coated
NZVI was also dechlorinated by NZVI. The result showed
that HA and 4-CIBP quickly adsorbed on the NZVI. Deng
et al. (2003) reported that there were two types of surface
sites on the NZVI: the reactive sites responsible for the
reduction and the non-reactive sites for the adsorption. The
reactive site density was generally estimated to be only 2%
of the total surface sites. Adsorption reaction took place on
both the reactive and non-reactive sites, but dechlorination
reaction occurred only on the reactive sites.

An interesting phenomenon from Fig. 2 was that the
reduction of 4-CIBP was inhibited by HA in the first
4 hr, however, it was observed that the addition of HA
accelerated the reduction rate of 4-CIBP subsequently.
With respect to the effect of HA on the 4-CIBP reduction
by NZVI, several hypotheses were tested to identify the
mechanisms. After 4 hr reaction, the loss of total 4-
CIBP was 63.2% without HA and 51.3% with HA. The
inhibitory effect of HA on 4-CIBP reduction suggests that
competition occurred between HA and 4-CIBP for the
surface sites on the NZVI. The complexation between
HA and the generated Fe(II) may inhibit the corrosion of
NZVI. But in the later reaction, the reduction rate of 4-
CIBP in the presence of HA increased significantly. The
possible reasons are that polyphenols in the HA can reduce
Fe** to Fe?*, the excavation of active surface sites by

dissolution of passive iron oxides accelerated the reduction
of 4-CIBP, and the redox-active moieties in the HA or
Fe-HA complexes acted as reductants to reduce 4-CIBP
or serve as electron-transfer mediators from underlying
NZVI to 4-CIBP (Xie and Shang, 2005). Doong and Lai
(2006) observed the dual roles of humic acid acting as
both an inhibitor to compete for the reactive sites with
tetrachloroethylene and an electron shuttle to effectively
accelerate the dechlorination efficiency in the ZVI system.

Figure 3a shows that solution chloride concentration
increased with the time in the batch experiments. The
concentration of chloride ions was 13 umol/L without HA
and 20 pmol/L with HA after 48 hr. It was notable that
the increasing trends were irregular. This is probably due
to the fact that the released chloride ions could be easily
adsorbed onto Fe-HA complexes at the lower pH. Chuang
and Larson (1995) found after subtraction of blanks due
to the effect of water, reagents, and glassware, 73% of the
theoretical maximum CI~ concentration was calculated. As
shown in Fig. 3b, the solution pH in the absence of HA
increased sharply to around 7.3 in the first hour, and then
gradually increased to 8.2 in 96 hr. In the presence of 10
mg/L HA, the solution pH increased to about 6.4 and were
stabilized in this value which was lower than that in the
absence of HA. This indicates that HA acted as a buffer in
the reaction system.

The amount of Fe ions in the solution was also deter-
mined since the redox reaction took place in an aqueous
solution. Dissolved iron in solutions increased within 1
hr, and then decreased gradually in the system of NZVI

(Fig. 3c). However, in the presence pfHA T did ot
increase until after 8 hr of reaction. The possible reason
is that Fe’ was firstly oxidized to F§** in a Fe’-water
system (Manning et al., 2002). But wheh pH was at neutral
and alkaline, Fe would exist in the fprm of hydroxide:
In the presence of HA, increasing dissplved iron at early
stage of reaction was possibly resulted from the formation
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Fig. 3 Effect of HA on the dechlorination of 4-CIBP by NZVI. (a) solu-
tion CI~ concentration; (b) solution pH; (c) dissolved iron concentration.

of soluble Fe-humate which subsequently suppressed the
formation of iron (hydr)oxides (Liu et al., 2008). The
decreased dissolved iron could be resulted from the sat-
uration of HA complexation sites with dissolved iron from

the continuous corrosion of NZVI.

2.3 Effect of metal ions on the dechlorination of 4-CIBP
by NZVI

Figure 4 shows the dechlorination of 4-CIBP by the
NZVI in the presence and absence of 0.1 mmol/L divalent
metal ions. In the absence of metal ions, 65.0% of the
initial 4-CIBP was dechlorinated by the NZVI in 96 hr. Ad-
dition of metal ions enhanced the dechlorination efficiency
of 4-CIBP. Dechlorination percentages of 4-CIBP in the
presence of 0.1 mmol/L Co>*, Cu** and Ni** after 96 hr
were 67.9%, 71.3% and 73.5%, respectively. The presence
of Ni** obviously enhanced the reduction of 4-CIBP.

Divalent metal ions could be reduced to zerovalent
metals by NZVI (Doong and Lai, 2006) as shown in
Reactions (5)—(7), resulting in the formation of bimetallic
system to accelerate the dehydrogenation of PCBs.

Fe’ + Cu®* — Fe** + Cu®  E}=0.777 V 3)
Fe’ + Ni** — Fe** + Ni’ E) =0.190 V (6)
Fe’ + Co* — Fe?* +Co”  E%=0.163V (7

where, EI(){ is the redox potential relative to the standard
hydrogen electrode potential at 25°C. The Ni**, Cu?** and
Co** ions were adsorbed onto the surface of NZVI rapidly
and the concentration of metal ions in the aqueous solution
decreased to about zero in a very short time (Fig. 5c¢).
It suggests that most metal ions were deposited on the
surface of NZVI (Doong and Lai, 2006). To prove this, the
deposition of metal ions on NZVI was detected. As shown
in Fig. 5d, concentrations of these divalent metal ions de-
posited on the NZVI increased sharply and then decreased.
This indicated that they acted as a bimetallic system, which
had catalytic ability, and dramatically accelerated the re-
ductive dechlorination. Figure 5a, b shows the solution pH
and the change of dissolved iron concentration, which were
similar to the effect by HA.
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S 06 4 —A—NZVI + N>
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()
04F
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2 1 1 1 1 1
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Fig. 4 Effect of metal ions (0.1 mmol/L Cu%", Co**, Ni?*) on the
dechlorination of 4-CIBP by NZVI. The ratio of NZVI to solution”was
10 g/L, the initial solution pH was 4.0, and the [initial solution 4-CIBP
concentration was 5.0 mg/L.
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2.4 Reaction Kkinetic studies

Figure 2a and 4 show the results of 4-CIBP dechlorina-
tion by NZVI in the presence/absence of HA, Ni**, Cu?*
and Co”*. The experimental results can be well fitted with
the pseudo first-order kinetic model:

dc
E = —kopsC (8)

where, C (mg/L) is the 4-CIBP concentration at time ¢
(hr) and kgps (hr™!) is the observed rate constant. The
kinetic data for 4-CIBP are shown in Table 1, along with

Table 1 Pseudo first-order reaction for the reduction of 4-CIBP by
NZVI in the presence of HA and metal ions

Composition kobs® (hr™1) Ny R? pH

Initial Final
NZVI 0.0092 + 0.002 7 0.961 4.05 8.24
NZVI + HA 0.0808 + 0.025 7 0.888 4.08 6.41
NZVI + Cu?* 0.0323 £ 0.010 7 0.985 4.00 8.22
NZVI + Co?* 0.0220 + 0.004 7 0.991 4.00 8.49
NZVI + Ni%* 0.0382 + 0.006 7 0.993 4.00 8.09

kobs 1s the pseudo first-order initial rate constant for the dechlorination
reaction of 4-CIBP; Ny is the number of data points; R? is coefficient of
determination, a measure of the proportion of variability in a data set.

2 95% confidence interval was provided for all the values of first-order
rate constant.

the observed pH changed after 96 hr reaction. The values
of kops were 0.0808 and 0.0092 hr~! with and without
HA, respectively. The dechlorination was clearly increased
significantly with the addition of HA. Considering the
effects of Ni2*, Cu?* and Co?*, the kops values were 0.0382,
0.0323 and 0.0220 hr™!, respectively.

3 Conclusions

NZVI showed substantial activity in the dechlorination
of 4-CIBP in acidic solution. The reduction of 4-CIBP by
NZVI was inhibited by HA in the first 4 hr but then was
accelerated. Divalent metal ions are quickly reduced by the
NZVI, and then enhanced the dechlorination efficiency of
4-CIBP. The results obtained from this study can provide
a basis for better understanding of the dechlorination of 4-
CIBP in the real environment.
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