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In this study, the transformation of 1-naphthol via oxidative-coupling reaction was investigated using
Mn oxides. 1-Naphthol was transformed completely by birnessite, which is one of the natural Mn oxides
present in soil. The surface area-normalized specific rate constant, Ky, for 1-naphthol was determined
to be 9.66 x 10~* L/m? min using observed pseudo-first-order rate constants with respect to birnessite
loading. The transformation of 1-naphthol was dependent on the solution pH, and the pseudo-first-order
rate constants increased from 0.028 at pH 11 to 0.075 at pH 2 at a birnessite loading of 0.625 g/L. GC and

'f%‘:s;‘:f;ol LC mass spectroscopic analysis of the supernatants were performed after separating the reaction solution
Birnessite into hydrophobic and hydrophilic fractions by solvent extraction. The major transformation products were
Mn oxide found to be 1,4-naphthoquinone(1,4-NPQ) and naphthol polymerized products with a molecular weight

(m/z) ranging from 400 to 2000. Transformation of 1,4-NPQ, to the polymerized products by an additional
birnessite loading was also verified. The DOC concentrations of the supernatants before and after the

Oxidative-coupling reaction

reaction were analyzed and the rate of oligomeric precipitate formation was measured.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Polycyclic aromatic hydrocarbons (PAHs) are ubiquitous envi-
ronmental contaminants that originate mainly from the incomplete
combustion of fossil fuels, oil refineries, chemical production, and
coal to heavy oil conversion processes, etc. [1]. PAHs consist of non-
polar hydrophobic naphthalene, anthracene and pyrene as well as
their polar ionic degradation derivatives with similar toxicity and
enhanced mobility [2]. These compounds are generally categorized
as major contaminants on account of their toxicity even at low con-
centrations and carcinogenicity [3]. Effective control measures for
wastewater and soil contaminated with PAHs have long been stud-
ied due to their high resistance to degradation and their potential
for bioaccumulation.

1-Naphthol, which is one of major degradation by-products of
naphthalene, is discharged from many industries, such as dye, plas-
tics, synthetic rubber and asbestos production, and is known to have
similar toxicity to naphthalene [4]. In addition, due to the substi-
tuted hydroxyl group, it has a much higher solubility in water than
naphthalene, which can result in a high levels of contamination in
aquatic and soil environments through enhanced mobility. Table 1
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shows the chemical structure of 1-naphthol along with its typical
properties.

Metal (hydr)oxides and oxidoreductive enzymes can trans-
form phenols and anilines into humic-like polymers through an
oxidative-coupling reaction [5-7]. In many cases, the transformed
products precipitate from the aqueous phase due to the increased
molecular weight, which makes them much easier to separate [8].
In addition, oxidative coupling is one of the natural processes that
immobilizes (or binds) organic contaminants in terrestrial environ-
ments. Organic compounds oxidized by oxidoreductive catalysts
are covalently bound to soil organic matter to form the most per-
sistent complexes. These complexes are often referred to as ‘bound
residues’, which are difficult to decompose by microbial activity
or chemical treatments [9]. Many studies have provided direct evi-
dence for the formation of covalent bonds using 13C- or 1°N-labeled
chemicals in combination with 3C- or '>N-NMR spectroscopy
[10,11]. This immobilization of contaminants in soil is of consid-
erable importance because it can lead to a substantial decrease
in the bioavailability of contaminants and restrict their leaching
into the groundwater [5,11]. The oxidative-coupling reaction can
also be considered to be a natural detoxification process because a
decrease in toxicity has been confirmed by several research groups
[12,13].

Like phenolic compounds, hydroxylated PAHs may be trans-
formed through an oxidative-coupling reaction in the presence
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Table 1
Selected physical and chemical properties of 1-naphthol.

Chemical and
physical property

Structural formula

M,y (g/mol) 144.17

OH Sw (mol/L) 666
log Kow 2.85
s O pKs 934

of enzymes or metal oxides. Aktas et al. [14] performed a
kinetic examination of the transformation of 1-naphthol by
an oxidative-coupling reaction in the presence of laccase, one
of oxidoreductive enzymes, and suggested the possibility of
oxidative-coupling for the removal of hydroxylated PAHs. How-
ever, most studies on oxidative-coupling reaction have focused
mainly on the utilization of enzymes due to their significance
in natural detoxification processes and the carbon cycle. This
process is uneconomical for mass production and unsuitable for
maintaining the activity of the enzymes during storage and dis-
tribution. Therefore, maintaining the activity of the enzymes
during application to expand their life-time is a major technical
challenge.

On the other hand, Mn(Ill/IV) oxides, which are commonly
present in soil particles, can act as oxidants due to their relatively
high oxidizing capacity, as indicated below [6-8,15-17].

Mn"OOH(s) + 3Ht + e~ — Mn?*(aq) + 2H,0 E%= +1.50V

(1/2)Mn'VO,(s) + 2H +e~ — (1/2)Mn®**(aq) + H,0
E9= +1.29V

Oxidation by Mn oxide is selective for phenolic and aniline
compounds. Therefore, these compounds are well known abi-
otic mediators for oxidative coupling, which can result in the
formation of humic substances in natural environments [16,18].
Shindo and Huang [6] examined a variety of metal oxides com-
monly present in soil, and concluded that the abiotic formation
of humic substances in the environment was largely due to
Mn oxides.

This study examined the oxidative-coupling reaction of 1-
naphthol using birnessite (6-MnO, ), which is one of the common
Mn oxides found in natural soil. The kinetics of the reaction by
birnessite was measured by evaluating the transformation effi-
ciency as a function of time. The effects on the birnessite loading
and pH were also examined. For the reaction products, UV-vis
spectroscopy was carried out to confirm that the removal of 1-
NP was caused by oxidative polymerization. The reaction products
present in the liquid phase were separated by solvent extraction
into hydrophilic and hydrophobic fractions. Each fraction was ana-
lyzed by GC and LC mass spectroscopy to determine the molecular
weight and structure. The DOC concentrations of the supernatants
before and after the reaction were also analyzed to quantify the
formation of oligomeric precipitates from the oxidative coupling
of 1-NP. The transformation of one major reaction by-product (1,4-
naphthoquinone) as well as its ability to cross-couple with 1-NP
and/or 1-NP reaction products via Mn oxide were also investigated.
Overall, these results may contribute to a better understanding of
the reaction with Mn oxide, and provide a good method for remov-
ing PAHs in field applications.

2. Methods and materials
2.1. Materials

1-Naphthol (1-NP) and 1,4-naphthoquinone (1,4-NPQ) were
obtained in high purity (>99%) from Sigma-Aldrich (St. Louis, MO)
and used as received. All other chemicals were of high purity and
purchased from Sigma-Aldrich. Stock solutions of 1-NP and 1,4-
NPQ were prepared by dissolving the chemicals in deionized water
in a N, atmosphere for 24 h followed by filtration through a PTFE
membrane filter (0.2 wm, Pall Co., NY). The resulting concentra-
tions were determined by HPLC analysis. Standard solutions were
prepared using these stock solutions, and the pH was adjusted to
5.0 £ 0.1 with either 0.1N HCI or NaOH. In preliminary experiments
using buffered standard solutions, it was found that the buffer com-
pounds could significantly affect the rate and degree of the 1-NP
transformation, probably due to a change in solution chemistry, i.e.
ionic strength, adsorption to oxide particles, etc. Therefore, a buffer
was not used to adjust the pH of the standard solutions in order to
minimize any possible effects on the reaction.

Birnessite was prepared by boiling potassium permanganate
in hydrochloric acid as described by McKenzie [19]. The resulting
oxide particles were filtered and washed repeatedly with deionized
water to ensure the removal of excess reagents, then freeze-dried.
The FT/IR spectrum (Bomen MB154) of birnessite showed char-
acteristic peaks at 930, 1630 and 3450cm~! [20]. XRD (Rigaku,
Japan) also confirmed the major crystalline structure of birnessite.
The BET surface area of the prepared birnessite was determined to
be 44.37 m2/g using a Micromeritics surface area analyzer (Model
ASAP 2010, Norcross, GA).

As a standard natural humic substance for the comparison with
the 1-NP transformation products, soil fulvic acid was extracted
using the standard procedure proposed by the International Humic
Substances Society (IHSS). The extracted fulvic acid was fractioned
with an ultrafiltration membrane of MWCO of 1000 Da, and the
filtered subfraction was used.

2.2. Batch experiments

The individual transformation experiments were carried out
in a sealed batch systems prepared in 20-mL serum bottles. The
serum bottles were filled with 20 mL of the 1-NP standard solutions
(40 mg/L, pH 5, unless otherwise stated) with a certain amount of
birnessite added (12.5-50 mg). The bottles were crimp-sealed using
a Teflon-lined rubber septum. Each bottle prepared was wrapped
with aluminum foil to prevent exposure to light, and loaded on
an end-over-end rotary shaker at 30 rpm at 20 4 2 °C. The decrease
in 1-NP concentration was determined by periodically analyzing a
500-pL reaction solution samples by HPLC.

After the reaction, the reaction solutions were centrifuged at
10,000 x g for 15min, and the reaction products present in the
supernatants were separated into hydrophobic and hydrophilic
fractions by solvent extraction with CH,Cl,. The hydrophobic frac-
tion was concentrated using a vacuum rotary evaporator for further
GC/MS analysis, while the hydrophilic fraction was used for LC/MS
analysis without pretreatment.

The effect of the solution pH on the transformation was evalu-
ated using the same experimental setup with a 20-mL serum bottle
containing 20 mL of the 1-NP standard solutions (30 mg/L) and
12.5 mg of birnessite as described above. The initial pH was adjusted
to 2-11 with either 0.1N HCl or NaOH. Samples were taken from the
bottles and the remaining 1-NP concentrations were analyzed by
HPLC as a function of time.

Since 1,4-NPQ is one of the major reaction by-products from
the birnessite-induced transformation of 1-NP, its conversion by
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Mn oxide was also evaluated. The above described experimental
setup was employed for this experiment using 20mL of a 1,4-
NPQ standard solution (10.8 mg/L) and 25 mg of birnessite. The
cross-coupling reactions of 1,4-NPQ with 1-NP and/or 1-NP reac-
tion products were also evaluated by carrying out the experiment
in the presence of 1-NP (10 mg/L).

2.3. Analyses

The 1-NP and 1,4-NPQ concentrations were determined by HPLC
(Shimadzu, Tokyo, Japan) with a UV absorbance detector operated
at 254nm using a Waters C18 4.6 mm x 150 mm (5-pm particle
size) reverse-phase column (Milford, MA). The mobile phase, which
was composed of 50/50 acetonitrile and water, was delivered at a
flow rate of 1.0 mL/min. The samples taken from the reaction bottle
were filtered through a 0.45 pwm PTFE syringe filter. A preliminary
test confirmed there was minimal loss caused by adsorption to the
membrane (<0.02%). Twenty microliters of the filtered sample was
analyzed by HPLC.

In order to confirm that the decrease in 1-NP concentration
was caused by the birnessite-mediated oxidative-coupling reac-
tion, UV-vis spectroscopy was carried out on the reaction solutions
at different times using a Shimadzu UV-1601 system with a 10 mm
quartz cell over the wavelength range 200-800 nm.

GC/MS analyses were carried out on the hydrophobic frac-
tion of the reaction solution using an Agilent 6890 GC system
equipped with an Agilent 5973 mass selective detector and an Agi-
lent 7683 series injector. A DB-5MS, 30 m x 0.25 mm, ID 0.25 pm
capillary column (J&W 122-5532) and ultra-high purity helium
carrier gas (10.50 psi, 1.0 mL/min) were used with an injection vol-
ume of 1 pL. A column temperature gradient was used, which was
started at 55 °C, maintaining at that temperature for 1 min, gradu-
ally increased to 275 °C at a rate of 10°C/min, and finally increased
to 300°C at a rate of 5°C/min. The temperature of the injector port
was 270°C.

For the hydrophilic fraction of the reaction solution, LC/MS anal-
yses were carried out using a LCQ DECA XP mass spectrometer
(ThermokElectron Inc., Woburn, MA) with an electrospray inter-
face used in negative ion mode. The samples were run on a
Shiseido HPLC system (Nanospace SI-2, Japan) using a Luna® C18
1.0 mm x 250 mm (5-pm particle size) column (Phenomenex Inc.,
Torrance, CA). The mobile phase was 5% (A) and 95% (B) acetonitrile
in gradient mode (A:B=100:0 (5)~0:100 (40")).

The oligomeric precipitates formed from the reaction were
quantified by measuring the DOC concentrations of the super-
natants before and after the reaction using a TOC analyzer
(FormacsHT, Skalar, Netherlands).

3. Results and discussion
3.1. Oxidative-coupling reaction of 1-naphthol by birnessite

In order to examine the transformation of 1-NP by birnessite,
the reaction solutions (containing 25mg of birnessite in 20 mL
of 1-NP standard with pH 5.0) were analyzed by HPLC. Fig. 1(a)
shows chromatograms at different times. As indicated in the chro-
matograms, the peak intensity of 1-NP with a retention time of
4.6 min decreased with time and finally disappeared after 40 min.
On the other hand, of the peak at 1.1 min for the reaction prod-
ucts increased as the peak for 1-NP decreased. In addition, new
peaks were observed at a retention time of 2.6 and 3.9 min, which
might have been generated from the 1-NP transformation. How-
ever, there was no definite trend for the increase or decrease in
these peaks because they were probably generated by intermedi-
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Fig. 1. HPLC chromatograms of (a) 1-NP and its reaction products by birnessite at
different times (experimental conditions: 40 mg/L 1-naphthol, 1.25 g/L Mn oxides,
pH 5.0+0.1, and 20 °C in the dark), (b) hydrophobic and hydrophilic fractions of the
reaction solution (after 40 min), and (c) hydrophobic reaction products before and
after the reaction by additional birnessite (25 mg/20 mL).

ates of the transformation or by reaction products also involved in
the further transformation by birnessite.

As a reverse phased HPLC column was used in this study, the
more polar compounds exhibit a shorter retention time [21]. There-
fore, the reaction products shown in Fig. 1(a) may be more polar
than 1-NP and possess lower octanol-water partition coefficients
(Kow) than 1-NP (2.85) [22]. For a more detailed examination
of the reaction products with respect to polarity, the sample
was separated into hydrophobic and hydrophilic fractions by sol-
vent extraction using methylene chloride. HPLC analysis of the
hydrophobic fraction (methylene chloride extracts) revealed two
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Fig. 2. Pseudo-first-order disappearance of 1-NP at different birnessite loadings
(experimental conditions: 40 mg/L 1-NP, pH 5 at 20°C).

peaks at 2.6 and 3.9min, while only one peak at 1.1 min was
observed in the remaining aqueous phase (hydrophilic fraction)
(Fig. 1b). This suggests that the reaction products formed from
the oxidative-coupling reaction of 1-NP have various solubility and
polarity, which is similar to the reaction of phenols reported by
Majcher et al. [23]. In the experiments of oxidative coupling of 4C-
labeled catechol by Mn oxide, they confirmed the same results by
extracting the reaction solution using a variety of solvents with
different polarity and pH.

Upon the addition of a certain amount of birnessite into the reac-
tion solution (25 mg/20 mL), the peaks for the hydrophobic reaction
products disappeared after 40 min, while those for the hydrophilic
products increased (Fig. 1c). This suggests that the hydrophobic
products are intermediates of the oxidative-coupling reaction and
are subject to a further transform to more stable hydrophilic com-
pounds [13,24].

3.2. Kinetics of 1-NP transformation by Mn oxide-mediated
oxidative-coupling reaction

3.2.1. Reaction kinetics with respect to Mn oxide loadings

In order to examine the reaction kinetics of the oxidative
transformation of 1-NP by birnessite, the transformation rate was
evaluated as a function of time at various birnessite loadings. As
shown in Fig. 2, the transformation rate increased with increasing
birnessite loading. With a birnessite loading of 0.625 g/L, approx-
imately 40 min was needed for a 99% transformation, while only
15 min was required with a birnessite loading of 2.5 g/L. Fig. 2 also
shows that the transformation follows pseudo-first-order kinetics
with 2 =0.991-0.994. Table 2 summarizes the rate constants, k, and
half-lives with respect to the birnessite loading. When the birnes-
site loading was increased from 0.625 to 2.5 g/L, the rate constants
increased approximately 2.5-fold from 0.052 to 0.13 min~!, and the
half-life decreased from 13.3 to 5.3 min.

Since the transformation occurs on the surface of birnes-
site, the quantity of available birnessite surface area might be
a more important variable in the reaction kinetics than the bir-
nessite mass. Therefore, a more meaningful interpretation of the
kinetic data can be obtained by normalizing the observed rate
constants to the birnessite surface area [25]. The observed rate
constants showed a linear correlation with the birnessite sur-
face area, assuming a constant specific surface area of 44.37 m2/g.
The slope of the line of best fit is the specific rate constant,
Ksurf (L/m? min), where the rate constants obtained were normal-
ized to 1 m?/L birnessite (Table 2). This surface area-normalized

Table 2
Observed kinetic constants and half-lives for the oxidative transformation of 1-NP
(40 mg/L) at various birnessite loadings and pH.

Birnessite loading

0.625g/L 1.25g/L 2.5¢g/L

k (min—1) 0.052 0.082 0.13
r? 0.994 0.991 0.993
t12 (min) 13.30 8.49 530
Ksurg® (L/m? min) 9.66 x 104 (12 =0.998)

Solution pH

pH?2 pH3 pH5 pH7 pH9 pH 11
k (min-1)P 0.075 0.066 0.055 0.046 0.036 0.028
r? 0.998 0.997 0.999 0.999 0.999 0.996
t1/> (min)P 82 10.6 12.7 15.0 19.0 24.8

2 Normalized to a birnessite surface area of 44.37 m?/g.
b Amounts of birnessite added is 0.625 g/L.

rate constant is a variable that is independent of the birnessite
loadings. Therefore, it can provide more generalized information
for a quantitative evaluation of the reactivity of certain com-
pounds.

3.2.2. Reaction kinetics with respect to pH

pH is an important reaction variable that determines the sur-
face charge of birnessite as well as the degree of protonation
of 1-NP. According to the reaction model of oxidative coupling,
it was assumed that the reaction was initiated by the surface
complexation of the hydroxyl group of a reactant to the man-
ganese atom on the oxide surface [26,27], which is affected by
the pK, of the reactant, the surface charge of Mn oxide and
the solution pH [28]. The effect of the solution pH was exam-
ined by carrying out a series of batch experiments at different
solution pHs ranging from 2 to 11. Table 2 summarizes the pseudo-
first-order rate constants obtained along with the corresponding
half-lives. The rate constant decreased with increasing pH from
0.028 min~! at pH 11 to 0.075min~! at pH 2. This shows that a
lower solution pH is more favorable for the transformation. An
effect of the solution pH can be anticipated considering that the
pK; value of 1-NP is 9.34 and the point of zero charge (PZC)
of birnessite is 2.4-2.7 [29]. At a pH higher than the PZC, the
surface of birnessite was negatively charged while the amount
of negatively charged ions of 1-NP increased with increasing
pH. Therefore, as the pH increases, physical contact between the
reactants is inhibited by electrostatic repulsion, which reduced
the reaction rate. This result is typical for the reaction of metal
oxide with a low PZC value with weak acidic organic compounds
[30].

The rate constants were correlated with pH in order to quantify
the effect of the solution pH on the reaction rate, as shown in Fig. 3.
As shown in the figure, there was a strong high linear relationship
(r?2=0.994) between the rate constant and pH. This strong depen-
dence of the rate constants can be attributed to the effect of pH on
the electron transfer reaction as well as the electrostatic interac-
tion mentioned above. For electron transfer, protons are needed to
reduce MnO; to release Mn?* ions, and the reduction potential of
MnO, increases with decreasing pH [31]. The higher rate constant
at pH 2 might be due to the higher rate of electron transfer for the
oxidant, MnO,, and protonation of the oxide surface at a pH less
than the PZC of MnO,, which also facilitates the electron-transfer
reaction. Similar results showing the effect of pH on the rate con-
stants of the oxidative transformation of phenolic compounds by
Mn oxide have been reported [32].
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Fig. 3. Correlation between the pseudo-first-order rate constants and solution pH
(experimental conditions: 30 mg/L 1-NP, 0.625 g/L birnessite loading at 20 °C).

3.3. Characterization of the reaction products by UV-vis
spectrometric analysis

In order to confirm that the reaction products identified by HPLC
were the oligomeric products of 1-NP formed by the oxidative-
coupling reaction, the 1-NP standard (40 mg/L, pH 5.0) and reaction
solution were scanned with a UV-vis spectrometer after 40 min,
and the results are shown in Fig. 4. The UV-vis absorption spectrum
of soil fulvic acid (20mg/L, pH 5.0) is also shown for compar-
ison. The absorbance maximum (Amax) in the spectrum of the
1-NP standard was 295 nm, which was caused by the primary
absorption band (E;-band) of the benzene ring of 1-NP molecule
[33]. This absorbance maximum decreased as the 1-NP transfor-
mation progressed, while there was an increase in absorbance at
around 450-600 nm. This increase in the absorption maximum in
this wavelength region suggests the production of reaction prod-
ucts that absorb light in the visible wavelength region. Although
reduced Mn(II) might cause anincrease in the absorption maximum
in the wavelength region, the experimental evaluation confirmed
that the Mn(II) present in the reaction solution (<0.02 mg/L) had
a negligible effect on the absorption characteristics. This increase
in absorption in the visible region is a phenomenon caused by
the conjugation of benzene rings [33], which provides evidence

i 1-Naphthol

04 Soil Fulvic Acid 71

Absorbance

0.2 Reaction solution after 50 min

0.0 ; . a
300 400 500 600

Wavelength (nm)

Fig. 4. UV-vis absorption spectra of the 1-NP standard (40 mg/L, pH 5) and its reac-
tion solution after 50 min, shown with the spectrum of soil fulvic acid (20 mg/L, pH
5).
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Fig. 5. UV-vis absorption ratios (As;s/A29s5) of 1-NP and its reaction products by Mn
oxide as a function of the reaction time (experimental conditions: 40 mg/L 1-NP,
1.25 g/L birnessite, pH 5 at 20°C).

of oligomer formation through the birnessite-mediated oxidative-
coupling reaction.

The transformation of 1-NP to oligomers may be explained
quantitatively, as shown in Fig. 5.In the figure, the absorbance ratios
(As25/A295), absorbance maxima of 1-NP and reaction products,
were correlated with the reaction time. The absorption ratio of the
1-NP standard was 0.002. During the reaction, the absorption ratio
increased to approximately 0.25 after 50 min, which corresponds
to an increase of approximately two orders of magnitude. In addi-
tion, the increase in ratio was linear during the initial phase of the
reaction, while the rate decreases when the reaction was complete.
Shindo and Haung [6] examined the transformation of polyphenols
with Mn oxide, and also observed this “browning effect” in the reac-
tion solution. They suggested this to be one of the major processes
generating humic substances in the natural environment.

3.4. GC/MS and LC/MS analyses of reaction products

In order to determine the molecular structure of the
hydrophobic reaction intermediates, the reaction solution was
solvent-extracted with dichloromethane, and analyzed by GC/MS.
Three major peaks were detected at 9.96, 11.27 and 11.39 min
(Fig. 6a). According to the mass spectra, the peak at 11.39 min was
caused by the remaining 1-NP (m/z = 144, Fig. 6b), while the peak at
9.96 min was identified as 1,4-naphthoquinone (1,4-NPQ, Fig. 6¢).
This was later confirmed using 1-NP and 1,4-NPQ standards, i.e.
the patterns of the m/z ratios of the fragment ions were identical
(>95%). The retention times of the standards by HPLC analysis were
also identical. This confirms the previous supposition of compara-
ble polarity of 1-NP and its reaction products based on the HPLC
chromatogram because log Kow of 1,4-NPQ is 1.71 [21]. A plausi-
ble reaction pathway on the oxidative transformation of 1-NP to
1,4-NPQ by Mn oxide can be explained by the oxidation of 1-NP
to 1,4-dihydroxynaphthalene, which becomes further oxidized to
1,4-naphthoquinone as shown in Fig. 7. Wu et al. [34] proposed
the same pathway for the formation of 1,4-NPQ as a metabolite
of 1-NP in mammals through cytochrome P450-dependent mono-
oxygenase enzymes (CYP).

On the other hand, the compound at 11.27 min appears to be
a dimer formed from the oxidative coupling of 1-NP, as indi-
cated by the molecular ion (m/z=281) and the fragment ion
peaks of the mass spectrum (Fig. 6d). Karthikeyan and Chorover
[35] also reported that the naphthoquinone-type monomers (i.e.
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Fig. 6. (a) GC/MS chromatogram of the CH,Cl,-extracted reaction products and (b-d) mass spectra of 1-NP and its reaction products.

1,2-NPQ, 1,4-NPQ and 2-hydroxy-1,4-NPQ, etc.) and their cou-
pled reaction products such as naphthol-naphthol (m/z=286),
naphthol-naphthoquinone (m/z=300, 316) were formed from the
photolytic transformation of 1-NP.

LC/MS analysis was performed on the hydrophilic reaction prod-
ucts remaining after solvent extraction, and the results are shown
at Fig. 8. As shown in the mass spectrum, the hydrophilic prod-
ucts comprise a wide range of oligomers with molecular weights
(m/z) ranging from 400 to 2000. This may have been caused by
self-coupling of the oxidized 1-NP products (quinone and radi-
cals with various resonance structures) at various bonding sites
and from cross-coupling between quinone, radicals and various
oligomer products [10,22]. On the other hand, peaks with a molec-
ular weight lower than 1-NP (m/z=144) may have been generated
from partial ring cleavage and the release of functional groups, as
reported elsewhere [23,36,37].

In general, the oligomer products remaining in the aque-
ous phase after the oxidative-coupling reaction are quite soluble
and have low molecular weights. In their experiments using
horseradish peroxidase (HRP), Xu et al. [13] also analyzed the 1-NP
reaction products using size exclusion chromatography (SEC) and

OH OH o]
OH O
1-naphthol 1.4-dihydroxynaphthalene 1.4-naphthoquinone

Fig. 7. Possible reaction pathway of 1-NP to 1,4-NPQ via Mn oxide.

mass spectroscopy, and reported that the molecular weights of the
soluble oligomers ranged from 400 to 600 m/z, which corresponds
to the naphthol trimer and tetramer, while those of the oligomeric
precipitates were 853 Da, which corresponds to a naphthol hex-
amer. However, in this study using Mn oxide, soluble (hydrophilic)
reaction products with a higher molecular weight were produced
from the reaction. This discrepancy with HRP might have been
caused by several side reactions with Mn oxide, such as partial
ring cleavage and the removal of substituents, as mentioned above.
The major peaks in the mass spectrum (m/z=684.9, 757.8) might
be oligomers formed from 4 to 5 molecules of 1-NP. Due to these
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Fig. 8. LC/MS spectrum of CH,Cl, non-extractable reaction products produced at
pH 5 with 40 mg/L 1-NP and 1.25 g/L birnessite.
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Table 3

DOC analysis results for the supernatants before and after the birnessite-mediated transformation reaction of 1-NP.

Initial concentration of 1-NP

Birnessite loading (g/L)

0.625 125 2.5
. mg/L 20.5 13.2 12.0 10.6
DOC in supernatants % 100 64.3 585 517
mg DOC removed/g birnessite - 11.7 6.8 4.0

side reactions, a clear oligomerization pattern of the molecular
weight distribution could not be obtained, as in the enzymatic
reaction.

3.5. Distribution of DOC concentrations

The oligomers formed from the oxidative-coupling reaction may
form precipitates as the molecular weights increase or become irre-
versibly incorporated into the soil organic matter to form bound
residues [38,39]. Therefore, for a better understanding of the fate
of the reaction products, it is important to examine the fraction
of insoluble reaction products formed from the 1-NP oxidative-
coupling reaction by Mn oxide. In this study, the distribution of
soluble and insoluble reaction products was determined by analyz-
ing the DOC concentration before and after the reaction at different
birnessite loadings. Table 3 shows the analysis results of the ini-
tial 1-NP standards and soluble reaction products remaining in the
aqueous phase after the reaction with different birnessite load-
ings. 1,4-NPQ and hydrophilic oligomers were the major reaction
products remaining in the supernatant, as described earlier, and
the DOC concentrations of the supernatants ranged from 13.2 to
10.6 mg/L (or 64.3-51.7%) at a birnessite loading ranging from 0.625
to 2.5g/L. This suggests that the 1-NP contents removed by pre-
cipitation (and possibly adsorption onto Mn oxide and oligomers)
ranged from 35.7 to 48.3%. In addition, the DOC removal rate per
unit Mn oxide decreased with increasing birnessite loading (11.7 mg
DOC removed/g birnessite at 0.625 g/L to 4.0 mg DOC removed/g
birnessite at 2.5 g/L loading). Considering that stoichiometrically,
an excess of birnessite had been injected, the result suggests that
the increased birnessite loading had minimal effect on the degree
of coupling. On the other hand, the main effect of the increased
loading is the greater likelihood of contact between the reactants,
which enhances the reaction rate.
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Fig. 9. Transformation of 1,4-NPQ in the absence (O) and presence (H) of 1-NP (@)
(experimental conditions: 10.8 mg/L 1,4-NPQ, 1.25 g/Lbirnessite, and 10.0 mg/L 1-NP
at pH 5.0, 20°C).

3.6. Cross-coupling reaction of 1,4-NPQ with 1-NP and/or 1-NP
reaction products

1,4-NPQ generated from the 1-NP oxidative-coupling reaction
is known to be tumorigenic due to its binding capacity to macro-
molecules including DNA and proteins [40]. Therefore, its ultimate
fate can be an important factor in engineering applications. As
described earlier, 1,4-NPQ was removed completely upon the injec-
tion of additional birnessite in the reaction solution. In the reaction,
1,4-NPQ may have been transformed directly through birnesite-
mediated oxidative coupling. One possible explanation is that the
kinetics of 1,4-NPQ oxidative coupling by Mn oxide are much lower
than those of 1-NP. On the other hand, a cross-coupling reaction
with 1-NP or 1-NP oligomers may be another explanation. There-
fore, in order to identify the transformation pathway of 1,4-NPQ,
it was reacted with birnessite in the presence or absence of 1-NP,
and the results are shown in Fig. 9. As shown in the figure, 1,4-
NPQ was not transformed significantly by birnessite in the absence
of 1-NP over a 10h period. Although the concentration was var-
ied to some extent with reaction time, it may have been caused
by reversible sorption onto birnessite particles. However, in the
presence of 1-NP (10 mg/L), the 1,4-NPQ concentration increased
during the initial phase of the reaction (to approximately 30 min),
and then decreased continuously thereafter, while 1-NP had disap-
peared almost completely within 60 min. The increase in 1,4-NPQ
concentration during the reaction resulted from the oxidation of 1-
NP by birnessite. On the other hand, the cross-coupling of 1,4-NPQ
with 1-NP and its oligomer products is the most plausible expla-
nation for the continuous decrease in 1,4-NPQ concentration. In
the presence of a reactive mediator, the cross-coupling or binding
reactions of compounds non-reactive to Mn oxide (or other oxi-
doreductive enzymes) have been reported [8,17,24]. However, since
the transformation rate of 1,4-NPQ is relatively slower than that of
1-NP, the information provided from these experiments should be
considered for actual applications of 1-NP clean-up processes using
Mn oxide.

4. Conclusions

This study examined the potential of Mn oxide to transform
(and eventually remove) 1-naphthol, a typical PAHs degradation
derivative, and provided basic information for a novel solution for
removing PAHs from various environmental media. These results
demonstrate the high susceptibility of hydroxylated PAHs (1-NP)
oxidation by Mn oxides and the rapid reaction rates under mild
acidic conditions, which are common in natural water and soil. The
Mn oxide-mediated oxidative polymerization of 1-NP in an aque-
ous solution produces hydrophilic oligomers with a wide range of
molecular weights ranging from several hundred to several thou-
sand, as well as insoluble precipitates. 1,4-NPQ generated from the
oxidative-coupling reaction could also be removed via a birnessite
mediated-cross coupling reaction in the presence of 1-naphthol.
Overall, it is believed that the use of Mn oxide in engineered humi-
fication processes is a promising technology for remediating soils
and water contaminated with hydroxylated PAHs. Studies on the
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hydroxylation of PAHs through partial degradation as a pretreat-
ment method and the applicability of Mn oxide in the field are
currently underway.
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