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Molecular adsorption and oxidation at manganese oxide/liquid interfaces has attracted increased interest due
to its importance in the development of heterogeneous catalysts, microbial fuel cells, and selective adsorption
materials. Here we report the adsorption and oxidation of phenolic compounds on Cu?*, Co**, and Ce*"
doped K—OMS-2 nanofibers. Different metal ion doped K—OMS-2 catalysts show distinct adsorption and
oxidation ability. The structure and compositions of doped K—OMS-2 catalysts were characterized by X-ray
diffraction and atomic absorption analyses. The relationships of catalyst structure-catalytic properties were
discussed. The adsorbed polymeric nanospheres on doped K—OMS-2 nanofibers were investigated by field
emission scanning electron microscopy, Fourier transform infared spectroscopy, transmission electron
microscopy, and energy dispersive X-ray analyses. These nanospheres were totally oxidized to CO, in oxygen
or air at 553—603 K catalyzed by doped and undoped K—OMS-2 itself. OMS-2 was regenerated with air or
oxygen. The chemisorption and oxidation of phenol in an anaerobic environment (N,) demonstrate that lattice
oxygen of cryptomelane is involved in these processes. Free-radical mechanisms are proposed for the oxidation
of phenol in O, and for the formation of phenolic nanospheres. Compared with undoped K—OMS-2, metal
ion doped K—OMS-2 shows higher adsorption capacity of phenolic compounds and higher phenol removal

rate.

1. Introduction

Molecular chemisorption at manganese oxide/liquid interfaces
has attracted increased interest due to its importance in the
development of heterogeneous catalysts,' microbial fuel cells,?
and selective adsorption.® Recently, inexpensive manganese
oxide based catalysts instead of noble metal catalysts have been
investigated in the catalytic wet oxidation (CWO) of phenolic
wastewater.*> However, the adsorption of organic compounds
on manganese oxide surfaces, which plays an important role in
electron transfer and oxygen reduction, has not fully been
explored. Phenol has attracted more attention in wastewater
treatment because of its toxicity and wide occurrence in
wastewater. Several conversion processes, currently under
development for the production of synthetic fuel from coal,
discharge substantial amounts of phenol (0.2—0.5 g/L).® More-
over, phenol is taken as a model compound for the study of
adsorption and oxidation because phenol is an intermediate
product in the oxidation of higher-molecular-weight aromatic
compounds and phenol also converts to a series of intermediates
on oxidation.”

Cryptomelane-type manganese oxide is an octahedral mo-
lecular sieve (OMS) composed of 2 x 2 edge-shared MnOg
octahedral chains, which are corner shared to form one-
dimensional tunnels (Figure 1). Potassium ions and water are
located in the tunnels (designated K-OMS-2). Mixed-valent
manganese ions (Mn*" and Mn?") are situated in the octahedral
sites of cryptomelane. Transition metal ions (M) can be
incorporated into the framework or tunnel sites.®~'° Sizes and
charges of M determine which sites are occupied. The synthetic
counterpart of metal ion doped cryptomelane is known as
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octahedral molecular sieve M-K-OMS-2 (M = doped metal
ions). In recent years, some work has been published on the
syntheses of cryptomelane-type manganese oxides'!™!? and their
applications in the oxidation of benzene,'* carbon monoxide,"
and other hydrocarbons.'® K-OMS-2 was found to possess
excellent hydrophobicity and strong affinity for volatile organic
compounds in the oxidation of benzene. Little has been reported
on doping effects on the adsorption of substrates or on catalytic
properties.

This research focuses on structure—property relationships for
doped cryptomelane. These doped porous cryptomelane materi-
als have high surface areas (40—100 m?%g), more oxygen
vacancies compared with undoped K-OMS-2, and more surface
bonded OH groups. Porous M-K-OMS-2 nanofibers with
diameters of 10—50 nm have attractive properties such as a large
surface-to-volume ratio. The substitution of framework Mn**
with bivalent (Cu®") and trivalent ions (Co®") can create more
oxygen vacancies to maintain an overall charge. Surface bonded
OH groups on OMS-2 react with solute molecules and increase
the adsorption of phenolic compounds. Solute molecules tend
to attach to oxygen vacancies. Subsequently, electron and/or
oxygen transfer between the metal oxide surfaces and solutes
take place at these sites.'’

Doped K-OMS-2 materials have dual roles in the removal
of aqueous phenol, including adsorption and oxidation of phenol
at moderate temperatures (298—423 K), pressures (80—150 psi),
and pH (6—9). When phenol is adsorbed, phenol is oxidized to
CO, and H,O in the catalytic wet oxidation with oxygen. The
advantages of this process over microbial activated sludge
processes'® are that this process withstands high phenol loading
rates and the fluctuations in phenol loading and does not produce
any biological sludge. We show that the chemisorbed phenolic
compounds on doped K-OMS-2 can reach up to 2—5 times the
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Figure 1. Polyhedral representation of K-OMS-2. The structure (A and B) is viewed down the ¢ axis of a tetragonal unit-cell. The pink, blue, and

red spheres represent K, Mn, and O, respectively.

weight of doped K-OMS-2. Compared with activated carbon
(AC) adsorption,!® phenolic compounds on K-OMS-2 can be
oxidized by oxygen or air with the catalysis of doped K-OMS-2
at 573 K. The products are CO, and H,O. Doped K-OMS-2
adsorbent and catalysts are regenerated.

The overall results in this research showed that doped M-K-
OMS-2 catalysts had increased activity over that of undoped
K-OMS-2 catalysts. Doped K-OMS-2 shows potential applica-
tion in the removal of aqueous phenol. Structure activity
relationships provide some scientific background for the devel-
opment of highly efficient and low cost heterogeneous catalysts
for applications in wastewater treatment.

2. Materials and Experimental Methods

2.1. CatalystsPreparation. Co—K—OMS-2and Ce—K—OMS-2
were synthesized by hydrothermal methods. Complex cations
oxidize Mn?** and doped porous M-K-OMS-2 nanofibers are
self-assembled via a one-step hydrothermal synthesis. Cu—K—
OMS-2 and K—OMS-2 were synthesized using a complex anion
(S,05%7) to oxidize Mn*™.

In a typical synthesis of Co—K—OMS-2, fresh Co(OH); was
prepared by the oxidation of Co(NOs), with NaClO in an NaOH
solution. Co(OH); was precipitated, centrifuged, and washed
with deionized (DI) water three times. Co(OH); (4.18 g), MnSO,
(1.27 g), and K,SO4 (3.92 g) were mixed with 70 mL of H,O
and 0.5 mL of concentrated H,SO, solution (98.3%) in a 125
mL autoclave. The autoclave was heated in an oven at 473 K
for 48 h. The slurry was washed with 1 L of DI water and dried
in an oven at 473 K for 12 h. The syntheses of Cu—K—OMS-2
and Ce—K—OMS-2 followed the above procedures and condi-
tions but use different recipes. CuSO, (0.69 g), K,S,05 (0.79
2), MnSOy (0.68 g), and K,SO, (0.79 g) were mixed in 70 mL
of H,O in a 125 mL autoclave. In the synthesis of Ce—K—OMS-
2, Ce(SO4), (0.99 g), MnSO, (0.68 g). and K,SO4 (0.79 g) were
mixed in 14 mL of H,O in a 23 mL autoclave. The synthesis of
K-OMS-2 was described elsewhere.?’

2.2. Characterizations. For the structural analysis of the
adsorbents and catalysts, X-ray powder diffraction (XRD) was
carried out with a Scintag XDS 2000 X-ray diffractometer
equipped with a Cu Ko X-ray source (1 = 1.54 A). The sample
was ground to fine particles in an agate mortar. Fourier transform
infared (FTIR) spectra were recorded on a Nicolet Magna 750
spectrometer in the range of 4000—400 cm™! with a resolution
of 4 cm™ for samples in KBr (IR grade) pellets. These pellets
were prepared by thoroughly mixing KBr with sample powder
at a weight ratio of 50:1. KBr powder and samples were dried

in a vacuum oven at 373 K for more than 2 h; the pellet sample
was purged in pure N, for at least 15 min before FTIR was
done.

For the morphology study, field emission scanning electron
microscopy (FESEM) images were obtained using a Zeiss DSM
982 Gemini FESEM instrument with a Schottky emitter. The
sample was suspended in ethanol and treated in an ultrasonic
bath for 5 min and then dropped on Au and Pd sputter coated
tips. Transmission electron microscopy (TEM) images were
obtained using a JEOL 2010 FasTEM at accelerating voltages
of 200 kV with an energy dispersive X-ray (EDX) analysis
system. The samples were prepared by dispersing the material
in 2-propanol. Then a drop of the dispersion was placed on a
holey carbon coated copper grid and dried with an infrared lamp.
Element analysis of adsorbed nanosphere/K-OMS-2 composites
and Ce—K—OMS-2 was determined by EDX analysis. The
composition of other doped K—OMS-2 materials was analyzed
by atomic absorption (AA) analysis using a Perkin-Elmer 3110
AA spectrometer. Typically a sample of 20—80 mg was
dissolved in 2—5 mL of concentrated HCL solution (36.5%) in
a 50 mL Erlenmeyer flask. The flask was covered by a glass
Petri dish with water on the top and heated to 353 K to digest
the sample completely. The sample was dissolved after 2 h,
and then the digested sample was diluted in a volumetric flask
to an estimated concentration, which is between the low and
high concentrations of the standard solutions.

Gas chromatography (GC) analyses were carried out with an
SRI 8610C gas chromatograph with a flame ion detector and a
thermal conductivity detector. Gas chromatography—mass spec-
trometry (GC—MS) analysis was conducted using a Hewlett-
Packard GC (HP5890 series II) equipped with a mass-selective
detector (MSD, HP5971 Series). A DB-17MS capillary polar
column (20 m x 0.18 mm) was used in the temperature-
programmed mode. The temperatures of the injector and
GC—MSD interfaces were 543 and 553 K, respectively. The
oven initial temperature was held at 308 K and then raised to
553 K at a rate of 10 K/min. The dwell time at 553 K was 4
min.

Temperature programmed oxidation—mass spectrometry
(TPO—MS) analysis was done with a homemade setup. About
25 mg of the sample was placed in a quartz tube with a sintered
glass fiber plugged on both ends. The quartz tube was purged
with air (40 mL/min) and heated in a furnace with a program-
mable controller from 393 to 973 K at a ramp rate of 10 K/min.
The outlet gas species were monitored with an MKS-UT1 PPT
quadrupole mass spectrometer.
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Figure 2. XRD patterns of doped and undoped K—OMS-2. Presence
of CeO, impurities confirmed by 200 and 220 peaks for CeO, in the
Ce—K—OMS-2 pattern.

Thermogravimetric (TGA) analysis was carried out on a Hi-
Res TGA 2950 analyzer with a 60 mL/min air flow from room
temperature to 523 K at a heating rate of 10 K/min, from 523
to 623 K at a heating rate of 3 K/min, and from 623 to 723 K
at a heating rate of 10 K/min to control the oxidation rate of
the used catalysts. For fresh catalysts, the heating rate was 10
K/min from room temperature to 973 K.

2.3. Adsorption Experiments. The adsorption of phenol at
room temperature was analyzed by the TGA method. M—K—OMS-2
(40 mg) catalysts were added into a 40 mL of a phenol solution
(5 g phenol/L) and stirred at room temperature for 0.5 h. Then
the slurry was filtered and dried at 353 K for 12 h. The
adsorption capacity was calculated from the weight loss from
TGA analyses of the used catalysts.

In this work, the adsorption and oxidation of phenolic
compounds was conducted at temperatures of 373 and 413 K.
M—K—OMS-2 catalysts (40 mg) were added into 40 mL of a
phenol solution (0.5—5 g phenol/L) in a 0.25 L Parr reactor
with a magnetic stirrer (900 rpm). The chemisorption starts in
pure O, at 100—150 psi in a closed system. After 2 h, the system
was cooled to room temperature. Gases in the system were
analyzed with a gas chromatograph. Catalysts were filtered from
the slurry, and dried at 353 K for 12 h. Then they were
characterized by TGA, XRD, FESEM, HRTEM, and TPO—MS.
The filtered liquid was analyzed by GC—MS.

Adsorption in an N, (ultra high purity) environment was
conducted with the above same conditions and at 100 psi. Before
adsorption, the system was purged with N, until no O, was
detected by GC analysis.

3. Results

3.1. Structure and Composition of the Catalysts. XRD was
used to confirm the identity and phase purity of doped
M—OMS-2 materials. Cu?**, Co®*, and Ce** doped K—OMS-2
materials were synthesized at least three times following the
preparation procedure (see section 2.1). All of the XRD patterns
of the four different catalysts are shown in Figure 2. The XRD
patterns of the catalysts from different batches are consistent
with Figure 2. They can be indexed to a tetragonal phase of
cryptomelane-type MnO, (JCPDS 29—1020). The average
crystallite sizes of all of the OMS-2 materials (Table 1)
calculated from the peaks of (110), (200), and (310) by the
Scherrer equation®! lie in the range of 19—25 nm. Cu?*, Co*",
and Ce*" doped K—OMS-2 materials have smaller average
crystallite sizes than undoped K—OMS-2. Figure 3 of the
Ce—K—OMS-2 sample shows the second phase of cubic CeO,
is present in this sample. The (200) and (220) peaks of cubic
CeO, (JCPDS 34—394) are clearly seen and the (111) peak
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overlaps the (310) peak of K—OMS-2 and shifts to a slightly
lower 26. Typical FESEM images show that they are nanofibers
with a length of 0.5—15 um and a diameter of 15—25 nm. TEM
confirmed that the nanoparticle size of these nanofibers is about
25 nm, which is consistent with the above crystallite size. The
AA analysis shows that metal ions were doped into M—K—OMS-2
with different concentrations as shown in Table 1. K/Mn molar
ratios of doped K—OMS-2 materials are 0.11—0.15. Cobalt ion
doping leads to an increase in the concentration of K* in OMS-
2.

3.2. Adsorption and Oxidation of Phenol in Oxygen. Table
2 shows the results of adsorption and oxidation of phenol with
M—K—OMS-2. Co—K—OMS-2 and Ce—K—OMS-2 chemi-
sorbed with about 3% of its weight of phenol at room
temperature (RT) (Table 2). The adsorbed phenol at RT on
Co—K—OMS-2 was oxidized at 583 K in air (Figure S1).
K—OMS-2 has less chemisorption than that of doped K—OMS-
2.

GC data show that the chemisorbed species are further
oxidized and totally decomposed to CO, when the temperature
increases. The total reaction is shown in eq 1.

C¢HsOH (aq) + 70, (g) — 6CO, (2) +3H,0 (1) (1)

It is important to known how much phenol is adsorbed on
catalysts and how much phenol is oxidized in O, by the catalysts.
In this research, the adsorption data were obtained by TGA
analysis of the postreaction catalysts. The total removal rate of
phenol in the effluent, including both adsorption and oxidation,
was obtained by GC—MS analyses of the liquid phase after the
removal of catalysts by filtering. The deviations of TGA and
GC—MS data were about £2—5%. A very slow temperature
ramp rate (2 K/min) was used in the TGA experiments to avoid
sample spray due to strong oxidation. The adsorption and
oxidation experiments for each catalyst were repeated at least
two times.

A typical doped Co—K—OMS-2 catalyst was tested under
identical reaction conditions: temperature = 373 K, oxygen P
= 150 psi, phenol concentration 0.6 g/L..>?? The weight ratio
of Wea/Wphen Was 2. The twice-averaged total phenol removal
was 53 £+ 2% in 1.1 h. Catalytic wet oxidation of phenol
contributed 84 + 2% of phenol conversion to CO,. Low phenol
concentration has less coverage of phenolic nanospheres on the
catalyst and leads to a high percentage of phenol conversion to
CO,. Phenol adsorption on Co—K—OMS-2 was 64 + 2 mg
phenol/g catalyst, which was much less than 220 mg phenol/g
catalyst of the well-crystallized Ce-incorporated OMS-2.%?
Substitution of K ions with Ce ions in the tunnel sites of OMS-2
increased the adsorption of phenol on the catalysts, and doped
cobalt ions increased the phenol conversion to CO,. The total
phenol removal percentage with Co—K—OMS-2 catalysts
increased 9% compared with the above-reported Ce-incorporated
OMS-2 catalysts. But the total phenol remove percentage is still
low because the regeneration of active oxygen species on
catalyst surfaces is slow at low temperatures. The advantage of
the catalytic wet oxidation technique is its capability of treatment
of a relatively high concentration of phenol in wastewater at
an intermediate temperature range.

To improve the catalytic oxidation effects of the catalysts,
the reaction temperature was increased to 413 K and a low ratio
of WeaWphen = 0.25 and a high concentration of phenol (5 g/L)
were used. The twice-averaged values of the phenol adsorption
and oxidation are reported in Table 2. The oxidation capacity
is obtained by subtracting the adsorption capacity from the total
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TABLE 1: Catalyst Composition, Size, and BET Surface Area

Hu et al.

molar ratio
catalyst K/Mn M/Mn surface area (m?/g) average crystallite size (nm) micropore volume
K—-OMS-2 0.12 n.a. 63 19.9 0.23
Co—K—OMS-2 0.15 0.12 44 15.4 0.14
Ce—K—-OMS-2 0.11 0.01¢ 60 132 0.18
Cu—K—-OMS-2 0.13 0.01 40 13.0 0.19

“Due to incomplete dissolution of the Ce—K—OMS-2 sample in cencentrated HCI, the molar ratio of Ce/Mn in Ce—K—OMS-2 was done

by TEM-EDX. Other K/Mn and M/Mn ratios were done by AA analysis.

Figure 3. Typical FESEM images of OMS-2 catalysts. (A) Ce—K—OMS-2 before reaction, (B) regenerated Ce—K—OMS-2, (C—F) postreaction
Cu—K—OMS-2, K-OMS-2, Co—K—OMS-2, and Ce—K—OMS-2 with organic nanospheres, respectively.

removal rate. Table 2 shows that doped K—OMS-2 materials
have a higher phenol removal rate than undoped K—OMS-2.
Co—K—OMS-2, Cu—K—OMS-2, and Ce—K—OMS-2 have 9.2,
6, and 5.25 times greater phenol removal rate than K—OMS-2,
respectively.

3.3. Morphologies and Compositions of Nanospheres. The
morphologies and compositions of postreaction catalysts were
investigated by FESEM, TEM, and EDX techniques. FESEM

images of fresh and postreaction M—K—OMS-2 are shown in
Figure 3. FESEM images of postreaction samples show that
the quantities and sizes of adsorbed nanospheres vary with
doping ions (Ce*t, Co*", and Cu?"). The nanospheres of
Cu—K—OMS-2 are larger than that of K—OMS-2. The adsorp-
tion of doped K—OMS-2 is more than that of undoped
K—OMS-2. The FESEM data are consistent with TGA data of
these postreaction catalysts. The chemisorption of phenol on



Removal of Aqueous Phenol

J. Phys. Chem. C, Vol. 114, No. 21, 2010 9839

TABLE 2: Results of Adsorption and Oxidation with Doped K-OMS-2 Catalysts*

adsorption oxidation total removal
catalyst 413 K 298 K 413 K 413 K phenol conversion, %
K-OMS-2 0.006 0.18 0.22 0.4 76.5
Co—K—OMS-2 0.024 0.85 2.85 3.7 99.8
Ce—K—OMS-2 0.017 0.47 1.63 2.1 98.9
Cu—K—-OMS-2 0.021 1.03 1.37 2.4 97.9
“Note: all the units are g phenol/h. g catalyst. Under the reaction conditions: Temp = 413 K, Cypenot = 5.0 g/L, oxygen P = 100 psi, and
time = 2 h.
Figure 4. TEM images of adsorbed nanospheres. B1: nanosphere at end of K—OMS-2 tunnel, B2: nanosphere on the surface of K—OMS-2
nanofiber.
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Figure 5. EDX spectra of K—OMS-2 nanofibers and adsorbed nanospheres. Al: a nanosphere and a nanofiber, A2: nanosphere only. The sample

support contains Cu.

catalysts is generally considered to increase with temperature.?’
At room temperature, nanospheres do not form on the nanofi-
bers. The nanospheres form at the end of fibers, then the
nanospheres cover all the surfaces of the nanofibers at 423 K.
The chemisorbed nanospheres on the end of M-K-OMS-2
nanofibers were not detached in ethanol solution under 10-min
ultrasonic treatment (Figure 4, B1). These interesting phenomena
will be discussed below in section 4.2.

Figure 4 (B1) shows that the radii of the adsorbed nanospheres
are about 40 nm. The nanospheres formed at the tunnel openings
of nanofibers imply that the tunnel openings of K—OMS-2 are
reactive. Figure 4 (B2) shows the interface of K—OMS-2 and
a nanosphere. The ¢ axis of K—OMS-2, the 2 x 2 tunnel
direction, is parallel to the long axis of the fiber morphology
(as labeled in Figure 4, B2). The nanospheres are chemisorbed
on the K—OMS-2 surfaces. EDX spectra (Figure 5) at select
areas reveal that the K-OMS-2 nanofiber with an adsorbed
nanosphere is composed of K, Mn, C, and O, and the EDX
spectra of the nanospheres show C and O peaks (H is not

detectable by EDX). The formula of K—OMS-2 is K ,MnO,.
This indicates that the nanosphere is an organic nanosphere,
and no manganese oxide is inside.

3.4. FTIR Spectra of OMS-2/Nanospheres. Phenol is not
fully oxidized to CO,, and part of the phenol molecules forms
intermediates or polymeric species adsorbed on the catalysts
during these oxidation processes.’* Some of the intermediates,
such as hydroquinone and p-benzoquinone, are more toxic than
phenol.”® Identifying and finally oxidizing them are the key
points to evaluate the reduction of toxicity in the oxidation
process.

To identify the adsorbed species on the M—K—OMS-2
nanofibers after the chemisorption of phenols, corresponding
FTIR spectra were obtained and are presented in Figure 6. In
Figure 6A, the absorptions at 721, 593, 525, and 471 cm™ can
be assigned to the Mn—O vibrations of the MnOg octahedra in
the framework of M—K—OMS-2. The broad band at 3340 cm™
is assigned to stretching of the bonded OH groups in the
frameworks of Ce—K—OMS-2 and Co—K—0OMS-2.%° The band
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Figure 6. FTIR of M—K—OMS-2 before (A, top) and after (B, bottom) the adsorption of phenol. “*” represents the post reaction OMS-2 samples.

Figure 7. FESEM of adsorption of phenol on K—OMS-2 at 423 K. A: in N,, B in O,.

at about 1630 cm™!, which is a bending vibration of the tunnel
water species, is not observed here. In Figure 6B, the broad
band at around 3448 cm™! can be attributed to characteristic
hydrogen-bonded phenolic O—H vibrational bands and intramo-
lecular hydrogen bonding between the repeating units in the
polyphenol chains.?” Two absorption bands at about 1589 and
1491 cm™! are due to the C=C vibrations of the aromatic ring.
The broad vibrational band at around 1211 cm™! can be
attributed to an overlapping C—O stretch of free phenolic —OH
functional groups and the C—O—C stretch of phenyl ether. The
band at 3068 cm™! belongs to the —C—H stretch of an aromatic

ring. The bands at 835 and 752 cm™! belong to out-of-plane
bending of =C—H. There are still some phenolic —OH
functional groups on the polyphenol.

3.5. Adsorption and Oxidation in Nitrogen. The role of
lattice oxygen in OMS-2 is demonstrated in the chemisorption
and oxidation of phenol in an anaerobic environment (N).
FESEM images of Figure 7 show that there are still many
organic nanospheres chemisorbed on OMS-2 nanofibers in N,.
The adsorbed nanospheres on OMS-2 are smaller and fewer in
N, than in O,. With the temperature increasing to 423 K,
phenolic compounds gradually cover all of the surfaces of
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Figure 8. TGA (A) and TPO-MS (B) of K—OMS-2 adsorbed with phenolic compounds at 413 K.

nanofibers (Figure 7). This is consistent with TGA data of
postreaction catalysts in N, and O,. Figure 8 shows the
adsorption peak of 1387 cm™! in N, which is assigned to —OH
(phenol) deformation. This peak was not observed in Figure 6
of postreaction K—OMS-2 in O,. This might indicate that the
intermediate catechol formed in an N, environment and was
not further oxidized without O,.

3.6. Regeneration. Phenolic polymer covered the surfaces
of the OMS-2 catalyst and therefore the catalyst gradually loses
its activity. Regeneration of the catalyst is required. Figure 8
shows that the adsorbed phenolic polymer on the postreaction
OMS-2 catalyst was totally oxidized in O, (or air) at temper-
atures as low as 583 K (eq 2).

HO—(C,H,0),—OH (s) + (3n + 1)0, (2) —
6nCO, (2) + B3n + DH,0 (1) (2)

In the above reaction, OMS-2 is a combustion catalyst. The
oxidation reaction of organics on the OMS-2 surfaces is very
strong and exothermic. The regeneration reaction of the pos-
treaction Co—K—OMS-2 is strong and a weak flame can be
seen in air. Therefore, diluted oxygen helps to control the
temperature under 725 K and to retain the crystal structure of
M—K—OMS-2 which is needed, because the cryptomelane
structure will lose lattice oxygen at higher temperatures, and
will be converted to bixbyite and lose part of its catalytic
activity.”® The FESEM image (Figure 3B) shows that the
adsorbed phenolic polymer nanospheres on OMS-2 nanofibers
were totally oxidized. Typical XRD patterns of regenerated
Co—K—OMS-2 catalysts confirmed that the OMS-2 crystal
structure is maintained (Figure S3). The stability of doped
K—OMS-2 in combustion is important in practical applications,

because many adsorbents and catalysts, such as activated carbon
and supported catalysts, could be partially combusted at
temperatures as low as 393 K.*

4. Discussion

4.1. Doping Effect on Adsorption and Oxidation of
Phenol. M—K—OMS-2 doped with Co**, Ce**, and Cu** have
greater adsorption of phenol and higher catalytic activity than
that of undoped K—OMS-2 (Table 2). These doped OMS-2
catalysts have high BET surface areas (40—63 m?%g). High
surface area generally increased the adsorption and activity.
Other doping and structure factors described here showed greater
effects on the adsorption and oxidation than surface area.
Although XRD patterns reveal that Co**, Ce*", and Cu?* doped
K—OMS-2 materials have the same 2 x 2 tunnel structure as
K—OMS-2, the dopants make a distinct difference in the ability
to adsorb and oxidize phenol. These metal ion dopants greatly
enhance the adsorption properties and catalytic activities of the
doped K—OMS-2 materials.

Considering the structures, the doped ions either locate in
the framework to replace Mn>" and Mn*" or in the tunnel sites
to replace K*. In a priori incorporation of metal ions, Pauling’s
Rules suggest the crystal radius might determine whether the
ion is doped into the framework or in the tunnel sites. Justified
by the crystal radii (Table 3), Co*" would be in the framework
positions of K—OMS-2 due to their almost equivalent ionic radii
to those of the Mn* ions. Ce*" ions were presumed to be in
the tunnel positions of K—OMS-2 because of their much larger
ionic radii compared to those of the Mn**/Mn** ions. Cu®" ions
may primarily be in the framework of K—OMS-2.

K—OMS-2 is a mixed-valent MnO, in which charge imbal-
ance on the octahedral framework due to reduction of Y'Mn**
(VI and VIII represent the coordination numbers in the lattices)
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TABLE 3: Crystal Radii and the Ratio of Doped Ion Radii
to Oxygen Ion®*

iOnS VIMn3+ VIMn4+ VIC03+ VIIICe4+ VICu2+ VIIIK+ V1027

CR(A) 072 0.67  0.685 1.11 0.87 1.65 1.26
I/, 0.57 053  0.54 0.88 0.69 131 na.

“Where CR is crystal radii and r./r, is the radii of cation divided
by the radii of oxygen.

to VIMn>* is compensated by the presence of YK!* in the tunnel
site. This exchange, called “redox exchange” by Feng et al.’!
is shown in eq 3

VIIIDO + VIMn4+ = VIIIK1+ + VIMn3+ (3)

where YI° represents a vacant VIII-fold tunnel site (Figure
1). The formula of K—OMS-2 calculated from AA analysis
(Table 1) with the assumption that the concentration of Y'Mn3*
is related to that of YK!'"™ by the redox exchange (eq 3) is
Ko.12Mng gg*TMng 1,370, and is consistent with occupancy of one-
half of the available tunnel sites by YK !*, Charge compensation
on the octahedral framework associated with doping of
K—OMS-2 with Y'Co®t or YICu?* can be described by similar
redox exchanges

VI 4 Vippodt o VI i+ Vi s+ (4)
and
VI 4 Vivipt = VI 4 Vie2t (5)

The formula of Co—K—OMS-2 calculated from AA analyses
and using exchanges (3) and (4) is K 3Mngg*"Mng**-
Cop,11°"0,, and that of Cu—K—OMS-2 calculated using exchanges
(3) and (5) is Ko;oMngse"™Mng**Cug0*"0,. As with pure
K—OMS-2, these formulas are consistent with half-occupancy of
the tunnel site by VK",

Charge compensation associated with entry of YCe** into
the tunnel can be described by a redox exchange

VIIID" + 4V1Mn4+ = VIIICe4+ + 4VIMn3+ (6)

which can be coupled with exchange (3) to give the formula,
K,Ce Mn_s—,*"Mny,+,* " O,. If the tunnel site is half occupied,
x +y=0.125. The formula of Ce—K—OMS-2 calculated from
TEM-EDX analysis (Table 1), assuming Y™Ce** occupies tunnel
sites is Ko,11Ceg.01Mnggs*tMng 15> TO,. Because our synthesis of
Ce—K—OMS-2 produced excess cubic CeO, (Figure 2), we
interpret this composition to represent the saturation limit for
VIICeH in the K—OMS-2 structure. Single-phase Ce—K—OMS-2
(OMS-2 B) with the formula, K0_09C€0_04M1'10_7(,4+Mll()_243+02, has
been produced by ion-exchange of K—OMS-2 with Ce (III)
nitrate solution.?> Attempts to introduce additional Ce into the
structure produced a two-phase mixture with cubic CeO,. Table
2 shows that the substitution of K ions with Ce ions showed
the increase of phenol adsorption on the catalyst and also the
increase of the catalytic activity of phenol conversion to CO..

4.2. Possible Mechanism of Adsorption and Oxidation.
Covalently bound surface OH groups on Co—K—OMS-2 and
Ce—K—OMS-2 show a broad band at 3340 cm™" (Figure 6 A).
These covalently bound surface OH groups account for about
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2% adsorption of phenol on Co—K—OMS-2 and Cu—K—OMS-2
at room temperature. At increased temperatures, more OH
groups are produced from the hydroxylation of the surface
oxides.*?> The hydroxylation reaction can be described by

M—O (s) + H,0 (I) — M—OH (s) + —OH (aq) (7)

Both covalently bound surface OH groups and OH groups
produced by eq 7 react with phenol (Ar—OH) to form phenolic
complexes via eqs 8 and 9

M—OH (s) + Ar—OH (aq) — M—O—Ar (s) + H,0 (I)
(8)

M—OH," (s) + Ar—OH (aq) — M—O"H—Ar (s) +
H,O0®M (9

M—OH represents the surface OH groups bonded to metal
ions M. More M—OH species bind more phenol molecules.
Considering that the hydroxylation reaction goes fast at an
increased temperature, the adsorption of phenol is significant
at high temperatures with high (40—64 m?/g) surface area
materials.

The free-radical mechanism is involved in the catalytic wet
oxidation of phenol in oxygen. The one-electron oxidation of
phenol by mixed valent Mn*"/Mn*" ion in the doped K-OMS
catalysts accounts for the formation of the phenoxy radicals (see
reaction 10).33 These phenoxy radicals not only are involved in
the degradation of phenol but also cause the formation of the
phenolic nanospheres due to coupling of phenoxy radicals and
phenol. Gopalan et al.** reported the free radical chemistry of
phenol oxidation in supercritical water in both gas and solution
phases, and the formation of phenol dimerization products was
due to phenoxy radical—radical recombination. In our catalytic
wet oxidation of phenol, dimerization products were not detected
in the liquid phase by GC—MS. However, dimerization reactions
may proceed on the surface of the nanofiber catalysts. Phenolic
nanospheres formed on the solid doped K—OMS-2 nanofibers.
The functional groups of —Ar, Ar—O—Ar, and —OH shown in
FTIR spectra of the postreaction catalysts suggested that
phenoxy radical coupling accounts for the formation of phenolic
nanospheres. To explain the formation of the phenolic nano-
spheres, Scheme 1 shows the typical reactions of the phenoxy
radicals and phenol. Equation shows the isomerism of the
phenoxy radicals. These phenoxy radicals have radical—radical
reactions (see reaction 12) and radical-molecule reactions (see
reaction 13). 2,2’-Biphenol dimers form poly(biphenol) on the
catalyst surface, while 2-phenoxyphenol can terminate the
polymerization process (the reactions are not shown here). The
coupling and polymerization processes explain the formation
of phenolic nanospheres although they could be more compli-
cated than the reactions shown in Scheme 1.

Catalytic processes of phenol oxidation involve the Mars-
van Krevelen mechanism® of oxidation at the interfaces of the
catalyst surfaces and phenol molecules. Mixed valent Mn*"/
Mn®" ion are the active sites of the catalysts. Phenol was
reported to adsorb exclusively on the metal ion sites at their
higher oxidation states (Mn*"),* and is oxidized by Mn** ions
and not directly by molecular oxygen in the gaseous phase.
Lower oxidation state ions (Mn>") are reoxidized to Mn** by
adsorbed oxygen atoms when pH is controlled in the range of
6—9.%7 Leaching of Mn*" was not observed in the effluent by
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SCHEME 1: Formation of Phenoxy Radicals and Dimers

& 5-G0 -

2-phenoxyphenol

OH 0 OH HO
shie
+ _—
2, 2'- biphenol

AA analyses under this pH condition. Gas phase oxygen
provides OMS-2 catalysts with adsorbed oxygen species via a
diffusion process.

The adsorption of phenol on adsorbents and catalysts is
determined by surface area, pore size distribution, phenol
concentration, and pH of the solution. When these parameters
were kept the same, the effect of temperature on adsorption of
phenol was observed in section 3.3. Phenol binding reactions
8—9 must overcome the entropic penalty (up to +15 kcal/mol)
for the loss of rotational and translational degrees of freedom
as two reactants combine to become one complex, and the
penalty (about 0.6 kcal/mol) for restriction of bond rotation.*®
The phenol binding reactions are fast at elevated temperatures.
Comparing the phenolic nanosphere density of FESEM images
(Figure 3D and Figure 7B), the chemisorption of phenol at 423
K was more than that of 413 K. The phenol binding on doped
K—OMS-2 nanofibers is favored at defect sites, such as oxygen
vacancies.* The ends of tunnel sites of doped K—OMS-2 might
have more defects leading to the formation of phenolic
nanospheres.

Phenol oxidation needs to overcome an activation energy.
Fast degradation of phenol takes place at temperatures between
403 and 423 K, at which temperatures industrial phenol
wastewater is often discharged. To utilize the waste heat, doped
K—OMS-2 catalysts are added into hot phenol wastewater in a
high-pressure oxygen reactor with stirring for adsorption and
oxidation. In the disposal of phenol from synthetic fuel plants,
utilization of the industrial waste heat in this process is an
effective way to save energy and to reduce the treatment cost.

The enhanced oxidation activity of doped K—OMS-2 catalysts
at reaction temperatures (375—425 K) could be explained by
the temperature programmed reduction (TPR) of doped
K—OMS-2 with 5% CO/He (balance).** Co—K—OMS-2 and
Cu—K—OMS-2 showed that CO was oxidized by oxygen
species of OMS-2 between 340—400 K, which is the operating
temperature range of phenol oxidation. In TPR experiments,
active oxygen species were minimal and showed a weak peak
because no fresh oxygen was supplied. But in the oxidation of
phenol with oxygen, the depleted activate oxygen species of
OMS-2 can be regenerated as reported by Yin et al.*! via oxygen
diffusion. Therefore, doped K—OMS-2 materials could be used
as catalysts with enhanced catalytic activity. Increasing the
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reaction temperature could help regenerate the active oxygen
species, and therefore improved the catalytic wet oxidation rate
of phenol. This gives an explanation why Erena et al. and
Abecassis-Wolfovich et al. observed that the removal of phenol
at low temperatures is mainly attributed to the strong adsorption
of phenolic compounds on solid catalysts, and why the catalytic
wet oxidation is the main contribution (up to 77%) to the total
phenol removal at a higher temperature with an almost 100%
phenol removal efficiency in our experiments.

Further adsorption experiments were conducted in N, to
compare with the results in O, to determine the role of oxygen
in the adsorption and oxidation of phenol with mixed-valent
OMS-2 catalysts. TGA analysis data show that the chemisorp-
tion of nanospheres on K—OMS-2 in N, is much less than the
chemisorption in O, (only 38% adsorption in O,). Only about
3 ppm CO; in the gas phase was detected by GC analysis. This
is due to the lack of O, in the system. Reactive oxygen species,
which are observed between 340—400 K in TPR experiments,
were depleted in the oxidation of phenol but cannot continuously
form from gas phase oxygen. The chemisorption of phenolic
compounds in N, implies that reactive oxygen species in OMS-2
are directly involved in the oxidation.

5. Conclusions

Doped cryptomelane-type M—K—OMS-2 nanofibers were
synthesized and tested as catalysts and adsorbents in the
abatement of phenol in wastewater. TEM and FESEM images
show novel nanospheres are adsorbed on the nanofibers of doped
and undoped K—OMS-2 surfaces. EDX and FTIR analyses
confirmed that the compositions of the nanospheres were pure
organic phenolic compounds, such as poly(biphenol). The
mechanism of the formation of the nanospheres is proposed.
FTIR spectra of doped K—OMS-2 show bound OH groups.
Surface OH groups on OMS-2 increase the adsorption of phenol.
These OH groups form in the synthesis process by doping metal
ions, and in the hydroxylation of OMS-2 at high temperatures
(373—423 K). Nanospheres form during the oxidation of phenol
to intermediate catechol.

Doping K—OMS-2 catalysts with Ce*t, Co*", and Cu?**
significantly increases the activity of doped M—K—OMS-2 in
comparison to undoped K—OMS-2. The highest efficient
catalyst tested here is Co—K—OMS-2 catalyst with a phenol
removal rate of 3.7 kg phenol/h kg catalyst. These catalysts have
shown high catalytic activities and stability in heterogeneous
reactions at moderate temperatures. These types of catalysts that
can be used in liquid—solid, solid—solid, and gas—solid
heterogeneous reactions are rare. Doped K-OMS-2 catalysts
have larger adsorption capacity (1.03 g phenol/h.g Cu—K—OMS-
2) of phenol than activated carbon (0.24 g phenol/5 days.g
AC).*2 Doped K-OMS-2 is more stable in combustion and in
regeneration than activated carbon. Although the price of doped
K—OMS-2 is higher than activated carbon, the total operation
cost of doped K—OMS-2 can be compensated by its capacity
and longevity. The catalysts tested here indicate that doped
K—OMS-2 has potential application in the removal of aqueous
phenol from the synthetic fuel and other industries.
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