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Cobalt oxide was supported on ordered mesoporous zirconia (MZ) by wet impregnation, drying, water washing,
and calcinations with cobalt acetate tetrahydrate as the metal precursor for the first time. The mategial (CoO
MZIW) was characterized by X-ray diffraction, X-ray photoelectron spectroscopy, Fourier transform infrared
spectroscopy, temperature-programmed reduction, anduiB/Adiffuse reflectance spectra measurement. The
studies showed that the [CofBl)s]?" interacted strongly with surface hydroxyls of mesoporous zirconia,
leading to a highly dispersed Colyer. The CoQexisted mainly as G®, phase. Furthermore, the catalyst

was found to be highly effective for the mineralization of 2,4-dichlorophenoxyacetic acid (2,4-D) aqueous
solution with ozone. The multivalence oxidation states and high dispersion of &@dtanced the interfacial
electron transfer, causing the higher catalytic reactivity. On the basis of all information obtained under different
experimental conditions, Ca®1ZIW enhanced the mineralization of 2,4-D by the formation of the hydroxyl
radical (OH) resulting from the catalytic decomposition of ozone.

1. Introduction inorganic precursors are first introduced into channels of host
materials such as mesoporous silicas. Then, Mr@docrystals

are produced with a replica of the confined space by subsequent
calcinations. Nanopatrticles of MRGupported on mesoporous
silica SBA-15 have been obtained by high dispersfoiihe

Heterogeneous catalytic ozonation has received increasing
attention in recent years because of its potentially higher
effectiveness in the degradation and mineralization of refractory

organic pollutants and lower negative effept on water quallyy. structure and dispersion of the supported metal oxide depend
It has been developed to overcome the limitations of ozonation

processes, such as the formation of byproducts and selectiveDrlrnarlly on the preparation method, the nature of the support,

reactions of ozone, which are designed to enhance the productionanOI the type of precursor itself. Ordered mesoporous materials,

of *OH, known nonselective oxidantg.Specifically, solid metal Wit.h their intr.insically high surface areas, are particularly
oxides are more practical in catalytic ozonation than ionized suitable for this purpose.

metals, due to the fact that solid metal oxides subdue bromate In th_e pres_ent study, for the first time, Cp n(_)partlcles_
A . . ... “were highly dispersed on the surface of MZ by the impregnation
formation in the reaction with ozone and are less pH-sensitive

than ionized metal&?® of the acetate precursor solution, followed by drying at 383 K
So far, metal oxides (e.g., MBOTIO,, and AbOs) and and washing with water and calcinations at 5733 K. This

. ! was attributed to the strong interaction of the [CgQhk]>" with
supported _metal oxides have been proposed as gffectlve CataIyStgurface hydroxyls of MZ on the basis of different experimental
for ozonation processés? In many cases, alumina-supported

- . : information. 2,4-D is the most widely used herbicide in the
me.ta'l oxides of Fe, Ag, Co, N|.,.Mn, and Cu. have shown high world.1® It has been detected as a major pollutant in ground
activity for ozone decomposition at ambient temperature.

Among transition metal oxides, cobalt oxides, both unsupported and surface waters. Moreover, 2,4-D has very poor biodegrad-
g ; . L pp ability. Most papers describe the degradation of 2,4-D aqueous
and supported on different oxide support materials, are some

. N . solution by advanced oxidation processes (AOPS) involving
of the most important catalysts for complete oxidation of volatile o7 . a8 : ,
. ) chemicalt” photochemical? or photocatalytit® production of
organic compounds in afrA large number of papers have

reported their high catalytic activity for the elimination of GO "OH. In these processes, the mineralization of 2,4-D needs a
NO 11 and organic compountsin air. However, these catalysts prolonged reaction time. Catalytic ozonation has great potential

- ) ! for the mineralization of refractory organics. Therefore, 2,4-D
have not yet been applied much for the catalytic ozonation of o .
. . was selected to evaluate the activity and properties of the catalyst
organic pollutants in watég

The catalytic activity of metal oxide depends on the size with ozone in aqueous solution. The results indicated that the

distributi d hol f particles. H ducing th catalyst exhibited higher reactivity for the mineralization of 2,4-
Istribution and morphology ot particies. Hence, reducing the p, = preliminary effort to identify a correlation between the

diameter of heterogeneous catalysts to nanometer scale ma . : X -
e urface properties of supported Gagd their catalytic activit
cause the enhanced reactivity of the heterogeneous catalysts %as beeFr)1 uFr)wdertaken PP y y

a given amount* Presently, using porous materials as solid
nanoreactors, Mnnanocrystals with various morphologies 2 Experimental Section

have been obtained by a method called “nanocasting”. Generally, . ) .
Catalyst Preparation. MZ was prepared via solid-state

* Corresponding author. Tel86-10-62849628; fax:+86-10-62923541;  €action using the structure-directing mettth this synthesis,
e-mail: huchun@rcees.ac.cn. ZrOChL-8H,0 and NaOH were milled into fine powder,
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respectively, and mixed at ambient temperature with the
assistance of P123. The mixture was then transferred into an ) NJ\«../\_/\~

autoclave and kept at 383 K for 48 h. Subsequently, the mixture é, A
was washed with deionized water and ethanol, then dried at g m

383 K overnight and calcined at 623 K for 3 h. Because MZ
has ordered mesoporous and a bigger BET surface area (232
m?/g) with sufficient hydroxyl groups, it is a good support for
preparing the highly dispersed metal oxide. Different supported
CoQ, samples were prepared by the incipient wetness impregna-
tion method with cobalt acetate tetrahydrate [CogCBO),- T T T
4H,0] as the metal precursor. A 0.33-g quantity of cobalt acetate
tetrahydrate was dissolved in 1 mL of distilled water. Then, 20 /degree
2 g of MZ was added to this solution. After impregnation, the Figure 1. XRD patterns of different catalysts: (a) MZ, (b) 1% C6O
sample was dried at 11%C for several hours. Subsequently, MZ'IW' (C)f% CoQ/MZIW, (d) CoO/MZI. The inset shows the high-
the product was washed with deionized water to remove the angie pesax.
excess cobalt, which was not connected directly to the surface
of MZ by the hydroxyl group, and dried at 12C for several 200
hours and calcined at 35T for 2 h, in air. Following this
procedure, catalysts with different Co contents were prepared
from 1 to 20 wt %. The catalyst with 2 wt % Co exhibited the
highest activity. This catalyst, designated G&ZIW, was used
for all of the experiments. As reference, two catalysts, 2 wt %
Co supported on mesoporous zirconia and commerciah ZrO
(CZ) (purchased from Shantou Xilong Chemical Factory
Guangdong, China), were prepared by the above method without
water washing. These two catalysts were designated/&txD ) .
and COQ/CZL Relative pressure P/P

Catalyst Characterization. Powder X-ray diffraction of the E'gg):szz'l’N(é)a'?ﬂszr?é';)gggjggﬁlon isotherms: (a) Ca®ZIW, (b)
catalyst was recorded on a Scintag-XDS-2000 diffractometer
with Cu Ka radiation ¢ = 1.54059 A). U\-vis diffuse
reflectance spectra (UWis DRS) of the samples were recorded
on a UV—vis spectrophotometer (Hitachi UV-3100) with an
integrating sphere attachment. The analyzed range was 200

800 nm, and BaSpwas the reflectance standard. XPS analysis acetonitrite with water mobile phase was used. The total organic

was performed on an AXIS-Ultra instrument from Kratos, using ., 0 1 fthe solution was analvzed with a Phoenix
monochromatic Al Kx radiation (225 W, 15 mA, 15 kV). To '(I:%téoarsalgfe)ro the solution was analyzed with a Phoenix 8000

compensate for surface charge effects, binding energies were
calibrated using a C1s hydrocarbon peak at 284.8 eV. For FTIR
measurement, the dry samples were supported on KBr pellets.

The infrared spectrum was recorded on a Nicolet FTIR  xRD and N, Adsorption. The XRD patterns of different
spectrophotometer. The zeta potential of catalysts in K403 samples are shown in Figure 1. The low-angle XRD pattern of
M) solution were measured with a Zetasizer 2000 (Malvern Co., the MZ sample showed a broader primary diffraction peak,
U.K.). Every reading of the instrument was recorded after three jngjicating that the prepared MZ had an ordered mesostrugure.
consistent readings had been attained. The temperature-The inorganic framework was periodic because it consisted of
programmed reduction (TPR) experiments were carried out in nanocrystallites in the tetragonal phase according to the XRD
a flow of 5% HyAr (30 mL/min) by heating the sample to  peaks at high angles shown in the inset of Figure 1. After the
900°C at 10°C min~'. A mass spectrometer (Hiden) was used introduction of Co, the low-angle XRD peaks of MZ shifted
for on-line monitoring of the TPR effluent gas. Prior to TPR, toward higher angles, although MZ still had a periodic meso-
the catalyst (0.5 g) was pretreated under a 2096© mixture porous framework. This was possibly attributed to the formation
at 350°C for 1 h and cooled to room temperature. of Co nanoparticles in the pores. No XRD diffraction peaks of
Catalytic Activity Measurements. Batch experiments were ~ CoO, were observed in these samples. However, the peak
carried out with a 1.2-L reactor. The reaction temperature was intensity of MZ was lowered with the increase of the loading
maintained at 20C. In a typical experiment, agueous suspen- amount of CoQ for CoQ/MZIW (curves b and c), while it
sions of 2,4-D (1 L, 80 mg %) and 1.5 g of catalyst powders was not changed by the addition of Cofor CoO/MZI. The
were placed in the reactor. The suspension was magneticallyresults indicated that the Co ions were incorporated into the
stirred throughout this experiment. The ozone was generatedstructure of MZ for CoQMZIW, whereas the Co ions were
by a laboratory ozonizer (DHX-SS-IG, Harbin Jiujiu Electro- not incorporated into the crystal phase of MZ for GA@ZI.
chemistry Technology Co., Ltd., China). Thirty milligrams of The XRD patterns of Co@CZI and CZ were same (Supporting
gaseous gL oxygen—ozone was bubbled into the reactor Information, Figure S1). No XRD diffraction peaks of CpO
through the porous plate of the reactor bottom at a 127+ h  were observed in Co@CZI because of its low content.
flow rate. At given time intervals, samples were withdrawn and ~ The N, adsorption-desorption isotherms are presented in
filtered through a Millipore filter (pore size 0.4@m) for Figure 2 for MZ, CoQ/MZIW and CoQ/MZI. They are
analysis. An aliquot of 0.1 M N&,O3 was subsequently added typically type-IV with hysteresis loops, which means that the
to the sample to quench the aqueous ozone remaining in thematerials had a mesoporous structure. The introduction o, CoO
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reaction solution. The concentration of ozone in the aqueous
phase was determined with the indigo method. 2,4-D was
measured by high-performance liquid chromatography (HPLC,
Alliance 2695) with an Xterra C18 column. Sixty percent

3. Results and Discussion
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Figure 3. Pore size distribution for CogMZIW, CoOJ/MZI, and MZ.
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Figure 4. FTIR spectra of different samples: (a) MZ, (b) C#aZI,
(c) CoQ/MZIW, (d) CoO/ CZI, (e) CZ.

did not change the distribution of the pore diameters (shown in
Figure 3), indicating the high dispersion of CoMowever,
the BET surface area of Ce@MZIW was 206 ni/g, smaller
than that of MZ, while the BET surface area of GA@Z| was

193 n¥/g, a significant reduction. As a reference, CZ was also
characterized by Nadsorption-desorption. Its BET surface area

Hu et al.
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Figure 5. XPS Co 2p spectra of different supported Go@) CoQ/
CZI, (b) CoQ/MZIW, (c) CoO/MZI.

TABLE 1: Co Concentration in the Whole Particle and the
Surface Phase of Different Catalysts

sample Cointhe bulk (wt %)  Co on the surface (wt %)
CoQ/MZIW 1.9 4.2
CoO/MZI 1.7 1.7
CoQ/CzI 2.3 7.6

Co. The Co concentrations on the whole particle and the surface
of the particle were measured by the analysis of XPS and ICP
(induced coupled plasma spectrometer). Table 1 summarizes
the analysis results for different samples. The Co concentration
on the surface phase (4.2 wt %) was much higher than that (1.9
wt %) in the bulk for CoQ/MZIW. This result indicated that
most of the cobalt oxides were dispersed on the surface of MZ.
For CoQ/MZI, the surface Co concentration (1.7 wt %) was
equal to that (1.7 wt %) in bulk. Conversely, most of the GoO
was loaded on the surface of CZ by impregnation and calcina-
tion; the surface Co concentration (7.6 wt %) was much higher
than that in the bulk (2.3 wt %). This was attributed to
nonporosity, a smaller surface area and insufficient surface

was 8.83 rfg. No mesopores were detected in the sample (curve hydroxyls of CZ. The rich surface hydroxyl groups of the

d) in Figure 2.

FTIR Measurements. The surface properties of a catalyst
are very important for the degradation of organic pollutants in
heterogeneous catalytic ozonat®riTherefore, different cata-
lysts were further characterized with FTIR. As shown in Figure
4 for MZ (Figure 4a), there were three OH absorption bands:
the first one was at 35663200 cnt! corresponding to the

support played an important role in the loading and dispersion
of CoQ by the preparation method of impregnation, drying,
water washing, and calcination. It was found that little cobalt
was loaded on the surface of CZ, and the dosages of Co were
almost completely washed out with water. These phenomena
did not occur when MZ acted as the support. These results
suggested that Cq@vas anchored on the surface of MZ by the

stretching of OH groups of adsorbed water. The second one atinteraction of [Co(HO)g]?* with the surface hydroxyls of the

1600 cnt! was assigned to the bending vibration of adsorbed
water?3® The third one was at 1346 cry attributed to the
deformation vibration of ZrOH.?* CoQ/MZI and CoQ/MZIW
exhibited similar FTIR spectra of MZ except for a new
absorption peak at 1386 crh assigned to OH deformation
vibrations of hydrated CoQ(Figure 4b and c). However, for
CoQ/MZIW, the intensity of the new peak was much stronger,
and these bands at 1346 and 1600 tinecame weaker than
that for MZ. Oppositely, these bands did not significantly change
in the CoQ/MZI sample. The results indicated that CoO
strongly interacted with surface hydroxyls of MZ in CgO
MZIW, which agreed with the XRD results. The water washing
process enhanced the diffusing of Co(ll) on the surface of MZ,
leading the strong interaction. There were no OH groups on

support. In the preparation method, the Co concentrations on
the whole particle increased with increasing of the dosage of
Co and reached to the maximum value around 2% at the dosage
of Co 5%; then the Co concentration did not change with
increasing Co dosage, even at dosages of 10% and 20%. During
impregnation and subsequent drying in air, the complex reacted
with both the acidic and basic hydroxyls of MZ to form the
(H20)Co*3*+—0—2Zr link. The excess cobalt, which was not
connected directly to the surface of MZ, was almost completely
washed out with water in the washing step. Thus, monolayer-
dispersed Co@was formed by calcination. In the preparation
method of impregnation, drying, and calcination, the Co
concentrations on the whole particle always increased with
increasing dosages of Co. Therefore, the multilayer Qoés

CZ (Figure 4e), except the bands corresponding to a weak OHsupported on the surface of MZ. To confirm the metallic state

stretching vibration (3400 cmd). CoQ/CZI also exhibited a
weak peak at 1386 cm, assigned to OH deformation vibrations
of hydrated CoQ

XPS and UV—Vis DRS Analysis.The dispersion of CoQ
on different samples was further studied by the distribution of

of the cobalt incorporated in these samples, these samples were
characterized by XPS and UWis DRS. The cobalt 2p binding
energies were similar for the CeMZIW and CoQ/MZI
samples (Figure 5). The binding energies of 780.4 and 795.5
eV were for 2p;; and 2p,, transitions, respectively. Unfortu-
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Figure 6. UV—vis diffuse reflectance spectra of different samples:
(a) MZ, (b) CoQ/MZIW, (c) CoOJ/MZI, (d) CoO/CZI.
nately, the absolute binding energy of the;2meak is not
always very helpful in identifying the cobalt chemical environ-
ment because of the small variation of the binding energy from
Co*t to Co*".2526 However, the 2y, to 2py» separation and

200 300 800

satellite structure have elements that are useful in characterizing

the cobalt chemical environment. OctahedrafCoations, as
found in CoO for example, have a very intense, characteristic
satellite at~787 eV; the approximate position is marked as “S”
in Figure 5. Moreover, the fwhm (full width at half-maximum)
of the 2p, main peak is 3.4 eV, which is consistent with the
reference data for G@4.27-28 Therefore, there were two types
of cobalt (octahedral C¢ and tetrahedral Cd) contributing

to this spectral region. Because YVis DRS can provide
information regarding the oxidation state of cobalt and its
chemical environment, the UWis spectra of different samples
are shown in Figure 6. The pure MZ spectrum only shows a
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Figure 7. TPR profiles of different samples: (a) CgOZI, (b) CoQ/
MZI, (c) CoQ/MZIW.
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Figure 8. Plot of the zeta potential as a function of pH for different
catalyst suspensions in the presence of KNI M). (a) MZ, (b)
CoQ/MZIW, (c) CoQJ/CZI, (d) CoQ/MZI.

well-dispersed C& was uniformly distributed on the support

strong absorption edge with a maximum at about 210 nm (curve surface®? The results revealed that Co was highly dispersed on

a), which is attributed to charge-transfer transitions from the
2p level of O to the 4d level of eightfold or sevenfold
coordinated Zt".2° Both CoQ/MZI and CoQ/CZI exhibited
similar UV—vis spectra (curves ¢ and d). Two broad bands at

the support for Co@MZIW.

Surface Zeta Potential. The activity of solid catalyst in
aqueous solution is relative to its surface charge properties.
Figure 8 shows the changes of zeta potential with pH of the

about 425 and 730 nm were observed, which indicated the solution. The upward shifts of isoelectric point from the 4.9

presence of octahedral Co. According to the literatfrine
spectra of Co@MZI and CoQ/CZI are almost identical to the
spectra for the bulk G, CoO/MZIW exhibited absorption
bands in the region of 258450 nm (curve b), typically assigned
to charge-transfer bandsreflecting the interaction of Co(ll)
ions with mesoporous ZrO The results agreed with that of
XRD, indicating the strong interaction between Gadd MZ
in the sample. Also, Co@MZIW yielded two weak absorption
bands at 425 and 750 nm, indicating that:Og¢formed in a
very small amount. Comparing the three Y\Mis spectra, CoQ
was more highly dispersed on the surface of MZ for QoO
MZIW.

TPR Measurements. The H-TPR profiles of different
catalysts are shown in Figure 7. According to literatifre,
unsupported G4 contains one or two peaks close to each
other in the temperature range of 20400 °C. The reduction

value for MZ used as support were observed after the impregna-
tion of Co. The isoelectric point of Ca@MZIW, CoO/MZI,
and CoQ/CZI were 5.5, 6.4, and 6.9 respectively. Previous
studied’” showed that the negatively charged surface has a strong
reactivity toward ozone. This phenomenon is likely due to the
electrophilic characteristics of ozone, which has a high affinity
for molecular sites with a strong electronic density. GbZIW
possibly had the highest activity.

Ozonation of 2,4-D in the Presence of Supported CoQ
The catalytic activity of different catalysts was evaluated by
the degradation of 2,4-D with ozone at pH 7. As shown in Figure
9, only 28% of TOC was removed at a reaction time of 40 min
in the presence of ozone alone. However, the TOC removal
increased with the addition of different catalysts. About 50%
of TOC was removed at a reaction time of 40 min in GbO
MZl and CoQ/CZI suspensions with ozone (curves ¢ and d).

process is assumed to occur in two steps. One at lower The two catalysts exhibited almost the same catalytic ozonation

temperature is attributed to the reduction ofCtw Co**, while

activity. CoQ/MZIW-2 (from Co(NGs),) showed slightly higher

the other one at slightly higher temperature is assigned to theactivity than them; about 70% of TOC was removed (curve €).

reduction of Cé" to Cd. In the TPR curves of Co@CZI (curve

a), two peaks were observed, one at 3@0corresponding to
the reduction of C¢D4 to Cd,33 and the other one at 70%
assigned to the reduction of the dispersed'Cmn the surface
of CZ.32 For CoQ/MZI (curve b), the two reduction peaks at
315 and 370°C were observed for G04.3435 The peak at
485°C was possibly attributed to the good dispersion of'C§
The CoQ/MZIW showed two reduction peaks (curve c). One
centered at about 56%& could be assigned to the well-dispersed
Co*";%6 the other one, centered at about 705 suggested that

The CoQ/MZIW exhibited the highest activity; the TOC content
of the 2,4-D solution was greatly reduced, by 90%, in @oO
MZIW suspension with ozone (curve f). Forty-three percent of
TOC was removed in Co 1 mg/L (highest concentration
detected in Co@MZIW during the reaction at pk= 7) solution
with ozone, which is almost the same as that one in the
homogeneous catalytic reaction at pH although the released
Cc?t concentration is 2 mg/L. The catalytic contribution of
homogeneous Co was almost same at different pH. The results
indicated that the catalytic activity depended predominantly on
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Figure 10. Effect of 2,4-D concentrations on TOC removal in GbO ~ 9a@Seous ozone concentration: 30 mg/L).

MZIW suspension at pH 7: (a) 80 mg/L, (b) 20 mg/L, (c) 10 mg/L
(catalyst: 2 g/L, gaseous ozone: 30 mg/L). 5.5, the surface of the catalyst was positively charged, while it

was negatively charged at pH5.5. The more 2,4-D adsorbed
the dispersion of Co on the support. The highest dispersion of onto the catalyst at pH= 4, the more TOC was removed.
Co on MZ was obtained by the preparation processes of Alternatively, ozone reacts readily with the negatively charged
impregnation, drying, washing with water, and then calcination, surface because of its electrophilic characteristics. A higher
leading to the highest activity. The small surface area and efficiency of the catalytic ozonation was still obtained in the
insufficient surface hydroxyls of CZ led to the lower Co range of pH 710 although 2,4-D hardly had any adsorption
dispersion on its surface and the lower activity. The nature of on the surface of the catalyst under these conditions. This result
the support, the preparation method, and the Co source playedndicated that more fre®OH was generated in the solution by
a decisive role in the fabrication of the active phases for Co. the catalytic transformation of ozone, causing the oxidation of
The effect of 2,4-D concentrations on the TOC removal was 2,4-D in solution. As shown in Figure S2 (Supporting Informa-
investigated in Co@MZIW suspension with ozone (Figure 10). tion), CoQ/MZIW did not exhibit any obvious loss of activity
The TOC of the reaction solution was almost completely when it was further reused for eight cycles. The concentration
removed within 20 min at the 2,4-D concentration of 10 mg/L, of Cc?" leached out into solution from CeMZIW decreased
while about 94% of TOC was removed within the same reaction with increasing cycle times. Moreover, after eight successive
time at the 2,4-D concentration of 20 mg/L. Even when the cycles, the concentration of Co in the bulk of the catalyst was
2,4-D concentration was 80 mg/L, more than 90% TOC 1.8 wt %, slightly less than that one 1.9 wt % in the fresh
disappeared at 40 min. The results demonstrated that/CoO sample.
MZIW is a highly efficient catalyst for the mineralization of Mechanism Discussion.n order to confirm this reaction
2,4-D in the ozonation process. Figure 11 presents the temporaimechanism, the involved active species were investigated in
variations of the TOC content of the 2,4-D solution at various the catalytic ozonation of 2,4-@ert-Butanol is a strong radical
concentrations of CogMZIW. Clearly, the TOC removal rate  scavenger that has the reaction rate constant-ofl6® M~1s~1
increased with an increase in the concentration of @Md@IW, with hydroxyl radicals and only % 1073 M~ s~* with ozone.
and reached to the maximum at the catalyst concentration oflt can terminate radical chain reactions by generating inert
2 g/L. The results indicated that there were the maximum active intermediates. Thugert-butanol was adopted as the indicator
centers for the generation 0oOH at an optimum catalyst for the radical-type reaction. At pk= 7, 2,4-D was hardly
concentration. A higher concentration of CAaZIW led to adsorbed on the surface of CgRZIW. The oxidation reaction
the aggregation of the catalyst, causing a decrease in the catalytiof 2,4-D occurred mainly in solution. The adsorption ratio of
activity. The effect of pH on the TOC removal is shown in tert-butanol was 5.2% on the surface of GA@ZIW at pH =
Figure 12. In the tested pH range, the activity of the catalyst 7. Thereforetert-butanol could trapOH both in solution and
did not change greatly. The removal rate is also similar both at on the surface of the catalyst. As shown in Figure S3
pH 7 and pH= 10 with ozone alone. The removal rate of TOC (Supporting Information), the addition &ért-butanol markedly
at pH 4 was slightly higher than those at other pH levels. The reduced the ozonation of 2,4-D at pH 7 in the presence ofCoO
isoelectric point of Co@MZIW was 5.5 pH units. At pH< MZIW. This result indicated thatOH was the main active
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