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Multi-Metal-Substituted-Goethite as an Effective
Catalyst for Azo Dye Wastewater Oxidation

Different samples of goethite modified with cobalt, manganese, or aluminum were
synthesized and characterized by means of X-ray diffraction, chemical analysis,
scanning electron microscopy, zeta potential measurements, and N, adsorption-
desorption isotherm analysis. The goethite oxides were tested as efficient catalysts for
the degradation of methyl orange (MO, sodium 4-[(4-dimethylamino)phenylazo]
benzenesulfonate), a sulfonated azo dye indicator, employing potassium persulfate
(PS) in water, at pH 3. The Mn, Co, and Al substitution in goethite gave rise to active sites
for PS activation. The most effective catalyst reached 93% of degradation at 120 min of
reaction. The increase of temperature led to an expected conversion enhancement, and
kinetic parameters were calculated for one of the evaluated catalysts. MO degradation
curves best fitted to pseudo-second order kinetics. The extent of mineralization,
measured as total removed organic carbon (TOC), was also monitored. A significant
degree of mineralization was achieved and confirmed by TOC analysis. A mechanism
for MO oxidation with SOj~ radicals was discarded and a pathway involving
peroxymonosulfate species was proposed. The results indicate that the goethite-
substituted oxides are effective catalysts for the studied azo dye degradation in aqueous
solution.
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organic compounds including dye molecules [3-5]. Persulfate (PS)
anions, S;0%, are one of the strongest oxidants known in aqueous

Azo dyes with at least one azo group (—N=N—) represent the largest
group of synthetic dyes employed in many industries [1]. Particu-
larly, the textile industries use azo dyes with one or more azo bonds
with simple or multiple aromatic groups [2]. About 10-20% of dyes in
the textile sector are lost in residual liquors through incomplete
exhaustion and washing operations. Most of these dyes are non-
biodegradable, toxic, and potentially carcinogenic in nature. Methyl
orange (MO, 4-[4-(dimethylamino)phenylazo]benzenesulfonic acid) is
a water soluble sulfonated azo dye (Fig. 1) which is employed
globally in coloring textiles.

Oxidation processes are progressively followed to eliminate
organic contaminants in a variety of wastewaters from different
industrial plants. The employment of heterogeneous catalysts for
oxidation is presented as an effective procedure for removing stable
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microscopy; SSA, specific surface area; TOC, total organic carbon;
XRD, X-Ray diffraction.
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solutions, showing higher potential (E°=2.05V) than H,0,
(E°=1.76 V). This offers some advantages over other oxidants since
PS is solid at ambient temperature, is highly stable for storage and
transportation, and has high aqueous solubility and is of relatively
low cost. Even more, SO2~, which is the product of the reaction, is
practically inert and is not considered to be a pollutant. However,
direct reaction of PS with most reductants is slow and the
employment of a heterogeneous catalyst is fundamental for
developing an oxidation process using PS as oxidant. Low cost
materials employed as catalysts for the removal of pollutants in
effluents are becoming increasingly interesting for environmental
protection [6-9]. In this context, catalysts based on iron oxides have
arisen as an attractive alternative [10-14]. Iron oxides are abundant
low cost materials, they are stable, reusable, and environmentally
friendly. In particular, the ability and potential of iron oxides to
catalyze the oxidation of organic compounds through the Fenton-
like reaction have been well documented [15-23]. Thermodynami-
cally, goethite (a-FeOOH) is a very stable iron oxide. Regarding
heterogeneous Fenton processes, goethite can be considered as an
efficient catalyst, attributable to its properties, such as stability
at pH >2, scarce iron leaching, elevated surface OH groups
concentration, and abundance [24-27]. The goethite structure
consists of a close-packed array of 0>~ and OH~ with Fe®*", similar
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Figure 1. Structure of methyl orange (MO).

to the diaspore structure. The sixfold coordinated Fe has been
demonstrated to be usually replaced by Al, Co, Mn, Cr, Ni, etc. [28].
The metal substitution for Fe significantly affects the physicochemi-
cal properties of goethite. As it is well known, single metal-for-Fe
substitution has been the subject matter of numerous studies.
However, there are not many reports regarding multiple metal
substitutions in goethite [29-33]. Manceau et al. [30] reported the
simultaneous substitution of Cr, Mn, Co, Ni, Cu, and Zn in natural
goethite. On the other hand, Cornell [29] found a higher inclusion of
8 mol% for Ni, Co, and Mn, and Kaur et al. [32] reported a maximum
value of 10.5mol% for Cr, Zn, Cd, and Pb, into the framework of a
synthetic oxyhydroxide. Those limits represent both synergistic and
antagonistic incorporation effects. Concerning aluminum and
manganese inclusion in goethite, a previous article has shown
the dominance of Mn over Al in the simultaneous incorporation of
both ions in the goethite structure [31].

Natural goethites as well as synthetic samples have been used for
the remediation of different organic pollutants. Recently, a research
was published regarding the use of pure goethite as a Fenton catalyst
for the MO degradation [16]. However, to our knowledge, scarce
reports exist in the literature regarding substituted goethites
applied as catalysts for the azo dye degradation using PS. For this
reason, in the present work, a study was carried out regarding the
activity of a series of substituted goethites as catalysts for the
oxidative MO degradation. Thus, Mn-, Co-, and Al-goethites were
synthesized, since these metal cations coexist with goethite in
natural systems, and the determination of their catalytic properties
is of great interest. Besides, transition metal cations (Mn**, Co**,
etc.) are known as an alternative for PS activation. Samples were
tested for the MO degradation employing PS anion as the oxidant in
water, and their characterization was carried out by Xray
diffraction (XRD), Fourier transform infrared spectroscopy (FTIR),
scanning electron microscopy (SEM), electrophoretic mobility, and
nitrogen sorptometry for measuring specific surface area from
Brunauer-Emmett-Teller (BET) method.

An attempt to postulate a possible mechanism for the MO
degradation over the goethite surface was carried out based on both
the characterization results and the catalytic tests.

2 Materials and methods

All chemicals were of analytical reagent grade and were used as
purchased.

2.1 Goethite preparation

Two series of Me-goethites, (Mn—Co)-goethites and (Co—Al)-goethites,
were prepared as described elsewhere [34]. The target metal content
XMe Was kept constant at 12%:

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Xpe = mol Me x 100/(mol Me + mol Fe) (1)
in order to avoid the formation of other phases except goethite.

2.1.1 Co—Mn-goethites

Single Mn-, Co-, and mixed Mn—Co-goethites were prepared from
ferrihydrite by adding 2M NaOH to a Fe(III) + Mn(II) + Co(II) nitrate
solution (Me/OH =0.076). In all cases, the initial total metal
concentration achieved was 0.53 M. The precipitates were washed
with water, centrifuged and mixed with 0.3M NaOH and left for
15 days at 60°C in closed Teflon flasks.

2.1.2 Co-—Al-goethites

Al-goethite was prepared by mixing 25mL of solution A
(1M Fe(NO3)s), 29.6 mL of solution B (0.5M Al(NOj)3, 62.5mL+5M
KOH, 37.5ml, ratio [OH |/[Al] =6), and 45mL of 5M KOH. Co—Al-
goethites with different Co/Al molar ratios (9:3, 6:6, and 3:9) were
obtained by mixing solutions A and B with appropriate volumes of
0.5M Co(NOs),, followed by the addition of 5M KOH. According to
the same procedure, an additional tri-substituted sample was
synthesized with Co/Al/Mn, 4:4:4.

In all cases, Teflon bottles were used, and bidistilled water was
added to reach a final KOH concentration of 0.3 M. Once again, the
suspensions were left for 15 days at 60°C.

In both series of samples, bottles were daily opened, recapped,
and shaken by hand end-over-end for 5s. Thereafter, the materials
were washed with bidistilled water until the conductivity of the
filtered solution was similar to that of the bidistilled water. The
remaining solids were dried at 40°C and gently crushed. The mixed
samples were synthesized with different Co/Mn or Co/Al nominal
molar ratios (12:0, 9:3, 6:6, 3:9, and 12:0%), and were named as
CoyMnyAl,, where %, y, and z correspond to the Co, Mn, and Al molar
percentage (as measured by atomic absorption spectroscopy, AAS),
respectively.

2.2 Characterization of solids

The metal content in all samples was calculated by atomic
absorption spectrometry (GBC Model B-932). Here, 30 mg of each
solid were dissolved in 6 M HCI at 80°C. The IR spectra of the
substances as KBr pellets were recorded in a 4000-400 cm ' range
(Nicolet Nexus FTIR spectrometer). The specific surface area (SSA)
of the samples was measured (Micrometrics AccuSorb 2100) using
N, as the absorbate (BET method). Diffraction patterns were
recorded in a diffractometer (Siemens D5000) using Cu Ka
radiation.

Generator settings were 40 kV, 35 mA. Divergence, scattered and
receiving slits were 1°, 1°, and 0.2mm, respectively. A curved
graphite monochromator was used. Data were collected in a 20
range: 18.5-130.5°, with scanning steps of 0.025° and a counting
time of 15s per point. Particle morphology was characterized using
scanning electron microscopy (SEM) by examining a drop of
suspension dried on a metallic support (Zeiss Supra 40, field
emission, gun-scanning electron microscope). The isoelectric point
(IEP) of the samples was obtained using a Malvern Zetasizer. The zeta
potential of the oxides was measured in a pH range of 3.5-8.5, using
a solution/solid ratio equal to 20Lg ™' (10~>M NaNOs). The pH value
was adjusted by adding 0.1 M KOH or HNO;.
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2.3 MO degradation

The degradation reactions were performed in a glass reactor at room
temperature (30°C), containing 150 mL of simulated wastewater,
which was obtained by adding 10mgL™' of MO into a aqueous
solution, pH 3. The pH was adjusted with H,SO,. In a typical
procedure, the reaction was initiated by adding K,S,05 (200 mgL ™)
and 200 mg of the catalyst to the prepared reaction solution. These
conditions were chosen according to the optimal conditions for MO
degradation given in the literature [35]. The reaction was carried out
under mechanical stirring. Time dependence of the MO degradation
was measured. At designated sampling intervals (ca. 5min), 3 mL of
the solution were removed from the reaction vessel. Immediately,
the aliquot was filtered with a syringe through a Nuclepore
membrane (pore size 0.22 pm) and analyzed by UV-vis (Cecil 2021
spectrophotometer). The MO concentration in the reaction mixture
at different reaction times was determined by measuring the
absorption intensity at An,ax = 506 nm. Prior to this measurement, a
calibration curve was obtained using MO solutions with known
concentrations. During the experiments, the color of the solution
changed from orange to almost colorless. All degradation experi-
ments were carried out in duplicate. The MO mineralization was
established on the basis of total organic carbon (TOC) content,
performed by using a Shimadzu TOC-L CPH/CPN analyzer, after the
sample was quenched by 3 M sodium nitrite. The percentage of MO
conversion, X%, was taken as measurement of catalyst degradation
efficiency [36] toward MO according to the following definition:

X% = <1 —%) x 100 (2)

0

where C, (mgL ") is the initial MO concentration, and C (mgL ") is
the MO concentration at reaction time, t (min).

To monitor metal leaching from the catalyst, samples were
filtered with 0.22 pm filters at the end of the reaction, and analyzed
with atomic absorption spectrophotometry (GBC Model B-932).

In order todetermine the radical species formed by the metal-oxidant
couple, two sets of quenching experiments were performed. The
experimental procedures were repeated with the addition of 6.3 mL of
tert-butyl alcohol and 3.9mL of ethanol, in two separate experiences
(alcohol/oxidant, 600:1). Each alcohol was added to the reactor before
adding the catalyst. Reusability was tested in Co,4Al3;Mn,g by
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recovering the solid from the reaction mixture, washing it thoroughly
with distilled water and drying it overnight before the next run, with a
constant dye/catalyst/oxidant mass ratio (1:133:20).

3 Results and discussion
3.1 Characterization of samples

Metal concentrations and specific surface area (SSA) of the samples
are summarized in Tab. 1. The SSA of the goethites has significantly
changed after metal incorporation. It can be observed that Co
incorporation leads to a marked increase, with a maximum value
shown for the single-substitution of Co-for-Fe (109 +1m?*g ). On
the other hand, addition of Mn originates a remarkable decrease in
SSA, and samples with only Mn (CogMn;q ;) presented the minimum
SSA value (28 +1m?g '). These oxides with di-substitution had
increments in SSA with increasing Co content and decreasing Mn
content. The same trend as for Mn was detected for Al incorporation.
The Al-substituted goethite (CogAlgs) showed the lowest SSA
(26 1m?g™"). The tri-substituted oxy(hydrjoxide showed high
SSA, related to the strong incorporation
(64+1m?g ") [34].

The pH of the medium has a strong effect on the particles charge.
The pH at which the charge on the surface is zero is referred to as the
point of zero charge (PZC) or the IEP, but these terms can only be
used in the same way if there is no specific adsorption. The
isoelectric point is the pH at which the net surface charge is zero,
that is, the positive and negative charges arising from all sources are
equal. It is measured by electrophoresis and corresponds to the pH at
which there is no motion of the particles in an electric field [28, 37].

The partial substitution of Fe(III) by foreign cations could generate
variations in the IEP value with regard to pure goethite. For both
series of samples, the IEP values were quite similar compared to
o-FeOOH (IEP = 7.3). However, two samples, CogMn;o; and CopAlg s,
clearly showed lower IEP values. The measured value for the first
sample (5.8) is coherent with values reported for Mn oxides (<5) [38]
and could indicate that Mn is mainly distributed in the external
layers of the crystals. In the case of CopAlg s sample, the IEP value was
5.2, and this could be due to the different acid/base characteristics of
the Al-OH and Fe—OH superficial species [39].

SEM micrographs of selected samples of both series are presented
in Fig. 2. The average length of goethite acicular crystals increased,

influence of Co

Table 1. Specific surface area and catalytic properties for MO oxidation at 30°C for pure and substituted goethite catalysts

Sample Phases SSA (m*g™?) IEP %X Rate” (ug m?min ")
CooMngAly Goethite 36+1 7.3 18 2.7
Co; oMn, Goethite 109+1 7.4 86 2.8
CogoMn, » Goethite 58 +1 n.d. 79 4.1
CosoMns Goethite 55+1 7.8 49 3.8
Coy6Mny ¢ Goethite 42+1 n.d. 49 4.8
CooMn 1 Goethite 28+1 5.8 45 6.8
Cog1Al, Goethite, CoFe,0, 38+1 n.d. 40 9.0
Co4,Al3 5 Goethite, CoFe,0, 43+1 7.3 24 3.5
Co,,Als5 3 Goethite 36+1 n.d. 43 12.0
CopAlg 5 Goethite 26+1 5.2 44 16.9
Co,.4Al3 1 Mn, g Goethite 64+1 6.8 93 6.4

n.d., not determined.
¥ Percentage of conversion following 120 min of reaction time.
Y Measured at reaction times <10 min.

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. SEM images of samples (a) CopAlg s, (b) Co7.9Mng, (c) CogMng.1, and (d) Co, 4Alz 1Mn2g.

while the width diminished with the Co content (Co,¢Mny), leading
to thinner and longer crystals. The Mn containing goethite showed
wider crystals than Co; gMn,, which is in line with the fact that the
former catalyst develops lower SSA than the latter. The threefold
substituted sample (Co,4Al31Mn,g) presented a marked polydis-
persion that could indicate an inhomogeneous distribution of the
cations within the oxide structure. These results are in agreement
with earlier reports [31, 40].

The XRD patterns of all Co—Mn-goethite samples showed that
goethite is the only phase present in these catalysts (Tab. 1). Slight
reflections due to CoFe,0, were observed in the pattern of Cog 1Al ;
and Co4,Alss. Increasing total metal substitution, the 101 peak
shifted to greater d-spacing.

Shifts in the diffraction peaks of Me-substituted goethite
indicated anisotropy in the lattice expansion/contraction due to
metal substitution in the oxide structure. The XRD patterns of
selected samples are presented in Fig. 3. (The XRD patterns for all
samples are presented in Supporting Information Fig. S1).

3.2 MO degradation

3.2.1 Control experiments

In a typical procedure, the studied amount of PS (200 mgL™?) was
added into a glass reactor containing MO solution, being stirred by
magnetic force. At given intervals of reaction, aliquots were taken

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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out to be analyzed by UV-vis spectrophotometry. Only ca. 20% of the
dye was decomposed after 70 min of reaction, showing that MO
cannot be efficiently oxidized by PS only. This result is in agreement
with previous reports [18, 41].

Furthermore, when only MO and a catalyst were added to the
reactor, in absence of the oxidant PS, a maximum of 28% of dye
decolorization was achieved after 120 min of reaction.

With the aim of verifying the influence of light over MO
degradation, different experiments using selected catalysts (CooMn; ¢ ;
and Co;oMn,) were also performed in the dark. The reaction profiles
were practically identical to those carried out in the presence of light,
suggesting that the reaction was not photo-catalyzed.

3.2.2 Decolorization experiments

Table 1 shows the results of the oxidative MO degradation catalyzed
by PS with goethite at 30°C, after 120 min of reaction. Pure goethite
sample showed low conversion levels (<20%). On the other hand, all
the substituted goethite samples showed higher conversion values
than bare goethite, indicating that the substitution of Fe by Al, Co,
and/or Mn in goethite develops active sites for MO degradation.

FTIR spectra of the catalysts before and after MO contact were
recorded. As an example, the profiles corresponding to the Co; 9Mn,
test are presented in Fig. 4. FTIR spectrum of the MO dye is also
shown.

Two intense bands due to the bulk hydroxyl stretch and the

surface hydroxyl groups appear at ca. 3100 and 3400cm ',

Clean - Soil, Air, Water 2016, 44 (12), 1652—-1660
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Figure 3. XRD patterns of (a) pure goethite, (b) Co,Als3, and (c)
Cog.1Al2 1. *Indicate the presence of a spinel phase.

respectively. The bands at ca. 890 and 795cm ™" correspond to OH
bending vibrations.

As it is known, surface OH species of goethite are affected by
PH [42]:

= MeOH} < = MeOH + H'. (3)

From the IEP data, it is worth noting that the concentration of
positively charged = MeOHj species increased as the pH dropped.
The surface charge of MO is generally negative because of the
sulfonated group (—SO3) [16]. Thus, the MO adsorption onto the iron
oxide surface is favored at acidic pH, considering the electrostatic
attraction [43]. However, the catalyst IR spectra before and after
reaction are almost the same, showing that the reaction mainly
occurs by a degradation rather than adsorption mechanism.

Due to the fact that, in general, the samples show different SSA
values, a rate expressed as the mass of dye degraded per unit area of
catalyst per unit time should be taken into account when comparing
the activity of catalysts in order to describe the effect of each metal

(a)
(b) \

(c)

Intensity (a.u.)

T T T T T T T T g T B T T T
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm'1 )

Figure 4. FTIR spectra of Co; ¢Mn, sample: (a) Before MO decoloriza-
tion, (b) after MO decolorization, and (c) MO.
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incorporation. The rates of the different catalysts are reported in
Tab. 1.

In Fig. 5, the dependence of the specific rate on the Mn or Al mole
concentration is shown. In general, for both series of oxides, the
specific rate increases with the corresponding metal loading. It can
be concluded that the active sites for MO oxidation are intimately
associated with Mn or Al species in goethite. Furthermore, the
increasing activity is more remarkable for Mn than for Al. The
incorporation of Co would lead only to an increase in the SSA of
the catalyst, as it was also shown for single-substituted oxides [40].

In the light of these results, it appeared opportune to synthesize
and test a new three-heteroatom-goethite sample (Co, 4Al3;Mn; g).
This sample showed the highest conversion level, while its activity
(evaluated from the specific rate) showed an intermediate value
among all tested catalysts.

Figure 6 shows the influence of three different temperatures, 30,
40, and 50°C on the reaction, employing the tri-substituted
Co, 4Al3 1Mn, g-goethite catalyst. The increment in the reaction
temperature led to a conversion rise. At 10 min of reaction, 57, 67,
and 71% of conversion were measured at 30, 40, and 50°C,
respectively. As can be seen in Fig. 6, the three experiments reached
a conversion of 93% at 120 min of reaction.

For the sake of comparison, the results corresponding to Co, gMn,
are also shown in Fig. 6 (at 30°C). It can be clearly observed that this
catalyst developed lower conversion than the tri-substituted
goethite catalyst (Co, 4Al; 1Mn, g) at short as well as at high reaction
times.

In order to estimate the kinetic rates at different temperatures,
the obtained data were treated with different kinetic models. The
pseudo-second order Kkinetic equation proposed by Blanchard
et al. [44] given in its linear form:

1_1 (131 @
C C. \kC)t

where C, is the MO conversion degree (%) at time (t) and k is the
pseudo-second order rate constant (min ‘). MO degradation curves
best fitted to the pseudo-second order kinetics with high values of
regression coefficients (R* > 0.98). Kinetic constants are presented in
Tab. 2.

20

5 o Mn-containing catalysts

s ® Al-containing catalysts *
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o e
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Figure 5. Variation of the specific rate of MO degradation versus Mn or Al
mol%.

Clean — Soil, Air, Water 2016, 44 (12), 1652—-1660



CLEAN

Soil Air Water

100
A
AA Y 55‘3‘0 4 Alc’A QAO :
A0° n"
~ 80{ AO g="
S °u v v
~—" i A v
c Om
2 604 v
o a" v Y
[0} v
z w0l 7 = Co, Al Mn, 30°C
8 v o Co, Al Mn,, 40°C
4 Al M,
= 20_‘7“ Co, Al Mn,, 50 °C
0,
v Co,Mn 30"C
0 ™ T T T T

. T T
0 20 40 80 80 100 120 140
Time (minutes)

Figure 6. Effect of the temperature on the degradation of MO using
Coz 4Al3 1Mn, g catalyst.

As can be seen from Tab. 2, the kinetic reaction rate increased with
increasing temperature. The Arrhenius plot of rate constants versus
T for Co,4Al; ;Mn, 5 presented a good linear correlation (R*=0.99)
and the activation energy was derived as 17 +1kJmol . This value
is lower than those found for decolorization of the azo dye Orange G
by using goethite/H,0, as a heterogeneous Fenton-like reagent
(42 kJ mol ") [45], or nanoscale zerovalent iron particles used for MO
degradation (23 kJ mol ") [46].

It is known that the intermediate compounds that might be
formed from MO degradation may be more toxic than the parent
compound, as stated in [47]. The overall goal of the treatment
processes should be the maximal mineralization to carbon dioxide,
water and low concentrations of mineral acids (harmless end
products), rather than just decolorization. For this reason, the
changes in the profiles of the UV-vis MO spectra were investigated
testing the Co,oMn, catalyst. The UV-vis spectra of the sample
Co;9Mng recorded at 2, 6, and 24 h are shown in Fig. 7a together with
the UV-vis spectrum of the MO initial solution (Fig. 7b).

Initially, an intense absorption band appeared at 506nm,
attributed to azonium ions, and two bands at 278 and 321nm
due to modification of the x system delocalization. At 2 h of reaction,
these bands diminished (ca. 80%) indicating a partial degradation of
the dye, while the highest degree of degradation (>90%) was
achieved after 24 h of reaction.

In order to quantify the partial or total MO mineralization by PS,
TOC removal experiments were conducted.

As can be seen from Fig. 8, TOC quickly diminished to 60%
elimination within 2 h of reaction and an additional 20% reduction
was observed after 24 h. These results indicated that the first stage of
the reaction was fast, and the rate of reaction slowed down in a
second period.

Table 2. Kinetic constants of MO degradation at different temperatures
on Coy 4Al3 1Mn, g catalyst

Sample Temperature (°C) k (Ls 'mg ) R?

C0,.4Al; 1Mn, g 30 240 x107* 0.99
40 2.88x107* 0.98
50 3.71x10°* 0.99

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 7. UV-vis spectra of degradation of MO over Co;gMng: (a)
Temporal evolution of UV-vis spectra of MO solution, (b) initial UV-vis
spectrum of MO solution.

In a recent article, Wang et al. [16] used a pure goethite/H,0,
system for MO degradation through a heterogeneous Fenton process
and final levels of 55% TOC removal were attained. In this work, a
higher level of mineralization was achieved using a substituted
goethite sample.

In order to evaluate the reusability of the Co, 4Al3 Mn, g catalyst,
the catalyst was recovered from the reaction mixture, washed
thoroughly with distilled water, and dried overnight before the next
run. The recycling test result showed a slight decrease of
degradation (ca. 10% at 120 min) (Supporting Information Fig. S2).

The activation of PMS catalyzed by transition metals generates
three main types of reactive radicals, namely sulfate, hydroxyl, and
peroxy-sulfate radicals. A reaction mechanism, involving SO}~
radicals, has been suggested in the literature as follows [48|:

Me™" + 8,027 — Me™* 4803~ 4 SO2~ (5)
Me™ "0}~ — Me(™ D+ | 502 (6)
Dye + SO;~ — Oxidation products. (7)

To identify the degradation mechanism, quenching studies were
performed. It is well-known that alcohols with alpha-H, such as
CH3;0H and CH3CH,OH readily react with hydroxyl and sulfate
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Figure 8. TOC removal of MO degradation by Co;gMnq catalyst.

radicals. Thus, these alcohols are radical inhibitors because they are
highly reactive toward active radical species [49, 50]. Peroxymono-
sulfate radicals, however, are relatively inert toward alcohols. The
reaction of MO degradation by PS oxidation was carried out over
Co;9Mn, catalyst in the presence of ethanol and tert-butyl alcohol.
The same profiles as those presented in Fig. 6 (V) were obtained,
showing that SO radicals would not be responsible for MO
oxidation (data not shown).

Therefore, another oxidant species rather than sulfate radical
generated from PS, would be responsible for MO oxidation. Several
oxidant species based on PS are known, as HSO, and peroxymo-
nopersulfate anions, HSO; [51]. The following reactions depict their
formation:

S,02” + H,0 — HSO; + HSO, E° =144V (8)

S,02” + 2H" +2e” — 2HSO; E® =2.12V. (9)

Taking into account that these species are formed under strong
acidic conditions and that SO}~ and hydroxyl radicals were proved
not to be involved in the reaction, it is likely that peroxymono-
persulfates are responsible for MO oxidation. In line with this

Na* -o,s—©—N=N—©_ N(CH,),

degradation
products
2-
SOy
HSOs ; HSO,
=
AHL LS
Me-Goethite

Figure 9. Proposed mechanism of MO degradation.
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supposition, when the reaction was carried out under slight acidic
conditions (pH 6) the degree of MO degradation was extremely low,
due to the fact that peroxymonopersulfates are not generated under
this condition (Supporting Information Fig. S3). For these reasons, it
could be postulated that substituted goethites catalyze the
formation of peroxymonopersulfates, under acidic conditions.
These observations are in line with a similar mechanism proposed
by Petri et al. [51] for Fe(Ill) systems. The authors state that the
reduction of Fe(Ill) to Fe(Il) probably takes place according to:

S,02” +2H,0 = 2HSO; + H,0, (10)
Fe*" + 2 H,0, < Fe(OH,)*" + HT (11)
Fe(OH,)** — Fe?" + HO} (12)
Fe** + HO; — Fe*t + 0, +H'. (13)

Accordingly, trivalent cations located inside the goethite

structure could behave in a similar way.
The degradation pathway is summarized as follows in Fig. 9.

4 Concluding remarks

In the light of the results, it is possible to conclude that goethite
oxides substituted with different metal heteroatoms (Co, Mn, and Al)
are active toward MO degradation in acidic media. The highest
conversion level was attained over the threefold-substituted
goethite. Persulfate is activated over the heteroatom sites on the
goethite surface. A radical based mechanism discarded in acidic
media and peroxymonopersulfate may be the species involved in MO
oxidation. The catalysts resulted quite stable under reaction
conditions and the process followed a mechanism of oxidative
degradation, favored by the presence of the transition metals Mn, Al,
and Co, which activate PS. The TOC removal efficiency reached 80%
when the reaction time was 24h. The oxides could be easily
recovered and reused. The application of these materials could
result beneficial both from the economic and environmental point
of view.
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