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ABSTRACT

By a simplewet-chemical procedure using a permanganate in the acidic medium,
diatomite coated with amrphais manganese oxideanoparticles was synthesized. The
structuralmicrostructurabnd morphologicatharacterizatiosiof theassynthesized catalyst
confirmed the nanostructure of Mp@nd its stabilization on thsupport- diatomite The
highly efficient and rapid degradation ofethylene blue and methyl orangeer synthesized
MnO. coated Diatomitehas been carried ouThe results revealed considerably faster
degradatiorof the dyesagainstthe previously reported datéhe proposed mechanism ogth
dye-degradatioris consideredo be acombinatorialeffect of chemical, physicochemical and
physical processs Therefore the fabricatedcatalystshave potential application in waste

water treatment, and pollution degradationenvironmentatemediaton.
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1.INTRODUCTION

Dye from textile printing industries and other commerciattivities have been a focus of
environmental remediation in the last twiecades [3]. Dye-containng waste has been
considered as an important sourse water pollutionbecause dyes are hightgxic, and
colouredwater is undesirablén addition some synthetic dyes are carcinogeait difficult
to degradg?].

Methylere Blue (MB) and Methyl Orange (MO) are two thie normal and popular
dyes which were used industry MB belongs to the¢hiazine class of dyes. It has many uses
in a range of different fieldand usedas a photosensitizean antioxidant, an antiseptic, a
stain for fixed and living tissuest is also used aan organic dydo colourcotton, wool,
acrylic fibers and silkHowever, it can result in permanent burns to the eyes of human and
animals, nausea, vomiting, profuse sweating, mental confusion ahdmmuglobinemia [4]

MO is agood representativef aromatic azq-N=N-), dyes,which corstitute about
half of the total world dye market. Azo dyes are also a major class of synthetic organic
compounds released by many industries such as paper, plasterl€dood, cosmetic and
pharmaceutical industries. Among environmental pollutants, azo dyes including MO make up
a significant component of organic pollutants in general. Furthermmoobcompaindsare
recoquized as potential carcinogens [1,3,5].

Due to these concerns a variety of reseaneh been performedn recent yeardo
degradeMO and MBfrom waste watersSome physical methodsave beenesed without
adding any materialbut using solar irradiation, ultrasonication or generation of radio
frequency plasma in water solution [6]. Butaditionally, functionalized and nanosized
materialssuchasNaSOs;, MgO, ZnQ copper, silver doped Zn@erric tungsten or nanoscale
zerovalent iron particleg3,7-11] etc are addeddr degradation or decolorizatioof these

dyes.The most popular catayfor MO and MB degradation is TEkhanomaterialyhich are



usedsolely orwith some additive like H202, undersolar irradiation [1,2,1-A6]. But the
disadvantagef TiO: is thatthat the material is costly and bgialarge banegapmaterial, its
photosensitivity is limited to theravelengths below 400 nme. to the ultraviolet regionly,
which comprises less than 5% of the overall solar energy spectiim [

Therefore, attention has shiftedftod new and osteffective lowbandgap catalysts
which function in thevisible-light-drivenregion thus expandinghe solar photocatakjsinto
the visible portion of the solar radiatiolm this respect,manganese oxidéMinO,) and its
composites areonsidered to baighly promisng catalysts for dye degradatigrdue to their
low bandgap (direct bandgap ~2 eV or |es8])l MnO2 which are well known as a strong
adsorbents of metal iongs naturally found insoils, aquifers and sedimerand therefore
costeffective In addition MnO. can be synthesized usiraxidation of Mn(ll) in basic
solution[19], oxidation by Mn@ [20], O., K2$0s, and HO> [21], or reduction of Mn@
using different routef22-26].

In this studyacomposite of amorphous Min@nd diatomaceousarh, prepare via a
simple wetchemical method is used to catalytically degrade MB and MO at ambient
conditiors. Diatomaceous eartfso-called diatomite or bio-silica) is a noametallic highy
poraus and chemic# inert mineral composed of skeletalemains of singleell water
plants [Z]. Due toits microporous structure and chemical properttgatomite has been

widely used as filter [@], adsorbentZ9-31], insulating material [3], energy storage B37]

catalyst support and natural insecticjd6,37].

Diatomite and diatomite coated Mp®@ave beerused toremove heavy metal and
many colared dyes from aqueous solutidi38-41]. Methylene blue, reactive black and
reactive yellow were removed byhysicochemicalprocess- adsorption by diatomite an
crystalline MnQ (birnessite)coated diatomite 42-44]. The mechanisnfor removal was

either due to the insertion/intercalation of dye molecules within the-lapter spacingof



supetlattice birnessite othe adsorption at the surface of manganese esgahted diatomite
via charge transfer process.

However, for environmental applications, the degradation of these toxic compounds
into nontoxic products is very importanthere are some reports about the degradation of
RhodamineB (RhB) and an azo dyeacid orange (AO7) by using amorphous manganese
oxide-coated diatomite44,45]. In our previous study, we have presented the degradation of
RhB via MnQ-bio-silica nanocompositegl§l]. The mechanisnfior removal isbased on the
production of hydroxyl radida by the reduction of Mn(IV) to Mn(ll), which can oxidize the
organic dyes efficientlyln this work we have tested thability of MnOy/Diatomite to
degradetwo different types of dyedvlethylene Blue (MB) Methyl Orange (MO)A novel
mechanism of thedegradation kinetics is proposed,which consists of a chemical,
physicochemical and physical procelkst importantly, the dye degradation time is found
to be comparativelghorterthan the previous reportsg§ indicating the high efficiency of

the assyrthesized catalysts for organic waste management.

2. EXPERIMENTS

2.1.Synthesis of theCatalyst

The catalyst was synthesized using the following steps. At farssolution of0.1 M
potassium permanganate (Sigmldrich, 99%), was prepared using distillediater. A
separate solution &.0 M hydrochloric acid (SigmaAldrich) was alsopreparedSecondly 1

g of datomite (SigmaAldrich, used as receivigdwas mixed in 10 mL potassium
permanganatsolution.Then 2 ml of 6.0 M HCl is added to this mixture dwise. After the
mixture has been stirred at room temperature for 4 hours, amorphauganese oxide
(MnQOy) is formed on the diatomite, which is then separated, washed five times with DI water

and then dried at room temperature for 48 holih® approxima weight ratio of coating



material(MnOy) on the surface aofliatomitewas 1.6 A separate set of process steps were
carried out without adding any diatomite. In this case amorphous: M9 precipitéed
from the solution. This is referred to as "contro'h®, and was used to compare the
performance ofmanganese oxide coated diatomiQCD). The detail of the synthesis

process is furnished elsewhedd]|

2.2.Characterization

The control MnQ, uncoated andMnO»- coateddiatomiteare characterizetly x-ray powder
diffraction (XRD) using aD8 AdvancéBruker X-ray diffractometerwith Cu-Ky radiation
(40 KV, 30 mA) and d.ynx-eye position sensitivdetector Field emissionscanningelectron
microscope (FESEMJEOL JSM7600F and energydispersiveX-ray spectroscopy (EDX)
were utilized to characterize the surface morpholdgliigh-resolution transmission electron
microscope (HRTEM,JJEM - 2100F) at 200 KeV field emission electron gun in Schottky
mode was employed to determine particle siZéde surfacearea of the samplesvere

measured usingBrunauer, Emmett and Teller (BEABAP 2420 (Micromeriticsgystem.

2.3.Confirmation of Catalytic Activities
The catalytic activity of theaspreparedcontrol MnG and MOCD is studied in order to
evaluate theireffectiveness indegradation ofMethylene Blue (MB) and Methyl Orange

(MO) from aqueous solution at ambient conditio®om temperature~ 25°C and

atmospheric pressurefirstly, the 0.1 mM MO and 0.06 mM MB stock solutiomse

prepared by dissolving B3 g of MO and 0.02 g of MB in 1000 mL DI water and stirred for
30 mirs. Then, 10 ml of the dye stock solutioa® placed in 50 mL beakers followed by

addition of the solid samplésatalysts)



A series of solid samples @f5; 50; 7.5; 100 and 12.5 riligramswasadded to the
stock solution, and then each mixtweas stirred (in normal lighy for 30 mins at ambient
conditions(for catalysis) at pH value of 5 anthenallowed to settléor 10 mins.To get the
optimized time for catalysis, the aberentioneddegradation experimems conducted for
different timesand it was observed th#te decolorization of the dyes (MB and M®gre
finishedat 30 mins.The mixturesverecentrifuged twice at 3006pm for 10 minsto separate
the catalyst from solutigp andthen the centrifuged solution (supernatantgay kept in the
dark beforefurther analysis using UWIS spectropbtometer Agilent 8453 United State,
HUST) to estimate the dye degradation performarkeseparate set of dye degradation
experiments wh uncoated diatomite was not necessary because, it has been shown that bare

diatomite did not degrade the colordyfes[44].

3.RESULTS

3.1 Catalyg Characterization

The SEM images of the uncoated aid®CD prepared byhe procesanentioned above are
shown in Figure 1. The Figire 1a shows the structure of the uncoated diatomite which is
high-porosity skeletatemain of singlecell water plantsThe surface morphologgnd high
porosityof this biostructure can be used as the template to cover otherdoactnaterials

for diverse applicationgzigure 1b shows the image of diatomitafter the immobilization of
the amorphous MnThe thickness of the coated Ma(3 controlled by changing the weight
ratio of the coating materiaKMnO4 and the substratediatomite. Theoptimumratio to get

a uniform, smooth, and stable coating layeioisnd to bel.6 which was reported previolys
[44]. Inset of 1(b) represent the magnified version of a single pore of diatomite coated with
MnO». The imagesl(d), (e) and(f) in turn showelemental mapping d&i, Mn and O inthe

MOCD samplewhich wasshown inFigurelc. It is observed that SgJdiatomite)andMnO.



areuniformity distributed Although thepore diameter afhe hole structure of the diatomite
slightly reducd but the porositys sufficient to enablesactiongo proceecn MOCD.

The morphology of the amorphous Ma@eeds to be compared against¢beposite
diatomite(MOCD). Inset ofFigure b andFigureS1(Supportinginformation) revealthat the
MnQO: coathng comprisesof nanospheres afhich form wormlike fibers at thesurface. The
thicknessof the wormlike fibers is approximately 10 nm and the structure is liiglorous
mainly because of the formation and release of the chlddde

The nanostructuresf the uncoated diatomite and thdOCD are shown in TEM
images ofFigure 2. The circular pores of uncoated diatomitéiglre 2a) are uniformly
covered with amorphous MnrManoparticlesKigure 2b). The MnO» coats thanner surface
of diatomite poresvhilst retainingthe porous structure of the diatomitdhe HRTEM images
and the SAED patterim the Figure2c and 2dshow that the Mn@coating layer is dendritic
and semicrystalline

The Brunauer, Emmett and Teller (BET) surface am@asurements are perfaech

and the BEIN> adsorptiondesorption curvespore size distributions and BET ploase

presented in Fig. S2S@pportingdata). CorrespondindBET parameters are also given in

Table S1 of the supporting data fwemparison The tablereveaéd that uncoate diatomite

had anaverage BET surface araed 2.60 nf/g, vs. 126.28 m/q for amorphous Mn®

nanopowderand 145.12 m/q for the MOCD composite respectively. ClearlyMOCD

samples offeithe highest active surface areahich is due to thehybrid nanostruaire of

MOCD that leads to lessttal BJH pore volume against pure MnO

Figure 3a represents the XRD traces of uncoated diatomite, control M@d
MOCD. The XRD pattern of the diatomite agseeell with SiQ, (JCPDSICDD File Card #
00-001-0647 while the XRD pattern of the control amorphous MniS in agreement with

the international crystallographic dat&C@DSICDD File Card #00-001-0649. The similar



natureof the XRD pattera of the controlMnO. and theM OCD suggest that the surface of
the substate (diatomitg is uniformly covered.The EDX pattern(Figure 3b)of the uncoated
diatomiterevealsthe presencef elemental Si and @5i = 47.86 %; O = 51.55%). The EDX
pattern of theMOCD (Figure 3c) showsSi, Mn, O and trace of K originaing from the
reactants during Mng£formation lons such as Kand H (present in the solution during the
MnO- formation reactiopcould have been incorporatém balance the surface charge of the
MnOe octahedra to stabilize the structuféaese sites are consideredom® very reactive and

efficient in catalyzing the degradation of color dy46] [

3.2 Catalyst Performance

The mixing of the MB solution wittMOCD at room temperaturgesulted in a change in
colour from blue Y vi ol etnthéquarititp & catdlystaoldedh r | e s <
The digital images shown in the upper halfFofure 4(a) indicatesthe change incolour.

With the highestamount of the catalyst (0.0125 g), the solution becomes almost colorless in

less tharBO min.The UV-Vis spectra othe degraded dye solution also depict the decrement

of the absorption peak with increase in the catalyst amount (lower hatfgafe 4a),

indicating efficient degradation of the MB solutidBenerally, U\ Vis absorption spectra of

the degraded dye solah shows maximum absorptione( highest absorption pealwhen the

amount ¢ dye within the solution is maximum. With increase in the catalysts amount the

dve-degradation is increasing, which means the amount of dye within the solution is

decreasing. Hemc UV-Vis abortion peaks are also decreasing with the increase in the

catalyst amount.

The catalytic performances of the different added ansoahtcontrol MnQ and

MOCD was analyzedby measuring the relative decrease tire dye concentration at



subsequenime against the initial value by estimating the peak absorhziribe absorption

spectra of the dye solution according to the relduidf

t

a  ag,.0
%d = 8- 220X 100 (1)
¢

0
adye -

where, %d is the percentage relative dg*egradationagyeand a{,yeare the peak absorbance of

dye solution at initial concentration and after catalysis over timespectivelyln this case,

the results were shown Figure4b, where the relationship between the increment of catalyst
and the decrement of the color dy®IB in the aqueous solution can be observed in detail.
Both control MNQ andMOCD compositesndicate considerable degradation of MB dye
solution with MOCD having superior catalytic activity oveontrol MnQ with similar Mn™
concentration The average difference of the catalytic performance betw&&CD and
control MnQ is 20% higherfor the former. An obvious reason for this is the porous
morphology of the host diatomite matrix, which offers much higher reactive surfaces for
hydroxyl radical formation, as clearly depicted by the BET surface area measurements

furnished above, and thereforettee degradation of the dye solution.

In this study, the catalytic ability for organic dye degradatioM@CD is not only
tested with Methylene Blue (MB)a thiazine class color dyeut also with Methyl Orange
(MO) - an azo class color dy&he decabrization of MO by theM OCD compositeis shown
in the digital images given in the upper half Bigure 5(a), whereasthe degradation
measurements in terms of LWs absorption curves are furnished in the lower haFigtire
5(a). For comparison, MO soluth is degraded with control MrQoo, with similar Mri*

concentrations aglOCD composites.
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In a similar way, the analysis of the catalytic performances of control.NmQ
MOCD, as a function of different added amounts of catalysts into MO solutions, was
performed using equatiohy and the data are furnished Figure 5(b), which shows better
catalytic performance dfiIOCD composites over control MnQapparently because of the
higher reactive surfaces of the porous diatomite matrix, as described for tdedviRlation

case.

4.DISCUSSIONS

The catalytic activity of uncoated diatomite is also tested in a similar way, but the previous
data revealed that bare diatomite had insignificant efficiency in the degradation of color dyes
[44]. This is because, undene operating experimental conditions, the natural pH of the
diatomite solution is around 5 (mild acidic) and the surface charge of diatomite is
approximately zero, and hence, there is no considerable attraction between the diatomite
surface and color dyef41,48]. Generally, the ionic dyes are removed via a surface
adsorption mechanism, under very high 1%) or very low (< 3) pH values, through
electrostatic interaction between surface charge of the diatomite and ionized dye molecules
[41,48]. Therefore, unless the diatomite solution is extremely acidic or alkaline, the dye
removal would be insignificant. That is the reason the diatomite surface is coated with MnO
nanoparticles to produce strong oxidizing radicals within the dye solution, which chemically
degrade the toxic dyes into ntoxic products, whereas, the porous structure of diatomite
provides higher active surface area for better surface reactions. Hence, dye removal process

via MOCD composite is basically a physicochemical process.

The propoed mechanism for th catalytic process is based on two subsequent

processes: (i) the changing in the oxidation state of manganese in agueous solution and

11



corresponding generation of strong oxidizing hydroxyl radical jGisome pH less than 7.
This is kecause MW (which is the dominant oxidation state of Mn in our amorphous oxide
nanostructures) are readily converted to"tate under pH < 7 to produce hydroxyl radicals

(OH*) according to the following overaleactionschemes44,49]:
YoMnVOz(s) +2H " +2ez | *Kaw.) + 2 OH* + HO (E°=+1.23V) 2

(where E° is the standard reduction potential). (ii) The newly generated hydroxyl radicals
then oxidize the toxic organic dye efficiently and produce thetawic inorganic products

via some inermediates as followgl4l):

OH* + toxic organic dyesy organic hydroxylatedntermediatesy CO, + HxO +

degraded notoxic inorganic products 3) (

More precisely, thdormation of hydroxyl radicals (equatiod can be explained by the
generation of MY-HOH precursor complex; followed by the electron transfer to reduce

Mn**to Mn*2 and subsequently release hydroxyl radicals as follo@js [4

A) Formation of precursor comple¥sMnY + 2 HOH Z2V( AHOW) n 4)
B) Transfer of electron: (M 2 HOH) 'Z220@%) + 2vn (5
C) Release of hydroxyl radical: (*aMn 2 OH* ) "#20H* Mn (6)
D) Release of reducddn": %2 Mn'z | *Kn (7)

A closer look into the UWis absorption curves in Figure 4(a) depicts that the absorption
peaks are blushifted with respect to the reference curve of stock dye soluttuoa.shift of
the UV-Vis absorption peaks along with the change in the color of the dye solution are

considered to be due to the degradation of the MB. The structure of MB includesth€ C

12



functional group and the OHtan attack this groufinset of Fig. 4a) Therefore, the initial

step of MB degradation is ascribed to the cleavage of the bond of-8ieCGCfunctional

group [15] according to the following reaction:

R-S=R + OH Y -SR=O)}R' + H' (8)

After that, the sulfoxide group can be attacked by ®Horm the definitive dissociation of

the two benzoicings. Then, a series of reactiomscuss to get hydroxyhydroquinone as the

last aromatic compound before the opening of the ring. After the aromatic ring opening, the
oxidation of OH continuously occurs to get the final products such as, €D and non

toxic inorganic compounds. The abeveentioned series of reactions produce various organic
intermediates such as Azure A, B and C as well as-ssaniced MB, which have absorption
maxima in the range of 62835 nm, 64855, 608622 nm and 420 nm, respecty. The
formation of these intermediates causes the blue shifting of the peak position (with respect to
the initial MB absorption ~ 660 nm) as well as the changing of the color of the dye solution

[7,15].

The mechanism of the catalysis of MO using ogninO, andMOCD is similar to
that shown for MB situation (equaticd and 3) [1,14]. A closer look into the UWis
absorption curves of MO solutionkigure 5a) depicts that the main absorption peak of the
stock MO dye solution is blughifted only slighly (unlike MB degradation case) from 465
nm to £0 nm, whereas theolor of the MO dye changeaturallyfrom dark orange to light
orange and to almost colorlegdth the increment of catalysGenerally, hereare at least
nine possibletypes of intermetesformedduring the degradation of M@a demethylation,
methylation and hydroxylatioprocessesH0,51]. Each of these intermediates has different
effect on theshifting of the absorption peak. Some of these tend to-shife the peak,

whereas the bers tend to redhift the absorption peak. Therefore, due to these two

13



competing trends, the overall pesihift becomesrery small (or neamsignifican) in the

current case

It is noteworthy that, asomparel to the previous reports [11,150,51], the arrent
casereports almost two to four times fastatalytic performance d1OCD for MB and MO
degradationsSuch a fastercatalysis process is not only manifested by the higher active
surfaces provided by the poragdistomitematrix, but also affected lgome secondary effects,
as described below. The HRTEM images of Mn@®igure 2c and 2yl depict the hairy
structureswhich containsmall regions of crystalline domains at the edges of this catalyst.
The analysis of SAED patterrf the hairy structuren the inset of theFigure 2d and
crystallographic data indicathatthe crystal structure resembles with the birnessite phase of
crystalline MnQ. Since he percentage of éisecrystalline domaingss much smaller tan the
bulk of the amourphous MnDthe XRD signal onlydepicts the amorphous nature of the
material. Thereforgheselayerstructurs of the superlattice birnessite Mp@t the edges of
the coating layermanifestshe intercalation of dye molecules within the octahedral layers to
remove the dyeThus there are three simultaneous processes taking place during the dye
degradationsuch as(i) conversion of Mit* to Mn*2 and the release of hydroxyl radicals to
degrade the dyé&hemicalprocesy (ii) adsorption of dye within the intéayer spacigs of
the small fraction of birnessite Ma(physicochemicalproces$ and (iii) higher surface
reaction sites due to the porodstomite matrix (physical proce9s to provide a rapid

degradation/removal 1B and MOfrom aqueous solution.

It has already &en discussed previously that under the applied experimental

conditions with natur al pH ~ 5, pure gdi at omi

Since we have not changed the pH of the solution to extremely high (> 11) or extremely low

(< 3) valuesthe dye decoloration processprimarily based on the catalytic degradation of

14



the dye solution via the change in the oxidation statéMn in MnO,, whereasa very small

amount of dye intercalation at the layer structure of birnessite:NB1@king phce as the

secondary effectas stated above. Therefore, diatomite is basically used as a supporting

matrix to deposit Mn® nanoparticles to provide high active surface area through the

formation of MOCD nanohybriddence,to analyzethe kinetics of thecaalytic processwe

havefirstly obtained the time effluence of the dye degradation curves for different catalytic

amounts for both MOCD and pure Mp@nd for both MB and MO degradatior8econdly,

considering low dye concentrat®im the current casahe catalytic degradation is modelled

by pseuddfirst-order kinetic reactionwhich also covers the adsorption propertidsthe

catalyst surfaceand expresseatcordingto the following relation [52]:

t

2}

- Ine=u=k,t (9)
écdyeg

whereC! _is theinitial dye concentration an@' is the same at a degradation titnéa is

dye dye

eC! o
the pseudo first order rate constant. A plot drﬁéﬁu vs. t will be a straight line with the

écdye U

slopeas k. The aboveplots for thehighestcatalyst amount (0.0125 g) for MOQWhich is

having highest degradation rate), and for both MB and MO degradations are giignS8

(Supporting data)The graph is fitted with atraightline with the value ofkz around 0.14 to

0.15 min’. For other catalysts amowmthe graphs are similarly wditted with pseudo first

order kinetic modelRecently, Zhang and cauthors [53 reported the catalytic degradation

of FeO:@MnO, hybrid catalyst and showed that the degradation kineticsviolonilar

pseudo first order model witky around 0.16nin™, whichis comparable to our values.
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Also to understand the relative influence of catalysts amount (both MOCD ang) MnO

on the dye degradatienof both MB and MO, a relativdegradation rate is tdined by

considering the relative percentagdgegradatiorover a certain amount of tim&he data are

presented in Table S2 of Supporting Informati@early, 0.0125 g of MOCD and MnO

catalysts (per 10 ml of dye stock solution) showed maxirdegradatiorrates.Apparently,

an increase in the degradation ratéh the increase in the catalysts amoimtdue to an

increasan the number of active sites time catalystswvailable for theeaction, which in turn

increases the rate of radical format[éd]. But, with further increase in theatalystsamount

the degradation rate is observed to be decre@ssidshown here)which is due to the

agglomeratiortrend of the surplus amount of catalydiat retard the absorption/desorption

equilibrium of the dye molecules on the catalysts surface and prevamform suspension of

the catalystdor efficient catalysis.

To further corroboratehe proposed dye removal mechanism in teaohsatalytic

degradation as primary process, and dye adsorption as the secpnoeesgs.the solid

samplegMOCD catalysts)werecollected afteicatalytic performance via centrifugation and

separationrbm the dye solution (MB) and then imaged under SEfsshown inFigure $4

of the Supporting Information The MnQ coating is stillobserved on the surface of the

diatomite,indicating good stability of the catalystdowever, ompar@ to the image of the

MOCD before dye degradation (Figutb), slight change in the morphology of tMOCD

catalyst is observed after dye degradatiime magnified image (Fig. S4b) revealed tte

porous surface of the MnQayer is slightly smoothe outin some places, indicating the

surface adsorption of the dye molecul@salitatively, this morphological change is found to

only 10% against the engirporous surfacé€On the other handEDX analysis of the solid

sample (MOCD catalystshefore and after dye degradatidepicted almost5% decrement

in the elemeral Mn within the coating layer after dye degradation procEblis observation

16



clearly indcates that the primary catalytic process is the degradatiotherizonversionof

solid Mn*™into water solubleMn*? during chemical catalyzation (@splained abovén Egs.

2-7), whereas, dye adsorption is only the secondary process.

The stability andthe regenerationability are crucial concerns with regatd the

practical application of the catalysthe SEM micrographs of MOCD catalysts after the

catalytic process (Fig. S4) clearldemonstratesuniform coating of MnQ layer on the

diatomite surface, ith the morphology scarcely changeddicating good stability of the

catalysts Additionally, alow temperature (4%5C) heat treatmendf the catalystslepictedthe

removal of theadsobed organicspecieswithout collapsing of the MOCD structurBurther

usage of the recovered catalysts in successialytic cycles showed very good catalytic

efficiency, indicating excellentstability, very good regeneraticability and prominentre-

usability[55].

5. CONCLUSIONS

This study hapresentedhe rapid degralation of a thiazine class dyanethylene blue
and an azo class dyemethyl orangeunder the presee of MnOx-coated Diatomite. The
MOCD compositecatalystis produced via avetchemical methodinderambientconditions.
Both control MNnQ andMOCD show \ery good catalytic activity, and with the assistance of
them, the degradation rate of MB and MO was promoted considerably, shortening the
degradation time tas low as30 min or less With respect to controMnO,, MOCD
composite shows much better catalytctivity, mainly because of three simultaneous
processes, such g8) a chemical process, whereydroxyl radicals are formed via the
reduction of Mn(1V) to Mn(ll)which consequently degrade the dye, (b) a physicochemical

processwhere dye molecules anetércalated within the layerexructureof birnessite Mn@

17



to remove the dye fromqueoussolution, and (c) a physical process, wheigher active
surface sites are provided by therousmatrix of thediatomitesupport to manifest greater
surface reaatins. Thus the material and methddve potential applications in the field of

waste water treatment, water splitting and pollution degradation.
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Figure captions

Figure 1. SEM images ofdiatomite (a); MOCD under permanganate-diatomite weight
ratio (}) of 1.6 (b, ¢ and the elemental mapgin(d: Si mapping, e: Mn mapping O
mapping) Inset of (b) represents the magnified image of a single diatomite pore covered with
MnOs.

Figure 2. TEM imagesof diatomite(a); andMOCD under permanganate-diatorite weight
ratio (}) of 1.6 (b). HRTEM images and SAED pattern of the hairy party@CD at two
differentmagnificationdc, d).

Figure 3. (a) XRD patterrs of diatomite control MnOz; and MOCD; EDX patterns of
diatomite(b) andMOCD (c).

Figure 4. (a) Thedigital photograph®f Methylene Bluedye solution at differeramount of
catalyststo show color change due to catalytic degradatioMBf and U\tvis adsorption

spectra of catalytically degraded MB solution treated MICD. Inset shows thenolecular

structure of MB.(b) Material influence on catalytic degradation B dye using control

MnO, andMOCD.

Figure 5. (a) Thedigital photograph®f Methyl Orangedye solution at differeramount of
catalyststo show color change due to catalytic degradatioM@f and U\tvis adsorption

spectra of catalytically degraded MO solution treated Mi@CD. Inset shows thenolecular

structure of MO (b) Material influence on catalytic degradation MO dye using contro

MnO, andMOCD
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