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Abstract

Catalytic ozonation has beemidely applied for the treatment ahunicipal and
industrialwastewates. Howeverthe mechanism of catalytic ozonation is still unclear
due to the controversial results reported in the literatwgh this limiting the
optimization of this technology. In this study, we extended the mechanistic
understanding of catalytic ozonatiproces via investigation obrganic oxidatiorand

Oz decayin the presence @wide variety of catalystincludingcommerciallyavailable
FeAmpregnated activated carbon, CuO andfldayered double hydroxide$Ve also
investigated thenfluence of salinityas well aghe matrix on the performance dhe

catalytic ozonation process

The Fedmpregnated activated carboatalystenhance®©s decaywith this generating
hydroxyl which enhancedhe formate oxidation at pH 3.0 compared tottbbserved

in the presence of{alone The involvement of hydroxyl radicaih formate oxidation

by the catalytic ozonation process ssipportedby the observation that theate and
extent of formate oxidatiodecreasem the presence ¢ért-butanolandCl*(which are
known bulk hydroxyl radicalsscavengers under acidic conditions)oreover, the
oxidation of formate mostlgccursin the soliddiquid inteffaceand/or the bulk solution
with adsorption playg no role in the overall oxidation. The catalisshot active at pH
7.3 and 8.5 suggesting that oty protonated iron oxide surface sites generateong
oxidant(s) on interaction with DA mechanistic kinetic model has been developed to

adequatelexplain Gz decay andormateoxidationduring catalytic ozonation process

In the presence of CuO and @\l layered double hydroxidesxidation of oxalate
mostly occus on the catalyst surface via interaction of surface oxalate complexes with

surfaceilocaied oxidants. In contrast, the oxidation of formate cedarthe bulk



solution as well as on the surface of the catalyst. Measurementadgoay kinetics

coupled with fluorescence microscopy image analysis corresponding to

7 ihydroxycoumarin formation inde DWHV WKDW ZKLOH VXUIDFH K\GURJ[\
layered double hydroxidescilitate slow decay of ©resulting in the formation of

hydroxyl radicals on the surface, CuO rapidly transformsinb surfacdlocated

hydroxyl radicals and/or other oxidantButile consumption of surfadecated

oxidants via interaction with the catalyst surfeixcd® LQ L P D O | Ra\leréddbbilide

hydroxides however, it becomes significant in the presence of higher CuO dosages.

Based onour understanding of the process, a kinetic moda$ beenbuilt and

adequately explasthe experimental results obtained.

In the study of influence of matrix on performance of ozonation and catalytic ozonation
processes, our results reveal that the ratezohe selfdecay is considerably faster in
phosphate buffer compared to carbonate bedfesolutionwith this effectstemming

from the differing hydroxyl radicals scavenging capacities of the buffering ions.
Interestingly, while the nature of the buffeedsaffects the rate of organic oxidation
conventional ozonation, the overall extent of oxidatiorioomate and oxalates the

same for different buffering ion3 he results obtained also indicate that the carbonate
radicals generated as a result obecerateion +hydroxyl radical reactiocanoxidize
formate and oxalate however the oxidation of these organics by phosphate radicals
appears to be minimal. The presence of phosphate ions also affects the surface
chemistry of the two Ctbased catalysteesed herewith phosphateons inhibiting
catalyst mediated £2lecay and sorption of the target organic compounds on the catalyst
surfaceThis inhibition of organic sorption ancc@ecay decreases the performance of

the catalytic ozonation process the presence of phosphate ions.
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The presence of salts (particularly chloride ions) reslube rate and extent of
degradation of humidike substances and low molecular weight neutrals (typical
pollutants present in reverse osmosis concentrates of coal chemstalvwater) during
catalytic ozonation usinga commercially available Fdoaded AbOs catalyst.
Scavenging of aqueouss:(by chloride ions and/or transformation of organics
(particularly humics) to more hydrophobic form as a result of charge shielding between
adjacent functional groups and/or intramolecular binding by cations inhibits the bulk
oxidation of organics to a maasable extent. While the scavenging of aqueous hydroxyl
radicals at the salt concentrations investigated here was minimal, the accumulation of
chloride ions in the electric double layer near the catalyst surface, particularly when
pH<pH. results in moresignificant scavenging of surface associated hydroxyl

radicals thereby decreasing the performancéhefcatalytic ozonation process

Wealsodiscuss theaveats associated with tieplication otert-butanol as a hydroxyl
radicals scavenger in ozotielated studies. @ results show thaert-butanolmay not

be able to access surface locat®#i formed duringcatalytic ozonationFurthermore,
tert-butanolmay also interfere with the adsorption of organics on the catalyst surface
and decrease the adstivp as well as concomitant oxidative removal of organics via
non radical mediated pathways (if importair)addition, TBA scavenging results are
inconclusive for mildly ozone reactive compounds due to switching fraifO8
mediated oxidation in the absee oftert-butanolto Oz driven oxidation in the presence
of tert-butanol The presence dért-butanolmay also decrease the rate@f decay
with the increased stability of€0n the presence dert-butanolfacilitating (i) direct
oxidation of ozonéreactive organics in the bulk solution and/or (ii) diffusion aft®

the surface and subsequent surfiacediated oxidation of organics.
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Overall, the results presented in thesis provide important insightshiatoatalytic
ozonation process. The experimental methods and the kinetic modelling tools
developed in this work can be used to gain mechanistic insights into catalytic ozonation
process using other catalysts. Furthermore, the kinetic models developedrhée
coupled with the hydrodynamics using computational fluid dynatoigls to predict

and optimize the performance of full scale catalytic ozonation reactor
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for each mole of @consumed) as function of pH and formate concentration. (b) M

odel

predicted contribution of nossadical mediated pathway (i.e., direct oxidation by

O

to formate oxidation akinction of pH and formate concentration. Note that an in

itial

Os concentration of 100.0 uM was used for these predictions......................c 102

Figure 5.1 XRD pattern of reference Al hydroxide................ooooiiiiicni s 109

Figure 5.2 Fraction gf £BA remaining in the solutin in the presence of GAl LDHs

(circles) and CuO (triangles) at pH 7.3. Experimental conditigre€CBA]o = 1.0 uM,

[catalysth = 0.06 g L'! (in terms of CUO MaSS)........ccvveereeverereeereemeeereeereeeeeenes 114

Figure 5.3 SEM images and XRD patterns ofAQWDHs and CuO. Panel a shows the

secondary electron image while panel b shows the XRD patterns#t CDHs with

panels c, d, and e showing the element maps of Al, Cu and O respectively.

Panel f

shows the secondary electron image while panel g shows the XRD patterns

bf CuO

with panels h and i showing the element maps of O and Cu respectively......116

Figure 5.4Measurement of pkdc of Cu#Al LDHs and CuO Experimental conditions:

[catalysth=10.0 g L1 in 0.2 M NANQG.......ccccceieeeeieeee e e e e et ete e erene 117




Figure 5.5 Removal of dissolved:@; ' (panel a) and concomitant G@anel b)

formation in the absence (squares) and preseh éAl LDHs (circles) and Cu(

<

(triangles) at pH 7.3. Removal of dissolved HCQ@anel ¢) and concomitant G

(panel d) formation in the absence (squares) and presencedlflTdHs (circles) and

CuO (triangles) at pH 7.3. Experimental conditions: [catalys().06 g L'* (in terms

of CuO mass), [€)o = 10.0 puM, [GOs 'Jo/[HCOO"o = 10.0 uM, pH 7.3 using 2.0 mi

NaHCG. Note CQ production during conventional sGhown here represents t

difference between initialCo04 ''HCOQ' concentrationand C;O4 '/ HCOO!

concentration remaining at various times shown in Figure 86aproduction during

catalytic ozonation her represents the difference of initi@:04 '/ HCOO'

concentration and 04 '/ HCOO' concentration remaining at various times meas

lired

in unfiltered samples following the dissolution of the catalysts. Symbols rep

fesent

experimental data and the lines represent model values.................cccoeee.... 118

Figure 5.6Fraction of GO4 ' removed (panels a and c¢) and oxidized (panel b and

d) in

the absence (squares) and presence afldLDHSs (circles) and CuO (triangles) at 3

H

7.3 at an initial [GO4 '] of 1.0 uM (panels a and b) and 100.0 panels ¢ and d).

Experimental conditions: [catalyst 0.06 g L'* (in terms of CuO mass), f» = 10.0

UM, [C204 o= 1.0 £100.0 pM, pH 7.3 using 2.0 mM NaHGONote CQ production

during conventional ©shown here represents the difference betwedialifG,0.

concentrationand C2O4? concentration remaining at various tim&0, production

during catalytic ozonation here represents the difference of i@ ' concentratior]

and GOs 'concentration remaining at various times measimadhfiltered samples.

Symbols represent experimental data and the lines represent model.valuesl19

Figure 5.7(a) Fraction of @04 ' oxidized and removed in the absence (circles)

and

presence ofAl(OH)z (oxidative removal: triangles; total removal: squar

0S).

10



Experimental conditions: [catalyst} 0.1 g L'* (in terms ofAl(OH)3 mass), [GO4 ']o

0 3k2 10.0 uM, pH 7.3 usip 2.0 MM NaHCQ. (b) Measured @decay in

the absence (circles) and presence (triangle®)l(@H)s. Experimental conditions:

[Os]o = 120.0 uM, [catalyst]= 0.1g L' (in terms ofAl(OH)s mass), pH 7.3 using 2

0

MM NAHCQ. .....oiiiiiiii e 120

Figure 5.8 Fraction of £04 ' and HCOO oxidized in the presence of GAl LDHs

(circles) and CuO (triangles) at varying catalyst dosages. Experimental cong

litions:

[catalysth = 0.006 +0.6 g L' (in terms of CuO mass), §Os o = 10.0 (panel a) an

o

[HCOO'l = 10.0 uM (panel b), [€]lo = 10.0 uM, pH 7.3 using 2.0 mM NaHC$

reaction time 2 h. Symbols represent experimental data and the lines represer

t model

Figure5.9 Fraction of GO4 ' andHCOOQ' oxidized in the presence of Gl LDHs

(circles) and CuO (triangles) at varying catalyst dosage. Experimental cond

itions:

[catalysth = 0.006 +0.6 g L' (in terms of CuO mass), jOs 'Jo= 1.0 uM (panel a

and HCOO']o = 1.0 uM (panel b), [€lo = 10.0 pM, pH 7.3 using 2.0 mM NaHG(

reaction time 2 h. Symbols represent experimental data and the lines represer

t model

Figure 5.10 Measured influence of 1.0 mM TBA additionG0s 'oxidation (panel$

D

a & b) andHCOOQO' oxidation (panels ¢ & d) by HCO in the presence ot#&lUu_ DHs

(panel a & c) and CuO (panel b &d) at pH 7.3. Experimental dongit [GO4 ']of

[HCOO']o = 1.0 uM, [catalysf] = 0.06 g.L'* (in terms of CuO mass), 3 = 10.0 uM,

[TBA]o = 1.0 mM. Symbols represent experimental data, lines represent model

values.

The model results in the absence and presence of TBA are sa@w©foroxidation.

Model results for HCOQoxidation in the absence and presence of TBA are sanre for

CUAILDHS. .. 122
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Figure 5.11 (a) @decay in the absence (squares) and presencei#i CDHs (circles)

and CuO (triangles) at pH 7.3. Panels b angshow fluorescence images of &

LDHs in the absence and presence of TBA respectively following 1 h reaction

ith O

at pH 7.3 while panel d shows fluorescence image for CuO samples followir

glh

reaction with Q at pH 7.3. Experimental conditions f@ decay: [Q]o = 120.0 pM,

[catalysth) = 0.06g L' (in terms of CuO mass). Experimental conditions

for

fluorescence images: i3 = 100.0 uM, [catalyst]= 0.06 g L' (in terms of CuO mass

[COUJ0 =10.0 UM, [TBAD = 1.0 MMuovooooooooooooooooooeessoeeomonoeoems oo 125

Figure 5.12 Panels a & b: Fluorescence microscopy images of samples prep|

ared by

conventional ozonation in the absence (a) aedgnce (b) of TBA after 1 h expost

ire

to Oz at pH 7.3. Experimental conditions:4l@= 100.0 uM, [TBAp= 1.0 mM, [COU]o

=10.0 uM. Panels ¢ & d: Fluorescence microscopy image of samples prepdred by

conventional ozonation of coumarin in the absence (apasskence of 1.0 mM TB/

\

(b) for 1 h and then sorbed onto @u LDHSs surface for 1 h. Experimental conditiof

1S:

[O3]o=100.0 uM, [COU} = 10.0 pM, pH 7.3 using 2.0 mM NaHGQCu #Al LDHSs]o

= 0.06 g L' during the SOrption SEP.......cc.eeeereereeieieeceereeseeeeteeeeeeereeeeeeeeeee s 126

Figure 5.13 Fraction d@OUremaining in solution in the presence of @ULDHs and

CuO at pH 7.3. Experimental conditions: [Clo& 10.0 uM, [catalys§= 0.06 g L'*

(iN termMsS Of CUO MASS)....evuiriiiiiiiiei e e e e e e ceeeer e e e e e e e e e e e e e eeees e e e e e e e e e eeeeeeeanenes 127

Figure 5.14 Fluorescence images of CuO samples after 1 h exparsQeeat pH 7.3.

Experimental conditions: [§b = 100.0 uM, [catalyst]= 0.06 g L' (in terms of Cud

MAsS), COUJ0 =130.0 M. ..uiiiiiiiiiiiiiieieeee et mmne e 128

Figure 5.15 Measurgal#CBA oxidation in the absence (squares) and presence ol’ 0.06

g L2 CuAl LDHs (circles) and CuO (triangles) at pH 7.3. Experimental conditi|ons:

12



[Os]o=100.0 uM, p £BA]o = 1.0 uM, [catalysi]= 0.06g L (in terms of CuO mass$).

Figure 5.16Measured @decay in the bicarbonate (squares) and phosphate (circles)

buffered solution in the presence of @lILDHs/CuO at pH 7.3 (panel a GAl LDHs

and panel b CuO). Experimental conditions: J&IU_DHs]o= 0.6 g L'!, [CuO}p = 0.06

g L™ (in term of CuO mass), [ 0 phesphatel[HCOs]o = 1.33 mM

Figure 5.17Measured ®@decay in the presence of @ LDHs (panel a) and Cu(

(panel b) in the absence and presence okpried oxalate on the catalyst surfac

pH 7.3. Experimental conditions: [GAl LDHs]o = 0.6 g L' (in terms of CuO), [CuO]A

0.12 g L't (in terms of CuO), [Glo 0Cx0: 'To 0 IRU &X

0 I RUAKLRHS, pH 7.3 using 2.0 MM NaHGC ...............cceeeeveiviiiees 131

Figure 5.18 Fraction d2204 ' (panels a & ¢) antHCOO' (panels b & d) remaining i

|\

D

=]

at

2 DQG

the presence of varying Gl LDHs (panels a & b) and CuO (panels ¢ & d) dosage at

pH 7.3. Experimental conditions: {04 o = 1.0 pM, [HCOO]o =1.0 pM, [catalysy

=0.006+0.6 g L" (in terms of CuO mass). Symbols repressterimental data, lings

represent Model VAlUES............ccooiiiiiiiiieeee e 132

Figure 5.19 FTIR spectra of GAl LDHs (panel a) and CuO (panel b) in the absgnce

and presence @204 ' and Q. Experimental conditionsC0s 'Jo = 1.0 £10.0 mM,

[catalysth = 0.06 g L'* (in terms of CuO mass)DE]o,gas=51.0 g n¥, flow rate 0.65 ml|

AR LN O 4211 PURURUTU U PP U VU U TP U U —— 133

Figure 5.20Adsorption isotherms of C#\l LDHs and CuO for (a)C204 ' and (b)

HCOOQ'. Experimental conditions: [Catalysis} 0.6 g L' (in terms of CuO mass

[C20s To/[HCOOTo = 1.0 £ 0 VRUSWLRQ WLPH K S¢

MM NAHCQR. ...ttt e e 134
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Figure 5.21 Fraction oHCOOQ' oxidizedin the absence and presence of 1.33

mM

phosphate by HCO using GAl LDHs (panel a) and CuO (panel b) as the cataly

St at

pH 7.3. Experimental conditions: [HCC[o= 1.0 uM, [catalys{=0.06 g L'* (in terms

of CuO mass), [€)o = 10.0 uM,pH 7.3 using 2.0nM NaHCGQ;, [phosphate]= 1.33

Figure 5.22 Measured :(lecay (a &b), HCOO oxidation (c&d), COs '( e &f)

oxidation on HCO in the presence of @&l LDHs (panel a, ¢ and e) and CuO (pahel

b, dand f) in HO and RO solution at pH 8.5 (pD 8.8). Panels g & h represep®: C

adsorption by CdAl LDHs and CuO respectively inJ® and RO solution at pH 8.!

o

(pD 8.8). Experimental conditions: [Catalysts]0.06 g L'* (in terms of CuO mass

pH 8.5 (pD 8.8) buffered b.0mM NaHCQ. Panel a and HO3]o 0 SDQHO
c and d{HCOQO']o 0 sh2 0 SDQHOCID;0FG.0 0> =
0O SDQHOCGIOP'RELR O>..ccoooeeiiiiiiiiiiivieeeeeee e 137

Figure 5.23 Measureds@ecay in the presence 6504 ' in the absence (panel a) and

presence of CtAl LDHs (panel b) at pH 7.3. Experimental conditionsz]3= 120.0

UM, [C204 o= 0.0 £100.0 pM, [CUAl LDHSs]o = 0.06 g L'* (in terms of CuO mass).

Figure 5.24 Fraction of HCOQpanel a and b) and>O4 ' (panel ¢ and d) oxidized in

the presence of CuO (triangles) at varying catalyst dosage. Experimental con

ditions:

[catalysth = 0.006 +0.6 g L' (in terms of CuO mass), [HCOD= 1.0 (panel a) or 10.

0

UM (panel b), [GO4 "o = 1.0 (panel c) or 10.0 (pand) and [Q]o = 10.0 uM, pH 7.3

using 2.0 mM NaHCg) reaction time 2 h. Symbols represent experimental dat

h and

the lines represent model Values............cooooiiiiiiieeei e 147
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Figure 5.25 Modelled oxidation of20O4 ' in the presence of Gl LDHs (panel a

and CuO (panel b). Experimental conditions: [catadys1).06 g L'* (in terms of CuC

mass), [@] = 10.0 uM [GOs "o = 10.0 pM, pH 7.3 using 2.0 mM NaHGQ......148

Figure 5.26 Modepredicted % @04 ' oxidation occurring on the surface in the

presenc®f CuzAl LDHs (a) and CuO (c). Panels (b) and (d) show 984" oxidation

occurring via direct reaction withZ@including both surface and bulk) in the prese

nce

of CufAl LDHs and CuO respectiveljOs]o = 100.0 pM was used for these predictic

NS.

Figure 5.27 Modepredicted % HCOOoxidation occurring on the surface in the

presence of CtAl LDHs (a) and CuO (c). Panels (b) afa) show % HCOQOoxidation

occurring via direct reaction withZ@including both surface and bulk) in the prese

nce

of CuAl LDHs and CuO respectiveljOs]o = 100.0 pM was used for these predictic

NS.

Figure 6.1 (a) Measureds@Os]o = 100.0 uM) seHldecay kinetics at pH 7.3 buffers

A1

d

using phosphate (squares) and carbonate (circles) solution. Panels b, c and d

epresent

the measured oxidation pf£CBA, OA and FA respectively on ozonation at pH

7.3

with pH buffered using phosphate (smes) and carbonate (circles) solution. Sym

bols

represent measured values; lines represent model results. Experimental condi

ions for

OAJ FA oxidation: [Q]o = 10.0 pM; [OAp /[ FAJo/[p £BAJo=1.0 pM................ 161

Figure 6.2 Measured{decay rate in the absence (circles) and presence(squares

of 1.0

mM TBA at pH 7.3 buffered using 1.3 mM carbonate (panel a) or 1.3 mM phog

phate

[ STz T AT I ) IS0 ) [ 1 o SRS 162
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Figure 6.3 Measured{decay rate in pH 7.3 buffered solution using 1.3 mM phosf

hate

(circles) and 10.0 mM (squares) phosph&gmbols represent average experime

ntal

data; lines represent model reSuUltS...............oovvviiiiiccce e 162

Figure 6.4 Measured{@decay rate at pH 7.3 in phosphate and borate buffered sol|ution.

Symbols represent average experimental data; lines represent model.results63

Figure 6.5 Panels a and b show measurementsale@ay andp £BA oxidation

respectively in carbonate buffer solution at pH 7.3. Panel ¢ shows the pin(

exposure vs @exposure in carbonate buffered solution wilH exposure and

exposire values calculated based on the data shown in panels and b. Panel ds

hows O

decay in phosphate buffered solution at pH 7.3. Experimental conditipfBA]o =

T.0pPM, [O30 = 100.0 M, PH =730 e oo 164

Figure 6.6 Measured{Q[Os]o = 100.0uM) decay kinetics in the presence of 0.06'g.L

L' Cu#Al LDHs (a, in terms of CuO mass concentration) or CuO (b) at pH iTtBpM

buffered using phosphate (squares) and carbonate (circles) solution. Panels

c and d

represent the measured oxidation of OA on HCO usingACWLDHs and CuO

respectively at pH 7.3 with pH buffered using phosphate (squares) and caf

bonate

(circles) soltion. Panels e and f represent the measured oxidation of FA on HCQ

using

Cu#Al LDHs and CuO respectively at pH 7.3 with pH buffered using phosj

bhate

(squares) and carbonate (circles) solution. Initial conditions for OA/FA oxidatig

DN by

HCO: [Gz]o = 10.0uM; [OA]o /[FA]o =1.0 uM. Symbols represent measured valy

es;

lines represent Model reSUILS............ooiiiiiiiiiiicee e 168

Figure 6.7 Measured £dlecay rate in the presence of 0.6 g(In term of CuO mas

5

concentration) CdAl LDHSs at pH 7.3 buffered using 1.3 mM carbonate (circles) of

1.3

mM phosphate (squares) solution. Symbols represent average experimental da

ita; lines

represent MOAEl rESUILS...........coouuiiiiiii e 169
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Figure 6.8 Measured{lecay rate in the absence (circles) and presence of 0.6¢

b g.L

(in terms of CuO mass concentration) BuLDHs (squares) or CuO (triangles) in |

H

—

7.3 solution buffered using 1.3 mM phosphate (panel a) or 1.33mM carbonate

(panel

b). Symbols represent average experimental data; lines represent model.re$uds.

Figure 6.9 Measured OA sorption in the presence of 0.6 {ri.terms of CuO mas

S

concentration) CtAl LDHs (a) or CuO (b) at pH 7.3 buffered using 1.3 mM phosp

hate

(squares) and daonate (Circles) SOIULION...........ccoeeeeiiiiiiiiieeee e 171

Figure 6.10 Measured OA oxidation (panel a) by HCO in the presence of 00y

L

terms of CuO mass concentration) 8U LDHs at pH 7.3 buffered using 5.0 m

\%

borate (squares) and 1.3 mM carbonate (circles) solution. Measured OA ads

orption

(panel b) in the presence of 0.06 §.(in terms of CuO mass concentration) &l

LDHs at pH7.3 buffered using 5.0 mM borate (squares) and 1.3 mM carbonate (g

ircles)

SY0] (] 110) o TTT TR 171

Figure 6.11 Measured FA sorption in the prese of 0.6 g.E (in terms of CuO mas

S

concentration) CHAl LDHs (a) or CuO (b) at pH 7.3 buffered using 1.3 mM phosp

hate

(squares) and carbonate (circles) solutiQn.............c.oooviiiieeer e 172

Figure 6.12 (a) MeasuredsQ)O3]o = 100.0uM) self-decay kinetics at pH 8.5 bufferg

U

d

using phosphate (squares) and carbonate (circles) solution. Panels b, c and d

epresent

the measured oxidation @f£CBA, OA and FA respectively on ozonation at pH

8.5

with pH buffered using phosphate (squares) and carbonate (circles) solution. S

ymbols

represent measured values; lines represent model results. Experimental condi

ions for

p £BA/FA oxidation: [Q]o = 10.0uM; [p £BA]o/[FA]o =1.0uM. For OA oxidation:

[O3]o = 100.0pM; [OA] o =1.0uM, [phosphatej[carbonate] = 2.0 mM............... 174

Figure 6.13 Mdel predicted OA oxidation under varying OA and buffer concentrg

tion.

Panels a and b show the OA oxidation during ozonation process at pH 7.3 in cairbonate

17



and phosphate buffered solution respectively. Panels ¢ and d show the OA o

idation

during HCO processsing CwAl LDHSs at pH 7.3 in carbonate and phosphate buff

bred

solution respectively. Note that for these predictiongsf@100.0uM was used. Th

117

z-axis shows the % OA removal observed in carbonate buffered and phosphate |

puffered

after 60 MIN OTEACTHON TIMB ... e e 181

Figure 7.1 LGOCD analysis of the organic components of various CCIl conce

htrate

samples (adapted from Koreg al>® CCW1 represents coking wastewater samples

from the Qiaran treatment plant, CCW2 and CCWa3 represents the RO concg

entrate

from a coal gasifiation wastewater treatment plant (Xintian), CCW4 repreg

ents

another RO concentrate sample from a treatment facility for coal gasifi

cation

wastewater.CCWS5 represents a combined stream of concentrates from the ion €

xchange

and RO units used for treatment ofethanol synthesis wastewater (Zhong

mei

Yuanxing), which was further treated using coagulation and ultrafiltration pri|or to

(o{0] | [=To3 {[0] o TR T TR 186

Figure 7.2 COD calibration curve in the absence and presence af.salts....... 190

Figure 7.3 Secondary electron image (a), element map of Al, Fe, Mn and O (panels b

e) and EDX spectrum (f) of catalyst using SEH®X. Panel g shows the XR

D

spectrum of the catalyst. Panel h shows surface charge as function of pH. Expe

imental

conditions br surface charge measuremdaatalysth = 10.0 g X in 0.1 M NaNQ.

Figure 7.4 Qidation of C;O4 ' in the absence (circles) and presence of 10.0 mM

TBA

(squares) by catalytic ozonation Symbols represents the average of duplicate

measurements; error bars represent the standard deviation of measy

rement.
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Experimental conditionspH = 8.3, Q gas flow rée = 60.0 £0.5 mL/min, reactor

volume=150 mL, [GOs '] = 2.75 mM, [catalyst]= 20.0 g/L.......ccccceeeiiirieeeennnn. 196

Figure 7.5Fluorescence images of clgsts following 1 h reaction with ©and

coumarin at pH 8.Fxperimental conditions: [§b = 100.0 puM, [catalyst]= 0.1g L',

[coumarirjo =10.0 M. Note that we used ground catalyst for these measurebh®énts.

Figure 7.6 Measured decrease in TOC (panels a & b) and @116 c & d) during

conventional ozonation (panels a & c¢) and catalytic ozonation (panels b &|d) of

synthetic wastewater (20.0 mg C/L HA + 13.0 mg C/L TBA) in the absence (circles)

and presence of salts (squares). Symbols represents the average ofteduplica

measurements; error bars represent the standard deviation of measyrement.

Experimental conditions: pH = 8.3,3@as flow rate = 60.0+0.5 mL/min, reactor

volume = 150 mL, [salt] = 4.0 g/L NaCl + 8.4 g/L #), [catalystp = 20.0 g/L199

Figure 7.7 Measured organic composition of raw (green bars) and treated synthetic

wastewater (red bars) using catalytic ozomaiio the absence and presence of sglts.

Bars represents the average of duplicate measurements; error bars represent the

standard deviation of measurement. Experimental conditptiss 8.3, Q gas flow

rate = 9.5+0.5 mL/min, reactor volume =150 mL; [Catfly 20 g/L; [salt] = 4.0 g/L|

NaCl + 8.4 g/L NaSQy; reaction time = 60 MiN..........ccvvviiiiiiiieeeiicenieeeeeeeeeeeennn 200

Figure 7.8 Measured decrease in COD during catalgzonation of syntheti

O

wastewater (20 mg C/L HA + 13 mg C/L TBA) in the absence (circles) and prgsence

of 4.0 g/L NaCl (triangles), 8.4 g/NaSQy (diamonds) and 4 g/L NaCl + 8.4 gfL

NaSQ: (squares). Experimental condition®d = 8.3, Q gas flow rate = 9.5+0.pb

mL/min, reactor volume =150 mL; [catalyst20.0 g/L........cevvieiiiiiiiiiiiieee. 201

Figure 7.9 Measured decrease in COD during catalytic ozonation of synmthetic

wastewaters (containing 20.0 mg C/L HA + 13.0 mg C/L TBA) in the presengce of

19



varying sulphate concentration (a) and chloride concentration (b). Symbols rep

resents

the average of qilicate measurements; error bars represent the standard devidtion of

measurement. Experimental conditiopst = 8.3, Q gas flow rate = 60.0£0.5 mL/mi

N,

reactor volume =150 mL; [salt] = as specified in leggcatalysth = 20.0 g/L .....201

Figure 7.10 Measured removal of organics in raw wastewater (a) araxqrated

wastewater (b) as a result of sorption on the catalyst surface. Eepéai conditions

pH = 8.3, reactor volume =150 mL; [salt] = 4.0 g/L NaCl + 8.4 g/kS@a ; [catalyst}

Figure 7.11 Measured decrease in TOC (panels a & b) and COD (panelsc &d

during

conventional ozonation (panels a & ¢) and catalytic ozonation (panels b &8)0aing

C/L HA solution in the absence (circles) and presence of salts (squares). S

ymbols

represents the average of duplicate measurements; error bars represent the

standard

deviation of measurement. Experimental conditiqnd: = 8.3, Q gas flow rate 3

60.0+0.5 mL/min, reactor volume = 150 mL, [salt] = 4.0 g/L NaCl + 8.4 g/tSKy),

CAtAlYST) = 20.0 G/L oot 204
[cataly g

Figure 7.12 Measurededrease in COD during catalytic ozonation of 33 mg C/L

HA

solution in the presence of varying sulphate concentration (a) and ch

loride

concentration (b). Symbols represents the average of duplicate measurements; error

bars represent the standard deviatibmeasurement. Experimental conditiopst =

8.3, @ gas flow rate = 60.0+0.5 mL/min, reactor volume =150 mL; [salt] = as spe

cified

in legend]catalysth = 20.00/L......ccooiiiiiiei e 204

Figure 7.13 Measured decrease in COD during conventional ozonation (a) and g

atalytic

ozonation (b) of 33.0 mg C/L TBA solution in the absence (circles) anémreof

salts (squares). Panel ¢ shows the concentration of TBA remaining after 1 h of ox

idation

by conventional ozonation and catalytic ozonation process. Symbols represe

nts the
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average of duplicate measurements; error bars represent the standardnde¥

atio

measurement. Experimental conditiopst = 8.3, Q gas flow rate = 60.0£0.5 mL/mi

reactor volume = 150 mL, [salt] = 4.0 g/L NaCl + 8.4 g/L.8la,, [catalysth = 20.0g/L

Figure 7.14 GEMS spectrum of treated 33 mg C/L TBA solution. Experime

ntal

conditions:pH = 8.3, Q gas flow rate = 60.0£0.5 mL/min, reactor volume =150

mL;

[salt] = 4 g/L NaCl +8.4 g/L N&5Qy, [catalysth = 20.0g/L; reaction time = 60 m|n

Figure 7.15 Measured :elfflecay (a) and catalyst mediated @cay (b) in the

14

absence (circles) and presence (squares) of salts. Experimental conditins1[D

UM; [catalysth = 20.0 g/L [salt] = 4.0 g/L NaCl and 8.4 gNaSQy, pH = 8.3. Pane

¢ shows measured dissolvedz@oncentratiorat O; gas flow rate of 60.0+0.5 mL/m
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Chapter 1 Introduction

Ozone (Q), first discovered in 1839 by the German chemist C. F. Schonbein
(1799i1869), is a powerful oxidant with three oxygen atoma nesonance structure
(Fig.1.1)! The lack of electramon the terminal oxygerendersOs electrophilicwith

the excess negative chagethe other oxygen coaing nucleophilic character. These
properties enable {20 be an extremely reactive molecule towardsyriaorganic and

organic compound%?

Figure 11 Resonance structure of ozone

The oxidation of organic compounds in the ozonation process occurs via (1) direct
oxidation by molecular @and (2) indirect oxidation by reactive oxidative species (ROS)
such asOH generated via £decay®'° Conventional ozonation, which mainly ies

on the oxidation power of Dhas been extensively used for wastewater treatment and
water purificationt™’ However, molecular ©is quite selective and reacts with
compounds characterized with aromatic rings, unsaturated bonds, and eliebtron
moieties!™ 1820 The generation of organic intermediagtssch as aldehydes, ketones
and carboxylic acid which are quite ozemdractory is often observed durintpe
conventional ozonation pro% 18 2!Complete mineralization of organics is hardly
achieved bythe conventional ozonatiomprocessand tertiary trenent is usually
required to further polish the ozonatedters?> 2% Although hydroxyl radicals DH),

a powerful and nowseletdive oxidant, can be generated via €el-decay inthe
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conventional ozonation process, this pathway is favoureteralkaline conditions

and/oron activaton by specific groups of organicsly.!® 2!

To enhance the oxidation of:@esistant organics, heterogeneous catalytic ozonation
(HCO) has been developed where the presence of solid catalysts imprawedatien

of target organic compounds. In HCOs; ©® transformed into ROS, especiafyH
which has a higher oxidation potential (2.89 SHE) compared to the oxidation
potential of Q (2.08 vs SHE)?* The OH reacts with most organcompounds with a
secondorderrate constant in the order of®1010'° M ™.s™1 22 thereby incredng the

rate and extent of organic mineralization.

In addition to radical mediated ozonation processes, direct oxidation of adsorbed
organics by molecular£has been reported to be areaiiative for organic oxidatiof:

26 Usually, adsorption of organics on the surface either improves the reactivity of the
organics by forming surfaderganic complexes or enhances the availability of
organics towards the surfagenerated oxidants: 2 However it has also been
suggested thatdsorption of organics may inhibit organic oxidation due to the blockage
of surface sitegnhibiting Oz icatalyst interaction and/odue to decrease in the

availability of organics if oxidants are mairgyesent inhe bulk solutiorf”2°

According to the brief discussion above, the controversies regarding the mechanisms
of HCO inevitably hindesthe optimization and application of this technology. In this
thesis,we investigated the mechanisms of HCO using carbon, copper aroased
catalysts using a variety of target organics. We also investigated the infludmuth of
salinity andthe matrix compositionon ozonation and HCO performance. Based on the
results okained, we provide important insights into the catalytic ozonation process. We

also employ kinetic modeling tools to assith the mechanisticunderstanding of
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HCO. The mathematical kinetrnodelsdeveloped in this work can be used to predict
the perfornance of organic oxidation under a range of conditions and can be employed

for optimization ofHCO.

The thesis is organized intine chapters (including this introductiamapter):

(1) Chapter 2 contains a literature review in the field of heterogeneab/tc

ozonation focusing on the interaction of &d organics with the catalysts.

(2) Chapter 3 describes the materiasperimental methods and setup used in this

thesis. The kinetic modeling tool used is also described ichhjster.

(3) Chapte# investigates the performance of catalytic ozonation using a commercially
available irorimpregnated activated carbofhe results obtained in thchapter has

been publisheth the following article:

Yuting Yuan, Guowei Xing, Shikha Garg, Jinxing Ma, Xgaong Kong, Pan Dai, T.
David Waite Mechanistic insights into the catalytic ozonation process using iron-oxide

impregnated activated carbon, Water Research, Volume 177, Pages 115785, 2020.

(4) Chapters explores the mechanisms of catalytic ozonatioth@presence of Gu
based catalyst3he results obtained in thikapter has been publishiedhe following

article

Yuting Yuan, Shikha Garg, Jinxing Ma and T. David Waite, Kinetic mode#sgjsted
mechanistic understanding of the catalytic ozonapoocess using CGAl layered
double hydroxides and copper oxide catalysts, Environmental Science and Technology,

doi: 10.1021/acs.est.1c03718.
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(5) Chapter 6 studies the influences of buffers on the performance of conventional
ozonation and catalytic ozonaii processes for organic oxidatidine results obtained

in thischapter has begoublished in the following article:

Yuting Yuan, Mahshid Mortazavi, Shikha Garg, Jinxing Ma, and T. David Waite,
Comparison of performance of conventional ozonation and heterogeneous catalytic
ozonation processes in phosphate and bicarbonate buffered solufQ$,

Environmental Science &Taaology Engineeringdoi: 10.1021/acsestengg.1c00350

(6) Chapter7 summarizes the influence of chloride and sulphate on the performance of
the commercial FMn Al>Os catalyst.The results obtained in thchapter has been

published in the following article

Yuting Yuan, Shikha Garg, Yuan Wang, Wenbo Li, Guifeng Chen, Minglong Gao,
Jinlong Zhong, Jikun Wang and T. David Waitefluence of salinity on the
heterogeneous catalytic ozonation process: Implications to treatment of high salinity

wastewater, Jouah of Hazardous Materia[2021), 127255

(7) Chapter8 discusseshe caveats in use dért-butanol as a hydroxyl radical

scavenger imzonation anaatalytic ozonation studies.

(8) Chapte® presents the general conclusions and implications obtairthisithesis.
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Chapter 2 Literature Review

2.1 Catalyst -Os interaction based on active sites

It is envisaged that the interactgof Oz and/or organics witkthe catalystsurfaceare
key processes responsible for thienary oxidation capacityin HCO 2 31 Thecatalys +
ozone interactioandconcomitangeneration oROSis dependent on the nature of the
catalysts pH as well as the presence of scavengers in the matrix.folloging
discussion would be focused time involvement of various surface sites which are

repoted to play a role ithe catalyst€s interaction
2.1.1 Surface hydroxyl groups

Surface hydroxyl groupsA 2 yare present on the surface and/or formed via hydration
of the Lewis acid sitesn metal oxidesn aqueous solution¥. A 2 -have been reported

to serve as active sites fog @ecay (and concomitant generation of ROS) and organic
adsorption in HCO. TheéA 2 formedat Mn sitesn Mn #nodified ALOs adsorb @Qand
catalytically transform @into OH with these ©H moleculescontributing to oxidation

of pharmaceuticals in the bulk soluti&hThe removal of phenol ithe presence of
TiO2 increased with the concentration &f2 +n the rutile phasedue tothe higher
surface areaof the rutile phasecompared to other Ti#Dphaseswith different
morphologiesand crystahities.** There are contradictory findings reported on the
mechanisms of OWUDQVIRUPDWLRQ RQ A2+ )RU H[DPSOH
observed on the relationshyetweencharge status ofA 2 tand Q decomposition in

the HCO process. Tha 2 1sites may baeutrally charged, protonateaid positively
FKDUJHG 4) ¢t depfotoratedd QG QHJIDWLY HO\ )RkénthdpHG L
is equa) belowor over thepoint of zero charge (pk), respectively Psaltouet al®
investigated 18 catalysts and found that the catalysts wigh pldse or slightly over
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the solution pH weréhe most effective to oxidizearahlorobenzoic acidp(2CBA).
Similar results were reported whceramic honeycom# and Cutoaded cordierité’
wereemployed as the catalgswith the organic oxidation maximized at the solution
pH where neutralA 2 ‘concentration wathe highestThis was in ageement witlthe
work by Qi et al. which reportedthat the unchargedA 2 von AIOOH was most
effective inindudng Os decay andOH generatiorwith the catalytic performance
decreaimg with thedecrease ithe concentration ofA 2 “after thermatreatment® In
addition, modification of pumice by Henproved the concentration ofA 2 +thereby
resulting ineffective transforration of Qinto OH at the neutral 2 -sites®® Inhibition

of p snitrobenzene oxidation in the presence of phosphate, a strong Lewis acid which
competes witlDz for A 2 +also supported the involvement 8f2 «luring HCOin the
presence of Fanodified pumice®® However some other studies reported that the
positively or negatively charged 2+ L H 2ARY “Pwrethe main active sites in
HCO3% 49 4 For example, the increase in pkand positively chargedA 2 #
concentratioron ceramic honeycomb by loading metal (Zn, Ni and Fe respectively)
onto ceramic honeycomWas reported to bebeneficial for the catalytic ozonation
proces$? On the other handt, was reported that thHacrease in the negatively charged
AD on MCM#8 by optimizing the Ce loading enhanced the decay pa@l
generation ofOH.*! Furthermore, the negatively charged Si@as reported to be
effective in oxidation op £ BA throughinitiating ©H generation via ©decaywith
thisobservatiorsupportinghe conclusiothat negatively charged 2wereactive sites
during HCQ®® Byun et al. and ceworkers*? found thatTi oxide wated ceramic
membrane showed superior effect to reduce membrane fouling and improve organic

removal compared to Fe and Mn oxide coated membranes in the hybrid catalytic
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ozonatioamembrane processdse the charge repulsion and generatiofOof atthe

negatively-chargedrTi sites.

Overall, it appears thaiA 2 +tare important active sites during catalytic ozonation
although the mechanism ot@ecay onA 2 s contradictory. The activity oA 2 #on

the catalyst is dependent on the type of active metal, theceucharge as well as the
physio€hemical properties such morphologies and crystal phaisése catalysts.

Moreover, the properties oA 2 #€an bealteredto enhancehe performance of HCO.
2.1.2 Lewis acid sites

Os interacts with the Lewis acid sites anetal oxideswith electrornsacceping
capacitied? The transformation of gaseous i@to surface atomic oxyge(®’) at the
strong Lewis acid sites hasdrecommonly observed the presence ahetal oxides*

45 Although, the interaction of Owith Lewis acid sites is more complicated in the
agueous phaghie tocompetitionbetweerwaterandOs for surface sites, some studies
havesuggested.ewis acid sites on the catalystiay an important role in £decay?®
46.47yan et al*® systematically compared tiehaviourof aqueous @transformation

in the presence of different iron oxidaisd showed thdahat  interacted with Lewis
acid sites to form RO®hich enhanceibuprofen oxidationYu et al.repoted that the
substitution of Ce in irosorganic frameworks creates more ligalaficientdefects and
increases the Lewis acid sites whesgs@lecomposed forimg surface adsorbetdH 6

In the presence of PdO/Cg@issolved @was decomposed on PdO sites and generated
O" with this contributing tothe oxidation of sorbed oxalate on Ce6ites?® More
interestingly, Binget al.*” suggested thdtly introducing different metal oxides intioe
structure of mesoporous SB#5 silica the decomposition of adsorbed 6n the

catalyst surface can lmeanipulatedvith their results showing that ;O3 promoed O
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generatiorwhile FeOs favouredsurface’OH and superoxide (&) production*” Yang
and cotvorkers reported th@hemically sorbed water at Lewis acid sia #eOOH
modified mesoporous Az enhanced © decay and formation of ROShereby
improvingpharmaceuticals oxidatid Thereplacement of sorbed water by phosphate
ions deceass the activity of the catalyst with this observation supporting the

conclusion that Lewis acid sites are involve®Ri@Sgeneratiorf®
2.1.3 Oxygen vacancies (OVs)

The oxygen vacancies (OVs) in metal oxides usually result froprésence afurface
defects which are rich in localized electr6f€eQ, due to the structure €eOVs+
Ce*, has been extensivelged in HCO? 5152 Comparison of variant nanoshapes ¢eO
in HCO indicated that CeQOwith a high proporion of defec¢ sites(i.e.,, OVs) can
effectively donate electrons ta;@nd generatdOH at the surface basic sites aiag a
result,exhibitsthe best performanaceith respect tmrganic oxidatiorr* Esmailpouret

al. reported that lightreated Ce@effectively oxidizes salicylic acid®® The OVs in
CeQ adsorb HO forming A 2 groupswhich act as active sites foe@ecay generating
oxidants which enhance the oxidation of salicylic &8ithe OVs present in lanthanum
manganite perovskites (LMG§ and Mnmodified FeOOH® also promote @decay

and generate singlet oxygé®,) and OH respectively.
2.1.4 Redox cycling of multi -valent metal ions

The redox cycling of multivalentmetals assistin Oz decomposition and generation
of ROS. For example, the decomposition efa@d concomitant generation ©H has
been reported in the presence of €M 48 %! and MnOs modified LMO 2 as a
result of the redox cycling of Ce(lll)/Ce(1V) and Mn(lll)/Mn(1V) respectiveNawaz
et al. measuredhe performance of six phases of Mni@ HCO with their reslis
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supportingthe conclusiorthat . MnO, with higher ratio of MA*/Mn** exhibitedthe

best 4 mitrophenol removal compared w@ther MnO2.5* Zhang et al. found that
Ce(Il)/Ce(IV) cycling benefited the oxidation of phenol in the presence of e
thehybrid catalytic ozonatiometal oxide coated ceramic mbraneprocesses, CeOx
was found to be more effective to remove bisphenol A, benzotriazole and clofibric acid
compared to MnOx since morédOH was generated due to the cycling of
Ce(Il)/Ce(IV).%® Interestingly, theelectron transfer from Ki in the structureof
NiFexO4 to Oz accelerated the generation’®H andthe reversion of Nif back to Nf*

was assisted by the oxidation of lattice oxygeMoreover, oxidabn of a cobalt+
oxalate complex generate®H as a result ofco(Il)/Co(lll) cycling>® The partial
electron donation from oxalate to Co(ll) increases the reactivity of Co(ll) towards O
compared to free Co(ll). The cycling of Fe(ll)/Fe(lll) and Cu(l)/Cu(llasnalso
identified to play a rolein organic oxidationby HCO employing Cudfe®

nanoparticless the catalys?
2.1.5 Active sites on carbon -based materials

The carbonoxygen functional groups with aed and basic character in rten
materials play a role in HCO via anchoring &nd/or organic compound%®? The
acidic functional groups include carboxyl, hydroxyl and carbonyl groups while the
basic functional groups arise frattmne presence gdyrones, chromenes and graphene
layers with delocalied electron§? 3 The electrons athe basic centres in carbon
materials react with €and generat#OH 2% 53 84Conflicting results have been reported
on the role of the acid groups, such as carboxyl gr@agactive sites for{alecay into

"OH. Oultonet al. reported that carboxyl groups on multiwalled carbon nanotube

(MWCNT) enhanceOH exposure formed viaf@lecomposition with this conclusion
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supported by the observation that Ret value increases with the increase in surface
acid group densit§° Similar results were reported by @ual %> However theoxidized
carbon surface was not effective in enhancing the generati@tbin other studie®®

%" The @arbon surface maglsoscavege YOH therebylimiting the diffusion of 'OH

from the surface into the interface aflod bulk solutionand, as a resultlecreasing the
oxidation efficiency of organic®.Functionalization of carbon materiaising methods

such as oxidatioff: % 66 heat treatmerft| heteroatom doping’, and metal oxide
modfication ’® "*has been reported to improve the performance of carbon material as

catalysts in HCO.

Due to he high density of functional groups, surface area and pore volumencarbo
materialshave strong affinity to most organics via interaction with oxygen containing
groups such as carboxyl grol3s’® "*Thus, h some catalyst desigrcarbon materials

are used as cengrdéor organic adsorption to accelerate the mass transfer of organics
This wasshownto bethe casein the presencef multiwalled catalysts with Fe or Ni
oxides impregnated on grapheneated A}Os.%° "“The graphitized layer not only act

as the active centres for;@ecay but also enhances the adsorption of org&hits.

Note howeverthat adsorption is not necessary to assure the catalytic effects of carbon
material® under situations where oxitian of organic proceeds in the interface and/or

the bulk solution (see more detailed discussion in sect®B)?2.
2.2 Oxidants generated via catalyt -Os interaction

2.2.1 Surface O 3

The adsorption of ©has been observed in the presence of various catalysts, such as
zeolites, iron silicates, pumice and iron oxideg> %48 7#79 Diffusion of O3 ontothe

surface generates surface (A 2) which has been identified as the main oxidant in
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some HCOprocesse® 8125 82 8Eaylier studies employing zeolite as the cataiyst
HCO showed that direct oxidation of the adsorbed organicslog€rs on the zeolite
surfaceé®® 8 Though the reactivity of ©toward many organic compounds is low, in
some caes it is reported that complexation of organics with the metal oxides surface
sites® increases their reactivity towards @nd facilitates their oxidation via a nan
radical mediated pathwagines and Reckho®#? showed that natural organic matter
(NOM) forms surface complexes with various metal oxides such as cobalt oxide, copper
oxide, titanium oxide and nickel oxide with these m&&@M complexes readily
oxidized by molecular ® Zhang and caworkers 2> 82 also reported that Cu
carboxylate complexes formed via bidentate bridging in the presence of CuO/CeO
showed higher reactivity towardss ©@ompared to free carboxylate groupislaq et

al.”® found that the Bronsted sites thre surface ofeolite4A acted as reactive centres
for the adsorptiorof organics and their concomitant oxidatiomia a non radical

pathway
2.2.2 Hydroxyl radicals

OH radicalsare reported to be the dominant ROS responsible for the destruction of
Os xefractory organic compounds in catalytic ozonafiof 0 65 €8he contribution

of OH in catalytic ozonatiomaybe assessed via scavengersigsbbe methosland
electron paramagnetic resonance (ER&}.-butanol TBA) is the most widely used

©OH scavengesince it reactgjuickly with ©OH (kon = 5.8 x10° M 2.s%) but slowly

with molecular Q (kon = 3.0x10% M £.5%).50.85The contribution ofOH istypically
estimated based on the diéacein the rate and extent of organic removal in the
absence and presence of TBA. For example, TBA inhibited the oxidation ofdteont
organic acids in CeQeatalyzed ozonation suggesting tf2it play a role® However,

TBA may interfere with the radat chain reaction and/or adsorption of organic
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adsorptiorf® which questions the reliability dhe scavenger method tweterminethe
contribution of OH in catalytic ozonatiorproceses Carbonate is used a®H
scavenger in some studiBsweverconflicting resultshave beerreported®? ° For
examplethe presence afarbonate promoted the extentpafCBA oxidation by HCO
employing MWCNT as the catalysven thoughOH was identified to be the dominant
ROS® In contrast, carbonate strongly decreased the organic oxidation in the presence
of LMO due to the scavenging &H 5?Based on the discussion above, more validation
tests should beerformedin addition to scavenger tests tscartain the role ofOH

during HCO.

The involvement ofOH can bequaantifiedby addition of chemical probes which
specifically react withOH generated in the system. For example, coumarin (COU) is
used asOH probe since COU reacts withH forming 7-hydroxyl COU (7HC) which

is fluorescent® Another frequently used probe i&BA due to its high reactivity
towards OH (kon = 5.0x10° M 2.s%) and low reactivity towards £3kon = 0.5x10%

M £.s%) 87 For examplejn the iron nanoparticle coated ceramic membi@renaton
processeg-CBA was more effectively removed due to the generatio®Hfvia O3
iron oxide interactiof® p ££BA has been extensivelysed todeterminethe Rct value
which is defined as the ratio of exposuret®H and Q exposure in the target system
(€9.2.1)%% *° The concentration of #BA spiked into the systermrhsuld be lowto
minimize the influence op ££BA on Os decay kinetis.8® °* Overall, the chemida
probes added into the system shoti)dspecifically react withHOH, and 2) not alte Oz

decay kinetics and associaté&lH generation.

5 LF 7.
i> ?T—L SLF %’
i>77%— Gsiarcrd > 77 -
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(2.1)

EPR has been used as a useful tool to detect ameatbrize the radicals in chemical
and biological systems (detailed review availabl®avies®. In catalytic ozonation
systems where shatived radicals are produced, a spin trapping agent assisted EPR is
often utilized?® 52 8Generally, the trapping agent is added to the catalytic ozonation
system at high concentration (mM to Miichreacts with any radicals present forming
stable adduct® Nitrone traps such as S#imethylpyrrdine &N ®oxide (DMPO), 5+

tert butoxycarbonytsmethylf pyrrolinedN oxide (BMPO) are mostly used for the
detection ofOH and Q*fin catalytic ozonation systerféThe DMOP+OH peaks are
characterized as an intensity ratio of 1:2:2:1. Adding alcohols such as TBA removes
the strong DMOR®OH peak allowing detection ofO'as a result of théormation of
DMOP +O0H.5? However, the addition of alcohols could be questionable since the
reaction of alcohols ands®nay possiblyresult in theformation ofotherradicals?? It

is also recommended to uge high®purity traps toalleviatethe impact of impurities

due to the high concentratiar trapused in the target systefffsStronger EPR peaks

in catalytic ozonation systems compared with that in conventional ozonation without
catalystis usuallyindicative ofthe effectiveness dhe catalystin activaing Os decay

into radicals. However, surfagelated processes need to be taken into consideration
when interpreting the results from EPR s$asitained in the presence of catalysts. For
example highaffinity of trapsfor the catalyst surface is vital if the radicals are produced
and constrained on the surface (more discussion on surface oxidation is available in
section 2.3.1). Moreover, moleculag @an oxidize nitrones via electrophiland/or
nucleophilic reactions, generating aldehyde&etones with these compounds being
reactive to @ and further driving @ decay and formation of radica¥$Given that

radicals could be generated via interaction of these intermediatesheitatalyst,
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conclusios based solely orEPR resultscould be erroneous. Unfortunately, such

discussion is rarely found in thieerature oncatalytic ozonation processes.

Note that although &*has been identified in many ozobased processg 2% 46 47,52,
54,9597 e areof the opinion that it acts as a chaiarrier to promote ©decay intoOH
rather than an oxidant for organic oxidation since it is very reactive towaféiwiich
is present ira higher concentratiotman targemmicropollutantsduring ozonation and

HCO.
2.2.3 Singlet oxygen and Surface atomic oxygen

10, is known to oxidize dissolved organic maftéand ha been detected in HCE3.%®
Wanget al.reported that the Goroduced by Neloped nanocarbanaterialseffectively
oxidizes oxalic acid on the sud@aand/or in the bulk solutio®t is interesting to note
that themechanisnof catalytic ozonations alsodependent on theatureof target
organics.For example, whileD" wasidentified asthe main oxidant for oxalic acid,
molecular Q and!O, were responsible for oxidation of pheisatompoundsvhenCo +
embedded Neloped carbonanotubesvereusedasthecatalystin HCO.%® Nawazet al.
reported that the removal of#itrophenol was inhibiteth the presence of Na\vith
thisobservatiorsupportinghe conclusionthat O, played a role during Mnnediated
HCO>* However, NaN reactsquickly with Oz making it an improper probe 30,

with inhibition in 4aitrophenol oxidation possibigue toconsumption 0f3.1%°

In summary, (1) the reaction oatalyst and ©is strongly dependent on the nature of
thecatalyst (2) the mechanism of catalyti@; decayis usually complexand generates
various ROSand(3) all methods for ROS measurement have some disadvasdage
caution should be exercisadheninterpreting the results obtained in the presence ROS

probes and scavengdo avoid misleading conclusions.
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2.3 The role of o rganic adsorption in HCO

The adsorption of organicompoundsonto the catalyst teisdo be dependent on the
properties of the compounds avell asthe nature of the catalysturfacewhere
electrostatic forcedyydrophobic interactions, dipeltipole interactions, and van der Waal
forces may play a rold=or exampleselectrostatic attraction facilitates the adsorption of
organics with this dependent on thid,c of the catalystsaciddissociation constant of

the organics and solution pH. Corflicting results have been reported on the role of
organic (including both micropollutants as well as NOMJsorption in organic
oxidation during HCO. Some studies have suggested that adsorption imfiteve
contact efficiency of organic and oxidant on the surface thereby increasing the organic
oxidation® 1% On the contrary, some studies have suggested that adsorption of
organice occupesthe surface sites therebitherinhibiting catalystOs interaction and
concomitant oxidant generati 2’ or limiting oxidation oforganic oxidation by bulk
oxidants due to reduced bulk organic concentrafidnyvestigation 6 the role of
organic adsorption on organic oxidation is critical in determining the mechanism of
catalytic ozonatiorandin identifying the major location(s) whererganic oxidation

occurs
2.3.1 Organic oxidation on the catalyst surface

Findings of m influence of bulk radical scavengers on thte and extent afrganic
oxidation as well as promotion of organic oxidatiorthmncrease irthe extent of
organicadsorption araypically assumed to suggest that the oxidation of organics is
occurringon the surface. For example, activated camvas suggested facilitate the
surface oxidation of organics based on the observdltiat the performance of HCO

was not affected biulk radical scavenger8? Moreover, formation of organignetal
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complexes and/dhe concentrating of organicontaminant®n the surface facilitate
organic removain the presence of CuO/Ceé} Salla and caworkersfound that
although MnOs induced more significant £decay and generation of surface ROS,
limited access ohumic acid (HA)to the surfacecorstrained the oxidation of HA

On the other hand, it was reported ttegadsorption of HAwasfavouredon . #Al>03
due to electrostatic attraetiforces and high surface arefa. 1Al Oz with thisincrease

in HA adsorptiorresulting in effective HAoxidation compared to thabserved in the
presence oMn203.1%! Interestingly ROS could be generated via surface oxidation of
sorbed organics as suggestedtbg interaction of ozonsoil surface that thédOH
generation via @decay was related to the soil organi matédthough the metal oxides

on the soil surfaceeemed to bestronger promoter®?

During catalytic ozonation, adsorptiaf organics is related to the nature of surface
sites, surface charge and the nature of the organicsAThegroups presergn metal
oxidesurfacesave ion exchage capacity and can be replaced by the organic atibns.
The surface of metal oxides exhibit positive, neutral and negative charge degendin
on the pHzcand the solution pA°Usually the positively charged surface is beneficial
for adsorption ohegatively chargedrganics due to electstatic attraction® Thus,
organic oxidations depenénton pH..cand solution pH. For exampliwas reported
thatthe oxidation 6OA in the presence ¢tdO/CeQ can be improvewhen operating

at pH<pHc sincethe adsorption of oxalaticrease®n positively charged surfas€
Similar results have been found in the presence g4l .0z modified mes@orous
SBA A5 with higher oxidation of organic observed when pHsgldompared to that

observed apH>pHyze*’

The nature of the functional groups in organic compowsts affect the adsorption

of organic compound# catayst surfacesFor example, functional groups such as
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carboxylic, phenoli®©OH, or amino groups can substitute tiAe2 +on the catalyst
surface allowing formation of metadrganic complexe¥ 1% Zhanget al?® reported
that OA exhibied stronger affinity towards CuO/Cg®urface compared to formate
due to the formation of bidemte Cu*A complexes. The Cu@®A complex was
oxidized on the surface of CuO/Cg&3 a result of Cu(l)/Cui(l redox cydng. Wang

et al reported thaCo #lecoratd N *doped carbon nanotubes facilitated oxalic acid

oxidation due tancreasedxalic acid adsorption on the catalyst surf&ce.

It should be noted that quantification of organic oxidation and/or complete
mineralization during HCO processés challengingdue to the complexity in

differentiating adsorptive and oxidatieeganic removal.
2.3.2 Organic oxidation in the interfacial region and/or the bulk solution

Many previous studies found that the adsorption of organic on the catalyst surface was
minimal with this observation suggesting that the oxidation of organiavixaen by
oxidants present in the interfacial regions and/or the bulk sof#iéh 33 38 54. 60, 75
Ernst et al?’ found that the adsorption afrgants was not necessary to initiate
oxidation of organics. Rathesdsorptionof organics blocks theA 2 +siteswhich are
the active sites for Qlecay and generation &H. Similar results were reported far
MWCNT 3 system in which enhancementpCBA oxidation was observed the
presence obxidized MWCNT even though the adsorptionm#BA was inhibited in
the presence of oxidized MWCN¥ .Similar findings were reportedor MWCNT +
catalysed atrazine oxidatiowherein atrazine adsorptionto the catalyst surface
decreased its oxidation vias@nd/or ROSresenin the bulk solutiorf3 Zhanget al?°
characterized the uneven distributiontH between the carbonanotube surface and

bulk solution using fluorescence microscopy and found ahagh concentration of
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OH is located in the solitiquid interface The OH located in the solidiquid interface
contributel to the oxidation of perfluorooctane whichas a weak surface affinity
towards carbon nanotub&bow adsorption and fast oxidation kinetics afitrophenol
in the presence of Mnonfirmedthat the oxidatiomccurred mainly in bulk solution

in the presence of MnQ*

The most straightforward way to evaluate the involvement of bulk oxidant(s) in organic
oxidation is by comparing the organic remoualthe absence and presence of bulk
oxidant scavengers. TBHas been widelysed as a bullOH scavenger in many studies

to probe the role of bulfOH in organic oxidatiof” 8 The higher organic removal rate

in the absence of TBA compared to that measured in the presence of TBA stiggest
the oxidation of organics ocain the bulk solutionBased orthelow surface affinity

of perfluorooctane and measurement®H, it was suggested thtite oxidation of
perfluorooctaneccurredat the interfaceof carbon nanotulse However,no influence

of TBA addition was observed on theidation ofperfluorooctane with thisbservation
suggesting that TBA might be not able to scavenge the interf@t#d® Note that the
differentiation of organic oxidation in the interfacial regions and the bulk solution is
not explicit. If the catalytic performance was impacted by theepisof bulk radical
scavengersye are of the opinion th#te oxidation of organics proceeds mainly in the
interfacial regiorwhereinoxidants such a®H are present as a result of diffusion from

the catalyst surfadé catalytic anediated @decay is inportant?? 2°
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Chapter 3 Experimental methods

This chapter describes the reagents and experirhergthods used in the thesis. For

chaptersspecific methods, detailed description is included in the relehaptes.
3.1 Experimental methods

All the chemicalsised in the experiments described in subsequent chapters of this thesis
were obtained from Sigma Aldriclith analytical grade or abowend used without
further purifications. All the glasswareassoaked in 5% v/v nitric acitHNOz) and
cleaned thoroughly with Mill€) (MQ) water before use. The 5% nitic acid bath for
soaking theglassesvasprepared freshly each month. All the solutievere prepared

in MQ water with 18 MYcm™ and pH around 7.0nless stated otherwisall solutions

werestoredat  « prior touse unless specifiegtherwise.
3.1.1 Dissolved O 3

3.1.1.1Reagents

Os stock solution

Os stock solutionwas prepared by sparging gaseousi@o MQ waterin a Dreschel
bottleat room temperature for 30 mifThe equilibrium dissolve®3 concentration in
the stock solutiorwas standardized by measuring its absorbance atr@é(qmolar
absorptivity = 3200 M®.s™);?22 with a UV spectrometer (Ocean Optics
Spectrophotometry system). The gaseouw&produced by an §€generator (T4200,
Oxyzone Oty Ltd, Australia) using pure: @ a flow rate of 650 mL.mif as the feed
gas. The UV absorbance of ©stock solutionwas generallyaround 1.0+1.2,
yielding adissolved @ concentration of 312.3375.0 M based on the Be 4 ambert

law (eg.3.1).
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HLY>? (3.1

where A is the absorbance ot §tock solution at 260 nmQis the molar absorptivity
of Oz at 260 nm, c is the molar concentration agf &db is the optical path leng(i

cmin this thesis
Indigo stock solution

The stock solution aindigowasprepared by dissolving potassium indigo trisulfonate
into 20.0 mM phosphate bufféf’ Briefly, 0.6 g of potassium indigo trisulfonate and
2.31 gof 85% HPQOs weredissolved in 10 L MQ water.The indigo stock solutiowas
covered with aluminium foil prior to us&he absorbance of the indigo stock solution
waschecked on a weeklypase and replaced when the absorbance at 600 nm decreased

to less than 80% of its initial value.
Phosphate buffer at pH 2.0

The phosphate buffeat pH 2.0for dissolved @ measurementvas preparedby

dissolving 24.4 ganhydrousNaH.PQ; and 35.0 g 85% POy into 1.0 L MQ.
3.1.1.2Method for dissolved & measurement

Dissolved Q concentratiomasmeasured using thadigo method developed by Bader

and Hoigne®” Briefly, 1.0 mL of sample was added @2 +0.3 mL indigo stock
solution and 0.8 mL of pH 2 phoshatebuffer followed by addition of MQvaterto
achieve a final volume of 5.0 mhe sample absorbance at 600 nm was measured
immediately using an Ocean Optics Spectrophotometry system. Prior to measurement,
calibration wasperformedby standard additionf the Oz stock solution into indigo
solution over the concentration range of 0.826.0 M and the absorbance was
measured using the procedure described above. A molar absorption coefficient of
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26,890M *.cm'* was obtained for indigo which is close to the reported Vi&ftigure

3.1 shovs an example oé calibration curve of dissolved:@btained in our work

Figure 31 Calibration curve of dissolved ozone by indigo method

Note that for the measurement@d concentration in the presence of catalyst, samples
were first added to indigo solution with the mixture filtered immediately using 022 p
PVDF syringe filters (Millipore). Control experiments were performed to ensure that
the adsorption of indigo on the filter membrane and/or catalyst was negligible during

filtration.

3.1.2 p £CBA
3.1.2.1Reagents
p-CBA stock solution

A 80.0 M stock salition ofp £BA wasprepared by dissolving 12.53 mgCBA into

1.0 LMQ water.
p £BA dandardsolution

A 1.2 mM standard solution @f€CBA wasprepared in methanaind used to perform

the calibration fop £BA quantification.
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Mobile phase for high performance liquisthromatography (HPLC)

The mobile phases f@r¥CBA detectionwere10.0 mMH3P Qs andacetonitrile(ACN).

The 10.0 mMH3PQ; solutionwasprepared by dilution of 85%4RQs.
3.1.2.2Method for p £BA measurement

The oncentration ofp £BA was measured byHPLC (Agilent 1200 Series, USA)
employing UV#etection at 234 nm using 45% (v/v) 10.0 midPiEy and 55% (v/v)
ACN with flow rate of 1.0 mL/min.Calibration was performed prior tg #BA

measuremeni calibration curve op £BA is illustrated in Figure 3.2.

Figure 32 Calibration curve op £BA.

3.1.3 Formate and oxalate
3.1.3.1Reagents
Radiolabelledformate and oxalate stock solut®n

Stock solutions ofadiolabelledormate (HCOQO) and oxalate (€D4') wereprepared

atconcentratiosof 90.0 M and 0.2 mM respectiveiyn MQ water.

Nonradiolabelledformate and oxalate stock solutions
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Non xadiolabelled HCO® and C,04' stock solutios were preparedat the desired

concentrations by dissolving their sodium saltMQ water
3.1.3.2Method for H“COO " and *4C204' measurement

The concentration di**COO' and'*C,0, ' werequantifiedusing aPackard TriCarb
2100TR scintillation countef® following addition of 0.9 mL of sample into 10.0 mL

of liquid scintillation cocktail (Ultima GOLD, PACKARD).
3.2 Experimental set -up

Most experiments for €decay and organic oxidation were performed at pH 3.0, 7.3 or
8.5 unlessstatedotherwise.The volume of the reactors was 70ml unless otherwise
statedFor pH 3.0 studies, a 1.0 mNNOs solution was used as the buffer whil2.a

mM NaHCQ air-saturated solution was used for pH 8.5 experiments. For pH 7.3, a 2.0
mM NaHCQ solution in equilibrium with sgthetic air containing 6000 ppm of €O
(HIQ certified calibration standards; BOC) was used. To allow equilibration ef CO
between the solution and the gas phase, solutions were sparged in Dreschel bottles for
2 h prior to experimentd..0 M HNG; and 1.0 MNaOH stock solutions were used to
adjust the pH of the reaction solution when requivgtile the pH was well controlled

in the pH 3.0 and 8.5 experiments (with pH variations of < £ 0.1 units), the pH of the
7.3 system increased by 0£0.3 units over theourse of the ozonation studyost

likely as a result of the decrease in the-@artial pressure since sparging with the

synthetic CQ@air mixture was not continued during the experiments.
3.2.1 Oz decay

Investigation of aqueousz@ecay was performead headispace free gatight syringe

reactors (Figure 3.3). For measurement, aqueous ozone (~120.0 uM) was added to
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buffer solutions in the absence and presence of catalysts. The aqueous ozone

concentration was measured using the indigo mettod.

Figure3.3 Image of headspae free syringe reactors used for measurement of agqueous
ozone decay by conventional and catalytic ozonation processes.

3.2.2 HCOO' and C204 oxidation in batch mode

The experimental setup and method used for simultaneous measurement of adsorption
and oxid#ion of HCOO' and GOs ‘on ozonatiorandcatalytic ozonation are shown in
Figure 3.4.During experiments, the ozone reactor was carefully sealed ang gentl
stirred using a magnetic stirrevalves 1, 3and4 were closed to reduce the headspace

in thereactor Valve 2wasconnected to the sample partdwas opeed while taking
samplesFor measurement dbrmate/oxalatadegradation on ozonatipmalves 1, 3

and4 were open and valve 2 was closedl the reactor sparged with dlas to drive

out CQ formed in the reactoAn appropriate volume of formate/oxalate stock solution
was added to 70.0 mL buffer solution in the absence or presence of catalyst to yield
final formate/oxalateoncentration of 1.0 uM (consisting of 0.1 uM radiolabelled and

0.9 uM ron-radiolabelled formate/oxalateubsequently, an appropriate volume of
ozone stock solution was spiked into the reactor to initiate the reaction. At desired times,
1.5 mL of sample was withdrawn from the reactor and 1.0 mMdaololabelled
formate/oxahtewas added to cease the reaction by quenching any oxidant(s) pP&sent.

109 Subsequently, 10.0 plconcentrated nitric acid (45 mM) was added and the

55



solution was spargedith N2 to drive out any formed from the reactor into the
trapping slution (1.0 M NaOH). Note thal COOH/HCOQ loss via volatization via
N2 spargingis within 5% under the experimental conditions usedhis study(Figure

3.5). The residudf**COOH/H*COQ' concentrations in the reaction vessel and

concentrationin the trapping solution were measured using a PackardCaii
2100TR scintillation countgprotocol 2 count efficiency 95%:'°° following addition
of 0.9 mL of sample (filtered by 0.221wPVDF syringe filter) into 10.0 mL of liquid

scintillation cocktail Ultima GOLD, PACKARD)

Figure 34 Experimental setup used for formate and oxalate removal in batch mode by
conventional and catalytic ozonation processes.

Figure 35 Measured formate removal in the reaction vessel dusingparging for
30min.Experimental conditiongFormate$ =1.0uM (0.1 uM as radiolabelled an@l 9
MM as nonxadiolabelled formatepH =3.0.
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3.2.3 Organic oxidation in semi -batch system

The setip for axidation of theselectedrganic compounds by conventional ozonation
and catalytic ozonation in a sethatch systemvas shownn Figure 3.6. The volume
of the wastewater was fixed at 150 mL. Thewf rate of the gas sparged into the
wastewater was controlled at 60 mL/min with a-ghase ozone concentration of 51
mg/L. At predetermined time intervalsg, 10, 20, 30, 40 and 60 minutes), 10 mL of
sample was withdrawn from the reactor. Followingrgiing with N gas for 1 min, the
samples were filtered (for catalytic ozonation samples only) using |0/2PVDF
filters (Millipore) and thechemical oxygen deman€ QD) andtotal organic carbon

(TOC) concentrations were measured.

Figure 36 Schematic representation of organic oxidation used for TOC/COD removal
in semibatch mode by conventional and catalytic ozonation processes.

3.2.4 OH generation

To evaluatethe rateand extent ofOH generation on ozone decg#BA was used as
the *OH probe since it has high reactivity towar@H (koor pcsa= 5.0 h 10° M 1.sh)

but low reactivity towards ozondd p<sa = 0.15M 1.s1 8 For measurement, 1.0

MM p £BA andthedesired amount of ozone were added to the sealed reactor (Figure
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3.7) to initiate the reaction. The®BA concentration was measured usiHBLC

(Agilent 1200 Series, USA) using the method described before.

Figure 37 Reactor sed for measurement pf#CBA oxidation by conventional and
catalytic ozonation processes.

3.2.4 Kinetic modelling

Statistical analysisvas performed using singl&/ DLOH G MésiX & Hhe B V
significance level. Kinetic modelling of our experimentauks was performed using

the software package KintectiS.Kintecusis a simulation program that enables
prediction of the concentration of reactants and products as a function of time based on
numerical integration of the rate equations appropriata thypothesized reaction
mechanismThe rate constants used for the various reactions used in modelling were
either obtained from literature and/or measured experimentally. Agreement (or lack
thereof) of the predicted concentrations of reactants poducts with measured
concentrations for the same entities provides a measure of the veracity of the
hypothesized reaction set and/or the rate constants used. An analysis of the sensitivity
of species concentrations to perturbations to various rate otsgtathe model was

undertaken by Principal Component Analy&€A).110
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Chapter 4 Mechanistic insights into the catalytic
ozonation process using iron oxide -impregnated

activated carbon

lwhich

Some of the material in this Chapter has been drawn froneatrpablication
KDV EHHQ DFNQRZOHGJHG DQG GHWDLOHG LQ WKH pLQFO

thesis
4.1 Introduction

Ozone is a relatively strong oxidant and has been widely used in the treatment of
drinking waters andvastewaters. However, conventional ozonation technologies are
usually constrained by poor mass transfer of ozone from the gas phase to liquid phase,
low ozone utilization efficiency and limited mineralization of organicé. 1> The
addition of a catalyst has been proposed to overcome some of these problems with the
catalyst purportedly enhancing the efficiency of the process as a result of increased
generation of oxidants such #3H on catalystozone interactioR® 29 47. 60, 74,75, 113,114

The nature of the oxidant(s) generated in the catalytic ozonation systems appears to
depend on the type of catalyst used® 47- 8% 96, 13519 |n gddition to formation of
reactive oxidants during catalytic ozonation, stabilization of ozone by adsorption onto
the catalyst surface and/or adsorption of organics are also reported to enhance the
oxidation efficiency in the catalytic ozonation proc&s$* "> 12However, inconsistent

results have been reported on the role of organic adsorption in catalytic ozonation with
some studies showing that the adsorption of organics (including parent compound
and/or intermediates formed on oxidation) on the catalyst surfacagexd the overall

oxidation capacity during catalytic ozonatigh?6: 74 79 81, 116, 1§/hjle other studies
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suggesting that the adsorption of organics was naétalrit* and even decreased the

performance of catalytic ozonatiéh2°

As should be clear from the above brief review, despite extensive studies on catalytic
ozonation, the role of the catalyst is not well understood. There is continued controversy
regarding the contribution of catalyst to organics adsorption and oxidant generation
with the uncertainty in part ascribed to the use of complex organic compounds such as
humic substances and aromatic compounds for which oxidation results in formation of
a suite of intermediates and-pyoductst® 120 122yhile these organic contaminants
may be representative of real wastewaters, the coexistence of the formation of complex
oxidized intermediates and their subsequent interaction with the catalyst and ozone
makes it very difficult to clearly elucidate the ch@nism responsible for contaminant
degradation. Moreover, pH is not well controlled in many of the reported studies which
makes the comparison of conventional ozonation and catalytic ozonation difffcult.

To partially address the problems of previous studies, radiolabelled formate and oxalate
were chosen as the target compounds in the prebaptersince they have well
defined oxidation pathays and, in both cases, result in formation ob@ad HO as

the only product$?® 124 By quantifying both the loss of formate/oxalate and the
generation of C@over time, we are able to explicitly differentiate removal of
formate/oxalate byhe adsorption and oxidation processes. Additionally, these short
chain carboxylic acids are good target contaminants since they are recognized as
important eneproducts on ozonation of aromatic organics such as humic and fulvic
acids?®* 1% Moreover, the Ka of formic and oxalic acid is 3.8 and 4.Rép)
respectively which allows variance in dissociated species of the two acids with this
possibly influencing the adsorption and oxidative mechanisn@der to understand

the influence of ptbn organics removal by ozonation (both conventional and catalytic),
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we investigated the process performance under varying pH conditions in the pH range

3.0-8.5.

A commercially available iron oxide impregnated activated carbon catalyst (provided

by Beijing OriginWater (BOW) Technology Co., Ltd, China) was used in all
experiments. We chose a carbbased catalyst for these studies since carbon materials

are inexpensive and possess abundant surface sites. Based on our experimental results,
a mathematical nuel has been developed that satisfactorily describes formate

oxidation by both ozonation and catalytic ozonation processes.

4.2 Materials and Methods

4.2.1. Reagents

All experiments were performed at pH 3.0, 7.3 or&mgbuffer solutionsdescribed

in chapter 3. Stock solutions of radiolabelled and sadiolabelled sodium formate,
1.0 mM indigo stock solution, £stock solution and stock solution ptCBA were
prepared as describeddhapter 3. Since formate exists as both HCOOH and HCOO
in the pH range investigated heveg use HCOOH/HCOOto represent total formate

from hereorin this chapter
4.2.2. Catalyst characterization

A commercial iron oxide impregnated carbon catalyst (termed JBX) and its activated
carbon carrier (referred to as carrier from hereon) were supplied by BOW. Upon receipt,
the catalyst and the carrier were prewashed with MQ water untughernatant was
clear and then driedt 50 in air before useThe surface area and the pore size of the
catalyst were acquired using 8brption isotherms and analysed by Brunabdermett+

Teller (BET) and BarrettJloynerdHalenda (BJH) models. The samplesevdegassed
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at 150 °C for 8 h prior to the test. To further characterize the surface properties and
composition of the catalyst and the carrier, scanning electron microscopy with energy
dispersive Xtay spectroscopy (SEMEDX; FEI Nova NanoSEM 230 FISEM) was
performed on both the surface and core of JBX to investigate the distribution of metals
in the catalyst. The catalyst was polished by ion milling (Hitachi lon Milling System
IM4000) and fixed onto a crossection sample holder by silver glue. Both scefand

core of JBX was examined in order to ascertain the distribution of elements through the
catalyst. To characterise the surface charge of the catalyst, zeta potential measurements
over a pH range of 3.0 to 10.0 were performed using a Malvern NandeKSG600
zetasizer. The catalysts used here are in form of pellets with length of ca. 5 mm and 3
mm diameter. Since the catalysts were in the form of relatively large particles, the
dosage of catalyst was set at 1.0 or 10.0"gtd provide sufficient surfacsites for
ozonecatalyst and formate/oxalatatalyst interactions® 12®Note that even though

the overall dosage of the catalyst was high, the active metal concentration was very low
(< 0.1% of the total weight of the catalyst) and comparable with the catalyst dosages
used in various earlier studigs?*12° We would also like to highlight that we used the
activated carbon carrier as the control in all experiments to &estlthof the iron oxide

(the active site in JBX as discussed later) associated with the carrier rather than using
well defined iron oxides since the exact nature of the iron oxide loaded on the carrier

cannot be determined (see section 4.3.1 for moelset
4.2.3. Experimental setup
4.2.3.1. Formatedegradation

The experimental setup and method used for simultaneous measurement of adsorption

and oxidation of HCOOH/HCO®bn ozonatiorare described in detail ichapter 3.
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Briefly, 1.0 uM formate ¢onsising of 0.1 uM radiolabelled and 0.9 pM nan
radiolabelled formate) and ozone (1#100.0 uM) were addetb pH 3.0, 7.3 or 8.5
buffer solution in the absence and presence of 110.6rg L' catalyst (or carrier). The
concentrations ofH“COOH/H“COO' remaning and '“CO, formed following
oxidationat various time intervals were measurgd.investigate the role dOHin the
HCOOH/HCOJ oxidation process, TBA and Cffor pH 3.0 only)were used a¥OH

scavengers.

In order to investigate thenportance of formate adsorption on its overall oxidation
during catalytic ozonation, peadsorption ofL..0 uM formate was performed on 10.0 g

L 1 JBX at pH 3.0. After 4 h, when nearly 80% of the added formate was adsorbed on
JBX, the catalysts were withalvn and redlispersed in fresh pH 3.0 buffer solution.
Subsequently10.0 uM of @ was added to initiate the oxidation with ttencentrations

of H*COOH/H“COO' and**CO, measured as describeddmapter 3.
4.2.3.2 Oxalate degradation

In order to investiga the influence of the nature of the target organic on rate and extent
of degradation, the oxidation of oxalate was investigated at pH 7.3. While formate can
be oxidized by both ©and’OH, oxalate has low reactivity towards (ko,= 0.04 M*
1.¢%:1.123,13Qyjith oxidation of oxalate mostly governed by its interaction Withl (kow

= 5.6x16 M £.s%;'23formed on @decay. The experimental setup amdcedure used

for oxalate oxidation was identical to that described for formate degradation. Briefly,
1.0 uM oxalate (consisting of 0.1 uM radiolabelled and 0.9 uM fadiolabelled
oxalate) and ozone (10.0 uM) were added to pH 7.3 buffer solution ab8ence and
presence of 10.0 g 'L IJBX with the concentrations of oxalate remaining @D,

formed continuously measured using the method describddhpter 3.
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4.2.3.3. Ozone decay

Investigation of aqueous ozone decay was performed indibpack freegastight
syringe reactors (seshapter 3). For measurement, agueous ozone (~120.0 uM) was
added to pH 3.0, 7.3 or 8.5 buffer solution in the absence and presence of 1.0 or 10.0 g
L " IBX (or carrier). We also measured tmne decay ithepresence of fanate and

at pH 3.0 7.3and 8.5For measurement @s decay in the presence ot®b,
H20- in the concentration range 10£100.0 pMwas added to pH 3.8nd 8.5 buffer
solutionwith initial ozone concentrationf ~120.0uM. For measurement of ozone
decay in the presence of formaid) £160.0uM formate was added to pH 3.0, 7.3 and
8.5 buffersolution andL20.0uM ozone was spiked into the reactbine aqueous ozone
concentratia remaining was measured using the indigo met6as describd in

detail inchapter 3.

We would like to highlight that even though the initial o0zone concentration used in
formate/oxalate degradation studies and ozone decay studies were different due to the
constraints on the detection limit of the method used fmne measurement, the
difference in initial ozone concentration has no impact on the interpretation of our
results and conclusions made here since the measurdivésibf ozone were similar

for various initial Q concentrationst{, = 11.7f 0.2and 105f 0.1 min for initial Oz
concentrations of 10.0 and 120.0 uM respectively at pH\8IBh is comparable to

earlier reported valués!
4.2.3.4. Hydroxyl radical measurement
To evaluate the rate and extent of BOIK generation on ozone sedfecay,p £BA

was used as th®H probe since it has high reaaty towards’OH (koH, p.cea= 5.0 %
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10° Mis™y but low reactivity towards ozonekd, pcea = 0.15 M1.s™:8). For
measurement, 1.0 ujd«€BA and ozone (10.@&100.0 uM) were addeto pH 3.0, 7.3
and 8.5 buffer solution to initiate the reaction. P€BA concentration was measured
using the method described in detailchrapter 3. Due to the strong adsorptiorpaf
CBA on JBX and the carriefOH measurement experiments were not conducted in the

presence of catalyst (or carrier).
4.2.4 Kinetic modelling and statistical analysis

Kinetic modelling ofthe experimental results was performed using the software

package Kintecu¥2 as describeth chapter 3.
4.3. Results and Discussion

4.3.1. Catalyst characterization

The surface areas of both JBX and its carrier are high with vafu840 + 48 and

1499 + 36 rAg™* (BET model) respectively (Figure 4.1). The average pore sizes of JBX
and the carrier are 2.8 + 0.1 and 2.6 £ 0.1 nm (BJH model) respectively. While the
detailed synthesis procedure for JBX is commercially confidentiial pitirported that

metals have been loaded onto the carbon to improve the catalytic activity. In view of
the similar surface areas and average pore sizes of JBX and its carrier, we surmise that
the metal loading process has little impact on the structutektural properties of the

carrier.
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Figure 41 N, adsorption isotherm of a) JBX (surface area 1640 + 4§)nb) carrier (surface
area 1499 * 36 ffy). Panel c and d represent the pore size distribution of(dB&tage pore
size 2.8 + 0.1 nm) and carrier (average pore size 2.6 = 0.1 nm) respectively.

SEM#EDX measurements were performed to determine the active metal(s) on the
catalyst surface (Figure 4.2). It can be seen that Fe peaks are more evident in the JBX
spectrum compared to its carrier. In addition to iron, a variety of elements including
sodium, aluminium, calcium, potassium and magnesium were also present in both JBX
and the carrier but at comparable abundances. These ubiquitous earth metals are likely
associated with the manufacturing process of the carbon carrier rather than addition of
these metals for catalytic purposé&As such, we surmise that Fe is the active element
loaded onto to the carbon carrier with this element likely present as an iron oxide. The

SEM#EDX measurement of the surface layer and the core shows that Fe is present
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through the entirety of the catalystigure 4.2 and 4.3) indicating that the catalyst is

QRW RI VRHROH VWUXFWXUH 1RWH WKDW DOXPLQLXP R
carrier, may also exhibit catalytic activity as described in some earlier stétlies;

howeveriron oxide is expected to be a more reactive surface than alumina for the

reaction with ozone as reported by Mitchell andveorkers!®®

and also supportealy
our experimental results (discussed in detail in later sections) wherein the presence of
even a small amount of iron oxide (as in JBX) demonstrates higher catalytic ability than

the aluminium containing carrier.
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f)

Figure 42 SEM ££DX mapping images of JBX (panel a and b) and carrier (panel ¢ and d), and
EDX spectra of JBX (panel e) and carrier (panel f).
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Figure 43 SEM£DX spectrum of the core of JBX

The pHpzc of JBX is 8.3, slightly higher than that of the carrier (7.5, Figure 4.4),
suggesting that the presence of Fe may alter the surface properties of the activated
carbon. Note that further characterization of the natdr¢he iron oxides using
techniques such as ¥y diffraction (XRD) and Xtay photoelectron spectroscopy

(XPS) was not feasible since the loaded Fe concentration was low (< 0.1%).

Figure 44 Measured zeta potential of JBX and carrier under varying pH conditions.
Experimental conditions: [NaCl] = 10.0 mM; [catalyst] = 0.5% L

4.3.2. Ozone decay in the absence and presence of catalyst

As shown in Figure 4.5, the rate of ozone sdtcay { e, in the absence of JBX and
the carrier) increases with increase in pH with nearly 12%, 40% and 85% ozone

consumed within 30 min at pH 3.0, 7.3 and 8.5 respectively. This is in agreement with

the mechanism that setfecay of ozone is initiated by hydrdxgns ( ) resulting
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in the formation oPOH 7+ 22 136 3{(see eqs 4.1#4.7). The formation ofOH on ozone
decay is supported by results showing ake&lation ofp £BA at pH 3.0, 7.3 and 8.5

(Figure 4.6), which is known to react rapidly witbH (5x10F M *-s™) but slowly with

(0.15 M™.s™) 8 The pH dependence pHCBA oxidation supports the conclusion

that decay to forn?OH increases with increase in pH.

Os+ OH*: +2,4* (4.1)
HO4* — HO  #+ O ® (4.2)
HOz* — H* + Oz ® pKa = 4.8 (4.3)
O+ 03 : 22+ 03% (4.4)
HOs¥— H* + O3 pKa= 8.2 (4.5)
HOs*: "OH + & (4.6)
OH + G : HO#+ O (4.7)
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Figure 45 Os decay in the absence (triangles) and presence of JBA (squares) and carrier (circles)
at pH 3.0 (panel a), pH 7.3 (panel b) and pH 8.5 (panel c). Initial conditiogls=[020.0 UM,
[catalysth) = 10.0 g L. Symbols represent experimental data and lirepsesent modelled

values.
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Figure 46 Measured decrease [r’CBA concentration in the presence ofd (a) pH 3.0, (b)
pH 7.3 and (c) 8.5 at ozone concentration of 1R/B(solid black square) and 12BM (solid
reddot). Symbols represent experimental data and lines represent modelled values.

The presence of JBX facilitates the decay of aqueous ozone with the impact of JBX

much more pronounced at pH 3.0 than at 7.3 and 8.5 (Figure 4.5). Furthermore, our
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results showthat the carrier also enhances the rate of ozone decay at pH 3.0, 7.3 and

8.5. The overall rate of ozone decay measured here can be expressed as:

,
P FiGu EGeEGa> 7 @9

where kon', kac and kre respectively represent the apparent pseficd order rate
constant of ozone reacting with hydroxyl iong.( self flecay), the activatetarbon
surface and iron oxide impregnated catalyst. Based on the measured ozone
concentration under variousonditions, we calculated the values lak', kac and
kreunder varying pH conditions (see Table 4.1). As shown in Tablehe Malue of
kon'increases with increase in pH since$b# €lecay of ozone is initiated by hydroxyl
ions. The value okac is dmilar at pH 3.0, 7.3 and 8.5 which suggests that the
interaction of ozone with the carbon surface is not dependent on pH. This is in
agreement with previous studies in which the catalytic activity of activated carbon was
found to be not particularly setige to pH changé&® % The value okredecreases with
increase in pH from 3.0 to 8.5 which suggests that the protonated positively charged
iron oxide surface sites interact with ozone much more rapidly than the negatively
charged deprotonated sites. This is in agreement with an earlierirepdnith only
uncharged >F#H? and/or positively charged >B®H," surface groups promote
ozone decay when goethite was used as the catly3¢tailed discussion of model

fits is available in section 4.3.5.
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Table 41 Apparent pseuddiirst orderrate constant of ozone reaction with hydroxikei{),
iron oxides Kre)and activated carbon surfagec) at pH 3.0, 7.3 and 8.5.

pH pH 3.0 pH 7.3 pH 8.5

(43+03)x1Fs?  (20£04)x10s?  (1.1%0.1) x 1Fs™

(56%02)x10s?  (58203)x10s?  (7.3+0.2) x 10 s*

(50£03)x1Fs?  (1.3+02)x10s®  0.0+0.0s%

4.3.3. Formate oxidation by ozonation

As shown in Figure 4.7, thedHCOOH/HCOQO concentration decreases with
concomitant formation of C£n the absence of catalyst (Figure 4.8) with this result
supporting the conclusion that the oxidation of HCOOH/HC®€urs in the presence
of ozone alone. The rate and extent of HCOOEIM' oxidation increases with
increase in pH; for example, nearly 28.8%, 57.7% and 70.5% HCOOH/H@ere
oxidized within 30 min at pH 3.0, 7.3 and pH 8.5 respectiyelgure 4.8) Note that
the dissociation of formic acid K@=3.8) is dependent on pH tiformic acid and
formate dominating at pH 3.0 and 7.3/8.5 respectivély. described in earlier
studiest* HCOOH/HCOO can be oxidized either by direct interaction witha@d/or
'OH formed on @ decay (eqs. 4.%4.12). The direct reaction ofz@an occur via

hydride transfer (eq. 4.9) and/or H abstraction (eq. 4.10) with the latter process resulting

in formation of which is a precursor fofOH formation.
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Figure 4.7 Formate removal during ozonation at pH 3.0, pH 7.3 and pH 8.5 in the absence
(squares) and presence (circles for TBA and triangles for NaCfpldfscavengers. Initial
conditions: [Q]o = 10.0 MM, [formatep = 1.0uM, [TBA]o = 0.1 mM at pH 8.5, 1.0 mM TBA

at pH 7.3 and 3.0 mM at pH 3.0. [Nag 50.0 mM at pH 3.0. Symbols represent measured
values and lines represent model results.
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Figure 48 CO, formationduringconventional ozonatiort &) pH 3.0,(b) 7.3and(c) 8.5 in the
presence and absence of TBA or chloritfetial conditions [Os]o = 10.0 pM, [formate]= 1.0
MM, [TBA]o = 0.1 mM at pH 8.5, 1.0 mM TBAt pH 7.3and 3.0 M at pH 3.0.[NaCl]o =
50.0 mM at pH 3.0Symbols represent measured valaedlines represent model results
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HCOO*+ O3 : & 2+ HOz* (4.9)

HCOO*+ Oz : & 2%+ HOs* (4.10)
HCOO*+ OH : & 2%+ H,0 (4.11)
COE+ O : &2+ Op® (4.12)

The pH dependence aixidation of HCOOH/HCOO should be related to the pH
dependence of rate of generation (and consumption) of both oxidants. As discussed
earlier, Q undergoes decay initiated by OHesulting in the formation ofoH (egs 4.1
+4.7 72213613 |eading to the expectation th#@H mediated oxidation should be
more important under alkaline conditionddowever, as discussed above,
HCOOH/HCOO may also initiate @decay to form’OH (egs. 4.10 and 4.5) and, as
such, the pH dependence’6fH generation may not be entirely governed hys€lf +
decay. In order to elucidate the contribution’©H to oxidation in
ozonation, we measured the impact of TBA additiooH(tsa= 5.0 x 16 M '1.g'1;141

on HCOOH/HCOO oxidation. It can be seen from Figure 4.7 that tholdiof TBA
significantly inhibited (69.2% in 30 min) oxidation at pH 8.5 however

no impact of TBA addition was observed at pH 7.3 and 3.0. Significant inhibition of
HCOOH/HCOO oxidation at pH 8.5 in the presence of TBApport the conclusion
that HCOOH/HCOO oxidation is mainly governed b¥DH at pH 8.5. In agreement
with the impact of TBA addition, we observed no impact of addition bfffjure 4.7),

a known scavenger d®H under acidic condition¥?on HCOOH/HCOO oxidation

at pH 3.0. Thus, based on the observed impact of TBA ahdw@l conclude that
formate oxidation by conventional ozonatioecus via hydride transfer for pH 3. We

would like to highlight that the TBA scavenging results may not be conclusive at pH
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7.3 as a result of alteration in the oxidation pathway@®OH/HCOQ in the presence
of TBA as discussed in detail ahapter 8. As dicussed in detail ichapter 8jn the
case of compounds such as HCQ@ich promotes ©decay and are ozone reactive,
the presence of TBA result in the alteration in ga¢hway of oxidatiorfrom *OH
mediatedHCOO' oxidation in the absence of TBA tos@ediated oxidation in the

presence of TBA.

The mechanism of formate oxidation by ozone determined here is in agreement with
the mechanism reported by Reistzal.}*° however diffes from that reported in an
earlier study:*® The differences in the experimental conditions (pH, higher formate
concentration, etc.) employed in the two studies possibly contributes to the discrepancy
in the mechanism which, as shown here, varies considerably withyeéllas formate

concentration (discussed in detail in later sections).

We would like to highlight that a significant fraction of tl@H formed on @decay

will be scavenged by bicarbonate ions/carbonate ions present in the buffer solution (eq.
4.13). Note that carbonic acid is the dominant specie at pH 3.0 while bicarbonate
dominates at pH 7.3 and &&sed on the pigKa diagram of carbonic aci@hile the
scavenging ofOH by HCOs'/CO:?" decreases the ozone efficiency in various earlier
studies'*#1%6 the scavenging ofOH by HCQ'/COs ' does not influence formate
oxidationsince carbonate radical Oz *) formed fromOH +HCQOs;/CO?' reaction is

able to oxidize formate (eq. 4.14) as wéll.Instead, the scavenging d®H by
HCQs'/COs?' prevents the futile consumption of ozone viga £0H interaction (eq.

4.7), thereby stabilizing ozod® and increasing the efficiency of the ozonation process.

HCOs*/ CO?*+ OH : & 23™+H,0 (4.13)
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HCOO*+ COs®: & 2%+ HCOs* (4.14)
4.3.4. Formate removal by catalytic ozonation
4.3.4.1. Formate oxidation by catalytic ozonation

As can be clearly seen in Figure 4.9, the HCOOH/HC @@ centration decreased on
ozonation with concomitant formation of @@ the presence of JBX and carrier. The
extent of oxidatiorof HCOOH/HCOOJ by ozonation in the presence of JBX or carrier
was slightly lower than that obtained by conventional ozonation at pH 7.3 and 8.5 with
this result indicating that the presence of the catalyst and/or carrier does not improve
the oxidation efftiency, at least under the circumneutral pH conditions investigated
here (see Table 4.2). In contrast, the presence of JBX or carrier enhanced oxidative
HCOOH/HCOQO removal at pH 3.0 (Figure 4.9 and Table 4.2). Note that at all pH
conditionsinvestigated here, HCOOH/HCO®@moval via adsorption during catalytic
ozonation was minor (< 20%; Table 4.2). Our results further showhbatrpact of

JBX on HCOOH/HCOO oxidation at pH 3.0 was more pronounced than the carrier at
pH 3.0. This observain supports the conclusion that the presence of iron oxides at the
JBX surface promotes ozone decay (Figure 4.7) and, consequently, oxidant generation
and formate oxidation at pH 3.0 (Figure 4.9). Note tlmatlissolved iron in ozonated

pH 3.0 solution cotaining 10 g.1% JBX was detected biynductively coupled plasma
atomic emission spectroscopyCP ES suggesting that homogeneous catalytic
ozonation as a result of interaction with any leached iron from JBX was negligiele.
carrier also improved HCOQHCOO!' oxidation at pH 3.0i.e., the interaction of ©

with activated carbon alone (at this pH) also results in formation of oxidants capable of

oxidizing HCOOH/HCOO.
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Figure 49 Formate removal andoncomitant C@formation in conventionaDs (circles) and
catalyticOs using JBX (squares) and carrier (triangles) at pH 3.0 (panel a and b respectively),
pH 7.3 (panel ¢ and d respectively), and pH 8.5 (panel e and f respectively). Initial conditions:
[Os]o = 10.0uM, [formatep = 1.0uM, [catalysth = 10.0 g L.
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Table 42 Comparison of oxidative and adsorptive removal of HCOOH/HE@@ing the

catalytic ozonation process at pH 3.0, 7.3 and 8.5.

HCOOH removal

pH 3.0
% Total removal % oxidativeremoval % adsorptive
removal
Adsorption by JBX 28.4+8.5 0.0 28.4+8.5
Adsorption by carrier 29+04 0.0 29+04
Oz only 28.812.5 28.812.5 0.0
Catalytic Q by JBX 60.4+3.9 52.7x4.7 7.7£.4.9
Catalytic Q by JBX + TBA 37.0£7.4 27.1+3.0 9.9+104
Catalytic Q by JBX + CIf 37.4+1.8 27.5+1.1 9.9+104
Catalytic Q by carrier 46.7x4.7 33.9£2.7 12.9+2.1
Catalytic Q by carrier + TBA 38.7+0.1 28.9+0.1 10.1+0.3
pH 7.3
Adsorption by JBX 15.2+1.9 0.0 15.2+1.9
Adsorption by carrier 11.3+0.3 0.0 11.3+0.3
Os only 57.7+4.2 57.7+4.2 0.0
Catalytic Q by JBX 51.0+3.2 34.0+1.9 17.0£1.9
Catalytic Q by carrier 49.5+9.3 29.2455 20.2+3.8
pH 8.5
Adsorption by JBX 7.4+1.1 0.0 7.4+1.1
Os only 70.50+4.01 70.50+4.01 0.0
Catalytic Q by JBX 57.4+1.6 54.2+1.7 3.1+0.5
Catalytic Q by JBX + TBA 40.8+1.8 33.3x4.2 7.5+2.4
Catalytic Q by carrier 57.0£5.7 55.0£5.5 2.0£0.2
Catalytic Q by carrier + TBA 43.0+0.7 35.8+£0.3 7.2104

Note: %removal shown here were obtained at 30min.
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Varying the catalyst dosage from 10.0 to 1.0%pecreases the rate and extent of ozone
decay and formate oxidation at pH 3.0 ; however no signifiggn0(05 using single

W D L OH G t¥astMridkeqreVovafying the catalyst dosage was observed at pH 8.5
(Figure 4.10). This observation further supports the conclusion that JBX is active in
initiating ozone decay and oxidant generation under acidic conditions. At pH 8.5,
however the catalyst is ineffectuaitivmost of the ozone decay and formate oxidation

observed under these conditions occurring via the conventional ozonation process only.

Figure 410 Measured ozone decay (panel a and b) in the presence of variant JBX dosage at pH
3.0 and 8.5. Initial condition: [§) = 100.0 uM, JBX = 1.0 (open squares) or 10.0%(bpen
circles). Measured formate oxidation after 30 min of reaction time (panel d)aimdthe
presence of variant JBX dosage at pH 3.0 and 8.5. Initial conditigj:§Q00.0 uM, JBX =

1.00r 10.0g &

4.3.4.2. Nature of the oxidant generated during catalytic ozonation at pH 3.0
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In order to gain insight into the nature of the oxidshntfenerated during catalytic
ozonation at pH 3.0, we measured the impact of TBA ahddtlition on the oxidation

of HCOOH/HCOJ in the presence of JBX or carrier at pH 38. shown in Figure
4.11 and Table 4.2, addition of TBA a@dl' significantly inhbits catalytic oxidation of
HCOOH/HCOQO at pH 3.0 when JBX is used as the catalyst. Specifically, in the
presence of 3.0 mM TBA and 50.0 mBA', the extent oHCOOH/HCOQO oxidation
decreased by7.1% and 46.1% respectively. This is in contrast with therobd
impact of TBA and Clduring ozonation only (Figure 4.7) with this result supporting
the conclusion that the oxidant involved in HCOOH/HC@®idation is different for

the conventional and catalytic ozonation processes at pH 3.0. Since, TBA and Cl
both known to scaveng®H under acidic condition¥? 148it appears that the oxidant
generated during catalytic ozonation using JBX as the cataly{3HisThis hypothesis

is in agreement with earlier studies which reported that interaction witthe iron
oxides generatefOH*": 139 149Bgsed on the obeged impact of Cland TBA, we
further envisage thahe majority of the oxidation of HCOOH/HCO®ccursat the
solid #iquid interface and/or in bulk solutioff. **°rather than on the surface of the
catalyst (Cl and TBA is unlikely to scavenge surface oxidant(a}) the short lifetime

of "OH largely excludes # possibility of diffusion into the bulk solutio® (= ~10'1°
m?-s'* with the thickness of diffusion boundary layer befity+ P> we suggest
that oxidation of HCOOH/HCOO occurs in the solidiquid interface with
HCOOH/HCOQO and oxidant concentrations near the surface determining the rate of
HCOOH/HCOO oxidation.The hypothesis that the majority of the oxidation occurs in
the solidliquid interface rather than on the surface is also in agreement with the
exceptionally high oxidation efficiency€., 55% within 5 min as shown in Figure 4.9hb)

compared to thextent of adsorption observed when nowas addedife., 28% after
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30 min as shown in Figure 4.12a). Given that the majority of the oxidation likely occurs
in the interfacial ozone, it appears that adsorption is not a precursor step for oxidation,
at leas for the catalyst and the experimental conditions investigated here. This
conclusion is further supported by the observation that negligible oxidation of
HCOOH/HCOO was observed when formate was r@sorbed onto the catalyst prior

to addition of ozoneRjgure 4.13).

Figure 411 Formate removal (panel a) and £f@rmation (panel b) during catalytic ozonation
using JBX at pH 3.0 in the presence of TBA and NaCl. Initial conditiongs F©10.0 uM,
[formate} = 1.0 uM, [TBAJo = 3.0 mM. [NaCly = 50.0 mM. Symbols represent measured
values and lines represent mocksgults.

Figure 412 (a) Formateadsorption on JBX (squares) and carrier (circlepHaB.0 and (bjhe
influence of pH on formate adsorption in the presence of ddkal conditions: [formate]=
1.0 pM, [catalyst] = 10.@ L ", pH 3.0, 73 and 8.5.
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Figure 413 Measured change in formate concentration xadation of preadsorbed formate
during catalytic ozonation using JBat pH 3.0.Initial conditions: [formate] = 0.8 uM,
[catalyst] = 10.0 d_ .

The mechanism of HCOOH/HCO®xidation by catalytic ozonation in the presence

of the activated carbon carrier appears to differ from that occurring in the presence of
JBX since no impact of TBA and Chddition on HCOOH/HCOOoxidation was
observed at pH 3.0 in the presence of the carrier (Figure 4.14). The exact mechanism
and the nature of the oxidant generated on activated c#Dpamteraction is not clear
based on our results but may possibly include cabdamed radicaldat are not readily
scavenged by TBA and CINote that surfacenediatedHCOOH/HCOO oxidation is
expected to be unimportant in the presence of the carrier since formate was found to

adsorb minimally to the carrier at pH 3.0 (Figure 4.12).
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Figure 414 (a) Formate oxidation and (IO, formation duringcatalytic ozonatiorusing
carrier at pH 3.0in the presence of TBA and NaClnitial conditions [Osz]o = 10.0 pM,
[formate} = 1.0 uM, [TBA]o, = 3.0 nM. [NaCl]p = 500 mM. Symbols represent measured
valuesandlines represent model results

4.3.5. Impact of nature of the organics on catalytic ozonation

As discussed above, the catalyst used here is not effective in promoting oxidation of
HCOOH/HCOQO under circumneutrapH conditions. The ineffectiveness of the
catalyst at alkaline pH is possibly related to (i) ithegility of the catalyst to promote
oxidant generation under circumneutral pH conditions and/orgg)d G formate
interaction with formate oxidation not limited bH (or other strong oxidant(s))
formation at these pH conditions. As discussed previously, formate can be effectively
oxidized by ozone. However, for ozone resistant organic compotDHsprmation

(via Oz selftlecay and/or cataly#Ds interaction) will be imperative to induce their
oxidation. To probe this issue further, we measured the oxidation of oxalate (an ozone
resistant organic compouriéf during catalytic ozonation using JBX as the catalyst at
pH 7.3. As shown in Figure 4.15, no signifitancrease in oxalate oxidation was
observed in the presence of JBX supporting the conclusion that the inefficiency of the
catalyst is not related to the nature of the organic compound but, rather, is due to its

inability to generate oxidants under cirauentral pH conditions.
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Figure 4150xalate removg(solid pointg and concomitan® O, formation (open points)
in conventionalOs (circles) and catalytidOs (squares)process at pHr.3. Initial
conditions [Osz]o = 10.0 uM, pxalatgo = 1.0 puM, [catalystp = 10.0 g L.

4.3.6. Mechanism of catalytic ozonation and kinetic modelling

Based on the results presented, we draw the following conclusions regarding the
mechanism underpinning HCOOH/HCOQoxidation during corventional and

catalytic ozonation:

() The mechanism and rate of formate oxidation by ozonation are pH dependent.
Direct oxidation of HCOOH/HCO®by Os via hydride transfer is important
at pH 3.0 while both ®andOH are involved in HCOOH/HCO®oxidation
under alkaline conditions.

(i) For JBX, iron oxide surface sites present on the activated carbon carrier are
the main adsorption sites for HCO@ith posiively charged surface iron sites
playing a key role itHCOO' uptake

(i) The activated carbon carrier interacts wigr€ulting in formation of surface
oxidants capable of oxidizing HCOOH/HCO@ear the carbon surface under

acidic conditions.
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(iv) lron oxides orthe activated carbon surface enhance ozone decay with resultant
formation of oxidants (most likeROH) under acidic conditions only.
(v) The rate and extent of oxidant generation increases with increase in the catalyst
dosage under acidic conditions.
(vi) Impactof TBA and Cl oxidation during catalytic ozonation at pH 3.0 supports
the hypothesis that oxidation of HCOOH/HC®O@xcurs in the solidiquid
interfacial region and/or bulk solution and hence is not limited by the extent
of adsorption of the organics.
A schematic of the various reactions potentially involved in the catalytic ozoration
mediated oxidation of HCOOH/HCOQs provided in Figure 4.16. Based on the
reaction mechanism shown in Figure 4.16, we have developed a reaction set and
associated kinetic nadel to account for ozone decay and formate removal by
conventional and catalytic ozonation (Table 4.3). The reactions used to explain self
decay of ozone (reactions 6, Table 4.3) and formate oxidation (reactions A1,
Table 4.3) by ozonation alonegeaobtained from the literature with reported rate
constants for these reactions used in almost all cases. Furthermore, as discussed earlier
we have also included the scavenging’©H by bicarbonate/carbonate ions and/or
H20. present (reactions 210, Table 4.3) in the experimental matrix since these
reactions also have significant influence on ozonedetfay kinetics as well a®H

availability for formate oxidation
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Figure 416 Reaction schmatic depicting the mechanism of formate oxidation during
catalytic ozonation.

Table 43 Kinetic model describing ozone decay and HCOOH/HCQ&moval during
conventional ozonation and catalytic ozonation.

No Reaction Rateconstant Published value Ref.
(M*-s#) (M 2.5
Ozone self decay reactions in bulk solution

1 O3+ OH*: HO ™+ O *® 70.0 70.0 151

2 Os + HyOo/HO,* : HOs ™M+ O ® oKH,0,  akHO,*? kn,0, = 6.5x10%; 152
kHo,*= 2.8x10

3 Os+ 01 + 235 O .1ko, =P ko,*= 1.5x10 %

4 HO;1Os®*: OH+ O .oKHO;*  1ko,*C kHo,=1.4x10 s*; 151
ko,*=2.1x10s?

5 OH+0s3 : 2:%+ O, 1.0x1G 1.0x1G 151

6 Os*+ COs™®: +.CO:+ O, 1.0x10 1.0x10 153

Scavenging reactions in bulk solution

7 OH +H,0/HO* 1 +,0 + O® okH0,  gkHO# k.0, = 2.7x10; %
kHo,*=7.5x10

8 OH + HCOy HCO:YCO2%: 2 +*+ COz® okH,co;  gkHCOs* kH,co, =1.0%1@: 141

okcogz+d kHco,*=8.5%1(:;
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kcoz:=3.9x16

9 COs ®y HoOx/HO * : 22¢i+ H.COs .0KH,0, 1kHO, 2 kH,0, =4.3X1(§; 154
kHo,*=3.7x10
10 CO:®¥+ COs®: COA*+ H.COs 2.0x10 2.0x10 155
Formate oxidation by €in bulk solution

11 HCOOH/HCOOH+ O;"°HCO; *++ HO; 70 140

12 HCOOH/HCOO+ O3 : & 2%+ HOs# 3¢ 0.1-100°% 8,143

13 HCOOH/HCOO+ COz® : & 2%+ H,COs 1.5x10 1.5x10 147

14 HCOOH/HCOO+ 2+ : & 2%+ H,0 3.2x10 3.2x10 141

15 CO®+ 0O 1 22%+H,COs 4.2x10 4.2x10 124

Ozone decay in the presence of JBX at pH 3.0

16 Os . 23, interface . s - In this
chapter

17 OS, interfacet A 93 A2 7x108 stf - In this
chapter

18 A2: 153 5s% - In this
chapter

19 A2+ Ag: AOH kig/kig= 3x10°M & - In this
chapter

20 ADH bH interface 1 Sﬂ - In thIS
chapter

Formate removal in the presence of JBX at pH 3.0

21 HCOOH/HCOO : HCOOH/HCOCintertace « st - In this
chapter

22 HCOOH/HCOO%n[erface"' A ¢ . MCOOH/HCOOt 2)(1049 - In thIS
chapter

23 AICOOH/HCOO'+ ADH : H.COs 3.2x10 3.2x10 141

24 HCOOH/HCO(}nterface"‘ DH interface - & 2211Einterface 3,2)(1@ 3-2X1@ 115, 141

25 COZ 1;JsEinterfr:xce"' OZ . HZCO3 + 02 iiEinterface 4,2)(]_@ 4_2)(]_@ 124

26 02 1;JsEinterface"' 03, interface - T ZSiEinterface -1k02rEb ka*tz 1_5)(]_@ %

27 HOS 1:Einten‘ace,{O3 iiEinterface . bH + C)Z -OkHOBi -lkOsiic kHO3I=1-4x1(§ Sﬁ; 151

ko,#=2.1x1F s%
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a .o, .1are the mole fractiorsdf H,O, andHO; *respectively calculated using{pvalue shown in reaction
2, Table 4.4; reported valueslofo. andkqo.swere used.

b .1is the mole fractiowof O, *respectively calculated usingpvalue shown in reaction 1, Table 4.4;
reported value ofo.*were used.

¢ .o, .1are the mole fractiorsf HO3 *andOs ®respectively calculated usinglpvalue shown in reaction
3, Table 4.4; reported valueslob.randko,*were used.

d o .1, .2are the mole fractionsf H,COs, HCOs%and COs2*respectively calculated using<pvalues
shown in reaction 5 and 6, Table 4.4; reported valués.®f, kico.:andkcoz: were used.

e the rate constant for reactio@ at pH 3.0 was 0.1 M s probably due to different reactivity of
protonated and deprotonated HCOOH.

f .o, .1are the mole fractidof HCOOHandHCOO*respectively calculated usingpvalue shown in
reaction 4, Table 4.4coon = 0.1;kncoo==10 were used.

9 rate constant determined assumingyf] =1 M
hat pH 3.0 in the presence of JBX

Table 44 Acid base equilibria of related species during conventional ozonation and catalytic
ozonation.

No Reaction pKa Published ga  Reference

Acid-base equilibria

1 HO* — H* + O ® pKa=10*8 pKa =103 %
2 H20, — H' + HO,* pKa=101*° pKa=10"%> 156
3 HOs% — H* + O pKa=108-2 pKa=1082 151
4  HCOOH — H* + HCOO* pKa=1038 pKa=103%2 143
5  HCO0; —H"+HCO* pKa=10°3 pKa=10°3 157
6  HCOs*—H"+CO2* pKa=10103 pKa =103 158

To explain the ozone decay and formate oxidation by catalytic ozonation, we have
developed the kinetic model based on the following key processes (shown in reactions

16 +27, Table 4.3):

(i) Ozone present in the bulk solution diffuses rapidly into theddiojuid

interfacial region, a portion of which subsequently attaches to the iron oxide surface. A
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portion of the surface ozone results in formatiofQifl on interaction with the catalyst
which diffuses to the solidiquid interface (reactions 1620, Table 4.3).

(i) Formate present in the bulk solution rapidly diffuses to the djidd interface
(reaction 21, Table 4.3), a portion of which subsequently attaches to the iron oxide
surface (reaction 22, Table 4.3).

(i) Rapid oxidation of formate present #he solidliquid interface and on the
surface of the catalyst occurs via interaction Wk present in these zones (reactions
23 and 24, Table 4.3).

The reactions controlling the seffdecay of ozone and the rate constants for these
reactions (Reaatns 1 +10) were obtained from various earlier studfed?? 15155

Please refer to these earlier studies for detailed description of theseneadbte that

some of the radical scavenging reactions are not included here since these were not

important due to the low concentration of the radical species invoBedw, we

provide brief description of the key reactions accounting for
oxidation by ozonation (Reactions 1% 15 Table 4.3 and catalytic ozonation

(Reactions 16+27, Table 4.3 as well as the justification of the rate constants used.
(i) Oxidation of HCOOH/HCOO ' by Os

Reaction 11 (Table 4.3) represents the direct oxidatioHOOOH/HCOO by Os via

hydride transfer as reported to occur in earlier studfeShe rate constant for this
reaction was determined based on Jigéstto the neasured oxidation of
HCOOH/HCOO by Os only (Figure 4.7) and decrease in ozone concentration
measured in the presence of HCOOH/HC@Rlgure 4.17). The rate constant for this
reaction was assumed to be constant with pH. Reaction 12 (Table 4.3) represents the

direct oxidation of HCOOH/HCOOby O via H abstraction as reported to occur in
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earlier studies: 1*3The rate constant for reaction 12 iearwith pHwith a value of 0.1

M #s? and 30 M?-s? determined for pH 3.0 and 7.3/8.5 respectively.

Theoverallrate constanfor formate®s reactiondetermined here lies within the range

1.5 100 M*? -s* of reported value$ *3of the rate constants for this reaction.
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Figure 417 Measured decrease in ozone concentration when ~120 pM ozone is added to (a)
pH 3.Q (b) pH 7.3and (c) 8.5 solutions containing formadgmbols represent measured values,
lines represent model results.
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Figure 418 Measured decrease in ozone concentration when ~120.0 uM ozone is added to (a)
pH 3.0 and (b) pH 8.5 solutions containiHgO.. Symbols represent measured values, lines
represent model results.

(i) Oxidation of HCOOH/ HCOO ' by carbonate radicals and hydrxyl radicals

Reactions 13+14 (Table 4.3) represent the oxidationHiEOOH/HCOO by CG;*
and OH respectively as reported to occur in earlier studfe¥*"We used the reported

values of the rate constants for these reactions in the kinetic model proposed here.

Reaction 15 (Table 4.3) represents the oxidation af"G&hich is formed on oxidation

of HCOOH/HCOJ in reactions 13 and 14, resulting in formatafrCO, and Q*. We

have used the reported values of the rate constant for this reaction in the model. Note
that this is an important reaction since thg* @roduced in this reaction plays an

important role in controlling th®s decay rate .
(i) Catalytic ozone decay

Reaction 16 (Table 4.3) represents the diffusion of bulk ozone to thetsplid
interface. The rate constant for this reaction was assumed to be rapid. Reaction 17
(Table 4.3) represents the interaction of ozone with the catalystimgsultformation

of surface ozonea small portion of which is transformed to surf&oel (reaction 19,
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Table 4.3) while the rest of the surface ozone decays to fornxewmtive product
(NRP; reaction 18, Table 4.3). The surfadé! formed in reaction 1@iffuses to the
solid-liquid interface (reaction 20, Table 4.3). The rate constant for reaction 17 was
determined based on the bésto the measured ozone decay rate in the presence of
catalyst (Figure 4.5). The yield &@H on ozonecatalyst interactio is determined to

very low based on our experimental results.

Reactions 18 and 19 control the yield®H available foHCOOH/HCOO oxidation
during catalytic ozonation. While the individual rate constants for these reactions are
not constrained byu experimental results, the ratgs /kio is determined based on
best#it to the measured HCOOH/ HCO®Oxidation during catalytic ozonation (Figure

4.7).

We would like to highlight that while we have assum@# is formed on the surface

via catalystOs interaction, an alternate pathway wherein superoxide is formed on the
surface which subsequently diffuses into the bulk solution and results in fornt@idon

upon reaction with ozone as reported earlier is also a posstbiliyhile there is no

direct experimental evidence to reject this mechanisn©béf generation during the
catalytic ozonation process, we were not able to explain the rate and extent of formate
oxidation observed in our experiments based on this mechamsithence is not
discussed further here. Furthermore, the scavengiffgtbigenerated by theatalyst
surface was assumed to be unimportant in the kinetic model developed here given that

increasing the catalyst dosage increa€¥d generation (Figure 401).
(iv) Adsorption of formate on the catalyst surface

Reactions 21 and 22 (Table 4.3) represent thestep process to explain the observed

adsorption of HCOOH/HCOOon the catalyst surface (Figure 4.12). Reaction 21
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represents the diffusion of HCOGHZOO' from the bulk solution to the soliiquid

interface and was assumed to occur rapidly.

Reaction 22 represents the attachment of HCOOH/HO®Ghe solid surface. The
rate constant for this reaction was determined based onfibastthe measured

HCOOH/HCOO' adsorption to the catalyst surface (Figure 4.12) at pH 3.0.

(v) Oxidation of surface

Reactions 23 and 24 (Table 4.3) represent the oxidation of adsorbed HCOOH/HCOO
and HCOOH/HCOO present at the soliiquid interface by surfacdOH and OH
present at the soliiquid interface respectively.The oxidation of adsorbed
HCOOH/HCOOJ to CQ, with surface ©H is expected to proceed via formation of

CO2* which is further oxidized by surfacex@ yield CQ and Q* (egs 4.1%4.16);

e,
HCOOH/HCOO%nterface"‘ bH interface - & 22 iiEinten‘ace (4-15)
CO iiEsurface"‘ O . HLCO:3+ 02 iiEsurface (4-16)

The Q* so formed may be consumed by the catalyst surface or surface ozone and/or
may diffuse into the bulk solution and accelarate aqueeds€y formingOH. Given

that diffusion of QX to bulk solution is unlikely due to the shditetime of this
speciesgspecially under acidic conditons, we have assumed that s@4f&ddermed

on CQ* oxidation at the surface is not involved in any reaction. To simplify, we have
represented thexidation of adsorbed HCOOH/HCO@ CO;to occur in a single step.
Anotherpossibility is the diffusion oD2* to the solidtiquid interface. Due to the slow
kinetics of formate adsorption on the catalyst, the concentrati@a’ofierived from

the oxidation of surfacermate and ozone was low and contributes insignificantly t

97



the model results. For the oxidation of HCOOH/HCQ® ©H in the interface, we
have assumed th@Q,* is formed on oxidation dHCOOH/HCOO which initiated
decay of ozone and generation ®H at the interface (Reaction 2627, Table 4.3)
Therate constant for oxidation of HCOOH/HCOBY surfaceOH and interfaciafOH
were assumed to be the same as that reportedOidr mediated oxidation of

HCOOH/HCOOJ in the bulk solution.

Note that for the catalytic ozonation process, modelling of formdtation was only
performed at pH 3.0 since the catalyst was determined to be active under this pH
condition only. It should be noted that the model predictions are not based on empirical
fitting; rather, the model output is calculated by solving theeqtations obtained for

a comprehensive reaction set thatounts for all key processes operating in the system

of interest. As shown in Figures 448.12 and 4.1#4.18, the kinetic model developed

here provides good description of experimental resilitained at pH 3.0, 7.3 and 8.5.

The sensitivity analysis of the model (Table 4.5) udf@A shows that the model
output (.e., formate and ozone concentration) is not sensitive to perturbations in the
rate constant for reactions 3, 4, 9, 14 and 19 (TaBlewith this result suggesting that
these reactions are not critical to ozone degradation or formate oxidation. While the rate
constants used to account for formate oxidation by ozone only arecaradtrained

based on the literature evidence, the deduate constants for the dominant catalytic
ozonation reactions.¢€., reactions controlling @x<atalyst interaction (reaction 17) and

"OH yield at the solidiquid interface (reactions 18,19 and 20, Table 4.3) are also well
constrained, as evidenced by the relatively deep and narrow minima observed in the
plot of the relative residual values against a range of possible rate constant values

(Figure 4.19).
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Table 45 Principal Component Analysis of model reactions controllingi€zay and formate
oxidation during ozonation and catalytic ozonation.

Dominant reactions in principal components (relative doution of the

Eigen value component to system response is shown in parentheses
pH 3.0

1.91x10 11 (0.92), 13 (0.27), 8@.24),

9.08x102 8 (-0.61), 15 (0.52), 13 (0.44), 110(35)

8.67x103 6 (0.73), 1340.47), 2 (0.37), 8-0.26)

pH 7.3

1.77x16 15(0.64), 11 (0.63), 13 (0.34), 8)(23)

2.20 1 (0.65), 8 {0.58), 6 (0.32), 11-0.26), 13 (0.25)

3.00x10% 1 (0.60), 13{0.57), 8 (0.38), 11 (0.29), 7 (0.20)

1.74x102 2 (0.94), 6 (0.21)

8.01x103 6 (-0.67), 1 (0.44), 13 (0.34), 8 (0.32), (:5.30), 2 (0.22)
pH 8.5

1.77x16 13 (0.67), 840.55), 15 (0.26), 11 (0.26), 12 (0.23),-6.22)
2.20 1 (0.98)

2.98x10% 12 (0.78), 5{0.50), 8 (0.23), 13-0.22)

1.52x102 6 (-0.72), 8 (0.51), 5 (0.28), 13 (0.22), 11 (0.21)
5.81x103 5 (-0.53), 11 (0.49), 10 (0.43), 12(35), 15 (0.28), 8 (0.24)
JBX at pH 3.0

1.46x10 21 (0.91) 16 (-0.41)

1.46x10 16 (0.91), 21 (0.41)

1.28x16 17 (0.98) 19 (0.13)

35.1 19 (0.50), 22 (0.48), 18 (0.41), 26)(39), 20 {0.29), 23(0.28), 17 (0.19)
18.5 19 (0.74), 22 (0.67)

2.65 22 (0.56), 1940.43), 18 {0.40), 26 (0.39), 20 (0.30), 23(29)
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Figure 419 Relative residual calculation of the fitted reaction rate constants for reactions 16 ,
17,18,19 and 20.

We have used the kinetic model to determine the efficiency of ozone usage in ozonation
as function of initial organic concentration and pH. As showhigure 4.20a, at low
organic concentrations, the ozone utilization efficiency is relatively low under alkaline
pH conditions due to rapid saliecay of ozone and low selectivity of at@H formed.
However, at higher organic concentrations (a conditiooremrepresentative of
wastewaters), the ozone utilization efficiency is nearly constant with pH since most of
the ozone is consumed due to its interaction with the organics rather thalecayf
Overall, these results show that the impact of pH on tteearad extent of oxidation
should be taken into consideration, especially for wastewaters containing low organic

concentrations, when designing the premixing stage (either as an integrated unit in
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catalytic ozonation or in a mulstage ozonation reactar) order to maximize ozone
utilization during this treatment step. Since, the ozone utilization efficiency increases
with increase in organic concentration at all pHs, concentrating the organics in

wastewaters prior to ozonation will significantly enhatieeprocess efficiency.

As discussed earlier, HCOOH/HCO®6Xxidation may occur via direct:Onteraction

and/or via reaction withOH. Note that the HCOOH/HCOMxidation by OH also

includes the contribution fronCOs* which is formed on’OH scavenging by
bicarbonate/carbonate ian#&/e have used the kinetic model developed here to predict

the contribution o0z and OH over a range of organic concentrations and pHs. This

will be useful in predicting the influence of tmeatrix on the performance of the
ozonation process. For example, if the oxidation is driven3jgn@, the influence of
inorganic and organic entities capable of scavenddid (and resulting in formation

of nonreactive product) will not be important Icontrast, entities impacting the
stability of & (such as carbonate as discussed earlier) will be important telri@en

oxidation of organic compounds. As shown in Figure 4.20b, the extent of oxidation of
formate occurring via a neradical pathway vaes considerably as function of pH and
organic concentration. As shown, while increase in the formate concentration increases
the contribution of the neradical pathway in formate oxidation, the impact of pH on

the contribution of the @mediated oxidatio pathway is not straightforward. At low

pH (.e., " PRVW RI WKH R[L G D-adicBl QatRwaf ¥Hile/athigibp® Q R Q
(e, R[LGDWLRQ RI IRUPDWH PHRBXOMXYutbn th WHUDFW L
intermediate pH range, ttieend is variable. The contribution 0 OOH andCOs ' to

formate oxidation in the pH range 4%£10.0 varies as result of the complex influence

of carbonate concentration (which varies with pH) ais€¥ tlecay andOHandCOz ¥
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generation as well as duo variation in the rate constant fos #rmate reaction with
variation in pH. Overall, this result highlights that the mechanism of formate (and
possibly other organics) oxidation by ozone varies markedly with pH and organic

concentration.

Figure 420 (a) Model predicted ozone usage efficienioy.(moles of formate oxidized

for each mole of @consumed) as function of pH and formate concentration. (b) Model
predicted contribution of nasadical mediated pathway€., direct oxidation by €) to
formate oxidation as function of pH and formate concentration. Note that an initial O
concentratiorof 1000 uM was used for these predictions.

4.4. Conclusions

In this chapter, HCOOH/HCOOwas used as a probe compound in order to gain
mechanistic insight into the catalytic ozonation process using a commercially available
carbonbased catalyst. Wesimultaneously analysed the adsorptive and oxidative
removal of HCOOH/HCOOwith results indicating that adsorption is not an important
precursor step for the subsequent oxidation of this simple target compound.
Experimentation and modelling results shiwattcatalytic oxidation proceeds via both
homogeneous oxidation in the bulk solution and heterogeneous oxidation at the solid
liquid interface. The solution pH also influences the catalytic ozonation performance as

a result of changes in catalyst surfaceperties and surface iron oxide speciation that
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determines the extent of generation of surface oxiddrts. influence of JBX on
ozonation performance determined in the presbapter is in contrast to the results
obtained in various previous studies éoyng iron oxide and manganese oxiolesed
catalystg?? 88,103,135, 15964 The discrepancy ithe role of iron oxides as catalyst in the

present chapter and various earlier work is possibly related to:

i.  Difference in the nature of the organics usedMost of the previous studies
use complex organic target specigg 161 183yhich results in formation of a
suite of intermediate products however only removal of the parent compound is
typically measured in these studies. The nature and influence of intermediate
by-products on ozone decay affdH formation is not investigated in these
earlier studie§® 193 161 182pyrthermore, the overall removal of parent
compound is measured with no diffet@tion made regarding the removal of
parent compound by adsorption and oxidation in most of these earlier $tudies.
103,161, 1621n comparison, here we use simple target compounds which do not
form any intermediate products (in both cases with direct oxidation pw@th
guantification of the proportions of the target compounds removed (separately)
by adsorption and oxidation in the presence of ozone. It is also possible that the
difference in the adsorptive behaviour of formate and oxalate compared to the
organics used in various earlier studieg%® %¢contributes to the discrepancy
in the results obtained regarding the influence of the catalyst.

ii. Difference in the nature of iron oxide.It is possible that the nature and
reactivity of the iron oxide used here differs to that of the iron oxides employed
in various earlier studi€$: 193 135ince the procedure used for JBX preparation
is not available, we are not able to determireertiajor factors influencing the

difference in the nature of iron oxide though we would like to highlight that
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employing ferrihydrite and an Hsilicate composite shassimilar results to
those measured in the presence of JBX in the prekapter.

iii.  Difference in pH and various other solution conditionsin some of the earlier
studies®" 161 167169 jn which the ozonation and catalytic ozonation processes
were compared, pH was not well controlled and not the same for the ozonation
and catalytic ozonation processesden investigation. Comparison of the
performance of the ozonation and catalytic ozonation processes at different pH
is likely to produce false results since the ozonation performance is strongly
dependent on pH as depicted clearly in thigpter and varigs earlier studies.

22 Furthermore, either no buffer or phosphate buffer was used in some earlier
studies’ %9 rather than the carbonate buffer used in this chapter The presence
of a high phosphate concentration in the buffer solution enhances ozone
decay!®! thereby decreasing the efficiency of the ozon®/ process. In
contrast, as mentioned here the presence of carbonate ions stabilize§bzone
thereby increasing the efficiency of the ozemaly process. Hence, in this
chapter, the catalyst did natleance’OH generation beyond what was observed

in the absence of catalyst (which is already very rapid in bicarbonate buffered

solution).

Our results showed that effective formate oxidation occurs by ozonation alone with this
result suggesting that conwemal ozonation technologies may be effective for organic
abatement in alkaline wastewaters. Conventional ozonation technologies are often
limited by the mass transfer of gaseous ozone into the liquid phase and, as such,
optimization of reactor design, dluding the ozone injection system and reactor
geometry, should be the focus of future studies. The kinetic model for formate oxidation

developed here could be coupled with fluid dynamics models to predict the spatial
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concentration of organic compounds amddants which would assist in optimizing

reactor design.

It is also worth noting that iron oxide impregnated activated carbon significantly
enhanced formate oxidation at pH 3.0 suggesting that catalytic ozonation could be a
potential solution for treatment of acidic wastewaters. For treatment of acidic
wastewates, Fenton processes are often used however catalytic ozonation using iron
R[LGH FRDWHG RU LPSUHJQDWHG DFWLYDWHG FDUERQ P
sludge would be produced. However, the cost of treatment for the two technologies
needs to be compad under various scenarios prior to application of catalytic ozonation
for treatment of acidic wastewaters. Furthermore, even though leaching of Fe from the
catalyst was shown to be minimal at time scales investigated here, it may become
important duringong term operation. Dissolved iron leached from the catalyst may
contribute to homogeneous catalytic ozonation, but this also inevitably deteriorates the
longevity and efficiency of the catalysThus, testing the lon#erm performance of
catalyst in acitt conditions is imperative prior to its application for treatment of acidic

wastewaters.

We would like to highlight that even though the current study presents results for a
commercial carbotbased catalyst which is not effective under pH conditiondaimi

to most wastewaters, the results of the predgagpter provide important insights with
regard to the influence of pH on formate oxidation by the conventional ozonation
process. Furthermore, this work provides an approach to test the effectiventbes of o
catalysts (commercial and/or laboratory synthesized). As shown here, systematic
measurement of ozone decay, removal of the parent compound as well as formation of
the oxidized product(s) under well controlled conditions are required for clearly

elucidating the mechanism of catalytic ozonation. pH has a significant influence on
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both the mechanism and rate of conventional ozonation and hence pH needs to be
properly controlled when comparing the effectiveness of any catalytic ozonation
process with ozoni@in only. For example, comparing the performance of a catalytic
ozonation process at ~ pH 8.5 with an ozon§y process operating at pH 7.3 for
formate removal (see Figure 4.9) would produce erroneous conclusions regarding the

effectiveness of the cataly

Overall, this work provides important insight into the formate removal mechanism
during conventional and catalytic ozonation using iron oxide impregnated carbon

catalysts under varying pH conditions.
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Chapter 5 Kinetic modelling -assisted mechanisti ¢
understanding of the catalytic ozonation process using
Cu-Al layered double hydroxides and copper oxide

catalysts

Some of the material in this Chapter has been drawn from a recent publié¢atidrich
KDV EHHQ DFNQRZOHGJHG DQGSEHYDREDW GRLQY W KWHD WIHPHL

thesis
5.1. Introduction

In this chapter, we examine the performance of laboratory synthesizell Gyyered

double hydroxides (CtAl LDHSs) in HCO. LDHsare widely used as adsorbents for
contaminant removal’?’* and hene are expected to facilitate adsorption and,
potentially, concomitant oxidation of organics in the presence:oF@ comparison,

we also tested the performance of a Cu oxide (CuO) to determine the influence of the
layered structure of C#\l LDHs (if any) on the adsorption and oxidation of organics

by HCO. We use Cu as the active metal in LDHs since Cu is known to effectively
complex carboxylic and phenolic moieties forming reactive surface complexés

which may readily be oxidized byxidants generated during catalytic ozonatibime
performance of the Cu catalysts synthesized here was tested using low molecular
weight organic acids, formate and oxalate, as the target contaminants. We use formate
and oxalate as the target compoundgesithese are identified as the important £nd
products on ozonation of aromatic compounds and exhibit substantially different
reactivitiestowardsOs and OH 2% 82122 12additionally, these shorth@in carboxylic

acids exhibit well defined oxidation pathways and, in both cases, fora@HO as
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the only product$?® 24 Based on our experimental results, we provide important
insights into the role of the catalyst in oxidation of thesganics. We have also
developed a mechanistically based mathematical model as an aid to identifying key
chemical processes involved in the oxidation of oxalate and foim#te presence of

theseCubased catalystsndercircumneutral pHonditions

5.2. Materials and Methods

5.2.1. Reagents

Most experiments were performed at pH 7.3 using a 2.0 mM NaHGtion as
described inchapter 3. Additional kinetic isotope effect (KIE) experiments in
deuterated water @) and aqueous solution were also perfednat pH 8.5 (pD 8.8)
in air saturated 2.0 mM NaHCGQolution. The KIE studies were performed at pH 8.5
(pD 8.8) and not at pH 7.3 since it was difficult to maintain pD at 7.6 $»lution,
possibly due to slow dissolution of G D-O. Stocksolutions of radiolabelled and
nonradiolabelled sodium formate, radiolabelled and smadiolabelled sodium oxalate,
indigo, p ££BA and Q were prepared as describeddmapter3. A 1.3 mM stock

solution of COU was prepared in MQ water.

Since formate and xalate mostly exist as HCOCQand GO4 ' at the pH value
investigated heraye use HCOOand GO 'to represent total formate and total oxalate

from hereorin this chapter
5.2.2. Catalyst synthesis and characterization

We synthesized CuO and @i LDHs by slightly modifying the previously reported
method!’5178 Briefly, for Cu#Al LDHs synthesis, a 200.0 mL mixte of 25.0 mM of

Cu(NGs)2 and AI(NGs)s (100.0 mL of each, denoted as solution A) and 200.0 mL of
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50.0 mM NaCO:s (denoted as solution B) were prepared. Subsequently, solution A was
added dropwise into solution B while keeping the solution pH constant 40 8Hy
adding 0.2 M NaOH. The aformed gel was aged at 8C for 24 h and the mixture

was washed with MQ@vaterand centrifuged successively three times. The slurry was
then dried at 40C overnightin air and ground using pestle and mortar. The ground
catalyst was kept in a desiccator prior to use. The preparation procedure of CuO and
the reference Al hydroxide (confirmed by XRD in Figure 5.1) was exactly the same as
that used for CdAl LDHs but did not include AI(N®3 or Cu(NQ). addition

respectively.

Figure 51 XRD pattern of reference Al hydroxide

The catalysts were characterized using XRD and SHDX. The surface area of the
catalyst was quantified usingNorption isotherms and analysed by BET model. The
catalysts were degassed at 60 °C far@ior to the analysis. The pHand density of
surface hydroxyl groups of CuO and @u LDHs were measured using aclthse
titration and saturategbrotonation resgctively%® 179 180 Briefly, for pHp.c
measurement, two suspensions of @.8atalysts in 30.0 mL NaNQwvere prepared.
After 10 min (to attain pH equilibrium), titrations were carried over the pH range 5.0

11.0 to avoid any dissolution of catalyst under acidic or alkaline conditions. One
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sugpension was titrated with NaOH while the other one was titrated withsHDI®ing

titration, Nb was bubbled into the suspension to avoid the influence of atmospheric CO

on pH. For surface hydroxyl groups measurement, 0.3 g catalyst was mixed with 50.0

mL of 0.0 0 1D2+ DQG WKH VXVSHQVLRQ ZDV ILOWHUHG XV
after 24 h of shaking. The filtrates were titrated with 0.1 M HN®determine the

residual NaOH. The concentration of acidic surface hydroxyl groups was equal to the
concentratn of NaOH consumed and the total surface hydroxyl groups was equal to

twice the amount of acidic hydroxyl groups based on charge balanc€OE3Pwas

used to measure the leaching of Cu from the catalyst when exposgd to O
5.2.3. Experimental setup
5.2.31. Formate and oxalate degradation

The experimental setup and method used for simultaneous measurement of adsorption
and oxidation of HCOOand GO4 ‘on ozonation are the same as those presented in
chapter3 with formate and oxalate concentration measurduk filtered and unfiltered
samplesThe HCOO'/C;04 ' concentratiormeasured for filteredamplesrepresents

the HCOO'/C:Os ' concentration remaining in  solution, noted as
[HCOO'/C204 Tsoiution The HCOO'/C,04 ' concentrationmeasured for unfiltered
samplesepresents the sum BICOO'/C,04 ' concentratiomemaining in solution and

on the surface, if anyThe difference oHCOQ'/C,04 ' concentration between the
filtered andunfiltered samples depicted theaction of HCOO'/C,04 ' removed by
adsorption during the HCO proce3$ie sum of the total residuatt€O0O/**C,0; !
concentrationi(e H*COOQ'/*C,04 ' for unfiltered samples) andCO, concentration
formedis close to the initiaH*COQ!/*C,04 ' concentration confirming thaany

HCOO/**C,0, ' oxidized is transformed t§CO,. The F4COy] at various timesvas
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quantified using the difference of initi#d**COQ/**C,04 ' concentration and total

residuaH*COO'/**C,04 'concentration.

TBA was used as a bulkOH scavenger in the HCOGand GOs ' oxidation
experiments. The influence of phosphate (a stioggis base which inhibits sorption

and interaction of organics with surface grotiffsaddition on HCOOoxidation was

also investigatedVleasurement of oxidation fCOO' and GO, was also performed

in D20 and HO solutions at pH 8.5 (pD 8.8) in order to determine the KIE on both
conventional and catalytic ozonation processes using the same procedureilasdlescr
above.Fourier Transform Infrared Spectroscopy measurements (FTIR, Perkin EImer
Frontier IR spectrometer) were conducted in the presence or absence of ozone to
characterize the surface adsorption and concomitant degradatiGsOef on the
catalyst srface. To measu@0s "adsorption, 1.6010.0 mMC.0, ' was added to pH

7.3 solution containing 0.6 g't.catalysts. To measure tBeO, ' oxidation, theC204 |

and catalyst suspension was continuously sparged with gaseous ozone (concentration
51.0 mg L%, flow rate 100.0 mL mift) for over 10 min. The obtained suspensions
following adsorption and oxidation experiments were centrifuged and washed with MQ
three times to remove an,04 'in the solution. An aliquot of catalyst paste was placed

on the 3 mm diamond/ZeSe crystal and blow dried using a gergteddm (0.4 Lmitt)

prior to the measurement of FTIR spectra. Spectra were collected at a resolution of 4

cm'! using 4 scans accumulations over the range of 650 to 4080 cm

The adsorption isotherms ¢1COO' and GOs " on CuAl LDHs and CuO was
measured aCu#l LDHs and CuOdosage 0D.6 g L™ (in term of CuO massjince
the adsorption of HCO® C,04 ' is discernible to measure. For measurement,#1.0

OHCOOQ'/ C,04 ' (containing 100 nMH*COOQ/**C,04 ) and 0.6 g 1!
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catalyst was mixed in pH 7.3 buffer solution and 1.5 mL sample were taken from the
reactor after 2 h. The samples were filteredusi P 39'") ILOWHUY DQG WKH
H4COOQ!/*C,04 " in the filtered samples was quantified as described above. The

adsorption capacity was calculated useqg5.1.

1% F %; 8 1
Ny L2 | b (5.1)
wherege is the amount oHCOO/C,04 ' removed per gram of catalyst (m@)gmis
the mass of the catalyst (¢),is the volume oHCOO/C,0, ' solution (mL),Co and
Ce. are the initial and equilibrium concentration BICOO'/C04 ' (mg/L). The

adsorption data was fitted using Langmuir isothemploying OriginPro 8.5.
5.2.3.2. Ozone decay

Measurement of aqueous @ecay in the absence and presence of catalyst at pH 7.3
was performed in gasght reactors as describeddhapter 3. Measurement of ozone
decaywas also performeth DO and HO solutions at pH 8.5 (pD 8.8) in order to
determine the KIE on ozone sedecay and catalyshediated ozone decay. For
measurement of ozone decay, an appropriate volume of the ozone stock solution was
added to pHr.3 buffer solution in the absence and preseof catalyst and organics
(C204 ") resulting in an initial ozone concentration of ~ 120.0 pM. Atidegermined

time intervals, 1.0 mL sample was withdrawn from the reactor and was filtered using
0.22 ym PVDF filters. The concentration of ozone in theafe was measured using

the indigo methodhs described earliein chapter 3’ For KIE, measurement s
decay in the absence and presence of catalgstperformed in BD and aqueous

solution at pH 8.5 (pD 8.8) using the same procedure as described above.
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To investigate the influence of adsorbed organics orys&@s reaction,C,04 'was

pre-sorbedon Cu#Al LDHs and CuO surface by adding appropriate amount of catalyst

(0.6 g L2 for Cu-Al LDHs and 0.12 g £ for CuO) to pH 7.3 solution containit@O;

(10.0 £ 0 $IWHU K WKH FDWDO\VW ZDV VHSDUDWHG E
andwasretGLVSHUVHG LQWR IUHVK S+ E X lslwhed addeIEVHT XHQ)\
to initiate the experiment and theeasurement of 2lecay was performed as described

above. Note to account for any loss of catalyst that may occur during centrifugation,

the results of catalysinediated @ decay with sorbe€,04 ' was compared with the

results from the control experiments performed exactly in the same manner except that

the catalyst was added to pH 7.3 solution with pB04C' during the presorption step.
5.2.3.3. Hydroxyl radical generation

We measured the oxidation ratepafCBA, which is a widely usedOH probe®’: 181, 182

in order to evaluate the rate and exten®Q generation on ©decay during catalytic
ozonation. Note that sinqe£BA adsoption on the catalyst surface was negligible
(Figure 5.2) only the extent of bullOH generation was measured usipgCBA
oxidation experiments. Detailed description of the experimental setup used for

measurement qf £BA oxidation is provided ichapter 3
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Figure 52 Fraction ofp £BA remaining in the solution in the presence oftSILDHs
(circles) and CuO (triangles) at pH 7.3. Experimental conditign€BA]o = 1.0 UM,
[catalystp = 0.06 g L' (in terms of CuO mass).

To measure the generation of surface associadd during HCO, we used
fluorescence microscopy image analysis ustogmarin COU) as the probe. As
described in earlier studies, COU interacts wiiH via hydroxylation forming7-
hydroxyl coumarin T4C), a strongly fluorescent compound under UV excitatfon.

80. 183 An inverted fluorescence microscope (OLYMPUS CKX53) coupled with a
mercury lamp (to tune excitation wavelength into UV region) was used to capture the
fluorescent images corresponding teHZ on the catalyst surface. For fluorescence
measurement of AHC, 100.0 uM Q was added to 0.06 g't catalyst suspension
containing 10.0 uM COU. After 1 h, 10.0 mL of sample was withdrawn for capturing
the fluorescence images. The same experiment was repeated in the presence of 1.0 mM
TBA to exclude the contribution fro the 74HC which is formed via COU ant®H in

the bulk solution and subsequently adsorbs to the catalyst surface. Control experiments
were also performed in order to determine whethdd( formation occurred on
homogeneous ozonation of coumafor thesemeasurements, 100.0 pvs@nd 10.0

MM coumarin were added to pH 7.3 buffer solution to initiate the reaction of COU with
Oz and/or’OH formed on @self flecay. To eliminate the contribution @Hin 7 HC
formation in the bulk, ozonation of COU walso peformedin the presence of 1.0 mM

TBA to scavenge any bulOH formed. Due to the low sensitivity of the technique for
measurement of bulk #C, additional measurements were performed wherein 0.06
g.L® of Cu#Al LDHs was added to 1 h ozonatsadlution to adsorb any#HC formed

in the solution with samples for microscopic images analysis taken aftef~ar h.
capturing the fluorescence images, 10 mL of each sample was pipetted into a Corning

cell culture flask and the image was taken.
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5.2.4 Kine tic modelling

Kinetic modelling of our experimental results was performed using the software

package Kintecus as describedfapter 3110

5.3. Results and Discussion

5.3.1. Catalyst characterization

Figure 5.3 illustrates the morpholegand theelement mapping results of GAl LDHs
and CuO. As shown, Gl LDHs are mostly present as nasiaed fine flakes which
are the typical morphology of layered double hydroxi&&£’ In contrast, CuO is
mostly present as spherical particles of diameter <4 um. The element mapping results
(Figure 53) reveal that Cu and O areenly distributed on the surface of the &l
LDHs and CuO. The XRD spectra of @l LDHs and CuO also confirm that GAl
LDHs and CuO have been successively fabricated with the main mineral phases
identified to be CWAl carbonate hydroxide hydrate (ICDD @B796630) and tenorite
(ICDD 00:0484548) respectively (FigureZband g). The density of surface hydroxyl
groups on the CtAl LDHs and CuO catalysts was determined to be 36.7 and 150.6

0 J respectively.The higher surface hydroxyl content of CuO cangal CuwAl
LDHs is possibly due to the higher surface area of CuO (7Agtjncompared to that
of CuzAl LDHs (38.7 nf g®) which facilitates exposure of more surface sites to
agueous solution with concomitant hydroxylation of these Slies.pHc values of
Cu#Al LDHs and CuO are 8.0 and 7.7 respectively (Figure 5.4) indicating that both
catalysts carried positive charge at pH 7.3 (the investigated condition in this study). As
such, it is expected that the adsorption of negatively charged orgqaif)c/ R WKH FDWDO\V
surface will be facilitated by electrostatic attractt8hiNo dissolved Cu was detected
by ICP-OES with the deteiin limit of 0.1 mg Lfwhenthe catalyst suspension was
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continuously sparged withZ@as for 1 h at pH 7.3 suggesting that the Cu catalysts

synthesized here are stable in the presence.of O

Figure 53 SEM images and XRD patterns of-@ULDHs and CuO. Panel a shows the
secondary electron image while panel b shows the XRD patterns#t CDHs with

panels c, d, and e showing the element maps of Al, Cu and O respectively. Panel f
shows the secondary eteon image while panel g shows the XRD patterns of CuO
with panels h antlshowing the element maps of O and Cu respectively.
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Figure 54 Measurement of pfdc of CuzAl LDHs and CuO Experimental conditions:
[catalysth = 10.0 g 1 in 0.1 M NaNGQ.

5.3.2. Oxidation of oxalate by HCO using Cu -Al LDHs and CuO as the

catalysts

As shown in Figure 5.5a, the presence of#8IULDHs as well as CuO increased the
rate and extent o€,04 ' oxidation considerably compared to that observed by the
conventional ozonation process. Nearly 20%, 88% and 89% of 10.GIM ' was
oxidized within 30 min in the absence and presence ofACLDHs and CuO
respectively (Figure 5.5a). Note tf@iOs ' removed here was mostly via oxidation as
confirmed by the concentration profile of €@rmed onC,04 ' oxidation (see Figures
5.5b). At an initial @ concentration of 10.0 uM and catalyst concentration of 0.06 g
L ™, increasing th€:04 " concentration decased the extent @04 ' oxidation due

to ozone limitation (Figures 5.5a & 5.6); however, the overalisage efficiencyif.,
moles ofC;04 ' oxidized per mole of ®consumed) increases with an increase in
C204 ' concentration. Employing the data shoinrFigures 5.5 and 5.6, we calculate
that Q usage efficiency is ~0.1, 0.8 and 0.9 at an in{figDs ' concentration of 1.0,
10.0 uM and 100.0 uM respectively for both & LDHs and CuO suggesting that
stoichiometric constraints (close to 1:1) have been achieved at h@j@r'

concentrations. The similarity insQusage efficiency for C#Al LDHs and CuO
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confirms that the stoichiometry of the &,04 'reaction is the sanfer both catalysts.
Note that control experiments using Al(QH)s the catalyst showed that oxidative
removalof C;04 "in the presence ohl(OH)s is similar to that observed during the
conventional ozonation process (Figure 5.7) with this result comfirriatAl(OH)3

is not an effective catalyst for,Os ' oxidation.

Figure 55 Removal of dissolved £04 " (panel a) and concomitant GQpanel b)
formation in the absence (squares) and presence é&klQIDHs (circles) and CuO
(triangles) at pH 7.3. Removal of dissolved HCQ@anel ¢) and concomitant GO
(panel d) formation in the absence (squares) and presenceiflTdHs (circles) and
CuO (triangles) at pH 7.3. Experimental conditions: [catalys).06 g L' (in terms

of CuO mass), [€)o= 10.0 pM, [GO4 Jo/[HCOO'o = 10.0 uM, pH 7.3 using 2.0 mM
NaHCG. Note CQ production during conventional sGhown here represents the
difference between initial C;04 /HCOO' concentration and C>0s '/ HCOO!
concentration remaining at various times shown in Figure &6aproduction during
catalytic ozonation here represents the difference of ini@ieDs / HCOO
concentration and4 / HCOO' concentration remaining at various times measured
in unfiltered samples following the dissolution of the catalysts. Symbols represent
experimental data and the lines represent model values.
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Figure 56 Fraction of GO ' removed (panels a and c) and oxidized (panel b and d) in
the absence (squares) and presence afldLDHSs (circles) and CuO (triangles) at pH
7.3 at an initial [GOs 7 of 1.0 uM (panels a and b) and 100.0 panels ¢ and d).
Experimental conditions: [catalyst 0.06 g L' (in terms of CuO mass), [ = 10.0

UM, [C204 o= 1.0 £100.0 uM, pH 7.3 using 2.0 mM NaHGNote CQ production
during conventional @shown here represents the difference between i@k’
concentrationand C,04? concentration remaining at various tim&Q, production
during catalytic ozonation here represents the difference of i8i#@4 ' concentration

and GOs ‘concentration@maining at various times measuiadunfiltered samples.
Symbols represent experimental data and the lines represent model values.
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Figure 57 (a) Fraction of @4 ' oxidized and removed in the absence (circles) and
presence of AI(OH)z (oxidative removal: triangles; total removal: squares).
Experimental conditions: [catalyst 0.1 g L™ (in terms ofAl(OH)s mass), [GOs o

0 3k2 10.0 uM, pH 7.3 using 8.mM NaHCQ. (b) Measured @decay in
the absence (circles) and presence (triangle®dl(@H)s. Experimental conditions:
[O3]o = 120.0 uM, [catalyst]= 0.1g L™ (in terms ofAl(OH)s mass), pH 7.3 using 2.0
mM NaHCGQ.

5.3.2.1. Influence otatalyst dosage

As shown in Figures 5.8a and 5.9a, minimal influence of the catalyst dosage was
observed oi€,0; ' oxidation by HCO in the presence of @i LDHs and CuO. Note

that at an initiaC,04 ' concentration of 10.0M, a slightly lower (8.2% and127% for

Cu#Al LDHs and CuO respectively) removal efficiency was observed at a lower

catalyst dosage, though no significapt XVLQJ VLQJOH tMest) OHG VWX
influence of increasing the catalyst dosage above 0.02 wds observedThis might

also suggested thakcessive active sites might exist when catalyst dosage exceeded

0.02 g.L™*. Theminimal influence of catalyst dosage 6504 'oxidation suggests that

the futile consumption of oxidant€., Oz and/or species formed org @ecay) by the

catalyst was minor, at least in the presenc&-ak . Furthermore, it appears that the

generation of oxidant(s) is possibly limited by thed®Oncentration and not influenced

E\ WKH FDWDO\VW GRVDJH H[FHSW'DW ORZ FDWDO\VW GF

120



Figure 58 Fraction of GOs ' and HCOO oxidized in the presence of GAl LDHs

(circles) and CuO (triangles) at varying catalyst dosages. Experimental conditions:
[catalysth = 0.006 +0.6 g L™ (in terms of CuO mass), fOs 7o = 10.0 (panel a) and
[HCOO'] = 10.0 uM (panel b), [€o = 10.0 uM, pH 7.3 using 2.0 mM NaHGO
reaction time 2 h. Symbols represent experimental data and the lines represent model
values.

Figure 59 Fraction of GO4 " andHCOO' oxidized in the presence of GAl LDHs

(circles) and CuO (triangles) at varying catalyst dosage. Experimental conditions:
[catalysth = 0.006 +0.6 g L' (in terms of CuO mass), jOs 'Jo= 1.0 pM (panel a)

and HCOO]o = 1.0 uM (panel b), [6lo = 10.0 puM, pH 7.3 using 2.0 mM NaHGQ
reaction time 2 h. Symbols represent experimental data and the lines represent model
values.

5.3.2.2. Role of hydroxyl radicals
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As shown in Figure 5.10, addition of TBA (a bufBH scavengef’) has no influence
on C204 ' oxidation by HCO (for both CtAl LDHs and CuO) suggesting th&dH in

bulk solution are not involved @20 | oxidation.

Figure 510 Measured influence of 1.0 mM TBA addition @0, ‘oxidation (panels

a & b) andHCOO' oxidation (panels ¢ & d) by HCO in the presence of+®IUDHs

(panel a & ¢) and CuO (panel b &d) at pH 7.3. Experimental condition®[Go
[HCOO]o = 1.0 puM, [catalysg = 0.06 gL "*(in terms of CuO mass), fd = 10.0 uM,
[TBA]o = 1.0 mM. Symbols represent experimental data, lines represent model values.
The model results in the absence and presence of TBA are sa@®jofoxidation.

Model results for HCO®oxidation in the absence and presence of TBA are same for
Cuw-Al LDHs.

5.3.3. Oxidation of formate by HCO using Cu -Al LDHs and CuO as the

catalyst

As shown in Figure 5.5c, the presence of#8lu_DHs has no effect on the rate and

extent of HCOO oxidation compared to that observed by the conventional ozonation
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process while OD has minimal effect on HCOQpxidation rate at early times but
reduces the extent of oxidation at later times. Nearly 74%, 76% and 60% of 10.0 uM
HCOO' was oxidized in 60 min in the absence and presence #ICIDHs and CuO
respectively. As found to bd¢ case foiC;0s ', the removal of HCOOwas also
mostly via oxidation as confirmed by the €@oncentration formed on HCOO
oxidation after 60 min (see Figure 5.6d). The difference in the influence of catalyst on
the oxidation rates of HCOQand C,0, ' suggests that the nature of the organic
compound impacts the efficiency of HCO. Sii©4 'is an ozone resistant compound
(Koscos 1= 0.04 ME.s# 123) it is not readily oxidized by the conventidrazonation
process. In comparison, HCO@ an ozone reactive compoui@s+coo = 1.5 +#100.0
M1.s?3 149 and undergoes rapid oxidation by ozone alone. Hence, no significant
enhancement in HCOQoxidation by HCO compared to the ozone only process is

observed.
5.3.3.1. Influence of catalyst dosage

Increasing the CtAl LDHs concentration caused a sltglecrease in the extent of 1.0

and 10.0 uM HCOOoxidation however increasing the CuO concentration had a more
pronounced impact on HCOQxidation (Figure 5.8b and 5.9b). This observation
suggests that significant futile consumption of the oxidant irgblin HCOO
oxidation occurs via interaction with CuO. In contrast, the consumption of the oxidant(s)
by CufAl LDHs is minor, at least at the conditions investigated here. This is an
important observation and suggests that&ll.DHs results in more effieint G usage

compared to CuO, at least for organic compounds such as HHCOO

5.3.3.2. Role of hydroxyl radicals

123



As shown in Figure 5.10, no significafut ! XVLQJ VLQJOH tweBrYL OHG VWX

influence of addition of TBA was observed on HCO®Xidation in the presence of
Cu Al LDHs and CuO though note that the involvement of BOIK cannot be rejected
based on this observation. In the case of compounds such as H@@O promotes
Os decay and are ozone reactive, the presence of TBA may ireské alteration in
thepathway of oxidatiofirom *OH mediatedHCOOQ' oxidation in the absence of TBA

to Oz mediated oxidation in the presence of TBA as explained in detibipter 8.
5.3.4. Mechanistic aspects of oxalate and formate oxidation by HCO
5.3.4.1. Catalyst ozone interaction

In order to understand the mechanisnCe®. ' and HCOO oxidation by HCO, we
first investigated the mechanisms of &d catalyst interactio®s shown in Figure
5.11a, in the presence of @ LDHs, the rate of @decay is slightly higher than that
observed in the absence of catalyst which suggests that CDHs catalyse @decay,

albeit slowly. Furthermore, the strong fluorescence signals corresponding@on

the surface of CtAl LDHSs patrticles (Figure 5.11b FRQILUPYV WKH 'WDHQHUDWLR((

via Oz and CwAl LDHs interaction?® 8% 183Ngte that no influence of TBA addition

(Figure 5.11c) was observed on the formationuwfaxe 74HC confirming that (i) &

HC formation occurs via COU an®DH interaction on the surface rather than the

sorption of A4+ & IRUPHG LQ EXON VROXWLRQHDWYTBA isL
unimportant. M 7-HC formation occurred during conventional oatian (Figure 5.12)
with this result confirming that FHC formation via interaction with £and/or bulk
'OH is unimportantwhich agrees with the results reported eadfeiThe futile
consumption of the surface oxidante( Oz and*OH) via interaction with the catalyst
surface is minimal, at least in the presenceCe®s |, since the extent o€,0; |
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oxidation was nearly constant over a wide range ofACuDHs dosages (Figure 5.8a

and 5.9a) and the ozone usage efficiency in the pres#it,0, 'was ~1.0. However,

some decrease in the extent @®IO' oxidation with increase in C#l LDHs dosage

was observed (Figure 5.8b and 5.9b), suggesting that a small portion of oxidants is
consumed via interaction with the surface sites tiith process particularly important

at a higher catalyst dosage and in the absence of organics suyds C

a)

Figure 511 (a) O; decay in the absence (squares) and presence#i CDHs (circles)

and CuO(triangles) at pH 7.3. Panels b and c show fluorescence images3af Cu
LDHs in the absence and presence of TBA respectively following 1 h reaction yvith O
at pH 7.3 while panel d shows fluorescence image for CuO samples following 1 h
reaction with Q at pH 7.3. Experimental conditions fors@ecay: [Q]o = 120.0 uM,
[catalysthp = 0.06g L? (in terms of CuO mass). Experimental conditions for
fluorescence images: i3 = 100.0 uM, [catalyst]= 0.06 g L'* (in terms of CuO mass),
[COUJ0=10.0 pM, [TBA]p = 1.0mM.
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Figure 512 Panels a & b: Fluorescence microscopy images of samples prepared by
conventional ozonation in the absence (a) and presence (b) of TBA after 1 h exposure
to Oz at pH 7.3. Experimental conditions:jo= 100.0uM, [TBA] o= 1.0 mM, [COU]o

=10.0 uM. Panels ¢ & d: Fluorescence microscopy image of samples prepared by
conventional ozonation of coumarin in the absence (a) and presence of 1.0 mM TBA
(b) for 1 h and then sorbed onto @u LDHSs surface for 1 h. Experinnéal conditions:
[O3]o=100.0 uM, [COU} = 10.0 uM, pH 7.3 using 2.0 mM NaHGQCu Al LDHs]o

= 0.06 g L'* during the sorption step.

In contrast to CwAl LDHSs, the presence of CuO increases the decay rate
considerably compared to that observed in the absence of catalyst (Figure 5.11a). This
observation suggests that in the presence of Cu@n@ergoes rapid decay forming
reactive oxidants and/or neeactive products (such as)ONo fluoresceae signal for
7 HC was observed in the presence of CuO (Figure 5.11d), possibly be due to the rapid
VFDYHQJ2QGJERI&X2 RXWFRPQHWRGIUWRHAHWLRQ :KLOH D VL
extent of COU sorption was observed in the presence of CuO a#d dDHs (Figure

PRUH UDSLG VOHDLY EuQ &anapareR to fhat in case of 8ULDHs
(which is supported by the observation that HC@fdation decreases with increasing

catalyst dosage; Figure 5.8pgssibly inhibits AHC formation in the case of CuO.
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Though no AHC formation was observed, even at a higher COU dosage (Figure 5.14),
WKH SRVVLELOLW\VORIstIIRcENA® WeLrBj€gteR kinde increasing COU
concentration may facilitate CO¥Ds bulk reaction, thereby decreasing Cin@ediated
Osdecad DQG FRQFRPLW D Q@H. Oveat, Ut xppeaRs GhaR theACHD:
interaction results in formation of surfa@ RFDWHG R[LGDRW=¥PsuMaxé&K DV A
atomic oxygen or species formed via electi@msfer between Cu(l)/Cujland Q%>
189192 as well as nomeactive products (such &8). As explained in the case of Cu

Al LDHs, the formation of noeactive products is expected to be minimal, at least in
the presence of.0s !, since the extent a0 ' oxidation was nearly constant at
varying CuO dosage and the; Gsage efficiency as ~1.0 (Figure 5.8a and 5.9a).
However, a major portion of{ds transformed to nereactive product(s) in the absence

of C;04 ' at higher CuO dosage with this conclusion supported by the influence of CuO

dosage otCOQ' oxidation (Figure 5.8b and 5.9b).

Figure 513 Fraction ofCOUremainingin solutionin the presence of Gl LDHs and
CuO at pH 7.3. Bperimental conditions: [COWYE 10.0 pM, [catalyst]= 0.06 g L
(in terms of CuO mass).
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Figure 514 Fluorescence images of CuO samples after 1 h exposure &rpbl 7.3.
Experimental conditions: [§b = 100.0 uM, [cataly§o = 0.06 g L'* (in terms of CuO
mass), COU]o =130.0 pM.

Note that diffusion of the surface oxidant formed on ozone decay in the presence of
Cu Al LDHs and/or CuO to the interfacial zone and/or bulk solution can be rejected
based on the measured oxidation ratgs®BA. As shown in Figure 5.15, the rate and
extent of oxidation op #£BA in the presence of CAl LDHs and CuO is lower than

that obseved during use of ozone alone suggesting ¥&t/other oxidants generated

on the catalyst surface do not diffuse into the interfacial zone and/or bulk saNdgien.

that CuO and CdAl LDHSs significantly inhibitedp £BA oxidation (which mainly
occurs inthe bulk solution) due to the futile consumption of &nd/or bulk *OH

generated on £xelf-decay.
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Figure 515 Measurec £ BA oxidation in the absence (squares) and presence of 0.06
g L# CuAl LDHs (circles) and Cutriangles) at pH 7.3. Experimental conditions:
[O3]o=100.0 uM, p ££BAJo = 1.0 uM, [catalysf=0.06g L (in terms of CuO mass).

To sum upthe decomposition mechanism of @ CuO and CdAl LDHSs is similar.
Briefly, Oz interacts with the surface hyakyl groups in CuO and CiA\l LDHs
resulting in formation of amnkonwnsurface oxidant and surfac¢®H, respectively.

The involvement of surface hydroxyl groups in catalystdiated @decay agrees with

the observation that{@lecay in the presence of catalyst is inhibited in the presence of
phosphateelated specietstrong Lewis basethat adsorbs on the surface of catalysts
and inhibits @ sorption and deca¥?® Figure 5.16) and also with the mechanism of
catalytic ozonation employing metal oxides reported in various earlier stdd®4$®

166, 194197 These surface oxidant§H entities are consumed via interaction with
adsorbed organics and/or fage sites with this conclusion supported by effective
catalystimediatedC;042¥ HCOO* oxidation (Figure 5.5 and 5.6) and the decrease in
HCOO* oxidation (Figure 5.8b and 5.9b) at higheatalyst dosage respectivelfhe

faster Q decay in the presence of CuO compared taACU.DHs is due to the
difference in the nature and concentration of the hydroxyl groups on the surface of the
two catalysts. A higher concentration of surface hydroxyl groups is present on the

surface of CuO15 0 )Xompared to that on the surface of BuLDHs (36.7
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0 J and, hence, the rate of catalysédiated @ decay is faster in the presence of
CuO compared to that measured in the presence éAldLDHs. Furthermore, the
surface hydroxyl groups in Cu@re expected to exhibit a stronger acidic character
compared to those in GAl LDHs due to the replacement of €y AI** and steric
shielding of metal cations by carbonate iétfsAdditionally, in CusAl LDHs, the Cu
atoms are distributed among Al atoms in the brucite layers and henod/Or oxidants
generated on £decay possibly migrate to and are stabilized by thsitdk (note that
no increase in ©decay was observed in the presence of Al@HRigure 5.7b) with
interaction between sorbed organics and oxidants occurring at Al sites. A similar
mechanism was reported for PdO/Geterein Q was transformed into ROSidhe
PdO sites while sorption of204%*and concomitant oxidation occurred on the €eO
sites?® In the case of CuQ, the oxidants can only migrate to the ambient Cu centre and

are scavenged by Cu due to its strong acidic character.

Figure 516 Measured ®@decay in the bicarbonate (squares) and phosphate (circles)
buffered solution in the presence of @4 LDHs/CuO at pH 7.3 (panel a GAl LDHs

and panel b CuO). Experimental conditions: J@U_DHs]o = 0.6 g L', [CuO} = 0.06

g L™ (in term of CuO mass), [P 0 phesphate][HCOs]o = 1.33 mM.

We wouldalso like to highlight that the sorption of organics on theATu.DHs and
CuO surfacediad minimalinfluenceon the catalys®s interaction, at least under the

conditions investigated her&s shown in Figure 5.17, thes@ecay rate in the presence
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of Cu#Al LDHs with pre-sorbed GO4 ' is slightly higher than that measured in the
presence of catalyst with no sorbegDZ ' with this small difference most likely due

to rapid reaction of sorbed2Qs ‘with surficial G rather than due to the influence of
sorbedC;04 ' on the catalysOs interaction. In the case of CuO, similar(.05 using
VLQJOH W D Lt@ds3tQ\davay ate QNATE Bbserved in the absence and presence
of sorbed @04 . Minimal influence of sorption of organics on the C#&® interaction

is consistent with the minor extent of sorption of organics on the CuO surface observed

under the conditions investigated in this study (Figure 5.18).

Figure 517 Measured ®decay in the presence of @l LDHs (panel a) and CuO

(panel b) in the absence and presence okprieed oxalate on the catalyst surface at

pH 7.3. Experimental conditions: [6M LDHs]o= 0.6 g L™ (in terms of CuO), [CuQO]=

0.12 g L™ (in terms of CuO), [@lo 0 C84 o 0 IRU &X2 DQG
0 IR UAKLRHS, pH 7.3 using 2.0 mM NaHCO
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Figure 518 Fraction ofC204 ' (panels a & ¢) anHiCOQO' (panels b & d) remaining in
the presence of varying Gl LDHs (panels a & b) and CuO (panels ¢ & d) dosage at
pH 7.3. Experimental conditions: 04 o = 1.0 pM, [HCOO]o =1.0 uM, [catalys{]
=0.006+0.6 g L™ (in terms of CuO mass). Symbols represeqterimental data, lines
represent model values.

5.3.4.2 Catalystorganic interaction in the absence of ozone

As shown in Figure 5.18, a small but significant fractio€g®, ' is rapidly adsorbed
onto the CuAl LDHs/CuO surface and reaches stea&tgtewithin 5 min with the
surfaceC,04 ' concentration increasing with the increase in®lu.DHs/CuO dosage.
The adsorption ofC204 " in the presence of Gl LDHs/CuO was also confirmed by
FTIR analysis (Figure 5.19) with a peak correspondin@0, ' evident at 1650+
1700 cmt.*®°® The adsorption 0€.04 ' possibly occurs via binding &:04 ' to the
surface Cu sites. The formation of surfaced3alate complexes has been reported in
earlier studies witlthe surface Gwoxalate complex reported to be potentially more

reactive than freeC,04 "2 8 The extent of adsorption of HCO®n the CuAl
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LDHs/CuO surface was lower than that observed$@:. '(Figure 5.18), possibly due
to the higher binding capacity 604 ' as a result of the presence of two carboxylic

binding sites compared to one carboxylic group in HC&O

Figure 519 FTIR spectra of CdAl LDHs (panel a) and CuO (panel b) in the absence
and presence @;04 " and Q. Experimental conditionsCpOs o = 1.0 £10.0 mM,
[catalysth = 0.06 g L' (in terms of CuO mass)QE]o.gas=51.0 g ¥, flow rate 0.65 mL
mint, t = 10.0 min.

Theadsorption of @4 / HCOO' on Cu#Al LDHs and CuO can be well described by
Langmuir isotherms with the maximum adsorption capacities agAOLDHs and CuO

for C;04 ' calculated to be 3.440.16mg g'* (K =1.72f 0.48)and 1.4% 0.05mg g'*
(KL=0.28f 0.04) respectively (Figure 5.20a). Similarly, the maximum adsorption
capacities for HCOOwere 0.49 0.03mg g™ (K.=0.0106f 0.0002)and 0.2(F 0.02

mg g'*(K.=0.0026f 0.0006)for Cu#Al LDHs and CuO respectively (Figure 5.20b).

The higher adsorption capacity of @\l LDHs compared to CuO is likely due to the
Al content in the layered structure of @l LDHs with this hypothesis supported by
the observation that significant sorption efdz " occurs on Al(OH) surfaces (Figure

5.7a).
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Figure 520 Adsorption isotherms of C#\l LDHs and CuO for (a)C204 " and (b)
HCOO'. Experimental conditions: [Catalysist 0.6 g L™ (in terms of CuO mass),
[C204 1o/[HCOOTo = 1.0 + 0 VRUSWLRQ WLPH K S+
mM NaHCQ.

5.3.4.3 Oxidation of organics by HCO

The oxidation 0fC2O4 ' in the presence of both Gfl LDHs and CuO occurs on the
surface of these catalysts since bulk/interfa&idfi are not involvedno influence of
TBA addition; Figure 5.10) and the reaction of aqueogiar@C,04 ' is very slow, at
least at the ®andC,04 ‘concentrations examined here (Figure 5.5). The decrease in
the peak corresponding to adsorli@®, ' at 1650-1700 cmi® in the presence of O
(Figure 5.19) also supports the conclusion regarding surface oxida@a@.of. Hence,

in the case of CtAl LDHSs, surfacelocated @ and "OH are expected to play a role
however the role of surfadecated Qis expected to be momgominent than that of
'OH since the oxidation rate 804 'is much higher than the rate of ozone decay (and
associated rate 0DOH formation). The oxidation of surface oxalate complexes hy O

has been reported previousghy®?

In the case of CuGsurficial G and/or other oxidant(s) generated op d@cay are
expected to play a role in surface oxalate complex oxidation. The higis#&ge

efficiency (~0.8 for 10.0 uM GO '; Figure 5.5¥or C,04 ' oxidationin the presence
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of both CuO and G\l LDHs compared to usage efficiency for aqueoyg~.2 for
10.0 pM GO4 ; Figure 5.5)urther suggests that the presence of the readily oxidizable
surface oxalate complex minimizes f0ss in the bulk solution and achieve high O

usage efficiency

In the presence of CdAl LDHS, a significant concentration of:@ present in the bulk
solution which can drive HCOQxidation in the bulk solution in addition to surface
mediated oxidation of sorbed HCOCHowever, limited @ is present in the bulk
solution in tke case of CuO confirming that the oxidation of HCQu@edominantly
occurs on the surface. The oxidation of HC®@® the surface of CuO is in agreement
with the observed decrease in HCO@xidation in the presence of phosphate ions
(Figure 5.21b), a strongewis base*® that adsorbs on the surface of catalysts and
inhibits organic sorption. In contrast, no influence of phosphate {amnly
dihydrogen phosphate and hydrogen phosphate under the conditions in thissaesis)
observed on HCO®Goxidation in the case of Gl LDHs (Figure 5.21a) confirming

that the oxidation of HCO®ccurs in the bulk solution for Gal LDHs.

Figure 521 Fraction of HCOO' oxidizedin the absence and presence of 1.33 mM
phosphate by HCO using @Al LDHs (panela) and CuO (panel b) as the catalyst at
pH 7.3. Experimental conditions: [HCOR@= 1.0 uM, [catalyst}=0.06 g L' (in terms

of CuO mass), [€)o = 10.0 uM,pH 7.3 using 2.0 mM NaHC£[phosphate]= 1.33
mM.
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To provide further insight on thmechanism of catalytic ozonation, the effect of using
D20 on ozone decay and organic oxidation in the presence of catalyst was also
evaluated. No significant KIE was observed in the absence of catdtlgghis result

in accord with findings of the studyy Sein and cavorkers?®° For catalytic ozonation
processes (using GAl LDHs or CuO), no KIE was observed on catalystdiated @

decay and/or HCOOoxidation (Figure 5.21a+d). However, the rate of 0 |
oxidation was significantly lowein D>O solution compared to that observegOHN

the presence of both GAl LDHs and CuO. The decreased@@ ' oxidation in DO
VROXWLRQ FRXOG E HOLXMHGWRRDZAERNEetactiol compared to
AOHHO; DQG RO oxalate interaction respectively. Since similar catalyst
mediated @ decay was observed in.O and HO solutions (Figure 5.21), it appears
WKDW WK ARWH LQWHUDFWLRQ LoH Bxaatdl idteratiddD Q WKDW
This hypothesis is supported by the etysition that decreased@: ' adsorption was
observed in RO solution compared to that observed iOHsolution (Figure 5.21). The
decreased sorption of20s ' on the catalyst surface in2O solution supports the

hypothesis that surface hydroxyl groupe #re active sites for 04 " adsorption and

subsequent oxidation.
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Figure 522 Measured @ decay (a &b), HCOO oxidation (c&d), GOs '( e &f)
oxidation on HCO in the presence of @&l LDHs (panel a, c and e) and Cy@anel

b, d and f) in HO and RO solution at pH 8.5 (pD 8.8). Panels g & h represep® ¢
adsorption by CdAl LDHs and CuO respectively inJ® and DO solution at pH 8.5

(pD 8.8). Experimental conditions: [Catalysts]0.06 g L'* (in terms of CuO ma3js

pH 8.5 (pD 8.8) buffered b%.0mM NaHCQ. Panel a and HO3]o 0 SDQHO
c and d{HCOO]o 0 32 0 SDQHOCHK,NEFG.0 0> >p

0 SDQHOCIOPDRE1LIR O
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Overall, based on the discussion presénabove, we draw the following main
conclusions regarding the mechanism of the catalytic ozonation process employing Cu

based catalysts:

(1) Catalyst and @interaction results in the formation of surface oxidants which
are consumed via interaction with adsorbed organics and/or surface sites. In the
case of CuAl LDHs, the surface oxidant was identified to be surflmoated
OH.

(2) The diffusion of the surfacexidant(s) generated ors@atalyst interaction into
the interface and/or bulk solution is negligible.

(3) Rapid binding of£204 'and HCOO by the surface hydroxy! sites occurs in the
presence of the catalysts however the extent of HO®@ing is less thathat
observed for @ .

(4) Oxidation ofC204 ' occurs on the surface tfe catalysts with the Goxalate
surface complexeadily oxidized byOs and OH (in case of CuAl LDHs) and
Os and/or surface oxidants (in case of CuO).

(5) Oxidation of HCOO mainly occurs on the surface of CuO, however, in the case
of Cu#Al LDHSs, oxidation of HCOO mainly occurs in the bulk solution.

(6) Surface hydroxyl groups are the main sites f@rd®cay, organisorption and
organic oxidation. The differences in the concentration and nature of the surface
hydroxyl groups between CGAl LDHs and CuO correlate well with the
differences in the @decay and organic oxidation rates observed in the presence
of CufAl LDHs and CuO

5.3.4.4 Kinetic modelling

Based on the reaction mechanisms proposed here, we have developed a mathematical

kinetic model to describe the HCO@nd C,04 ' oxidation rates in the presence of
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catalysts. Table 5.Hlescribes the reactions fgelfdecay of @ and oxidation of
HCOO' andC204 ' by conventional ozonation. The reactions describing thedseliy

of Oz (reactions 1+10, Table 5.1) and HCOQxidation by conventional ozonation
(reactions 11+15, Table 5.1) are same as that deteewchiim chapter 4. The reactions
controlling the oxidation of204 ' by conventional ozonation (reactions 380, Table
5.1) were determined based on the best fit to our experimental resutsOarl
oxidation by conventional ozonation (Figure 5.5 and arg)Os decay in the presence
of C204 ' (Figure 5.23).Table 5.2 describes the reactions controlling oxidation of
HCOO' and C20s ' by HCO in the presence of Gl LDHs and CuO. Detailed

description of these reactions is provided below.

Table 51 Kinetic model for ozone setlecay, formate and oxalate oxidation by
conventional ozonation.

No Reaction Rate constant Publishedvalue Reference
(Mt.s?h (Mt.s?h
Ozone self decay reactions in bulk solution
1 Os+ OH*: + 2,7+ O 1.0x1G 7.0x10 151
2 Os + HyOo/H0% 1 + 237+ O ® 1.7x1032 1.7x1G 152
3 O3+ 0% +23%+ O, 1.5x10 1.5x10 8
4 HO;1Os®*: OH+ O 1.4x16° 1.4x10 151
5 ODH+ G @ 2%+ O 1.0x1G 1.0x16 151
6 O3+ COsz®: +,CO3+ O, 1.0x10 1.0x10 153
Scavenging reactions in bulk solution
7 OH +H;0./H:0* : H;0 + 0Oz * 2.7x10° 2.7x10 %
OH + HLCOJ/HCO:9CO2: : 2 +*+ COs™ 8.2x10° 8.2x10 141
COs®+ H0/H0% 1 2%+ HCOs 4.3x102 4.3x10 154
10 CO:#+ COs ¥ : & 22*+ H,COs 2.0x10 2.0x10 155
Formate oxidation bgonventional @
11 HCOO*+ O3"° + & 2*+ HO:* 7.0x10 140
12 HCOO*+O; : & 2*+ HOs* 3.0x10 1.51.0x162 3,143
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13 HCOO*+ COs* : & 2™+ HCOs* 1.5x16 1.5x16 w7

14 HCOO*+ 22+ : &2*+H0 3.2x10 3.2x10 141

15 CO®+ Oy 1 2,®+ HCGs® 4.2x10 4.2x10 124
C.O4 "oxidation by conventional O

16 Co02%+ COs™ 1 &,04®+ HCOs* 6.0x10 -

17 CO2%+ 2+ 1 804%+ H,0 7.7x10 7.0x10 141,201

18 C:04™: & 2%+ HCOs* 1.0x10 Rapid

2 calculated value at pH 7.3 using the reported rate constant@¥HH, and the mole fraction of
H,0O,/ HOzi at pH 7.3.

b calculated value at pH 7.3 using the reported rate constarfi@y®™ / Os*and the mole fraction of
HO;*/ Os*at pH 7.3.

¢ Calculated value at pH 7.3 using the reported rate constant.@DHHCOs' /COx2' and the mole
fraction of for HCO/HCO3'/CO2 " at pH 7.3.

Figure 523 Measured @decay in the presence 6504 ' in the absence (panel a) and
presence of CtAl LDHs (panel b) at pH 7.3. Experimentbnditions: [Q]o = 120.0
UM, [C204 o= 0.0 £100.0 puM, [CuAl LDHSs]o = 0.06 g L™ (in terms of CuO mass).
Symbols represent experimental data, lines represent model values.

(i) Oz adsorption by CuzAl LDHs/CuO

Reactions 1 (Table 5.2) represent the adsoresorption of @onto/from the CuAl
LDHs/CuO surface. The actual values of the forward sorptions @@ the backward
desorption of @rate constants do not affect the model prediction as long as the rate of
reaction 1 exceeds the seiécay rate of @and the ratio of the rate constants for

reactions 1 and 2 is 150 for @4 LDHs and 400Gor CuO.

(i) Oz transformation on the Cu#Al LD Hs/CuO surface
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Reaction 2 (Table 5.2) represents the decay of adsorbed ozone forming $DHace
(for CusAL LDHs) and another surface oxidant (for CuQhe rate constants for
reaction 2 was determined based onfiest the measured £decay in the presce

of Cu#Al LDHs/CuO (Figures 5.11 and 5.23). Reaction 3 (Table 5.2) represents the
decay of adsorbed Ovia interaction with surface sites resulting in freactive
products (NRP). Reaction 4 (Table 5.2) represents the decay of stififogidantvia
interaction with the surface sites resulting in formation of NRP. The rate constant for
reaction 3 and 4 was determined based onfiigst the influence of CuAl LDHs/

CuO dosage on the measured oxidation of adsdd@@O' andC,Os ' (Figures 5.8

and 5.9.
(iii) Adsorption of C204 '/ HCOO ' on the CuzAl LDHs/CuO surface

Reactions 5 and 6 (Table 5.2) represent the adsorption and desorgdG®af and

C204 ' on the CuAl LDHs/CuO surface respectively. Note that the individual values

of the forward adsorption and backward desorption rate constants for reactions 5 and 6
do not affect the model prediction as long as their ratio is the same. The ratio of the rate
constantsfor forward adsorption of organics and desorptainorganics ie. the
adsorption equilibrium constants) was determined based on bétsto the measured

adsorption of these organics in the presence aACUDHs/CuO (Figures 5.18)
(iv) Oxidation of surfaceHCOO

Reactions 7 and 8 (Table 5.2) represent the oxidation of adsd®e®' by surface
Oz and surface oxidant respectivelyhe rate constants for the oxidation of adsorbed
HCOO' by surface @ and/or surface oxidants (formed on surfaced®cay) were
determined based on befit to the experimental results dhiCOOQ' oxidation in the

presence of varying organic and catalyst concentrations (Figurés6band 5.8
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5.9)We have assumed that the aadion of adsorbe#iCOQ' by surfaceOs to CO
occurs via hydride transfer with no intermediates formed with the rate constant for
surfaceHCOO' oxidation similar to that determined for bulks OHCOO' reaction.
However, we would like to highlight that thate constant for this reaction is not well
constrained by our experimental results due to minor contribution of this reaction in
HCOO' oxidation in case of both Gl LDHs and CuO.The oxidation of adsorbed
HCOO' to CQ;with surface OH/surfaceoxidantis assumed to proceed via formation

of CO2*'which is further oxidized by surface;@ yield CQ and O, *(reaction 9,
Table 5.2) The G*'so formed may be consumed by the catalyst surface and/or may
diffuse into the bulk solution and accelaratpieous @decay formingOH. Since Cu

is known to rapidly disproportionate©?°?we have assumed that surface’ @rmed

on CQ * 'oxidation at the surface is consumed by the catalyst surface and is not involved
in any reactionHowever, note that a model including interactidrsarface Q@* 'with
surface @and/or diffusion of surface £ 'and its interaction with aqueous froduces

same results.
(v) Oxidation of surfaceC204 '

Reactions 10 and 11 (Table 5.2) represent the oxidation of ad€ey®ed by surface

Os and surface®H respectively. The rate constants for the oxidation of adsorbed
C204 ' by surface @and/or surface oxidants were determined based ofibtsthe
experimental results or,O4 ' oxidation in the presence of varying organic and catalyst
concentrations (Figures 5.55.6 and 5.8+5.10) and ®@decay in the presence of
organics and catady (Figure 5.23)Ve have assumed that the oxidation of adsorbed
C204 'to CQxwith surface®OH/Oz proceeds via formation of:04* 'which dissociates

to form CQ and CQ*(Reaction 12, Table 5.2). G& as described above, is further

oxidized bysurface Q to yield CQ and Q */(reaction 10, Table 5.2).
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Table 52 Kinetic model for ozone decay, formate and oxalate oxidation by HCO in the

presence of CtAl LDHs and CuO.

Z
o

Reaction

Rate constarfor Cu#Al LDHs

Rate constarfor CuO

(MLs?) (M1.sh)
1 O: A-A 2 K =1.5x102b K= 4.0x1@2>
2 A 21 ADH/A 2] 5.0x10° 1.0x10"
3 A2 A 153 A 3.0 5.0x16
4 A2+ A 2[ : A53 A 1.0x16 5.0x10
5 HCOO*+ A— AHCOO* K=3.5x10aP K=1.0x10aP
6 C2025+ A— AC02* K=2.0x1@ab K=8.0x1G2b
7 AHCOO*+ A 2: &0,+HOs* A 4.0x104 4.0x10
8  AHCOO*+ A2+ A 2[ACO® A 1.0x10¢ 1.0x10
9 ACO, %% &0, A 2 1.0x10¢ 1.0x10
10  ACO2*+ A 2: ACO*+HOs* A 1.0x16 1.0x10
11 ACO2%*+ AR+ A 2[ACOs*+ A 1.0x10¢ 1.0x10
12 ACO. %% &0, A &% 1.0x10 1.0x10

2based on surface site concentration of 1.7 mmoteBup in CuAl LDHs and CuO
bK represents the ratio of the forward adsorption rate constant and back desorption rate constant

°NRP represents non reactive product

drate constants are not well constrained by our experimental results since these reactions are not

important

Note that br the oxidation of the surface oxalate complex and surface H€@@plex

by Oz, we have assumed that only surficial(@ther than bulk €) is involved. A small

but constant concentration of surficiad © maintained via rapid adsorption/desorption

of Oz onto/from the CuAl LDHs/CuO surface. An alternate mechanism wherein bulk

Os also oxidizes the surface oxalate/surface formate complex cannot explain all our

experimental observations, particularly in the case of CuO. Similarly, an alternate

modelling sbeme in which the oxidation of the surfam@mplexes via interaction with

both surficial Q and bulk Q cannot explain our experimental results. Detailed

description of the two other modelling schemes are provided below.
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() Modelling scheme involving akation of surface oxalate and surface formate

complex by bulk ozone

In this modelling scheme, we use bulk & the main oxidant for surface oxalate and
surface formate complexes. As shown in Table 5.3, interaction woit®the catalyst
results in formaon of surface oxidant (reaction 1) as well as treactive products
(reaction 2). The scavenging of surface oxidant by the catalyst (reaction 3, Table 5.3)
also occurs. The rate constant for reactionssWwere determined based on bftsing

to the masured @decay rates (Figure 5.11) as well as influence of catalyst dosage on
the extent of HCO®and GO oxidation (Figures 5.8 and 5.9Jhe adsorption of
HCOO'" and GO’ (reactions 4 and 5, Table 5.3) on the catalyst surface occur as
described inthe model shown in Table 5.2. However, the oxidation of surface
C2042'/HCOO' occcurs via interaction with bulk ozone and/or surface oxidants
(reactiors 6 £11, Table 5.3). For C#\l LDHs, the model with bulk @as the major
oxidant of surface oxalate/formate complex provides excellent description of our
experimental results. However, this model significantly overestimates the fraction of
HCOO' oxidized in the presence of varying CuO dosage (Figure 5.24). Birbis

model, both generation and scavenging of oxidant by CuO increases with CuO dosage,
there is no significant influence of CuO dosage on the oxidation of organics. An
alternative scheme wherein the generation of surface oxidant occurs via formation of
an intermediate on CuéDs interaction, which subsequently decays to form surface
oxidant and/or is consumed by the catalyst (Table 5.4), was also used to model our
experimental results. In this scheme, the rate of oxidant generation decreases with
increa® in the catalyst dosage and can explain the decrease in the extDO06f
oxidation with the increase in the catalyst dosage however this also results in the

decrease in theC,04' oxidation which is not in agreement with our observed results
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(Figure5.8). Overall, the kinetic model where bulk @as able to oxidize the surface
oxalate and formate complexes was not able to correctly predict the influence of CuO

dosage on the extent ¢#COO' andC.0O4? oxidation (Figure 5.24).

Table 53 Kinetic model for ozone decay, formate and oxalate oxidation by HCO in the
presence of CtAl LDHs and CuC® bulk Oz as the main oxidant.

No Reaction Rate constarfor CufAl LDHs Rate constarfor CuO
(Mts?) (Mt.s?h

1 O; A ADH/ A 2 0.72 2.5x1062

2 O A 153 A 0.3 3.¢

3 ADH/ A 2+ A: 153 A 1.0x10 4.0x106

4 HCOO*+ A— AHCOO* K=3.5x1FP K=1.0x1G2P

5 CoO2%+ A— ACO.2* K=2.0x1@FP K=8.0x1G2P

6 AHCOO*+ A 2: CO;+ HOs*+ A 4.0x10 4.0x10

7 AHCOO*+ ADH/ A 2: ACO*+ A 1.0x101 1.0x10

8 ACO,® % CO,+ AO® 1.0x104 1.0x10

9 ACO2*+ A 2. ACOs®+HOz*+ A 4.0x16 4.0x16G

10 ACO2*+ ADH/ A 2: ACO%+ A 1.0x10 1.0x10

11 AC0,#% CO,+ ACO,* 1.0x10 1.0x16

2pased on surface site concentration of 1.7 mmoteSup in CuAl LDHs and CuO

bK represents the ratio of the forward adsorption rate constant and back desorption rate constant
°NRP represents non reactive product

drate constants are not well constrained by our experimental results
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Table 54 Kinetic mocel for ozone decay, formate and oxalate oxidation by HCO in the
presence of CuO assuming bulk & the main oxidant ands@ecay on the surface
occuring via formation of surface intermediates.

No Reaction Rate constant (Ms?)
1 O; A Int 2.3x10°
2 A ,Q®»% A A 8.0x10

3 Int: ADH/ A 2 8.0x1C

4 A 2+ A: 153 A 4.0x10

5 HCOO*+ A— AHCOO* K=1.0x1GaP
6 C02%+ A— AC0O42* K=8.0x1GaP
7 AHCOO*+ A 2: CO,+ HOs*+ A 4.0x10

8 AHCOO*+ ADH/ A 2: ACO*+ A 1.0x10

9 ACO,®% CO,+ AO ™ 1.0x10
10 AC 025+ A 2: ACO®+HOz*+ A 4.0x16
11 ACO2*+ ADH/ A 2: ACO.®*+ A 1.0x10
12 AC,0,%% CO,+ ACO* 1.0x10

2based on surface site concentration ofriridoles.gt CuO in CuzAl LDHs and CuO
bK represents the ratio of the forward adsorption rate constant and back desorption rate constant
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Figure 524 Fraction of HCOQ (panel a and b) andO4 ' (panel ¢ and d) oxidized in

the presence of CuO (triangles) at varying catalyst dosage. Experimental conditions:
[catalysth = 0.006 0.6 g L' (in terms of CuO mass), [HCOD= 1.0 (panel a) or 10.0

UM (panel b), [GO4 o= 1.0 (panel ¢) or 10.0 (panel d) anc$>= 10.0 uM, pH 7.3

using 2.0 mM NaHCg) reaction time 2 h. Symbols represent experimental data and
the lines represent model values.

(i) Modelling scheme with no involvement of surficial ozone in oxalate oardati

In this modelling scheme, the oxidation of surfémenatebxalate complex by surface
Oz (reaction 7 and 10 in Table 5.2) was neglectgdm Figure 5.25, the modelled
C204 ' without contribution of surface fOsignificantly underestimated 204 |

oxidation in the presence of both @l LDHs and CuO. The oxidation of surface

C204 "complexes by surfaces@ needed to explain the experimental results obtained.
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Figure 525 Modelled oxidation of @ ' in the presence of CAl LDHs (panel a)
and CuO (panel b). Experimental conditions: [catadys().06 g L't (in terms of CuO
mass), [@] = 10.0 uM [GOs "o = 10.0 pM, pH 7.3 using 2.0 mM NaHGO

As shown in Figures 5.%5.6, 5.8 £5.11 and 5.18, the model presented in Table 5.1
and 5.2 provides reasonable descriptighX 0.9) ofC204 ' and HCOO oxidation as
well as Q decay in the presence of @Al LDHs and CuO. While there is some
discrepancy between the experimental results and rpoedicted data, the model
describes the general trend of the experimental data veryThellsensitivity analysis

of the model (Table 5.5) using PCA shows thatredIsurface reactions shown in Table
5.2 are important for correctly predicting the time vary@@s |, HCOO' and Q
concentrations in the presence of CuO. However, in the caseidf CDHs, reactions
controlling surface oxidation of HCOGare not impaiant. The model predicted rate
constants for oxidation of surface oxalate complexes by surfigial €milar for CuO
and CuAl LDHs (Table 5.2) suggesting that similar types of complexes were formed

in the presence of these catalysts.
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Table 55 Principal Component Analysis of model reactions controllingi€cay and
HCOOQ'/ C204 ' oxidation during HCO using CuO/CAl LDHs at pH 7.3.

Oxalate oxidation in the presence of CuO

Eigenvalue Dominant reactions in principatomponents (relative contribution of tt
component to system response is shown in parentheses)

3.9x10° 1(1.0)

6.3x10 -6(0.31), 6{0.28), 3(0.25)
1.7x10 -6(0.31), 3(0.24)
8.9x1¢ -6(0.30), 6{0.25)
4.8x16 -6(-0.32), 6(0.24)

2.4x16G 10(-0.62), 2(0.51), 30.39), 6(0.38);6(0.22), 4¢0.22)
Reactions 6,7 and 19 (Tal8€l) have no impact on the model results.

Formate oxidation in the presence of CuO

Eigenvalue Dominant reactions in principal components (relateatribution of
the component to system response is shown in parentheses)

4.1x10 1(1.0)

1.2x16¢

8.0x16 3(-0.57), 5(0.48);5(0.47), 440.43),8(0.41), 1¢0.37)
3.0x1G  2(1.0), 4¢0.63)

4.4x1¢3  5(-0.44),-5(-0.42), 8(0.25)

3.3x16¢ 5(-0.44),-5(-0.43), 7(0.33)

Reactions 6 and 7 (Tab%el) have no impact on the model results.

Oxalate oxidation in the presence of CdAl LDHs

Eigenvalue Dominant reactions in principal components (relative contributio
the component to systerasponse is shown in parentheses)

7.1x10% 10(0.94),-6(-0.75), 6(0.71), 20.66),-1(-0.63)

1.5x10 1(-0.22), 2(0.21)

6.2x1¢  2(-0.81), 1(0.76);1(0.72), 6(0.43);6(0.39), 4(0.23), 160.21)
3.5x16¢

2.1x16 12(0.61), 10(0.50), 119.48),-6(0.44), 6¢0.42), 2(0.42)
1.1x106 12(-0.23)

Reactions 6 and 7 (Tab%el) have no impact on the model results.

aOnly the highest Eigenvalues are shown here and only the relative contribution of the surface
reactions (shown in Table 1 in the maianuscript) are shown here.

b Eigenvalues of formate oxidation in the presence theACUDHs are not shown here since
formate oxidation predominantly occurs in the bulk solution (see detailed discussion in section
5.3.4.3 in the main manuscript).
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We hae used the model to predict the contribution of bulk as well as surface reactions
in the oxidation of @4 ' in the presence of G#l LDHs and CuO (Figure 5.26). As
shown in Figure 5.26a and 5.26e@z ' oxidation predominantly occurs on the surface

of CuzAl LDHs/CuO with some contribution from bulk oxidation at very low catalyst
dosages and highee@s 'concentrations. Furthermore, as shown in Figure 5.26b, only
Oz is involved in GO4 ' oxidation in thecase of CuAl LDHs. For CuO, the radical
mediated process is important at loweiO¢ ' and catalyst concentrations (Figure
5.26d). Since most of the oxidation occurs on the CuO surface under these conditions
(Figure 5.26c¢), these results suggest thaserfadicals formed onz@ecay play an
important role under these conditions. However, for high€sCand higher catalyst

concentrations, surficial £s the dominant oxidant.
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Figure 526 Modelpredicted % @4 ' oxidaion occurring on the surface in the
presence of C#Al LDHs (a) and CuO (c). Panels (b) and (d) show 304’ oxidation
occurring via direct reaction withZ@including both surface and bulk) in the presence
of CuzAl LDHs and CuO respectiveljOs]o = 100.0 uM was used for these predictions.

The contributions of surface reactions as well as theradical mediated process in
HCOO' oxidation are shown in Figar5.27. As shown in Figure 5.27a and 6b, HCOO
oxidation in the presence of GAl LDHs predominantly occurs in bulk solution via a
radicatmediated process, except at IBWCOO' concentration. In the case of CuO,
HCOO' oxidation principally occursia a radcal mediated process in the presence of
CuO. At a lower HCOO concentration, oxidation occurs principalhia interaction

with the surface oxidant(s) while at higher HCO®ncentration, oxidation occurs in

the bulk solution via reaction with buboH aswell as CQ* formed as a result 6OH
scavenging by carbonate iorihe variation in the contributions of radical and nhon
radical mediated processes with the nature and concentration of target organic as well

as the catalyst dosage may contribute todiserepancies in the mechanisms of the
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HCO process reported in various earlier stuffie®: 1% 293The significant variability

in controlling processes as a function of reaction conditions is particularly evident for
degradation oHCOO! in the presence of CuO where surface reaction control is evident
at highercatalyst loadings and lo#COO' concentrations while degradation reactions

in solution dominate at high&fCOQ' concentrations.

Figure 527 Modelpredicted % HCOOoxidation occurring on the surface in the
presence of CtAl L DHs (a) and CuO (c). Panels (b) and (d) show % HCe&x@lation
occurring via direct reaction withg@including both surface and bulk) in the presence
of CuzAl LDHs and CuO respectiveljOs]o = 100.0 uM was used for these predictions.

While probe methods employing compounds such#8A and TBA can be used to
investigate the generation of radicals and the rate and extent of organics oxidation for
conventional ozonatiof?; 29429 quantitative analysis of surfagelated reactions with

any probe compound is challenging due to the varying surface affinity of probes

towards different catalysts and the difficulty in quantifying the extent of oxidation of
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probe compounds located on the catalyst surface. Hence, for HCO, where -surface
mediated processes dominate, we are of the opinion that the kinetic modelling approach
used here will be of value in providing mechanistic insight, thoongine careful
validation d these kinetic models is needed prior to their application to complex real
wastewater matrices. The kinetic model developed in this study can be easily extended
to other catalysts though will require determination of particular rate constants

appropriateo the catalyst being used.
5.4. Conclusions

Our results show that Cu based materials function as efficient catalysts for HCO,
particularly for ozone resistant compounds such.@ C. The catalytic activity of Cu

Al LDHs is mostly attributed to the layered structure of the material that facilitates
adsorption of organics as well as generation of surfaeeon Q decay As such, it is
expected that target organic compounds with higfase affinity will be degraded by

this catalyst. While C#Al LDHs alsoresultin removal ofHCOO', the enhancement

in ozone usage efficiency is not as significant as observed in the c@s@.0f since

HCOO' can be easily oxidized bysOThus, we suggéshat the design of the ozonation
process should be modified according to the nature of the organic compounds present
in the water to be treated. The organic compounds can also be classified based on their
reactivity towards @ For organic compounds thean be readily oxidized by #Da
homogeneous ozonation process is expected to be morefigusive than a catalytic
ozonation process. In contrast, a catalytic ozonation process is required for oxidation of
organic compounds that are refractory to dimone oxidation. In general, a muti

stage ozone process employing a separate homogeneous ozone reactor followed by a
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catalytic ozone process is recommenttadefficient usage of ozone and catalyst for

treatment of wastewaters containing complex orgamxtures.

Overall, this chapter provides important insights into HCO employing Cu based
catalysts under circumneutral pH conditioRsirtherwork on the influence of the
physicochemical properties of @Gl LDHs and CuO needs to be performed to
correlate he physiochemical properties with the catalyst performance and to optimize
the catalyst synthesisVhile these catalysts work well for enhancing oxidation of
simple carboxylic acids in a simple matrix, the influence of pH as well as various matrix
constitients (such as dissolved organic matter and anions) on the efficacy of HCO and
the oxidation of a range of other ozemsistant compounds requires further

investigation.
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Chapter 6 Comparison of performance of conventional
ozonation and heterogeneous catalytic ozonation
processes in phosphate and carbonate buffered

solutions

Some of the material in this Chapter has been drawn from a recent publ|i€atitrch
KDV EHHQ DFNQRZOHGJHG DQG GHWDLOHG LQ WKH pLQFO

thesis
6.1. Introduction

The degradation of organic compounds during ozonation and heterogenous catalytic
ozonation mostly occurs as a result of interaction witha@d/or other oxidants
(particularly hydroxyl radicalsDH) generated on £lecay?® 116 182,197 20§ he gyerall
process efficiency is highly dependentm due to the influence of pH oz Gelf+

decay kinetics, surface charge of the catalyst and organic speéidtidf.3637 47 87,

209, 210Research on the ozonation and HCO processes is commonly performed under
circumneutral pH conditions.¢., pH 6.5 £8.5) with the pH contrégd using phosphate
and/or carbonate buffered solutitin'4 20 21214 whijle carmnate, the major buffer in
natural waters and many wastewaféts?> 21%js recognised to stabilize ;Cby
scavenging®H and inhibiting radical chain reactioh; 2" there are contradictory
reports on the influence of phosphate ions and@cay'® 218220 Some studies
suggested that the addition of phosphate also decreased the ratedetay by
scavengingOH and inhibiting radical chain reactions in a manner similar to carbonate
220 while others observed promotion o @ecay!3! 218 219se of phosphate buffers

may also have a significant impact twe surface chemistry of catalysts and efficacy of
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HCO in organic removal since phosphate is a strong Lewis base that adsorbs on the
surface of catalysts thereby inhibiting catal® interaction*?® 3% 22and/or organic
sorption on the catalyst surfate!3? 195 22224 Most studies report decrease in organic
oxidation during HCO in the presence of phosphate ions dokitmtion of interaction

of Oz and/or organics with the catalyst as a result of phosphate sorption on surface
hydroxyl sites>® 49.51. 188, 2282850 me contrasting results are also repattatbhosphate

did not hamper organic oxidation in HG® ?1In addition, contradictory results have
been reported on the impact of carbonate ions on organic oxidation by HCO with
carbonate stabilizing £10 promoteoxalate oxidatiort® while scavenging bulkOH

to inhibit p-nitrophenol removai*

Based on the discussion above, there appears to be contradictory reports on the
influence of buffering ions on the performance of the ozonation and HCO processes.
Furthermore, due to the difference between the reactivity of buffering ions to®&tds
andtheir affinity towards the catalyst surface, the performance of the ozonation and
HCO processes may vary depending on the nature of the buffer employed. While earlier
studies have investigated the influence of the solution matrix on the oxidation of
orgarcs during HCG?> 3 3% 18%0 our knowledge, no systematic evaluation of the
influence of choice of buffer on{@lecay or on the efficacy of degradation of organic
target compounds has been performed. Thus, irchiagter we compare the influence

of two buffer solutionsphosphate and carbonate, opd@cay (including seltlecay

and catalyst mediateds@ecay), OH generation and associated oxidation of selected
organic compounds during the ozonation and HCO processes. The oxidation of three
different organics, namely oxalate (OA), formate (FA) pp@BA was measured. We
chose OA and FA as the target compoundsesthese organic compounds have well

defined oxidation pathways and result in formation of,G@d HO as the only
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products'?® p £BA was used to probe the extent of bdlkH generatiorf” 82 in
phosphate and carbonate buffered solutions. To investigate the influence of buffers on
the HCO process, Gl LDHs and CuO were used as the catalysts. The catalytic
mechanisnof these catalysts in carbonate buffered solution was descrilmbapter

5. Based on the experimental results obtained here, we provide important mechanistic
insights into the role of buffers ons@ecay and associated oxidation of these organic
compounds. We have also developed a mathematical model to accurately predict the

Oz decay and OA/FA removal in phosphate and bicarbonate buffered solutions.
6.2. Material and Methods

6.2.1 Reagents

All experiments were performed at pH 7.3 or 8.5 using carbonate, phosphate and/or
borate buffered solution. The concentration of carbonate and phosphate buffers were
1.3mM and 2.0 mM at pH 7.3 and 8.5, respectively. For borate buffer, a concentration
of 5.0 mM was used for pH 7.3 and 8.5 experiments. The initial pH was adjusted using
1.0 M HNG: and 1.0 M sodium hydroxide (NaOH) if required. The carbonate buffered
solution at pH 7.3 was prepared as describaethapter 3.To avoid atmospheric GO
dissolution in pbsphate buffer, phosphate buffered solutions were prepared.ia CO
free Milli £) waterby spargingMilli £) waterwith N2 for 2 h prior to addition of
phosphate saltsA maximum pH variation of + 0.2 units was allowed during
experiments. Stock solutions of dralabelled and notradiolabelled sodium
formate/oxalate, indigop ££BA, TBA and Q stock solution were prepared as

described irchapter 3. CdAl LDHs and CuO were prepared as reportedhiapter 5.

6.2.2. Experimental setup for O 3 decay
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Os decay experimdn were conducted in sealed reactors showshapter 3. For
measurement of £ecay, 100.(uM of dissolved Q was added into the phosphate or
carbonate buffered solutions containing®6 g.L? of catalyst (in terms of CuO mass
concentration). Subsequently, samples were taken at designated time intervals and the
dissolved Q concentration was measured using the indigo metfi@ince the pH of
the indigo solution used forz®neasurement is strongly acidic (pH < 2), it dissolves
any catalyst present in tleamples. Hence, the concentration gfn@easured in the
presence of catalyst represents the sumgan @e bulk solution and £sorbed on the
catalyst surface. We also measured dissolvedoQcentration wherein samples were
filtered using 0.22 um PVD*Hilfers (Millipore) prior to indigo addition. The measured
Os concentrations were similar in filtered and nfitered samples indicating that the

concentration of @sorbed onto the catalyst surface was minimal.
6.2.3 Experimental setup for organic oxidat ion

Measurement of oxidation of FA, OA apdCBA was conducted in a sealed reactor as
shown inchapter 3. For catalytic ozonation, the dosage of the catalyst was 0906 gL
(in terms of CuO mass concentration)lote thatfor measurement during catalytic
ozonation, since rapid dissolution of the catalysts occurred during acidification of
samples, the FA/OA concentration measured represents the totakithred FA/OA
concentration including FA/OA concentration remaining in the bulk solution and

FA/OA concettration sorbed onto the surface of the catalyst.

p £BA oxidation experiments were conducted for ozonation only €EBA does
not sorb onto the catalysts surface and hence was not effective in trapping surface
associatedOH. For measurement, 1.0 yvHCBA and 10.0 uM Qwere added into the

carbonate or phosphate buffered solutions and samples were taken at regular time
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intervals. Subsequently, samples were sparged witto Nemove any residual :0
present and cease the reaction. The concentratipa3BA remaining was quantified

using HPLC as described ¢hapter 3.

We also measured th: value (which is ratio of thdDOH exposure to ©exposure)

during the ozonation process in carbonate and phosphate buffered sdflufidfe.
minimize the influence gb £BA on & decay, these measurements were performed at

a lowerp £BA: Oz concentration ratio. Fdtmeasurement, 1.0 upl€BA and 100.0

MM Oz were added into the carbonate or phosphate buffered solution and samples were
taken over time for measurement of dissolved €ncentration andp £BA
concentration using the methods described above. As described ®atlithre R

value was calculated using eq. 6.1

\ LA
T TR W
i>7%- Gsigrgrd > 77 -

(6.1)
6.2.4 Kinetic modelling

Kinetic modelling of our experimental results was performed using the software

package Kintecu¥'® as described in detail thapter 3.

6.3 Results and Discussion

6.3.1 Influence of buffering ions on pure ozonation performance
6.3.1.1. Ozone selfleay and associatedOH generation

Figure 6.1 demonstrates that ozone -delfay is substantially more rapid in the
phosphate buffered solution at pH 7.3. As reported in various earlier stifdi&¥ 137

and also explained in detail thapter 4, ozone seffiecay kinetics can be described by
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the reactions shown in eqs26t6.5. In the absence of afyH scavengersOH formed

reacts with @ forming superoxide (&% eq. 6.4) which further propagates cay.
However, in the presence @H scavengers such as carbonate and/or phosphate ions
(eqgs. 6.6+6.7 141 145,218,229, 23fhe generation of & (the key chain carrier) via

OH reaction is inhibited, thereby stabilizings.Bince Q decay is slower in the
carbonate buffered system than in the phosphate buffered system, it appears that the
rate and extent of agenging of OH by HCOs/ COs 'is higher than the®OH
scavenging by phosphate ions. This agrees with the reported rate const&i for
reaction with HLO;/CO; (8.5x1(F and 3.%10° M £.s%;137.14) and OH scavenging

by phosphate ion2%10* +1.5x10° M £.s%.137. 143

O3+ OH* HO ¥+ O * (6.2)
O3+ 02®* HOs*+ O (6.3)
HOs* HO*+ O, (6.4)
ODH+0s O®+ O, (6.5)
OH + HCO;*  COz™+ H0 (6.6)
OH+ HPO2* POy ™+ H0 (6.7)
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Figure 61 (a) Measured &([Os]o = 100.0 uM) seHdecay kinetics at pH 7.3 buffered

using phosphate (squares) and carbonate (circles) solution. Panels b, ¢ and d represent
the measured oxidation pf£CBA, OA and FA respectively on ozonation at pH 7.3

with pH buffered using phosphate (sges) and carbonate (circles) solution. Symbols
represent measured values; lines represent model results. Experimental conditions for
OA/ FA oxidation: [Q]o = 10.0 uM; [OADb /[ FA]o /[p £BA]o=1.0 uM.

Addition of TBA (a bulk ©OH scavenger® 2*) had no influence on £decay in
carbonate buffered solution confirming that &H radicals formed on £self-decay

are scavenged by @0;/CO; ' (Figure 6.2). In contrast, inhibition ofsQlecay is
observed in the presence of TBA in phosphate buffered solution (Figure 6.2),
suggesting that a significant fraction dH interacts with @ in this system,
propagating @decay via radical chain reaatis (eqs. 6.26.5). Decrease in the ozone
decay rate with increase in the phosphate buffer concentration (Figure 6.3) also supports
the conclusion that significant scavenging ®H by & occurs in the phosphate
buffered solution, at least at the lowéiogphate concentration employed here. Increase

in phosphate concentration increases the scavengitiHdly phosphate ions, thereby
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preventing the ® + OH reaction and stabilizing £OThis is in line with the results
reported in various earlier studieshiesh also showed that increase in phosphate
concentration inhibited ©decay??”> 2°2 Note that the @ decay rate in phosphate
buffered and borate buffered solutions at pBlig similar (Figure 6.4) confirming that

the rate ofOH scavenging by both these buffering ions is comparable, at least under

circumneutral pH conditions.

Figure 62 Measured @decay rate in the absence (circles) and presence(squares) of 1.0
mM TBA at pH 7.3 buffered using 1.3 mM carbonate (panel a) or 1.3 mM phosphate
(panel b) solution.

Figure 63 Measured @decay rate in pH 7.3 buffered solutiasing 1.3 mM phosphate
(circles) and 10.0 mM (squares) phosphate. Symbols represent average experimental
data; lines represent model results.
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Figure 64 Measured @decay rate at pH 7.3 in phosphatelboratebuffered soluton.
Symbols represent average experimental data; lines represent model results.

While the kinetics of @selfflecay in the carbonate and phosphate buffer solutions
differs, the overall exposure of target organic€Xbl appears to be similar in the two
buffer systems at pH 7.3 with similar extents of oxidatiom €EBA (Figure 6.1b), a

widely used©OH probe?”: 8 182jn the two cases. The initially higher ratepdCBA
oxidation in the phosphate buffered solution than in the carbonderduisolution is
consistent with the higher rate of ozone decay (and conconfd&hgeneration) in
phosphate buffered solution compared to that observed in the carbonate buffered system
(Figure 6.1a). Th& value was calculated using the measyredBA oxidation data

and Q decay rates in phosphate and carbonate buffered solutions (see Figure 6.5). The
measured®; value in carbonate buffered solution is 2.3%hdwever a value > 10is
obtained for the phosphate buffered solution. Note pu@BA oxidation in the
phosphate buffered solution is too fast to quantify accuratelyptfBA completely
oxidized within 30 s at thp £BA to O; molar concentration ratio (1:100) employed

here forR.t measurement (results not shown). This observation suggaststtite the

yield of ©H is higher for phosphate buffered solution in the initial stages due to rapid

Os decay, the totafDH exposure is the same for the two buffer solutions as confirmed
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by the similarity in overalp £BA oxidation at highep £ BA to Oz concentration ratio

(molar ratio 1:10, Figure 6.1b).

Overall, it appears that the buffering ions impagts@f tlecay kinetics however did
not show significant influence on th®H exposure over the full duration of the

experiment.

Figure 65 Panels a and b show measurement efd€cay andp £BA oxidation
respectively in carbonate buffer solution at pH 7.3. Panel ¢ shows the pldHof
exposure vs @exposure in carbonate buffered solution wiiH exposire and @
exposure values calculated based on the data shown in panels and b. Panel ¢ shows O
decay in phosphate buffered solution at pH 7.3. Experimental conditppfBA]o =

1.0uM, [O3]o=100.0 pM, pH =7.3.
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6.3.1.2 Oxidation of organics by ozon#&in

As shown in Figure 6.1c, only a small fraction (< 30%) of OA is oxidized by ozonation
at pH 7.3 with a lower extent of OA oxidation observed in the phosphate buffered
system (12 =+ 2%) compared to that in carbonate buffered solutiong2¢ after 60

min. Since oxidation of OA proceeds mainly via interaction Vil (eq. 6.8; OA is

an ozone resistant compoukdos70,=0.04 M*.s® 123 it appears that significant
scavenging ofoH by HCO;'/COs and phosphate iorimainly dihydrogen phosphate

and hydrogen phosphate under conditions investigated bereys, even in the
presence of OA, due to the low concentration of OA and its slow rate of reaction with
OH (kco270H=7.7x16 M £.s2129) Based on the measuredd@ay in the two buffer
solutions (Figure 6.1a), we had earlier suggested that the scavengitiiH dfy
HCOs;/CO;s fis much more prominent comparedtiH scavenging by phosphate ions.
The faster scavenging &H by HCOs; '/COs ' but still slightly higher OA oxidation in

the carbonate buffered solution suggests that the carbonate radicals formed on
scavenging ofoH by HCOz;'/COs ' (eq.6.6) also oxidize OAeq. 6.9), albeit slowly.

In contrast, the phosphate radicals formedtid +phosphate ions reaction (eq. 6.7)

are not able to oxidize OA (at least on the time scale investigated here), thereby
resulting in lower OA oxidation rates in phosphate buffesetution. While the
oxidation of aromatic compounds by phosphate radicals was reported in some earlier
studies?**the oxidation of lowmolecular weight acids by these radicals appears to be
unimportant. We would also like to highlight that while OA oxidation in phosphate
buffer solution is lower compared to that observed in carbonate buffered solution at the
OA and bufer concentrations used here, it is expected that at higher OA concentrations
(i.e., [OA]/[total phosphate] > 0.07 at which Q#OH reaction outcompetes phosphate

ions+OH reactions), OA oxidation will be faster in phosphate buffered solution
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compared to ahonate buffered solution due to the higher rate of scavengifjoin

carbonate buffered solution.

C2042*+ OH  C.04*+ HO* (6.8)

C2042*+ COs ™ C04™+ HCOs* (6.9)

For mildly O; reactive compounds such as E&no significant difference in the extent

of FA oxidation is observed in carbonate and phosphate buffered systems, even though
the rate of FA oxidation by ozonation is slower in the carbonate buffered system (Figure
6.1d). As described iohapter 4, FA oxidtion in carbonate buffered solution occurs

via interaction with @with some contribution fromOH under circumneutral pH
conditions. In contrast, since rapid @&cay is observed in phosphate buffered solution,
FA oxidation is expected to mostly occuaviaction withOH in this system. Hence,

the observed difference in the kinetics of FA oxidation in carbonate and phosphate
buffered solution is due to the difference in the nature and concentration of the oxidants
(i.e, Os and ©OH) as well as the diffence in rate constants for the reaction of these
oxidants with FA Ko,Fa =1.5 +100 M*.s%and kor-ra = 1.2x10 M #.5%;149 The

model results (the lines) provided good description of the experimental data and

detailed discussion about the model could be available in section 6.3.2.3.

Overall, we conclude that buffering ions have a sigmaifit impact on the kinetics of
organic oxidation by the ozonation process. The fast kinetics of organic oxidation in
phosphate buffered solution may help in reducing the hydraulic retention time of the
ozonation reactors. The extent of organic oxidati@y tme affected as well due to the
scavenging ofoH by buffering ions, though this is dependent on the relative rates of
organic oxidation byOH and scavenging oDH by buffering ions. Furthermore, the

scavenging ofOH by buffering ions may not have ainypact on the extent of oxidation
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of organics that are oxidizable by radical products forme&Déhscavenging however
the kinetics of organic oxidation may be impacted since the radicals form&Hon

scavenging are expected to be less reactive idn
6.3.2 Influence of buffering ions on HCO performance
6.3.2.1 Catalytic ozone decay

As shown in Figure 6.6a, little difference in the catalyst mediatedeCay rate in the
presence of CtAl LDHs in phosphate and carbonate buffered system is observed at
pH 7.3.In comparison, in the presence of CuO, a slower ratesafeComposition is
observed in the phosphate buffered system compared to that observed in carbonate
buffered solution (Figur6.6b).As described ichaptel5, while rapid catalyst mediated

Os decay occurs in the presence of Cu@d@cay via interaction with C#l LDHs

occurs very slowly with surface hydroxyl groups facilitatingdecay in both cases.

The inhibition of CuQeatlysed Qdecay in the phosphate buffered system is possibly
due to occupation of surface hydroxyl groups responsible fate@ay by phosphate

ions, thereby inhibiting surface decomposition afa& has been reported in various
earlier studieg® 188 22228 The influence of occupation of surface sites by phosphate
ions on the @decay kinets, if any, is not apparent in the case of#IU_DHSs since

surface catalysed{@lecay is very slow in the presence of 8ULDHSs, at least at the

Cu#Al LDHs concentration investigated here. Note that measurement die€ay
kinetics at 1Qfold higher concentration of Gl LDHs (where catalyst mediatedsO
decay becomes important) in phosphate and carbonate buffered solution clearly shows
lower s decay kinetics in the phosphate buffered solution compared to carbonate

buffered solution (Figure 6.7) confirming the hypothesis that occupation of surface
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hydroxyl sites by phosphate ions inhibits catalyst mediatede@ay in the presence of

Cu Al LDHs as well.

Figure 66 Measured ®@([Os]o = 1000 uM) decay kinetics in the presence of 0.06 g.L

1 Cu#Al LDHs (a, in terms of CuO mass concentration) or CuO (b) at pH 7.3 with pH
buffered using phosphate (squares) and carbonate (circles) solution. Panels ¢ and d
represent the measured oxidation of OA HCO using CuAl LDHs and CuO
respectively at pH 7.3 with pH buffered using phosphate (squares) and carbonate
(circles) solution. Panels e and f represent the measured oxidation of FA on HCO using
Cu#Al LDHs and CuO respectively at pH 7.3 with pH buffenesing phosphate
(squares) and carbonate (circles) solution. Initial conditions for OA/FA oxidation by
HCO: [Os]o = 10.0uM; [OA]o /[FA]o =1.0 uM. Symbols represent measured values;
lines represent model results.
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Figure 67 Measured @decay rate in the presence of 0.6 f(In term of CuO mass
concentration) CdAl LDHSs at pH 7.3 buffered using 1.3 mM carbonate (circles) or 1.3
mM phosphate (squares) solution. Symbols represent average expdraattines
represent model results.

For both CuO/CudAl LDHSs, the rate of catalyst mediatead @ecay is slower than the

rate of ozone sefflecay in the phosphate buffered system (Figure 6.8). As explained
above, if the catalyst mediated @ecay is comgtely inhibited in phosphate buffered
solution due to the unavailability of surface sites, the measweéedcay in phosphate
buffered solution is via solution phase reactions even in the presence of catalyst. The
significant inhibition of bulk @ decay inthe presence of catalyst is possibly due to
scavenging of bulkOH by CuzAl LDHs/CuO with the catalysts outcompeting the
scavenging of OH by phosphate ionsn{ianly dihydrogen phosphate and hydrogen
phosphateweak OH scavenge) resulting inslower Q decay kinetics in the phosphate
buffered system. In the carbonate buffered solution, however, due to rapid scavenging
of bulk ©®H by HCO;'/COs , the scavenging of bullOH by Cu#Al LDHs/CuO is not

important.
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Figure 68 Measured @decay rate in the absence (circles) and presence of 0.66 g.L
(in terms of CuO mass concentration) BULDHs (squares) or CuO (triangles) in pH

7.3 solution buffered using 1.3 mM phosphate (panel a) or 1.33mM carbonate (panel
b). Symbolsepresent average experimental data; lines represent model results.

6.3.2.2. Oxidation of organics by HCO

A significantly lower rate of OA oxidation by HCO was observed in phosphate buffered
solution compared to that observed in carbonate buffered so(figures 6.6¢ & d)
which agrees with the observed influence of buffering ions on catalyst mediated O
decay (Figures 6.6a & b). As described in detathapter 5the oxidation of OAN

the presence of C#l LDHs and CuO mainly occurs on thmatalyst surface via
interaction of surface oxalate complexes with surface locatedn@d/or surface
oxidants generated onsz@ecay. Significant inhibition of ©sorption and catalyst
mediated @decay as well as lower adsorption@A onto Cu#Al LDHs/CuO surface
(Figure 6.9) because of blocking of surface sites decreases the rate and eQi&nt of
oxidation in the phosphate buffered solution. Note that the rate of OA oxidation by
HCO using CuAl LDHSs in borate buffer solution (Figure 6.10a), which hasstmme

bulk OH scavenging capacity as the phosphate buffer (Figure 6.4) but facilitates OA
sorption (Figure 6.10b), is similar to that observed in carbonate buffered solution. This
observation further supports the conclusion that the inhibition of OA coiday HCO

in phosphate buffered solution is due to occupation of the surface sites by phosphate
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ions inhibiting OA adsorption and concomitant oxidation and notsdagenging of

bulk ©H by phosphate ions.

Figure 69 Measuré OA sorption in the presence of 0.6 §.(in terms of CuO mass
concentration) CH#Al LDHs (a) or CuO (b) at pH 7.3 buffered using 1.3 mM phosphate
(squares) and carbonate (circles) solution.

Figure 610 Measured OA oxidatiofpanel a) by HCO in the presence of 0.06%(In

terms of CuO mass concentration) 8U LDHs at pH 7.3 buffered using 5.0 mM
borate (squares) and 1.3 mM carbonate (circles) solution. Measured OA adsorption
(panel b) in the presence of 0.06 §.[in terms of CuO mass concentration) Bl

LDHs at pH 7.3 buffered using 5.0 mM borate (squares) and 1.3 mM carbonate (circles)
solution.

No difference in FA oxidation by HCO using @Al LDHs was observed between
carbonate and phosphate buffered solutfbigure 6.6e) which agrees with the
mechanism of FA oxidation reported in the presence o &CUDHSs in chapter 5. FA
oxidation in the presence of €Al LDHs mainly occurs in bulk solution via interaction
with bulk O; and ©H. Since no difference in the lBwxidation of FA was observed
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betweenphosphate and carbonate buffered solutions (Figure 6.1d), it is not surprising
that no influence of buffers was observed in the catalytic system as well. In comparison,
significantly lower FA oxidation by HCO using @O was observed in phosphate
buffered solution compared to carbonate buffered solution (Figure 6.6f). Since, in the
case of CuO, FA oxidation mostly occurs on the surface of the catalyst via interaction
with surface oxidants formed onz@ecay(see discussn in chapter 5) significant
inhibition of catalyst mediated {Odecay (Figure 6.6b) as well as inhibition of FA
sorption (Figure 6.11) accounts for the lower FA oxidation in phosphate buffered

solution.

Figure 611 MeasuredFA sorption in the presence of 0.6 ¢.in terms of CuO mass
concentration) CH#Al LDHs (a) or CuO (b) at pH 7.3 buffered using 1.3 mM phosphate
(squares) and carbonate (circles) solution.

Overall, our results confirm that catalyst mediated ozone decayhibited in the
presence of phosphate ions with this inhibition expected to have significant influence
on the surface associated oxidation of organics. Moreover, the oxidation of organics in
bulk solution may also be impacted as a result of the rapigeaging of bulkOH by

the catalyst with this effect more prominent in phosphate buffered solution compared
to carbonate buffered solution, particularly if the catalyst is present in excess and
outcompetes organic OH interaction Our results also show that the influence of

buffers on HCO efficiency is not only dependent on the nature of the organics but also
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the mechanism of oxidation of these organics during He® example, the influence
of buffers on FA oxidation in the presence of BULDHs and CuO differs due to

difference in the mechanism of oxidation of FA in the two systems.
6.3.2.3 Kinetic Modelling

We have extended the kinetic model developedhiapter 5in carbonate buffered
solution to predict thé=A and OAoxidation in phosphate buffered solution during
ozomation and HCO employing Gl LDHs and CuO. Note that the same kinetic
model was used to explains@ecay and organic oxidation rates in carbonate and
phosphate buffered solutions with changes made to the rate constant for certain
reactions due to differee in reactivity of carbonate and phosphate ions. Detailed
description of the kinetic model and justification of the rate constants used are provided

below.
(i) Os self tecay

Reactions 410 (Table 6.1) describes@elf tlecay (Figures 6.1a, 6£.4) in carbonate
and phosphate buffered solution. The rate constants for these reactions are well reported
in the literaturg® 141 15455 and were used here. Note that the fa&er scavenging by
carbonate/bicarbonate ions (reaction 8, Table 1) compared to phosphate ions explains

the difference in @selfdecay kinetics in carbonate and phosphate bufferedien.
(i) Formate oxidation by ozonation

Reactions 11+15 (Table 6.1) describes formate oxidation by ozonation as described in
chapter 5. The rate constants were determined based afitheshe measured formate

oxidation rate (Figure 6.1d andl@d). Carbonate radicals formed via scavenging of
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OH by carbonate/bicarbonate ions also contribute to FA oxidation; however, phosphate

radicals formed orOH-phosphate reaction do not play a role in FA oxidation.

Figure 612 (a) Measured &([O3]o = 100.0uM) self-decay kinetics at pH 8.5 buffered

using phosphate (squares) and carbonate (circles) solution. Panels b, c and d represent
the measured oxidation pf#CBA, OA and FA respectively on ozorat at pH 8.5

with pH buffered using phosphate (squares) and carbonate (circles) solution. Symbols
represent measured values; lines represent model results. Experimental conditions for
p £BA/FA oxidation: [Q]o = 10.0uM; [p £BA]o/[FA]o =1.0uM. For OA oxidation:

[O3]o = 100.0uM; [OA] o =1.0uM, [phosphatej[carbonate]= 2.0 mM

(i) Oxalate oxidation by ozonation

Reactions 1620 (Table 6.1) explains the oxalate oxidation by ozonation as described
in chapter 5. As in the case of FA, while carbonate radicals oxidize OA, no involvement

of phosphate radicals in OA oxidation was observed based on our experimental results.

(iv)Catalyst mediated G decay using CuAl LDHs and CuO
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The catalyst mediateds@eca reactions in the presence of @l LDHs (reactions 21

124, Table 6.1) and CuO (reactions 21#R84A, Table 6.1) were described in detail in
chapter 5. Briefly, @adsorbed onto the surface hydroxyl groups (reaction 21/21A) and
was transformed into oxid#m (reaction 22/22A; for CtAl LDHs surface ©OH was
produced). The oxidants and/or surfacea€ consumed by the catalysts (reactions 23
+24) with the rate constant for scavenging of oxidants by CuO higher compared to that
determined for CutAl LDHs. The rate constants for catalyst mediatedi€cay were
determined based on befit to the measured £2lecay rates in the presence of catalyst
(Figure 6.6a and 6-8.8). Due to the occupation of surface hydroxyl sites by phosphate
ions, the rate constant featalyst mediated £decay and scavenging of oxidants by
the catalysts in phosphate buffered solution are lower compared to the value used in

carbonate buffered solution.
(v) Formate/oxalate adsorption onto CuAl LDHs and CuO

Reactions 25t26 (Table 6.1 describes FA /OA onto the surface hydroxyl sites of the
catalysts with CdAl LDHs displaying higher affinity to FA/OA compared to CuO. The
adsorption equilibrium constants of FA/OA were determined based on the adsorption
data (Figure 6.7 and 6.11). Sinphosphate can compete with the organics for the
surface hydroxyl sites, the equilibrium constant for adsorption of FA/OA was lower in

phosphate buffered solution compared to the value used in carbonate buffered solution.
(vi) Formate oxidation by HCO in the presence of CeAl LDHs and CuO

The reactions controlling FA/OA oxidation in the presence ofATWDHs and CuO
were described in detail iohapter 5. As described, FA oxidation by HCO in the
presence of CuO occurs via interaction wstirfaceOs (reacton 27, Table 6.1and

surface oxidantrgéaction 28, Table 6.1)'he rate constants for these reactions were
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determined based on the measured FA oxidation rate in the presence of CuO (Figure
6.6d). The rate constant for oxidation of FA on the Gu@ace by surficial elsurface

oxidant was same in carbonate and phosphate buffered solution. The decrease in the
rate and extent of FA oxidation in phosphate buffered solution was mainly due to the

slower generation of oxidant and inhibition of FA adsiorpin this system.

As described irthapter 5FA oxidation in the presence of GAl LDHs mainly occur
via interaction with bulk @and hydroxyl radicals (reactions 115, Table 6.1). Note
that even though the reactions of surface oxidation of FA Hicsl Oz and surface
hydroxyl radicals (reactions 2Z28, Table 6.1) are included here, these reactions do
not play an important in FA oxidation in the presence otATuw DHs, at least at the

conditions investigated here.
(vii) Oxalate oxidation by HCO in the presence of CuAl LDHs and CuO

The reactions controlling OA oxidation in the presence ofACLLDHs and CuO was
described irchapter 5. As discussed, OA oxidation occurssuigaceOs (reaction 30,
Table 6.1)with some contribution from surface dsint ¢(eaction 31, Table 6)1The

rate constant for surface oxidation of OA for both CuO andXCuDHs was similar

in carbonate and phosphate buffered solution. The inhibition of OA oxidation in
phosphate buffered solution was mainly due to the sloweergéon of oxidant and

oxalate adsorption.
(viii) Scavenging of bulk ©H by Cu #Al LDHs and CuO

Reaction 33 (Table 6.1) represent the scavenging of BHkby catalysts. The rate
constant for this reaction is based on the-biegi measured catalyst mieted Q decay

in phosphate buffered solution (Figure 6.6b).
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Table 61 Kinetic model for ozone decay, formate and oxalate oxidation by HCO in the
presence of CtAl LDHs and CuO in carbonate and phosphate buffer.

Rate constantin  Rate constant in
No Reaction Ref.
carbonate buffer  phosphate buffer

Ozone selfdecay reactions

1 Os+ OH* HO™+ O * 1.0x1G 1.0x1G 151
2 Os + H:0/HO,*  HOs*™+ O ® 1.7x1G2 1.7x1¢2 152
3 Os+02®  HOs3*+ O 1.5x10 1.5x10 98

4 HOs10:® OH+ O, 1.4x1G° 1.4x1G@° 151
5 OH+0; O ®*+ O, 1.0x16 1.0x16 151
6 Os+ COs®™ HCOs+ Oy 1.0x10 1.0x10 153
7 OH + H20/HO2*  H0 + O 2.7x102 2.7x102 98

8 OH + HCO:Y HPQ2*  H,0 +CO3 ¥ PO, * 8.2x10°¢ 5.0x1¢ ¢ 55

9 COz*+ Ho0o/HO2* O *+ HoCO3 4.3x102 4.3x1¢2 154
10 CO3*+COz*® CO42*+ HoCO3 2.0x10 2.0x10 155

Formate oxidation by ozonation

11 HCOO*+ O3 HCOsz*+ HO3* 70.0 70.0 140
12 HCOO*+ O; CO,*+ HOs* 30.0 30.0 3,143
13 HCOO*+ COs* CO,*+HCOs* 1.5x10 - 147
14 HCOO*+ DH  CO*+ H,0 3.2x10 3.2x10 141
15 CO:*+ 0, Ox*+HCOs* 4.2x10 4.2x10 124

Oxalate oxidation by ozonation

16 Co02%+ Q3 CoOs*+ HOz* 0.04 0.04 123

17 Co02%+ O3 CoOs*+ HOs* 0.04 0.04 216

18 C2042%+ COz*  Co04*+ HCOs* 6.0x10 -

19 C202%+ OH  C0s*+ H0 7.7x10 7.7x10 141, 201
20 C:0s%  COp*+ HCOs* 1.0x10 1.0x10

Catalytic @ decay using CtAl LDHs

21 Os+/ -/ O3 K =15x10 de K =15x10 de In chapter 5
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22 / Os | ©OH 5x103 1.5x10° In chapter 5
23 /| Os+/ NRP+/f 3.0 1.0 In chapter 5

24 /| OH + / NRP +/ f 1.0x16 3x10 In chapter 5

Catalytic @ decay using CuO

21A O3+ / -/ O3 K =4.0x1@F %¢ K =4.0x1@F d¢ In chapter 5
22A [ O3 [ Ox 1.0x10* 1.0x10° In chapter 5
23A | Os+/ NRP +/ f 500.0 5.0 In chapter 5
24A | Ox+/ NRP +/ f 5.0x1¢ 5.0x1¢ In chapter 5

FA/OA sorption on CuAl LDHSs surface

25 HCOO*+ /| — /| HCOO* 3.5x1G¢ e 7.0x10 de In chapter 5

26 CoO2%+ | — | CO42% 2.0x1G de 2.0x1@ de In chapter 5

FA/OA sorption on CuO surface

25A HCOO*+ / — / HCOO* 1.0x1G de 1.0x10 de In chapter 5

26A  CO2%*+ | — | CO2% 5.0x1@ de 5.0x10 de In chapter 5

FA oxidation by HCQusing CuAl LDHs/CuO

27 /| HCOO*+ / O3 COz+ HOz*+ / 4.0x1G ¢ 4.0x109 In chapter 5
28 /| HCOO*+ / OH /] Ox | CO*®+/ 1.0x109 1.0x109 In chapter 5
29 /| CO¥+ 0, COx+ / O 1.0x10¢ 1.0x10¢9 In chapter 5

OA oxidation by HCQusing CufAl LDHs/CuO

30 | CO2*+ | O3 | COs™+HOz*+ / 1.0x16 1.0x16 In chapter 5
31 | CO2*+ | OH /| Ox | COs®+ / 1.0x109 1.0x10 In chapter 5
32 | C0s® CO+ /| CO® 1.0x10 1.0x10 In chapter 5

Scavenging of bulkOH by catalyst

33 /| +OH |/ +HO 1.0x10,1.0x10M  1.0x10,1.0x10" In chapter 5

2 calculated value at pH 7.3 using the reported rate constant@yHH," and the mole fraction of
H,0O,/ HOzi at pH 7.3.

b calculated value at pH 7.3 using the reported rate constamt@ef/Os*and the mole fraction of
HOaﬁ/Osﬁat pH 7.3.

¢ calculated value at pH 7.3 using the reported rate constant,@DHHCO;" /COs2" and the mole
fraction of for HCOy/HCO; /CO? at pH 7.3.

4based on surface site concentration of 1.7 mmoteSup in Cu#l LDHs and CuO

K represents the ratio of the forward adsorption rate constant and back desorption rate constant
"NRP represents nereactive product

9 rate constants are not veonstrained by our experimental results since these reactions are not
important
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"1.0x10 for Cu-Al LDHs and 1.0x18for CuO.
'rate constant is not wetlonstrained since this reaction is not important in carbonate buffered solution.

As shown in Table 6.lemploying a lower rate constant fecavenging ofOH by
phosphate iongmainly dihydrogen phosphate and hydrogehosphate compared to
HCQ:'/COs ' (reaction 8, Table 6.1) explaitise difference in the ozone selécay
kinetics in the phosphate and carbonate buffered systems. The rate constant for
scavenging ofOH by phosphate ions andQ@;/CO; ' used here agreasith the
values reported in earlier studi®s!4! 143The difference in the rate constants for
scavenging ofOH by buffering ions also explains the faster kineticEAfoxidation

in the phosphate buffered solution. rtAermore, our modelling results clearly
demonstrate that carbonate radicals formesbanenging ofOH by HCO; /CQs ' play

an important role ifFA andOA oxidation (reactions 13 and 18, Table 6.1). For HCO,
the lower rate constant for catalyst mediatedi€ray (reactions 23 and 24, Table 6.1)
as well as lower sorption @A (reaction 25, Table 6.1}A (reaction 26, Table 6.1)

on the catalyst surface iha phosphate buffered solution accounts for the difference in
the @ decay rate as well &83A/FA oxidation rate by catalytic ozonation in the two

buffer systems.

As shown in Figures 6.16.4, 6.6 £6.9 and 6.11+6.13, the kinetic model presented
here desribes our experimental results in both carbonate and phosphate buffered
solution very well.Using the kinetic model presented here, we also predicted the
influence of buffering ions on OA oxidation for a wide range of organic and buffer
concentrations. Tredict the influence of buffers on the efficacy of ozonation and
HCO for organics oxidation, we simulate results in a continuous flow reactor with a
hydraulic retention time of 60 min in which a constant dissolveddDcentration of

100.0 uM is maintaiad via continuous sparging of gaseous ozone since this setup is
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more representative of real conditions. Note that we show the results for OA oxidation
only since no influence of buffering ions is observed on FA oxidation with complete
removal of FA obsenaunder all conditions investigated. As shown in Figure 6.13, the
influence of buffers on ozonation efficiency is quite variable with higher OA removal
observed in carbonate buffered solution compared to phosphate buffered solution at
higher buffer concemtion. In contrast, the oxidation of OA is higher in phosphate
buffered solution at lower buffer concentration and lower organic concentration. At
higher buffer concentration, significant scavengingtf by buffering ions occur.
While the carbonate raciils formed in carbonate buffered solution & scavenging
contribute to OA oxidation, phosphate radicals formed in phosphate buffered solution
cannot oxidize OA and hence lower OA oxidation is observed in phosphate buffered
solution. During HCO employg CuzAl LDHs, OA oxidation is lower in phosphate
buffered solution for all OA and buffer concentrations due to inhibition of surface

mediated reactions in the presence of phosphate ions.
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Figure 613 Model predicted OA oxidation under varying OA and buffer concentration.
Panels a and b show the OA oxidation during ozonation process at pH 7.3 in carbonate
and phosphate buffered solution respectively. Panels ¢ and d show the OA oxidation
during HCO proess using CtAl LDHSs at pH 7.3 in carbonate and phosphate buffered
solution respectively. Note that for these predictiongsf@100.0uM was used. The

z-axis shows the % OA removal observed in carbonate buffered and phosphate buffered
after 60 min of reetion time.

6.4 Conclusions

Our results clearly demonstrate that the nature of the buffering ions present has a
significant influence on ozone decay kinetics during ozonation due to the diffetihg
scavenging capacity of particular buffering ions. Thoasition should be exercised in
comparing @ decay data obtained in different buffering solutions. The difference in
the Q@ decay rates significantly affects the kinetics of organic oxidation, however, has
no influence on the overall extent of organic okimiaby ozonation unless the relative

rate of organic oxidation by bulfoH is small compared to overall scavenging
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by buffering ions. However, in flow systems, where wastewaters have limited residence
time in the reactor, the influence of bufferiilogs on the kinetics of organic oxidation

will be key determinant athe efficacy of the oxidation process. Our results further
highlight that carbonate radicals are involved in oxidation of low molecular organic
acids {.e., FA and OA) however the oxitian of these organics by phosphate radicals
appears to be unimportant. This is an important insight since in most of the earlier
studies®® 2**it is assumed thafOH scavenging by carbonate ions decreases the
oxidation efficiency of organics however this may not be the case if the target organics
are reactive towardsarbonate radicals. The presence of phosphate ions also affects the
surface chemistry of the catalyst inhibiting catalyst mediatedeé@ay and organic
sorption and hence is likely to have a significant impact on the surface oxidation of
organics by HCO. fius, the catalytic performance of a catalyst may be underestimated
if measured in phosphate buffered solution, particularly if surface reactions are
prominent. Our results clearly show that the influence of buffering ions on the oxidation
efficiency of or@nics is not only dependent on the nature of the organics but also the
mechanism of the catalytic ozonation process. While we have performed detailed
investigation of influence of buffers on the ozonation and HCO performance at pH 7.3
here, similar resultsn G; decay and oxidation of organics were observed at pH 8.5 as
well (Figure 6.12) with these results supporting the conclusion that the influence of
buffering ions determined here is valid for a wide range of pHs in the circumneutral pH
range. Overallthe mechanistic insights into the influence of buffering ions on ozone
decay and associated sorption and oxidation of organics presented here are critical to

proper understanding of the efficacy of the ozonation and HCO processes.
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Chapter 7 Influence of s alinity on the heterogeneous
catalytic ozonation process: Implications to treatment

of high salinity wastewater

Some of the material in this Chapter has been drawn from a recent pub|féatidmch
KDV EHHQ DFNQRZOHGJHG DQG GHWDLOHG LQ WKH pLQFO

thesis
7.1 Introduction

The coal chemical industry (CCI) produces large amounts of wastewater containing
highly toxic and refractory organimompounds, including phenolic, heterocyclic and
low molecular weight neutral organi€€2 The disposal of coal chemical wastewater
(CCW) poses a serious challenge around the world. Recently,-stage reverse
osmosis (RO) has been used for the treatment of CCW with this process capable of
producing desalinated effluents that are suitablanf@rnal reuse in production and
cooling However, this practice inevitably results in the accumulation of salts and
refractory organic matter in the R@embrane concentrate (ROEeterogeneous
catalytic ozonation (HCO) has shown promising results ®trigatment of ROC from

the coal chemical industd*?42 However, large amounts of salts (particularly*Na
Cl'and SQ 'salts) in ROC may potentially inapt the efficacy of the HCO process as

a result of scavenging of:&*and bulk and/or surface hydroxyl radicals formed @n O
decay by Cland/or SQ ' forming less reactive and more selective oxidants$ @& *!
ClO*and SQ*).2* 2%5Furthermore, deposition of salts on the catalyst surface has been
reported to decrease the specific surface akaatalysf*® 24’ hindering the

performance of HCO. In contrast, someother studies no influence of Qlvas
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observed on organic oxidation in the presence of a variety of catalysts such as MnO
MgO, molecular sieve and §&, loaded PAC*2%1 Based on the discussion above,
XQGHUVWDQGLQJ DQG TXDQWLILFDWLRQ RI WKH VHYHL

performance is required before applicatiotH@fO for treatment of CCW.

In this chapter, we investigate the influence of salts on the performance of both
conventional ozonation and catalytic ozonation processes for treatment of ROC
obtained from CCI. The pH of a variety of CCI concentrates was dekinio be

largely circumneutral with Nibeing the dominant cation and‘'@hd SG?*being the
dominant anions (see Table 7.1). Furthermore, liquid chromatogtayganic carbon
detection (LCEOCD) analysis of a variety of CCI concentrate samples shovatd th
humiclike substances and low molecular weight (LMW) neutral compounds (such as
alcohols, aldehydes and ketones) were the dominant organic components in all CCl
concentrates (see Figure 7.1). Hence, synthetic wastewater prepared using a mixture of
humicacid (HA) and TBA (a representative LMW neutral compound) at circumneutral

pH was used for investigating the influence of salts on conventional ozonation and HCO
performance. We chose to use synthetic wastewaters rather than real CCl concentrate
since thesalinity of the synthetic wastewaters can be readily varied over the range of
concentrations of major intereste(, from very low concentrations to concentrations
representative of the highest concentrations experienced in real concentrates). In this
way, proper controls (with low salt concentration) can be undertaken with results
obtained in increasing salt concentration compared. The TOC concentrati@i'and

and S@** of the synthetic wastewater were comparable to that of CCI concentrate
obtained fron a coal gasification wastewater treatment plant in China (Xintian) as
shown in Table 7.IThe method for parameter test in table 7.1 was provided as below.

7KH ZDVWHZDWHU ZDV Inhehivahddit GheZrerndiking soliéhs after
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evaporation were measured as the dissolved solids. TOC and soluble COD were
TXDQWLILHG LQ WKH ILOWHUHG IkalinityPis dMeasuwWHZDWHU VD
alkalinity meter. Nais measured bflame atomic adsorption spacphotometry. Ct

and SQ@?*were measured bipn chromatography. lon strength is measured by ion

strength meter. LC and GC are performed by Agilent LC and GC systems.

Note that we use TBA as the representative LMW neutral compound in these studies
since te COD and TOC removal during ozonation of TBA containing synthetic
wastewater and COD/TOC removal for LMW neutrals in real CCI concentrates was
comparablé> Furthermore, RO membranes used in coal chemical wastewater
treatment are expected to exhibit a very high rejection (99%) for LMW alkanes such as
TBA, resulting in their accumulation in the concentrate. Thus, the LMW neutral
compounds in CCI concentratare expected to have structure similar to TBA making
TBA a reasonable representative of LMW neutral compounds present in CCI

concentrates

Based on our results, we provide important insights into the influence of salts on the
conventional ozonation arahtalytic ozonation processes. We have also developed a
PDWKHPDWLFDO NLQHWLF PRGHO ZKLFK FDQ SUHGLFW 3\
oxidation of oxalate under a range of conditions by both conventional ozonation and

catalytic ozonation process.
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Table 71 Composition of real CCI concentrates and synthetic wastewater employed in
this study

Synthetic
Items Unit Real wastewater
wastewater
pH i 8.3
lonic Strength M NA 0.21
Dissolved solids mg/L 8208 + 1895 12425
TOC mg/L 41.2+1.0 33
Soluble COD mg/L 112+ 30 100
Alkalinity mg/L as CaC® 203+ 11 200
Na" mg/L 2138 + 788 4290
Clf mg/L 1640 = 338 2427
(e mg/L 4455 + 1190 5679

Note that there are other cations with concentration below 200 pnggélent in the real wastewater such
as Mg+, C&* and K" which are not listed.

Figure 71 LC ©OCD analysis of the organmomponentof various CCI concentrate
samples (adapted from Koreg al?®> CCW1 represents coking wastewater samples
from the Qiaran treatment plant, CCW2 and CCW&presents the RO concentrate
from a coal gasification wastewater treatment plant (Xintian), CCW4 represents
another RO concentrate sample from a treatment facility for coal gasification
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wastewater.CCWS5 represents a combined stream of concentrates fromekehange

and RO units used for treatment of methanol synthesis wastewater (Zhongmei
Yuanxing), which was further treated using coagulation and ultrafiltration prior to
collection.

7.2 Experimental Methods

7.2.1 Reagents

All experiments were performeat a constant pH of 8.3 or 4.0 with a maximum pH
variation of + 0.3 units observed during experiments. In the case of studies at pH 8.3,
solutions were maintained at this pH by NaHCQ@ffered solutions as described in
chapter 3. For pH 4.0 studies, 0.1 i\ Os solution was used as the buffer solution.

We have used Aldrich humic acid as the representatiterafc substances present in

the CCI concentratesA 1.0 g/L stock solution of HA sodium salts was prepared in
MQ water and filtered using 0.328n PVDFfilters (Millipore) prior to use. The TOC

of the filtered HA stock solution was around 220 migwith pH of 9.0.A 1.1 M stock
solution of TBA was prepared in MQ by dilution of 10.5 M TBA solution. A 20.0 mM
stock solution obxalate (GOs ') was prepam in MQ waterby dissolution of 268.0

mg sodium oxalate in 100 mL of MQ. A 1.3 mM stock solution of coumarin was
prepared in MQ water. Gas phase ozone was produced from an ozone generator (T4000,
5.0 g LY, Oxyzone Pty Ltd, Australia) with pure oxygen usedthe gas source. The
preparation of ®@stock solution and 1.0 mM indigo solution were describeghapter

3. Synthetic wastewater was prepared using a mixture of 20.0 mg C/L HA, 13.0 mg
C/L TBA (total TOC = 33 mg/L and total COD = 60 mg/L), 4.0 §dbCl and 8.4 g/L
sodium sulphate at pH 8.3 in 2.0 mM NaH§X0lution. To determine the influence of
salts on the performance of the ozonation and catalytic ozonation processes, control
experiments were performed using solutions containing 20.0 mg C/L HAZ0 mg

C/L TBA at pH 8.3 in 2.0 mM NaHCgsolution. Additional experiments were also
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performed using synthetic wastewaters containing varying concentrations of NaCl or
NaSOy to determine the influence of varying salt concentration on the ozonation and
catalytic ozonation processes. To test the influence of cations, synthetic wastewaters
containing 20.0 mg C/L HA, 13.0 mg C/L TBA (total TOC = 33 mg/L and total COD
=60 mg/L), 0.5 g/L MgGl, 3.4 g/L NaCl and 8.4 g/L sodium sulphate at pH 8.3 in 2.0
mM NaHCOs solution was used. Note that higher MgCbncentrations were not
investigated here since Migprecipitates as MgC{precipitates above 0.5 g/L at pH

8.3.
7.2.2 Catalyst Characterization

The Fedoaded AbOs catalyst was provided by the Coal Chemicas&sch Institute
(CCRI, China) using a proprietary preparation proceddpmn receipt, the catalyst
was prewashed with MQ water and then dried 8C0ior to use. To characterise the
surface properties and composition of the catalyst, SHDX (FEI NovaNanoSEM

230 FESSEM) was performed. Catalysts were also characterized using XRD
(Empyrean Il XRD Diffractometer, Malvern Panalytical). TheppHvas measured

using acidbase titratiort.”
7.2.3 Organic characterization

Theconcentration of organics present in synthetic wastewater was quantified using total
organic carbon (TOC) and chemical oxygen demand (COD) measurement. TOC and
COD were measured using a Shimadzu TOC analyser and Hach COD reactor
respectively. Note that theresence of Cland SQ ' did not interfere with the COD
measurement with similar COD calibration curves obtained in the absence and presence
of salts (see Figure 7.2) at the salt concentrations used he®@dZ(DOC Labor, Dr.

Huber, Germany) analysi$ the raw and treated wastewaters was performed to identify
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the dominant organic components in raw/treated wastewater in the absence and
presence of saltssing pH 6.85 phosphate buffer as the mobile piNske thatn LC +

OCD, the fractionation is based @ateric interaction over a wide range of molecular
weights?>® LC ©OCD separates DOC into five different fractions that are routinely
referred to as biopolymers (MW > 20000 g-fipl humic substances (MVWg50 to

1000 g-mof?), building blocks (MW § 300i500 g-mol'), low molecular weight
(LMW) acids (MW < 350 g-mot") and LMW neutrals (MW < 350 g-m8). The sum

of these five fractions is termed as chromatographable DOC. The hydrophobic DOC
content was also calculated based on the difference betmeasured DOC and
chromatographable DOThe fractionation of HA into hydrophilic and hydrophobic
fractions in the absence and presence of salts was also performeXaBngsin
adsorption techniques as reported eaffier’>° Briefly, 0.5 L of 33.0 mg C/L HA
solution at pH 2.0 with and without salts was pdssequentially through XAHP

and XAD# resins. The organics eluted from the resin represents the hydrophilic
fraction (HPI). Subsequently, XABPHP and XAD# resin were baclkeluted with 100

mL of 0.1 M NaOH to desorb the retained organics in each coldnganic compounds
retained by the XA¥HP resin represents the hydrophobic fraction (HPO) while those
retained by the XAD4 resin corresponds to transphilic fraction (TPI). Note that while
XAD resin adsorption techniques measure various fractions of aggéori an acidic
humic solution (pH 2), LEOCD fractionation was performed at timesitu pH of the
wastewater samplesd pH 8.3) and hence quantitative comparison of various organic
fractions from the two methods may not be correct. However, both thetbeds can

be used for qualitative comparison of the changes in organic fractionation in the absence

and presence of salts.

189



Figure 72 COD calibration curve in the absence and presence of salts

7.2.4 Measurement of oxidation of organics

Oxidation of the organic compounds present in synthetic wastewater by conventional
ozonation and catalytic ozonation was carried out in a-batsh syseem (as shown in

chapter 3).Note that as 10 mL of sample is withdrawn each time, the volume of
wastewater in the reactor decreases over time. This decrease in the wastewater volume

will have some influence on the kinetics of oxidation of organics, p&tlgwuring

the later stages of the experiment. However, since all the experiments investigating the
influence of salts on TOC/COD removal were conducted under the same conditions

with same sampling volume, any difference in the TOC/COD removal obsertieel i
DEVHQFH DQG SUHVHQFH RI VDOWYV LV H[SHFWHG WR EH

to the changes in the wastewater volume.

The same experimental setup was used for examination of the oxidation of HA, TBA
and C204 ' solutions individually. Theemoval of HA and TBA was quantified by
measuring the TOC and COD of the samples that were periodically removed from the
reaction vessel. In the case of TBA, the decrease in TBA concentration and various
oxidation products formed after 1 h of reaction evemlso measured by gas

chromatographynass spectrometry (G#1S) employing the method described by
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Dorubetet al?°® An Agilent mass spectrometer interfaced to a gas chromatograph (GC)
and headspace sampler was operated in electron impadt&@iode, scanning m/z

34 4320 at a rate of 4.9 scdssc for all analyse$he removal 0€,0, fwas quantified

by measuring th€,04 ' concentration remaining overtime. T80, ' concentration

was measured using high performance liquid chromatography (HPLC, Agilent 1200
series, USA) employing 10.0MH3PQs (20%) and acetonitrile (80%) at a flow rate

of 1.0 mL/min as the mobile phase.
7.2.5 Measurement of ozone dissolution

The measurement of;@issolution was performed in the sebatch system shown in
chapter 3.The volume of the synthetizastewater was fixed at 150 mL (note that the
addition of organics was omitted in these experiments to minimize decaydoieQo
interaction with organics). The flow rate of the gas sparged into the wastewater was
controlled at 60.0 = 0.5 mL/min with agphase ozone concentration of 51 mg/L. At
predetermined time intervalsd, 10, 20, 30, 40, 60 and 120 min), 1 mL of sample was
withdrawn from the reactor and the dissolvegt@ncentration was measured using the

indigo method adescribed irchapter 307
7.2.6 Measurement of ozone decay

The measurement of:@eay was conducted in batch mode as described in detail in
chapter 3. Note that the measurement pfl€ay was performed in bat&hode using

a fixed concentration of dissolveds @ather than in serbatch mode to avoid any
influence of changes in LQlissoldion with variation in the solution conditions. For
measurement of catalystediated @decay, a known volume of ozone stock solution
was spiked into the atrght reactor containing pH 8.3 or pH 4.0 buffer solution, 20.0

g/L catalyst, 4.0 g/L NaCl and 8giL NaoSQs. For measurement of:@eli-decay, the
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experiment was performed in the absence of catalyst. Subsequently, 1.0 mL of sample
was withdrawn at regular time intervals and the residual ozone concentrations in the
sample was measured using the indiggthod'®” To determine the influence of salts,
control experiments (for both catalyst mediategdd@cay and ©@self#lecay) were
performed in pH 8.3 (2.0 mM NaHGPor pH 4.0 (0.1 mM HN@) solution in the

absence of salts.
7.2.7 Fluorescence microscopy image analys is

We used fluorescence microscopy image analysis to measure the generation of surface
associatedOH during HCO using coumarin as the probe. The detailed method was
described irchapter 5. For measurement, 10QM of dissolved @Qwas added tpH

8.3 bufer solution containing 0.1 g/L of ground catalyst, 4.0 g/L NaCl and 8.4 g/L
NaSQs. Note that ground catalyst was used in these experiments to enhance the

adsorption of coumarin on the catalyst surface.
7.2.7 Kinetic modelling

Kinetic modelling of ozoneetay and oxalate oxidation was performed employing the
software package Kintecé¥ by extending the kinetic model for ozmaelftlecayand

oxalate oxidatiordescribed irchapter 4andchapter 5 respectively

7.3 Results and Discussion

7.3.1 Catalyst characterization

Figure 7.3 shows thmorphology and elemental distribution of the catalixstshown,
the catalyst is mainly composed of Al, Mn and Fe oxides with Al: Mn: Fe mass
concentration ratio of ~ 31.3:2.5:17.8. The crisgstional analysis of the catalyst using

SEM DX shows that eleents are distributed throughout the catalyst structure and
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the catalyst is not of corghell structure. The XRD patterns reveal the presence of
hematite (0184€870), AbOs (009464131) and Mn@ (04:909:8106) which
correlate well with the elements detttoy SEMHEDX. The pH.c of the catalyst was
around 8.4 indicating that the catalyst surface should be slightly positively charged at

pH 8.3.
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Figure 73 Secondary electron image (a), element map of Al, Fe, Mn and O (panels b
e) and EDX spectrum (f) of catalyst using SEHDX. Panel g shows the XRD
spectrum of the catalyst. Panel h shows surface charge as function of pH. Experimental
conditions for surfaceharge measuremefitatalysth = 10.0 g L*in 0.1 M NaNQ.

194



7.3.2 Mechanism of catalytic ozonation in the absence of salts

In order to gain insights into the effect of salts on the catalytic ozonation process, it is
firstly necessary to understand the mechanism of catalytic ozonation process in the
absence of salts. Thus, we investigated the mechanism of the catalytic azpnatio

to investigating the influence of salinity on the process. To probe the mechanism of
catalytic ozonation in the absence of salts,measured the oxidation €04 ', an

ozone resistant compount®which has a weltlefined oxidation pathway and results

in formation of CQ and HO as the only producté&s can be seen in Figure 7.4, the
rate and extent of204 ' oxidation in the presence of the catalyst is higher than that
measured in the absence of the catalyst suggesting that the catalyst facilitates generation
of oxidants (such a¥H) that arecapable of oxidizing €4 . Our results further
show thatomplete inhibition 0€204 'oxidation was observed in tpeesence of TBA

(a bulk YOH scavengef® confirming that the oxidation o204 "occurs in the bulk
solution. Due to short lifetime 0OH, it is also possible that the oxidation@Os

occurs in the interfacial boundary layer witbH presenin this region as a result of
diffusion from the surface. Although TBA has a weak affinity for the catalyst sufface,
280jt may scavenge th®H present in the interfacial region. Overall, it appears tbat O
decays on the catalyst surface forming surfmmted’OH which then diffuse away

from the surface and interact with organic compounds present in the interfacial
boundary layer and/or bulk solution. The strong fluorescence signals corresponding to
7HC on the surface of catalyst (Figure 7.5) confirms the generation of su@bce
resulting fromOs and catalyst interactiorHowever, the contribution of surface

associatedOH in oxalate oxidation is minimal due to low surface affinity of oxalate.
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Figure 74 Oxidation ofC204 ' in the absence (circles) and presence of 10.0 mM TBA
(squares) by catalytic ozonation Symbols represents the average of duplicate
measurements; error bars represent the standard deviation of measurement.
Experimental conditionspH = 8.3, Q gas flow rée = 60.0 +0.5 mL/min, reactor
volume=150 mL, [GOs '] = 2.75 mM, [catalyst]= 20.0 g/L.

Figure 75 Fluorescence images of catalysts following 1 h reaction wiha@
coumarin at pH 8.FExperimental conditions: [§p = 100.0 pM, [catalyst]= 0.1g L%,
[coumarirjo =10.0 uM. Note that we used ground catalyst for these measurements.

7.3.3 Influence of salts on the catalytic ozonation process
7.3.3.1 COD and TOC removal on oxidation of synthetic wastewater

As shown in kgure 7.6, 33.1+3.7% and 41.1+5.5% of TOC and COD were removed
respectively following 60 mins of conventional ozonation of the synthetic wastewater
with no added saltdurthermore, the presence of salts{Nal and SQ ) had no

influence p> 0.05 usingVLQJOH W D LAdstionvike X GEHapWCPD removal
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by conventional ozonation (Figure 7.6a and 7.6c). During catalytic ozonation of the
synthetic wastewater in the absence of added salts (other than the Nabif&D),
higher COD removal (72.0+6.1%4vas achieved (Figure 7.6d) over the same time
period compared to that observed during the conventional ozonation process
(41.1+5.5%) with these results suggesting that the catalyst is effective in enhancing the
oxidation of the organic compounds pregest, HA and TBA). However, the presence
of salts inhibited COD removal by the catalytic ozonation process with the COD
removal in high salinity waters (39.5+5.9%; Figure 7.6d) similar to that measured
during the conventional ozonation process. No infbgeof salts on TOC removal by
catalytic ozonation was observed (Figure 7.6b). This lack of influence of salts on TOC
removal but significant influence on COD removal suggests that while the total carbon
mineralized in the absence and presence of saltgnitais different intermediate
oxidation products are formed with these products exhibiting differing susceptibility to
attack by the dichromate oxidant used in COD measurement. This hypothesis agrees
with the difference in the organic fractions presefibfang oxidation of synthetic
wastewaters by the catalytic ozonation process in the absence and presence of salts
JLIXUH $V VKRZQ ZKLOH FRPSRXQGV FODVVLILHG D\
fraction remaining following treatment in the absence safts, LMW neutral
compounds are the dominant organic fraction remaining in the presence of salts with
this difference in the nature of the oxidation products responsible for the difference in
the COD measurements. We would also like to highlight thiteasalt concentration
investigated herd.€., 4g/L NaCl and 8.4 g/L N&Qs), the observed effect of salts on
COD removal during catalytic ozonation is due to the presence of chloride ions since
(i) the observed COD removal in the presence of chloride ions alone is similar to that

observed in the presence of chloride and sulpbateand (ii) no significant influence
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of sulphate ions was observed on COD removal (Figure H®yever, increasing the
VXOSKDWH LRQ FRQFHQWUDWLRQ WR - J / FDXVHV VC
following oxidation by catalytic ozonation (Figure &)9 In contrast, increasing the
chloride ion concentration beyond 2 g/L did not result in further inhibition of COD
removal (Figure 7.9b). No influence of higher chloride and/or sulphate concentration
was observed on TOC remov@ur results further showhat higher adsorption of
untreated (HA and TBA) and treated organics on the catalyst surface was observed in
the presence of salts (Figure 7.10) with this effect most likely a result of compression
of the electric double layer (EDL), thereby facilitatingsarption of organics to the
catalyst surface. This observation confirms that the decrease in COD removal in the
presence of salts during the catalytic ozonation process is not due to inhibition of

sorption of organics on the catalyst surface.
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Figure 76 Measured decrease in TOC (panels a & b) and COD (panels ¢ & d) during
conventional ozonation (panels a & c¢) and catalytic ozonation (panels b & d) of
synthetic wastewater (20.0 mg C/L HA + 13.0 mg C/L TBA) in the absenate&)ir

and presence of salts (squares). Symbols represents the average of duplicate
measurements; error bars represent the standard deviation of measurement.
Experimental conditions: pH = 8.33@as flow rate = 60.0+£0.5 mL/mifipw rate =

51 mg/L, reactorvolume = 150 mL, [salt] = 4.0 g/L NaCl + 8.4 g/L 2$x), [catalyst}

=20.0 g/L.
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Figure 77 Measured organic composition of raw (green bars) and treated synthetic
wastewater (red bars) using catalytic ozonation in the absence and presence of salts.
Bars represents the average of duplicate measurements; error bars represent the
standard deviationf measurement. Experimental conditiopst = 8.3, Q gas flow

rate =60.0t0.5 mL/min,flow rate =51 mg/L, reactor volume =150 mL; [Catalyst] =

20 g/L; [salt] = 4.0 g/L NaCl + 8.4 g/L N&Qy; reaction time = 60 min.
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Figure 78 Measured decrease in COD during catalytic ozonation of synthetic
wastewater (20 mg C/L HA + 13 mg C/L TBA) in the absence (circles) and presence
of 4.0 g/L NaCl (triangles), 8.4 g/Na&SQ: (diamonds) and 4 g/L NaCl + 8.4 g/L
NaSQs (squares). Experimealt conditions:pH = 8.3, Q gas flow rate =60.0t0.5
mL/min, flow rate =51 mg/L, reactor volume =150 mL; [catalyst20.0 g/L.

Figure 79 Measured decrease in COD during catalytic ozonation of synthetic
wastewaters (containing 20.0 mg C/L HA + 13.0 mg C/L TBA) in the presence of
varying sulphate concentration (a) and chloride concentration (b). Symbols represents
the average of duplicate mmurements; error bars represent the standard deviation of
measurement. Experimental conditiopst = 8.3, Q gas flow rate = 60.0+0.5 mL/min,

flow rate =51 mg/L, reactor volume =150 mL; [salt] = as specified in leg¢catalyst)

=20.0 g/L
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Figure 710 Measured removal of organics in raw wastewater (a) andzmeated
wastewater (b) as a result of sorption on the catalyst surface. Experimental conditions:
pH = 8.3, reactor volume =150 mL; [salt] = 4.0 g/L NaCl + 8.4 g/kS\@& ; [catalyst}

=20.0 g/L.

We also measured the TOC and COD removal of HA and TBA solutions in order to
determine the influence of salts on the oxidation of these organic compounds separately.
As shown in Figure 7.11,laver COD removal of pure HA solution by both
conventional ozonation and catalytic ozonation processes in the presence of salts was
observed however no influence of salts on TOC removal was apparent. One important
point to note here is that while COD isapletely removed following the oxidation of

HA for 1 h by the ozonation/catalytic ozonation process, a significant amount of TOC
is still present (Figure 7.11) suggesting that some of the oxidation products of HA
cannot be oxidized using the COD reagehke trend of varying chloride and sulphate
concentrations on TOC/COD removal of HA solution (Figures 7.12) is the same as that
observed in the case of the synthetic wastewaters containing a mixture of HA+TBA
(Figure 7.9); however, the effect of salts ondation of pure HA solution is more
prominent. Sbwer COD removal of pure TBA solution was observed in the presence
of salts during conventional ozonation and catalytic ozonation (Figure 7.13a and 7.13b)
confirming that the rate of oxidation of TBA andfts oxidation products is also

influenced by salts. Measurement of TBA concentration after 1 h (Figure 7.13c) shows
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that there was no influence of salts on TBA oxidation by conventional ozonation,
however, significant influencg¥$ 0.05 using single tailet W X Gt bieStV6 . 344.4%

and 52.2+8.8% TBA removal in the absence and presence of salts, respectively) of salts
on TBA removal by catalytic ozonation was observed suggesting that the influence of
salts on the extent of TBA oxidation is unimportant lne tcase of conventional
ozonation but is significant during the catalytic ozonation process. As shown in Figure
7.14, the same oxidation producte.( methanol, acetaldehyde, formaldehyde and
acetone) are formed after 1 h of oxidation of TBA by conesati ozonation in the
absence and presence of salts with this result in accord with the minimal difference
observed in COD removal observed after 1h in the absence and presence of salts.
During the catalytic ozonation process, there is a difference ioxidation products
formed with no formation of methanol observed in the absence of salts. Overall, these
results show that the conventional ozonation process is also affected by the presence of
salts, at least for organic compounds such as humic acidBa#ndnterestingly, while

the influence of salts on the conventional ozonation process is not discernible when
synthetic wastewater containing a mixture of TBA and HA is used, the effect of salts is

quite evident when HA and TBA are treated separatelyohyentional ozonation.

203



Figure 711 Measured decrease in TOC (panels a & b) and COD (panels ¢ & d) during
conventional ozonation (panels a & c¢) and catalytic ozonation (panels b &d) of 33.0 mg
C/L HA solution in the absenceifcles) and presence of salts (squares). Symbols
represents the average of duplicate measurements; error bars represent the standard
deviation of measurement. Experimental conditiqus: = 8.3, Q gas flow rate =
60.0£0.5 mL/minflow rate =51 mg/L, reador volume = 150 mL, [salt] = 4.0 g/L NaCl

+ 8.4 g/L NaSQy), [catalystph = 20.0 g/L

Figure 712 Measured decrease in COD during catalytic ozonation of 33 mg C/L HA
solution in the presence of varying sulphate concentration (a) and chloride
concentration (b). Symbols represents the average of duplicate measurements; error
bars represent the standaeliation of measurement. Experimental conditiqgoi$:=

8.3, @ gas flow rate = 60.0+£0.5 mL/miflow rate =51 mg/L, reactor volume =150

mL,; [salt] = as specified in legenftatalystp = 20.0g/L
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Figure 713Measured decreasn COD during conventional ozonation (a) and catalytic
ozonation (b) of 33.0 mg C/L TBA solution in the absence (circles) and presence of
salts (squares). Panel ¢ shows the concentration of TBA remaining after 1 h of oxidation
by conventional ozonationnd catalytic ozonation process. Symbols represents the
average of duplicate measurements; error bars represent the standard deviation of
measurement. Experimental conditiopll = 8.3, Q gas flow rate = 60.0£0.5 mL/min,

flow rate =51 mg/L, reactorvolume = 150 mL, [salt] = 4.0 g/L NaCl + 8.4 g/L 2,
[catalystp = 20.0g/L
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Figure 714 GC-MS spectrum of treated 33 mg C/L TBA solution. Experimental
conditions:pH = 8.3, Qgas flow rate = 60.0£0.5 mL/mifipw rate =51 mg/L, reactor
volume =150 mL; [salt] = 4 g/L NaCl +8.4 g/L b8y, [catalysth = 20.0g/L; reaction
time = 60 min

The decreased COD removal in high salinity waters is possibly due to:

(1) Scavenging of bulk oxidants ¢@nd hydroxyl radicals) by salt anions;

(i) Decrease in the dissolution o(@);

(i) Inactivation of active sites (for{alecay) due to salt sorption;

(iv)  Alteration in the nature of the organics as a result of the presence of salts;

(v) Scavenging of surface oxidants(, surficial O; and/or oxidants generated

on catalyst©zinteraction) by salts.

Results from a variety of control experiments that were undertaken to ascertain the
reasons for the inhibition of COD removal in the presence of salts are presented in the
following sectionsThe studies undertaken included investigation of the impact of salts
on & decay, Q dissolution, raw and treated organic characteristics and catalyst

structure.

7.3.3.2 Influence of salts on ozone decay

206



As shown in Figure 7.15a, the rate of ozone-detfay slightly increases in the presence
of salts. The slight increase ins @ecay in the presence of salts is possibly due to

reaction of Qwith chloride ions (egs. 7-1.42%):

Os+ CI* 1. O, +OCI* (7.1)
Oz + OCI* 1(. 20, +CI* (7.2)
Oz + OCI* 1l. Oz +CIOz* (7.3)
Oz + CIQ:* 1. O2 +CIOs* (7.4)

207



Figure 715 Measured @ selftlecay (a) and catalyst mediated @cay (b) in the
absence (circles) and presence (squares) of salts. Experimental conditiyrs100

UM; [catalysth = 20.0 g/L [salt] = 4.0 g/L NaCl and 8.4 gNa,SQy, pH = 8.3. Panel

c shows neasured dissolvedz@oncentratiorat O; gas flow rate of 60.0£0.5 mL/min

in the absence and presence of salts during conventional ozonation and catalytic
ozonation Symbols represents the average of duplicate measurements; error bars
represent thestandard deviation of measurement. Lines represents model values.
Experimental conditionspH = 8.3, reactor volume =150 milow rate =51 mg/L, Os

gas flow rate = 60.0+0.5 mL/min; [salt] = 4.0 g/L NaCl + 8.43 g/L9@, [catalyst}

= 20.0g/L

Combining the kinetic model developed forsQelftlecay inchapter 4 with the

reactions shown in eqs. 747.4, we modelled the effect of salts on ozone-detfay

(Table 7.2 and 7.3). As shown in Figure 7.15a, the slightly enhancddday in the
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presence of s& can be explained by the reactions shown in eqst7.4. This futile

decay of ozone via interaction with the chloride ions may have significant influence on

the oxidation of organics during both the conventional ozonation and catalytic

ozonation procgses. Note that based on the kinetic model presented here, the

scavenging of bulk hydroxyl radicals by salt anions is unimportant at pH 8.3 which

agrees with the earlier repéft and suggests that scavenging of bulk hydroxyl radical

by salt anions is not responsible for the decrease in the conventional ozonation/catalytic

ozonation performance in the presence of salts.

Table 72 Reaction set and asso@dtconstants for ozone sdlecay and catalyst
mediated @decay in the absence and presence of salts.

Rate Constant (Ms?)

No Reaction DH 8.3 DH 4.0
1 ;E 710 +26E 4 70.0 70.0
2 cE 66 21U +2,E ¢ 1.7x102 8.9x10%
3 JE &1L +2,E 4 1.5%10 2.1x16
4 +27 277 1L E ¢ 6.3x10" 1.4x106P
5 E ;1L 25 E 4 1.0x10 1.0x10
6 &2° E ;1. 4&2 E § 1.0x10 1.0x10
7 E 66 1. ¢ E & 3.2x10e 2.7x102
8 E ¢ 7 7o 4 E 7 1.2x10° 1.1x10°
9 FE 66 1. 5 7E 4 4.3x102 4.3x102
10 FJE 1. 4 ;E § 2.0x10 2.0x10
Oz loss via interaction with saf®
11 JcEZIL ZE ¢ 3.0x10° 3.0x10°
12 ;E Z A ZEt g 1.1x16 1.1x16
13 ;E Z 1 Z2E ¢ 3.0x10 3.0x10
14 ;E ZZA. ZZE 4.0x16 4.0x16
Bulk scavenging of hydroxyl radicals by salts
See Table 78
Oz decay in the presence of catalyst
15 JEAN K=7.5x10° K=7.5x10°
16 JEAIL 8.0x10° 1.6x10°
17 ;EZ A Z E ¢ 3.0x10% 3.0x10%
18 ;E Z AL ZEt g 1.1x16 1.1x16
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3.0x10 3.0x10

JE Z A Z2E 4
cE  Z2AW. ZIE 4 4.0x10 4.0x16
A+ decay
A E WL >0.1
A E ZI1 +2801 ke1/0.2
A 1. E k21/10.0
Oxalate oxidation in the bulk solution
6 8 L & ¢ +g 7.7x10
6 5 &7 1L & g & 7 6.0x10
s o 1L &2¢ & - 1.0x10

2calculated value at pH 8.3 /4.0 using the reported rate constani®etH®, ' and the mole fraction
of H,0,/ HO,' at pH 8.3/4.0.

b calculated value at pH 8.3/4.0 using the reported rate constant fef /HI*and the mole fraction
of HOs*/ Os*at pH 8.3/4.0.

¢ calculated value at pH 8.3/4.0 using the reported rate constardGakMCOs ' /CO2' and the mole
fraction of for HCO/HCO: ' /CO2" at pH 8.3/4.0.

dradical scavenging reactions by'@hd SQ?' are shown in Table 7.3 however these reactions have no

influence on the model output.

ethe surface chloride ions concentration was determined based on best fit to the meadacay O
rates. A 16fold and ~70 fold higher surface chloride ion concentration compared to bulk
concentration at pH 8.3 and 4.0 restively is determined based on bésto our results.

Table 73 Radical scavenging reactions in the presenc® band SQ?*26326°

No Reaction Rate constant
(Mt-st)
1 SO Fi(+H22 OH+H'+SQO | 4.6 x 1Gs™
2 SO+ SO 6,08 6.1 x 16
3 SO+ H0; 1 62 "+HO,* 1.2 x 10
4 Cl*+ HO; : & O+ H* +HO,* 2.0 x 10
5 Cl*'+ H 0, : &G H' +HO,* 1.4 x 106
6 OH+S0s T @ 2+7+ S0g* 1.2 x 10
7 SO+ S0 "1 62 T+ S0t 5.5 x 10
8 Cl*™+ S0s " : & O+ SOg*f 8.8 x 16
9 Cl*'+ S0 ' : &G SOg* 1x10¢
10 SO*+Cl': 62 "+ CI* 3.2x 16
11 OH+CI": &024 4.3 %106
12 CIOH*+CI' : &g+ OH' 1.0 x 16
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13 CIOH*": & O+ OH 6.1 x 10

14 CIOH*+ H* : & & HO 2.1 x10°
15 Cl+Cl': &g 6.5 x 10
16 ClI*+OH' : &024 1.8 x 1a°
17 Cl*+Cl*: &9 1.0 x 16
18 Cl*(+H;2 : +& 02+ 25x 10s™
19 Ch*': &&ClIf 1.1 x16s™
20 Cl*'+ O*': &G0 1.0x 16
21 Cl*'+ OH' : &0 2%+ CI' 45x 10
22 Ch*'+Ch*: &O+2CI 8.3 x 16
23 Ch*i(+H22 : +&OZClI 1.3 x 1Gs"?
24 Ch*+OH: +2&0 &0 1.0 x 10
25 HCIOH*: & O 2H+ H* 1.0x 16s*
26 HCIOH*: & & HO 1.0 x 1Gs™*
27 HCIOH*+ CI' : & g+ H,0 5.0 x 16
28 Ci+ O &+ Cll+ 0O, 3.8 x 10
29 Ch+O*: &G+ O, 1.0 x 108
30 HOCI+ ©H : & 0% H,0O 8.0 x 10
31 HOCI+ Q*': & & OH'+ O, 1.7 x 16
32 Cli'+ChL: &© 2.0 x 10
33 Cl' : &+ Cl 1.1x16
34 CI" +2&0 &0 1.5 x10
35 Clo(+H22 : &OH'+ H* 1.5x10s"
36 CLOH" : +2&0 7&0O 55 x 10s™
37 CLOH + H' : & O+ H,0 2.0 x 10°
38 Chh+H0,: +&0 , 2 1.3 x 10
39 HOCI+ H0O, : +&0O 0+ 1.5x 106

The catalystmediated ozone decay rate vedso slightly higher in the presence of salts
compared to that observed in the absence of salts (Figure 7.15b). Characterization of

the catalyst surface by SE¥ADX did not show any significant extent of salt sorption
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on the catalyst surface (Figure 7.18&0)|east during the shetrm studies performed

here. This result suggests that the small effect of saltszate€ay observed in the
presence of catalyst is also due to scavenging of bglByQhe salts rather than the
inactivation of surface sites. Katic modelling of catalyst mediated s Qlecay
(Reactions 15+20, Table 7.2) in the presence and absence of salts also confirms that
the small change (8.8%) in catalyst mediatedi€ray rate observed in the presence of
salts is due to scavenging ot By the salts with no inhibition of catalyst activity
apparent in the presence of salts. Note that the reactions used to describe catalyst
mediated @decay in the absence of salts is same as that used for other catalysts used

in our work and described in ddtai earlierchapters ¢hapters 4 and 5).

Figure 716 EDX spectra of used catalyst following treatment of (a) synthetic
wastewater containing no salts or (b) wastewater containing 4 g/L NaCl + 8.4 g/L
N&aSQu.

7.3.3.3 Influence of salts on ozone dissolution

7KH GLIITHUHQFH LQ +H Q Udfpvie BublHe Bt @0é W Da@atibrDrEa@t R U

concentration may impact gabase @ dissolution 243 266268 gnd concomitant
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oxidation of organics.As shown in Figure 7.15c, the measured dissolved O
concentration is slightly higher in the absence of catalyst (65.2 £ 1.7 uM) compared to
that measured in the presence of catalyst (48.6 £ 1.1 uM) due to the enhadeedyO

in the presence of the catalyk,(=0.05 + 0.03 $ andko:cat=0.14 + 0.045* whereko,
andkoscatrepresents the pseudicst order Q decay rate constant in the absence and
presence of catalyst calculated using the data shown in Figure 6a and 6b). In both cases
(i.e., with and without catalyst), higher dissolvedncentrabns are measured in the
presence of salts compared to that measured in the absence of salts. Since the measured
Os decay rate in the presence of salts is slightly higher compared to that measured in
the absence of salts (Figure 7.15a and 7.15b), therhiligsolved @ concentration in

the presence of salts suggests that the dissolutios(gf @creases in the presence of

salts. The increased dissolution of(§) is in agreement with the results of recent
studies?®’ 2%%and is possibly due to the change in théPbubble size in the presence

of chloride ions’®” Moreover,based on an earlier stuéf? the influence of salt on
+HQU\TV O D& Gz(B)@twhe/ dalQcdhcentration investigated here was considered

to be minimal. However, this was contradictory to various earlier studies which
VXJIJHVWLQJ WKH 3VDOW R X W23Mbk: Eoitréatl€) exp&i@éntss LV VR O X

are required to draw conclusion on the salting out effect on ozone dissolution.

A higher dissolved ©concentration in the presence of salts should result in higher
COD removal, however opposite trestbserved here. This observation suggests that
the concentration and/or nature of the main oxidant involved in organic oxidation is
affectedin the presence of salts, thereby resulting in a reduced extent of oxidation of
organics, even in thg@resence of higher Oconcentration.For example, futile
scavenging of @by chloride ions (egs. 7.27.4) may decrease the formation’oiH

(which is the main oxidant for ozone resistant organics such as TBA present in
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wastewaters). Furthermore, scavernpof surfaceOH by chloride ions may transform
surface’OH to chlorinesbased radical®* >*>which are less reactive tha@H, thereby
decreasing the rate and extent of oxidation of organics present in wastewaters.
Alternatively, it is also possible that the nature of the organics is altered in the presence
of salts with this change rendering théess oxidizable. We further discuss these

possibilities in detail in the following sections.
7.3.3.4 Transformation of organics in the presence of salts

To determine if there is a difference in the nature of organics in the absence and
presence of saltd,C ©CD analysis of HA and TBA solutions was performad.
shown in Figure 7.17, the hydrophobic DOC content of the HA increases in the
presence of salts with this effect possibly associated with a change in structure of
humics in the wastewater. Measurernef the hydrophobic fraction of HA using the
XAD resin fractionating method also showed that the presence of salts slightly
increased the hydrophobic fraction (Figure 7.18) in agreement with th&®©CD
results.The changes in the hydrophobic fractiorH# is consistent with the results of

an earlier study in which it was reported that humic substances have a branched open
structure in low salinity waters but have a more compact structure in high salinity
waters?’4with this chang in structure associated with the ability of cations (especially
divalent species such asand Md") to either shield the negatively charged repulsive
effects of adjacent functional groups and/or act as bridging cations in inducing
intermolecular binohg. This hypothesis agrees with the observation that addition of
Mg?* had more significant influence on HA oxidation during conventional
ozonation/catalytic ozonation compared to that observed in the presenceBighee

7.19). The increased charge shielding between adjacent functional groups in the
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presence of Mg compared to that observed in the presence df?Maesults in

increased transformation of HA to more compact and more hlgdbip assemblages.

Figure 717 Measured organic composition of HA in the absence and presence of salts
using LGOCD. Bars represents the average of duplicate measurements; error bars
represent the standard deviation of dugikcmeasurement.

Figure 718 Measured hydrophobic (HPO), hydrophilic (HPI) and transphilic (TPH)
fractions in HA in the absence (green bars) and presence of salts (blue bars) using XAD
resin fractionating method.
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(b) With catalyst

g/L

Figure 719 Influence of Mg* on COD removal during conventional ozonation of 33
mg C/L HA solution by conventional ozonation (a) and catalytic ozonation process (b).
Experimental conditiongH = 8.3, Q gas flow rate =and60.0+0.5 mL/minflow rate

= 51 mgl/L, reactor volume =150 mL; [salt] as specified in the legend + 8.4 g/L
NaxSQy;[TOC]Jo = 33.0 mg/L ; [catalyss]= 20.0 g/L.

The transformation of humics to more compact hydrophobic DOC may inhilvdtthe

of oxidation of humics with this result potentially explaining the observed decrease in
the rate of HA oxidation in the presence of salts in the first2@minutes of exposure

to Oz (Figure 7.11)Comparing the LGOCD fractions of raw and treatedAHor both
conventional ozonation and catalytic ozonation in the absence and presence of salts, we
observe one major difference. As shown in Figure 7h2@nics are transformed to
LMW neutral compounds in the presence of salts but building blocks ardieteat

the main fraction following oxidation in the absence of salts during both the
homogeneous ozonation and heterogeneous catalytic ozonation prottesgessible

that the more compact humics in the presence of salts oxidize to LMW neutras whil

in the absence of salts, the more branched humics are transformed to other readily
oxidizable organic fractions.€., building blocks, LMW acids). The formation of LMW
neutrals on humics oxidation in saline waters is expected to prevent further breakdow
of organics (in accord with the lower extent of removal of TB#typical LMW neutral

tin the presence of salts; Figure 7.13), thereby resulting in overall lower organic

removal.
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Figure 720 Measured organic composition of raw (green bars) and treated HA (red
bars) in the absence and presence of salts usinf@CO. Panels a & ¢ show the results

of conventional ozonation in the absence and presence of salts respectively while panels
b & d showthe results of catalytic ozonation. Bars represents the average of duplicate
measurements; error bars represent the standard deviation of measurement.
Experimental conditionpH = 8.3, Q gas flow rate =60.0t0.5 mL/min,flow rate =

51 mg/L, reactor volune = 150 mL, [catalysi}= 20.0 g/L, [salt] = 4.0 g/L NaCl + 8.4

g/L NaSQy, reaction time = 60 min.

While a significant influence of salts on the HA structure was observed, no effect of
salt is expected on the structure of TBA (as confirmed byOGD anaysis) with this

result confirming that factors other than transformation of organics in the presence of
salts also play a role in inhibiting the oxidation of organics (such as TBA) in high

salinity waters.

7.3.3.5 Scavenging of surface{£and/or surface hydroxyl radicals by chloride and

sulphate ions
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In order to determine the influence of salts on the extent of hydroxyl radical generation,
we measured the rate and extenCe®s ' oxidation in the absence and presence of
salts. As shown in Figure 7.21a,influence of salts o204 ' oxidation was observed
during conventional ozonation which suggests that the there is no influence of salts on
bulk hydroxyl radical generation and consumption, at least at the salt concentration
used here. There is a signifitadecrease in the oxidation 6504 ' during catalytic
ozonation in the presence of salts (Figure 7.21b) with 50.9+1.9 % and 34.5 + 1.7 of
C204 ' oxidized after 3 h of catalytic ozonation in the absence and presence of salts

respectively.

Figure 721 Measured oxidation of 04 "in the absence (circles) and presence of salts
(squares) by conventional ozonation (a) and catalytic ozonation (b) at pH 8.3. Symbols
represents the average of duplicate measurements; error basergpghe standard
deviation of measurement. Lines represent model values. Experimental congitions:

= 8.3, Qgas flow rate = 60.0£0.5 mL/mifipw rate =51 mg/L, reactor volume = 150

mL, [C204 '] = 2.75 mM [salt] = 3.95 g/L NaCl + 8.43 g/L N8&Qu, [catalyst) =
20.0g/L

Given that the oxidation 0€204 ' during catalytic ozonation occurs mostly via
interaction with hydroxyl radicals in the bulk solution (see Figure 7.4), it appears that
the concentration of hydroxyl radicals formed on the catalyst surface and released into
the bulk solution decreases ihet presence of salts, possibly due to scavenging of
surface hydroxyl radicals by chloride ions. It is also possible that the scavenging of

ozone by chloride ions at the catalyst surface inhibits catlystnteraction, thereby
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decreasing the rate of hykyl radical generation. The concentration of chloride ions
within the EDL at the catalystolution interface is expected to be higher than the bulk
chloride concentration if the catalyst surface sites are positively charged (which will be
the case if thesolution pH is lower than that of the pkJ. If this is the case, more
extensive scavenging ok@nd/or surface hydroxyl radicals is expected to occur during
catalytic ozonation compared to that observed during conventional ozonation.
Employing the kingc model for Q seltdecay presented here (Table 7.2), we show
that at chloride concentration > 0.2 M, more than 50%z06@cavenged by chloride
ions (Figure 7.22). Hence, if the concentration of chloride ions near the catalyst surface
increases up t0.2 M as a result of counter ion attraction, significant scavenging of O
may occur by salt ions resulting in futile consumption ea@d decrease in the catalyst

performance.

Figure 722 Modelpredicted scavenging of:y chloride ions at varying chloride
concentration. Dashed lines represent the chloride concentration present in the synthetic
wastewaters.

The observation that significant inhibition @:04 ' oxidation by conventional
ozonation occurs in the presence off@ld higher chloride ions concentration (Figure
7.23) also supports the hypothesis that accumulation of chloride ions in the EDL (at >

10#old higher concentrations in the bulk solution) may result in more significant
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scavenging of surficial &surficial hydroxyl radicals. As the concentration of chloride
ions within the EDL at the catalysblution interface would be expected to be higher at
solution pH<pH.,, we expect to see a more dramatic salt effect at lower pH. Studies of
the salt effect on ©decayin the absence and presence of catalyst at pHi£.0 (
pH<pH:z9 confirms that the influence of salts on catalgrstdiated @decay is greater

at pH 4.0 compared to that at pH 8.3. As shown in Figure 7.24, no influence of salts on
Oz self glecay is observed at pH 4.0; however, catalyst mediaie@cay increases in

the presence of salts suggesting that scavenging by ®ulk dloride ions is trivial

but scavenging of €by chloride ions accumulated in the EDL is important at pH 4.0.
In comparison, the sadtffect on Q decay rate in the absence and presence of catalyst
is similar at pH 8.3 (Figure 7.15a and 7.15b) in accorc veixpected limited
accumulation of chloride ions at the catalyst surface when the solution pH is similar to

the pHc of the catalyst.

Overall, it appears that scavenging of surficial ozone and hydroxyl radicals by salts

results in decreased catalyticonation performance.

Figure 723 Measured oxidation of D4 "in the absence (circles) and presence of 4.0
g/L (squares) and 29.3 g/L (triangles) chloride ions by conventional ozonation at pH
8.3. Experimental conditionpH =8.3, G gas flow rate = 60.0+0.5 mL/mifipw rate

=51 mg/L, reactor volume =150 ml¢catalystp = 20.0g/L
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Figure 724 Measured @ seltdecay (a) and catalystediated @ decay (b) in the
absence (circles) and presence (squares) of salts. Experimental conditiyrs100
MM; [catalysth = 20.0 g/L [salt] = 4.0 g/L NaCl and 8.4 glaxSQ, pH =4.0.

7.3.4 Mechanism of inhibitory effect of salt on conventional ozonation and

catalytic ozonation processes

Based on the discussion presented above, the inhibitory effect of salt on organic

oxidation by the conventional ozonation and catalytic ozonation process is due to:

(1) Scavenging of dissolved ozone by chloride ipresent in the bulk solution.
(i) Transformation of humics to more compact hydrophobic DOC due to charge
shielding by cations between adjacent functional groups.
(i)  Scavenging of surfaces@nd surface hydroxyl radicals by chloride ions
accumulated in the EDL.
To further verify the mechanism of the inhibitory effect of salts on organic oxidation,
we have developed a kinetic model to describe the oxidation of oxalate by both the
conventional ozonation and catalytic ozonation processes in the absence and presence
of salts. The kinetic model was developed by extending the kinetic modej flac@y
(Table 7.2, reactions-20) that we have previously described dnapter 4. The

additional reactions included to explain oxalate oxidation are (i) reactions describing

221



surficial hydroxyl radical decay and its diffusion into the bulk solution (Reactions 21
23, Table 7.2) (ii) oxidation of oxalate via interaction with hydroxyl radicals in the bulk
solution (Reactions 24t 26, Table 7.2)Detailed description of the reactioasd

justification of the rate constants used is provided below
(i) Os selt-decay

Reactions 1+10 (Table 7.2) describes the reactions controlling thedeeify of ozone.
The rate constants for these reactions (Reaction$Ql Table 7.2) were same as that

used inchapter 4.
(ii) Bulk O 3 loss via interaction with salts

The reactionglescribingscavenging of bulk ©by chloride ions (reactions 1114,

Table 7.2) were obtained from Levanetval 24
(i) Bulk hydroxyl radical scavenging via interaction with salts

Reactions in Table 7.3 describes the scavenging of bulk hydroxyl radicals by salts based
on previous studie¥? 263 2" owever these reactions have no influence on the overall

ozone decagr the oxidation of organics by ozonation and catalytic ozonation process
(iv) Catalyst-mediated Oz decay

Reactions 15+20 in Table 7.2 describes the catalystdiated @decay. Reaction 15
represents the diffusion of bulk ozone to the catalyst surface. Reaction 16 represents
the interaction of ozone with the catalyst resulting in formationudfise OH. To
simplify the modelling process, we have assumed that for each moadet@yed on
reaction with the catalyst, one mole &H is formed. The rate constant for these

reactions were determined based on fi#sto the measured ozone decay the
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presence of catalyst (Figure 7.15 and 7.24) with no salts present. Reactid@s 17
(Table 7.2) represents the scavenging of surficigbychloride ions accumulated in
EDL. The rate constant for the scavenging efo® chloride ions and other chlo&ad
radicals is assumed to be the same as that reported for hulkh@®©concentration of
chloride ions in the EDL is determined based on fit to the measured ozone decay in the

presence of catalyst (Figure 7.15 and 7.24) with salts present.
(v) Decay and difusion of surface hydroxyl radical into the bulk solution

Reactions 21+22 (Table 7.2) represents the decay of surtpmeeratechydroxyl

radical via interaction with catalyst surface and chloride ions accumulated in the EDL,
respectively. The reaction of surfageneratedhydroxyl radical with the catalyst
surface results in the formation of roeactive product (such as®) while the reaction

of chloride ions with hydroxyl radicals results in the formation+d? &0 which is
presumed to decay to form nogactive product via interaction with the catalyst surface
Reaction 23 (Table 7.2) represents the diffusion of surface hyldradical to the
interface/bulk solution. The rate constant for these reactions were determined based on
the besfit to oxalate oxidation by catalytic ozonation process in the absence and
presence of salts (Figure 7.17b). Note that the exact values cdtéheonstants for

these reactions cannot be determined based on our experimental results with any value
of ko1, k22 andkzzdescribing the data as long the/kz2 andka1/kos ratio shown in Table

7.2 is met.Note that for simplification, we have assuiribat most of surface hydroxyl
radical diffuses into the bulk solution and oxidation of oxalate occur in the bulk solution;
however, a mathematical model where diffusion of surface hydroxyl radical to the
interface occur with concomitant oxidation of cadal present in the interfacial zone
produces the same result as well if the interfacial zone composition is same as the bulk

composition. The model can be easily extended to describe interfacial oxidation of
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oxalate by including same series of reactiors tccur in the bulk solution.¢.,
reactions 1+14 and reactions 2426 in Table 7.2) for the interfacial zone and diffusion

of surface hydroxyl radicals (reaction 23, Table 7.2) to the interface.

(vi) Oxalate oxidation in the bulk solution

Reactions 24+26 (Table 7.2) describes oxalate oxidation via reaction with bulk

hydroxyl radicals as describedchapter 5.

As shown in Figure 7.21, the model provides excellent description of the oxalate
oxidation in the absence and presence of saltbdth the conventional ozonation and
catalytic ozonation processes supporting the mechanism of inhibitory effect of salts
proposed here. Employing the kinetic model presented here (Table 7.2), we have also
predicted the influence of chloride ions on @taloxidation by conventional ozonation

and catalytic ozonationnder varying chloride and oxalate concentratidtssshown

in Figure 7.25a, there is a smald 8%) influence of chloride ions on oxidation of
oxalate by conventional ozonation with ihBuence of chloride ions more prominent

at higher oxalate concentrations. A more significant influence ¢208%6) of chloride

ions was observed on oxalate oxidation in the presence of catalyst (Figure 7.25b) as a

result of scavenging of surface/@ydroxyl radicals by salts.
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Figure 725 Modelpredicted oxalate oxidation for varying chloride and oxalate
concentration by conventional ozonation (a) and catalytic ozonation(b). For these
predictions, a steady statesJ@vas used. Note that since dissolution of ozone increases
with increase inchloride concentration, varying §s at different chloride
concentrations were used. The equation to calculate the steady sfatee(® is
determined based on the measured effect of salt ;odigSolution (Figure7.159.
[O3]ss=[O3]0+332.3%[Cl] and [O3]ss=[O3]0+409.3%[Cl] was used for conventional
ozonation and catalytic ozonation, respectivelys]{® 60.0 uM, which represents the
[O3]ssin the absence of chloride ions, was used for these simulation.

7.4 Conclusions

Based on the resulpgesented here, it appears that the presence of salts in high salinity
wastewaters influences the oxidation of organic contaminants by both conventional
ozonation and catalytic ozonation processes. The inhibition effect of salt during
conventional ozonatio is partly attributed to the transformation of huwike
substances, present in the wastewater, to more compact hydrophobic organic
compounds that are more resistant to oxidation. In addition, scavengingogf@'

also contributes to the inhibition obxidation of organic contaminants during the
conventional ozonation proces®uring catalytic ozonation, in addition to the
aforementioned factors, it appears that scavenging of surtaaedX>urface hydroxyl
radicals by salts further increases the iittoh effect of salts on the oxidation
performance using the Fe oxidesed catalyst for which oxidation mainly proceeds in

the solidliquid interfacial region and /or bulk solutiohhe scavenging of the surficial
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ozone/’OH could possibly be minimizedyloperating at pHs above the pkof the
catalyst sincethe accumulation of chloride ions in the electrical double layer
surrounding the particle (which results in enhanced scavengigasfd 'OH) will be

prevented in this case.

It should be noted that the use of synthetic wastewater containing HA anchiB& i
study might have limitations sincdae composition ofreal wastewater frontoal
chemical industry is very complex. More typical contaminants fomal chemical
wastewater such aslycyclicpoly aromatic hydrocarbons and riverine humic substance
shauld be investigated in the future éatendour understanding of the salt effects on

treatment of coal chemical wastewater via ozmated technologies.
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Chapter 8 Caveats in the use of tertiary butyl alcohol
(TBA) as a probe for hydroxyl radical involve  ment in
conventional ozonation and catalytic ozonation

processes

8.1 Introduction

The oxidation of organic contaminants by ozonation (including both conventional
ozonation and/or HCO processes) occurs via radivadiated and/adirect ozonation
processe®’ In the radical mediated process, ROS, predomina@ty, derived from

ozone decay are involved in the oxidation of organic contaminants while dréog
ozonationprocess, direct oxidatioof organics occurs via interaction withk.Qn the

past decade, researchers have focussed on the development of catalysts wherein the
radicatgoverned process dominates since ROS formed on ozone decay are more
reactive than @ The contribution of radi¢anediated oxidation of organics is usually
probed using TBA as a scavenger©H 3 47 2/%80 qe to its relatively high reaction

rate constant withbOH (5x1¢ M £.s%)141 put low reaction rate constant with (3x10

3 M2.s%) % The doserved decrease in the rate and extent of oxidation of organic
compounds in the presence of TBA is usually assumed to represent the contribution of
'OH mediated organic oxidation during ozonation. However, due to the low surface
affinity of TBA25® 29and/or its interference with the sorption of organic compounds

on the catalyst surfac¢é® ?®'the resultsirom TBA scavenging experiments during

HCO may not correctly predict the contribution &H to organic oxidation.
Furthermore, researchers have reported that the presence of TBA alters the ozone decay

rate86 192,229, 28284 55 3 result of inhibition of radical chain reacti6fhand hence has
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an impact on the rate dH generation and associated oxidation of organics via the
radical mediated pathway. Researchers also employ TBA ‘&Hascavenger to
determine the secondrder rate constant for orgaroszone reaction by monitoring the
decrease in organic and/or ozone a@ntrationt® 22° however, variation in the
decay kinetics in the presence of TBAayninfluence the value of the rate constant
determined. The influence of intermediates/products formed onH&BA reaction on

ozone decay and oxidation of organics is assumed to be negfidiStapugh no clear
evidence is typically provided to support this hypotheSigen the rapidly increasing
research on application of HCO and selection of catalysts based on the purported
mechanism of reaction, it is our strong view that clariftcategarding the correct use

of TBA in gaining mechanistic insight is urgently needed.

In thischapter, we discuss the various caveats associated with the use of TBA to probe
the contribution ofOH in catalytic as well as conventional ozonation proce$sms
HCO, we have used three types of catalysts including a commercially available Fe
loaded activated carbon (E&C) catalyst, laboratory synthesized & LDHs and

CuO. We used formate HCO@nd oxalate GO4?" as the target contaminants since
both thesecompounds have well defined oxidation pathway and forms&@ HO

as the only product€? p ££BA and coumarin were employed as probe campls to
measure the yield of bulk hydroxyl radical and generation of surface hydroxyl radical,
respectively’® 8Based on our experimental results, we highlight that caution needs to
be exercised when interpreting the observations made in the presence of TBA.
Furthermore, we describe the additional experiments required to conclusively
determine the role ofOH dep@ding on the results obtained when using TBA as the

probe compound.
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8.2 Materials and Methods

8.2.1 Reagents

Experiments were performed at pH 3.0 or 7.3 with a maximum pH variation of +0.1
with reagents prepared as describedchapter 3.Note that both @rbonate and
phosphate buffer at pH 7.3 were used to determine if the influence of TBA varies in
matrix with different’OH scavenging capacity. hife carbonate/bicarbonate ions are
known scavenger ofOH,?®® the scavenging ofOH by phosphate iongmainly
dihydrogen phosphate and hydrogen phosphase relatively small compared to
carbonate/bicarbonate ions thouditiydrogen phosphate and hydrogen phosphmtg act

as secondary promoter of ozonecalg??® Stock solutions ofadiolabelled and noa
radiolabelled sodium formate, radiolabelled and-remtiolabelled sodium oxalatp +
CBA, indigo and @ stock solution were prepared as describedhapter 3. Stock
solutions of 1.3 mM coumarin and 1.0 M TBA were prepared in Wigder. The
procedures used for synthesis of the#8lu_DHs and CuO catalysts are described in
chapter 5. The F#oaded activated carbon catalyst is same as that ushdpter 4 and

was provided by BOW using a proprietary preparation procedure.
8.2.2 Ozone measurement

Measurement of ©selftlecay in the absence and presence of 1.0 mM TBA was
performed in pH 7.3 phosphate buffered and/or carbonate buffered seiatigast
tight reactors as describeddnapter 3 wittthe concentration of £imeasured usinthe
indigo method®” For measurement of ozone decay in thespnce of HCO® O; at

an initial concentration of 100.0 uM was added to/hBiphosphatearbonatduffered
solutiors containing 10.0+£50.0 pM HCOO and the concentration of ozone was

measured overtime as described above.
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8.2.3 Organic adsorption and ox idation

Adsorption of HCO® on the FeAC surface at pH 3.0 was measured in the absence
and presence of 0.1 mM TBAhe sorption of @04?" on the CuO surface in the absence
and presence of 0.1 M TBA was measured in pHcarBonatéuffered solution. The
oxidation of 1.0 uMHCOO' /p ££BA by ozone alone in the absence and presence of
1.0 mM TBA was performed in pH 7c¢arbonatéduffered solubn. The experimental
setup and method used for measurement of adsorption of H@M? " andoxidation

of HCOO'/p £BA on ozonation is identical to that describedtiapter4. Note that a
final TBA concentration of 1.0 mM was usedalth experiments invegating the role

of OH in organic oxidation during ozonation since the results of control experiments
(i.e., influence of TBA addition o #£BA oxidation, a bulkOH probe!®? see Figure
8.1) confirm that a TBA concentration of 1.0 mM is sufficient to scavenge allfOtlk

at least under the conditions investigated in this stli@y of a higher concentration
(10.0 £100.0 mM was employed for some HCO studies to ensure that TBA

concentration is not limiting to scavenge surf4oel.

Figure 81 Measured £BA decay on ozonation in the absence (circles) and presence
of 1.0 mM (squares) of TBAEXperinental conditions: [6]o =10.0 uM; [p £BA] =1.0
MM; pH =7.3 using 1.33 mM NaHC{olution.
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8.2.4 Fluorescence microscopy image analysis

We characterized the surface associdfdd originating from HCO using fluorescence
microscopy image analysis as described in detaihapter 5. The fluorescent images
in the absence and presence of CuO angACILDHs were captured in the absence and
presence of 1.0 mM TBAControl experiments weralso performed in order to
determine whether HC formation occurred on homogeneous ozonation of coumarin

as described inhapter 5.

We would like to highlight that the fluorescence imaging method was employed only
to illustrate the presence of surfaagsociatedOH in the presence and absence of TBA

with no attempt made to use this method to quantify the sui@deyeneration rate.

Inner filter effects due to coumarin absorbance and/or variation in surface affity

287 are expected to be the same in the presence and absence ahd@Ba#s such, are

not expected to influence the conclusions reached based on the fluorescence imaging

results.
8.2.5 Kinetic modelling

Kinetic modelling of ozone setlecay and oxidation of various organics on ozonation
was performed using kinetic modalj software Kintecu$’ The mathematical model
describing ozone seMlecay kineticand organic oxidatiowas described idetail in

chaptes4 and 5

8.3 Results and Discussion

8.3.1 Limitations associated with the use of TBA in ozonation

Inconclusive assessment &@H involvement for ozone reactive compounds
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As shown in Figure 8.2, minimal influence of TBA addition wéserved on HCOO
oxidation during ozonation at pH 7.3 suggesting that HC@®@ation by bulk’OH is

not important. However R (i.e., 'OH radical exposure/Qexposuré® see section
2.2.2in chapter2 for calculaton of Ry) value of 3.5x1& was calculated for this system
(Figure 8.3) which suggest that the contribution’®H in HCOO' oxidation oH;
calculated using eq. 8.8hould be aroun®9.6%based on the reported rate constant of

HCOO' oxidation by’OH (1.2x10 M .s'; 1) and @ (100.0 M.s™ ; 4).

(8.1)

Figure 82 Oxidation of HCOO by ozonation in the absence (circles) and presence of
1.0 mM TBA (squares) at pH 7.3. Experimental conditions}o[©10.0 uM, [HCOO]o

= 1.0 pM, pH 7.3 using 1.33 mM NaHGO5ymbols represent experimental data, lines
represent modgdredicted values.
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Figure 83 Measured’OH -exposure {OH «t) versus the corresponding-&xposure
(Os £t) for ozonation of HCO' solution. Experimental conditionsp[¥2BAJo = 1.0
MM, [O3]0=100.0 uM; [HCOO] =10.0 pM; pH =7.3 using 1.33 mM NaHG®olution.

Figure 84 Modelpredicted fraction of organaxidized via interaction with ozone and
hydroxyl radicals during conventional ozonation process in the absence of TBA at pH
7.3 (panels a and c). Modgtedicted influence of 1.0 mM TBA addition on the rate
and extent of organic oxidation during conventional ozonation process at pH 7.3 (panel
b and d). [Orgj = 10.0 uM, [G]o =100.0 puM for all predictions.
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Table 81 Kinetic model for ozone selflecay at pH 7.3 as describecchapter 4

No Reaction Rateconstan{M #-s Publishedvalue(M %-s%)
Y
1 Os+ OH*: +2,%+ O*® 100.0 70.0
2 O3 + HaO2/HO2* : + 23%+ O™ 1.7x162 1.7x16
3 Os+02®: +23%+ O 1.5x10 1.5x10
4 HOs1Os®: OH+ O 1.4x16" 1.4x10
5 OH+03 : 2%+ O 1.0x16 1.0x16
6 Os*+ COs™ . +,CO3+ O 1.0x1CG 1.0x1C0
7 OH +H20/HO2E . +,0 + O™ 2.7x102 2.7x10
8 OH + HCOs/ HCO: YCO%%: 2 +*+ 8.2x10°¢ 8.2x16
COs boa
9 COs ™+ HOx/HOz* 1 22%+ HCOs 4.3x162 4.3x10
10 COs®+ COs®: & 2**+ H.COs 2.0x10 2.0x10
2 calculated value at pH 7.3 using the reported catestant for HO,/HO,' and the mole fraction of
H,0,/ HO, at pH 7.3.
b calculated value at pH 7.3 using the reported rate constarfi@y® / Os*and the mole fraction of
HO3 ¥/ Oz¥at pH 7.3.
¢ calculated value at pH 7.3 using the reported rate constant,@DHHCO:;' /CO2 and the mole
fraction of for HCOs/HCO3'/CO2 " at pH 7.3.
Table 82 Reactions used for modelling of oxidation of formate and phenol during
ozonation
No Reaction Rate constant Ref.
(M 2.5t
Formate (@ decay promoter)
1 HCOO*+ Oz : & 2+ HGs* 70.0 In chapter 4
2 HCOO*+ Oz : & 2%+ HO:* 30.0 In chapter 4
3 HCOO*+ 2+ : & 2%+ H,0 1.2x10 141
4 CO®*+ O : 22%4+ HoCOs 1.0x10
5 HCOO*+ COs* : & 2*+HCO:* 1.5x10
Phenol (Q decay promotef§®
Phe + Q : 3KH HOs* 1.0x16¢ 288
Phe +¥2+ : 3KH 1.0x10° 141
Phe'+ O, : 3URG2*® 2 ~1.0x16
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This discrepancy in the expected role’0H and the observed influence of TBA on
HCOO' oxidation is due to the involvement of both &dOH in HCOO' oxidation.

In the absence of TBADH (formed on @seltdecay; egs. 8-8.7) oxidizes HCOO

(eq. 88) with the CQ* formed on HCOO oxidation facilitating @* (eq. 89) and
subsequentOH generation (egs.8.+8.7), which drives further HCOOoxidation by

OH. In the presence of TBA however, HCOB® instead oxidized by £eq. 8.13)

with therate and extent of HCO@xidation similar and/or slightly lower than that
observed in the absence of @H scavenger, particularly whendl®>[HCOOQ. This
behaviour is quantitatively shown in Figures 8.4a and 8.4b using mathematical
modelling develope8ly combining the mathematical model fog §el-decay kinetics
reported inchapter 4 with the reaction f&tCOO' oxidation by @ and *OH using the
reported rate constants for these reactions (see TableA8.8hown, the oxidation of
HCOO' is driven by botitOH and @ in the absence of TBRowever, in the presence

of TBA, HCOO' is oxidized by ozone at a comparable rate to that observed in the
absence of TBA, thereby resulting in flawed conclusions regarding involve m&it of

in HCOO' oxidation. Note that the modelling approach used here is reasonable, at least
for the simple matrix tested here, since the medetiictedf o1 for HCOO' oxidation

is the same as that calculated usfagneasurements (29.6%). Additionally, the model
describedoth the ozone decay in the absence and presence of HEQGre 8.5) and
HCOO' oxidation (Figure 8.2) reasonably well. This alteration in the oxidation pathway
in the presence of TBA possibly explains the apparent lack of involveme@toin
oxidationof phenol, a compound recognized to react rapidly vitH and to promote
subsequent ©decay?®® even undetighly alkaline conditiong?®?°2 Since thefon

value for phenol cannot be reliably determined experimentally using:tla@proach
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due to rapid decay of Oand p£BA in the presence of phenol, we used the
mathematical modelling approatthpredict thdo+for phenol oxidation (see Table 8.2

for model reactions)As shown in Figures 8.4c and 8.4d, the modelling results show
that the oxidation of phenol is driven by bothH and Q in the absence of TBA
however, in the presence of TBA, phenol is oxidized by ozone at a comparable rate to
that observed in the absence of TBA, thereby resulting in flawed conclusions regarding
involvement ofOH in phenol oxidation. We would like to highlight that while earlier
work by Elovitz andvon Gunten®® showed that thre is no involvement ofOH in the
oxidation of organic compounds witto, + °> MtslandR: ” 5 however since
phenol promotes ©decay, theR:: value in the presence of phenol is expected to be
higher than 16 28° and henceOH-mediated oxidation of phehis important even
thoughko, =1° M*-s* for phenol under circumneutral pH conditions. Thus, it appears
that for compounds that are (i) reactive with ozone and (ii) promaieecay (.e.,

convert’OH into superoxide ( ), TBA scavenging experiments will be inconclusive.

Table 8.3 provides a potential list of compounds for which TBA scavenging results may
not be conclusive under circumneutral pH conditions in determining the rdDdHah
organicoxidation, particularly ifOsz is present in excess. Based on our calculations, it
appears that for compounds which promoted@®cay and havkon/ko, in the range

~10% i10° (for ko in a range of (0.05 5.0)x103° M 1.s™), TBA scavenging results

cannot be used to correctly determine the contributio®bif

Os+ OH*: 2,%+ HO* (82)
HO,* — O, + H 83)
O3+Oziti 23&*‘02 (84)
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HOs* — Os®+ HY (85)

HOs*: DH+ O (8.6)
O3+ 2+ 1 2+0O* (8.7)
HCOO*+ 2+ : & 2%+ H0 (8.8)
CO®+ 0y 1 2,%+H,COs (8.9)
HCOO*+ Oz : &2+ O, + OH* (8.10)

Figure 85Measured @decay in the absence (circles) and presence of 10.0 uM (squares)
and 50.0 pM (triangles) of HCO@olution.Experimental conditions: [§b =100.0 pM;
[HCOOT =0-50.0 pM; pH =7.3 using 1.33 mM NaHGGolution. The symbols
represent the experimental data and the lines represent the model results.
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Table 83 List of potential compounds for which TBA scavenging experiments will
result in inconclusive assessment

Compounds ko, (M .51

Olefins Initiates Q decay and
promotes @ decay via
H,0O, formatiorf?

cis-1,2-Dichloroethene 310540 22

trans-1,2-Dichloroethene  6.5x 10° 22

Maleic acid ~6.5¢ 10° 22

Muconic acid ~7.0x 10° 22

Aromatics Olefins formed on

breakage of aromatic rin
promotes @ decay via

H20, formationt8?
Phenol 1.3x10% 1 x 10° 22
Chloro phenol 1100 2 x 10%2 22
Dimethyl phenol 2.0x 10* +10x 10* 22
Naphthalene 150033000 22
Xylene 100 22
Bezafibrate 590 22
Catechol 5.2x 10° 22
1,4-Benzoquinone 2.5% 10° 22
Salicylic acid 500 +3.0x10% 4
Aliphatic acids Promotes @decay®*
Formic acid 1.5 400.0 140, 143
Glyoxadic acid 20.0 293

@ Lower and upper limits represent the rate constants for the protonated and deprotonated forms
respectively.
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Table 84: Kinetic model describing reactions with TBA

No Reaction Rate constant Ref
(Mt-s?)
1 OH+ (CH)sCOH : +,0 + £€H.C(CHs).OH 6 x 16 141
2 2€HC(CHs)20H : +2 & 3)2CHCH,C(CHs).0H 6.5 x 16 294
3  THxC(CHy)20H + & : DOCH.C(CHs)OH 1.8 x 16 295
4 _ k=(4+1) x 2
2D0CH,C(CHs)20H : >+2 & &)4CH.00 108
5 [HOC(CHs)2CH:00) : 22 + HOQ(CHs)2 CH.0OH + HOC(CH): 295
R=0.2
CHO
6 [HOC(CHs3)2CH200L : +20; + 2HOQCHs)2 CHO R=0.3 295
7  [HOC(CHg)2CH200L : 22+ 2CHO + 2€(CHs)OH R=0.2% 295
8 [HOC(CHs)2CH,00}, : 22+ HOQ(CH3),CCH,OOCHC(CHs);OH R=0.2% 295
9 €(CH3):0H+ O : DOC(CHs)0H 2x10 295
10 ©OOC(CHz)20H : (CH3)2C=0 + HQ* 6 x 1¢ 295
11 CH,O+®H : HCO 1x10 296
12 CH,O +0s3 : HCO +HG* 0.1 296

decay of tetroxide intermediate is assumed to be rapid; a valRextff s was adopted, with the
proportions R) taken Reiset al?%®

8.3.1.1Inhibition of ozone decay kinetics

As shownin Figure 8.6a, the presence of TBA impacts ozonedsalay kinetics at pH

7.3 in phosphate buffered solution. In comparison, no signifige®.Q5 using single
WDLOHG t\&8tX iGildepdt HVTBA addiin on Q selftlecay is observed in
carbonatebuffered solution (Figure 8.6b). Scavenging ‘6fH by TBA prevents
ozonerOH interaction (eq. 8.10) and subsequent radical chain reactions, thereby
decelerating the ozone seadecay rate in phosphate bufferemlusion. In carbonate
buffered solutionHCOs'/CO; ' rapidly scavenges most of tHe@H formed, preventing
ozone+OH interaction and hence no influence of TBA addition was observed on ozone
selfflecay in carbonate buffered solution. Ttabilization of Q in the presence of
TBA, particularly in systems wher®©H scavenging by the matrix is minimal, may
facilitate the bulk oxidation of organics via direct interaction with 8uch an effect

was observed in an earlier study wherein higkeroval ofsulfamethoxazol¢SMX)
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was observed in the presence of TBA during HCO using a ceria based catalyst due to
stabilization of @ in solution favouring the reaction between SMX angl Which is

more selective thatOH for the degradation of SM¥3

Figure 86 Ozone selfelecay inthe absence (circles) and presence of 1.0 mM TBA
(squares) at pH 7.3 buffered using 1.33 mM phosphate solution (a) or 1.33 carbonate
solution (b). Experimental conditions: §[@ = 100.0 pM, pH 7.3 using 1.33 mM
phosphate/carbonate buffer. Symbols represspierimental data, lines represent
modelpredicted values. Note that the dashed lines represent mpoelticted Qself-

decay in the presence of 1.0 mM TBA if products formed on EBA do not
participate in any further reaction. Solid lines representaiqmeddicted Qself-decay

in the presence of 1.0 mM TBA if products formed on TBAH undergo further
reactions as described earfiét(see Table 8.3 for these reactions).

While the data presented here is for ozonedelfay kinetics, the stabilization ot O

in the presence of TBA has previously been reported to occur during HCO employing
CuAl,04 based mixed oxidé$2and bauxite$® The stabilization of dissolveds®nay
facilitate G diffusion and subsequent reaction with active sites on the catalyst surface
thereby aiding the surface associated oxidation of organics as reported ¥affier
Furthermore, as aforementioned, the stabilization of dissolved Me presence of

TBA may also facilitate the bulk oxidation of organics via direct interaction wjth O

Overall, stabilization of @in the presence of TBA is likely to lead to inconclusive
results in the case of ozone reactive compounds, either due to facilitation of surface

mediated oxidation and/or bulk oxidation of organics kyHbwever, it may have no
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impact on the overall validity foTBA addition experiments for ozosresistant
compounds unless surface oxidation of these compounds is facilitated in the presence
of TBA. For ozoneresistant compounds, even though TBA addition decreases O
decay, TBA addition will still result in inhikibn of organic oxidation in agreement
with the role of "OH in organic oxidation in this system. The increased concentration
of Oz in the presence of TBA will not have any impact on the oxidation of azone
resistant organics. Recently, Gab al® suggested that TBA is not a good probe
compound to determine the role’@fH in oxidation of 1,3 dichlorobenzena {OCB;

an ozone resistant compound) based on the observation that TBA addition significantly
inhibited ozone decay in the presence of Mri@wever, their underlying assumption

that an increase in the steady state dissolvedocentration is problematic is not
correct as explained above. Our argument is supported by the observatitdHhst
determined to be the main oxidantnm®CB oxidaton using other probe compounds

in their work® which agrees with the complete inhibition of oxidatiomodCB in

the presencef TBA observed in their study. Similarly, even though the presence of
TBA resulted in higher residual ozone concentration during ozonation of atrazine (a
relatively ozone resistant compourkd;=2.3M 1.5t 29andkor=3.0x16 M 1.g1 300)

TBA addition caused nearly complete inhibition of oxidation of atrazine in accordance

with the role of’OH in the oxidation of these organics moiefitsNote that if |

formed via chain reactions initiated ddH mediated oxidation of organics is directly
involved in the oxidation obrganics, then addition of TBA will inhibit superoxide

mediated oxidation of organics and lead to erroneous conclusions. However, direct

oxidation of organics via interaction with is unlikely as is expeted to react

with Oz rather than the organics since (i) the rate constant fcan@ reaction
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(1.6x10 M 1.s™M)2% is much higher than the reported rate constants foreaction
with various organics, and (ii) the concentration of i® usually higher than the

micropollutantsconcentration. As reported in an earlier study, any role ofin

organic oxidation reported in various earlier studies istdggeneration ofOH via G

and  reaction and not due to direct oxidation of organics by.?°

8.3.1.2 Involvement of TBA derived radicals in @decay

Anothe important limitation with the use of TBA which has not been carefully
considered and may potentially be important is related tantlheence of radicals
formed on TBA+XOH reactionon ozone decay and associated oxidation of organics.
Earlier studies have reported that tkeH #mediated oxidation of TBAs initiated by
hydrogernsatom abstraction with the resultant alkyl radicals transforming to peroxyl

radicals on reaction with {Jeqs 8.14 +16)2°8 2%

(8.14)

(8.15)

(8.16)

(8.18)

(8.18)

(8.19)

(8.20)
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(8.21)

(8.22)

(8.23)

The peroxyl radicals so formemhdergo a series of reactions (eqs. &23) ultimately
forming formaldehyde and acetone which oxidize further to form a variety of low
molecular weight produc® In the presence obzore, alkyl and peroxyl radicals so
formed also undergo reactionith Os forming oxyl radicalswith earlier report
suggeshg that~ 10% of the TBA radicals (alkyl and peroxyl radical) produced are

transformed into oxyl radicaf$®

(8.24)

(8.25)

These oxylradicals also undergo rapid rearrangement in agueous solution ultimately
forming second and third generation peroxyl radi€&<* Thoughperoxyl radicals

have lower reactivity thafOH, the lifetime of these radicals is higher th&H and

may play a role in the oxidation of various organic compodffdaurthermore, peroxyl
radicals maynritiate @ decay?®® and/or undergo dismutation forming® and Q>

(see egs. 8.17+23) 3% which facilitates @ decay. While direct and/or indirect
measurement of peroxyl radicals in the ozonation system using probe compounds (such
asp saminobenzoic acid”?) and/or scavengers is not feasible due to the rapid reaction
of most probe compounds and/or scavengeitth Os and/or 'OH, we used the
modelling approach developed here to determine the role of &&#ciated radicals

in Oz decay. As shown in Figure 8.6a and b, the mpdedlicted ozone decay in the
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presence of TBA, if the radicals/products formed @A *OH reaction are inert
(shown by the dashed line), slightly underpredicts the ozone decay rate. However, when
the decay of TBA radicals (ultimately resulting in formation of formaldehyde and
acetone based on the mechanigported earlief®® and shown in egs. 8.1423) is
included in the kinetic model, we observe improved descriptiors eelDslecay in the
presence of TBA, thereby supporting the hypothesis that TBA associated radicals and
products slightly influence ©decay. While the rol®f TBA associated radicals in
organic oxidation is not clear and will be dependent on the nature of the organics, it is
unlikely to exert a strong influence on the oxidation of organics given that only small
influence of these radicals on ozone skitayis observed. Nevertheles3BA
scavenging results should be carefully considered and proper control experiments
should be performed to ensure that the role of TBA associated radicals is minimal,
particularly if enhancement in thes@ecay rate and/or orgee oxidation is observed

in the presence of TBA.
8.3.2 Limitations associated with the use of TBA in HCO

The limitations described in the previous section for ozonation also apply to HCO. In
addition, there are several other drawbacks associated witheloé TBA during HCO.

These are described in the following sections.
8.3.2.1 No access to surface hydroxyl radicals generated during HCO

One of the major limitations with the use of TBA &H probe in HCO is that TBA
may not scavenge surface genera@k due to the low surface affinity of TBR® As
shown in Figures 8.7a and b, the formation of fluorescadtC7occurs on the surface
of Cu-Al LDHs on HCO of coumarin, even in the presence of TBA, confirming that (i)

surface’OH are formed during HCO employing € LDHs as the catalyst and (ii)
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TBA is not able to quench the surfa€¥H. Increasing the TBA concémation to 100.0

mM had no influence on thi®rmation of fluorescent HC (Figure 8.8) confirming
that the inability of TBA to scavenge surfac@H is not due to limited TBA
concentrationNote that no formation of HC was observed on ozonation of coumari

in the absence and presence of 1.0 mM TBA (Figure 8.9) confirming Hi&T 7
formation via direct reaction between @nd/or bulk’OH) and coumarin is negligible
with only surface®OH contributing to AHC formationduring CuzAl LDHs-mediated
ozonation ofcoumarin. As explained in detail ohapter 5, minimal contribution of
bulk YOH (formed on @selfdecay) to7 HHC formationis in agreement with the results
of earlier work?® andwas possibly due to (i) limited concentratiorbafk OH formed

(ii) rapid oxidation ofcoumarinby Oz (rather tharbulk *OH) in the absence of catalyst
and/or (iii) rapid further oxidation of any#AC formed by bulk @ and/or’OH. We
would also like to highlight thahe evidence of HHC formation in the case of Gal
LDHs is not an artefacbf sample preparation and/or imaging procedure since no
evidence of surface#C formation was observed when CuO was used as the catalyst
instead of C4Al LDHSs (Figure 8.10).Since TBA is not able to quench surfatH,

the conclusion regarding insigriéince of’OH-mediated processes in HCO solely
based on TBA quenching experiments reported in many earlier Sfufie$: 9 97. 130,

161, 169, 290, 30811 may not be correct. For example, Ikhlaq dtasprzykHorderrs0
excluded the involvement dOH in HCO employing zeolites as the catalyst based on
the observed lack of influence of TBA on the catalytic ozonation performance even
though some other studies have shown that zeolites facilitate the generabbdhvaoh

Os decay’® *2Furthermore, the partial inhibition of oxidation of organics by HCO in

the presence of TBA observed in some earlier studies may possibijudoeo
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involvement of both surface and bufRH rather than the hypothesized b, O

and/or Q mediated oxidation in these studi€%.282 31318 The partial inhibition of
oxalate and ketoprofen oxidation by HCO in the presence of TBA in recent studies may
possibly be due to involvement of both bulk and surf@de¢ rather than due to reaction

with bulk O; and’OH as proposetf® 282 Similarly, in the study by Dai et®F, surface

'OH may play a partial role since TBA addition only partially decreases the oxidation
of 5 sulfosalicylic acid (SSalpy HCO, however the involvement of surfatH was

not considered by these investigators. In view of these potentafigromised results,

it is recommended that alternate techniques such as fluorescence microscopy imaging
using coumarin be employed to probe the generation of suffdtén case no/partial

influence of TBA addition on the catalytic activity in HCO is obsek.

Figure 87 Fluorescence microscopy image of samples following HCO of coumarin in
the absence (a) and presence (b) of 1.0 mM TBA after 60 min of treatment.
Experimental conditions: [C#\l LDHs]o=0.06 g L', [Os]o = 100.0 uM, [coumarinj
=10.0 pM, pH 7.3 using 2.0 MM NaHGO
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Figure 88 Fluorescence microscopy image of samples following HCO of coumarin in
the presence of 10.0 mM (a) and 100.0 mM (b) TBA after 60 min of treatment.
Experimental conditions: [CtAl LDHs]o=0.06 g L', [Os]o = 100.0 uM, [coumarinj
=10.0 pM, pH 7.3 using 1.33 mM NaHGO

Figure 89 Fluorescence microscopy image of samples prepared by ozonation of
coumarin in the absence (a)dapresence of 1.0 mM TBA (b) for 60 min and then
sorbed onto CtAl LDHs surface for 60 min. Experimental conditionsz]§3= 100.0

MM, [coumarinp = 10.0 uM, pH 7.3 using 1.33 mM NaHG&[Cu-Al LDHs]o = 0.06

g L’ during the sorption step.

Figure 810 Fluorescence microscopy image of samples following HCO of coumarin
for 60 min using CuO as the catalyst. Experimental conditions: [{Cu0]06 g L',
[O3]o=100.0 uM, [coumarin]= 100 uM, pH 7.3 using 1.33 mM NaHGO

247



8.3.2.2 Interference with the adsorption of organic compounds during HCO

Though some earlier studies have reported that TBA does not compete with organics
for surface adsorption sité%; 397 31%ur results show that the presence of TBA may
interfere with the adsorption of organics on the catalyst eufas shown in Figure
8.11a, the addition of 0.1 mM TBA decreased HC@@sorption on the Fiwaded
activated carbon surface at pH 3.0 (note that HC@#resents the total formate
concentration including both protonated and deprotonated concentragamgarly,
inhibition of GO4? " sorption on the CuO surface at pH 7.3 was observed in the presence
of TBA, albeit at a very high TBA concentration (Figu8.11b).The inhibition of
adsorption of organics in the presence of TBA is likely to influence the surface
oxidation (if important) of organics. A similar impact of TBA addition was observed
on the adsorption of oxalic acid on the 88A A5 surfaceé’® The effect of TBA
addition was also observed on rhodamine B (RhB) adsorption and subsequent
degradation by HCO employing an Fe based mmwghnic framework as the
catalyst?! As reported by Yiet al,?®! the presence of TBA at a concentration of 2
g.L™ facilitated RhB adsorption (arsiibsequent oxidation) on the catalyst surface by
increasing the porosity of the catalysts however increasing the TBA concentration to
60 g.L™ led to a decrease in the RhB adsorption due to occupation of surface sites by
TBA. The impact of TBA addition othe adsorption of organic compounds suggests
that caution should be taken when interpreting the results obtained in the presence of
TBA since the impact of TBA observed in the HCO process may not be entirely due to
scavenging ofOH but due to decreasetime adsorption and concomitant oxidation of

organics via a notradical mediated pathway.
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Figure 811 (a) HCOO adsorption on the surface of B at pH 3.0 in the absence
(circles) and presence (squares) of 0.1 mM TBRperimental conditions: [F#\Clo
=10.0g L, [HCOO o= 1.0 uM, pH 3.0. (b) &4 "adsorption on the surface of CuO

at pH 7.3 in the absence (circles) and presence (squares) of 0.1 M TBA. Experimental
conditions: [CuQJ=0.6 g L', [C204 Jo= 1.0 uM,pH 7.3.

8.4 Conclusions

The results presented here clearly show that observations of the impact of TBA addition
on HCO and/or conventional ozonation may not lead to the correct deduction
concerning the contribution dDH in organic oxidation since TBA (ay not be able

to access surface locatédH, (ii) results in alteration of the oxidation pathway from
Os/’'OH mediated oxidation in the absence of TBA te ddiven oxidation in the
presence of TBA, (iii) decreases @ecay rate, and (iv) interferes withe adsorption

of organic contaminants to the catalyst surface.

We would like to highlight that even though the impact of a single TBA concentration

is investigated here, the conclusions presented here are valid at higher TBA
concentrations as well. Usé lower TBA concentrations may mitigate some of the
effects discussed here though, usually, excess TBA (in the concentration range 0.3 mM
- 0.1 M) 169 3205 ysed to facilitate scavenging of &DH present. As suctthe TBA
concentration used here is reasonably representative of the concentrations used in TBA

scavenging studies by other investigatdtste that while we have highlighted the
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limitations associated with the use of TBA, these limitatials® apply, to varying
degrees depending on surface affinity, to other organic and/or inorganic scavengers of
OH (such as sodium azide and/or sodium bicarbonate and sodium silicate) used in

various earlier studies.

To summarize, the flow chart shown ingére 8.12 should be used to determine
whether TBA addition results can conclusively determine the rol®©bff in HCO

and/or conventional ozonation processes. As highlighted, the current interpretation of
TBA scavenging results in most studies (shown iae thset in Figure 8.12) is
significantly flawed with the need for further testing required to convincingly determine
the role ofOH in the oxidation of organic compounds. As shown in the flowchart, TBA
scavenging results are inconclusive for organic camgs that are ozone reactive and
promote decay. Furthermore, if surface sorption of organics decreases in the presence
of TBA, TBA scavenging results can be misleading. For the former case, other methods
such asRt approach should be used determine the rol®éf in organic oxidation.

For the latter case, further investigation using other probe methods and/or measurement
of oxidation products of TBA should be performed to verify if the decreased removal
of organia in the presence of TBA is due to the inhibition of oxidation or sorption of
organicsTBA scavenging results are inconclusive even for ozone resistant compounds
if (i) partial inhibition of oxidation of organics and (ii) decreased ozone decay rate is
observed in the presence of TBA. In this case, while on one hand TBA addition inhibits
'OH inediated oxidation of organics, it also decreasgsl€gay with the higher ©
concentration in solution facilitating surface associated oxidation via direct interaction
with Os and/or other oxidant(s) (generated omd@cay) thereby resulting in partial

decrease in the oxidation of organics.
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Overall, based on the results shown here, TBA is best employed as a@Obulk
scavenger for ozone resistant compounds. Thus,ithearemmediate need to develop
other simple methods to determine the rol&i (including both surface and bulk) in
organic oxidation during ozonation and HCO. In the interim, TBA scavenging results
should be interpreted in conjunction with other measient including fluorescence

imaging methodR:: method and quantification of TBA oxidation products.

Figure 812 Flowchart indicating the steps required following TBA addition
experiments to correctly understand the role®H in organic oxidation
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Chapter 9 Conclusions and implications

This thesis investigated the mechanism of catalytic ozonation using carbon, copper and
iron-based catalysts by quantifying thete ofdecay of Q and oxidation of various
organics in the presence of #ieecatalysts. In addition, we have investigated the

influence of salinity and matrix on the performance of catalytic ozonation.

Our results show that the presence ofHmpregnated activated cam@nhanced ©
decay and formate oxidation at pH 3.0 compared to that observed in the presence of O
alone due to thgeneration obxidansvia Oz #e oxide interaction. The decrease in the
rate and extent of formate oxidation in the presence of @BRACF (which are known

bulk ©OH scavengers under acidic conditions) confirmed that the oxidant generated
during the catalytic ozonation process employing-@éde/AC catalyst is OH.
Moreover, these results confirmed that the oxidation of formate mostly aoctirs
solid4iquid interface and/or the bulk solution with surface adsorption of organics
playing no role in the overall oxidation of organics. The catalyst was not active at pH
7.3 and 8.5 suggesting that only protonated iron oxide surface sites gestemate
oxidant(s) on interaction with OWe also developed a mathematical kinetic model
which describes the ozone decay and oxidation of formate by this catayatrange

of conditions.

When CuO and CtAl LDHs were employed as the catalysttlve caalytic ozonation
process, oxidation of oxalate mostly occurred on the catalyst surface via interaction of
surface oxalate complexes with surfdoeated oxidants. In contrast, the oxidation of
formate occurred in the bulk solution as well as on the smrtdcthe catalyst.
Measurement of ©decay kinetics coupled with fluorescence microscopy image

analysis corresponding to#fydroxycoumarin formation indicadehat while surface
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of hydroxyl radicals on the surface, CuO rapidly transforrasn@ surfacedocated

hydroxyl radicals and/or other oxidants. Futile consumption of sulft@ated oxidants

YLD LQWHUDFWLRQ ZLWK WKH FDWDI®HsWowexeyitDFH ZDV P
becomes significant in the presence of higher CuO dosages. Based on the mechanistic
insights provided we have also developed a mathematical kinetic model which

describes the €lecay kinetics and organic oxidation in the presence of these catalysts

very well and can be used to optimize the process condsacts that contaminant

degradation by the catalytic ozonation process is maximized

The influence ofthe matrix on the performance of ozonation and catalytic ozonation
processes employing Cué@nd CwAl LDHs as catalyst was alsiavestigated Our
results reveal that the rate of ozone -gei€ay was considerably faster in phosphate
buffered solution compared tihat in carbonate buffered solution with this effect
resulting from differingOH scaenging capacities of the buffering ions. Interestingly,
while the nature of the buffers used affected the rate sofeli€lecay, there was
minimal effect on the overall extent of oxidation of tfgmate and oxalat®y
conventional ozonation. The resultbt@ned indicated that the carbonate radicals
generated as a result of carbonatdéH reaction are capable of oxidizing the low
molecular weight acids such as formate and oxalate however the oxidation of these
organics by phosphate radicals appears taibanal. In the catalytic ozonation process,
the presence of phosphate ions affects the surface chemistry of #ha@s€d catalysts
with phosphate ions inhibiting catalyst mediategdd®cay and sorption of the target
organic compounds on the catalyst scefathereby decreasing the overall rate and

extent of oxidation of target organics. Overall, our results show that the performance of
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the catalytic ozonation process will be underestimated in phosphate buffered solution

particularly if surface reactionsgy an important role in thexidationof organics.

We also investigated the performance of commercially availabledeed AbOs
catalystin treatingsynthetic reverse osmosis concentrate and measured the influence
of salinity on the overall performand@ur results show that the scavenging of aqueous
Oz by chloride ions and/or transformation of organics (particularly humics) to more
hydrophobic form as a result of charge shielding between adjacent functional groups
and/or intramolecular binding by catiomdibits the bulk oxidation of organics to a
measurable extent. While the scavenging of aqueous hydroxyl radicals at the salt
concentrations investigated here was minimal, the accumulation of chloride ions in the
electric double layer near the catalystface, particularly when pH< pkt, results in

more significant scavenging of surface associated hydroxyl radicals. Overall, our
results showed that the presence of salts (particularly chloride ions) has a significant

influence on the performance of bottnwentional and catalytic ozonation processes.

We also discussed the caveats associated with uBBRsa *OH scavenger ithe
ozonation and catalytic ozonation processes. Our results show that TBA may not be
able to access surface locatélH formed diring HCO. Furthermore, TBA may also
interfere with the adsorption of organics on the catalyst surface and decrease the
adsorptive as well as concomitant oxidative removal of organics via non radical
mediated pathways (if important). Moreover, TBA scaveggesults are inconclusive

for mildly ozone reactive compounds due to switching frasi¥@H mediated oxidation

in the absence of TBA toLIriven oxidation in the presence of TBA. The presence of
TBA may also decrease the rate of ozone decay with the increased stabiliiy th®©

presence of TBA facilitating (i) direct oxidation of ozereactive organics in the bulk
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solution and/or (ii)diffusion of & to the surface and subsequent suriaesliated

oxidation of organics.

Overall, the results of this study show that the performanteeafatalytic ozonation
process is highly dependent on the naturéhefcatalyst as well as the organi@s a

result of their influence on (i) generation and decay of oxiddtsadsorption of
organics on the catalyst surfa@ad(iii) importance of surface versus bulk oxidation.

For example, Fempregnated activated carbon drove the oxidation of formatiely

in the solidliquid interfface with adsorption playing no role in formate oxidation. In
contrast, CuO and Gl LDHs favoured the oxidation of oxalate on the surface with
adsorption enhancing organic oxidation. The bulk oxidation is expected to more
sensitive towards the constituents of the matrix (such §scGimpared to surface
mediated oxidation of organic¥he influence ofthe nature ofthe organics on the
efficacy of the catalytic ozonation process suggests that the design of the ozonation
process should be modified according to the nature of the organic compounds present
in the wastewater to be treat&wr aganic compounds that can be readily oxidized by

Os, a homogeneous ozonation process is expected to be moeffeosve than a
catalyic ozonation process. In contrast, a catalytic ozonation process is required for the
oxidation of organic compounds that are refractory to direct ozone oxidation. In general,
a multistage ozone process employing a separate homogeneous ozone reactar followe
by a catalytic ozone process is recommended for the efficient usage of ozone and

catalyst for the treatment of wastewaters containing complex organic mixtures.

Careful attention should be paid to the experimental desi¢ime@iatalytic ozonation
proces, especiallyin studies designetd provide insights into thexidation pathway(s)
during the ozonation and catalytic ozonation pro@s$/oreover, the pH should be

well controlled since the difference in pH between ozonation and catalytic ozonation
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proaesses will result in erroneous conclusioegarding the effiacy of the catalysts.
Lastly, caution should be exercised when selecting the buffer that will be used in
investigations of the conventional ozonation and catalytic ozonation processes as a

result of varying surface affinity and ROS scavenging capacity of buffering ions

The mechanisAbased mathematical kinetic models developed here are very useful
tools for providing important insights into the ozonation and catalytic ozonation
processes enhpying a range of catalystévhile probe methods employing compounds
such agp £BA and TBA can be used to investigate the generation of radicals and the
rate and extent of organics oxidation for conventional ozonation, quantitative analysis
of surfacetelaed reactions with any probe compound is challenging due to the varying
surface affinity of probes toward different catalysts and the difficulty in quantifying the
extent of oxidation of probe compounds located on the catalyst surface. Hertle, for
cataltic ozonation process, where surfanediated processes are likely to dominate,
we are of the opinion that the kinetic modeling approach used here will be of value in
providing mechanistic insight, though more careful validation of these kinetic models
is needed prior to their application to complex real wastewater matrices. The kinetic
modek developed in this study can be readily extended to other catalysts though the
determination of certain rate constants appropriate to the particular catalystestinter
will be required Moreover, the kinetic modgetieveloped in this thestain also be used

to optimize the fulbscale reactor design for ozonation and catalytic ozonation processes
by combining these kinetic modeisth hydrodynamicsising modelling tod such as

compuationalfluid dynamics (CFD).
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