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1- Physical Processes
Filtration, Air Stripping, Adsorption

2- Biological Processes
Activated Sludge Process

3- Chemical Processes
Advanced Oxidation Processes (AOPs)
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Wasterwater containing Refractory
Organic Compounds

Pulp & Other
Advanced Oxidation Processes e D
(AOPs):

Chemical processes in
which organic pollutants are abated
by Hydroxyl Radicals (OHe).

FENTON PROCESS

Homeogeneous Phase Reaction

Fe + H:0: = Fe + OH"+ OH

FENTON LIKE PROCESS

Heterogeneous Phase Rection

Cu / Zr Catalysts at 70°C
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] Materials

Metallic 7i .
Nitrates of Cu, ireonium H20:2 (3 - 30%)
Hydroxide
Fe and Sr
Ibuprofen Landfill Iron Slag
Sodium Salt Leachate (Site (Waste from
(IBP) | and Site Il) Steel Industry)
O Methods

« Catalyst Preparation

Wet

Impregnation Drying at .
of Metallic 100°C Cz'ggl‘z"(‘;’rr‘]ft
Nitrates over (Overnight)

Zirconia

* Fenton Like Oxidation
Fenton-like reactions were performed by means of Omni Reaction Station with
continuous stirring and reflux, on 100 ml of samples investigating several variables:
pH (3-8), temperature (25-90 °C),
catalyst dose (0.1-2 g/l), H202 dose (10-40 mi/l)
time (30-150 min)
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Catalysts: Cu(5%)/ZrO,; Fe(5%)/ZrO,; Cu(5%)-Sr(10%)/ZrO,; Fe(5%)-Sr(10%)/ZrO,

Composition
Cu/ Fe— \ Slight reduction m— (mzlg)
in surface area mm- Cu(5%)/Zr02
— ZrFe | Fe(5%)/ZrO, 53
[ ZrSr | Sr(10%)/ZrO, 40
ZrQ: == Cu(5%)-Sr(10%)/ZrO, 36
m Fe(5%)-Sr(10%)/ZrO, 35
' ™~ 40% reduction
in surface area -
ZrQO:- =)
El
Simultaneous presence of tetragonal 8 ‘ Zrsrcu
(@) and monoclinic (H) ZrO,. £ \
No evidence for any copper or iron |
phase was found suggesting that Fe or | zrCu
Cu are homogeneously dispersed on the e
surface.
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Peaks at 250-350 and 550 °C could be
correlated to the existence of free

Fe,O; on the zirconia surface

hydrogen consumption (a.u.)

N |

ZrSr

WWMWMW

Zr

Peak at 190
crystalline CuO.
Peaks at 110 and 140 °C: reduction in
two steps of highly dispersed Cu?* to
Cuo,

°C: reduction of

I I I
250 450 650

temperature (°C)
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Fenton like oxidation was performed using aqueous solutions of model pollutant

ibuprofen (10 mg/l).
ZrFe, ZrCu and ZrSrCu showed ~50% IBP mineralization (TOC analysis).
These catalysts showed ~100% IBP degradation (HPLC-MS analysis).

However, ZrSrCu produced toxic metabolites (HPLC-MS analysis).

IBP Abatement (%)

1-Hydro3cyibuprofeu gl-OH IBU) 3-Hydroxyibuprofen (3-OH IBU)
100 minor metabolite minor metabolite

M Degradation
OH OH

B Mineralization
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2E O‘Pb (§"" ‘c‘g '\9‘?5’} ,15)?9} ,
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ZrCu showed stable activities after three recycles while ZrFe showed stable
activates until two recycles while in 3 recycle the activity is diminished sharply.

IBP Mineralization (%)
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3rd recycle
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ZrCu is a very active catalyst.

IBP H,0, Catalyst Catalyst Reaction Degradation | Mineralization

amount dose dose® (%) (%o)
(mglL) (mM) (mg/L)
10 245 125 Cu/ZrO, Het.
20 6.4 75 FeSO 25 26 100 40 69
] 2 E 4 HGm_+US ] [ ]
20 6,4 75 FeS0, Hom. 25 26 100 10 [69]
10 10 50 y-Cu-AlO, Het. rt. 7 a8 63 [63]
10 245 125 FelZrO, Het. 70 o# 97 40 This study
50 3.9 430 FeS0, Hom +UV rt - a3 90 [64]
20 6.4 163 Fe-MFI zeolite Het. 25 33" 6o 27 [67]
10 / 5 FeS0, Hom.+0- rt. 6,5 85 3 [88]
10 / 4} Fe(OH)O Het +0, rt 6,5 a0 30 [68]
goethite
180 0,32 67 FeS0, Hom +UV 30 6,25 80 40 [85]
60 89 2572 FeS0, Hom. 20 3 &0 15 [86]
50 / ] Zemnvo valent Het. O5 rt. 6,5 79 41 [68]
iron

180 0,32 67 FeSO, Hom. 30 6,25 60 10 [65]

1
19O



U Process optimization
Heterogeneous Fenton like process is

optimized wusing IBP solutions at
following conditions:

« pH-5.5,

« catalyst dose (0.2 g/l) ,

* H,0, dose (30 ml/l),

« temperature (70 °C)

« 150 minutes.
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Gos recovery
Leachote treatment

Ground water
monitoring well

Leachate collection
2. - system - . . :

XD~
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Landfill site and leachate recovery and treatment system

U Treatment of landfill leachate
“Landfill leachate is a complex liquid
waste produced when rainwater runs
through the landfill site and is a very
toxic and recalcitrant waste”.

Landfill leachate is treated by applying
optimal conditions of Fenton like
process.

 TOC Reduction: 62%

« COD Reduction: 70%
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Two step oxidation is carried out to
assess the catalyst ability to further

increase the organic abatement.

Reduction in
TOC & COD,

- %|Reduction in
TOC & COD

Leachate Leachate

1st Treatment

Leachate
2nd Treatment

Two step oxidation with measured abatements

Table 2: Characteristics of landfill leachate before and after Fenton like oxidation

Parameters Before After Removal
Treatment Treatment Efficiency
(mg/L) (mg/L) (%)
COD (Single Treatment) 8700 2610 70
TOC (Single Treatment) 970 268 62
AOX 13 48 63.07
Total Nitrogen (TN) 1.94 g/L 1.86g/L 412
Color Dark brown Light Yellow -
Al 5 0.3 94
Ca 38.2 37.5 1.83
Cr 0.7 0.6 14.29
Fe 2.7 0.1 96.3
Mn 0.1 0 100
Mg 55.8 50.3 9.86
Ni 0.4 0.3 25
n 0.3 0.1 66.6

The process also removed 63% of

adsorbable organic halogens (AOX).

15




Qualitative monitoring of organic abatement
The UV-Vis and H1 NMR analysis indicates that specific organic compounds

especially aromatic compounds have been eliminated after Fenton like

. . A
oxidation.
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UV-Vis spectrum of leachate before (blue line) and after treatment (red line) 14 NMR spectrum of landfill leachate before (A) and after (B) Fenton treatment.
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Toxicity Analysis

Bioassays — Direct toxicity measure

17



0 Monometallic catalysts (5-10%Cu (or Fe)/ZrO,)
Cu/Zr catalysts afford maximum activty at pH 5 while Fe/Zr catalysts yield better

activities at pH-3.

The optimal loading of Cu and Fe over zirconia is 7.5%.
The optimal reaction dose for Cu based catalysts is 200 mg/L while for Fe based

catalyst 400 mg/L.

The catalytic performance of Fe catalysts is slightly higher than that of Cu

catalysts.
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IBP Mineralization (%)

IBP Mineralization (%)

100

90
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SFe

7.5Fe

7.5Fe

10Fe 5Cu
Catalyst

10Fe 5Cu
Catalyst

7.5Cu

7.5Cu

I 200 mg/L
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10Cu

10Cu
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U Iron based catalysts form stable complexes with degradation products
0 Copper based catalysts form temporary complexes with degradation

products.

FRESH
CATALYST

® .
Y

- ADSORBED
“= ORGANIC

‘ U ALL METAL SITES TAKE

PART IN REDOX CYCLE
AND THUS YIELD
BETTER ACTIVITY

Representation of catalytic activities of fresh and used iron catalysts in heterogeneous

Fenton process

USED
CATALYST

AVAILABLE

TEMPORARY
‘ OH. CcCoM PLEX
. - n.

= Organic Matter

OP = Oixdation Product

Complex formation of copper with oxidation products."
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(~80%).
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IBP Mineralization (%)
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4 Bimetallic catalysts (2.5Cu5Fe, 2.5Cu2.5Fe, 5Cu2.5Fe and 5CuSFe )/ZrO,.

2.5Cu5Fe and 5Cu5Fe afford maximum activty at pH-4 while 2.5Cu2.5Fe,
5Cu2.5Fe yield better activities at pH-3.
Catalytic activities of all catalysts at optimal conditions are almost the same

pH3—-o0,pH4—-A,pH5-0], pH6-7, pH8 -

(a) 2.5Cu/2.5Fe
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(b) 2.5Cu/5Fe

0

100 -
90
80 -
70
60 4
50 |
40 ]
30 4
20

*{_,_—F_g e e
S e W — -
0 - T T T T T T T T T T
30 60 90 120 150
Time (m)
(d) 5Cu/5Fe
e
wl/ 7~ " o o o B
" 3  e0 90 120 150
Time (m)




)

|BP Mineralization (%)

IBP Mineralization (%)

P

100
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25Cu/2.5Fe

2.5Cu/2.5Fe

2.5Cu/f5Fe 5Cu/2.5Fe
Catalyst

C

2.5Cu/5Fe 5Cu/2.5Fe
Catalyst

I 200 mg/L
I 300 mg/L
I 400 mg/L

5Cu/5Fe

I 60°C
. 70°C
I 80°C

5Cu/5Fe

IBP Mineralization (%)

IBP Mineralization (%)

100

100

90

2.5Cur2.5 Fe 2.5Cu/5Fe
Catalys

D

I 30 mi/L

5Cu/2.5Fe SCu/5Fe
t

B R4

2.5Cu/2.5Fe 2.5Cu/5Fe 5Cu/2.5Fe 5Cu/5Fe
Catalyst

I 20 mi/L
I 40 ml/L
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Cu : Fe determines the extent of bimetallic and monometallic activity

of the catalyst composites

2.5Cu / 2.5Fe 2.5Cu / 5Fe
@ e - ® U
— '. Cu:Fe= 0.5 \ \ ‘ d
Cu:Fe=1 \ \ °|'
LUMITING  _
COMPONENT = Cu Fe SITES
NO LIMITING / EXCESS
COMPONENT rosive oo:rg:sm = Fe SUPPORT — Cu SITES
—— Cu SITES
COMPLETEL BIMETALLIC SUPPORT BIMETALLIC _ .
ACTIVITY ACTIVITY
MONOMETALLIC
NO MONOMETALLIC ACTIVITY = 50%(Fe) “ MONOMETALLIC
ACTIVITY wo, ACTIVITY

BIMETALLIC
oH

Cu:Fe=2 Cu:Fe=1 \\!
UMITING
COMPONENT NO LIMITING / EXCESS p—
EXCESS COMPONENT ®
COMPONENT = Cu
COMPLETEL BIMETALLIC SUPPORT cusme
BIMETALLIC ACTIVITY

ACTIVITY ~ =50%

MONOMETALLIC

ACTIVITY = 50% (Cu) NO MONOMETALLIC

ACTIVITY

—_—

The extent of bimetallic and monometallic catalytic activity of the employed catalysts
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We used a waste for the treatment of
liquid waste (circular economy).

Iron slag is the waste material of steel
industry and is mainly composed of Iron
and carbon with trace amounts of other
metals / metal oxides.

Raw Steel Scale e Pulverized

o~

7o - ]

f Steel Indust)

Iron Iag (Wste Material

Iron slag is grinded to obtain seven
different particle sizes.

The Fenton like process is optimized
using ibuprofen solutions at pH-3,
catalyst dose - 1g/l, H20O2 dose — 40
ml/l, particle size — 100 micron and
temperature — 70 °C.
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TOC Abatement (%)
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Cu based catalysts: Afford high organic abatement (98% degradation and
65-70% mineralization). Effective for the treatment of synthetic and real
liquid wastes. Detoxify the treated effluent (50-63%).

Unlike other catalysts, the Cu/ZrO2 catalysts yield maximum activity
under mild acidic to near neutral conditions, reducing the chemical costs

and likelihood of metallic leaching.

The optimal loading of Cu (7.5%) over ZrO2 not only increases the catalytic
activity but also enhances its stability.

The bimetallic catalysts bearing proportionate amounts of Cu and Fe i.e.
5Cu-5Fe not only result in higher organic abatement but also prevent the
formation of stable complexes with Fe sites in the catalyst.

Iron slag has very high potential as heterogeneous Fenton catalyst for the
treatment of liquid wastes to achieve the goal of sustainable circular

economy.
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Increment of the surface area of the Cu-supported catalysts using high

surface area supports.

Preparation of bimetallic catalysts by putting together copper and other

suitable heavy metals which do not form stable complexes with organics.

. Scaling up the heterogeneous Fenton like process.

Employment of other available solid waste materials as heterogenous

catalysts.

. Application of innovative techniques for the preparation of highly active and

stable catalytic materials for Fenton like process. 27
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