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ABSTRACT

Chromite ore processing residue (COPR) is a hazardous industrial waste derived from the
chromate (CrO4%) extraction roasting process. It is one of the major sources of environmental
contamination as it contains high amounts of chromium (Cr) in, both, the hexavalent [Cr(V1)] and
the trivalent [Cr(111)] valence states. COPR has been disposed of in unregulated surface (unlined)
landfills in several nations across the world, including India, without consideration to its
(eco)toxicological potential. It is among the most environmentally hazardous industrial chromium
wastes, posing a threat to both human health and the environment. The leaching of Cr(VI),
resulting in the contamination of groundwater, is a key environmental risk arising from these
COPR dumps. Therefore, the remediation of COPR is of utmost importance, especially at

contaminated sites where it was disposed of in an unscientific manner.

COPR from two of the legacy waste-contaminated sites [Ranipet (TCCL, Tamil Nadu, India) and
Rania (near Khan Chandpur village, Kanpur Dehat, Uttar Pradesh, India)] are collected and
characterized. Metal content analysis and TCLP-based leaching analysis were performed to arrive
at detailed waste properties. In addition to the physicochemical characterization of COPR waste
from both sites, the mineralogical composition was also evaluated. The complexity of chromium
chemistry, the high exposure risk potential posed by COPR, coupled with the quantity of wastes
at these sites advocate for an urgent need to remediate them, and demands the development of a

remediation framework that can address the difficulties posed when handling multiple criteria.

National-level clean-up standards (or remediation targets or intervention values or guidelines)
associated with Cr-contaminated sites are established only for a few countries. Upon detailed
literature review, two sets of standards (Canadian and Dutch) were considered. Considering the

two selected COPR sites and two remediation standards, four combinative cases were formulated.

iv



The most appropriate technology alternative for COPR remediation in each of these four cases

would be estimated using a multi-criteria framework.

Various aspects regarding the remediation of Cr-contaminated sites that have COPR as the major
source of Cr are studied in existing academic literature and databases. A panel of experts (with 4
stakeholder groups) was queried in a 3-phase (4-stage) Delphi process about such aspects of COPR
remediation that were not gathered in the literature survey. Their opinions are used to — ascertain
and shortlist relevant criteria, create a ‘pair-wise comparison matrix’ among selected criteria,
identify candidate treatment technologies for COPR remediation, and generate an ‘information

evaluation matrix’ between remediation technology and criteria.

A novel resourceful multicriteria analysis framework, PROSPER-COPR [Prioritization of
Remedial Options through Systematic Parametric Evaluation and Ranking for contaminated sites
having Chromium Ore Processing Residue (COPR) overburden], was developed to arrive at the
weights for finalized criteria and to determine the ranking between alternative technologies.
Though POSPER can be applied to any remediation of any waste-contaminated site, PROSPER-
COPR s directed towards addressing legacy COPR overburden at contaminated sites. As part of
the PROSPER-COPR framework, a variety of multicriteria decision-making (MCDM) methods
and weighting methods were employed to calculate criteria weights (both, weights applicable to
any site and case-specific weights), as well as to evaluate the rankings between the considered
remediation technology alternatives. Fuzzy-AHP, Entropy, and CRITIC methods were used for
the calculation of weights; and, TOPSIS and PROMETHEE-I1 were applied to determine the ranks
among various shortlisted remediation technologies. Upon arriving at the case-specific optimal
solutions, a novel ‘Technology Improvement Need Analysis (TINA)® framework has been

developed to perform the efficiency analysis of all the remediation technology alternatives or



decision-making units (DMUs) for all cases. The aim of measuring the efficiency of DMUs is to
quantify the magnitude by which each of the suboptimal alternatives must be improved for every
criterion in order for them to become the optimal candidate of choice.

To measure the efficiency of DMUs, two non-parametric deterministic mathematical multi-
objective decision-making (MODM) tools — the Data Envelopment Analysis (DEA) method and
the Free Disposal Hull (FDH) method, are used. Two well-known basic DEA models i.e., Charnes,
Cooper, and Rhodes (CCR) model and Banker, Chames, and Cooper (BCC) model, are considered,
both, with input orientation. Appropriate solutions are proposed for physically improving the
criteria-wise performance of the technologies before their field implementations. The research
outcomes are expected to provide an all-inclusive framework to decision-makers across the world
for effective remediation of COPR at existing sites, which can be easily replicable to any toxic and

hazardous waste.

Keywords: Heavy metal contamination, Chromite Ore Processing Residue, COPR, Contaminated

sites, Remediation, Delphi method, MCDA.
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AR

hIHTSC 3D UIXHIUN 3GYY (COPR) hiHT (CrO.2>) FAspur AT ufshar T urd teh
fauTat el SUfRIy § | 9% Uaiavul UgHUT & UE Hidl H 9 Udh ¢ adifd 394 saacic
[Cr(vl)] 3R TRadce [Cr(ll)] da9 SaRIs gl | HIFRH (Cr) &1 3= I gidl 6l
ek o1 YRA Afed g1 1R & o3 o= Faffa gag (3RReq) dsftea o g9
GaiaxuT) el emar WR foaR e fomm ueran mar 81 a8 vafavur o1 2P @ 9e Wavame
3N HITRH SR B ¥ TS 8, S A4 WA AR TRl &1 & foTg |eRT UaT vl
g1 Hremyvi) &1 R4, forad gRuMRaEg Yoid Ugd a1 §, 39 COPR U ¥ I 8H
ITClT T U TRITaR UMY SRy € 1 39fory, WeiieR o1 FaRwr sicdd Heayuf 8, fagivas
S Rl TR STeT 3BT SaTHE aRip | fuer faar ma |

3l farraelt 3rafy gt wal Ritte (@R, dfieHrg, HRd) iR a1 (& FieqR i
& U, FHER BT, IR U, YRa)] J reidtam uewm= favar mar g 8k difds s
YT T 71 3| favga srafRy ol W ugen & e urg andt favayor SR dftuedi-
3R ST foewor fobar ar| < Riefl § WIMRSR SrufRiy & Hiferes - e
quF o SfTaT, WSl TRaHT &1 o Jedie T T ATl it X9 a9 &t sifeadr,
HTIUISR GRT I I TRTUIGR b &N, S A1gcl TR bR i HIEAT & A1y e I

31 B DI ISP ST DH Al D dbTald P! g, 3R Uh IUAR &1 P fIhr bt Tl Bt

S Sl S AFCSI Bl U P SR ST 8 dTel HISTSUl BT JHIUTT B b |
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Cr-gi¥d Frgel A s PG wR & Thls AHS (@1 IUIR 1&d U1 gaad Jed a1 fendw
$Id $& =T P fere Wi fpw 7Te § | favga wfee weten & aTe, THe! & & 9 (1SS
3R $9) W AR fovam | < wafa HefieR drsel 3R &l SUAR HHS! H1 & H 3ad
8T, IR TaIoH HHd dOR T 18 31 39 IR AWal § O Ude # WeidteR R & fo
T Iugad M| f[dded &1 SgHM 98-S id BT SUINT B T ST |

Cr-gfid wrsel & AR & day o fafie ugqet, fomd deiidiem, Wem &1 7@ 94 &,
o1 Hiolel Qe&MOIw g R Sera H 3reqg foram a1 81 AR IuaR & T ygqsfi
& IR T 3-3aRIT (4-TR0N) Telt St Ufshar B fa=ivsil & T U (4 faRiost wig! & 1) 9
TS dTS B 715 ol e TA&UT & Uh o] (b4 7T Y| 3! I BT IUIANT YRS AFCS!
1 Odl A R EhRe XA, T9Hd TFcs! & a1 Siel-3aR ga dfcad a9,
THRR ITER & T IwigaR ITAR Uififed! Bt UgaH X, SUAR WEfd! 3R
AFCS! & ard I i AR Idd B o forg far ST g

3ife At & AT goM R ugem SR ddfcds Uenfiifesal & g Y fuffa &3 &

forg T o GneAul 9gHES faRAWUr G, PROSPER-COPR [ShITERH 3R TRV
3 (HSHISMR) iaRas arel g wgel & fory safyd WRiEffed Feai ok I
& HIEOH T SUIRTAS fadbeul o urufirear < faew g fasar mar Ut gTdifes PROSPER &1
foraft oft SrufRiy-gfiid Wrge & Iu=R & for @ faran S el 8, PROSPER-COPR &1 34
g AZel TR RM COPR 3fiavde &I YaIfId & ¢ | WeR-silem g & fw &
¥U ¥ AFds YR @, fodt off Trge R ang aoF SR $9-fafiy ao) &t 10T HA &
forg, Ty gt famm for TN SuaRIES Wit fawent & dia Y &1 geaie axa & fo
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faftm geR & dgarcs fofa a° ERiEed) & did! 3R aoF il & i foea
T 7| G 1 UM & foTT Woll-Uuad, Tidt ok fopfeds faftral o1 Suai fosar T o,
3R, TOPSIS 3R PROMETHEE-II &1 fafte iicieres IuaR Urenfifeal & ot Y& Fuifa
R & forg @ o T B | ATQ-fafRy syas Sl R ugen W, it Amal & forg aft
SUARTHS Wit fadent ar fofa a7 areh 3erzal (Shurmy @t gerar fazayo e & fag
TS 4 WIS YR SHTaRaddl ey (TINA)' fasRid faar man g1 Somg &t gerdr
P1 AT BT I 39 URHAT BT AU & D gRT UAP AMGS P [T UdH 3U-3TaH
faemedl § QR forar ST 1T arfes 9 URie & Syad IWIGaR &5 9 |

STy 1 q&fdl B 710 & g, & IR-WREifesd FHadiers 1k sgeewda Fula dq
(THSISITH) & JUPRUT - ST THaaTHE fazawur (SI5) fafdr Sik 11 fEwioid g1 (UbeiTa)
fafy &1 IuART foran e 1 & URTs 9Tt S5T Afsd I, Iy, $WR 3R 8™
(T3R) Afed 3R do, TR 3R FUR (@) Aisd, Tl &1 37Ye SNRUSIA & J1Y AT
ST €1 Wrenfifeedt & & & Srfagd ¥ Ugd SHd AFCS- 39R YeH &I Hifds 9 9
JURA & o Sferd TaTe URaTfad 8 | 2ne & giRomdl O Hisel Argel iR WefeR & gt
faror & forg fofg fmfarell & v Td-wmash o vem a3 @t 3w 8, SR et 3

ot oft IR SR & T S o 9o dr g

PITS: YRT YT TGN, HIHTSC 3T YHBRUT SARY, TSR, gd Tige, IUDR, Sl
fafd, Taeiu|
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DEcision-MAKking Trial and Evaluation Laboratory
Decision-Making Units

Detailed Project Report

Doctor of Philosophy

Dynamic Models

Ease of Implementation (Post Remediation)
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ELECTRE

EPA
ER/R
EEC
E+OFS1
E+OFS2
E+ONS1
E+ONS2
E-R
SW-E
FeSOq
FDH
F-AHP
GA

GM

GP

GB COPR
G

GW

GJ

HB COPR
HQ
Cr(VI)
HPSO
HnT

TR
ICP-MS
IM

SW-I

Fe

K

L

LP

LP

Cr

Mg

Mn
M.Tech
MLT
MIP

MDL
MODM

ELimination Et Choix Traduisant la REalité (ELimination Et Choice
Translating REality)

Environmental Protection Agency
Environmental Risk (Post Remediation)
Estimated environmental contaminant concentration
Excavation + Off-site Treatment-1
Excavation + Off-site Treatment-2
Excavation + On-site Treatment-1
Excavation + On-site Treatment-2
Exposure-Risk

Ex-situ soil washing

Ferrous Sulphate

Free Disposal Hull model

Fuzzy Arithmetic Hierarchy Process
Genetic Algorithm

Geometric Mean

Goal Programming

Grey Black COPR

Grimaldiite

Ground water

Gujarat

Hard Brown COPR

Hazard Quotient

Hexavalent Chromium

Hybrid Particle Swarm Optimization
Indian Institute of Technology

Indian Institute of Toxicology Research
Inductively Coupled Plasma Mass Spectrometer
Information Matrix

In-situ soil washing

Iron

Katoite

Larnite

Linear Programming

Long-term Performance (Post Remediation)
Magnesiochromite

Magnesium

Manganese

Master of Technology

Membrane Layer Treatment

Mixed Integer Programming

Modified Digital Logic

Multi Objective Decision-Making
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MADM
MAV(U)T
MCDA
MCDM
MOORA
NEERI
NIT
NPL
NILP

NJ

NA
NOAEL
NBe
NSGA
NGO

Kd

P

Pt

PROMETHEE

QFD

Q

R&D

SP

SAW
SA
SODM
S

SA
Na2CrO4
Na2Cr207
SC
SIPCOT
SPCB
SWARA
SU

TS

TN
TCCL
TNPCB
TSP
TOPSIS
TINA

T

Multi-Attribute Decision Making

Multi-Attribute Value (Utility) Theory

Multi-Criteria Decision Analysis

Multi-Criteria Decision-Making

Multi-Objective Optimization on the basis of Ratio Analysis
National Environmental Engineering Research Institute
National Institute of Technology

National Priorities List

New Iterative Linear Programming

New Jersey

No Action

NO Adverse Effects Level

Non-beneficial

Non-dominated Sorting Genetic Algorithm
Non-Governmental Organization

Partition Coefficient

Periclase

Portlandite

Preference Ranking Organization METHod for Enrichment Evaluation
Quality Function Deployment

Quartz

Research and Development

Short-term Performance (Post Remediation)

Simple Additive Weighting

Simulated Annealing

Single Objective Decision-Making

Sjogrenite

Social acceptance and impacts

Sodium Chromate

Sodium Dichromate

Soil Cover

State Industries Promotion Corporation Of Tamil Nadu
State Pollution Control Board

Stepwise Weight Assessment Ratio Analysis
Sustainability during the implementation of the remediation technology
Tabu Search

Tamil Nadu

Tamil Nadu Chromates and Chemicals Limited

Tamil Nadu Pollution Control Board

Technical success potential of the remediation technology
Technique for Order Performance by Similarity to Ideal Solution
Technology Improvement Need Analysis

Time needed to implement the remediation technology
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TCLP
TR
cr(li)
US EPA
USA
UP
UPPCB
VIKOR

\Y

WB

XRD
PROSPER

MAUT
MAVT
MACBETH
CODAS
MCA

Toxicity Characteristic Leaching Procedure

Toxicity reduction (Post Remediation)

Trivalent Chromium

United States Environment Protection Agency

United States of America

Uttar Pradesh

Uttar Pradesh Pollution Control Board

Vlse Kriterijumska Optimizacija | Kompromisno Resenje (Multi-criteria
optimization and compromise solution)

Voltaite

West Bengal

X-Ray Diffraction

Prioritization of Remedial Options through Systematic Parametric Evaluation
and Ranking for contaminated sites having Chromium Ore Processing
Residue (COPR) overburden

Multi-Attribute Utility Theory

Multi-Attribute Value Theory

Measuring Attractiveness by a Categorical-Based Evaluation Technique
COmbinative Distance-based ASsessment

Multi-Criteria Assessment
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