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Abstract

Chlorophenols are a group of toxic, persistent and recalcitrant chemical compounds commonly found in the
effluent of various industries such as pesticides, petrochemical, pulp and paper, dye, olive oil, pharmaceuticals,
etc. Since the effluent containing chlorophenol is toxic in nature, it cannot be treated by conventional biological
treatment methods. The advanced oxidation process such as wet air oxidation (WAOQ) is a promising technology
for the treatment of effluent containing toxic organic compounds which either convert them into biodegradable
intermediates or completely mineralize into carbon dioxide and water. Wet air oxidation involves oxidation of
pollutant at elevated temperature and pressure conditions but oxidation in presence of suitable catalyst, catalytic
wet air oxidation (CWAO), can be performed at mild conditions of temperature and pressure leading to a
substantial reduction in capital and operating costs. The commonly used catalysts in CWAO process are noble

and transition group metals supported on various forms of alumina, silica, carbon, etc.

In the present study, efforts have been made to treat an aqueous solution containing 2, 4, 6-trichlorophenol
(TCP) by CWAO under mild conditions of temperature and pressure using carbon xerogel based monometallic
and bimetallic catalysts. Carbon xerogel was used as the catalyst support material due to its unique properties
like high mesoporosity, specific surface area, thermal stability, mechanical strength and high content of

oxygenated functional groups on its surface.

Carbon xerogels are conventionally prepared using resorcinol and formaldehyde as precursors followed by
solvent exchange to replace the water content in wet organic gel with a solvent. The solvent exchange is
performed to maintain the structural properties of the wet organic gel during ambient drying. In the present
study, carbon xerogels were synthesized by partially replacing the costly resorcinol with natural tannic acid to
significantly reduce the cost of carbon xerogel. Four different solvents (acetone, t-butanol, ethanol and toluene)
were used for solvent exchange. The surface properties of the carbon xerogel obtained after the solvent
exchange with the four solvents were analyzed and t-butanol was found to be the suitable solvent for solvent

exchange.

The carbon xerogel, obtained after solvent exchange using t-butanol and subsequent drying at ambient
conditions, was modified using an acid to further enhance its surface and textural properties. The acid
modification was performed using o-phosphoric acid, nitric acid and sulphuric acid and the modified carbon

xerogels were characterized using various techniques and it was found that the carbon xerogel modified with o-



o-phosphoric acid (MCXO) exhibit highest specific surface area (683 m?/g), pore specific volume (1.61 cm?/g)

and oxygen content (40.77 %) among the modified xerogels and thus selected for further use as catalyst support.

The textural properties of o-phosphoric modified carbon xerogel (MCXO) were found to be comparable to those
of carbon xerogel prepared using resorcinol and formaldehyde as precursors followed by solvent exchange with
t-butanol (specific surface area-614 m?/g and pore specific volume-1.43 cm?®/g). The cost analysis of the
synthesis of carbon xerogels was performed and a 25 % reduction in the cost of preparation of modified carbon
xerogel was obtained by replacing two-third of resorcinol in the precursor with tannic acid without

compromising the surface properties.

The monometallic (Fe/MCXOQO) and bimetallic (FeCu/MCXO and FeRu/MCXO) catalysts were prepared by
sonication and co-impregnation methods respectively and characterized using various techniques such as BET,
EDX, XRD, SEM, TEM, FTIR, CHNS and TGA analysis. The catalysts were used in the CWAOQO of an aqueous
solution containing 100 mg/L TCP and the results were interpreted in terms of TCP and COD removal
efficiencies. The effect of various operating parameters such as metal loading, initial pH of TCP solution, air
flow rate, catalyst dose, reaction temperature and operating pressure on TCP and COD removal efficiencies

were studied.

The catalytic wet air oxidation of an aqueous solution containing TCP was performed using monometallic iron
catalyst (Fe/MCXO) and the optimum values of iron loading, initial pH of TCP solution, air flow rate, catalyst
dose and operating pressure were found to be 4 wt. %, 4, 3 L/min, 1.6 g/L and 1 bar respectively at the reaction
temperature of 75 °C. The maximum TCP and COD removal efficiencies of 74.49 % and 24.31 % respectively
were obtained using monometallic (Fe/MCXO) catalyst after 3 h of reaction at the optimum value of operating
parameters. No significant enhancement in TCP and COD removal efficiencies were obtained with an increase
in the reactor operating pressure from 1 bar to 8 bar. It was noticed that TCP removal obtained was satisfactory
due to the conversion of TCP into reaction intermediates but COD of the aqueous solution was not considerably

reduced as the intermediates were not completely mineralized into carbon dioxide and water.

Efforts were made to further enhance the TCP and COD removal efficiencies by using bimetallic (FeCu/MCXO
and FeRu/MCXO) catalysts. The bimetallic catalysts were found to be more active than monometallic catalyst
due to the synergistic effect of the two metals on the surface of modified carbon xerogel support. The iron-
ruthenium catalyst (FeRu/MCXO) was found to be more active than iron-copper catalyst (FeCu/MCXO) and the

maximum TCP and COD removal efficiencies of 95.82 % and 93.14 % respectively were obtained after 3 h of



reaction at the optimum value of operating parameters. The optimum value of metal loading, initial pH of TCP
solution, air flow rate, catalyst dose and operating pressure for iron-ruthenium (FeRu/MCXO) catalyst were

found to be 4 wt. % iron and 0.3 wt. % ruthenium, 4, 3 L/min, 0.8 g/L and 1 bar respectively at 75 °C.

The bimetallic iron-ruthenium catalyst (FeRu/MCXQ) was found to be most stable with a marginal decrease
(3.11 %) in its activity after third reuse of the spent catalyst after washing and thermal treatment after each
cycle. The leaching of the active metals from the catalysts into the CWAO effluent was found to be within the
prescribed effluent discharge limits. The degradation of TCP followed pseudo-first order kinetics with respect to
TCP concentration in the aqueous solution and the values of apparent rate constants were found to be 0.008,
0.013 and 0.019 min! for the degradation of TCP using Fe/MCXO, FeCu/MCXO and FeRu/MCXO catalysts

respectively.

The bimetallic iron-ruthenium catalyst (FeRu/MCXO) was further used for the treatment of pharmaceutical
industry effluent containing complex phenolic and chlorinated compounds, collected from a nearby
pharmaceutical industry. The COD of the effluent was reduced to 65 mg/L after 5 h of reaction time from an
initial COD of 612 mg/L. The toxicity of the effluent was measured before and after the CWAO reaction using

E. coli as the test organism and the toxicity of the effluent was completely removed after 5 h of reaction.
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FelRIthetTel STedlel, TRTAR R Yefeidiaiientor Tamafaes D3 1 Teh Tog & S AR
hICATRIhT, GeTehffehel, ofIET 3N TS, 515, Sicfel I dlel, BIANEYChod scale I fafdes

3eelt & TguoT 3 9T S &1 YR FeARIbeATS JFd TGNUT T F SeIe §, g TWOweTd
SHfaes 3ar fafert gaRT Seitet €t fohar ST @bl &1 el aTg 3iTerdIeRor (CWAO) S 3eeidl
HTereeToT TR STediel afaten AMRTe! dTel YGUUT & 3TAR & foIU Teh 3MMeMMslelsh dehells &
ST AT Al 3o¢ STASASEel SSTASTCH # IRATId cl § AT el SIS3fierdrss 3T ael 7 g
e A @ierst g Sl &1 ey ary siferefientor 7 3= AT 3R gara i Feafa 7 yques &t
HrEeROT AT B olfehel 3UgeFd 3ceh, el Ay ifeliaior (CWAO) &I 3ufeufa #
3HTerETRTOT, ATIATE 3R el T ool REUferdl o foham ST FeheTl & TSI ol 3R aiaretet
AT H 1T AT Tl &1 CWAO Fishdl & AR TR GFd 3ceh HgleT 3N HsheA0T HAg
UTqu TegfAe, fafoer, e scafe & affes wuf w waAfia §1 ada e seage #, Fee
xerogel 3METRA monometallic 31X bimetallic 3 FT 3YANT ATIATT 3R ga1d@ T gochl
EAfl & T8 CWAO @RI 2, 4, 6-ZT5FalRIthallel (TCP) Jobel STl Elel o Fellol & ITd
forw 317 €1 ST xerogel FT 3T/ 3RS TAYST AHAT & & H fhadT ST AT FiTh STHT
e W 3T AWURITAE, fARIse @dg &9, ¥ad B, JifFs ofFd 3R sierdisergsa
SrAcHS FHEH I 3ITd A S IEfadT q[or gl §| Fee xerogels URURS ®T &
resorcinol 3R BIACSTEEISS T 3TN &Y Jadd o & H TAR fohar ST1elm § fordeh are faemgen
& Ty et Frafarsh St & g1t H areal A gfawafa

el & forw Afede varasiol glar &1 IRaY Ea & e e Hrdfaren Sier & TXaelicH s ol &t
FIT 3@ & fov faemae fAfaag fhar Srar §1 ada e 3reage &, see xerogels &ies
xerogel T ST &I S A o fIT Irehfcteh tannic acid & AL HEI resorcinol 371w &7 &
I eh T fohaT 3T 27| faemaes e s & forw ar 3remT aieded (Tdie, &1
sYeTie, $Ueilel 3R EregeT) T SYATLT fohdT ST UT| IR Aieded & HTY Hiede TSl & Je
WTC 1eeT xerogel T Feig JON T faLAVOT fohar I 41 3R S-sgereiter faerge fafqea &




foIT 3ugerd fqemgeh aram I 7| #Iee xerogel, E-geTier T U F e f&AAaT &
aTe; wTed foham 3R aRaer aRTEAferdl # a1e & FuT= & die, S8R Jele 3N textural IO & 3R
JoTet & fov T vfis &1 39T e Gifad fonam arr ar| ofis gy a-nlemiRe TRE,
e ufs 3R FergRe vhis &1 39T X fRam r ar 3R §fIT & xerogels
fafeesT deheiiort T 3TANIT Tk TAAYAT AT 3R Jg 9T I o SIeleT xerogel & AT T
3MN-HrERReE A (MCXO) ENfAT xerogels & & 3= fAfse @dg &7 (683 m2/g), IRR
fafRrse &mET (1.61 cm3/g) 31X 3iTardieteT AT (40.77 %) YT Far § 3R 38 YK 3R
FHY o & H 3731 o 3TN o TN AT STl &1 3N-IEhINeh FRMET lelet RMET (MCXO)
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sonication 3R Tg-Tetetel ATl garT IR fohw 71w & 3R i), $3vay, Tra3mel, Tasus,
ASTA, THAINTEIR, Huavawd 3R Affies deelir &1 39T ae faRdvar &1 deiiv
TeIYOT| STV T IUANT Ueh ST BNl & WSeogqualt & 100 mg/L AT JebeT gl AT AR
aRoTTH S 3 LT gerer BT aTHAT & HeeT F saredn v v A| arg Afser S e
ITRFEeT Ry, ey FaATere & JRAS drew, /g yaTg &, 3R Gsh, Fiafshar draa T
3R ErTdY 3R ST Tl hr &THAT T GR=ITele GaTd & T 37T fohar arm|

A g STl °lel & 3R el arg JHTeRiehioT &1 3uhT Al ol 3
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(Fe/MCXO) 3c9Reh T 3UANT leh Ured &t ars Y| ST 33 T3N3 gera Fr &77ar & Fis
HAgcaqol I 1 IR A 8 SR ek Ruered TR ga1a & gig & T e 1 915 Y| Ig e
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TeT U

gfauaia (FeCu/MCXO 3R FeRU/MCXO) 3cUTeh sl IUTT hieh SIATA 3R A3 gered &l
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A 75 °C |

YAF Th & 96 Ul IR YA ITIR & 91 fIATC a0 3IRF & AW oA 3T & 91
cfauelar dig-wefad 39t (FeRU/MCXO) 319el arfafafer & Amel ST (3.11 %) & &Y
ey 8T 9T a1 AT| 3R § HSsogU3T FouuT & Hishay it & e fuifRa vquor
fdest Bar & R arar I ar| AW & IFHAT F ST Gt 7 S Tharar & deer J
S-GYA I ATAMNSATT T el FRAT 3R Fose aT FRRIF & HeAl HI Fe/MCXO,

FeCu/MCXO, FeRu/MCXO &Iy & 3udier & &ddr & &Ror & forw 0.008, 0.013 3%
0.019/min 9T I7=T|

cfauelar Sig-wefaas 3R (FeRU/MCXO) ST 3UYANT T 36T & JgWUT & 39aR & fav
T ST o fSae 91 & BrAREg e 36T & TshiAd S halfosh 3R Falikeies I
gl ¥1 612 mg/L & Y& W3NS @ FATHIT ToHT & 5 € o &g YeuOT HT W3S 65 mg/L
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