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ABSTRACT

The large amount of rice straw generated after harvesting of rice crop, in Northern India, is
burned in the agricultural fields by the farmers due to the short time interval available for the
sowing of wheat. The open air burning of rice straw (commonly known as stubble burning)
poses a serious threat to the environment and health of living organisms by releasing large
amounts of particulate matter and greenhouse gases, severely deteriorating air quality.
Furthermore, stubble burning leads to deterioration of soil quality resulting in decrease of
available nutrients for growth of subsequent crops. Considering the adverse effects of stubble
burning, it is necessary to prevent it by employing sustainable methods for use of rice straw.
Therefore, the objective of present study is to explore the potential of using biochar produced

from pyrolysis of rice straw for production of value-added products.

The biochar can be used for various applications in diverse fields such as agriculture,
electrochemistry, catalysis, environmental remediation, etc. The possible applications of
biochar as an anode material for lithium-ion battery and an adsorbent for wastewater treatment

have been explored.

Conventionally natural or synthetic graphite is used as an anode material in lithium-ion battery
due to its high theoretical discharge capacity (372 mA.h/g) and low delithiation/lithiation
potential. Rice straw, being a lignocellulosic biomass, can be converted into carbon rich biochar
and its properties can be tuned to suit its application as an anode material. However, the high
silica content in rice straw poses a challenge. Therefore, a method to obtain biochar containing
low silica and high carbon content, by pyrolysis of rice straw has been proposed. Initially rice
straw was pre-treated with potassium hydroxide to remove silica present in it. The pre-treated
rice straw was pyrolyzed to produce biochar, which was then post-treated with hydrochloric
acid. The modified biochar was characterized using various characterization techniques and

showed an enhancement in graphitic carbon content, a key component responsible for
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electrochemical behaviour. An anode was prepared using modified biochar and tested for its
electrochemical performance against lithium metal as counter electrode in a 2016 type coin
cell. The coin cell had a discharge capacity of 352 mA.h/g. Converting rice straw into low-
silica, high-carbon biochar for lithium-ion battery anodes represents a significant innovation in
sustainable energy storage technology by repurposing an agricultural waste. Moreover,
achieving a discharge capacity of 352 mA.h/g highlights its potential as a viable, eco-friendly

alternative to conventional graphite anodes.

Another application of rice straw biochar, as an adsorbent for removal of phenol from
wastewater, was studied by performing adsorption experiments in batch and continuous mode
of operation. The pristine biochar produced at different pyrolysis temperatures (300, 500, 700
and 800°C) was used as an adsorbent for removing phenol from synthetic solution and it was
observed that biochar obtained at 800°C showed the maximum phenol removal efficiency
owing to its maximum surface area. Further, it was observed that, a contact time of 24 h and
an adsorbent dosage of 20 g/L (biochar obtained at 800°C) was required to treat 100 mg/L of
phenol solution to below discharge limit (5 mg/L) as prescribed by statutory authorities.
Therefore, to reduce the required contact time and adsorbent dosage, chemical modification of
biochar was carried out. The modified biochar with enhanced surface area was prepared by
soaking the rice straw in potassium hydroxide solution, followed by pyrolysis and post-
treatment of biochar using hydrochloric acid. The response surface optimization study for
removal of phenol using the modified biochar was carried out to determine the
individual/interactive effects of adsorption parameters and a quadratic model equation was
obtained, depicting the adsorption behaviour. It was observed that modified biochar resulted in
96 % phenol removal from 100 mg/L phenol solution in 60 min with an adsorbent dosage of
1.25 g/L. The adsorption isotherm and kinetics were studied, and the data was best fitted using

Langmuir isotherm and pseudo second order kinetic model. The adsorption thermodynamics
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represented an exothermic and spontaneous adsorption process. The fixed bed column studies
for removal of phenol were also carried out at varying bed height, flow rate and initial phenol
concentration and the column kinetic data in each experiment was best fitted using Thomas
model. The removal of phenol in column mode of operation providing insights into the
efficiency, capacity, and practical applicability of adsorbents in treating phenol containing
wastewater. The regeneration of used adsorbent was carried out using 1 M potassium hydroxide
solution and it was observed that the adsorbent could reduce phenol concentration from
100 mg/L to below discharge limit (5 mg/L) for 8 adsorption cycles. The detailed insights on
desorption of phenol and regeneration of adsorbent ensures sustainable and cost-effective
treatment of wastewater by maintaining or restoring adsorption capacity of adsorbent for
multiple cycles of use. Further, to assess the performance of biochar in real-world scenarios
removal of phenol from textile industry effluent was studied and the phenol removal efficiency

of 97 % was obtained.

Further, the feasibility of utilizing rice straw derived biochar, as an adsorbent for removal of
arsenic from water, was studied by carrying out adsorption experiments in batch mode. It was
observed that pristine biochar and biochar obtained after modification of rice straw with
potassium hydroxide resulted in an arsenic removal efficiency of <5 % from synthetic solution
having arsenic concentration of 1000 pg/L. Therefore, iron-modified biochar was produced by
soaking rice straw in 1 M iron (III) chloride solution. The iron incorporated rice straw was
pyrolyzed to produce iron-modified biochar which was used as an adsorbent for removal of
arsenic from water. The adsorption of arsenic using iron-modified biochar was optimized using
Response Surface Methodology with three adsorption parameters (contact time, adsorbent
dosage, and initial arsenic concentration). It was observed that iron-modified biochar was
capable of removing 99 % arsenic from aqueous solution having arsenic concentration of

989 ng/L in 72 min with an adsorbent dosage of 3.25 g/L. The adsorption kinetics and isotherm



were best fitted using pseudo second order kinetic model and Langmuir isotherm model. The
surface complexation between arsenic and iron ions was considered as the main adsorption
mechanism behind arsenic adsorption. The leaching of iron from iron-modified biochar into
treated water was tested and found to be negligible (13.29 pg/L). Further, the disposal of
exhausted adsorbent was suggested following the toxicity characteristic leaching procedure.
The results demonstrated the effectiveness of iron-modified biochar in arsenic removal from
water in the arsenic concentration range significantly present in ground water (10 — 1000 pg/L).
Further, the results show that iron-modified biochar has high stability, with minimal leaching
observed in tested samples. Apart from this, the easy disposal of used adsorbent suggested in

the study enhances the economic feasibility of the process.

The present research offers several significant advantages. The conversion of rice straw into
biochar, offers a sustainable solution to the widespread issue of stubble burning. The biochar
obtained from rice straw can be tuned effectively and used as anode material providing a green
alternative to conventional graphite. Further, the biochar serves as an effective and eco-friendly

adsorbent for removal of phenol and arsenic from wastewater.
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I ARG H AGel H B FHI Hels & 916 d81 AET H dIrael & HH HT 341G
g &, T foharmet 91 1 ga1$ & oI i FHT 3HRTel & FROT Wl & STl &
gl e & H B G H STl (58 IHAN W R STl Hgd §) TTa)or
3R Shal & T & o 1R @aRT Yer aXar g, Fifeh a8 a3 AT 7 HoT
gerd 3R Megr3d I Ao 8, [Sad gar 1 Ioraar @S gl 81 $dh el
Wl STellel F fACE & 0T TR gl 8, 598 alg & ®dell & fasg & forw
GISeh ceal T AT g1 STl &1 WIell STelled & Ficiehol Eraqﬁ*ra?ra'@?r'g’(f,wa?
HH & 3UAT & TIT FEEATT el HIATR U Uehodl 3MATH gl SHIAT,
TAANT AT T 36T Heddidd 3cUEal & 3culesd & v =mad & 37 &
TRRITAET & 3ca1ied SRR ST 39T el sl GHTEAT HI IdT 9T gl

SRR # 3w fAfdy aE 9 F, saadeiAed), wfodid, wafaor 3uar anfy
# fafdest equet & faw far o @har g1 REHA-3e 3@t & fov s
AHA & & A JEER & AT Iy 3R afse Se 3uar & fav
Tsdle & IdT o&9TaT I-T &

URYRS & & Ui o1 [HAfeh Ahrse 1 390 AREH-310 S & s
et & ¥ A AT J1ar g, s 3T deuifae fagd AT (372 mAh/g) 3R
wA STARITRE/fATRATLrT &THAT & FRUT| G & H, T [eadibegal e I
Blel & HRUT, Il HHAGY SAR H IRafcicd g1 Tehd ¢ AR 38 0N &l TS
QHIA & §T H SHD IeI0AT o II®T SAAT ST Hebell §| gleliich, Ul o §H H
3=g Ao AHA T gAY &1 3AfAT, agd & o8 & URRIfAfad cart wH
fafoer 3R 3T FIda AFN aTel SR A 9Ied Hi HI Th AT gearad $r
TS Bl YE A A F qF H ARIA grssieass @ 3R fFar o daife sad
Fiole fafererT &l g/ o ¥eh| Ygol & 3UARA dad & ¥ H TN = &
T urstess R T, G a9 # gEsigdiRe TS § 3UdiRd fohar amm|
AT AR F AT ITATTOT Thellohl BT SUAIT Ioh TAETOT fohar
AT 3R SHHA Felarcichidehol SGER o [T TSFAGR Ueh THE TceHh, ABTSTEh el
A F gef oY S| FAUT SRER T 3UANT W U Tl AR fRar arn
AR 2016 YR & HISA oI H HFeX Fedagis & &7 A [ATAIH 1] & &ellh sHh
SoFCIhHGT Jedd & TaIU gdlefor fFar = Fisd A Hr BEarel efAar 352
mA.h/g &l TTae & o A ARTA-3MIT 9 vz & v FA-fafere, sTa-aea
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AR 7 aRafdd wE FR 3afise w6 & 39T aE qEeAad Fol HSRT
WeAIThr & Ueh Hgcaqul AR & Fidfafica &l g1 S8 3elrdT, 352 mA.h/g
$r BEarer &THAT IIed AT IRIRS JHSE TS o folv Teh cgdgi, 9Aa’or &
3eJel fahed & § H gHNI &THAT I 3R T ¢

qdel & 8 F TR & Teh 3R 39NN, H9RISE Sl @ fhellel 1 gea & fow
T USHC & & #, S 3R Hifecad3d Alg # WGHRIA JAWENT dl J&oel Hich
ey fhar srar or| [Affies aRifef@a am&AeT (300, 500, 700 3R 800°C) WX
3cUTied YTeeT SRR $ 393197 {ARS g & el ) g & foT T vsdise
& ®7 # forar arar ar 3R I8 ¢@r 713 R 800°C WX 9Ied SRR & 319+ 3ifbed#
Tdg &89 & HRUT THdH ol gelel &7 &aTdT [GEs| 3Hah 3TeaT, Ig @I T
f, 100 mg/L Thater Gl I denfeien IR garT FuiRa fadgar d&ar (5 me/L)
q & do 3UART el & folT 24 §¢ &I @9 FHAT 3R 20 mg/L (800°C T Ured
IRRR) &1 TsAe SteT dT aTehar Y| safav, 3aeds us g8y 3R vsdee
3IST T HH T & AT, AR HT TER—AS TS HAT 37177 Iooid adg aF
& H1Y FAMRT TR &I A & qH A GRRIA gresirdss & oid # Hana,
39 91 IrRRIfAfad 3R gregladiRes Tfig &1 39T e JER &1 3UaR e
IR R I ST IR @ 3T Fh hAlel d gee & faw gfafsar
g deufd 37eqTA ol VA A & chferddra/3d:fohaicas gamar &l
fAeiRa &ter & forw fham T or 3R 3fNvoT caggR &Y geld §U U gfaara
HAisel HIHIOT Yo TRIAT 31T AT Ig @ I fob AMAT SR & gIRUTATT®T
1.25 g/L $T TsAEE 3 & 1T 60 FAsie F 100 mg/L Thaier ol & 96% Thallel geT
fear arar| YgEicds wAATD R aifadhr @ reamer fmar o, 3 Ser A s
FAAH 3R oA gfada A aIfdsr Alse T 39ANT e o 3o fhe fHa
AT VGECAH FARIAR & Uh FSAED WX Faa:Fpd TgaErdd gihar &
gfafaffca far e & gea & T fhees-a98 Siad 3regdd ) 37e191-370091
a5 T a1, varg &X 3R IR Rearer Y AT W T v A 3R y&E v &
a9 AfdsT 3T ATAF FAlSel T 3YANRT Hlh Tad 3T fhe fohar = o1 Fare
& FlH As # fhellel 1 g @ el Jord RIS ol & 3TAR H TGATRNT
1 GaTaT, &THAT R AR JAeTar & IR 7 Sy Rerd §1 9ged Tsae
& Yoloielel 1 M GICTATH gISgierdss ©lel &l 3YANT ¥ fohar arar a1 3R I8
Sq@T 1T AT T vsade 8 UsaTel Tk & fT fheitel Higdr Y 100 mg/L & Adg
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AAT (5 mg/L) & T ddh HH H Thdl gl Thedld & S AR vsdEC &
IeTolele] W faEd SR 3UANT & &S Wehi & [T TsHIdC S VAT &FHdT
N FAT TG AT [AEATAT hieh HURISE STl oh FEoAdel IR olETd Femrel 3qur
o GARYT HAT §1 S8h eIl aEidsh g & IRgedl # R & el
T 3Tehole] el o TIU HUST 3GTNT & TTTASC A Thailel I Elel T IETTA Tl
T 3R 97% Fr Tt gera i getar ured Fir TS|

gHS 3MlldT, Iladl & 8 ¥ UItd SRR H 96 § s g & v s
TSANE & §9 H 3UANET el HI STl T eJTA o Alg H vsarcsT g
& ¢arT fohar Iram 41| Ig @r T R e aiar AR aefaA gegieass &
Y AT & H & HAYUT & a1 IIed TR—HER & IRUTHEEET 1000 pg/L I feieh
HigdT arel oA oiel @ 3RAfeieh gelel &l GaTdl < 5% 2| SHTIT, Al & 87 A
1M IR () FARSS gl A fAM 3IMRRA-TMT SR #T 3cdied fhar
AT IR GFd Tael & F P IEAlSes Ih IRRA-GMAT TR H1
3cqTesT fohaT 3T et 39T g1t & 3Rifas gee & v ue vsdlee & ®9 &
forar s I <@ AT P ITRA-TMT IR 3.25 g/L $ TSHINE 3o & 91
72 e # 989 pg/L IATAF Figdr aTer STl Gl T 99% TS T geld H HaTH
g JrferRNyoT aIfdehl 3R FHAATH Y TeH Sfadg HH Al Hisel AR easy
FHATYY ATSS &N 39T Hoh qa8 3T fhe har mar o1 3mdffas 3R 3mRe
AT & T HAg SAfeerar @l 3ifaeh tsareds & fS #Aeg tsarcds aF Al
ST ATl 3YAIRT STl H ARRA-GNRT TR & 3RRA & [Aefeled 1 adeor
forar arar 3R 9rr AT fF TE AMUT (13.29 pg/L) &1 3TF 3TATdT, TANTFAaT faQrvdr
NI gfehar &1 greleT Hed g’(fsquTPcs TsHIde @ fAvee ae & gea e
7| IROTAT A ool # Hecaqol & @ e 3 Figar AT (10 - 1000 pg/L)
H gy O 3AAE gee # IMRT-TAMAT TR & geraiierdr & yeiia R
SHh 3TIdl, IRUMH ddid & fob IRRA-HAMET TR # 3Td [B2RAT g, T8eTor
fohu a0 Tl A FgATH [AeTeT @ T §1 $HG Ielral, IEATT H FST AT
3uAeT fhU I vsde & A fAues & ufthar Y 3nfde cyagar s S
gl

IAAT MY S HAGcAYUT A UeTedl Xl gl Taet & &I TR H dcelel,
IOl STellel el ATqeh HATAT ol Teh TART FATUTST Y&l il ol Aael & 8 4
UIed SRER A gAY &I ¥ <A fRAT ST FehaT & 3R 9RuRe Awse F v
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