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ABSTRACT

This Ph.D. work is comprised of the valorization of two highly invasive under-utilized
lignocellulosic biomasses such as Phragmites karka and Cannabis indica for different biorefinery
applications like extraction of medicinal molecules, conversion of polysaccharides into platform
chemicals and isolation of cellulose fibre using various greener techniques like supercritical CO>
(SCCOy) extraction, subcritical water (SbCW) assisted catalytic and pulping-bleaching processes,
respectively. Prior to conducting various applications, the biomasses were physicochemically
characterized to assess the potentiality of the biomasses towards various applications. By
evaluating the physicochemical properties, it was determined that both the biomasses consisted of
higher cellulosic contents with a very low lignin contents (For Phragmites karka lignin content:
14.6 wt.% and for Cannabis indica: 14.3 wt.%), which decreases the recalcitrance of both the
biomasses establishing an application of converting the hemicelluloses into platform chemicals
and isolating cellulose fibres. Besides these applications, the leaves of Cannabis indica constitute

various cannabinoids, which was conventionally used for various medicinal purposes.

The leafy parts of Cannabis indica, an under-utilized perennial weed was taken as the feedstock
to extract cannabinoids using supercritical CO2 (SCCO.) extraction through central composite
design (CCD) by taking CO> pressure, temperature and extraction time as the experimental
parameters. Among these three parameters, CO, pressure had a greater impact on the extraction
process than the other two factors out of all the variables. With a CO> pressure of 250 bar, a vessel
temperature of 40 °C, and a 1.5 h extraction period, the largest and most acceptable yield of
cannabis oil of 4.82 wt.% was obtained. The contents included in the cannabis oil and their
structural properties were determined using FTIR (Fourier-Transform Infrared Spectroscopy), *H
NMR (Proton Nuclear Magnetic Resonance) spectroscopy, and GC-MS (Gas chromatography-
Mass spectrophotometry). The extract contains four primary cannabinoids, including CBD
(Cannabidiol), THCV (Tetrahydrocannabivarin), A>-THC (A°-Tetrahydrocannabinol), and A®-
THC (A%-Tetrahydrocannabinol), as well as two distinctive terpenoids: cis-caryophyllene and a-
humulene. The residue biomass generated from the SCCO> extraction was employed as the
feedstock for polyphenol extraction utilizing water as the solvent. Apart from accessing the

structural features of the various cannabis extractives, the DPPH (2,2-Diphenyl-1-picrylhydrazyl)



assay or anti-oxidant activity of the cannabis oil and water extractive was evaluated, with ICso
(Half-maximal inhibitory concentration) values of 1.3 and 0.6 mg/mL, respectively, which can be
compared to the commercially available anti-oxidant BHT (Butylated hydroxy toluene), which has
an 1Csp value of 0.5 mg/mL.

Besides the leafy part of the biomass, fibrous stem part was used to extract sugars and cellulose
fibre through the integrated subcritical water hydrolysis assisted pulping-bleaching process.
Preliminarily, the feedstock was treated with subcritical water through the statistical designing of
the experiments using central composite design (CCD) by taking temperature, reaction time and
feed concentration as the experimental variables in the range of 150-230 °C, 15-60 min and 2-5
wt.%. The hydrolysate obtained from the subcritical water hydrolysis was analyzed for the total
reducing sugars (TRS) and individual sugars yields. The highest TRS yield was found to be 16.4
wt.% at the temperature, reaction time and feed concentration of 190 °C, 37.5 min and 3.5 wt.%,
respectively. The optimized conditions were deduced from the statistical model and the solid
residue obtained from the optimized conditions was treated with 0.5 M NaOH and 0.5-3%
hydrogen peroxide to isolate cellulose fibre, whose yield was found to be 34.8 wt.% with the lignin
content of 0.5 wt.%.

Phragmites karka, also known as common reed, is a perennial grass and a highly invasive crop
species, which creates ecological problems by competing with native biodiversity and vegetation.
This study involves subcritical water hydrolysis of Phragmites to produce monomeric sugars
followed by the catalytic conversion of the sugar-rich hydrolysate to furfural and levulinic acid.
Subcritical water hydrolysis was performed by the Central Composite Design method at variable
temperatures (150-230 °C), reaction time (15-60 min) and feed concentration (2-5 wt.%). The
temperature was found to be the most prominent factor affecting biomass hydrolysis. The yield of
total reducing sugars from biomass hydrolysis was in the range of 2.1-18.1 % where the highest
yield was obtained at the optimal temperature (190 °C), reaction time (37.5 min) and feed
concentration (2 wt.%). During subcritical water hydrolysis of Phragmites, two main degradation
products obtained at a higher temperature (230 °C) and reaction time (37.5 min) were furfural (8.2
wt.%) and 5-hydroxymethylfurfural (11.7 wt.%). However, at 230 °C and a longer reaction time
of 60 min, 5-hydroxymethylfurfural yield reduced to 5.1 % owing to its conversion to humin while
furfural yield elevated to 9.9 wt.%. Catalysts such as ZrO2, TiOz, Zro5Tio502, WO3-ZrO2, WO3—

Vv



TiO2 and WOs—Zro5Tios02 were involved in the conversion of the sugar-rich hydrolysate obtained
from subcritical water hydrolysis of Phragmites. The highest sugar conversion was found to be
92% with WO3—ZrO> resulting in the yields of furfural (51%) and levulinic acid (34%). The
activity of particular catalysts (e.g9., WO3—ZrO2, WO3-TiO2 and WO3z—ZrosTios502) relied on the
synergistic effects of Lewis and Brgnsted acid sites. Furthermore, this feedstock was also used to
isolate cellulose fibre using a greener and integrated technique. Cellulose fibers were isolated from
wetland reed grass (Phragmites karka) by consolidated subcritical water (SOoCW) hydrolysis,
pulping and bleaching process. The SbCW treated biomass was carried out through pulping and
bleaching process to isolate cellulose fibers. The highest cellulose yield was found to be 35.1 wt.%
with a residual lignin content of 0.4 wt.% at 0.5 M NaOH.

With the inclusion of subcritical water hydrolysis, a higher yield of cellulose was obtained from
Phragmites karka and Cannabis indica with a crystallinity index of 65.3% and 65%, respectively.
Due to the effective hydrolysis process, subsequent processes such as pulping and bleaching
required less severe conditions. Furthermore, in a comparative study, the untreated biomass,
subcritical water hydrolyzed biomass and cellulose fibres were characterized by several
physicochemical characterization tools such as proximate, ultimate and compositional analysis,
thermogravimetric analysis, Fourier-transform infrared, Fourier-transform near-infrared and
Raman spectroscopy, X-ray diffraction, 3C solid-state nuclear magnetic resonance spectroscopy,
scanning electron microscopy, transmission electron microscopy and atomic force microscopy
techniques were used to estimate the crystallinity index, carbon content, delignification, cellulose
recovery as well as thermal stability and morphology of cellulose fibers. By these processes, both

the invasive biomasses were utilized and opened a new research platform for these feedstocks.
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IR
g Uiva S o H &1 iU 3HTehidh HH-IGINT fb T 7Y fedibeg@iiies (lignocellulosic)
IO oY f Phragmites karka 3R Cannabis indica % faftra gRa ad-tei (3ffchifde
H SRIATRIZS 3R IU-Hifdd ofd A=AV HT ITANT TP AT TRNRBIRAR
ﬁqtﬁ’ﬁ oY Sfwefg GWlﬁﬁ o Ty, EIEW DI WeHIH X! (Platform chemical) &
FUIRUT 3R el BIeeR & Ta Ha ¢ | fafie sryaiT & dara- § ugd, S
D! e Sy & o ST &1 &l BT HTH A HRA o oE Hifde-Ia™-e U I
iz forar man o1 ifde A TOT &1 Hedie HRdb, g8 feuiid foaar ot fos gt
Wﬁa&w%ﬁ%wuﬁﬁ?ﬁaﬁm YT iEe ot (Phragmites karka &1 fefom
YT: 2¥. & wt.% 3R Cannabis indica o1 TR HIT: ¥. 3 wt.%), N Sifeddr & &H Bl %‘
3R G ITAHN &1 hemicellulose P WEWHTH ITHA! § TRafdd & 3R Jegars HBIZeR
DI T HRA & U Th TN DI RITYAT Hd 8 | 37 SIUANT & S(QATAT, Cannabis indica Bt
ufrai O fafd W—s’gﬂ (cannabinoids) &I fsmyor fosar g3l % ST TRURe =0 4
faflrer shweftar yeer! & forg SuinT foran e & |

Cannabis indica® TRICR T, T HH IUGNT ol ST 10 IREHRH TRUGAR I UraifiTes
Aucs! & ¥4 ¥ CO, a4, AaHH 3R Fpy I0g der Haig a0y {918+ (cCp) &
e ¥ HfIwifds e SEINRIZS (SCCO,) FHYU BT ITIRT dRb B3 3Y
AP & o wieeie o & § forn a1 47| 34 o9 Arade! 8, 9yt @Rl 8 ¥ 3 &l SRS
&I A1 T CO, TaTd &1 FAH YU Ufghar W S1feie YHTd TST| 4o SR (bar) & CO, TaTT, ¥o
ST VR & U o7 & qroHE SR .Y O & ot 3afl & 1Y, .03 wt% Bl YT &
AT Pt T IS1 3R T Wiprd Iut U i 75 At Ui b 9 B e Iepht iR 3%
WRAAS O BT FTIR (BRIR-TAHIH SRS WaRPM), 'H NMR (HTeld gfaaar
Tfew W) Wae R, 3R GC-MS (1 BTG - A1 WaehIe i) &1 STIRT HRdh
fffed foram mam ut| o1 & IR UTufiies HfeHIgsy Bid &, fSFH CBD (FATsitadrd), THCV
(CTTRTZSIBATAIGN), A%-THC (A%-2CTETRIBATAIG), 3R AB-THC (A8-TTRTZSId-THIa),

a1 g1 &l fafkry aﬁqﬁm (Terpenoids) RTTHA & cis- PRAMBAT 3R a-humulenel
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3Hfcrehifis BTe SRS (SCCO,) FShyUl I I AR I-IHN &I [dd”™d & ®U
o Ul BT IUIRT b UlaiitbId FshYUT o oy hleele o & | FHaifSid faar mar o
T Ui & 3fh Pt WD faRwarsii g Uga- o Samdl, HiT & dd 3R Ul & 31
(water extractives) & DPPH (2,2-Diphenyl-1-picrylhydrazyl) assayﬁﬁﬁ—&lyla'\rﬂg_c’i'mﬁ
BT TIH 1Cso (SHTUT-HIHAH RIS THIIN) & i fham T Tl HHRE: 2.3 3R o. &
firefiom Argwieier & 7F, et qomT saaaiie U § Iuds Tet-faiige suad!
(SICTSTICS BT ST Clegf) J Bt ol Tahdl! §, T 1Cs0 A o. & feliumy ARwdieieR 71

IO & TieR e o 31ardl, WRER T YN BT IUART Thidhd IU-thildd dIer (SId)
Tz Sifte s ufedi-siifivT Uforar & AT J T 3R Aeg@rsT WIZeR HaTa & forg
feba T UT| YR T W, BISEID Bi Quo - 30 & AR, gu-3y fie ot dar |
TINTES @R & ¥0 § aIaH, Ufdihar I0g iR Wi Aigdl BT IUAN dxXdb daid TqY
fSSIIS (CCD) BT IUANT Db TNl o HiRABIY fSWIZ o HIeqH ¥ IU-shifdies UMt & 1Y
AT fopdT TAT UT1 3R R-U wt.% | Fafehiedrd arex =yl & Ui gIEgiagee &l $d
3TATSH B (TRS) 3R AfGRHTT BT (sugars) B TR & o far mar o1l amoem,
gfaferar T 3R WIS Aigd § HURN: 2R0 FSI AR, 36.4 fiFE 3R 3.4 wt.% TR I=ad
FIRTT IUS 2&.¥ wt.% UTs T3 | S ierd fufadl 1 Tiegeta disa I g T o7 3R
3gpford Rl T U 319 SaRS! B! Yegaliol WISaR P 3T B & oY 0.4 M NaOH
3R 0.4 -3 % BRSO WRITAZS & AT FigaT fobam 7T T, OrRIepT IUS 3Y. ¢ wt.% UTS T8
ot ForaH 0.4 wt.% i faIfl T

Phragmites karka, o GRS & =0 § t ST ST 8, Th IRSHRI O 3R U fAfddh
3PS THad Tolid §, o oRit oid fafqedr $iR aeafd & ary ufaeayl dHre ikfufas
pepapes| e} aET HIAt %I I AT T AFaRe T (monomeric sugars like glucose and
xylose) &1 IdTGH HRA & AT TTHEeY &1 5 fazayr fid g, forad a1g 1 gad
IS SIaTguic BT RRWRW (furfural) 3R Agfaife TRIS (levulinic acid) & SAR® (catalytic)
FUIRY gidT 8| SU-pifded o fawavu Heig gay feers fafdl gRT TR aAm (Que-330
&2t S, ufaforar IHg Qu-go fBFe) SR WIS THTAT (R-U wt.%) TR far T i
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YA SRR S [IRAu0 S guifdd R4 aral 9o T8 SRS il 77| SR Sd
IR0 ¥ I STA™S DR (TRS) DI SUS .2 - 2¢. % B W1 H & Tgf I=ad Iua
STH A9 (2R fEUT Afcra), ufafthar a0 (3u.4 fiFe) 3iR Bis AigdT R wt.%) TR U
&1 718 2| Phragmites & Tafshfedd dicx f[ARaN0 & SR, 3= d9dH (30 feif Sfcqa)
3R gfciferar T (3.4 fiFe) TR U & g7 Sfashiid ardd SdTg BRPRd (furfural) (€
Wt.%) 3R 5-BTS SIS AHRGR (22.9 wt.%) U | gTaifes, 30 fUt AfRTTH &R go fire
DI dell Ufafehal TH WR, 5-BESIaHUSAPRERA B! IUS HH Bl W % Bl 718, oIl f
& (humin) § aRkafdd 81 T8, Jafd TRERA (furfural) BT 3T R wt.% P d¢ TR
ZrOy, TiOs, ZrosTiosOz WO3-ZrOz, WOs3-TiOz 3R WO3-ZrosTios0, S &R Phragmites
& JU-Shifdd dTex (TId) TIRAWUT I U JahxT-T BIeIaRuic & Uil ¥ =M o
WO3-Zr0, & 1Y I&qH ] FUIART ’ % U7 7T foeh GRUMAGRET RRRRT (43
%) AR AgfAE RIS 3% %) Pt YR g3 | fIAY IARSF (G, WO3-ZrOz, WO3-TiOz 3R
WO3-ZrosTios02) ®1 AT T4 (Lewis) 3R SIES (Bronsted) TRIS WISl & Wglharetd
UN@W%@W%I 3?[% {1, éﬂmwmﬂéﬁﬁ (environmentally friendly)
3R THIFA (integrated) dH1H BT IUTNT b Tgare] BIgaR HI T H & fag of
T T UT| AES BISeR &l GAfhd IU-Hifdd ST fa2Awor (SbCw), IfetiT 3R sefifeiT
Ufehdr g deds e U (Phragmites karka) T 3T foaT T UT| ShCW IU=—TRS STAHTT
Cal @Icq\ﬂ\l\fl BIRER P AT B & g ?:P'Iaof (pulping) 3R faem (bleaching) gfehar &
ey 3§ o T UT| IEdH Aegaiel SUS 348 wt.% UTS 118, foTH o.¥ wt.% @1 3@afy
oo 3f=T 0. 4 M NaOH W UTGd fobarm 7 7|

JU-hifddh STdt fARATOT &) M HRA & 1Y, Fg@IS b U I IT HHT: &4, 3 % 3R
&4 % o fehecargdl JAbIDb (crystallinity index) & 1Y Phragmite karka 3R Cannabis
indica ¥ U &1 718 | U SU-hifdes Sat faRayor Ufehar & SRl a1 &1 ufsharsii o
T} 3R fa¥e & fo v iR aRfRufad &t sazgedr gidl 8 | 39 3r@Tdl, U qa-Teld
3T H, SIUEIRG SN, Fafshfewhd areR BRg s SR 3R gars HIZeR &
F3 Hifde IUAS T&01 quiH IudRu o Tiowy, sifom ofR TRaem fazao,
ARfaRfe® faaiwol, GRIR-CwH SRS, HTRIR-CABH AIR-3IHRS 3R T Bt
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faRivdr off | Waered, Te-X faady, 3¢ ifers-we JfamR fifes W Wag ke,
dH-ID! BT IUTANT forediad! qadbics, Hie- A, fSasthedeE, Jegas Readt &
TTY-TTY YA RRET (thermal stability) 3R THTRS! BT STAM T & g fowar Tt o1l
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