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Abstract

Rapid population and economic growths, excessive use of fossil fuels, and climate change hav
contributed to a serious turn towards environmental management and sustainability. The agricultura
sector is a big contributor to (lignocellulosic) weswhich accumulates in landfills and ultimately gets
burnt, polluting the environment. In response to the current climate change crisis, policy makers anc
researchers are respectively encouraging and seeking ways of creatinguddddeproducts from
gererated waste. Recently, agricultural waste is making a regular appearance in articles communicatin
about the production of a range of carbon and polymeric matemaldwide, thishas led ta promising
concept of waste to wealth in the modern woflde use of biomass waste such as corncob ({GCthe
extractionof cellulose nanocrystals (CNCs), synthesis of carbon quantum dots (CQDs), and preparatior
of activated carbon (AChas recently gained intereast the area ofvaste recycling and management
Further, the new materials generated from this waste promise to be effective and competitive ir

emerging markets.

In this study, CC waste wasused as a feedstock for preparation of CNCs, CQDs A&hg@shown in
figure 1) for sensingapplications CNCsextractedrom CC using acichydrolysiswerecompared to the
CNCs prepared from commercial microcrystalline cellul@g€C). The CNCs from CC and MCC
revealed comparable thermal, surface/structural, and crystallifityse were confirnte by various
characterization techniques includirgganning electron microscopy (SEM), transmission electron
microscopy (TEM), Xray diffraction (XRD),thermogravimetric Analysi€TGA), and Fourier transform
infrared (FFIR). For further comparison on the effect of the hydrolysis, nibsadation was used to
preparenitro-oxidized cellulose nanocrystals (NOCNCs) from CKkhe crystallinity indexes of the
NOCNCswasobtained to b&4.37 %, which was significantly higher than that of MCNCs (70.24
%), and CECNCs (69.12 %). TEM analysis confirmed that the CN&ddifferent morphologies, while

SEMwas used tadetermine the morphological propertiedlud samples prior to acid hyadysis.

The aspreparedCC-CNCsand MCGCNCswere then utilized to prepare highly luminesceittogen
doped carbon materials, wighhigh degree of functional groups, sensitivity, and selectivity towards Fe
CQDs showed great potential for fluoresceahsor applications. Incorporation of surface functional
groups such as nitrogen and oxygen containing groups were confirmed 4 BMd X-ray
photoelectron spectroscopy (XPS) analysisich showed that the preparedQQDs were highly

functionalized withthese heteroatoms, resultingan excitatiordependent fluorescence emission. The



detection limit of F& was obtained tbe 70nM and 75 nM, for the C&CNCsand MCGCNCs derived

fluorescent carbon materials, respectively.

Due to its natural porous nature, the corncob was also utilized to prepare activated carbons by chemic
activation with potassium carbonate (activating agent) at 800 °C using variedafaiiopregnation.

Highly porouscorncob derived activated carbon (AQ@aterial witha surface area of 1523.2%y and

a pore vol 8/gpeasTheGsp@daredcAGBC was then decorated with various percentage
loadings copper oxide nanopatrticles (CN®s)was achievedwhich produced composites with surface
areas and porosity. Simple and room temperature operable sensors based on ACC and the composi
were designed on goclfolated interdigitated electrodes (IDEs) embedded on a promedit board

(PCB) substrate.The results showed that CuO NPs play an important role in enhancing sensor
performance of the ACC since its incorporation improved on the conductivity and response when
compared to the AC®Based sensor. The ACC/PVA/CuO 15% sensor demortsigated reproducibility

of the sensing signal when exposed to 100 ppm etheaqmbrsfor up to four cyclesThe sensor
exhibited a response and recovery of 125 and 130 seconds, respectively, when exposed to 100 ppm
ethanolHence, the ACC/CuO compositesuld be a future candidate for ethanol gas sensing application

at room temperature.
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Figure 1:Corncobwaste used as a feedstock for preparatiarethfilose nanocrystalsarbon quantum

dots andactivated carbon.



Dedication

To my motherAgnes Nurse Mlombo, and dthe women who never got the opportunity to purtuedr

studies.



Acknowledgements

| would like to givemy warmest gratitudéo my supervis@: Dr. Ella Linganiso and Prof.
Nosipho Molotofor their constant supporadvice, andyuidance during this research project. It
has been a wonderful experience to wweith youand | am very grateful.

To the Microscopy and Microanalysis Unit (MM|Xhank you for allowing me taccess the unit
the characterizatiotechniques such as: TEM, SEM and PXRD to areatyy samples.

| would also like to thank the CATMAT research group especially the following people:
Boitumelo Thaole Thulisile ButheleziClinton Masemola, Khanyisile Masemola, Themba Ntuli
BoipeloMathe,andthe others fothe support.

To my friends and family, especialbAgnes Mlombo,Siphesihle GamaNomcebo Magagula,
Dacod MagagulaNomthandazo Magaguldylasoka Magagulaand Nonkululeko Magagula
Thank you so much fdahe support, loveand encouragement.

To theschool ofchemistry thanks for providing me with tHaboratories environment to perform
my experiments.

| would also like to thankhe National Research Foundation (NR&f) funding. This research

project could not be possible without this funding.



Presentations

1. O6Sustainable conversion of -gperfhcomamde® maaishb
(Oral presentation), SACI Young Chemist Symposium (National) (July 2021)

2. O6Sustainable conversion of -gerfmeomamdee® Mmaashb
(Poster presentatior), The 12th Cros&aculty Postgraduate Symposium 2021 (July 2021)

3. 0 Sy nt he s-based flubresdemt cambars ssructures for the detection of Fe (lll) in aqueous

s o | u t Orab presamtatipn), 10th annual Nanoscience Young Researchers (October 2021)

4 . 60 Sy nt h e sbased floofescenedarbom buarduen dotstlie detection of Fe (lll) in aqueous
s o | u t Orab Presdntation), COSAAMI 2021 (October 2021)

5. 0Synt hesi s o-tloped tabonrspheresdrom corncoht residug éonthe detection of Fe
(11 1) in aqPosterpreserdation, UEHEE Senssrd 20Z1 (November 2021)

6. OSustainable conversion of -gerfmfcomamde® Mmaashb

(Poster presentatior), Carbon Chemistry and Materials conference (November 2021)

Awards

Herman Pistorius Crowd Favourite Award in Oral presentation, SACI Young Chemist Symposium
(National) (July 2021).

Vi



Publications

1. L. P. Magagula, N. Moloto, S. Gqoba, P. J. Kooyman, T. E. Motaung, and E. C. Linganiso,
ASynt hesi sntnarbgentidpad earbers spheres from corncob residue for the detection
of Fe (rrin) i n a 92024 olHEE Sessork 2021 qp.s 1340 doii n
10.1109/SENSORS47087.2021.9639764.

2. E. C. Linganiso,B. Tlhaole, L. P. Magagula, S. Dziiké. Z. Linganiso, T. E. Motaung, N.
Moloto, and Z. N.Tetana,fiBiodiesel Production from Waste Oils: A South African Outldok
Sustainability 202214(4), 1983https://doi.org/10.3390/su14041983

3. L. P. Magagula, CM. Masemola, MA. Ballim, Z. N. Tetana, NMoloto, andE. C. Linganisq
fiLignocellulosic biomass wastderived cellulose nanocrystals and carbon nanomaterials: A
reviewo, International Journal of Molecular Sciences, 23(8), p.4310
https://doi.org/10.3390/ijms23084310

Vil


https://doi.org/10.3390/su14041983

Table of ®ntents

F Y 6] 1 = (o ST TP PP PP PPPR i
D 7=To [ [o= 11T o HOA PP PO PPPTPPPPPPPPPP iv
ACKNOWIEAGEIMEINTS......eeeeeiiiie ettt e e s e e e e e e e et e e e e s s et et e e e s ns b e e e e e e e e e e nnnnn e e e e e e e eannnnns v
=TT o r= V[0 PP PP PPPPPPPPP i
F T Lo P PSP P TP PPPRPPPTP Vi
U] o] Tor= o] L= ST PP PE PP PPPRPP PP Vi
[ A o) o U =T PP PO PPPPPPPPPPPPPPPRRPN Xi
(O g F= T (=T g ) Y 0 01 SO P PP PP P PPPPPPRPPP 1
1.1.  Background and MOtIVALION. ..........uuuieiieiiiiiiierieeeeee e eeeeeeeees 1
1.2 RESEAICH ODJECHVES....cciiiiiiiiiccee e e e e e e e e e e e e e e e e e e e e e e e 3
1.3 DiISSErtAtiON OULINE. ...c.uiiiiiiiiiii ettt e e ekt e e e sb e e e e b e e e e b e e e e abreeenn 3
O (=T (=] g [o T TP P PRTPP S PPPPTPPPPPN 5
ChhaPter 2: LILETATUINE FEVIEM. ....ciieiiieieee ettt ettt e e e e ettt e e e e e ettt e e e e s b n et e e e e e e bt e e e et e e e e annnrnneeeas 8
2.1 INrodUCHION: COMCOD. ... .eiiiiiiiie ettt et e e e e e e e e e e et e e e enneeas 8
2.2 CellUlOSE frOM DIOMASS. ... .eeiieiiiiie ittt e e e e e e e e 9
2.3 CellUlOSE NANOCIYSIALS. ...ttt e e e e e e e e s e e e e e e e e an 12
23.1 Pretreatment of agriCUltUral WaSTE..........oouviiiiiei it e e eiees 12
2.3.2 EXIraCtioN OF CINCS ... ..t e e e e e e e et e e e e s s b e e e e e e e annnes 14
2R TG TR AN o o] o= 11 o] 1o O 1N [ XN SRR 18

24  Carbon quantum dotS (CODS) .. .uuuuuiiiiiiiieiiiieiieee et e e et e e e s e ee e e s r e e e s esseereereeeeeeees 19
241 MICTOWAVE SYNTNESIS ...ttt e e e e e e st e e e e e e s snbeereeeeeeaan 22

2.5 Properties Of COQDS........uuiiiiiiiiiiiiii e ettt e e e e e et e e e e e s bbb et e e e e e e s bbb e e e e e e e e reaaeeaan 23
2.5.1  SUUCIUIAI PrOPEITIES ... i iiiiieiiiee e ettt ettt e e e e et e e e e e e st e et e e e e e aab b b e ee e e e e e aannbnneeeaeeeas 23
T A © o1 To= 1IN o] o] 0 1= 1= SRR 24

AL I Y o o] [Tor= i o] o o) A O @ ] 5 1S3OS 27
2.7 ACHVALE CAMDOM.....ci i e e e e e e e e as 28
2.7.1  Applications of Activated CarbOM...........cooiiiiiiiiiiiiie e 30

P2 S T ©o ] (o1 [V 151 (o] o PP PPPUPRRRPRN 31
2.9 REIBIEINCES. ...t e et e e et e e e e e e e e e e e e e e e e e 32
Chapter 3: Synthesis and Characterization of cellulose nanocrystals (CNCS).........ccccvviiiieiiiiiiiiiieeeees 51
K 0 R [ 1 (0T Ui 1] o O PP PP P PP PPPRPT PRI 51



3.2 MaterialS AN MELNOUS. .. ... ittt et et e et e et e e e et r e e et e e e et e e ereeeeenas 52

0 B Y =1 =T - 1 PR T PP POPP PPN 52
_3.2.2  SAMPIE PrEP@AIALION. ... ..uveeeeeeeiiiiiee et ee e e e et e e e e e s e r e e e e e s e s e e e e e e e e e r e e e e e e e e e e e e e e s 53
3.2.2.3 Preparation of CNCs uSing NitXIAAtiON............eeriiiiiiiiiiiiee e 53
3.3 Characterization tECNNIGUES. .......ccccciuiiiiiiiiiiiiiiiiiieree e e e e e e e eeaaaaeaaaeaaaaees e e e s s e s s aaasaasssannnannrennes 54
3.3.1 Xray powder difffaCction (XRD)........uuuuuiiiiiiiiiiiiiiie e 55
3.3.2 Scanning electron MIiCroSCOPY (SEM).........uuiiiiiiiiiiiiiie e 55
3.3.3 Transmission electron MICroSCOPY (TEM)......oooiiiiiiiiiiiie e 55
3.3.4 Fourier transform infrared spectroSCOPY (HTIR .......ovviii i 55
3.3.5 Thermogravimetric aNalySiS (TGA).....uu i e e e ee e 56
3.4 RESUIS QN0 iSCUSSIONL....c..utiiieiiiiiee ittt e ettt e e et b e e e e b e e e aanbe e e e s i e e e e anneeeeas 56
341 Fourier transform infrared (FTIR) SpectrosSCopy analySiS............ccuvrrieeriniiiiiiieeeee e 56
3.4.2  X-ray diffraction (XRD) @NaAlYSIS........coiuiiiiiiiiiiiiiieie et 57
_3.4.3 ThermogravimetriC analySIS (TGA).....cceuu ittt e e e s s e e e e e nrnees 58
__3.4.4 Morphological imaganalysis by SEM and TEM..............cc...eo oot 59
KRS T ©70 ] (o1 011 o] o DT TP PP PPPPRP PPN 61
3.8 REIBIEINCES. ...ttt e et e e e et e e e e e e e e e e e e e e e e e e 62
CHAPTER 4: PREPARATION OF ACTIVATED CARBON FROM CORNCOB WASBIEOMASS............. 66
N 1 1 oo (VT (o o H T PP PP PPPURPPPRPN 66
4.2 Materials and MELNOUS. .........uuiiiiiiiie e 68
O R Y = =T - 1O P PP PP PRSP 68
4.2.2 Preparation and characterization of activated CarbOm.............ccvvvviieiiiiiiiiiiie e 68
R O g F- 1 - Tod (=1 4= i (o] PP PP PP PPPPPPSPPPPPRPPP 69
N D - \ VA o 1111 7= T [ ] PSP POPUPPPY 69
4.4.2  Thermal StabIlity........ccooii e 70
443 Nitrogen adSOrplioIUESOIPLION. .......coiiierriiiee e ettt e e e e e e st br e e e e e s e nnrneeeeas 71
4.44  Scanning €leCtron MICTOSCOPY ... ..uuuurtteeiiiitrrrereeeeaiiirreeeeeesssssrrseeeesssassnsreeesessssssssseeeessssnneeid 2
T ©7o ] [ox (1] o FO PP PO PPPPPPPPIPPPPN 74
4.6 RETEIENCES.... ...t e e e e e e e e e e s 76
Chapter 5: Prgaration of activated carbon, copper oxide and polyvinyl alcohol composites for potential
application iN ChEMICAI SENSQIS........u ettt e e e e e e e e e e e e e e e aaaaaaaaeeaeens 80
ST A [ 011 0T U Tt [0 o PO PRRPT PP 80
5.2  Materials and METNOUS. ........c..uiiiiiii et e e e e e e 81
521 IMTBEETIAS. ...ttt ettt et e ettt e e e e et e e e e e et e e e e e e e eas 81
5.2.2 IMEENODS. ...ttt e e e e s e e e e s e e e e e e e e e e s 82
TR B O F= T = T =] 4= (0] o B PP P PP PPPPPPPPPOY 84
5.4 RESULS AN AISCUSSION.....cciiuiiiieiiiiiie it ie ettt a ettt st e e sbn e s s abne e e s nnreeesannneee e d 85

iX



5.4.1  X-ray powder iffraCtion.........ccccccuuuimiiiiiiiiiiiiiiieeeee e e e e e e e e e e e e e e e e e 85

5.4.2  TEM ANaAlYSIS. ..o e e e e e e e e e e e e e e e e e e e e e e e e e e a e ——————————— 86
5.4.3  Thermal StaDIlitY...........oeeiiiiiie e 38
5.44 Pore structure characterizatiQn............ccccuuiiiiiiiiiiieeceeee e 388
545 XPS GNAIYSIS....ciiiiiiiiiiiiiiiie et e e e e e e e e e e e e e e e e e 89
R T T T =1 1= o TSP 91
5.6  Proposetensing MECNANISINI........ccoiiiiiiiiiiee it e e e s s r e e e e e s s snnrrneeeeeeeane 93
S A o 1 o 11 ] o] o U 94
L C T o= 1= €= o o= PR 95
Chapter 6: Synthesis and Characterization of biorbhased fluorescent carbon structures for the detection of Fe
(H1) TN QQUEOUS SOIULIONS......ciiiiiiiie e e e e e e e e e e e e e e e e e aeaeaaaaaaaaaaeaeeseeeassanananans 101
L300 R [ 01 o T U T i o o 1 PP OPPPPPRPPN 101
6.2  MaterialSandMETNOUS. ..o e e e e e e e ane 102
6.2.1 MaterialS @Nd FEAGEINLS. ........uviiiieee ittt e e e e e e e e e e e s e e e e e e e e annnereeeas 102
6.2.2 1071 1 T T £SO 102
(R B O F= = T (=] 4 (o] o PP PRPPPUOUPPPPRP 104
6.4  RESUILS AN ISCUSSIONL.....ciuiiiiiiiie e ittt e e e ettt e e e e s st e e e e e s s bbb e e e e e e e s sbbeereaeeesaanstsneeeaeesannes 104
6.4.1 Properties Of the MCQDS.......ooiiiiiiiiiiiee e e e e s e e e e s s rrn e e e e e e aaaes 104
6.5 N-CQDs based fluorescent chemosensor for sensitive and selective detectitn.of Ee............. 108
__6.5.1  Sensitivity of the NCQDS for F&" deteCtion............cccveiuieiiiiiireiie et 108
_6.5.2 Selectivity of the NCQDS tOWAIAS F8............ccoouiiiiiieeie et eaee e eaeeereeeanes 110
LG T @0 od U1 o] PP PRRR 111

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

6. 7 Ref erences ceeeeeeeeeeececeeeeeeeeeeececeeeeeeeeeeceect

Chapter 7: Conclusions and reCOMMENALION..........couuiiiiuriiiiiee e e e e e e e e s b e e e e e an 117
% R ©7o ] (o1 U= o] o £ PSP PP PP PPPPPPPPPPN: 117
7.2  Recommendation fOr fUUI® WOKK ..........c.uuiiiiiie et 118

Publications and supplementary informatiQn...............oooiiiiiiii i a e e e 119



List of Figures
Chapter 2:

Figure 2.1 Amorphous and crystalline regions of ttedlulose polymer [36]

Figure 2.2 The evolution process of CNCs prepared from agricultural waste. (a) A schematic depicting
the proportion of publications on extraction of CNCs in from different research fields from 2012 to 2021

obtained from the Web &cience in January 2022. (b) The histogram depicts the number of publications

on the extraction of CNCs from 2012 to 2021 obtained from the Web of Science in January 2022. (c
The timeline shows progress on the fabrication of CNCs from agricultural waste2012 to 2021 [48

57].

Figure 2.3 Typical and recently reported pratment methods for the extraction of CNCs.

Figure 2.4 lllustrates process of CNCs extraction using the conventional acid hydrolysis method. (a)
representation of acid hydrolysis thed to extract CNCs. (b) Typical.BOs hydrolysis mechanism
[82].

Figure 2.5 A general reaction scheme of the oxidation by the TEMPO andaoxtdation treatments.
(a) Regioselective oxidation of cellulose by TEMB@diated oxidation [81]. (b) Schematic
representation showing preparation of CNCs using TEMPO oxidation [71]. (c)-dxiation

mechanism using nitric acid and sodium nitrite [80].
Figure 2.6. Summarized recent applications of CNCs.

Figure 2.7 The evolution of CQDs. (a) Thastogram depicts the number of publications eda®s

from 2004 to 2021 obtained from the Web of Science in October 2021. (b) The histogram depicts the
number of publications on agricultural waste based CQDs from 2012 to 2021 obtained from Web of
Sciencein October 2021. (c) shows the progress on the fabrication strategies of CQDs from 2012 to
2021 using agricultural waste [95, 101, 102, 107,/114d. ( d ) Schematic repres
downo andipidb @atptpomaches for P he synthesis of CQ

Figure 2.8 Schematic representation of the Conventional and microwave heating mechanisms [125]
Figure 2.9 Photoluminescence mechanisms of CQDs [147]
Figure 2.11 Common application for carbon quantum dots

Figure 2.1Q Procedures in physical astiemical methods of AC synthesis [166]

Xi



Chapter 3

Figure 3.1 Graphical illustration of the synthesis of NOCNCs and@XCs from corncob.

Figure 3.2 (a) XRD patterns and (b) FTIR spectra of CGC&, B-.CC, CGCNCs, MCGCNCs, and
NOCNCs. (c) TGA and (dPTG of CC, ACC, BCC, CGCNCs, MCGCNCs, and NOCNCs. The inset
in figure 3.2 (b and d) shows the FTIR of MCC and MCNCs and the DTG of the extracted cellulose

nanocrystals.
Figure 3.3 (a) SEM images of the CC-8C, and BCC. (b) Photographs of the C&;CC, and BCC.

Figure 3.4 (a) TEM images of the GCNCs, MCGCNCs, and NOCNCs. (b) Photographs of the CC
CNCs, MCGCNCs, and NOCNC:s.

Chapter 4

Figure 4. I Graphical illustration of activated carbon synthesis

Figure 4.2: (a) XRD patterns, (b) TGA, (differential thermal analysis (DTG) and N2 adsorption
desorption isotherms for corncob and activated carbons prepared using different impregnation ratios.

Figure 4.3 SEM micrographs of the corncob and corndabived activated carbons.

Figure 4.4 EDX analysis of the corncob and cornedérived activated carbons.

Chapter 5

Figure 5.1 Graphical illustration of copper oxide nanopatrticles.
Figure 5.2 Preparation of sensing electrode
Figure 5.3 Graphical illustration of gas sensing setup

Figure 5.4: XRD patterns of ACC, ACC/PVA/CuO 5%, ACC/PVA/CuO 10%, ACC/PVA/CuO 15%,
and CuO

Figure 5.5: TEM images (a) ACC, @d@) CuO NPs, (d) ACC/PVA/CuO 5%, (e) ACC/PVA/CuO 10%,
() ACC/PVA/CuUO 15%, and (g) show the patrticle size distribution of the CuO NPS. Tétarir(s and
e) show TEM images at a lower magnification scale

Xii



Figure 5.6. (a) TGA, (b) DTG of the composites, (c) N2 adsorgtaesorption isotherms of the CuO
NPs and composites, and (d) N2 adsorpti@sorption isotherm of the ACC.

Figure 5.7: (a) XPS srvey spectrum of CuO NPs.i() High resolution (Core level) of Cu 2p, O 1s,

and C 1s from as synthesized CuO NPs, respectively

Figure 5.8: Graphical illustration of the gas sensing mechanism.

Chapter 6

Figure 6.1 Synthesis of NCSs usingnicrowave synthesis and their application in the detection of Fe3+

using photoluminescence spectroscopy

Figure 6.2 (ab) TEM images of the MCQDs, the inset in (a) shows the particle size distribution of the
N-CQDs

Figure 6.3 (a) FTFIR of CNCs and the NCQDs, (b) XRD of the NCQDs, (c) UM vis absorption
spectra of the agrepared NCQDs sample in water (black) and fluorescence emission of tB@Ns at
340nm excitation wavelength (red) and (d) is the fluorescence spectra obtained from different
wavelengtls of excitation 300400 nm (with 10 nm increments starting from 300 nm). The inset in (c)
shows the NCQDs sample solution in water during daylight and under a UV lamp (365 nm) and the

inset in (b) shows the XRD profile of the cellulose nanocrystals

Figure 6.4: (a) XPS survey spectrum of@IQDs. (I3 d) High resolution (Core level) of C 1s, O 1s, and

N 1s from as synthesizedGlQDs, respectively.

Figure 6.5 (a) Fluorescence spectra of@®DDs in different concentrations of ¥F§5i13 000 & M)
Linear relationship between FO/F andFeoncentration (500 puM), (c)UV-vis spectra of the NCQDs
with and without different concentrations of*feand (d) Changes in the fluorescence intensity ratio
(1/10) of N-CQDs after the additionf various metal ions. The inset in (c) shows th€QDs sample

with different concentrations of Feunder the UV lamp (365 nm).

Figure 6.5 Types of nitrogen dopants inGiQDs

Xiii



List of tables:

Chapter 4.

Table 4.1 Comparison of surface areasagtivated carbon prepared from lignocellulosic waste

Table 4.2 Textural characteristics of corncetlerived activated carbons using different impregnation

ratios.

Chapter 5:

Table 5.1 Textural characteristics of activated carbon, CuO, and ACC/PVA/Cu@asites.

Chapter 6:

Table 6.1 Comparison of different methods used for the detection Bf Fe

XV



List of abbreviations:

AC: Activated carbon

ACC: Activated carbon from corncob

A-CC: Alkali treated corncob

B-CC: Bleached corncob

BET: BrunauefEmmettTeller

CC: Corncob

CNCs: Cellulose Nanocrystals

CuO NPs: Copper oxide nanoparticles

CVD: Chemical vapour deposition

DTG: Derivative thermal gravimetric

FT-IR: Fourier transform infrared spectroscopy
MCC: Microcrystalline cellulose

NOCNCs Nitro-oxidisedcellulose nanocrystals
N-CQDs Nitrogendoped carboguantumdots
PL: Photoluminescence

PVA: Polyvinyl alcohol

SEM: Scanning electron microscopy

TEM: Transmission electron microscopy
TEMPQ: 1-0x0-2,2,6,6tétraméthylpipyridine Jbxyle
TGA: Thermal gravimetric analysis

UV-vis: Ultraviolet to visible

XV



XPS: X-ray photoelectron spectroscopy

XRD: X-ray diffraction

XVi



Chapter 1Synopsis

1.1.  Background and motivation

The global population size hagponentiallyrisen (approximately 1.5 times) from 5.3 billion in
1990 to 7.3 billion in 2014, with an average annual growth rate of 1[3% One of the
challenges of sucla growthis the daunting challenge of food securityn order to fulfil the
intense demands dbod there has been a significant rise in greduction offood which has
increased more than three times over the last 50 y2jarShe rapidly increasingpod demand,
however, has posed tremendous environmental challemgasding tahe Food and Agriculture
Organization (FAORnestimate 20i 30% of fruits and vegetables are discarded as waste during
postharvest handling contributng towards generation of agricultural wastg8]. The
decompositiorof one metric ton of organiagriculturalwaste can potentiallselease greenhouse

gasesncluding50i 110 n¥ of carbon dioxide and 9040 n? of methanento the atmospherd].

Agriculture is an important sectdor economic development iSouth African economynd

plays an important role icontribuing to household food securityn 2020the agricultural sector
contributedaround 10 percedif Sout h Afri cads tot al expornt e
with the grain contributing more than 30 percent to the total gross value of agricultural
production[5]. Maize (Zea mays), also knowns as cortheslargest locally produced fiefgrain,

and the staple source of carbohydrates in th&outhern AfricanDevelopment Community
(SADC) region forhumanand animal consumptiorj5], [6]. South Africa is the main corn
producer in the SADC region, with an average productiayvef16 million tons produced in the
20192020 period, which is 38% higher than the 2018/19 corn crop production of 11.3 million
tons[7].

The maize plant is comprised of the stalk, leaf, cobn grainsand husk. The e¢a grainswhich

are the edible corn part of the plant used to produce maize meal, corn flakes, corn flour, anc
glucosei s 20% of the pl ant 6s oftha glant (cen kusk} léanees, and ma
stalk) areregarded aagricultural wastg¢8], [9]. The corncob is the central part of && maize

in which the corn gramarestuck about 160180 kg corncobaregenerated for every 1 ton of

corn resultingenormousannual corncob yielll0]. Majority of the corncob waste is used for



low vaue-added applications such as a source of feedstock for livestock, fertilizers, and bedding
for small animals, with the remaining portion ending up in dumping sites due to limited space,
some of the corncob residues are burnt directly increasing envinbanpellution[6], [11]. This

is due to the lack of adequate technology and little knowledge about possible value addition on
such agriculturawastes, therefore methods for transformingorncob residuesto valuable
products are worthy of concefb2]. The utilization these agricultural residues could result in an
additional source of revenue for farmarsd provideemploymenbpportunitieswithout colliding

with the food chain.

In recent yearsgrowing environmentahwareness of the sociehas motivatedacademic and
industrial research in the developméatvards maximizing the efficiency of the use of raw
materials for the development @E&newableand suitable materials while minimizing the
productionof wase [13]. Wasterecyclingas a waste management strategy in théaltural
sector has costaving andecologicalimplications by reduction of accumulated waste in the
environment while converting theminto novel, lowcost, highperformance renewable
materiaf14]. Corncob contains sufficient amount of cellulosmaterial andhas been widely
used as aersatile adsorbent for removal @fganic pollutants and so on, due to its large specific
surface area, porous structure and good adsorption propgédfiedResearchers have reported
several studies on thesa of corncob residue, including it use as a feedstock for furfural
production[16], as a bieadsorbeni17], for the fabrication of carbon based materifl8],
extraction of cellulos§l9], and so onHowever the use of corncob to prepamaterials suitable

to be used as sensintaterialgs ye to be explored.

Iron (F€") is notonly one of the mosessentialtrace elements in biological systef29].
However, excessiron levels n the living cells andwater body had been linked with
neurogenerative diseasasd pollution[21]. Traditional methodsf F€** ions detectionin water
solutionsinvolve relatively expensivénstrumentbaseddetectionand electrochemical sensing
methoddimited by reproducibility, time,and complexpreparations[22]. With these limitations,
sensitive simple,and selective detection of #dons are urgently neededRecently, quantum
dot-basedfluorescentsensordhaveproven to be aery powerful tool forthe detection of heavy
metal ions in theagueoussolutions,due to theirhigh sensitivity ad selectivity,and lower
detection limit[23]. Among otherguantumdotbasedfluorescentsensorscarbon quantum dots
(CQDs) have recently gained interestueto their high biocompatibility, easyavailability, low
synthesiscost and low toxicity as compared to their counterparts, semiconductor quantum dots



1.3

(QDs) [24]. Despite the fact that many go@f)Ds sensors have already been repottesle is
still a higherdemand for snpler, environmentallyfriendly, and costeffective methods forthe

synthesis of CQDs from low cogtecursorsuch as agricultural waste.

Herein, corncob waste was used as a cheap and sustainable precursor to prepare carbon quant
dots (CQDs) and activated carbon (A€ihce carbon materials are a promising class of material
for potential application irchemical sensors due to their pronounced electrical, optical, and
mechanical properties leading to the replacement of lesseffestive and less eeoiendly

materials.

1.2 Reseach objectives

2. Extract cellulose nanocrystalSNCs)from corncobthroughacid hydrolysis

3. Prepareporous carbon structures from corncob usikgOH as an activation agent via
chemical vapor deposition (CVInderN2 conditions.

4. SynthesizeN-doped Cdotérom the CNCsusing microwaveassisted reactions.

5. Synthesizactivated carbd®VA/CuO compositegor chemical sensing
Characterize the prepared materials usiagsmissiorelectronmicroscopy (TEM)scanning
electron microscopy (SEM)thermal gravimetric analysis (TGA), BrunaueEmmettTeller
(BET), X-ray powder diffraction (XRD), X-ray photoelectron spectroscopy (XPS),
ultraviolet visible spectroscopfJV-vis), andphotoluminescencspectroscopyPL).

7. Use the prepared-Cdots for the detection of & aqueous solutions

8. Fabricate sensor devieand use them in the chemical sensing of volatile organic compounds

9. Test the gas sensing performance of theepared sensorgsensitivity, selectivity,

response/recovery times, stability, aegroducibility) using a hommade gas sensor setup.

Dissertation outline

The layout of the dissertation followed an order of

Chapter 1



This chapter gives background information as well as motivation for the proposed research,

researclobjectives are explicitly and briefly stated.

Chapter 2

This chapter gives a review of literature to put things into perspective and provide
background information otme production of lignocellulosmastederived cellulose nanocrystals
and carbon nanoaterials

Chapter 3

In this chapter procedures fitre extraction of cellulose nanocrystétem corncobunder

differentacid hydrolysisnedia aralescribed in complete detail.

Chapter 4

This chapter gives details ahe preparationof activated carbon from corncdiy chemical

activation with potassium carbonate (activating agent) using varied ratios of impregnation
Chapter 5

This chapter presents the synthesis and characterizati@un®NPsand ACC/PVA/CuO
composites anthe gas sensingroperties of ACC and the compositewards selectedolatile
organiccompounds.

Chapter6

This chaptepresents thereparation of Ndoped fluorescent carbon materials and theirsing

properties towardBe3* ions in aqueous solutions.

Chapter7

Presented in this chapter are the conclusions and recommendations of the research.
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Chapter 2: Literature review

2.1 Introduction: Corncob

The increasing demand for food due to population growth has resulted to an increased
agricultural/industrial production which has consequently lead to the acceleration of agricultural waste
generatior{1]. Maize Zea may} also knowns as corn is a widely distributed crop invtbed, with a

global corn production of approximately 10.998 10ns in the 201:2019 period2-4]. In South Africa,

corn is the staple fabitem with over 16 million tons produced in the 230 period, which is 38%
higher than the 2018/19 corn crop production of 11.3 million {&n$]. In South Africa, the corn
farming sector consists of both commercial and-ommmercial farmers in various provinces such as
Free State (34%), North West 82, Mpumalanga Highveld (24%) and KwaZtMatal Midlands (3%)

[6,7]. The corn crop is comprised of the stalk, leaf, corn grain, husk, and the cf@hcbhe corn grain,

which is the edible part of the plant, used for the production of maize meal, corn flakes, corn flour, anc

glucose, is 20% of the plantés malgf. and the re

The corncob is the central part of the ear maize in which the corn grain are stuck , and is commonl
thought of as a residue of the corn after the grains are reri®@dThe corn to corncob residue ratio is
about 100:18, with gwoximately 19.782x10tons of corncob generated annudy9,1q. Majority of

the corncob waste is used for low vahaded applications such as food for livestock, fertilizers, and
bedding for small animals, with the remaining portion ending up in dumping sites due to limited space.
Some of the corncob selues are burnt directly increasing environmental pollufi®g]. Several
methods have been developed to transform the corncob residue as a feedstock for the production of val
added products such as extraction of hereiluloses to produce xylitol, furfural, ethanol, and so on
[11]. In spite of this, unfortunately, a large amount of corncob still end up in landfills as agricultural

waste after the grains are harvest&d). This has | ed to the 6buse of
materials for di fferent applicationsd becomi ng¢
world [13].

Growing research interest has emerged concerning the use of biomass material such as corncob
produce valuadded products due to its potential to formexpensive and environmentally friendly

materials without colliding with the food stock, while reducing the pollution caused by biomass waste
[14,19. Researcherkave reported several studies on the use of corncob residue, including its use as ¢

feedstock for furfural producti¢h6], biobased rigid polyurethane fodih7], production of ethanol and



xylitol [18,19, production of phenolic compounfa0], and use as a badsorben{21]. Several studies
based on the use of corncob for the fabrication of carbon based materials have also been conducted, st
as the use of corncob residue for the fabrication of porous carbon for supercapacitor elg2Z#odes
hollow spherical carbof23], carbon nanosheets for lithiisulfur batterie$24], carbon nanospheres for

use as a higleapacity anode for reversible-ldn battery[25], andcarbon quantum for application in
detection of metal ionf30]. With global warming and other environmental issues such asipo|lat

great deal of attention has been paid to the conversion of agricultural waste (instead of burning) to valu
added products such as biofuels, preparation of carbon materials, and polymeric materials productio

such as cellulose [26, 27]. The moreiagjtural waste is used the less waste that is sent to landfills.

2.2 Cellulose from biomass

Cellulose is the most abundant, renewable natural biopolymer on Earth, made oflinmo$2 units

| i nked t og-4,4tdiyeosidicvandehasta gemefabmular of (GH100s)n, Where n is the number

of r epeat e ddglycopyranmse unitsc which varies with the source of the cell(R&&8].
Cellulose is a colourless, odourless, nortaalid polymer found in most plabased materials, serving

as a dominant reinforcing phase in the plant cell wall structures, however cellulose is also synthesized b
algae, turnicates, and some bact¢@é 31]. Naturally occurring cellulose does not occur as isolated
molecules, but rather it is found as assemblies of individual cellulose-fonaiimg fibres. These fibrils

pack into larger units called microfibrils,hich are in turn assembled into fibre. Cellulose have both
crystalline (highly ordered) and amorphous (disordered) regions, in the crystalline region the moleculat
orientations and hydrogen bonding network vary, giving rise to cellulose polym@ghsrhere are
several polymorphs of cellulose namely cellulose |, cellulose II, cellulose Ill, and celluldS&iI35].
Cdlulose | and cellulose Il are the most common polymorphs of cellulose, cellulose | is the native
cellulose while cellulose 11 is obtained by chemical regeneration of nature cell8283]. The
different polymorphs have different properties such as hydrophilicity, oil/water interface, mechanical
properties, thermal stability, and the morphology of faeticles, which qualify them for different
applicationg34,39. Due to its crystallinity, cellulose | has been used in the synthesis of hydrogels and
reinforcement to improve mechanical properties, while Cellulose Il has been useti@thanol
feedstock due to its amorphous nat[8®]. Fig. 2.1 shows the basic structural organization of cellulose

at the molecular level.
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Figure 2.1: Amorphous and crystalline regions of the cellulose polymer [36]

Isolation of cellulose from different lignocellulosic materials such agricultural waste has recently
sparked interest due to the growing concern of developing environmentallglyfridgnodegradable
materials from wastg36,37. Cellulose has found usesa wide variety of applications, such as food,
construction materials, paper production, biomaterials, and pharmace[8&jalk recent years, it has
attracted a great deal of attention and growing research interest owing to its low cost, biodegradability,
high surfaceo-volume ratio, good mechanical strength, low environment impact, abundancy, easy
functionalization, and versatility in nanoscale processnigrm cellulose nanomaterial (Nanocellulose)

[29, 39i 41]. With the nanometrdiameter, nanocellulose has drawn a great deal of research interest due
to its high strength, excellent stiffness, chemical, large surface area, chemical and physical[4@bility
Nanocellulose can be further classified into three main groups depending on their size and preparatio
methods, the three groups of nanocellulose are cellulose nanocrystals (CNCs), cellulogeilsanof
(CNFs) and bacterial nanocellulose (BN@43]. Both CNCs and CNFs originated from lignocellulosic
wastes while BNCs can be produced from nyarganism such as Gluconacetobacter xylifad. In

recent years, the nanocelluloseldi has undergone major developments with reference to its preparation,
functionalization and interesting applications in various fields such as nanocomposites membranes
textiles, reinforcing agent, biomedical application, wood adhesives, as adsorbentsoa on
[29,42,45,4% Fig. 2.2 depicts the evolot process of the extraction CNCs from agricultural waste.
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Figure 2.2: The evolution process of CNCs prepared from agricultural waste. (a) A schematic depicting
the proportion of publications on extraction of CNCs in from different reséaids from 2012 to 2021
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obtained from the Web of Science in January 2022. (b) The histogram depicts the number of publication
on the extraction of CNCs from 2012 to 2021 obtained from the Web of Science in January 2022. (C]
The timeline shows progress tire fabrication of CNCs from agricultural waste from 2012 to 2021 [48

57].

2.3 Cellulose Nanocrystals

Cellulose has both highly ordered crystalline and amorphous regions in varying proportions, depending
on its source. Removing the amorphous region inflaerthe structure and crystallinity of the cellulose,
resulting in the formation of cellulose nanocrystals (CNB4$) 32, 47. CNCs are needlike particles

made up of cellulose chain segments that have been organized in ah ddfieas free crystalline
structure with at least one dimension of less than or equal to 1JB8In4gd. CNCs are also known as
cellulose nanowhiskers, cellulose whiskers, nanocrystalline cellulose, etc. but CNCs is the most use
term[31, 42, 48]. CNCs have a high thermal stability, surface area, and crystallinity compared to bulk
cellulose, which has more amorphous fractions [47]. Baffetypes of biomass waste have been used to
extract CNCs such as cottpdf)], sugarcane bagasds], walnut shel[51], soy hullg[48], bamboo fibre

[52], and many more. Despite comprehensive research into a variety of biomass wastes, the use

corncob as a natural source for the development of cellulose nanocrystals has yet to be widely explored

Various techniques have been employed to prep&l€s from lignocellulosic materials, which include
chemical and mechanical techniqyigg]. The two classical chemical treatments are acid hydrolysis and
enzymatic hydrolysig53], while the mechanical techniques include ultrasonication, -jighsure
homogenization, micrddiidization, highspeed blending, grinding, and cryocrushifs2, 54i 56).
Chemical methods are currgnthe most commonly used, owing to their ease of use, short preparation
time, and relatively high yield, whereas mechanical methods require a lot of energy and produce
nanocrystal products with a wide range of particle g36s57]. Among the chemical techniques, acid
hydrolysis is the most common method for the extraction of cellulose nanocig§al$he following
section focuses on the different extraction techniques to extract CN@s different parts of the

agricultural waste.

2.3.1 Pre-treatment of agricultural waste

Since lignocellulosic biomass does not only consist of cellulos&€5(0), but also
hemicellulose (1945%), and lignin (1635%) by weight, with the other components
including chlorophyll, waxes, ash, and resins [39, 40].eKal, [41] reported that rawotn
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stover consist of cellulose (44.4 N 0.4 %
%). While Slavutsky [42] reported that sugarcane bagasse consists of cellulose (40.3 = 1.6
%), hemicellulose (21.4 + 1.6 %), and lignin (23.84 + 0.9 %).ddethe extraction of CNCs

from biomass require effort, to overcome this crucial stage in the extraction process, it is
important to select adequate fireatment methods to remove the suahlulosic material
(hemicellulose, lignin, ash, etc.Jhe recenil reported prdreatment methods for the
extraction of CNCs are summarized in figur8, 2hese methods are determined by the type

of feedstock. For instance, Santsal, [59] prepared CNCs from pineapple leaves, which
contained several necellulosic materials, the piteeatment was conducted with a sodium
hydroxide aqueous solution of 2% (w/w) to disrupt the hemicellulose and lignin bonds, and a
bleaching step with an acetdiaffer solution of (27 g NaOH and 75 ml glacial acetic acid,
diluted to 1 L of distilled water, and 1.7 wt% NaGI@® water) to remove excess ron
cellulosic residue. While Jieng and Hsig0] used two methods to pteeat tomato peels
before the extraction of CNCs, the first method involved the use of acidified sodium chlorite
delignification, followed by highly effective alkali treatment(KOH). An alternatidorine

free route involving alkaline hydrolysis and peroxide bleaching was also developed for
comparison using NaOH and 4%®} under basic condition. In general, several steps are
involved in the prdreatment stages, including the washing, and cutifithe raw materials

the raw materials into small piecg®l]. To cleave the ester linkages, and glycosidic side
chains of the lignin leading to disruption the source is then subjected to alkakqiraents

at specific condions, different alkali solutions have been employed for this process such as
KOH, and NaOH [62, &]. This is followed by bleaching (delignification), in this stage
excess noitellulosic components are eliminated in this stage using sodium chlorite and
hydrogen peroxidg64, 65. Extra steps are usually required to dewax the source and clean up

the chemical residues after greatment$43).
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Figure 23: Typical and recently reported pieatment methods for the extraction of CNCs.

2.3.2 Extraction of CNCs

2.3.2.1  Acid hydrolysis

The extraction of CNCs from cellulosic fibers usually consists of an-iadicted
disruption process, during which the glycosidic bonds in the amorphous region are
cleaved, under controlled reaction conditions as shown in figdréa) [66]. Various
strong acids have been employed to degrade bulk cellulose effectively to release
crystalline cellulosic CNCs, such as sulphuric acidS@&), phasphoric acid (HPQ),
hydrochloric acid (HCI), nitric acid (HN§), and a mixture of mineral and organic acids
[67]. Kassalet al, [68] compared the effects of three different acids on the extraction of
CNCs from tomato plant residue 464, HsPQs, and HCOOH/HQ to form sulfated
CNCs (SCNC), phosphorylated CNCsENC) and carboxylated CNCs {€NC). The
asproduced CNCs exhibited high aspect ratio (up to 98), high crystallinity (up to 89%),
and formed stable suspensions in organic solvents compared to pexepasted CNCs

from other sources. While Wang and colleaglé®} attempted to add phosghagroups

on CNCs by phosphoric acid hydrolysis to improve their thermal stability and synthesis
conditions, the results showed that the use of phosphoric acid medium to obtain CNCs
decrease the degradation temperatures, however, the thermal stabilityc@srgparable

to that of other biomasses usingPdy and BSQs. Nevertheless, the acid hydrolysis

treatment with HSQy to prepare CNCs have widely investigated and appears to be the
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most extensively used method, because it has been proven effectieeeimtimation of
amorphous components and resulting in stable CNCs suspensions, detailed mechanisr
shown in figure 21 (b) [86]. H.SOy hydrolysis introduces sulfate groups to the surface of
the extracted CNCs, due to the reaction with surface hydroxyl groups of the cellulose
through an esterification process, allowing for the foramaif anionic sulfate groups

[67]. These anionic sulfate groups induce electrostatic repulsion between CNCs
molecules and promotes their dispersion in w§t]. However, the sulfate groups
compromise the thermal stabilitf the nanoparticles, which could lead to lower CNCs
yields[59,67. The thermal stability of the sulfuric acid prepared CNCs can be increased
by neutralizing the CNCs dialysj9]. Overall, the acid hydrolysis method is simple, and
can be used to extract CNCs from several agricultural residues. Figure 2.5 illustrates the
acid hydrolysis mechanism and the process flow diagram for the extraction & CNC

using conventional acid hydsais method.
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Figure 24: lllustrates process of CNCs extraction using the conventional acid hydrolysis method. (a)
representation of acid hydrolysis method to extract CNCs. (b) Typical H2SO4 hydrolysis mechanism
[82].

2.3.2.2 Oxidation

Oxidation is useful in introducing anionic groups to the cellulose molecules, it is briefly
separated into two steps. The first step is the oxidation of the surface hydroxyl-group (
OH) of the pretreated source and removal the amorphous red&8js This results in a
structure with negatively charged carboxyl grougS3QOH), which could facilitate the
dispersion of CNCs in aqueous solutions and furthedifications on the surface of
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CNCs[71]. The most common type of oxidation is TEM®&idation, TEMPO (doxo-
2,2,6,6tétraméthylpipyridine Zxyle) is a stable radit that selectively mediates the
oxidation of primary alcohols into carboxylic acids through an aldehyde intermediate
[72]. Usually, TEMPO mediated oxidation is cooperative with mechanical disintegration,
which selectively oxidizeC6-primary hydroxyl groups of cellulose to sodium -C6
carboxylate groupgr3]. A general reaction scheme of the oxidiatof C6 hydroxyl to the
carboxyl group by the TEMPO treatment is showrigure 25. Zhanget al, [74] used
TEMPO oxidation to prepare carboxylated CNCs from sugarcane bagasse pulp with the
further assistance of ultrasound. Previous studies have used TEMPO mediated oxidatior
to prepare carboxylated CNCs, however, this method consiseveral step processes as
well as multiple radical generating chemicals (sodium hypochlorite (NaClO), sodium
bromide (NaBr), and TEMPO reagents), therefore limiting the sustainability of the

approact 75].

Other oxidation agents such as ammonium persulfate (ARS8}, ldnd nitreoxidation
(using HNQ and NaNQ) have also used to prepare CNC§6I 78]. Zhanget al, [76]
compared the effects of the preparation methods using TEMPO and acid hydrolysis,
lemon seeds were utilized éxtract CNCs by b5Qs (SLSCNC), APS (ALSCNC), and
TEMPO oxidation (FLSCNC). The results demonstrated that all CNCs maintained
cellul ose I'b structure and had a good di
T-LSCNC had a higher yield. This ibecause TEMP@xidation method is also
advantageous due to its ability to produce high oxidized yields of up to 90% [86].
Khoshaniet al, [79] prepared carboxylated CNCs through a-etep catalysassisted

H20. oxidation. Similar to TEMPO, these two methods require seyeetreatment
steps before the extraction of CNCs, while nitsadation reduce the need to consume
multiple chemicals, greatly improving the recyclability of the used chemidds
Sharmaet al, [80] used a onatep nitreoxidation to prepare carboxylated CNCs from
jute fibers, while Zharet al, [29] compared the extraction of CNCs using both Ritro
oxidation and TEMP&xidation from jute fibers. TEMP@xidation was performed on
pretreated jute while the nitroxidation was performed on the untreated jute. Both
oxidation methods were effective and resulted to carboxylated CNCs with good
dispersion and high transparenclyigure 25. (c) demonstrate the nitrmxidation

mechanism.
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Figure 25: A general reaction scheme of the oxidation by the TEMPO andoxidation treatments.

(&) Regioselective oxidation of cellulose by TEMR@diated oxidation[81].
representation showing preparation of CNCs using TEMPO oaidd{r]].

mechanism using nitric acid and sodium nitf&)].

2.3.2.3

Other extraction methods such as ionic liquids hydrolysis (ILs) and enzymatic hydrolysis

Other methods

(b) Schematic

(c) Nitro-oxidation

have been utilized to extract CNCs from agricultural w4gé@. ILs hydrolysis has

attracted considerable attention in the field of biomass processing due to its low vapor

pressure, low energy consuming, and sustainable process since it allows the recycling o

reagents and emit the use of hazardous chemi&ZIsThis hydrolysis involves two main

steps, firstly the préreated cellulose is immersed in an IL for a period to allow swelling

and water is added to initiate the hydrolysis s{&§g During the reaction, the hydrogen

and oxygen atoms of amorphous cellulose are easily accessible by the dissociated IL tc

form the electron doneglectron acceptor, th€®H groups break leading to the selective

removal of he amorphous regio83]. The abovementioned extraction methods require
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the use of chemicals, while enzymatic hydrolysis use cellulolytic enzymes known as
cellulases (mixtures of endoglucanases, exoglucanases, and cellobiohydrolases), these a
an interesting clasof enzymes possessing the ability to act as a catalyst for the hydrolysis
of the cellulosg84]. These enzymes have specific functionalities which can selectively
depolyrnrerize the amorphous region of cellulose to prepare CNCs with high crystallinity.
Endoglucanase attacks and hydrolyzes the amorphous domains, exoglucanase reac
with the cellulosic chain from either the reducing or nonreducing ends, while
cellobiohydrolges hydrolyze cellulose from either the C1 or the C4 ends employing a

protein in each case, into cellobiose suits[84, 83.

2.3.3 Application of CNCs

Due to the abundant biomass waste, variougrpegment and extraction methods, outstanding unique
nanoscale structure, excellent mechanical properties, thermal stability, biocompatibility,
biodegradability, and easy surface modifications, CNCs havectaetraapidly growing scientific and
technological interest, and have found application in many fields, such as health care, environmente
protection, chemical engineering, and manufaci@ég Grishkewichet al, [87] summarized the recent
applications of CNCs in biomedical engineering (tissue engineering, drug delivery, biosensors, anc
biocatalysts), wastewater treatment (adsorbents), energy ebeudronics sector (supercapacitors,
conductive films, substrates, sensors, and separator for energy storage). Fgieen@strates the
summarized recent applications of CNCs. CNCs has also found applications in the monitoring anc
improvement of food aality, Dhar et al, [88] fabrication a poly (ydroxybutyrate) (PHB)/ CNCs
based nanocomposite films with improved gas barrier and migration properties for food packaging
applications. Pengt al, [89] incorporated CNCs into different food based systems containing polymers
as a thickening agent, the CNCs improved the viscosity enhancement at lowée pmating. Besides

these promising applications, CNfased materials have also been applied in the fabrication of earbon
based nanomaterials, Dhetral, used CNCs to prepare graphene with tunable dimensions, while Souza
et al, [90] prepared luminescent nanocarbon structures. In this study, prepared CNCs were used ti
fabricate carbon quantum dots (C§Dwhich were used for the detection of'Fia aqueous solutions.
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Figure 26: Summarized recent applications of CNCs.

2.4 Carbon quantum dots (CQDs)

Since their discovery in 2004 by >ai al, [91] during the purification of singlevalled carbon nanotube
(SWCNT) through preparative electrophoresis, and then via laser ablation of graphite powder anc
cement in 2006 by Suet al, [92], carbon quantum dots (CQDs) have gradually become a rising star in
the carbon nanomaterials family. They are an emerging subclass of zero dimensional nanoparticles th
consists of a carbon core, constituting of different functional groups at the s{®#fceCQDs are
characterised by quaspherical morphology composed mainly of amorphous carbon wtybpidised
structure and sizdess than 10 nm[94]. They exhibit attractive rpperties such as tunable
photoluminescence, functionalizability, dispersibility, multicolour emission associated with excitation,
biocompatibility, sizedependent optical properties, facile synthesis, and low toxicity as compared to
their counterparts, thsemiconductor quantum dots (Q[%3]. These extraordinary features make them

suitable for aplications in sensors, catalysis , healthcare, and energy storage {@gjces

Over the past decade extensive research has been conducted to explore the s@igRs their
methods of preparation can be categorised in two main approaches known asdbericgnd the
bottomup (shown in figure 2.7 d]95]. The topdown method involves breaking down large carbon
structures such as coal, activated carbon, graphite, and carbon nanotubes into the desired carb
nanostructures through electrochemical oxidat@acidic oxidation, arc discharge, and laser ablation
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[97]. The bottoraup route includes the polymerization and carbonization of small molecule precursors,
such as citric acid, phenylenediamines, glucose, and aldehyde under a range of different reactio
conditions through microwavend hydrothermal method®8]. Despite the development of various

fabrication strategies, the production of CQDs still require complicated instrumentation, expensive
precursors, and rigorous experimental conditions that present risks to the natural environment and humz
health. Thesédnave also led to high production costs and constrained the commercialization of CQDs
[99]. At present the development of various green fabrication strategies and mass production of CQDs ¢

low costs from natural precursors are of great interest.

The usage of agricultural waste as precursors for the synthesis of CQDs are receidag degr of
attention since they are rich in elements such as nitrogen (N), hydrogen (H), and oxygen (O), in additiot
to carbon (C). They are renewable, eeffective, and environmentally benign compared to other carbon
sourceqd10Q]. In addition, the production of CQDs from agricultural wastes convertyv&buwe biomass
waste into valable and useful material¥he histograrm in figure 2.7 (a and hjepicts the number of
publications on QDs from 2004 to 202Jlandthe number of publications on agricultural waste based
CQDs from 2012 to 202Zhouet al, [101] proposed a green synthesis method by utilizing watermelon
peel as carbon precursors for the first time, starting a new trenardswising agricultural waste
materials for CQDs preparation. Following this, researchers have utilized different types of agricultural
wastes; animal waste (prawn sH&lD2], manurg103], denatured milk104], etc.), fruits waste ( orange
peel[105], sugarcane bagasse p{ip6], walnut shell§107], etc.), and vegetable waste ( corn¢bbs],

rice straw[109], wheat straw[110], and more) Figure 2.7 cshows the progress on the fabrication

strategies of CQDs from 2012 to 2021 using agriculturatevas
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Due to differences in biomass surface heteroatoms, particle size, and passivation, CQDs derived frol
different agricultural residues and synthesis techniques show different luminescent properties, siz
distribution, and quantum yield (QY)116]. Conventional methods involved in preparation of
agricultural waste based CQDs require complicated equipneatalysts, several post synthesis
purification steps, longer synthesis time, and harsh experimental conditions which results in expensiv
production cost§95]. Therefore, exploration of green synthesis methods with few synthesis steps to
minimize the use of toxic chemicals and reduce synthesis time is still necessary. At present microwave
assistedsynthesis is highly desirable due to its simplicity, short synthesis time, low synthesis cost, and
results in fast homogeneous rection that is beneficial to the synithEdis
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2.4.1 Microwave synthesis

Microwave synthesis make use of microwave heating to carbonize organic substances mixed witl
solvents at a certain microwave power or temperature to break the chemical bonds of the precurso
followed by the growth of CQD§118]. Microwave heating is proving to be a transformational
technique in preparative chemistry, unlike conventional methods which conduct heat from the outer
boundary of raw materials to the inner through heat conduction, microwave synthesis results in direc
penetréion of microwaves into precursors, generating the access of uniform elevated heating in an
easy, safe, and reproducible way 9], illustrated infigure 2.8. Microwave heating also results to
short reaction times, improved product yields, lesgptoducts, easy control of particle sizes, and
enhanced purity, thus regarded as an environmentally friendly synthesis njéf@d The
properties of CQDs could be regulated by changing the experimental conditions such as the
microwave power, reaction time, the proportion of solvents and carbon precursoret als{f21]
proposed a wasteused and eefsiendly microwaveassisted approach for preparing CQDBenf
eggshell membrane peeled off from the eggshell waste. The prepared CQDs possessed good wa
solubility, pH dependent fluorescent behaviour with an average size distribution of 3.88+0.56 nm.
Palm kernel shell biomass waste were used to prepare photekgant CQDs through microwave

with an average size distribution of 7.0 nfi22]. Raji et al, [123] used a onatep microwave
synthesis to prepare photoluminescence CQDs from jackfruit seeds, the CQDs displayed exceller
solubility in water, high photoluminescence, high fastability, longer storage stability, and low
cytotoxicity. Yaoet al, [124] developed multifunctional hybrid composed of CQDs derived from
waste crab shell using microwave assisted synthesis, wheasite crab shell acted not only as a

cheap source of carbon but also as a chelating agent to form complexes with metal ions.
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2.5 Properties of CQDs

CQDs are the most desired alternative to toxic heavy metal based QDS for fluorescence relate
applications, due to their high fluorescence stghiknvironmental friendliness, good biocompatibility,
facile synthesis, and low toxicif@3]. These properties strongly depend on several factors including the
synthesis technique, the chosen precursors,-gyoghesis treatments, time aneimperature of the
synthesis, pH, surface passivation or functionalization, heteroatom doping, and9). diot only do

these factors affect the microstructureCg)Ds, but also the optical properties, and quantum yield (QY).

In this section, the physical, chemical, and optical properties of CQDs are discussed in greater detalil.

2.5.1 Structural properties

CQDs are typically nanoparticles less than 10 nm, composecafeshell structure with
sp/sp® carbon cores functionalized with polar oxygen gro{@4. The existence of the
surface groups of CQDs depend mainly on the type of precursor used in the synthesis, whel
the used precursor is heteroataoh, the surface tend to have modified functional groups
such ascarboxyl, amine, carbonyl, and ether gro(ip26]. The surface functional groups
impart them with excellent water solubility but also ease further surface functionalization
with various moleculefl27]. In addition, the precursor and synthesis method also determine
the composition, morphology, and size distribution of the synthesized CQDs. Various
characterization techniques are applied to determine the physical properties and the
crystalline structureof the CQDs. These techniques consist of atomic force microscopy
(AFM), highresolution transmission electron microscopy (HRTEM)ra) diffraction

(XRD) and Raman spectroscod®3]. To investigate their chemical structure ra§
photoelectron spectroscopy (XPS), element analysis, Fourier transform infrared (FTIR), and
nuclear magnetic resonance (NMR) are Ud2®]. Characterization of CQDs is essential for
attaining a better understanding of the mechanisms associated with the unique structura

properties of the nanoganles.

TEM and AFM are used to determine the morphodigg size distribution of CQDs could be
measured from TEM images, while AFM is used to measure the height informatietiot$.C
At present, most biomagmsed CQDs are usually spherical with therage particle size less
than 10 nm in a state of uniform dispers{@29], although smaller sized CQDsve been

obtained from eggshell membrane pEE0] , pomelo peel§131], and garlic hus§132].
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There are also some biomdsssed CQDs with large size distribution obtained from spent tea
[133] and from goose feather with an average size distribudfo 21 + 5 nm for the latter

[134]. The cystalline properties are determined using HRTEM, XRD, and Raman
spectroscopy. HRTEM is used to determine the lattice fringe spacing of the carbon materials
which largely correspond to the different diffraction plan&ghudanet al, showed an
HRTEM image of CGdots prepared from banana peel waste with a lattice spacing of 0.21 nm
[135]. The XRD spectraof CQD generally have spectrum br
values of 20° to 25° and lattice spacing between 0.31 and 0.3BL36h Zhanget al,
showed3D morphologyimages of pine wood derived CQD®ith an average height of 2.8

nm, corresponding toi ¥ layers of graphen@37].

The graphitization/crystallizatio of CQDs are examined by Raman spectroscopy, Raman
spectra of biomasgased CQDs (similar to common CQDs synthesized using commercial
precursors) exhibit two broad peaks at around 1300 amd 1580 cit as shown irfigure

2.10 e which areattributed to the D (Sghybridized) and G (Sphybridized) bands,
respectively[138]. The D band is associated tlwithe vibrations of carbon atoms with
dangling bonds in the termination plane of disordered graphite and-tiaadis related to

the inplane vibrations of garbons. Hence, the intensity ratio of the D to G bandks)lis

the measure of the defegisesent on the graphitic structure, a Iafld ratio represent that

the integrity of the graphitic shells is sufficiently high to protect the core material well from
corrosion and oxidatiofiLt35]. The surface functional groups and elemental composition of
CQDs are examined by XPS and FTIR. FTIR spectfiigmre 2.10f) is used to understand

the surface functional groups contained on the CQDs, agricultural-bastel CQDs usually
exhibit main characteristic absorption bands dfHO CiH , cocC, and (Co
agricultural wastdoased CQDs may contain-IC and GS bonds[104]. XPS analysis is
carried out to delineate the chemical composition and nature of bonding in CQD. Agricultural
waste based @Ds generally contain carbon, oxygen, nitrogen, and sulfur, which can be
reflected in XPS. XPS can be used to determine the elements and the bonding modes betwese
the contained elements. CQDs usually show three apparent peaks centred around 283, 40
and 30 eV which are attributed toiCN1s, and Qs, respectivelyf139].

2.5.2 Optical properties

Due to the quanturonfinement effect, the optical properties are the most nofahtare of CQDs

irrespective of their microstructure. CQDs possess excellent optical properties such as wavelength tune
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emission which may be affected by surface state, surface passivation, heteroatom doping, surfac
defects, etc. This section presentd discus the common optical propertiesgficulturalwaste based
CQDs.

2.5.2.1 UV-absorption properties

CQDs usually show absorption in UV region and lower absorption intensity in the visible and near
infrared region (NIR)[136]. Biomass @dots typically show two strong absorptions in the near
ultraviolet region around 23@ 70 nm i ndu'c* dt rbggn gihtei on of C=C an
lower absorption intensity peak in the visible andRMegion is located around 30880 nm is ascribed
tonn”* transition o0[fll6CHhe€UVais speCira©f dvasf hahana peel CQD40|
show two absorption peaks, one at 272 nm and o
bonds andth nT ~ * transi ti domass fbased cdtbonbdo®CDsS), respactively.
Moreover, the nature of the C@Precursor and surface functional groups can affect the position and
intensity of the absorption peakkiu et al, [141] prepared CQDs from different agricultural waste
materials GCDs (cellulosebased CDs), #Ds (proteinbased CDs), REDs (peant sheltbased CDs),
CS-CDs (cotton stalbased CDs), and-SDs (soymeabased CDs)). Two absorption peaks at 273 nm
and 322 nnmwere doserved for the #£Ds, while only one absorption peak was observed for the rest of
the samples at 281 nm for@Ds, 278 nnfor PSCDs, 299 nm for C&£Ds, and 328 nm for-EDs

2.5.2.2 Fluorescence properties

The fluorescence properties of CQDs are one of the most fascinating features since they ca
affect the application of CQDs in different fields. CQDs possess excellent fluorescence
properties, including excitation wavelength dependent fluorescence, sizendeep
fluorescence emission, «gonversion luminescence, strong resistance to photobleaching, and
good fluorescence stabilitjl42]. The photoluminescence spectrosgofPL) emission of

CQDs occurs when trap states are present in the bandgap (caused by impurities, surfac
defects, functional groups, and adsorbed molecules). In these cases the photoextied elec
or hole can be trapped and their following recombination leads to a radiative emission of
energy[143]. The observed PL is due to the combination of different mechanisms from

different sources, the surface state, quantum confinement effect, and molecular state
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mechanisms[136]. Most of the CQDs reported so far have a common feature of presenting
excitationdependent emission, giving a decrease in the emission signal which is
systematicall displaced toward longer wavelengths as the excitation wavelength increases
[127]. Figure 29 demonstrates photoluminescence mechanism of CQMsich occur when

trap states are present in the bandgap of CQDs. Surface state mechanism is mainly induced t
heteroatom doping, s@te functionalization and surface passivation. Heteroatom doping is a
common method in the preparation of CQDs and allows their intrinsic properties to be
tunable and exploited for their desired potential applications. Elements such as N, B, S, and F
are 1sed as dopants to replace carbon atoms in tRispsmetwork [144]. Surface
functionalization is related to the introduction of functional groups via covalently bonding on
the carbon edge plangk45]. Surface passivation involve the coating of passivating regents
(polyethylene glycol (PEG), amine terminatedlygthylene glycols (PE@G500N),
poly(ethylenimide)co-poly(ethyleneglycobco-poly(ethytenimide) (PPEI), 4,7,X@ioxa
1,13tridecanediamine (TTDDA), and polyethyleneimine (PEI)) on the surface of the carbon
core of CQDs to regulate their surface stgt46]. In general, the surface state of CQDs
results to a variety of energy levels and lead to wariemissive trap§l36]. Newman
Monday et al, [147] prepared nitrogen doped CQDs-QQDs) from palm kernel shells
obtaned using both ethylenediamine angtenylalanine. The gxrepared NCQDs showed
fascinating photoluminescence (PL) property with a quantum yield (QY) of 13.7% for
ethylenediamine doped-NQDs and 8.6% for {phenylalanine doped -BQDs with an
excitation @épendent emission wavelength. Clatral, [163] prepared N, S cdoped NQDs

from used garlic displaying strong fluorescence with QY of 13%. Nitrogen, phospherus co
doped CQDs with a QY as high as 76.5% were synthesized by Dong and col[@éd§les
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Figure 2.9: Photoluminescence mechanisms of CQDs [147]

2.6 Application of CQDs

CQDs have attracted rapidly growing scientific interest, and have found application in bioimaging,
biosensing, fuel cells, supercapacitors, catalysis, solar cells, li{biuratteries, drug delivery and

light emitting diodes, owing to their outstandingemical, physical and optical propertig3g].
According to a Web of Science search done bgtlal, [144] in March 2021, showed that 41 % of
CQDs are used in the sensor field, this is due to their strong luminescence propertiedaSEDs
sensors give se to a low limit of detection (LOD), high sensitivity and selectiyity0]. Wanget

al.,, [151] proposed a CQDs based PL sensor for the first time and deatedstthat the
luminescence of CQDs can be quenched selectively Byidrethrough charge transfer mechanism,
starting a new trend towards using CQDs for the detection of heavy metal ions. Since the CQDs witt
different surface states have been utilizedtie detection of Fé Zhaoet al, [152] prepared water
soluble, luminescent ICQDs from chitosan and utilized them for the sensing 8f eaqueous
solutions. The NCQDs presented outstanding selectivity and sensitivity and were successfully
applied for the quantitative detection of*Fwith a linear detection range sf 900 &M and a |
of 0. 15 eddped CQDs weke adomed as a fluorescent sensor for the effective detection of
Fe€'i ons in water, with an LOD of 0.1 &M and
0.1D5 0 EL49]. High luminescence-SQDs were synthesized from cellulose fibers with a QY of

32%, the agprepared SCQDs were utilized to detect #an pH 0 solutions and showed excellent
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selectivity and sensitivity, with & OD as | ow [1&8. PBI fuAcBonatizbti CQDs from

coffee grounds have also been utilized to detett[E84].
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Figure2.11:Common application for carbon quantum dots

2.7 Activated carbon

Activated carbon (AC) is a promising class of cadbieh materials containing webuilt internal pore
structure, with high surface area, wethanized macro, meso, and migores, anchigh mechanical
strength[155]. The surface of the AC is usually rich in heteroatoms such as oxygen, suiftogén,
nitrogen, halogens, and other elements, in the forms of functional groups or chemically bonded to the
structure[156]. Making it versatile for numerous applications in different fields such as pharmaceuticals,
food processing, vacuum manufacturing, waste water management, and air pd&ifjoAlthough the
production of global AC has increased by an average annual growth of 5.5 % since the last decade, tt
production of most commercially availab®C still require the use of expensive, n@mewable
precursors such as coal and some tvigllie agroforestry materials, such as bamboo, wood, and coconut
[157, 158. Due to the high cost associated with AC production, the development eéffeative
strategies for AC preparation, such as the use ofclosy environmentally friendly, and renewable

agricultural wastes are of great interd€9]. The production of AC from agricultural is usually justified
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by the unique properties of thepeecursors, the possibility of mass production at low costs, and the
conversion of low value agricultural wastes to vedgeled products and limiting of the environmental

pollution and resource consumption.

At present, chemical activation and physicalivation are the two methods that have been used to
activate carbonaceous materig60]. In physical activation, precursors are first carbonized followed by
activation step by steam or carbon dioxide. During chemical activation, the precursors are itegregna
by an activating reagent and followed by a heating process under an inert atmosphere Styuna in

2.10 [161]. Chemical activation of has been reported to be more advantageous over physical activatior
due to low energy requirementsjgher vyields, larger surface areas, low activation time, and
development of better porous structuf®82]. In addition, chemical activation can be considered as an
economical and environmentally friendly process since the chemical reagents can be recovered ar
reused155]. The most commonly used activating reagents are KOH,>ZrePQs, K.COs, and NaOH

[163]. Several parameters play a role on the properties of thet#®Sge include activating agent
selection, activation temperature and time, the impregnation ratio of activation reagents to precursor
impregnation method, and gas flow during carbonizafithi7]. Kosedu and AkmilB a k [462]
reported that KCOs was found to be more effective than the Zn& a chemical reagent in terms of
high surface area, porosity development, and well developed surface morphology, whereagagnCl
effective in producing high yields. Borhast al [164] investigated the preparation of AC from an
agriculture residue through chemical activation using different impregnation ratios of KOH to the
precursor from 1:1 to 1:3 precursor: KOH ratios. They fountlitharegnation ratio had a strong effect

on the surface asgpore volume, and the yield decreases with the increase of the variable. The effect of
temperature has al s o -Nazat and colleagaes 65 squdiad ethek ,effdacdfr e Es
carbonization from 400 to 800 °C and they found that the higher temperature produced better activatiol
with a high surface area. The optimal activation conditions were found at 780 °C with a surface area o
2202 nt/g.
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Fig. 210: Procedures in physical and chemical methods of AC syntliésis

2.7.1 Applications of Activated carbon

AC has found many applications in different fields including water treatment, chemical and petroleum
industries, separation, purification, catalysis, energy storage, batteries, fuel cells, nuclear power station.
electrodes for electric double layer capai, pharmaceutical, etc. due to their unique high surface area,
high mechanical strength, and high adsorptive capfh§]. For example, Redondet al, [167] used

olive pits derived AC to prepare microporous carbon electrodes with an optimized microporosity,
enabling a gravimetric and volumetric capacte in basic aqueous medium up to 260Fagd 140 F

cm' 3, respectively, with good rate capability. Mopoung and colle§l@ég prepared AC from tamarind
seeds for the adsorption of iodine, methylene blue and Fe (lll). It was shown that Fe(lll) was adsorbed i
alkaline conditions and adsorption increased with increasing Fe(lll) initial concentradion 5frto

20 ppm with capaciiQ@Q.y0Bhdsmg/pg.i ohhe fp Oy Di0GDI ads
explored for the application in separation and purification gas systems and adsorption based gas stora
systemg169]. Zhanget al. [170] performed a comparative study of €@dsorption isotherms on AC

and zeolite, they observed higher £fsorption capacity of AC compared to that of zeolite at pressures
above 1.7 bar. Among the other types o)thegase:
detection technologies are based on a transducer and an active layer, which converts a desired chemi
reaction into a measurable electronic signal such as change in the resistance, frequency, current,
voltage[171]. The detection characteristics of a material are not only dependent on its porous nature bu
it is also strongly influenced by the chieal property of its surfacd72]. As a nonpolar adsorbent, AC
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itself has low chemical adsorption and selectivity due to its less surface ansaitve sites, therefore,
efforts have been made to improve its affinity, alter the electronic structure of porous carbons,
manipulate their surface chemistry, and insert local changes to their matrices by introducing surface
functional groups such asrbaxyl, carbonyl, hydroxyl, and phenols, or active substances such as metal
oxides on their surfadd 73, 174. Kim et al, [175] fabricated a rapid, repetitive, and selective@s

sensor from activated carbon fibers (ACFs) containing enriched boron moieties, the boron moieties

induced high selectivity toward NOver other VOCs via the strong binding energy.

2.8 Conclusion

With the continuous exploitation of fossil fuels such as coal and oil, the global climate crisis is becoming
more and more serious. The growing environmental awareness has resulted in growing research intere
in the use of renewable and green resourcesustainable economies. One of them is the usage of
agricultural waste for value added product, developing countries specifically experience significant
negative impacts associated with poor agricultural waste management. Increasing urbanisation globall
has revealed the high demand for alternative energy sources and smart materials. In recent yeal
agricultural waste has been utilized to prepare different types of carbon materials, a promising class ¢
material for potential application in energy storagatalysis and chemical sensors due to their unique
electrical, optical, and mechanical properties. This can potentially, lead to the replacement of the
currently commercialized heavy metsdsed devices with cestfective and ecdriendly carborbased

materials.
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Chapter 3: Synthesis and Characterization of cellulose

nanocrystals (CNCs)

3.1 Introduction

The increasing environmental crisis causednloyrrenewable/noibiodegradable ntarial has
motivated the efforts towards the development of new types of gredvadénl and degradable
materials from natural sources for a variety of applications while minimizing the creation of
waste[1]. In this context, the use of agricultural waste as feedstock for the production cf value
added materials for sustainable economies has beembjeet of intensive academic and
industrial research2]. The reuse of these agricultural waste residues results in the reduction of
accumulated waste in the environment and in the preparation of novekosiw high
performance materials from renewable and sustainable J@&st&he utilizationof crop residues
could result in an additional source of revenue for farmers and contribute to thedgiy

diversification by offering a market for agmaste that is not centred on food prodditis

Corn is one of the most popular crops in the world, cultivated by the ancient people, hence
becoming a culture of extreme economic importance due to its-puufiose uses fdrumans

and animals[4]. In South Africa, corn is the staple food item with approximately 8 million tons
produced yearly, occupying approximately 3.1 million hectares (ha) of I§Bld Corn is
comprised of the stalk, leaf, cob, grains, and husk. The corn grains, which is the edible part of the
pl ant i's 20% of the plant s ma sagricudturatl wasteh e
[6].The corncob (CC) is the central part of the ear of maize in which the grains are stuck, it
constitutes 2030% of the corn crop7, 8. So far, CC has been widely used todarce animal
bedding, animal feed and industrial products such as xylosephglamers, xylitol, and furfural

[9]. However, a large amount of corncob stille up in landfills or burnt directly to recover heat
after the grains are harvested, causimgollution This is due to the lack of adequate technology
and little knowledge about possible value addition on such agricultural wastes, therefore,

methoddor transforming CC into valuable products are worthy of confdgrn

The use of CC as source of cellulose nanocrystals (CNCs) provide a natural resource that is

renewable and low cost when compared to the main biomass sources of CNCs such as trees al
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cotton[10]. CNCs are highly crystalline, needike particles with length in the range of 100.0
500.0 nm and a diameter betweé83 nm, that <can be inexhaust
highly available and renewable cellulaseh sources[11]. CNCs have drawn a great deal of
attention for applications in the manufacturing of biocomposite packaging materials, biomedical
sector, ad the energy to the electronics sec{d?]. This is due to their high aspect ratio, high

crystallinity, low density, nanoscale dimension and unique morph¢idy

The main procesof the isolation of CNCs is based on acid hydrolysis, wherein the amorphous
regions of cellulose are degraded to release crystalline cellulose, with higher resistance to aci
attack[13]. Sulfuric acid is the most commonly used acid for hydrolysis, becauss ibden
proven effective in the elimination of amorphous components and result in stable CNCs
suspension$l4]. The creation of stable suspensions by sulfuric acid has been attributed to a
small number of sulfate ester groups introduced to the surface of the CNCs during hydrolysis
[14]. Although this method is simple to operate, some disadvantages also need to be noted suc
as several prreatment steps fountreated raw materialgl5]. Recently, a onstep method

t er me d-o XiNd & tr ®loeanousell t extract cellulose from untreated biomass materials
[16]

It is well known that the morphology arctiemical properties of CNCs depend on the source and
the extraction process. This study explored the extraction of CNCs from corncob using two
different methods (i.e., sulfuric acid hydrolysis, and ndxridation). The properties of the
obtained CNCs wereomparatively investigated. The raw corncob, chemically purified cellulose
and the CNCs were characterized for surface morphology using St&IMEM, the surface
functional groups were determined by FTI&ystallinity analysis using XRD and thermal
propeties using TGA.

3.2 Materials and methods
3.2.1 Materials

Corncob was obtained from a local pet store (Johannesburg, South Africa). The other reagents
potassium hydroxide (KOH), sodium chlorite (Na@lQacetic acid, sulphuric acid §5Qs, 98

%) mi crocrystalline cellul ose, nitric aci
membrane (D9402) were all obtained from Sigma Aldrich, South Africa, and they were used

without any further modification.
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3.2.2 Sample preparation
3.2.2.1 Pre-treatment

Initially the raw corncob (CC) was washed with distilled water to remove any impurities. It was then
dried at 100 °C for 6 h before grinding into a fine powder using a blender. The isolation of the cellulose
was done according to previously documented odsh(Joharet al, [17]) but with some minor
modifications. Briefly, the powdered sample was then treated with potassium hydroxide aqueous
solution of 7% (w/v) for 4 hours at 80 °C under mechanical stirring and then washed several times with
distilled water until a neutral pH {B) was maintained, and finally dried at 100 °C for 6 hours in an oven
(this sample was the labelled ACC). After this treatment, the sample was subjected to bleaching witt
aqueous chlorite (1.7 wt, % NaCGI@ distilled water), the bleaching process waspteted by adding a
buffer solution of acetic acid until a pH value of 4 was maintained. The bleaching treatment was
performed at 80 °C for 4 hours, followed by washing repeatedly with distilled water until a neutral pH

was reached and the sample wasttettry at 100 °C for 6 hours.

3.2.2.2 Extraction of cellulose nanocrystalaising acid hydrolysis

The pretreated CC was used to prepare CNCs by acid hydrolysis as described in literaturet(dbhar

[17]) with slight modifications The bleached CC (BCC) was hydrolysed with 50 wt% 3@ with a

1:10 g/mL ratio of BCC to the dilute acid at 45 °C for 30 min under constant stirring. This reaction was
then quenched by addition of -f6ld cold deionized water to the reaction mixturelldiwed by
centrifugation at 10000 rpm for 15 min three times to remove the acidic solution. The supernatant wa:s
discarded, and the precipitatedispersed in deionized water and dialyzed against deionized water until
a neutral pH was maintained. The suspen was then sonicated in an ice bath sonicator for 1 h to
homogenize the generated cellulose nanocrystals. The generated nanocrystals were further centrifuged
6, 000 rpm for 30 min. This sample was labelledCHCs and stored in the refrigerator at further

analysis.

For comparison, CNCs from the commercial microcrystalline cellulose (MCC) were prepared. Briefly,
MCC was dispersed in 50 wt% ob&Q; with a 1:10 g/mL ratio of MCC to the dilute acid at 45 °C for
30 min under constant stirring. The sténg, neutralization, and storage steps were done following the

same procedure uséal the CNCs obtained from the corncob.

3.2.2.3 Preparation of CNCs using Nitro-oxidation
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Nitro-oxidised cellulose nanocrystals (NOCNCs) were extracted from raw CC powder without any
chemical prereatment as described in literature by Shasnhal, [18]. Typically, 5 g of powdered
corncob was nitr@xidised using 70 mL (22.2 mmol) of nitric acid which was placed in a-heek

round bottom flask. When the samples were completelyesbekthe acid 9.80 g (28 mmol) of sodium
nitrite was added to the reaction mixture under continuous stirring, upon the addition of sodium nitrite,
red fumes were formed inside the flask. To prevent the red fumes from escaping, the round flask mouth
were covered with stoppers and the flask was maintained at 50°C for 12 h. The reaction was ther
qguenched by the addition Of f6ld cold distilled water, after equilibration, an upper layer containing
unreacted reagents was observed. Distilled water was anldleel CNCs, where the solution was stirred,
settled, and decantedhis step was then repeated 3 times until the CNCs were suspended in water. The
suspension was then diluted with distilled water and centrifuged at 10 000 rpm for 15 min, and the
supernatainwas removed. This step was repeated 3 times until the pH reached above 2.5. The suspensit
was then dialyzed and equilibrated fér76days until the conductivity of water reached below 5 uS. To
improve the dispersion of the CNCs, the suspension wagrdeged with 4% sodium bicarbonate with a
1:10 g/v until a pH value of 7.5 was reached. Figure 3.1 below illustrate thbysstgp synthesis
procedure of the CNCs from corncob.

58 CCW
= - 70 mL HNO,
ik (70 %)

- . 00 @wo

r— = | r— . | r g |
Alkali Treatment - -
. . . Acid hydrolysis
Acid Hydrolysis 5g CCW Bleaching 100 mL H.SO,
wiv % C

Centrifoge

100 mL KOH(7 100 mL (4-6w/v % at pH
80°Cfor4h NaClO, 4)

(1.7 wiv % 45°C for 45 min

at pH 4)
80°C for 4 N
h

entrifuge
Dialysis (pH 5-6)

Figure 31: Graphicalillustration of the synthesis of NOCNCs and-CGICs from corncob

3.3 Characterization techniques

The structural properties of CCNCs, MCGCNCs, and NOCNCs (including their morphology,
crystallographic nature, and size) were determined using the listedjieetin
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3.3.1 Xray powder diffraction (XRD)

The PXRD technique was used to identify and determine the crystalline phase of the synthesize
materials based on their diffraction patterns. A Bruker D2 phaser equipped wikhOCur adi at i o
1.5405 A)), atan operating voltage of 30 kV and current of 10 mA was used. Small amounts of samples
were grinded into fine powders and packed into a PXRD -@aoground sample holder, the
measurements wer €0 Tt bhe trystalliniy chdeawas @lduakusing quation 1 as
shown below17].

01 ® —"O., © p T Qn e

O

Where, bo2 denotes the maximum intensity of the d@gice diffraction peak at thedalue around 22°,

while lamis the minimum intensity scattered by the amorphous part of the san2pbfadtie around 16°.

3.3.2 Scanning electron microscopy (SEM)

SEM was used to determine the surface morphology of the &0C ,AB-CC, and NOCNCs using the
Tescan Vega SEM. For mesements, the powdered samples were placed onto the carbon tape which
was mounted on a SEM stub. The stub was coated with carbon, gold, and palladium before analysis.

3.3.3 Transmission electron microscopy (TEM)

Morphological properties and particle szef the CEGCNCs and MCEBCNCs were determined using

FEI G TECNAI Spirit T12. The samples were dispersed in ethanol and then mlacadopper grid
coated with a carbon film. The samples were dried before carrying out TEM analysis at an acceleratin
voltage of 120 kV.

3.3.4 Fourier transform infrared spectroscopy (FTIR

FTIR spectroscopy was used to determine structural changes on the samples as a aksolicaf
modification by the detection of functional groups. The changes in functional groups of the materials;
CC, A-CC, BCC, CGCNCs, MCGCNCs, and NOCNCs were analysed using the Brucker TENSOR 27
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FTIR. The FTIR spectra of the samples were recordetdartransmittance mode in the range of 4000
cmt to 800 et

3.3.5 Thermogravimetric analysis (TGA)

TGA was used to study the thermal stability of CGCE&, B-CC, CCGCNCs, MCCGCNCs, and
NOCNCSs using the TA Q50 instrument. Approximately 10.0 mg of thd samples was weighed and
heated from 3®00 °C at the rate of 20 °C/min in/aMitrogenpurged at a flow rate of 20 mL/min. Both

the derivative thermal gravimetric (DTG) and weight loss (TG) were obtained and analysed.

3.4 Results and discussion

3.4.1 Fourier transform infrared (FTIR) spectroscopy analysis

The functional groups that are present on the surface of the CC before and after chemica
treatment, and the obtained CNCs (CBCs, MCGCNCs, and NOCNCs) were determined
using FTIR as shown in figu&2. @ The broad peak observed around 38885 cm' present

in all spectra is a representative of théiGQtretch of hydrogen bonds, while at 28800 cm' is
attributed to the @ stretching vibration$19]. The peak around 1642 chis assigned to M
bending, caused by the hydrophilic nature of cellu[@83. The peak at 1721 crhin untreated

CC is due to the acetyl and ester groups of residual hemicelluloses, this peak is absent in th
chemically treated samples and the CNCs, due to the dissolution of the hemicellulose componen
present in the corncof21]. The strong peaks around 1030 tmre attributed to the skeletal
vibration of the GO-C in the pyranose skeletal ring, while the small peaks at 894acmh 1161
cmtare attributed to t helycGsidic linkages petwéen sugan enitsc y
and the CO antisymmetric brid§22]. The bands between 1320 and 1460*are attributed to

the CH inter-twinned in cellulosic materigP3]. The disappearance of the 126811 cm' peaks
present on thecorncob after chemical treatment results from the removal ofcalbmosic
material [24]. These results depicted that the cellulose molecular structure remains unaffected
following chemical treatment of CC and MCC.
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Figure curves 3.28] FTIR spectraand(b) XRD patternsf CC, ACC, B-CC, CGCNCs, MCCCNCs,
and NOCNC:s. (c) TGA and (d) DTG of CC;@C, B-CC, CGCNCs, MCGCNCs, and NOCNCshe
inset in figure 3.2 (b and d) shows the FTIR of MCC and MCOXICs and the DTG of the extracted

cellulose nanocrystals.

3.4.2 X-ray diffra ction (XRD) analysis

The XRD patterns of CC, £C, B-CC, and the CNCs are represented in figure B)2above. The
crystallinity index (Crl) of various CNCs was determined and denotes the ratio of the crystalline
constituents to the amorphous regions ohaterial, it also provides information about the thermal and
mechanical properties of CN(23]. It is apparent from Figure B(b) that all samples are comprised of
three characteristic peaks at around 16°, 22°, and 34°, corresponding to the (101), (002), and (04(
crystallographic planes respectively, which are characteristics peaks of celllldkeThe presences of
these peaks confirmed that the crystalline structure of cellulose | remain intact after chemical treatmer
and CNCs extraction using acid hydrolysis and ndxidation. Similar patterns were observed when

CNCs were extracted by chemical treatment from biomass waste such as ridd fijuskigarcane
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bagass¢23], pineapple leaf fibre5], and even from maize stalk pii®6]. The crystallinity indexes of

the CNCs (Crl%) were calculated using the XRD patterns, an increase of crystallinity index was
observed from the untreated cornaslste to the cellulose nanocrystals. The crystallinity of NOCNCs
(74.37 %), MCGCNCs (70.24 %), and GCNCs (69.12 %) showing a slight difference, which may
attribute to the fact that both acid hydrolysis and raxaation treatment can result in the @ral of
amorphous regions and the formation of higher crystallinity CNCs. However, the crystallinity of the raw
corncob increased from CC (52.01,98)CC (59.28%)to B-CC (62.22 %) which is due to the removal

of non cellulosic materialsThe XRD of the reidue obtainedfter alkali treatmenivhen preparing CC
CNCsdemonstrates that tresare additional peakshich may be due to the presence of K@Hown in

the supplementarynformationfigure S3.1)

3.4.3 Thermogravimetric analysis (TGA)

In order tostudy the thermal stability and degradation properties of the untreated corncob, treated
corncob, and the CNCs, TGA analysis was carried out. Figure 3.2 (c and d) shows the TGA anc
corresponding derivative curves for the analysed samples. As can beosedfigure 3.2 ( ¢ and d), all
samples exhibited weight loss in the region ofi B® 0 AC of about 10 %,
evaporation of the absorbed moisture molecules on the surface of the g@8iplédl samples showed

a large mass loss at A6 0 A C, mai nly attributing [23. Altthee d €
decompositions at the temperature range ofi360 0 A C, are attributed to
bonds, degradation of carbaontaining skeleton with production of low molecwagight compounds

and formation of charred resid(i£5]. The thermal degradation of acid hydssdg CNCs proceeded at
lower temperatures than the@®@C and has an additional peak. This behaviour was expected given that
the introduction of sulfate groups diminishes the ttarstability in the CNCs, because of the
dehydration reaction of cellulog&]. The residue left after complete degradation of the sampes w
observed to be about 10.99%, 11.85%, 6.06%, 20.40% ,23.36% and 28.05% for th&CCCBAC,
MCC-CNCs, CGCCNCs, and NOCNCs respectively. The higher residual amounts recorded for the
sulphuricacid treated CNCs is attributed to sulfonated crystals, which are thermally more stable than the
desulfonated crystals and have a very slow degradation rate which contributes to incomplete therme
degradation[28]. There are three major decomposition stages from the CNCs, the derivative of the
NOCNCSs show four distinct major peaks. The peak at°TG@orresponds to anhydroglucoronic units.
Another peak adjacent to the anhydroglucoronic unit at 234 °C, resembling noncrystalline cellulose with

a small residual peak of crystalline cellulose at around 400 °C. The results obtained here are ir
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agreementwith the results obtained in a previous study where 4oxidation was used to extract
cellulose[18]. The peak at 867 °C is due to the decomposition of sodiuitefizz®].

3.4.4 Morphological image analysis by SEM and TEM

Morphological properties were investigated by SEM and TEM analysis. phlotographs and SEM
images of CC, ACC, and BCC are shown ifigure 3.3 (af). In the untreated CC the cellulose fibers

are bonded by hemicellulose and lignin which result in a brown cobuirafter chemical treatments
(alkali and bleaching) the obtained products colour changes to yellowish and a white respectively
(figure. 3.3 df). The colour change confirms the removal of +watlulosic components and is a
significant sign for morpholagal change in their structures. During alkali treatment, hemicellulose is
solubilized and washed out, resulting in a colour change with cellulose and lignin residue. This step ma
also result in the breakdown of some alabile bonds such as ether aester linkages resulting in
openings in the fiber matrix leading to easy penetration of bleaching agents during the subsequer
bleaching treatmerj80]. During the bleaching process, the presence of acidified NefolIQtion leads

to the oxidization of ligim, resulting in the formation of new functional groups such as carbonyl,
carboxylic, and hydroxyl while whitening the pulp as showrfigure 3.3 (f) [31]. Throughout the
treatments, the delose became highly purified and crystalline since after the bleaching process, the
cellulose become separated fibers that are not intact on the corncob, which confirmed the removal ¢
hemicellulose, lignin, andther extracts. The SEM imagég(re 3.3(a-c)) show the morphology of the

CC at the different treatment stages. It is evident ffigure 3.3 (a) that the CC displays a framework
with unique integrated porous structures and thin layers stacked together. WhileCthead BCC
exhibited a fibedike, and spherical structures with decreasing diameters after the bleaOhirthe

otherhand,the MCC exhibitedrregular, flat, and porous rood likeggregatesshown if figure S3.2).

59



Figure 3.3: (a) SEM images of the CGCXC, and BCC. (b)Photographs of the CC,-8C, and BCC.

The prepared cellulose fibers are consisted of both amorphous and crystalline regions. During the aci
hydrolysis of BCC and MCC, as well as nitroxidation of the CC the amorphous regions are
destructed and removed y b r e a k-LL,4gfucopyranese bnkage in cellulose structfl].
Therefore, the micrgized fibers are separated into nanosized crystals as shofiguia@ 34 (ac).
According tofigure 34 (a and b), the CCNCs and MCGCNCs have rod like structure with an
interconnected webke distribution so that each fiber total length is covered by other fibers. As a result,
it was difficult to calculate the average size disition. While the NOCNCsdfiure 34 c¢) consisted of

both rod like morphology and a sheet like structure. The photographs demonstriigedeir84 (d-f)

show the different colours suggesting different properties and morphology.
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Figure 3.4: (a) TEM imges of the C&CNCs, MCGCNCs, and NOCNCs. (b) Photographs of the CC
CNCs, MCGCNCs, and NOCNCs.

3.5 Conclusion

The increasing environmental awareness currently has pusssdrcherdsowards the usage of
agricultural waste to prepare largeantities of economic, renewable, and environmentally friendly
resouces such cellulose. There are several crucial steps to prepare CNCs, including grinding of raw
materials, removal of necellulosic components such as lignin and hemicellulose, andktracion of

CNCs by chemical treatment. The different conditions used at the different extraction stages affect the
crystallinity, surface functionalization, and thermal stability of the final product. In this study, two
methods were utilized to preparéNCs from corncob, these were then compared to CNCs extracted
from commercial microcrystalline cellulose. The crystallinity of the NOCNCs was obtained to be 74.37
%, which was significantly higher than that of M@NCs (70.24 %), and GCNCs (69.12 %). TEM
analysis confirmed that the CNCs have different morphologies.FTFIR confirmed the presence of

OH, C-H, Skeletal vibration of the {©-C in pyranose skeletal ringand b-glycosidic linkagesThe

results obtained herein suggest that CC, which is regadedaste, can be effectively utilized for

several other purposes since they possess the advantages of being sustainable and biodegradable.
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CHAPTER 4:PREPARATION OF ACTIVATED CARBON

4.1

FROM CORNCOB WASTE BIOMASS

Introduction

The increasg consumption of fossil fuels and intensification of environmental probtemsed

to the development of efficient, clean and sustainable new matgijalas a result, there has
been an increase in the production of green and renewable materials from sources such &
lignocellulosic materials due to their abundance and availalfity In recent years, there has
been a growing esearch interest in the use of agricultural waste materials from the agro
industrial sector for the production of sustainadahe green carbon materials such as activated
carbon (AC) AC is a carbonaceous material that is predominantly amorphous i aaitihas

high porous structure with a high surface area and mechanical strength which depends largely o

the precursor material and activation prod&$s

Most of the commercially available A produced from fossil fudbased precursors such as
petroleum and coaland some highalue agroforestry materials such as bamboo, wood, and
coconut These precursors aexpensive and environmentallynfriendly hence the increasing
focus on agricultural waste whidh cheaper, readily available, renewable, structurally ysro

and environmentally friendljy4, 5. Theamount of agricultural waste being generated annually
across the globe hastensifieddue to increase in food demand as a result of population growth
[6]. In recent years the use of different agricultural waste biomass, such as pomegranate pee
waste[7], rice husk[8], spent coffee ground®], sugarcane bagasse waklf], peanut shells

[11], and many more as precursor materials to prepare porous carbons at a low cost.

At presenttwo methods have been utilized to prepare activated carbonacetargmlsanamely
chemical and physical activatiomethods[2]. Physical activation involves the pyrolysis of
precursors at high temperatures (6DD00 °C) followed by activation in the presence of
oxidizerssuch as steam or carbon dioxideuring chemical activation, the raw materials are
impregnated with a chemicacttivating agent and then pyrolyzed at temperatures betweé&n 400
900 °C [12]. Chemical activation has been reported to be more advantageous over physical
activation due to low energy regements, higher yields, larger surface areas, low activation

time, development of porous structures, and it is considered to be economical and

66



environmentally friendly since the chemical reagents can be recovered and[ i€is€de most
commonly useathemicalactivating reagents are KOH, ZnCHsPQu, K2COs, and NaOH [14].
Different activation reagentsaw materials,ratio between the chemical agent and precursor
mass, and pyrolysis temperature result in activated carbon with different properties, table 4.1 is &
summary of surface area values?g) from different biomass waste precursors used for the

preparation of AC.

AC is usually rich in heteroatoms such aggen, sulphur, hydrogen, nitrogen, halogen and other
elements, in the forms of functional groups or atoms whietbonded chemically to thAC
structure[15]. This makes itversatile for numerous applications in different fields such as
pharmaceuticals, food processing, vacuum manufacturing, wastewater management, and a
pollution [4]. Although the use of corncob to produce activated carbon has been raported
literature the use of KCOz as an activating agehias yet to be explored. In this work, activated
carbon was prepared from corncob waste as a precursor ugig ks a chemical activating
agent. The effects of the impregnation ratios of the chemical of activating reagent ansgprecur

were investigated.

Table 4.1. Comparison of surface areas of activated carbon prepared from lignocellulosic waste.

Source Preparation method BET surface Reference
and conditions area (nv/g)

Corncob Pyrolysis, ® 0C Aor 1508.53 Thiswork
2 , KCO;s

Tomato Pyrolysis, 60 °C for 1 1093 [16]

waste h, ZnCh

Orange Pyrolysis, 99 °C for 1 1352 [2]

peel h, K2COz

Peanut Pyrolysis, B0 °C for 1523 [17]

shell 2h, KOH

Grape Pyrolysis, 500 °C for 1455 [18]

bagasse 1h,H3sPOy

Coconut Microwave, 1000 °C 2000 [19

shells for2 h, CQ,
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4.2 Materials and methods

4.2.1 Materials

Corncob was obtained from a local pet store (Johannesburg, South Africa). The other reagents
potassium carbonate §ROz) andhydrochloric acid (HClwere all obtained from Sigma Aldrich

South Africa and used without any further purification. Distilledtevavas used to prepare
agueous solutions.

4.2.2 Preparation and characterization of activated carbon

Initially, the raw corncob (CC) was washed with distilled water to remove any impurities. It was
then dried at 100 °C for 6 h before grinding into a fine pawalsing a home blender. The
obtained CC powder was directly mixed with a chemical activator i.e., solid potassium carbonate
at the fixed weight ratios from CC 4ROz = 1:0 to 1:3 The mixtures were placesh a quartz

boat inside a tubular furnacdhat wa heatedat 800 °C (heating rate: 10 °C/min) undep N
atmosphere for 2.hThe furnace was then allowed to cool to room temperatur¢hamdsulting
samples were washed several times with 1M HCI and distilled water. Finally, the samples were
dried in an oven at 100 °C for 12 Rigure 4.1 demonstratesaghical illustration ofthe AC
synthesis The activated porous carbons synthesized were labelld€@s1:0, ACC 1:1, ACC

1:2, and ACC 1:3 where ACC refers to activated corncob and 1:x is the ratio of@®B/K

Corncob

800°C,2h

Ground
corncob

Nitrogen gas

Figure 4. 1: Graphical illustration of activated carbon synthesis
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4.3 Characterization

X-ray diffraction (XRD) (Bruker D2 Phaser)
0.15405 nm) generated at 30 kV and 10 mA was used to explore the crystalline stiititere
activated carbonsA measurement of specific surface areas of the activatéedonsand
compositesvas determined usiniy> adsorption (at 77 K), using a surfazed porosity analyser

(A Micromeritics Tristar 3000 The morphology of theactivated carbonand elemental
compositionwere studied byscanning Electron Microscopy (SEM)ittv Energy Dispersive X

Ray Analysis (EDX) using a ZEISS Gemini SEM 560 instrument with sub 1 kV. The thermal
stability of the materials was monitored using a Perkin Elmer 6000 thermogravimetric analyser
(TGA).

4.4 Results and discussion

4.4.1 X-ray diffraction

The Xray diffraction profile of the rawCC and activated carbon materiakQC 1:0,

ACC 1:1, ACC 1:2, ACC 1:Bare shown iffigure 4.2 aThe raw CCcomprised of thre
characteristic peaks atd 162, 22°, and 34°, corresponding to the (101), (002), and (040)
crystallographic plaregf20]. The 101 and 04feals disappeawhentheraw materials are
activated with KCOz and carbonizedt all the different ratiosThis indicates that the CC

was fully carbonized and formed a new carbon structaie.the activated carbon
materials hadlow intensty a n d broad di ffraction25peak:
representing the (002) and (100) planes of graphite, respgd@i¢l The result suggests

that the carbon structures have a low graphitization degrea tmbostratic structure of
disordered carbowas formed22]. Similar XRD peaks were reported when Xie et al.,
prepared AC from CC using KOH as an activating agent at 8af°€ h with heating

rate of 8 °C/min [23]. The carbaization of the raw material without any chemical
activating agentproducel AC with similar crystallographic properties to th&Cs
produced in the presence K$CQOs. Kennedy et al ., report e
42.5° indicates that the formation of pores is due to the decomposition of carbon along the

direction of the graphic structurg].
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Figure 4.2: (a) XRD patterns, (b) TGA, (c) differential thermal analysis (DTG) aad9drptioii

desorption isotherms for corncob and activated carbons prepared using different impregnation ratios.

4.4.2 Thermal stability

The thermal stability of the prepared materials was conducted using the
thermogravimetric characterization method. Figure (.2and ¢ present theTGA and

DTG of the five samples. The thermograms provided in figu2e@) indicate that all the

A C C 6 s les lmavepsimilar degradation patterns withe fdecomposition regions. The
weight loss in the first regioaf all sampleast a temper ature ar oun
to the elimination of adsorbed moisture. The decomposition in the second region around
300 correspond t o t hehe kthiodsdeconmpdsitioh stage ofdasl | U
between 3004 5 0 and ascribed to the c@Bjpi et e
the last region (45®0 O ), the rate was very sl ow
maintained in all the samplésie to othegraphitic materialsOn the other hand, corncob
consist of three decomposition stagd® first siage at the temperature range of 40

1 3 5 isAt€ibuted to the elimination of adsorbed moistiiiee seconadlecomposition

stage at200°C - 400 °C correspond to the loss of hemicellulosesi cellulose[26]. The

third stageijs thecarbmization of corncolbo form solid residue such ahars and organic
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residue which suggests thahe minimum temperatureequired for the carbonization of
t he c¢ or nc@B.The emndrs &h cAr@ent left after the process was 0.22 %, 3.44
%, 4.94%, 13.30%, and 14.84% for the CC, ACC 1:0, ACC 1:1, ACC 1:2, and ACC 1:3

respectively

4.4.3 Nitrogen adsorption-desorption

The N adsorptiordesorption isotherms of activated carbons prepared at different
impregnation ratios and the raw CC are shown in figure 4.2 c. The shape of
N2 adsorptioiidesorption isotherms are different for the differenpregnation ratios,
these isothermsdbong to different types (isotherms Il and IV) of IUPAC classification
[28]. A type Il isotherm indicatean indefinite multilayer formation after completion of
the monolayer and is found in adsorbents with a wide distribution of poreasiddype

IV isotherms indicate a significantly developetgsoestructure due tahe occurrence of

the widening of the existing microsporg9]. The formation of porous structures using
K2CQOs involves the reduction of KCOs to form K, K20, CO and C®@ under inert
conditions The potassium compound formed during the activatiep diffuses into the
internal structure of char matrik30], widens the existing pores and creates new

porosities consistentith the following reaction§31].

K2COsz + 2CY 3CO +2K eq (1)
K2COsY K2+ COp eq (2)
K20 + 2CY CO +2K eq (3)

At relatively low pressure (<0.15 P/B), the adsorbed Nvolume increased steeply
indicatinganincreasan the number of mesoporous and mapooes[32]. It is noted that

the hyseresis loopevidently increased at about R40.9, which means that the materials
consist ofmacroepores.For all impregnation ratios a plateau is not apparently reached
rather adsorption occurs over the entire pressure interval indicating the presamngcdeof
range of pore diameterShe specific surface areasgS) (shown in table 4.1) arg01.49,
357.57 642.93 1508.53 and1183.46m?/g for samples CC, ACC 1:0, ACC 1:1, ACC
1:2, and ACC 1:3 respectively. Thiemonstrags that the presencef @n activating
enhance the specific surface arealhe surface area incrsad with increasing

impregnation ratigsand maximum surface area and pore volumse obtained aan
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impregnation ratiof 1:2 (ACC:K2CGQ0s). The decrease ithe volume of adsorbed Nat

the 1:3 impregnation ratiwas attri buted to a r etdsuatt i o
higher pressures due to collapsing pdded. The obtained surface areas are comparable
to previous studies as shown in table 4.1.

Table 4.2: Textural characteristics of cornedbrived activated carbomsing different impregnation

ratios.

BET Pore Pore
surface volume size
area (cm®/g) (nm)
(m?g)
CcC ‘ 101.49 0.12 3.93
ACC 1.0 357.57 0.19 2.17
ACC 1:1 ‘ 642.93  0.43 2.5
ACC 1:2 1508.53 0.81 2.17
ACC 1:3 ‘1183.46 072 241

4.4.4 Scanning electron microscopy

The morphologyand chemical compositicof all materials was characterized using SEM
EDX analysis. Thescanning elecon micrographs are shown in figure 4.3. The figures
indicate that theACC obtained in this studygonsist ofirregular and heterogeneous
surface mrphologies, withwell-developed pores of various sizes and shépastend to
change with different impregnation ratios. Important differences between the surface of
the raw CC and the activated carbonsenvebserved, the raw corncob consisted smooth
surface with minor pores, whileggadualimprovement on the porosity wabserved with
increasein the impregnation ratios. hHE image ofthe samplecarbonizedat the
impregnation ratio of 1:@emonstrates porsiwut less regular surface morpdgy (figure

4.3 b), whereas remarkably regular surface morphekgre observed for the other
samplescarbonizedat the impregnation ratios of 1:1 to 1:2 (figure 4-8).cACC 1:3

demonstrated a spongy like morphology faoming the collapse of the pore structure.
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The obsenation clearly confirmed that 4COz activation of corncob resultsin the
formation ofporous structures.

ENT= 15000y Signs! A= 1TS B850 Date: 25 ay 2021

WD = 6.9 mm Mog= SOORX Time: 14:24:23

. # " < J P > s P
f”"‘ ENT= 500K - ay 2024 p— v EHT= 1500 4y 5 Cafe. 25 Moy 2021 —
WD« 75mm Mag= S0KX Time: 15:53:3¢ WG = 79 mm Wag= SOORX Time: 15:15.59

SignaiA=inLens Osle: 25 ey 2021
Hag= S00KX Time: 15.26.07 4

Figure 4.3: SEMmagesof (a) CC, (b)ACC 1:0, (c) ACC 1:1, (d) ACC 1:2, afm) ACC 1:3.

The elemental analysis was conducted usiagydispersive energy (EDX) methothe results

of EDX characterizatin for raw CC and the activated carlsoare shown in figure 4.4The

resuls of the EDX analysis revealed thtite materialsconsisted of carbon (C), oxygen (O),
silica (Si), magnessium (Mg), and calcium Y@ehich areusaully present in activated carbon
[33]. The highest peak was recorded for the carbon element compared to the other element

indicating that carbon is the highest elemental content of the materials. The carbon contents o

73



act

vat ed

car bons

(060. 48 %)

(56.7%). This is because the volatile molecules, such as hydrogen and oxygen, leave frorm

ar e ntoforawscordcebr a b |

activated carbons during carbonization process; resulting in AC rich in carbon céadgnthe

effects of impregnation ratios on the elemental composition of activated carbons, demonstrates

that with increasing impregnation ratio, the carbon content of ACs is increased, which is in

agreement with results reported by Kamet al, [35]. The impurity peaks are due to the gold

and palladium coating material.

. Element  Weight% Atomic% Element  Weight%  Atomic%
I CK 56.70 63.64 S g &4
0K 42.90 36.16 Ok S39 200
AIK 0.40 0.20 Me™ 968 o8
Totals 100.00 SiK 113 0.55
CaK 3.81 1.30
Totals 100.00
Lk R p 8 10 12 14 16 | B % 5 TR g . 25 5 A g ,
Full Scale 35 cts Cursor: 0.000 ke' iFull Scale 61 cts Cursor: 0.000 Ry
o Element Weight% Atomic% v Element Weight% Atomic%
CK 69.72 75.91
CK 71.02 77.29
0K 28.85 23.58
OK 26.83 21.92
Mg K 0.19 0.10
Mg K 0.43 0.23
CaK 1.24 0.40 X i o
Totals 100.00 Tocily OO0 =
ACC 1:2
(') " 5 b ; é 8 10 12 14 16 1 6 ; 5 ‘ ; K é 8 10 12 14 16 1
Full Scale 61 cts Cursor: 0.000 ke' Full Scale 61 cts Cursor: 0.000 keV]|
Element Weight% Atomic%
CK 79.17 83.62
0K 20.42 16.19
SiK 0.41 0.19
Totals 100.00
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Full Scale 61 cts Cursor: 0.000

ke'

Figure 4.4: EDX analysisfda) CC, (b) ACC 1:0, (c) ACQ:1, (d) ACC 1:2, ande) ACC 1:3

4.5 Conclusion
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This study examined synthesis and characterization of activated carbon from corncob residue usin
potassium carbonate aschemical activation agent. Herein, the activated carbon samples were
prepared at 800 AC for 2h wdolth kCOsmangirgfgom 4:0 o o n
1: 3. The characteristics of the prepared ACC
X-ray dispersive energythermogravimetric analysis,Nwdsorptiordesorption and ay powder
diffraction. The experimentalesults illustrated significant improvements in BIET surface area as

the impregnation ratio increased from 1:0 to 1:2 (C&Z®), howeverdecreamg BET surface area

at the ratio of 1:3vas attributedo collapsing pores. The best activated carbomp$a(Bger =1523.2

mY g with a por €g) waslobtained at anOimpBefnatiomnratio of TTRe SEM
micrographs showeahigh porosity developmemin AC as a result dhe activatiortreatmentwhile

EDX confirmed the presentke presence of carbon, oxygen, silica, magnessium, and calcium
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Chapter 5Preparation of activated carb@mopper oxideand

polyvinyl alcoholcomposites for potential applicatiaom

5.1

chemicalsensors

Introduction

In recent yearsthe urgeny in monitoring air pollution usingecafriendly high-performance
materials has motivatesearchers to explore prospective and-effstctive materials This is
because of the high demand for simple, responsive and stable electronic sensors suitable f
environmental monitoring idifferentfields such as safety in miningir pollution controland
firefighting [1]. A variety of materials including metal/metal oxide nanoparticles, inorganic
semiconductors;arbon nanomaterials, and conjugated polymers have been exgpéopetential
materials for resistive gas sensing applicati¢?2fs Carbonbasedmaterials have large surface
area, low power consumptions, and good thermal and chemical stability, which are desirable

propeties in gas sensingl, 3.

Among carbonbased materialsactivated carbon (AC) has beeonsidered to be the most
promising sensing material because ointger porous structure, large specific surface area, rich
surface chemistry, chemical stability, the possibility of moulditsystructure for specific
applications and most importantlyit is a low-cost materialwhen compared to other forms of
carbon such asarbon nanotube€{NTs) [4]. Due to its low sensitivity and conductivigt room
temperaturejts application in operable sensass restricted. Mdification of AC surface is
necessary to improventeraction betweenthe sensing materiadnd target gasem order to
achievehigh gasadsorption at low gas concentrasoiMany efforts have been made in order to
improve the sensing performance AC by introducing surface functional groups such as
carboxyl, carbonyl, hydroxyl, and phenols,axtive substances such as metal oxides oAthe
surface[5, . For example, Huang et al., synthesized a metal oxide $MBRO composite and
reported that the composite exhibited better electrochemical performance compared to pristine
AC [7]. Khaleed et al., prepared a NiO/AC composite and reportedhih@bmposite had better
conductivity compared to both the pristine NiO and [ATC
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The field of nanotechnology has drawn much interdisciplinary effothe development of
nanomaterialsvhich has been providing promisimgnovativetechnologiedueto their distinct
physical features, electrical conductivity, chemical resistivity, and chemical characteristics,
compared to those materials in bulk s{&je Nanomaterialsre being imbducedinto all aspects

of life such as thedvanced nansubstances in energy, biomedical and environment fj€lds
Copper oxide nanoparticles (Cu@Ps) have gained significant importance due to their
distinctiveelectrical and thermal conductivity, relatively high melting point, great solder ability,
low electrochemical migration behavioandlow cytotoxicity [10]. CuO NPs aravidely used in

the fiedd of catalysisgas sensors, waste treatmdratteries, food preservation, high temperature
superconductors, solar energy conversiamg dye removal[9, 11. There have been reports
demonstratig that different morphologies of CuO NPs are suitable for the detection of various
gases such as ethanol and acefd# However,metal oxidebased gas sensors require high
operating temperature to achieve excellent sensenfprmance which coultkad to high powr
consumptio and drift problems caused by sintering and diffusion pro¢é8s 14. Therefore,

new method should bexplored to minimize tse challenges.

In this work, we reportoom temperature synthesis of CuO NPs and oil bath preparation of
ACC/PVA/CuOcompositeusing the ACC 1:2 sample (reported in chapteard) studythe VOC

gas sensing propertie$ the compositeThe aim of this workvasto investigate the role @uO

on the sensing properties &C when exposed tdifferent VOCs and evaluatghich composite

shows the highest response.

5.2 Materials and methods

5.2.1 Materials

Copper nitrate hexahydrate (Cu (B6H20), sodium hydroxide (NaOH)and ethanol
absolute (99.9% puritywaspurchased from Sigmaldrich, South Africa The activated
carbon wagrepared in using pyrolysis method (ChapterBigionized water was used
during the preparation process&l.chemicals were used as received, without any further

purification
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5.2.2 Methods
5.2.2.1 Preparation of copper oxide nanoparticles (CuO NPs)

CuO nanostructures were synthesized at room temperature through a solution
reduction process using sodium hydroxide as a reducing agent. The preparation of
the CuO nanostructures was done according to previously documented methods
(Sonia et al.[15]) but with some minor modifications. In a typical reactianyl
agueous solution of NaOH was mixed slowlgth 50 ml of 0.2 M aqueous
solution of copper nitrate hexahydrate at room temperature and until a pH value of
12 was maintainedlhe mixturewas the stirred for 12 hours at room temperature.
The resultant sotion was then sonicated for 30 min at room temperaturéthe
blackcolouredprecipitate obtainedvaswashedwith distilled water and ethanol
several times and dried at 100 °C fdn,8astly, the sample was calcined at 400 °C

in a muffle furnace for 2hThe reaction mechanism for the formation of copper

oxide is as follow$16]:
Cu (NO3)2 + 2NaOH—> Cu(OH)+ 2NaNOe,A CuO + BO

NaOH plays an important role ithe formation of CuO nanorods since OH
concentration facilitates the reaction that produces nanostructures. The mechanism
shows that, in an alkaline bath there is initiatye formation of Cu(OH) acting

partly as nuclei for the growth of CuO nanopartigtEg.

2M NaOH

Figure 51: Graphical illustration of copper oxide nanoparticles

82



5.2.2.2 Preparation of ACC/PVA/CuO composites and sensing devices

The ACC/CuO/PVA composites were prepared using previously documented
methods by Linganiso et alyith some minor modificationgL8]. Briefly, 50 mg

AC were ultrasonidad in 10 mL dimethylformamide for about 15 minutes to
allow particle dispersiorAbout 5 mg of PVA washenadded to form continuous
network and bed the dispersed particles and the mixture was stirred at 60 °C for
about 6 hours to dissolve the PVA. Thempmsites solutions wegeparedn the
proportions: 5%, 10%, and 15% of CuO in ACC/PV#:w). For device
fabrication,interdigitatedelectrodesprinted circuit board (IDEsPCB) substrates
were bought with IDE already mounted on the PCB substriweo copper wires

of the same size were each mounted on each electrode by soldering method. Priol
to preparing sensor films, the sensabstratavas rinsed with acetone, and dried

in a 100 °C oven for 2h. Preparation of sensor films was carried out by drop
castirg method of the aprepared composites using a migipette. Precisely, 5

eL of t he s o nwascarefidlyddroppedwop thessensiegdayer of IDE
PCB, the sensors were alloweddxy at room temperature overnight and further
dried in an oven at@®°C for 4 h Figure 5.2 shows thergparation of sensing

electrode

o [
u :
—_— . — e, T—) —
Drop Evaporation
casting Oven drying @

60 °C for 6h

Figure 52: Preparation of sensing electrode

5.2.2.3 Gas sensing measurements
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The gas sensing properties of the fabricated sensing devices were studied by
exposing the devices to the analytes (ethanol, acetabgtafol, and methanol)

and analysing the change in electrical resistance. An LCR 6300 multimeter with
an AC input signalvas used for the electrical resistance measureméings 53

gives a schematic representation of the sensing system used, where the sensin
electrode was placed inside a 5 L round bottom flask. The gas vapour of the
different analytes was injected intoetround bottom flask using a miesgringe.

To obtain desired concentrations of analytes in ppm, the concentration was

calculated using to Eq. 5[19].

L s w8

(nn h—m pPITT eq (5.1)

Whered is the concentration of the analyte gas in parts per million (pprihe
density of theanal yt el TYthe tgsthog temperature in Kelyiw i the
injected volume of the analyte irL, 0 i the molar mass of the analyte gas in
g A rmtoeahdwthe volume of the round bottom flask ®f..

Micro-syringe Connected to vacuum pump

Computer

LCR
meter

Round Bottom
flask (5 L)

Figure 53: Graphical illustration ofas sensing setup

5.3 Characterization

The CuO NPsind compositewere characterized using transmission electron microscopy
(TEM) (FEI G TECNAI Spirit T12)to determine the morphologgnd X-ray diffraction
(XRD) (Bruker D» Phaser)to determine the crystalline phase of the samples.
Measurement of specifisurface areas of the activated carbons and composites were

determined using Nadsorption (at 77 K), using a surface and porosity analyser (A
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Micromeritics Tristar 3000)The thermal stability of the materials was monitored using a

Perkin EImer 6000 therngoavimetric analyser (TGA).

5.4 Results and discussion

5.4.1 X-ray powder diffraction

The crystallographicand structural characteristicof the synthesized CuO rodsd
ACC/PVA/CuO compositesvere evaluatedusing XRD as shown in Figure 3. ACC
exhibits broad and wide diffraction pesaround23.8°and 42.5°, confirminghe (002)

and (100)hase of the graphitic domain. 8¢epeals demonstratéhe formationof small
graphitic phase in AC during calcinatiorf20]. Comparison oKRD patterns of GO and
ACC/PVA/CuO samples in Figuredbrevealed that the CuO NPs in all samples represent
a monoclinic structure that wasdexed to copper oxide [CuO, PDF-0136234. The
peaksappeared at 2d (32.45A, JI%,64.724 66.08°3. 6
68.24°,75.16% and 83.53°Values and they were assigned to the coomrding (110),
(002), (111), {202, (020), (D2), 113), (310), (220) and (004) planes, respectivaly

the observed peakwere assigned to the tenomibase,in addition, abroad difraction
hump at 2d tand g shoulddr pedk9at BB A3were observed in case of
ACC/PVA/CuOsample, confirming presence oAC and PVA[21]. ThemeanCuO NPs
crystallite size was calculated to [# 90 nm, from the CuO (002 and 11} peals using

the DebyéScherer equation (see equattog) [22, 23]

D= eq (5.2)

Where D is the average size of the ordered (crystalline) domains, K is the shape factor
with a typical v a | -tayewavelengtfolb4y t At fulswidtheat 1 s
half maximum EWHM) of the reflection peak, and i s t he dd Ther ac
intensity of peaks of the CuO peaks in ACC/PVA/CuO tends to be increased with

increasing amounts of CuO.
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Figure 54: XRD patterns of ACC, ACC/PVA/CuO 5%, ACC/PVA/CuO 10%, ACC/PVA/CuO 15%,
and CuO.

5.4.2 TEM analysis

To further investigate the gwepared samples, the morphology of the netemwas
studied by TEM (Figure 5.5)The pristine activated carbon isastm in figure 55 a,
exhibits uniform distribution of pore3he porous nature of ACC is more favouratae

the adsorption of VOCs, and may prevent large agglomeration of CuO nanop§2dtles
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TEM analysis of CuO (Figure 5b and ¢ confirmed the presence tibwer like sample
comprised ofagglomeratedpolydisperse s with diameters ranging from 8.31 to 52.41
nm and an average size distribution of 21.79+ 9.88 winch is comparable to the
average crystallite size calculated using the Debye Scherrer equgitioiar properties
were reported by Vasantharaj et 4R5]. The ACC/PVA/CuO composites shothe
homog@&ous deposition of # rod nanoparticles in thectivated carbon matrix and

demonstrated that the variation in the concentration of CuO has an influence on the

morphology of the composites

25
20
15

Number of particles

Figure 55: TEM images (a) ACC, @a) CuO NPs, d) ACC/PVA/CuO 5%, €) ACC/PVA/CuO 10%,f
ACC/PVA/CuO 15%and (g show the particle size distribution of the CuO NPi&e inset in (c and e)

show TEM images at a lower magnification scale
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5.4.3 Thermal stability

The TGAand differential thermahnalysis (DTG analysis was performed to identify the
thermal behaviour and stability of tkempositesn an airatmosphereFigure5.6 (a and

b) present TGA and DTGof the compositesThe thermogramsor all the composites
show similar degradation patterns, the weight loss in the first region at a temperature
around 100 i's attributed to the elimin
peak around 173 8 7 cahA Be attributetb the thermal degradation tife main chins

of PVA [26]. The major weight loss between 400 and 600 °C is mainly related to the
combustion of the activated carbf®Y]. At the end of the degradation, the final residual
mass of the ACC/PVA/CuO 5%, ACC/PVA/Cut®%, and ACC/PVA/CuO 0% were
6.44%, 9.84 %, r&d 13.85% respectively.
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Figure 56: (a) TGA, (b) DTG of the composites, (¢} Bldsorptioiidesorption isotherms of the CuO

NPs and composites, and (dj &tisorptioiidesorption isotherm of the ACC.

5.4.4 Pore structure characterization
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Figure 5.6 ¢ and dhows the nitrogen adsorption isotherms measured for all sampées.
ACC and the modified £C/PVA/CuO composite samples exhikdt type- IV isotherm
profiles according to the International Union of Pure and Applied Chemistry (IUPAC)
classification.In eachof the sampleshe gasquantiy adsorbed increase evidently atvlo
relative pressure (PR D .die to the abundance of mesgwmores [28]. The
ACC/PVA/CuO composites exhibited higher specific surface areas of 2983244,
98.30 n%/g for ACC/PVA/CuO 5%,ACC/PVA/CuO 10%, and ACC/PVA/CuO5%
respectively when compared to the pristine CuQ.624 m?/g). This increase in the
surface area of the ACC/PVA/CuO composites be attributed tthe addition of ACC
(1508.53 m/g), which exhibits a much highespecifc surface areaThe nitrogen
adsorption amount of theomposites decreases gradually waih increase in the CuO
loading,dueto the loss of free space (intrapartietads) after the CuO particle dispersion
on the ACC|[29]. The textural properties of the ACC, CuO, and ACC/PVA/CuO

composites are summarized in table 5.1.

Table 5.1: Textural characteristicbactivated carbon, CuO, and ACC/PVA/CuO composites.

BET Pore Pore size

surface volume (nm)

area (n?/g)  (cm®/g)
ACC 1508.53 0.72 2.17
CuO 0.624 0.12 1.44
ACC/PVA/CuO 5% 278.04 0.13 1.94
ACC/PVA/CuO 10% 132.64 0.061 1.83
ACC/PVA/CuO 15% 98.30 0.058 214

5.4.5 XPS analysis
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XPS analysis is a powerful surface sensitive technique that has been used to confirm the
chemical composition, puritgndoxidation statef the asprepared CuO NP%igure5.7

a shows XPS survey spectrum of C®Bs which have confirmed that th@esenceof
copper(Cu),oxygen (O), anatarbon (C). Figur&.7 bi d show the highresolution spectra

of Cu 2p, O1s, and C 1s, respectivelyie highresolution spectra of Cup2revealed
distinguishable Cu 2p and Cu 2p» peaksat binding energies of 943 and %$4.6 eV
respectively with an energy difference of 20, @¥hich correlated well with the standard

Cu 2p peaks for Cul@8]. In the same spectra, there is a satellite peak of Guaghe
higher bindingenergiesallocated at 934 eV, the presence of satellite feature of Cu 2p
ruled out any possible @D phasg30]. The highresolution spectrum of Ols as shown in
Figure5.7 was deconvoluted tdteepeaks at 533, 5317, and 529.6&V. The peak at
5296 eV, can be assigned to the binding energy for lattice oxyge)? {id CuO lattice

and is in good agreement with the binding energy ®f i@n in the metal oxide sites
(Cuw?*1 0% ) [31]. The peak at 5R7 and 533.32V can be assigned to the binding energy
for oxygen defects/vacancies (@' within the matrix of CuQ andthe binding energy

for adsorbed residual carbon or other surface oxygen species, ecanicasilyreact with

the CUONPS[32]. All the peaks of the C 1s spectrum known as adventitious carbon
contaminatioraretypically used as a charge reference for XPS spectra on the surface of
the sampldg31]. Figure 5.7 d shows the higksolution spectra of carbon (C 1s), which
confirmedthe presence of a referenced peak at 284.7 eV and other peaks at 284.3, 286.1
287.9, and 288.67 e\assigned t€i C sp’ bond,C-C sp bond, C=0, and €=0 bond,
respectively.The results measured from the XPS spectmafirmed theexistence of the

CuO stucture
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Figure 57: (a) XPS surveyspectrum of2uONPs (bi d) High resolution (Core level) of Cu 2p, O 1s, and
C 1s from as synthesized CINP’S respectively.

5.5 Gas sensing

For gas sensing investigations the fabricated gas samsogmounted irnthetest chamber for 30

min before expasre to analytegases in order to stabilize the electrical basdlir#. Different

VOCs (ethanolacetone, butanol, and methanol) were selectesltest gases to demonstrate
changes in selectivitgnd sensitivityof the ACC and the ACC/CuO compositesith exposure

time of 5 min in vapour and 5 min in aifhe gas response is presentedRasponse (Rs- Ry /

Rg)x 100%,wereRg and Ra are the resistances of the sensor specimen under gas exposure and |
air, respectively All the gassensorsexhibiteda higher response percentageetbanol when
compared to acetone;litanol, and methanolhis confirming their selectivity toethanol The

major preference ohctivated carboibased sensors towardthanol over the othes due to the

presence of oxygeadsorptionsites andlispersion interactions mainly through the hydrocarbon
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chain on the activatdd carborbased material$33]. Figure 58 demonstrates that theensor
responses were fourid be dependentnthe CuO concentration. The maximum sensor response
for all the VOCswasachievedfor ACC/PVA/CuO 15%.,compared tgristine activated carbon

and the other composites, in which ACC/PVACu 15 % > ACC/ PV
10% > ACC/ PVA/ Cl B cléeafdhattheCr€sponse of the composites is highly
affected by the amount of CuO in the composite as the response increased with CuO percentac
loading. This confirms that the overall composite perforoeawas improved by the addition of
CuO. This further confirms that the CuO nanoparticles can be effectively applied in room

temperature operable gas sensors when mixed with the ACC and PVA constituents.
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Figure 58: (a) Snsitivity of the sensor towardifferent gases &00 ppm (b) Ethanol dynamic
response curvef the ACC/PVA/CuO 15%ensoy (c) Response and recovery time of
ACC/PVA/CuO 15%0 100 ppm of ethanol gasnd (d)Reproducibility cycles oACC/PVA/CuO

15% sensotowards 100 pprethanolat room temperature.

Figure 58 b illustrates the dependence of the sensor resistance on the ethanol concentration (rangin
from 100300 ppm) at ambient temperatdoe the ACC/PVA/CuO 15%. The electricadsistance of the
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sensordecreases when in contact with the ethanol and increased when exposedattair materials

and CuCQare commonly fiype semiconductoy$or various senseanalytepairs an inversion from p to n

(or n to p) type response has bgeaviously reportedwhere the n or p type here refers simply to the
reaction to the analyte and not to the conductivity type (electrons or [i@dsExcellent reversibility

with stable response and complete recovery to the indgbtance state mbseved, indicatinga fast
response and recovery preses, which is extremely important for a fiéale sensing deviceAs the
ethanolconcentrationincrease the ethanol could easily get adsorbed and react with formed oxygen
species on the surface of sensor device, thus facilitétmgensing reactions, promoting the response
significantly. This resultdemonstrates that ACC/PVA/CuO 15% can be consideredpasentialsensor
(breathalyserjo screen drunk driverat normalat ambient temperatureResponse and recovery dhe
central parameters that define the performance of a chksensoryesponse time is defined as the
amount of time required fosen® r 6 s r esi st an c9% %oohthenmgagimuin gesponsea ¢ h
(saturation point) in thpresence of a target gasd therecovery time is the time taken flowering 90%

of the final equilibrium valu¢35]. The response and recovery of the ACC/PVA/CuO 15% were 125 and
130 secondsrespectively, when exposed to 100 ppm of ethaihol.determine the peatability of
sensing materiathe ACC/PVA/CuO 15% sensor was exposed to 100 ppm of ethamskeen irfigure

5.7 d the sensor demonstratedexersible and stable sensmhaviorafter four cycles.

5.6 Proposed sensing mechanism

The gassensing mechanism oACC/PVA/CuO 15%can be explained byhe change in
resistance arising from the adsorption and desorption of oxygen. As illustrafigairi; 59,

when the sensds exposed tair, the oxygen molecules will be adsorbed on the surfatieeof
sensorand then ionize into oxygen species in the faiQ,’, O, O? "by depriving electrons

from the conduction baniéading toa thick electron depletion region with high potential barrier
formed on the surfacef the sensing materiahereby leading to an increase in sensor resistance
[36]. However, once the ethanol gas is injected into the test chamber, ethanol molecules reac
with the oxygen species on the surface, which releases the trapped electrons back to th
conduction band of the sensteading to the decrease of the thickness of the depletion region as

well as the potential barrier, resaly inthe sensor resistantedecreas¢37].
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Figure 59: Graphical illustration ofhe gas sensing mechanism.

5.7 Conclusion

In this work, ACC/PVA/CuO composites wersuccessfully prepared by simple oil bath method
Nanosized Cu@atrticles with an average diater of about 21.79+ 9.88n weresuccessfullyattached

to the surface of ACC and PVAhe charateristics of the prepared compositesre examined using

TEM, TGA, N2 adsorptiordesorptionandXRD. Theexperimental results ilktrated significant changes

in the specific surface arg&ser) as theconcentration of CuO increase from15%. The nitrogen
adsorptioncapacityof the composites decreasgradually with an increase in the CuO loadohgeto

ACC poreblockage as a result of tiretroduced CuO species, resulting in the reduction of the total pore
volume and specific surface are&en compared to the pristine ACC samplehe TEM images
demonstrated thahe variation in the concentratiai CuO hasan influence on the morphology of the
composites. The composites were further explored for the detection of VOCs at room temp&liature.
the gas sensors exhibited a higher response percentage to ,elloaveler, theACC/PVA/CuO 15%
compositebasedsensor demonstrated high response ¢@thpared to pristine activated carbon and the
ot her composites, in which ACC/ PVA/ CuO 15% > /
This is associated to the introduction of defects on the surface whtadticarbon contributing to
increased electrical conductivity, active sites, whereby the surface modifications promoted the
adsorption and diffusion of vapaufhe measuredesponse and recovery tifer the ACC/PVA/CuO

15% sensorin 100 ppm ethanol wasd 125 s and 130 s, respectively. These results indicate that
ACC/PVA/CuO 15 % has the potential for ethanol senapyicationat roomtemperature
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Chapter 6: Synthesis and Characterization of biofhased
fluorescent carbon structures for the detection of Fe (ll) in
aqueous solutions

6.1 Introduction

With the increase in industrial and wastewater effluents, water pollution has become a serious threat
for human and aquatic lifel]. One of the major concerns is the presence of heavy metal ions from
industrial waste such as ¥eHg?", PI?*, CW#*, C**, Zr?*, Co*, etc[2i 7]. Ferric ion (F&) is the

most abundant and essential metal ion in living organisms, it plays crucial roles such as cellular
metabolism, oxygen transport, enzyme catalysis, deoxyribonucleic acid (DNA), and ribonucleic acid
(RNA) synthesig8i 11]. Although Fé* plays vital roles in the biological system, exces¥ Eause

liver damage, kidney failure, cell oxidation and annihilation of blood circulation in human body
[12], [13]. Moreover, high concentrations of ¥&n water bodies plays a role in the primary
productivity of phytoplankton besides nitrafghosphate and silicate which negatively affects the
environment and aquatic lifd.3]. Hence, it is a necessity to develop effective analytical methods

for the detection of Féions and other metal ions.

So far,several approaches for the determination 6f Feaqueous solutions have been developed
including plasma optical emission spectroscopy, atomic absorption spectrometry, inductively
coupled plasma mass spectrometry, ¢8.14, 15]. However, these methods are complicated,
expensive, and require several steps for sample prepafaflorTo overcome these shortcomings,
fluorescence quenching has been used for ¢ection of F& owing to the high sensitivity, great
simplicity, easy monitoring, and rapid respohsé]. The most widely used fluorescence sensors
include organic dyes, semiconductor quantum dots (QDs), fluorescent metal organic frameworks
and fluoresence metal nanoclustefs, 16, 18i 20]. However, there are concerns rising from their
photo instability, toxicity, low sensitivity, and environmental unfriendliness restricting their real
applicationg21, 23. Thus, highly efficient, sensitive, phestable, and eclriendly nanostructures

are desirable.
Since their discovery in 2004 by »ai al, during the purification of singlevalled carbon nanotube
(SWCNT) through preparative electrophoresis, and then via laser ablation of graphite powder and

cement in 2006 by Suet al, CQDs have grdually become a rising star in the carbon nanomaterials
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family [23]. Owing to their unique tunable photoluminescent,-dizgendent optical properties,
good biocompatibility, facile synthesis, and low toxicity as compared to their counterparts, the
semiconductor quantum dots (QD2X%, 25. Recenly, CQDs have been widely used as fluorescent
sensors in the detection of¥due to their fluorescence quenching effect which may originate from
formation of CQD Fe** complexes through the interaction ofFaith surface functional groups of

the CQDs 8ch as phenolic hydroxyl, carboxyl, and amino grg@g$. Different synthesis methods
have been developed for the preparation of CQDs such as micrassigeed synthesis,
hydrothermal method, solighase method, ultrasonic treatment, electrochemical method, and so on
[10, 27. Among these methods, microwaassisted synthesis is highdesirable because of the
simplicity and short synthesis time, which result in homogeneous and fast heating that is beneficial
in the synthesis of CQOZ&8, 29.

Nitrogendoped CQDs (NCQDs) have gained interest due toeir ability to enhance the
performance and stability of CQDs abdbaden the potential applications of COBsrepladng
carbon atoms in the ¥pp® network [30]. In this study, a simple, orsiep microwavessisted
method to prepare nitrog&toped carbon quantum dots-@®OQDs) from microcrystalline cellulose
derived cellulose nanocrystals prepared in Chapter 3. aBm@epared NCQDs exhibited an
excitation wavelength dependent fluorescence. ThegeQNs were further explored for the
detection of F&. The preparation of fluorescent nitrogen doped carbon materials fro@NT3
was published on the IEEE sensors 2[3].

6.2 Materials and Methods

6.2.1 Materials and reagents

Microcrystalline cellulosesulphuric acid (HSQq, 98 %) , and urea (CH N O
SigmaAldrich (South Africa). Metal salts, namely, KCI, Ni(NJ2 6H.O, CdCb.H-O, Cu(NQ)>,
Mg(NO3)2:6H20, Zn(NG)2-6H0, AI(NO3)3.9H0, Ca(NQ)2, Fe(NQ)s, Co(NG)2:6H0, and

NaNQ, were all purchased from Sigasddrich (South Africg. All the chemicals and reagents were

of analytical grade and used as received without further purification. Deionized water was used for

the preparation of aqueous solutions.

6.2.2 Methods
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6.2.2.1 Synthesis of nitrogenrdoped carbon quantum dots (NCQDs) from
cellulose nanocrystals (CNCs)

Figure 6.1lillustrates the schematic diagram of the synthesis-GiQDs from CNCs. Briefly, 0.5 g dry
powdered CNCs was mixed with 0.35 g of urea and placed thralL3microwave tube with 15 mL of
distilled water. To perform the synthesis, the sample was heated from room temperature to 180 °C an
maintained at this temperature for 10 minutes before fast cooling to room temperature. The reactiot
mixture was centrifugd t o remove | arge particles and i mpu

to isolate the NCQDs, which were stored in the refrigerator or further analysis.

Microwave

2
1

&

180°C, 10 min

Ures Cellulose Aqueous N-CSs
res Nanocrystals

Figure 61. Synthesis of NCQDs using microwave synthesis and their application in the detection of

Fe** using photoluminescence spectroscopy

6.2.2.2 Detection of Fé* using N-CQDs
For the detection of B& N-CQDs (100 pL of the original fluid was diluted with 2 mL of distilled
water) andnixed with varying concentrations of ferric nitrate3000 pM) at a 1:1 v/v ratio. To study
the selectivity of the prepared-GQDs towards the detection of @ aqueous solution, other metal
ions with the concentration of 1000 uM were preparet] @®F*, Mg?*, Zr?*, Ni?*, AI**, Co*, Na',
and C@"), and examined similarly to Pe The fluorescence emission spectra of the above solutions

were collected at the optimum excitation wavelength of 340 nm.
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6.3 Characterization

The functional groups of {LQDs wereanalyzed using a Fourier transform infrared spectroscopy
(FT-IR) ((Brucker TENSOR 27 FIR). The materials were studied by powderay diffraction
(PXRD) (Bruker D2 phaser equipped with-®J r adi ati on (& = 1.540
voltage of 30 kV andurrent of 10 mA. Transmission electron microscopy was used to determine
the morphology of the particles (TEM, FEI Technai G2 Spirit) operated at 120 kV. ImageJ
software was used to determine the particle size distribution from TEM images; more than 150
particles were measured. The fluorescence characteristics of@@Dd were analzsed using a
photoluminescence (PL) spectrophotometer (Varian Cary 2656 Eclipse EL04103870 fluorescence
spectrophotometer). The WVis absorption spectra of the-GQDs were reorded using a
spectrophotometer (SPECORD 210 plusiuig spectrophotometer).

6.4 Results and discussion

6.4.1 Properties of the NCQDs

Transmission electron microscope (TEM) imagkgue 6.2 demonstrate that the prepared N
CQDs exhibited spherical particles with diameters ranging froBhrim and an average size of
2.30% 0.55 nm (the diameters of the particles were determined from the TEM images using Image.
software as shown in the insetfafure 6.2a). FT-IR spectroscopy was employed to determine the
functional groups populating the surface of the CNCs as@Ds(figure 6.3 a). The characteristic
absorption peaks of the CNCs at 3@®8¥5 cm', and 2805990 cm' are attributed to the ® and

C-H stretching vibration§32], these peaks slightly shifted on thedQDs appearing around 2735

3522 cm?, with an additbnal adsorption band around 323289 cm® which is due to the M

stretch [3]. Comparatively, the spectrum ofGIQDs consist of special bands between 1324 cm

and 1610 cit, which correspond to the characteristic stretching vibration-Nf®nds and i N-

H bonds respectively, suggesting nitrogen was successfully incorporated duringGREON
synthesis [8]. The XRD pattern of the NLQDs is shown irdigure 6.3 b. A broad diffraction peak
around 23.0° and a weak shoulder peak around 42.0°obeezved for the prepared NCQDs. These
peaks were assigned to the (002) and (100) planes of graphitic carbon, revealing a graphitic natur
of the NCQDs with highly disordered carbon atom$,[36]. The inset infigure 6.3b, shows the

XRD reflections of he cellulose nanocrystals (CNCs), three reflection peaks at 16, 22, and 34 °
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which were assigned to the amorphous and crystalline carbon framework. This indicates that the

CNCs were fully carbonized during the synthesis é€QDs [J]. The optical propeids of the as
prepared NCQDs were studied using both UMs and photoluminescence spectroscopy.

Sk
&
! )
£/
AR
ik
£
s
e

Figure 62: (ab) TEM images of the NCQDs, the inset in (a) shows the patrticle size distribution of the
N-CQDs

Figure 63 ¢ shows the UWis absorption spectra of the-GlQDs, two characteristic peaks at 220 and
285 nm were observed. The*s et rwemsi taisssn gmfe dt ht e
carbon core andthen * transition of t theesurface Of the {CQRs[B4].n e
Under the UV lamp (365 nm) the-BQDs exhibited a blue fluorescence (shown in the inset of fig8re 6.

c). Figure6.3 d, shows the excitation dependent fluorescence emission spectr&@ QDN obtained at

da
g

varying excitation wavelengths from 300 nm to 400 nm with an increment of 10 nm, which resulted in

an emission redshift35]. This property may be due to the distribution of different functional groups

with different emis®n traps, the difference in particle size, and multi fluorescence components in N

CQDs[27].
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Figure 63: (a) FT-IR of CNCs and the NCQDs, (b) XRD of the NCQDs, (c) UV vis absorption spectra

of the asprepared NCQDs sample in water (black) and fluorescence emission ofB®Ds at 340nm
excitation wavelength (red) and (d) is the fluorescence spectrmabtiiom different wavelengths of
excitation 300400 nm (with 10 nm increments starting from 300 nm). The inset in (c) shows-the N
CQDs sample solution in water during daylight and under a UV lamp (365 nm) and the inset in (b)
shows the XRD profile of theellulose nanocrystals
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Figure 64: (a) XPS survey spectrum ofGIQDs. (b d) High resolution (Core level) of C 1s, O 1s, and
N 1s from as synthesizedGIQDs, respectively

XPS analysis is a powerful surface sensitive technique that has been used to tdeafchemical
composition, nature of bonding, and purity of thepespared NCQDs. Figure &L a shows XPS survey
spectrum of NCQDs, which have confirmed that the presence of carbon (C), oxygen (O), Nitrogen (N)
and Silicon (Si)With atomic percentagef 83.8 % of carbon, 12.2 % of oxygen, 2.9 % of nitroged, an

Si (< 1%)impurities due tdhe starting material (corncob¥ed duringoreparation.Figure 64 bi d show

the highresolution spectra of C 1s, O 1s, and N 1s, respectively. Therdsglution spectra of C 1s
revealed distinguishable six peaks at 284.6, 284.2, 284.8, 286.0, 287.6 and 288.7 eV, assig@ed to C
sp’ bond C-C sp'bond, GO, C=0 and GC=0 bonds, respectively which is consistent with thelRT
results. The highesolution spectrum of O 1s as shown in figure(b) was deconvoluted to three peaks
at 531.6 and 533.17 eV assigned to th® @nd C=0 bonds. The higlsolution spectrum of N 1s
(figure 6.3 d) was deconvoluted to two peaks center@®@tland 400.2 eV associated ggrrolic and
graphitic N[36]. Figure 6.5 demonstratélse possible position of surface functional group$Nedoped
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Cdots as determined by N1s XPS survey deconvolutitnich confirmed the incorporatioaf nitrogen

functional groupgN-H) similar to the FTIR.

Pyridinic N

Graphitic N \\‘ P;'I'Ollc N|

Figure 65: Types of nitrogen dopants inGQDs

6.5N-CQDs based fluorescent chemosensor for sensitive and selective
detection of F&*

6.5.1 Sensitivity of the NCQDs for Fe** detection

The sensitivity of the MCQDs towards F& was studied by adding different concentrations of @

MM to 3000 uM) to the NCQDs suspension and measuring the fluorescence emission intensity at the
optimum excitation wavelenigtof 340 nm. As shown in figure®a, the fluorescence intensity dfdN-

CQDs decreased gradually with increasing concentration of tHe iRdicating that the addition of Fe

ions can effectively quench the fluorescence emission of t)Ns. Based on previous studies the
mechanism of fluorescence quenching eERDs inthe presence of Beis caused by the formation of

the NCQDsFe** complexes, which facilitate electron transfer betweeB8@Ds and F& and restrict
excitation recombination, leading to fluorescence quenching [10, 14]. The quenching constant was
calculat@l using the SterWolmer equation: #F i1 1 = Ksv [F€'], where Ksv represents the static
SternVVolmer constant, ¢-and F represent the fluorescence intensities of HJ®s in the absence and
presence of Féions respectively. The SteWolmer plots infigure 66 b showed a good linearity in the
Fe*rangeof 500 &M wi t h Ks v “Bdand & cortelatiorOcoetfiGient fRvaluk Of
0.995. The | imit of detection (LOD) was <cal cul

is the stadard deviation and s is the slope of the linear response) which is comparable to previously
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reported fluorescence methods of'fie o n s 6

presence and absence of‘Fgigure 66 c). After adding 1000 pM F&, the absorption peak at 285 nm
disappeared and the spectrum resembled the absorptetrisn of the undiluted Eg indicating that

Fe** ions saturated the surface of@QDs, which resulted in colour change from bright blue to brown

colour under the UV irradiation (the inset of figuré 6).

det ec ttabletl [8a % 125 18,a8\8T. UV-n

Vis absorption was used to further study the mechanism of fluorescence quenching-Gf@ieshh the

Table6.1: Comparison of different methods udedthe detection of Fé

Detection method | sensors Linear LOD | Reference
range (UM)
(LM)
Fluorescence CDs from pinewood 0-1000 0.36 | [15]
Fluorescence CDs from sweet potato 0-100 0.32 | [37]
Fluorescence N-GQDs from marigold 0-20 0.041) [39]
Fluorescence N-CQDs from chitosan 1-200 0.15 | [39]
Fluorescence N-CQDs from watermelon juice | 0-300 0.16 | [21]
Fluorescence N-CQDs from cellulose| 0-500 0.075| This work

nanocrystals
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6.5.2 Selectivity of the NCQDs towards Fé&*

To investigate the selectivity of the-GlQDs towards F¥, the fluorescence emission of different metal
ions with the potential of interfering with #e(1000 uM of C&*, Cd*, Cw*, C&*, Mg?*, Ni?*, Zr?*,
Al®* K*, or N&) were measured at the optimum excitation wavelength of 340 nnm6.6id.shows the
quenching effect of the different metal ions. It is seen thit Eef*, Ni?*, and Cé* tend to derase the
fluorescent intensity, with Fé showing the strongest effect. £€dC&", and K slightly increase the
fluorescent intensity, and no effect was observed after addihgWNg*, Zr?*, and AF*. The reason for
this quenching is ascribed to the strong affinity 6CRDs toward F&, facilitating electron transfer
between NCQDs and the dif-filled 3d orbital of F&" ion and restrict excitation recombination, leading
to fluorescence quenchiffd4]. To further study the interference of3Favith other metal ions, Fé
detection in the presence of other ions was also measured. As shown in figuiEté. the addition of
Fe**, the other metal ions start to exhibit a slight quenching effect on the fluorescence e€C@BSN
The obtained results indicate that the prepardd@Ds have a high sensitivity and selectivity towards

the detection of Féand carbe used as a chemosensor in an agqueous environment with competing ions.
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Figure 6.6: (a) Fluorescence spectra e€QDs in different concentrations of Fe3#80 00 ¢ M) ,
Linear relationship between FO/F and Fe3+ concentrati&@®(5uM), (c)UV-vis spectra of the NCQDs

with and without different concentrations of Fe3+, and (d) Changes in the fluorescence intensity ratic
(I/10) of N-CQDs after the addition of various metal ions. The inset in (c) shows-tb@®Ds sample

with different concetrations of Fe3+ under the UV lamp (365 nm)

6.6 Conclusion

In this study, highly photoluminescent-GQDs with high sensitivity towards #ein aqueous
solutions and a bright blue emissiaere synthesized by a oseep microwave synthesis from a
mixture of cellulose nanocrystals and urea. The LOD was determined to be 75 nM which is
comparable to previously reported®Féuorescence detection methods. The study demonstrated
that the preparck N-CQDs have a potential to be applied as chemosensors for detection of metal
ions in aqueous environments. Future studies will investigate the effect of varying reaction
parameters on the sensitivity, selectivity and the quantum yield of-tB@Dk. Heteoatom doping

effect on the properties of CQDs will also be investigated.
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Chapter 7Conclusions and recommendation

7.1 Conclusions

Developing countries such as South Africa experience significant negative impacts associatec
with poor agricultural waste managemente growing environmental awareness has resulted in
growing research interesh the use of agricultural wasteto preparerenewable and green
resources for sustainable economiggricultural waste has been utilizedthis studyto prepare
cellulose nanocrystals amtifferent types of carbon materiglactivated carbon (AC) and carbon
guantum dots (CQDs)Yhe aim study was of this study was to improve the economical use of
corncob waste as a feedstock for preparation of CQDs aatisated carborfor sensing
applications. Acid hydrolysis was used tdragt CNCs from corncob which were coanpdto

the CNCs prepared from commercial microcrystalline cellulose. The CNCs samples revealed
comparable thermal, surface/structural, and crystallinity. These were confirmed by various
characterizations techniquesciuding SEM, TEM, XRD, TGA, and FIR analysis. The as
prepared CNCs were then utilized to prepare highly luminesc&@Ns with a high degree of
functional groups, sensitivity, and selectivity toward$*FEQDs showed great potential for
fluorescent sesor applications. Incorporation of surface functional groups such as nitrogen and
oxygen containing groups were confirmed by-IRTand XPS analysis which showed that the
prepared NCQDs were highly functionalized with these heteroatoms, resulting in iemiss

redshift as the excitation wavelength increased fromZZDNm.

Due to its natural porous nature, the corncob alas utilized to prepare activated carbons by
chemical activation with potassium carbon@etivating agentat 800 °C using varied tias of
impregnation.Highly porousAC material withBET surface areaf 1523.2 m /g and a pore

vol ume = /g@vas®Htainednn this studyecoration of the activated carbon with CuO
NPs was achieved, in which the effect of CuO NPs loading was igatest using TEM, XRD,

BET, and TGA. The prepared ACC/CuO composites exhibited higher BET specific surface areas
when compared to pristine CuO NR2ensingof VOCs at room temperature conditions was
studied using different sensors designed from the peisthCC, ACC/PVA/CuO 5%,
ACC/PVA/CuO 10%, and ACC/PVA/CuO 15 %. The results showed that CuO NPs play an

important role in enhancing sensor performance of the ACC since its incorporation improved on
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7.2

the conductivityand response whetomparedio the ACGbasedsensor. The ACC/PVA/CuO

15% sensor exhibited better sensing performance compared to all the sensors due the introductic
of more defects on the surface of activated carbon contributing to increased electrical
conductivity, active sites, whereby the sudamodifications promoted the adsorption and
diffusion of vapour. The ACC/PVA/CuO sensor demonstrated good reproducibility of the
sensing signal when exposed X160 ppm ethanol vapourfer up to four cycles. Hence, the
ACC/CuO composites could be a future candidate for ethanol gas sensing application at roomn

temperature.

Recommendation for future work

Having described the potential of acid hydrolysis and chemical activation for applicability in the
conversion of agricultural waste to value added prodinetshave a potential to be utilized as
chemical sensorst is important to note that there is reaal work for further scopeén the
developmenbf valueadded products from agricultural waste in South Afiiefficient methods

for converting lignocellulosic waste to CNCs are still desirable. Future work should look into
minimizing the number of stepgquired to produce CNCs from corncob. The raxalation
method can be investigated further asl@rnativeto the conventional acid hydrolysis method.

The effect of microwave reaction parameters and heteroatom dopants on the quantum yield an
subsegent application of CQDs is yet to be fully explored. Mbkiteroatom caloping, and
surfactant coordination on CQDs can be investigated for improved selectivity in heavy metal ion
detection. Further, photoluminescence lifetime measurements are net¢essasyre successful

application of CQDs.

Our sensing data showed an increasing response with increasing CuO concentration in th
prepared composites, low concentrations of heavy metal oxides are usually desirable in order t
minimise the toxicity and pegble leaking of the heavy metals, however, increasing the CuO

concentration in the composites should be studied in order to evaluate the highest possible

response of the materials.
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Abstrac® Water contamination has become fluorescence with a maximum emission and
more severe as modern industrial technology excitation at 420 and 340 nm, respectively and
has progressed over the years. Among water showed good selectivity and sensitivity towards
contaminants are heavy metal ions such as the detection of Fé* wi t h a 70 nM
Fe3*, which is commonly used in industries detection.
such as mining, chemical processing, and _

_ _ o Keyword$ Corncob  residue, Carbon
battery manufacturing. Fe** is the principal _

_ _ S _ spheres, Sensor, Fg Fluorescence quenching

contaminant of concern in acid mine drainage
from coal mines, causing siderosis and organ |, INTRODUCTION
damage. The current study prepared highly Maize (Zea mays), also known as corn, is a
photoluminescent nitrogendoped  widely distributed crop, with a global production
functionalized carbon spheres (NCSs) from  of approximately 10.9% 1 tons in the 2018
corncob residue using a facile, green, and low 2019 seaon[27]. In SouthAfrica, corn is a staple
cost microwave synthesis. The aprepared N-  food with over 16 million tons produced in the

CSs exhibited an excitatiordependent 20192020 period, whichan 38% increase
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compared to the 2013019 crod7].

| ———Rezsidue after alkali treatment of CC |
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Figure S3.1:XRD pattern of the residue after

alkali treatment
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Figure S3: SEM image of MCC
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