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ABSTRACT

ypothesis: Ball milling is an effective method for producing micro/nanofibers.
HCellulose micro/nanofibers (CMFs/CNFs) prepared from agricultural waste
(rice husk and corn stover) can be used as base materials for producing
polymer composites with enhanced properties through environmentally friendly and
mechanochemical processes. Chemical modification of these fibers with polymers is
expected to improve their thermal stability and functional performance.
Methods: Cellulose was extracted from rice husk (RH) and corn stover (CS) using
a green solvent-free method, with purity confirmed by Fourier-transform infrared
spectroscopy (FTIR) and X-ray diffraction (XRD). CMFs/CNFs were produced
via ball milling, and the effects of milling time (1-5 h) and cellulose source on
fiber diameter were investigated. The morphology of the cellulose fibers has been
investigated via scanning electron microscopy (SEM). Chemical modification of
the prepared cellulose fibers was performed using three hydrophilic polymers:
poly(acrylamide) (PAAm), poly(2-acrylamido-2-methyl-1-propanesulfonic acid)
(PAMPS), and poly(diallyldimethylammonium chloride) (PDADMAC) by in-situ

@sliless, polymerization with varying compositions. The chemical structure of the synthesized
nanofiber/microfiber, copolymers has been investigated via FTIR and proton nuclear magnetic resonance
q ("H-NMR) spectroscopies. The thermal stability of the composites was assessed using
ball mill, . . :
. thermogravimetric analysis (TGA).
composite, Findings: FTIR results confirmed the successful extraction of cellulose. The
thermal stability crystallinity index of extracted cellulose was higher for corn stover (62%) than for

rice husk (55%). Nanofibaers produced from corn stover reached an average diameter
of 106 nm after 5 hours of ball milling. FTIR and 'H-NMR analyses verified the
successful chemical modification of cellulose fibers. Chemical modification with the
copolymer P(AAm-co-AMPS-co-DADMAC) enhanced the thermal stability of the
cellulose fibers from 240 °C to 320 °C.
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Fig.1. Schematic representation of cellulose extraction process.

Alkaline
pretreatment
E“
Bleaching d 3
pretreatment ‘ o

2
:

V&€ g )l 933,998 A 0)louds caiudid 9w Jlw rorly (539J9SS 9 pole (sele dlxe

o S1AUGIS lnT 9, L (6509l (5L Siloussy Sl (5 39)ghus S/ 9 3Sae (liduatine 9 du

Jos (s slredasdlasl Olgeas A0l5 o (e S35
IPYT a8 0Ll |y alie 35050 5 5 oden |5 55 5038

g5 53 3V (CMF/CNF) (65 5 sl SUI U/ 5 S e ha 3 0l 5o
SIS Ll 55 b a5 53 ol (55,5l Slulss
Sl Gl s, b e ol 5150k danl 60l ol Sl 5 4
CekS 2 SOl Olej Sl A 2l Sl S sl
GBI U/ 5 S s 5 500lS S oy edi) 5 SBUI 5L/ 5 S
Sl s sbos pods a i agh e s 05 ey 55 L (6550 5k
55505k U= sles ;s PDADMAC ;PAAm PAMPS L
D ey (53 0 eddy) STy sla ST 51 eslizal L
Jeaiias odd s Gl 5lS ol S (oIl 5 olend sltla
5,8 SlB gl sddag Galysels Al e 5 )
ol laedass e dadissdes Wile il glaais) o
ol o3 e Gla s il daes wlin 35l 5 0018
S SaSa sk SUISL U S L sl gl Sk
ol 5 0 4 Ol pl e (535558 Sl Sl sl S ol
P(AAm-co-AMPS-co-DADMAC) sla ok 5 SaSay Wagl
el 05 planil il (gladnss S 5 L

3]

Slg0
Db ) g8 5 Uyea RH) = atasy 5 (CS) w5 o8
sl B sl e flad sl @S Slals
Sa e sise KA 4 (O s w51 (5505 5K sl
V= oY sl | STY (AAM) dol ST ol sdeslind
LS o gssal sz Wl 5 (AMPS) sl il gon 0L 5
s Alfa Aesar Merck lacs i 31 s ja (DADMAC)
e Joldeddeslinal slge ple US4 Sigma-Aldrich
(Moo 553 25 30) doal Sl (Mo 155 25 15) doeS 5500
(e 55 28 12) IS s s o llome 55 25 ,2) s
3 g (oo | 5) o] o oo s 5 (Meerck) i 5o b

ol g by g9,

(CNFICMF) (5389 sko U3 ;o) 936 48

39l gk ! Pl

S sSse wm pY Il (o SUIL Sl S0 4



e SIS il T (ying) b 5 Io9libsS” sl Silows I 5 )9dghus Blullgili/ 9 5Sre Siliduaztiise 9 du

p N
.
& 3 23 J
.y /C &L e, &l
<R e —eCASENTN
|© Lo Lo
; = 4
-. Reaction medium < £ C )
J& ° ) o i ? =) 2
e — TGATY
CNF  AAm AMPS DADMAC L e )

CNF (g oy glacy 5508 4 |10 5l ol Y IS
Fig 3. Schematic representation for preparation of CNF

polymeric composites.

B b (il glie mite 5 Sl k) 28
o303 3 #0 °C Glos b ey plem L3 T min Sdesy ST
AAM e Slasesige (Sl Lame 03505 Sl g 2
SS1s G b 4 e sk S ¢ 5 4 sy DADMAC 5 AMPS
Cos Yromin Sdeas biswe STy laswe e LAE G55
2 Y h Cleas STy G b oy je .8 S 3 05 0 38
(S5 oSS Sl e A el 1 F0C sles U s ples
o0 los )3 g oddiosls gy Jilie 53 ol i Gla oy S
S 8l slee Je o [FVXY] s S N Ol 040
¥OUSKE ol i esls OLE Y Jsdr 3 ONF (glacy s sulS

s e OLES |y O ey 58 il 351 ol

L dasan
S e LSLMS)JU»" cilizee >l e 5 &S Sleed Ol oS
JtS AR5 il b ol i glasaddy Sl 55 50
e LFTIR Cib i, cnl 53 s s (FTIR) 455
A g =Yoo om! > ge sde 63 5d5=e > Perkin-Elmer
slos 53 55, G O FTIR o 5 4525 51 oy e sl plo
A i M sl 0,s 80 °C

Wy L3 ek ys s 6550 e SUIXRD) X 55 2l gla Sl

Table 1. CNF preparation experimental design.

O

The obtained CNFs/CMFs

Sl s s Aol bl s Y S

Fig. 2. Schematic representation of mechanical treatment process.

sl oals Ol Y ISE 55 oS el 3L sy SO (g5l Les
b e 5 I L8 delaze bl el cal o cnl 53 o
Gl st (el o o3ls 0L ) s 5 S 2856 bl
Sl sl des cos ALS i a1 sdelisay 5505k
Cll sl s S 15 Gl slaoley s gl
A4S o S Y M s b dams sl s gl IS
clal oK) s plonil il slalley L3 £PY 54l o
5 38 e JOT (osde Al (Jylze SO

A andllas baaxiy s Sl g 80l ol

S ooy Sy Homl” dg
13 slomal ey Ol 5o JS 5 5bas (CNF) (550 SUI 5L
SISl JSKis s i JICONF S5s opl Wsd o alis
ST sty sl gl ol il alst S50 L sl
SRS 51 858k SUI gLl Sl ey ONF (655 Sosl o5
CNF) Luis iz JalS 5 sbas Lol ( oWs o5l s a0 5
Lol 3 635 JSis 5 BUI st e 51 1 (ediSas S 5
L8] 55 6,8 5l

ol el SV B Sdeay 5 i 335 O 3 ONF s
GoF b e 5 oS kS| Ol s e SUIG 23518
— St Sl i oy Sl e LS la3lee 055 50 58

ONF i sl o) i

Factor Level 1 Level 2 Level 3 Level 4 Level 5 Level 6 Level 7 Level 8
Source BRH BCS - - - - - -
Time (h) 0 2 2.5 3 35 4 4.5 5

&€ iy )l (3339 8 A 0 lasds ol 9w Jlw posly (539J93S5 9 pode ok Alxo




o S1AUGIS lnT 9, L (6509l (5L Siloussy Sl (5 39)ghus S/ 9 3Sae (liduatine 9 du

CNF LSJ"‘.‘A% le.hg_,.i)_}:ﬁls e D oleslail LgLAaM)JJSU ‘;)ﬁ L;LACM —\‘J}J}.

Table 2. Molar ratio of ingredients used for the synthesis of CNF polymeric composites.

Sample N-(CNF) A-PE-(CNF) C-PE-(CNF) Amph-PE-(CNF)
CNF (g) 0.1 0.1 0.1 0.1
AAm (g) 2 1.66 1.66 1.32
AAm (mmol) 28 233 233 18.4
AMPS (g) i 034 - 0.34
AMPS (mmol) - 1.6 - 1.6
DADMAC (g) i . 0.34 0.34
DADMAC (mmol) _ _ 2.1 2.1
KPS (mmol) 0.0125 0.0125 0.0125 0.0125
Namb$ (mmol) 0.0125 0.0125 0.0125 0.0125
DIW (mL) 66 66 66 66
Monomer/cellulose (g/g) 20 20 20 20
Monomer/Initiator (mol%) 112 9.96 10.16 8.84
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Fig. 7. X-ray diffraction patterns of purified cellulose from.
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Table 3. Comparison of CRI percentage of cellulosic fibers

obtained from different plant sources.

Source Crl (%) | Reference
Walnut shell 60 [1]
Sugarcane bagasse 6l (2]
Palmyra fruit 58 (3]
Rice bran 45 [4]
Pineapple leaf 63 [5]
Celery pulp 46 [6]
UWRH 25
Rice husk ATRH 29
BRH 55
UWCS 13 This work
Corn straw ATCS 55
BCS 62
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Fig. 8. Optical microscope pictures of eight samples: (a) UWRH, (b) WRH, (c) ATRH, (d) BRH, (¢) UWCS, (f) WCS, (g) ATCS
and (h) BCS, with 10x and 40x magnification. Four samples UWRH, WRH, UWCS and WCS are shown with 10x magnification,

and the other four samples with 40x magnification.

Table 4. Experimental layout, factors and results.

S 5 b pSt e bl b —F Jsu

Expt. No. | Source | Time (h) | Min. fd (nm) | Max. fd (nm) | Avg. fd (nm) | StdDev | PDI=(StdDev/avg. fd) | S/N ratio
1 BCS 0 714 9609 3414 2.610 0.484 -70.6
2 BCS 2 47.2 394 157 0.143 0.606 -43.9
3 BCS 2.5 84.2 321 190 0.314 0.729 -45.5
4 BCS 3 334 419 129 0.244 0.790 -42.2
5 BCS 3.5 29.6 265 137 0.679 0.615 -42.7
6 BCS 4 29.8 444 116 0.668 0.574 -41.3
7 BCS 4.5 29.6 239 118 0.190 0.785 -41.4
8 BCS 5 29.8 240 106 0.164 0.781 -40.5
9 BRH 0 121 5579 972 2.644 1.206 -59.7
10 BRH 2 93.6 451 271 0.339 0.843 -48.6
11 BRH 2.5 133 539 239 0.243 0.829 -47.5
12 BRH 3 534 331 192 0.123 0.577 -45.6
13 BRH 3.5 100 334 186 0.179 0.707 -45.4
14 BRH 4 74.1 286 160 0.221 0.840 -44.1
15 BRH 4.5 46.8 262 120 0.230 0.939 -41.6
16 BRH 5 62.8 272 120 0.164 0.752 -41.6
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Fig. 9. SEM images for each of the designed experiments (SEM images a-h correspond to test numbers 1-8, respectively, and SEM

images i-p correspond to test numbers 9-16).
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Fig. 12. The reaction mechanism for preparation of CNF/
CMF composites, which (a) reaction shows the N-(CNF)
composite, (b) reaction shows the A-PE-(CNF) composite,
(c) reaction shows the C-PE-(CNF), and (d) reaction shows
the Amph-PE-(CNF).
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Fig. 13. FTIR spectrum for four samples N-(CNF), A-PE-
(CNF), C-PE-(CNF), and Amph-PE-(CNF).
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Fig. 15. (a) TGA and (b) DTG of the synthesized composites.
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Table 5. Molar fraction of monomers in the initial feed and the produced copolymer.

Sample foAAm FOAAm fOAMPS FOAMPS fODADMAC FODADMAC
A-PE-(CNF) 93 82 7 18 - -
C-PE-(CNF) 92 98 . - 8 2

Amph-PE-(CNF) 86 78 6 19 8 2
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Table 6. The results obtained from TGA and DTG graphs for the synthesized copolymers.

Temperature in desired reduced }
Sample | T*(°C) | T, (°C) weight percent (°C) Ma’t‘éri;?(i‘g“"“ Comce}:li‘r(% J| ket
10% | 30% | 50% | 70%
CNF 240 370 281 338 | 510 - 330 47
N-(CNF) 230 340 273 365 | 385 | 425 382 21
A-PE-(CNF) 325 375 300 370 | 400 | 602 390 32 This work
C-PE-(CNF) 240 370 255 360 | 394 | 455 389 23
Amph-PE- 320 370 304 360 | 408 | 571 331 28
(CNF)
CNF 234 - - - - - 333 10 [7]
PAAmM 155 352 - - - - 320 - [8]
PAMPS 200 - 200 - 315 | 376 - 15 [9]
PDADMAC 287 467 - - - - 435 0 [10]

(a) Initial degradation temperature, (b) Secondary degradation temperature.
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