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Téi xin cam doan ring dé tai trong luin vin nay la két qua nghién ctru do
chinh t6i thuc hién trén co' s& tong hop tai lidu va s liéu do t6i tu thu thap, phan
tich. Céc két qua nghién ctru dugc trinh bay ddm bao tinh trung thuc, khach quan
va chua timg dugc cong bd trong bt ky cong trinh nao trude ddy. Moi s6 lidu va
két qua néu trong luan vin 12 hoan toan chinh xdc; néu cé sai sot, toi xin hoan toan
chiu trach nhiém trude phap ludt.
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cam on cdc ¢6 cht va anh chi df‘mg nghiép tai Vién Hoéa hoc, Vién Han 1am Khoa
hoc va Céng nghé Viét Nam da ludn gitip dd, tao mdi truong lam viéc chuyén
nghiép dé em hoan thanh t6t cac thuc nghiém nghién ciru.

Cudi cung, em xin cam on gia dinh, ban bé da ludn sat canh, dong vién dé
em c6 duge két qua nhu ngay hom nay.
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MG PAU

Nhitng ndm gan déy, bién dbi khi hau va 6 nhiém méi trudng dang la cac
vén dé anh huéng rong khip trén thé gidi. Mot trong cic huéng di quan trong,
duge nhiéu qudc gia quan tam 1a phat trién céc loai vat liéu theo huéng than
thién v4i moi trudong, co kha niang thay thé mot phan nguyén liéu nguyén sinh
bing céc ngudn nguyén liéu tai ché hodc phu phdm ndng nghiép, tir d6 thuc day
m6 hinh kinh té tudn hoan va han ché su khai thac qua mic ddi véi tai nguyén
thién nhién.

Polypropylene (PP) 1a nhya nhiét déo duoc sir dung rdng réi trong cong
nghiép va doi séng nhd s& hiru céc dic tinh wu viét nhu khdi lugng nhe, do bén
co hoc cao, cach dién, cach nhiét va khang h6éa chét, v6i quy mo thi trudong toan
cdu ude tinh dat 91,98 triéu tdn vao nim 2024 va du kién sé ting 1én 121,81
triéu tan vao 2029. Viéc tai sir dung PP khong chi gitip giam thiéu réc thai nhua,
tiét kiém ngudn nguyén liéu hoa thach ma con gop phan dang ké vao muc tiéu
giam phat thai CO- trong toan bd chudi san xudt va tiéu ding. Trong bdi canh
do, vat liéu polyme composite gia cuong bing cac hat don c6 ngudn gde tur
nhién dang tré thanh huéng nghién ciru tiém ning. Mit khac, nhua téi ché
thuong bi suy giam mét phan tinh chit co 1y sau nhiéu vong doi sir dung; viée
bd sung cdc tac nhan gia cudng gitp cai thién tinh chat vt 1y cua vat lidu, tir
d6 tao ra san phdm c6 chi phi thap nhung hiéu ning cao.

Than sinh hoc di va dang thu hat sy quan tam ngay cang 16n trong cong
dong khoa hoc va cong nghiép nhd tiém ning vuot troi trong luu trit carbon,
cai tao dit, xir Iy mdi trudng va phat trién vat liéu xanh. Trong bdi canh nhu
cau giam phat thai khi nha kinh tr¢ thanh wu tién hang dAu cua nhiéu quéc gia,
viéc img dung than sinh hoc vao cac linh vuc méi, ddc biét la trong ché tao vat
liéu polyme composite, dang mé ra mgt huéng di day trién vong. Viéc khai thac
céc ngudn phu phim néng nghiép dé san xuét than sinh hoc khong chi gop phan
xir 1y chét thai hidu qua ma con tao ra gid tri gia ting cho cac ngudn ti nguyén
vén it duge tin dung. Khi dugc tmg dung 1am chit gia cudng trong nén polyme
tai ché, than sinh hoc véi do cling cao va cdu tric x6p dic trung mang lai nhiéu
hiéu qua vé mit co 1y, vira phit hop véi dinh huéng phat trién vt liéu xanh va
bén ving.

Vi vy, t6i lua chon dé tai luén vin “Nghién ciru ché tao vit liéu polyme

composite trén co so polypropylene tii ché dwoc gia cuwong than sinh hoc”.



Muc tiéu cua de tai

Ché tao thanh cong vat liéu polyme composite trén co s¢ nhua PP téi ché
dugc gia cuong bang than sinh hoc xo mudp, hudng téi viée nang cép gia tri
stt dung cho nhua tai ché.

Lam ro anh hudng cia ham lugng va kich thuée hat than sinh hoc dén dic
trung 1y - hoa ctia vt liéu composite, tir 6 xdc dinh duge kha ndng tng dung
thuc té ctia composite trong cac dicu kién méi trudng khac nhau.

Noi dung nghién ciru

Noi dung 1: Nghién ciru, ché tao than sinh hoc bing phuong phap nhiét
phan chdm va xtr 1y than sau nhiét phan (nghién min, phan loai kich thugc hat).

Néi dung 2: Nghién ctru anh hudng ciia ty 18 than sinh hoc/nhya nén dén
tinh chit co 1y, dic trung cau tric ciia vat liéu composite bing cac phuong phap:
FTIR, XRD, SEM, TGA, DSC, thir nghiém do bén kéo, ubn, va dap va do cing.

Noéi dung 3: Nghién cttu anh hwong cua kich thude than sinh hoc dén tinh

co ly, ddc trung cau tric cla vat liéu composite.



CHUONG 1. TONG QUAN
1.1. Téng quan vé vét liéu polyme composite

1.1.1. Gidi thiéu vé vit liéu polyme composite

Vit liéu composite 1a loai vat liéu dwgc hinh thanh tir sy két hgp cia hai
ho#c nhiéu thanh phfm c6 su khac biét vé tinh chat vét 1y va héa hoc, trong d6
vat liéu thu duoc mang nhiing dac trung tong hop tir céc cAu tir ban dau [1].
Thong thuong, cac thanh ph:iin duoc tron theo phuong phap co hoc; doi khi
phan g hoa hoc ciing hd trg qua trinh nay, nhung céc pha chu tir van c6 thé
duge nhan biét & cip do vi md. Khi mot hodc nhiéu thanh phén ctia composite
co ngué“m géc sinh hoc, vat liéu thu duwoc duge goi 1a bio-composite.

Composite bao gdbm hai thanh phan chinh 1a pha nén va pha gia cuong.
Tuy nhién, viéc str dung mot nén két hop vi nhidu chét gia cuong dang trd nén
phd bién hon nhim tao ra céc vat liéu composite c6 tinh ning vuot trdi. Chat
gia cuong (dang s¢i hodc hat) dugc bd sung dé cii thién cic tinh chéit mong
mudn ctia vt lidu, trong khi nén (polyme, gém hogc kim loai) gitr vai tro lién
két va c6 dinh toan bd cu tric [2].

Composite nén polyme 1a nhém composite phd bién va duge tmg dung
rong rii. Vé co ban, composite nén polyme bao gdm mdt nhya polyme lam nén
va mdt hodc nhiéu pha gia cudong duge thém vao nhdm dap Gng cac yéu cau cu
thé. Chang han, composite dung trong nganh 6 t6 va hang khong doi hoi do bén
co hoc cao va khéi lugng nhe. Trude ddy, soi thuy tinh va sgi carbon thudng
duoc ding lam pha gia cudng va dép tmg tot cic yéu cau ky thuat. Tuy nhién,
trude nhitng lo ngai ngay cang tang vé méi truong, kha ning phan hily sinh hoc
rt thép ctia composite gia cudng bang soi tdng hop trd thanh mot han ché 16n.
Vi viy, nhiéu nghién ctru hién nay tap trung vao viéc dé xudt cac giai phap
nham nang cao kha ning hodc rut ngén thoi gian phan huy sinh hoc cua vit liéu
composite nén polyme.

Trong bdi canh do, cac thanh phén tir thién nhién c6 gdc hitu co dugc xem
la nguf‘m gia cudng diy tiém ning cho cic polyme nhiét déo, nhiét rdn va cao
su. Nhitng uu didm ndi bat cta cac chét gia cuong tyr nhién (si, manh hodc
hat) bao g61n chi phi thip, kha ning tai tao, khdi luong nhe, tinh an toan va dic
biét 1a kha ning gia ting téc do ctia qua trinh phan huy sinh hoc clia composite

nén polyme.



1.1.2. Ciu tgo ciia vt liéu polyme composite
1.1.2.1. Vit liéu nén (matrix)

Vit lidu nén la mot trong nhing thanh phf’in co ban ctiia composite polyme,
ton tai dusi dang pha lién tuc va déng vai tro chat lién két cac pha gia cudng.
Chung ¢6 nhiém vu truyén va phan b (mg sudt tir nén sang c¢dt khi chiu tai,
df:‘mg thoi dam bao tinh toan ven va tinh 1ién khdi cua vat liéu composite. Khi
xay ra pha hiy cuc b ¢ pha gia cuong, vat liéu nén con gitp phan phdi lai ing
suat, gop phan duy tri kha ning chiu luc tdng thé cta két cau. Bén canh do, nén
polyme ciing anh huéng dang ké dén cac tinh chat nhu kha nang chiu nhiét va
khang moi trudng cla vat liéu.

Vé chirc ning, nhua nén khong chi dong vai tro truyén tai img sudt dén
pha gia cuong ma con bao vé cac soi/cot khoi tac dong co hoc va méi truong
bén ngoai. Pong thoi, né gop phén han ché su phat trién cta vét nirt nho do déo
va d6 dai nhat dinh, ciing nhu cung cp thém cac dic tinh chirc ning nhu cach
dién, do déo, mau sic va cac tinh chat vat 1y khac.

Bén chit ctia vat liéu nén c6 anh hudng truc tiép dén cong nghé gia cong,
qua trinh ché tao ciing nhu do bén ctia san phém composite. Do do, vit li¢u nén
polyme cin dam bao kha ning thdm w6t tot 1én bé mat pha gia cudong nham
ting cuong lién két tiép xic, c6 kha ning hoa rin hodc ting do nhét phu hop
trong qué trinh gia cong, ddng thoi c6 kha nang bién dang thich hop trong qua
trinh dong rén dé han ché tmg sut du do co ngét thé tich. Ngoai ra, vat liéu nén
can chira cdc nhoém chite ¢o hoat tinh hodc d6 phan cuc phu hgp va dap ung
duoge céc diéu kién cong nghé ché tao thong thuong.

Viéc lya chon nén cho composite polyme thudng dya trén sy cin bing
gitta cac yéu t& nhu do bén co hoc, kha ning gia cong va céc yéu cAu k¥ thuat
khéc. Nhua nén c6 thé 1a mot hodc hdn hop nhiéu céu tr dwge phdi tron df’ing
nhét tao thanh pha lién tuc, trong d6 polyme dong vai trd thanh phan chinh. VAt
liéu nén str dung trong composite ¢ thé thudc nhém nhya nhiét déo hodc nhua
nhiét ran.

* Composite nén nhua nhiét déo:

Composite nén nhya nhiét déo c6 do tin cdy cao do tng suat du thap sau
khi tao hinh. Uu diém chinh la khong cin déng rin hoa hoc, dé gia cong, c6 thé
stra 161, tdi gia cong va tdi ché, nho d6 gitp gidm chi phi san xuét. Trong khi d6

nhiing dic trung co 1y cta ching cling khéng thua kém vat liéu polyme




composite nén nhiét ran, con nhiing dic trung khac nhu do bén hoa hoc va do
bén kin lai hon.

- Tuy nhién, nhya nhiét déo 1a khong chiu dugc nhi¢t dg cao (trir nhirng
trudng hop nén duge chon tir nhitng vat lidu chiu nhiét dic biét) va do nhét ciia
cac dung dich nong chay cao nén kho xir Iy cong nghe. Diéu nay 1y giai viéc st
dung nén nhua nhiét déo gip nhiéu han ché. Tuy nhién, nén polyme nhiét déo
hién dang nhan dugc nhiéu sy quan tim tr cic nha khoa hoc nho pham vi ting
dung rong rdi va kha ning tai ché, tai sinh hiéu qua cia ching

Nhuya nhiét déo gdm: nhua nhiét déo két tinh va nhya nhiét déo vé dinh
hinh. Mt s6 nhua nhiét déo thudng st dung la: polyetylen (PE), polypropylen
(PP), polystyren (PS), polyvinyl clorua (PVC), polyetylen terephtalat (PET),...

* Composite nén nhua nhiét ran

Nhua nhiét rin la polyme khi gia nhiét hodc xir 1y héa hoc s& dong rin
thanh vét liéu cirg. Sau khi dong rén, chung ¢ céu tric mang khong gian
khong thuin nghich, khong nong chay, khong hoa tan va khong thé tai sinh.
Nhura nhiét rén thudng c¢6 tinh chét co 1y cao hon nhya nhiét déo, nhung kho
tai ché va xur ly sau str dung. Hién nay, composite polyme chi yéu diing nén
nhua nhiét ran nhu epoxy (EP), melamine-formaldehyde (MF), phenol-
formaldehyde (PF) va polyeste khong no.
1.1.2.2. Thanh phan cét (chat gia cuong) (veinforcement)

Chét gia cuong (cbt) trong vat liéu composite bao gbdm cac dang nhu soi,
hat hodc cdu tric phan tan, dong vai tro 1a pha khong lién tuc nham cai thién va
dam bao céc tinh chét co hoc cin thiét cho vat liéu. Nho c6 khbi lwong riéng
thip nhung do bén riéng cao, pha gia cudng gitp ning cao hiéu suit co hoc
téng thé cua composite. Céc tinh chét co hoc ctia vit liéu composite phu thudc
dang ké vao loai, ham lugng va su phén b ctia pha gia cuong; ddi voi vit liéu
dang soi, tinh chét co 1y con chiu anh hudng manh béi hudng sap xép cua soi.

Pha gia cudng ¢6 chirc nang tiép nhan v chiu phan 16n (mg suat tap trung
do nén polyme truyén sang, tir d6 gép phan lam ting dd bén va mddun dan hoi
cua vt liéu composite. Bén canh do, ¢t con gilip céi thién do cimg, do bén, d6
on dinh nhiét va mot sb tinh chit ciu truc khac cua vat liéu. Tuy thudc vao ban
chat vat liéu gia cuong, éomposite c6 thé c6 kha nang cach dién hoic dan dién.

Viée lua chon vt liéu gia cudng thuong dya trén cac tiéu chi nhu kha

nang gia cudng co hoc, do bén hoéa hoc va moi truong, kha nang phan tan tot



trong nén nhwa, khi ning truyén va tan nhiét hi¢u qua, tinh thuan loi trong gia
cong cling nhu gid thanh va khéi luong riéng thip. Tuy theo yéu ciu tmg dung
cu thé, nguoi ta s& lua chon loai va ham lugng cht pht hop nham t6i uu hoda
tinh chit ctia vat lidu composite. C6 2 dang cdt gia cudng:

* CHt dang soi:

Soi gia cuong co thé duoc st dung duéi dang lién tuc (soi dai, vai) hodc

gian doan (sgi ngén, vun). So véi soi dai, sgi ngin c6 hiéu qua gia cuong va
kha ning kiém sodt dinh huéng thép hon. Do sy sip xép kém chit ch& hon, him
lugng soi trong composite sgi ngin thuong thdp hon so v&i composite soi dai.
Tuy nhién, composite sgi ng:‘;’n lai c6 muc do bAt dﬁng hudéng nho hon so véi
composite sgi dai.

Su phan bé va dinh huéng ctia soi ¢6 anh huéng rd rét dén tinh di huéng
cua vat liéu composite. Vi vay, khi luva chon soi gia cuong can xem xét céc yéu
t6 nhu ban chit cia vat liéu thanh phdn, ty 1¢ pha va hudng sdp xép cua soi [3].

Viéc bd sung cbt soi giup nang cao do bén co hoc va hoa hoc cta vat lidu
polyme composite, nhu kha nang chiu va dap, cach am, chéng mai mon, nén,
udn va kéo dut, ddng thoi khang t6t moi trudng dn mon nhu mudi, kiém, axit
[3]. Nho cac dic tinh nay, vat liéu polyme composite vugt trdi so vdi polyme
thong thuong va dugc Gng dung rong rii trong cong nghiép va doi song.

Cét soi ¢6 thé 12 soi ty nhién (day, gai, lanh, xo dira, tre, bong,...) hodc
soi nhén tao (thuy tinh, vai, polyamit,...).

* Cot dang hat:

C6t dang hat duge st dung trong vat liéu polyme composite nham tao tinh
ding huéng va tang kha ndng chiu ing suat tap trung. Trong nhiéu trudng hop,

chiing vira 1a chit gia cudng vira la chét don, ginp ting do climg, gidm co ngbt
thé tich, nang cao do bén co hoc, déng thoi cai thién kha ning chdng chay, do
bén héa hoc va do bén dién. Tinh chét ctia composite phu thudc vao hinh dang,
kich thude, ban chit va sy phan bd cua hat trong nén polyme. Vi vy, hat gia
cudng cin ¢6 kich thude nho, dong déu, phin tén tét va twong thich véi nén
nhyua dé dam bao thim w6t hidu qua. Ngoai ra, gid thanh thdp va ngudn cung
dé dang ciing 1a cic tiéu chi quan trong khi lya chon [3].

Cot dang hat trong vat liéu polyme composite thudng duoc sir dung nhim
hudng t6i viée cai thién tinh ding hudng cia vat liéu va tang kha nang phan tan
Gng sufit tap trung trong hé. Trong nhidu trudng hop, loai cdt nay dong thoi



déng vai trd 1a chat gia cudng va chét don, qua d6 gop phan ning cao do cing,
gidm co ngot thé tich, cai thién do bén co hoc ciing nhu ting kha nang chéng
chay, khang héa cht va cdch dién cua vat liéu.

Céc dic tinh ctia composite phu thudc chat ché vao kich thudce, hinh dang,
ban chét cia hat ciing nhu mirc d§ phan bé cua clu'mic,I trong nén polyme. Do
d6, hat gia cudng cin c6 kich thude nho, tuong ddi dong déu, kha ning phén
tan tét va tuong hop t6t véi nén nhya dé dam bao hidu qua thAm udt va lién két
bé mat. Bén canh cac yéu t6 ky thuat, chi phi thip va ngudn nguyén liéu dé tiép
cén ciing 12 nhitng tiéu chi quan trong khi Iya chon vat liéu dang hat [3].

Ngoai céc thanh phan chinh, vat liéu polyme composite con dugc bd sung
chit don va phu gia dé diéu chinh tinh chat. Phu gia gitip céi thién do nhot,
chéng chay, giam co ngdt va mot sb dic tinh khac trong qu4 trinh gia cong va
stt dung. Cht don chi yéu nh3m giam chi phi, dong thoi c6 thé anh hudng dén
tinh chit k¥ thuat cua vat licu.

Cac phu gia thuong dung gOm chit xtic tién, chét chéng chéy, chit 6n dinh
tia UV,... Mot s& cht don phd bién 14 bot CaCOs, mica, barit va cic khodng
chét twong tu. '

1.1.3. Tinh chit va ting dung ciia vt li¢u polyme composite

Vit liéu polyme composite c6 do bén va d ctng cao, gitip cac chi tiét
chuyén dong nhu banh xe hay truc quay van hanh & tdc do 16n hon so véi hop
kim truyén thong, déng thoi tich lily ning lugng riéng cao hon. Khac voi nhiéu
vat liéu thong thudng, composite khong bi phd hiy dot ngdt khi dat tai trong
téi han ma bién dang dan, van duy tri kha ndng 1am viéc & mirc tai thp hon.

Khi str dung soi gia cudng ¢ modun dan hdi cao, mdmen quén tinh cua
truc quay giam, tir d6 giam sé lugng gdi d& hogc cho phép van hanh & toc do
cao hon. Composite gia cudng sgi thity tinh va sgi aramid ¢6 kha nang chiu va
dap tdt, trong d6 soi aramid c6 thé két hop vdi soi carbon hoc thuy tinh dé toi
uu kha ning hip thu ning lwgng va chi phi.

Nho dd bén cao, composite gitip gidm ton that nang lugng trong nhiéu ing
dung, dién hinh nhir vot tennis soi carbon gitp ting van téc bong. Kha nang
chdng 3n mon cia vt liéu phu thudc vao loai nhua nén duoc lua chon.

D6 gidin né nhiét cia composite c6 thé diéu chinh dé phu hop véi yéu cau

cong nghé, giup han ché tng suét nhi¢t. VAt liéu cling c6 kha nang chiu thoi



tiét tét trong méi truong bién, kéo dai tudi tho va giam chi phi bao tri so voi gb
va kim loai, tuy nhién cin xtr ly dé chéng tia tir ngoai.

Vit liéu polyme composite co nhiéu wu diém nhu khdi lugng nhe, do bén
co hoc cao, kha ning chiu ubn kéo tdt, chdng 1o hoa, khang tia UV, cach dién
va cach nhiét hiéu qua. Ngoai ra, vat liéu con c6 khd nang khéng hoa chit va
chdng dn mon tét, giam chi phi bao dudng, dé gia cong, tao hinh va cé tudi tho
cao hon kim loai va gd.

Bén canh do, composite cling ton tai mot sé han ché nhu khé tai ché, gia
nguyén liéu cao, quy trinh gia cong tén thoi gian va viée phan tich tinh chat vat
lidu kh phiic tap. Chat luong san phdm con phy thudc nhiéu vio tay nghé nguoi
san xuét.

Hién nay, vit liéu polyme composite dugc ing dung rong rii trong nhiéu
linh vuc dé thay thé vat lidu truyén théng. Trong giao thong van tai, ching dugc
diing dé ché tao tau thuyén, thing chtra nhién liéu, ndi thét toa tau, linh kién
mdy bay va cdc thiét bi an toan giao thong. Trong nganh 6 t6, composite gitip
giam khéi luong xe, ci thién hidu suit va giam tiéng on.

Nho trong lugng nhe va kha nang hép thu dao dong tét, composite con
duogc sir dung trong x4y dung cac cong trinh & khu vuc ¢6 nguy co dong dat.
Trong thé thao, vét liéu nay dugc dung d& san xudt vot tennis, bong ban va két
cAu san van dong. Ngoai ra, composite con duge ing dung trong ché tao thiét
bi X-quang, kinh vién vong va robot.

1.2. Giéi thiéu vé than sinh hoc

1.2.1. Khai niém than sinh hoc

Than sinh hoc (con goi 1a biochar, biocharcoal) 1a loai vt liéu carbon rin
6 cAu triic x6p va do bén cao, dugc sin xuét bang qua trinh nhiét phan sinh
khéi tir cac ngudn thuc vat hodc dong vat trong diéu kién thiéu oxy [4]. Biochar
con duge dinh nghia 12 "vat liéu rén thu dugc tir qué trinh chuyén héa nhiét hoa
sinh khéi trong méi trudng oxy gi¢i han". Qua trinh san xuét ndy tao ra mdt vit
liéu ¢6 cau tric thom hda cao véi mang ludi carbon on dinh, mang lai kha ning
khang phan huy sinh hoc dac biét, giﬁi) luu trit carbon trong thoi gian dai (hang
trim dén hang ngan nim).

Than sinh hoc ¢6 gia tri da dang trong nhiéu linh vuc. Trong ndng nghiép,
nd duogc st dung nhu mot chét cai tao dit hiéu qua, gitp ting do phi nhiéu
thong qua cai thién cdu tric dAt (tang do xbp), diéu chinh pH, ting kha ndng



gitt nude va dinh dudng [5, 6]. Pdc biét, than sinh hoc hap phu manh, dugc ting
dung rong rai trong xtr Iy moi trudong d8 loai b6 céc chat 6 nhiém hitu co, vo
co, kim loai nidng, cling nhu cac loai thuéc nhudém cong nghiép tir nganh dét
may [7]. Ngoai ra, viéc st dung than sinh hoc con gop phan quan trong trong
giam thiéu bién d6i khi hau thong qua co ché luu trir carbon va giam phat thai
khi nha kinh [8, 9]
1.2.2. Cac phwong phap ché tgo than sinh hoc

Cac phuong phap san xuét than sinh hoc déu c6 uu diém va han ché, dong
thi viée lua chon phuong phéap phu thude vao loai sinh khéi ¢ sin, Gmg dung
du kién va cidc muc tiéu mdi truong hodc cong nghiép cu thé. Nhiét phan la
phuong phap dugce st dung phd bién, mang lai sy linh hoat va kha ning mo
rOng, trong khi carbon hoa la mét phuong phap thay thé don gian hon va tiét
kiém ning lugng hon. Carbon hoéa thiy nhiét 14 mot cong nghé méi ndi, dic
biét hitu ich d& xir 1y sinh khéi wét, va khi hoa cung cap su két hop giita san
xuét than sinh hoc biochar va nang lugng. Tt ca cac phuong phap nay déu gop
phn vao su quan tdm ngdy cang ting ddi véi biochar nhu mot vat liéu bén
vitng dé luu giit carbon, cai tao dat va xir 1y méi trudng.
1.2.2.1. Nhiét phan

Nhiét phan 1a mdt trong nhitng phuong phap nhiét quan trong dugc ép
dung phd bién dé chuyén hoa chét thai hitu co thanh céc vt liéu giau carbon,
¢6 thé sir dung trong viéc xir Iy 6 nhiém nudc thai [4]. Trong qué trinh nay, céc
thanh phan chinh ctia nguyén liéu dau vao nhu lignin, cellulose, hemicellulose
va chit béo s& trai qua qua trinh phan hity nhiét trong méi truong thiéu oxy.
Pidu nay gitp lam ting ham lugng carbon trong vat li¢u bang céch loai bo cac
nguyén t6 khong phai carbon nhu oxy va hydro [10]. Céc yéu t6 chinh anh
huéng dén qua trinh nhiét phan bao gém nhiét do carbon hoa, tc dd gia nhiét,
luu lwong khi nito va thoi gian carbon hoa. Nhirng yéu tb nay quyét dinh dang
ké dén tinh chét va sy phan b cua céc san phim thu duge, bao gdom biochar
(phan rin), bio-oil (mdt lugng nhé chat 1ong c6 thé ngung tu) va khi khong
ngung tu (khi tong hop, chiang han nhu CO, CO», CHa va Hz) [11]. Qua trinh
loai bd céc nguyén té nhu carbon, hydro va oxy dudi dang khi va chét d& bay
hoi lam tang tinh thom va ham lugng carbon trong vat liéu, tir d6 cdi thién d§
6n dinh ctia biochar [12]. Xu huéng ndy cang tré nén rd rét khi nhiét do nhiét

phén tang 1én. Dic biét, ¢ nhiét d6 cao hon 500°C, biochar c6 xu hudng tré nén
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ky nu6e hon, ddng thoi dién tich bé mit va thé tich 16 rong ciing ting Ién dang
ké. Nhirng dic tinh ndy gitip biochar ¢6 kha ning hap phu va loai bé céc chit 6
nhiém hitu co mdt cach hiéu qua hon.

Tuy nhién, khi nhiét d6 nhiét phan thip hon (<500°C), biochar dugc tao
ra thudng c6 kich thuée 16 rdng nhd hon, dién tich bé mit thap hon va chira
nhiéu nhém chiic oxy hon. Nhitng dic diém nay 1am cho biochar phu hop hon
dé loai bo cdc chit 6 nhidm vo co. Mit khac, khi nhiét d6 nhiét phan ting, do
pH ctia biochar ciing tang 1én do ham lugng tro dugc lam gidu [13, 14]. Toc do
gia nhiét 14 mot yéu té quan trong khic cin dugc kiém soat trong qua trinh
carbon héa. Téc @ gia nhiét cao thic day viéc giai phong khi va lam giam sian
phim rén [15]. Nhiét phan c6 thé dugc chia thanh hai loai chinh: nhiét phan
chim va nhiét phan nhanh, dua trén cac yéu to nhu nhiét do, toe d gia nhiét,
ap sudt va thoi gian luu.

Trong qua trinh nhiét phan cham, nhiét 46 vira phai va thoi gian luu dai
hon dugc ap dung trong mdi truong yém khi, din dén san lugng than cao
(khoang 30%). Qué trinh nay xay ra théng qua cdc phan (ng nut dan dan, lam

" giam luong san pham 16ng ngung tu. Nguoc lai, nhiét phan nhanh tao ra biochar
v6i hidu suét thp hon (khoang 12%) nhung lai thic dAy su hinh thanh déu sinh
hoc, véi san luong c6 thé 1én dén 75% tir sinh khdi [16].
1.2.2.2. Nung

Nung la phuong phap nhiét phan xdy ra ¢ nhiét d6 vira phai, yéu cau gia
nhiét vat lidu tir tir dén khoang nhiét dé tir 200°C dén 300°C dudi 4p suat khi
quyén va trong didu kién yém khi [17, 18]. Qué trinh nung loai bo do am du
thira va cac chit d& bay hoi, ddng thoi phan hity mot phan céc polyme sinh hoc
nhu cellulose, hemicellulose va lignin bang cach giai phéng cac hop chét hiru
co dé bay hoi. Khac v6i nhiét phan truyén thdng, qua trinh nung c6 xu huéng
tao ra nhiéu cin rin hon 1a cc san phfim long hodc khi.

Qua trinh nung thudng dugc sit dung nhu mot quy trinh tién xtr 1y sinh
khéi. Qua trinh nay dic biét hiéu qua trong viéc giam ham luong 4m trong sinh
khéi tho, tir d6 1am ting mat do khdi cta no. Két qua 14, sinh khéi tré nén dé
xir Iy hon va tiét kiém chi phi hon, dong thoi 1am ting gid tri nhiét luong cla
sinh khéi, bién n6 thanh mot ngudn nhién liéu hiéu qua hon. Ngoai viéc cai

thién ham lugng ndng lugng cua sinh khoi, qua trinh nung con nang cao cac
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tinh chét quan trong khic nhu kha nang chéng tham nuéc, khi ning n ghién va
kha ndng phan hiy sinh hoc so véi sinh khdi chua qua xir 1y.

Mot trong nhiing 1¢i ich chinh cua sinh khéi da qua nung 13 né c6 thé duge
luu trit trong thdi gian dai ma khéng bj phan huy dang ké. Diéu nay lam cho né
tro thanh mot vt liéu on dinh va bén virng hon cho cac ung dung khac nhau.
Quié trinh nung thudng cho hiéu sudt khéi lugng tir 70-80% va hi¢u suit nang
lwong tir 80-90%. Nhiing hiéu suit cao nay cho thay tinh hiéu qua ciia qua trinh
nung trong viéc tap trung nang lugng cua sinh khéi trong khi van duy tri mét
ty 18 16n vt liéu rin.
1.2.2.3. Cacbon héa thity nhiét (Hydrothermal Carbonization - HTC)

Cacbon hoa thuy nhiét 1a mét phuong phéap chuyén ddi nhiét héa hoc hiéu
qua, duoc sir dung rong rai dé san xuét céc vat liéu c6 mat do ning luong cao.
Phuong phéap nay dic biét phu hop véi cac nguyén liéu udt ma khong cin qua
giai doan sy ton nhiéu ning luong, cho phép chuyén dbi sinh khéi thanh vét
liéu carbon v&i hiéu suét cao & nhiét d6 van hanh thdp [19]. Trong qua trinh
HTC, sinh khéi duoc xit 1y trong mdi truong chat 1ong & nhiét do tir 180°C dén
300°C va ap suat tir 2 MPa dén 10 MPa trong khoang thoi gian vai gio.

Trong qua trinh HTC, d6 pH thudng giam do hinh thanh cac axit hitu co
nhu axit axetic, levulinic, formic va lactic. Nhirng axit nay la chét xuc tac tu
nhién, tang tdc phan tmg phan hily cac hop chét hitu co ma khong can bd sung
thém axit tir bén ngodi. Su ¢c6 midt cua nudc trong qua trinh HTC khong chi
dong vai tro 12 dung méi ma con 1a méi truong phan (g, gitp ting cudng qua
trinh thity phan sinh khéi lignocellulose. Qué trinh tién xir Iy sinh khdi bang
HTC dién ra theo cic co ché khic nhau, tao ra ba pha san phfim chinh:
hydrochar (pha rin), pha nuéc (hon hop dau sinh hoc va nude), va mot lugng
nho khi (chi yéu 1a CO,). Su phan bd cua cac san pham phy va tinh chit cta
hydrochar phu thudc vao céc yéu t6 nhu nhiét do, thoi gian luu, 4p sut, va ty
1& nude/sinh khéi [20].
1.2.2.4. Khi héa

Khi hoa 1 cdng nghé nhiét chuyén héa héa hoc céc vat liéu chira carbon
thanh khi bang cach cho chiing phan ting véi tdc nhén khi héa nhu khéng khi,
oxy hodc hoi nuée. Qua trinh nay dién ra trong diéu kién méi trudng binh
thudng hodc & ap suit cao va nhiét do trén 750°C. Céc san pham chinh ctia quéa
trinh khi hoa 1a than sinh hoc va hon hop khi trong diéu kién yém khi. Str dung
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khong khi lam tdc nhin oxy hoéa thudong thu duoc hdn hop gbém hydro (H»),
carbon monoxide (CO), methane (CHy), carbon dioxide (CO»), nito (Nz) va
acetylene (C;H,) [21].

Do lugng than sinh hoc thu dugc thip va nhiing lo ngai vé méi trudng nhu
phat thai khi nha kinh, qué trinh nay chu yéu dugc st dung dé san xuit ning
lugng va héa chit hon 1a sin xuét than sinh hoc trén quy mé 16n. Viée toi uu
ho6a qua trinh khi hoa phu thudc dang ké vao viéc diéu chinh cac thong s6 van
hanh cling nhu lya chon nguyén li¢u dau vao phu hop, nham nang cao hiéu suat
va chit lugng san pham thu dugc.

1.2.3. Nguyén liéu, tinh chit va itng dung ciia than sinh hoc
1.2.3.1. Nguén nguyén liéu ché tao than sinh hoc

Tinh chét vat 1y va hoa hoc doc ddo cua than sinh hoc nhu khé néng hap
phu, do bén céu tric, hay ham lugng carbon 6n dinh phu thudc manh m& vao
nguyén lidu dau vao va phuong phép san xut. Cu thé, thanh phan hitu co trong
sinh khdi nhu hemicellulose, cellulose va lignin quyét dinh cAu tric vi mé, dién
tich bé mat riéng, ciing nhu kha ning twong tac hoa hoc cua than sinh hoc.
Trong do, lignin thudng tao ra than ¢6 do x6p thip nhung d6 bén cao, trong khi
cellulose va hemicellulose d& phan hity nhiét tao thanh cdu tric 15 réng phirc
tap, gitp than sinh hoc trg thanh vat liéu 1y tudng cho céc ing dung nhu xur ly
mdi trudng hodc cai tao dat.

Ngudn nguyén li¢u sén xudt than sinh hoc duge chia thanh hai nhém chinh
dua trén thanh phan héa hoc. Nhém sinh khéi lignocellulose bao gdm céc phu
phf’im nong nghiép (romra, vo triu, than ngo), g0 thai, hodc chét thai rin d6 thi
(MSW). D4y la nhitng ngudn nguyén li¢u phd bién nho tinh san co, gia thanh
thap va ham lugng cellulose, lignin cao - nhiing hop chit tao ra carbon bén
vitng sau qua trinh nhiét phan. Vi du, vo dira hay vo hat diéu khi duogc xir 1y &
nhiét d6 thich hop c6 thé tao than sinh hoc véi dién tich bé mét 1én dén 500-
1500 m?/g, phit hgp dé hap phu kim loai ning trong nudc thai. Nhém sinh khéi
khong lignocellulose lai ¢6 ngudn gbc tir chat thai dong vat (phan gia suc,
xuong, 16ng), bun thai cdng nghiép, tdo, hodc rac thdi hitu co dd thi. Nhom nay
thuong chita ham luong protein, lipid va khoang cht cao, din dén qu4 trinh
nhiét phan phuc tap hon. Chéng han, phan gia cam khi nhiét phan dé sinh ra
khi NH; va H,S - nhitng chit gy an mon thiét bi va 6 nhiém khong khi, doi hoi
hé thong xir 1y khi thai chuyén dung. Tuong tu, xuong dong vét gidu canxi
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photphat tao ra than sinh hoc ¢ tinh kiém manh, phit hop dé trung hoa dit chua
nhung lai kém hiéu qué trong hdp phu chét hitu co.

Su da dang v& nguyén liéu khong chi md ra tiém ning Gmg dung rong rii
ctia than sinh hoc trong ndong nghiép, nang lugng va bao vé mai trudng ma con
dit ra nhitng thach thirc k¥ thuét. Viéc lua chon ngudn sinh khéi phai can nhéc
gitta hiéu sut san pham, chi phi xir 1y va tdc dong moi truong. Vi du, chat thai
déng vat tuy ddi dao nhung doi hoi tién xir Iy (sdy kho, loai bo tap chat) dé
tranh phat thai khi doc, trong khi sinh khoi lignocellulose can duoc nghién nho
va kiém sodt d6 4m trude khi nhiét phan. Hon nita, s khac biét vé co ché phan
hily nhiét gifta céc loai sinh khdi dn dén s khong dong nhat trong tinh chit
than thanh phdm, doi hoi quy trinh san xudt phai dugc t6i uu héa cho timg loai
nguyén liéu cu thé.

Bing 1.1. Thanh phan ciia cellulose, hemicellulose va lignin trong

cdc nguyén liéu sinh khéi phd bién [22]

Nguyén liéu sinh khéi | Cellulose (%) | Hemicellulose (%) | Lignin (%)
Go 35-50 20-25 10-15
Rom ra 25-35 20-30 10-15
Tre 26-43 15-26 21-31
L&1 ngd 35-45 35-45 5-15
Xo ditra 29 27 22
Ba mia 32-44 25-35 19-24
Ba ca phé 8-10 39-39 17-21
Co 30-40 35-50 10-25
Bong phé li¢u 80-95 5-20 -
Vo lac 36 19 30

Sinh khdi khong lignocellulose bao gdm céc ngudn nhu phan dong vit,
bun thai hay chét thai dong vat, thuong chira ham lugng kim loai nang (chi,
cadimi) va di t& (nito, luu huynh, phdt pho) cao hon dang ké so véi sinh khéi
lignocellulose. Piéu ndy 1am ting nguy co gdy 6 nhiém thir cap trong qua trinh
san xuét than sinh hoc, chang han nhu phat thai khi doc (NHs, HoS) hodc tich
tu chét gay hai trong san pham cudi, tir d6 han ché kha ning mg dung trong
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nong nghiép va xur Iy moi truong. Trai lai, sinh khoi lignocellulose nhu gb thai
(chiém gén 50%) va phu phdm néng nghiép (khoang 20%) dugc ua chudéng nhd
tinh an toan, doi dao va phii hop véi cong nghé nhiét phan thong thuong,

Trong céc loai phé phu phadm ndng nghiép, xo mudp c6 nhitng wu thé chirc
ning doc ddo. Xo mudp la ngudn lignocellulose dbi dao trén toan ciu, c6 ngudn
gde tir ciy mudp — mét loai cay co6 kha niing thich ing ndong hoc manh mg, phat
trién tét trong diéu kién khi hau nhiét d6i va dat nghéo dinh dudng, gitp tranh
canh tranh v&i céc loai cdy luong thue quan trong. Viéce st dung xo mudp gép
phin chuyén déi phé phim ndng nghiép thanh ngudn tai nguyén sinh khéi chién
luge ¢6 chi phi thdp, hd tro mo hinh kinh té tuAn hoan va thay thé hiéu qua céc
chit don carbon tdng hop dit tidn c6 ngudn gbe tir nhién liéu hoa thach. Vé mit
k¥ thuat, xo muép sau khi nhiét phan van duy tri dugc cdu tric 16 réng va dién
tich bé& miit 16n, tao diéu kién thuén loi cho co ché khoa co hoc va chuyén truyén
ang sudt hiéu qua v6i nén nhua polymer.

Du sinh khéi lignocellulose hién dang chiém wu thé vé khéi luong va tinh
sin c6 trong cac ngudn phu pham néng nghiép, viéc tin dung hiéu qui ching
van con gip nhiéu thach thirc do thiéu hé thong thu gom tip trung va cong nghé
chuyén ddi téi vu.
1.2.3.2. Tinh chat ciia than sinh hoc

Than sinh hoc s hitu nhiéu tinh chat dic trung, khién né tré thanh mot
vt lidu c6 gid tri cao. Vi cdu tric xép va dién tich bé mit 16n, than sinh hoc
c6 kha ning hip thu nuéc va chét dinh dudng mét cach hidu qua, ddng thoi tao
mdi trudng thudn loi cho vi sinh vt cé ich phat trién. Cau tric x6p va nhom
chitc Carbon-Oxy 14 hai yéu t6 then chot quyét dinh dic tinh img dung cta than
sinh hoc.

V& cdu tric xép, than sinh hoc dugc hinh thanh tir mang luéi vi tinh thé
carbon sdp xép ngiu nhién, lién két chiit ch& qua cic ciu ndi hoa hoc bén viing,
tao nén hé thdng 15 rong da dang. Khéc véi sinh khbi gbe, cdu tric ndy c6 mat
d6 18 cao hon, ty trong thip (dudi 2 g/em?) va do graphit héa khong dang ké
gitip toi wu kha ning hép phu. Qua trinh hinh thanh 16 x6p chu yéu dién ra trong
giai doan than hoa (nhiét phan) va dugc mad rong hon nho hoat hoa (xur ly hoa
hoc hoic vat Iy). B& mit riéng 16n cua than sinh hoc dén tr mang luGi mao quan
phan nhanh phuec tap, bao gdm céc 15 ¢o kich thude va hinh dang khéc nhau -

tir vi mao quan (kich thuéc nano), mao quan trung binh (kich thudgc trung binh)
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dén mao quan 16n (kich thuéc micro). Sy phéan bd nay khong chi anh huong
dén kha ning luu trit vat chit ma con quyét dinh toc do phan ting hoa hoc trén

bé mat than.

Hinh 1.1. Ciu tric cia than sinh hoc [23, 24]

Vi mao quan (micropores) voi ban kinh dudi 2 nm chiém t6i 95% dién
tich bé mit téng thé nho mang ludi day dic, du thé tich chi dao dong tir 0,15-
0,7 cm*/g. Co ché hﬁp phu tai day chu yéu dua vao lyc hut manh tir hai bé mit
dbi dién ctia mao quan, gitp giit chit cdc phan tir nhé nhu ion kim loai hodc
khi ma khong can hién twong ngung tu mao quan.

Mao quan trung binh (mesopores) c6 kich thudc 2-50 nm, dong vai tro
trung gian vai thé tich 0,1-0,65 cm?*/g va dién tich bé mit t6i da 200 m?*/g khi
duoc hoat hoa. Tai day, qua trinh hép phu xay ra thong qua sy ngung tu mao
quén, hinh thanh 16p chét 1ong dang mang trén bé mat, phi hop dé xtr 1y céc
hop chét hitu co kich thudc trung binh.

Trong khi d6, mao quan 1én (macropores) vdi ban kinh tir 50 nm dén 2000
nm hau nhu khéng déng gép vao dién tich bé mit (dudi 0,5 cm?/g thé tich)
nhung lai dan chit bi hap phu thAm thau sdu vao hé théng vi mao quan va mao
quan trung binh. Sy két hop hai hoa giita cac cp mao quéan niy tao nén tinh da
ning cua than sinh hoc: vi mao quan xur 1y tdc nhan vi m6, mao quan trung binh
tiép nhan phan tir phirc tap hon, con mao quan 16n dam bao tdc do khuéch tan.
Tuy vao muc dich sir dung, viéc diéu chinh ty 1& mao quan thong qua cong nghé
nhiét phan va hoat hoa s¢€ t1 wu hoa hiéu qua hp phuy, bién than sinh hoc thanh
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cong cu linh hoat trong xtr ly méi trudong, nong nghiép bén ving va tich trit
nang luong.

Céc nhém chiic Carbon-Oxy trén bé mit than sinh hoc dong vai tro quyét
dinh trong viéc diéu khién cac tinh chét vat Iy va héa hoc quan trong cia vit
licu. Nhirng nhém chtc nay bao gdm céc dang nhu carboxyl (-COOH),
hydroxyl (-OH), carbonyl (C=0) va phenol, tao nén dic tinh va nude, d phan
cuc, tinh axit-bazo ciing nhu kha nang xtc tac va dan dién cta vt liéu. Su hién
dién cua cac nhom chic nay khong chi lam ting khd ning twong tic voi cac
phan tir phan cuc nhu nude, ion kim loai ndng va hgp chét hitu co ma con nang
cao hiéu suét img dung trong nhiéu linh vuc.

Dic biét, qua trinh xit Iy nhiét dong vai trd then chét trong viée hinh thanh
va diéu chinh cac nhém chic nay. Khi than sinh hoc duwge xtr 1y & nhiét d6 trén
400°C trong moi trudng c¢b oxy, cac nhém chic axit nhu carboxyl, lacton va
phenol chiém wu thé, lam ting dang ké tinh wa nudc va kha ning trao doi ion
cua vat liéu. Nguoc lai, & nhi¢t do thﬁp hon, cac nhom chirc trung tinh hodc
bazo thudng chiém wu thé. Ham lugng carbon trong than sinh hoc rat cao,
thuong chiém tir 60 dén 90%, gitp céi thién do phi nhiéu cia dat va ting kha
ning gitt chat dinh dudng. Ngoai ra, than sinh hoc con c6 tinh kiém nhe, gitp
trung hoa d¢ chua cua dét, pht hop véi cac loai d4t bi thoai hoa hodc c6 d6 pH
thép. Dic biét, than sinh hoc c6 dd bén cao, khd phan hiy trong tw nhién, c6
thé tdn tai hang trim dén hang ngan nim, gitp luu trir carbon mét cach lau dai
va gop phan giam phét thai khi nha kinh.

1.3. Vit liéu polyme composite nhya nhiét déo gia cuwdng than sinh hgc

Thi truong PP toan cu udce tinh dat 91,98 triéu tAn vao nam 2024 va du
kién s& ting 1én 121,81 tridu thn vao nam 2029, véi toc do ting trudng kép hang
nidm (CAGR) khoang 5,78%. Su gia ting manh m& niy kéo theo lugng chit
thai nhya PP ngay cang 16n, trong khi tai nguyén héa thach - ngudn nguyén liéu
chinh dé san xuét polymer - dang dan can kiét. Trong bdi canh d6, viéc tai ché
va téi sit dung PP khong chi mang y nghia kinh t€ ma con déng vai trd quan
trong trong chién luoc phat trién bén vf.‘m"g va giam phat thai khi nha kinh [25].

Tuy nhién, mét trong nhitng han ché 16n ctia PP téi ché 1a sy suy giam tinh
chét co hoc va do bén nhiét do hién tugng phén cit mach polymer trong qua
trinh gia cong va st dung. Diéu nay lam gidm gia tri st dung cua vat liéu, dac

biét trong cac tng dung yéu cau tinh nang cao. Do do, viéc cai thién tinh chat
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ctia PP tdi ché thong qua viéc bd sung cic chat don phit hop 14 mot huéng
nghién ctu can thiét.

Trong nhiing nim gin dy, xu huéng phat trién vat liéu composite bén
vitng da thu hat sy quan tdm rong rai trén thé gidi, trong d6 cac vat liéu co
ngudn gde sinh khdi duge uu tién nghién ctu nhim thay thé mot phan vt liéu
truyén thong [26]. Cac nghién ctru quéc t& da chi ra rang viéc sir dung biochar
c6 thé cai thién mot sb tinh chit ciia vt liu nhu d6 bén nhiét, do 6n dinh kich
thude va ddng thoi gop phan giam dau chan carbon (carbon footprint) ciia san
phém [27].

Mic du vay, viéc ung dung biochar trong nén polymer, dic biét 1a trong
polypropylene, vin ton tai nhimg thach thic nhét dinh. Do sy khéc biét vé ban
chét héa hoc giira biochar (c6 nhiéu nhém chirc phan cuc) va PP (la polymer
khong phan cuc, ky nudce), twong tac lién pha giira hai thanh phan thuong yéu.
Bén canh d6, anh hudng ctia ham luong biochar dén cac tinh chét co hoc, nhiét
va luu bién ctia hé composite PP, diic biét khi st dung PP tai ché, van chua
duge nghién ctru mot cach diy du va cé hé théng.

Trén thé gidi da co nhidu nghién ctru chimg minh viéc bd sung than sinh
hoc vao nén polyme mang lai nhiéu cai thién dang ké v& tinh chét vat liéu.
Nhiéu nghién ciru da bio cdo ring viéc bd sung 5-10% khdi lugng than sinh
hoc ¢6 thé cai thién dang k& do bén kéo, mddun Young, dd clng, do bén va
dap, tinh chat nhiét va do két tinh cua polyme, dugc ghi nhan trong nhidu hé
vat liéu khac nhau, tir PLA, PP, PVA cho dén polyester, cho thfiy tinh phé quat
cta hiéu ung gia cuong [28].

Oisik Das va cong su thdy rang than sinh hoc tir chét thai c6 thé duge sir
dung lam chit phy gia trong composite g6 va polypropylene, lam ting d6 dan
nhiét, tao thém géc tu do, nang nhiét do két tinh nhung khong pha va cAu tric
tinh thé cta polypropylene. Pdng thoi, céc thir nghiém co 1y cho thiy mo-dun
dan hdi kéo ting tir khoang 1,2-1,4 GPa lén 1,6-1,8 GPa khi bd sung 10-20%
biochar, mo-dun udn ciing cai thién rd rét, dat mic tang 15-20% so vai mau
déi chimg [29].  ~

Tinh chét co 1y ctia composite HDPE gia cudng than sinh hoc tir dau co
da duoc Hau Hui Xin nghién ctru. Két qua cho thy, khi bd sung biochar tir dau
co vao HDPE & mic 2,5 wt%, d6 bén kéo ting tir 22,3 MPa 1én 24,8 MPa va
modun dan hdi ting tir 1.050 MPa 1én 1.180 MPa. O ham lugng 10 wt%,
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composite ¢d d 6n dinh nhiét cao hon nhung kha nang khang nuée giam (do
huat nude ting tir 0,12% 1én 0,38%) [30].

Két qua cia Suchaiya va Sangmanee cho thdy, ham lugng than sinh hoc
tlr v6 sAu riéng dat 20% dA cai thién do on dinh nhiét va d6 bén udn cling nhu
mddun uén ciia mang phan hiy sinh hoc tir PET tai ché va tinh bot nhiét déo;
do bén uén ting 1&n mic tdi uu so véi cac mau chira 10% va 40% biochar,
mddun udn dat gi4 tri cao nhit nhd sy phan tan ddng déu cuia biochar trong nén
RPET, trong khi d6 hut nudGe lai tang theo ham luong biochar [31].

Tuy nhién, cac nghién ctru hién nay chu yéu tap trung vao polyme nguyén
sinh, trong khi cac polyme tai ché, dic biét 1a polypropylene téi ché - vén da bi
suy giam tinh chat co hoc va dd bén nhiét do qua trinh gia cong va st dung -
vin chua duoc khao sit ddy du khi két hop véi than sinh hoc. PP téi ché duoc
phdi tron v6i bot tale qua nhiéu chu ky tai ché, kha ning khang va dap cua hé
PP/talc ting 1én nho sy phAn manh hat gia cwong [32]. Cac hat don nano (nhu
sét, CaCOs, CNT,...) ciing khic phuc sy suy giam ddc tinh co - nhiét va luu
bién ciia nhura PP tai ché, khing dinh day 1a giai phap hiéu qua dé nang cp chét
lugng vat liéu cho viée tai stir dung bén viing [33]. Véi bdi canh nay, biochar
duoc ky vong c6 thé cai thién céc tinh chit cia PP téi ché twong tw nhu déi v6i
PP nguyén sinh.

O Viét Nam, linh vuc nghién ciru vé vét liéu polyme composite gia cudng
bing soi ty nhién da bat dAu phat trién manh tir ddu nhitng ndm 2000, v6i nhiéu
cong trinh nghién ctiru duoc thyce hién tai cac trudng dai hoc va vién nghién ctru
[34, 35].

Kha nang cai thién lién két pha va ning cao tinh chét co hoc ctia composite
polyme tir phu phfim ndéng nghiép khi stir dung chét twong hop da dugc tac gia
Duy Trén va cong sy (2013) khéo sét trén hé composite polypropylene (PP) gia
cudng bang bot trdu Viét Nam (RHF). Két qua cho thay khi bd sung 4 wi% PP-
g-MA, d6 bén kéo tang 1én khoang 3234 MPa so voi mau khong tuong hop,
d6 bén udn dat 45-48 MPa va mé-dun dan hoi ting tir 1,2-1,4 GPa lén 1,6-1,8
GPa. Dong thoi, do dai ciia vét liéu ciing dugc cai thién, mic di ¢ ham lugng
RHF qua cao (120 phr) xy ra hién tuong két tu chat don lam giam do bén kéo
va do dai. Nho do, composite dat dugce su can bfing gitra do bén kéo, d(f)-bén
uén va do dai, déng thoi c6 dd 6n dinh nhiét cao hon [36].
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Nghién ctru ciia Phing Chi S§ va cong su (2023) cho thdy composite
PE/trau ché tao tir nhya PE t4i ché va vo triu c6 kha ning cai thién dang ké céc
tinh chét co 1y cia vat liéu. Viée bd sung 2% khéi lugng MAPE gitip d6 bén
kéo dat khoang 31 MPa, d bén udn dat 34 MPa va d¢ bén nén vuet 56 MPa.
E)fing thot, kich thudc hat triu trong khoang 0,5-1,0 mm dugc xé4c dinh la phu
hop nhét, véi d0 bén kéo dut dat 31,43 MPa, d6 bén udn 34,43 MPa va do bén
nén 56,48 MPa. Ngoai ra, do cirng cua vt liéu duy tri 6n dinh quanh mirc 61
Shore D, phan anh hiéu qua gia cudng t6t va tiém ning tmg dung thuc té clia
composite nay [37].

Hiéu qua cua viéc xur ly soi tu nhién nhim ning cao kha ning gia cuong
cho composite polyme téi ché da duge Cao Luu Ngoc Hanh va cong su nghién
ctru trén hé composite soi than ciy bip/HDPE tai ché. Két qua cho thay & ty 18
thé tich soi 50% va diéu kién ép tai 145°C trong 10 phut, vat liéu dat d6 bén
kéo khodng 31 MPa, do bén ubn khoang 34 MPa va d¢ bén va dap khoang 10—
11 kJ/m?. Pac biét, xtr 1y soi bf‘ing dung dich NaOH 2% lam tang ham lugng
cellulose 1én khoang 66%, ddng thoi cai thién déng ké co tinh véi do bén kéo
gin 35 MPa, do bén ubn khoang 39 MPa va do bén va dap khoang 12 ki/n?,
cao hon 10-15% so v6i mau khong xir 1y. Nhitng két qua ndy cho thdy soi than
cay bip c6 tiém ning tré thanh ngudn gia cuong hidu qua cho composite ing
dung trong linh vuc ndi that va xiy dung [38].

Sau khi tong quan co so Iy thuyét vé vit liéu polyme composite, than sinh
hoc, nhua polypropylene tdi ché cing cac nghién citu trong va ngoadi nudc lién
quan, co thé nhdn thcfy xu hwong tdn dung phé phu ph.c’fm néng nghiép lam chit
gia cuong cho vat liéu composite dang dwoc quan tam manh mé nho kha ning
néng cao co tinh dong thoi giam tac dong moi truong. Trong do, xo mudp duoc
xem la nguén phu pham sinh khoi tiém nang do c6 chi phi thap, dé thu gom tir
quda trinh canh tdac va tiéu thu mucp, dong thoi khéng lam gia ting dp luc sir
dung tai nguyén luong thuc, phu hop voi dinh huéng phat trién vat liéu bén
vitng va kinh té tudn hoan. Pc biét, khi dwoc chuyén héa thanh than sinh hoc,
vat liéu nay sé hitu cdu tric xop va dién tich bé mt 1ém, gép phan tang kha
nang twong tac va tqo co ché “khéa co hoc” véi nén polyme.

Than sinh hoc véi céau tric xop ddc tring va ham lwong carbon cao khong
chi dong vai tro la rao can nhiét va tac nhan tao mdam hiéu qud ma con gitip

cdi thién vuot tréi dé bén uon va dé cirng bé mat cho nén nhwa rPP von bi suy
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gidam tinh chdt sau qua trinh sir dung. Ddy la giai phdp cong nghé xanh thiét
thue, gép phan hién thuc héa mé hinh kinh té tuan hodn théng qua viéc cé lap
carbon va giam thiéu dp lyc rac thai nhia lén méi truong.

Ludn véin sé tién hanh nghién ciru mét cach cé hé thong qua trinh ché tao
va ddnh gia ddc tinh cua hé vt liéu composite trén co so polypropylene tai ché
va than sinh hoc xo muop theo cac muc tiéu cu thé nhw sau:

- Ché tao thanh céng vit liéu polyme composite trén co s¢ nhua PP tdi
ché duoc gia cuong bang than sinh hoc xo mudp, huéng téi viéc nang cdp gid
tri sur dung cho nhua tdi ché.

- Lam ré anh huong cua ham luwong va kich thudc hat than sinh hoc dén
ddic trung Iy - hda cua vdt liéu composite, xac dinh dwoc kha ndang ing dung

thuee té ciia composite frong cac diéu kién moi truong khac nhau.
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CHUONG 2. POI TUQONG VA PHUONG PHAP NGHIEN CU'U
2.1. Nguyén liéu, héa chit, dung cu v thiét bi nghién ctru

2.1.1. Nguyén li¢u, hoa chit

- Xo mudp dugce cung cip bdi Cong ty TNHH Leaf Organic Vietnam.

- Nhua PP ti ché (loai 1) (rPP) dang hat v&i khdi lugng riéng 0,95 g/em?,
MFI 1,52¢/10 phit, dugc cung cip boi Cong ty Milchem Plastic, Viét Nam.
2.1.2. Dung cu, thiét bi

- Hé théng ray (8411 Electric, Zhejiang Chenxin, Trung Quéc) véi cic

kich thudce 15 ray tir 45 pm dén 500 pm.

- May nghién bi Alfred Schwingerr, D-73525, Puec.

- Dung cu thiy tinh va cén phan tich d6 chinh xac 0.0001g

- Lo nung chan khong (SA2-4-14TP, Nanyang, Trung Qudc)

- M4y tron kin Brabender Plastograph (EC 815655)

- May ép nhiét.

- Quang phd ké hong ngoai Affinity—1S (Shimadzu, Nhét Ban)

- Thiét bi nhiéu xa tia X D8 Advance (Bruker, Dirc)

- Kinh hién vi dién tir quét phat xa trudng FE-SEM Hitachi S4800 (Nhat

Ban).

- Thiét bi phan tich nhiét quét vi sai Labsys DSC 131

- Thiét bi phan tich nhiét trong luong Labsys TGA 1600 (Setaram, Phép).

- Mdy thir nghiém kéo van nang Instron UTM (M¥)

- May do do va dap Testresources (M)

- M4y do dd ctrng Innovatest Nexus 7700 (Ha Lan)

2.2. Phwong phap tién hanh

2.2.1. Ché tgo than sinh hoc tir xo mudp

Xo mudp khé duge cit nhé téi kich thude ~3 cm ¢ 110°C trong 24 gio dé
loai bo 4m trudc khi thye hién qua trinh cacbon héa. Qud trinh nhiét phan dugc
thuc hién trong 15 chan khong & nhiét do tir 400-500°C, toc do gia nhiét
10°C/phut, duy tri trong 60 phit dudi ap suat 0,1kPa. San pham than sau dé
duge nghién trong may nghién bi 10 gio véi toc do 70 vong/phut va sang qua
hé théng ray dé phan loai kich thudc hat trong dai tir 45 pm dén 500 pm.
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2.2.2. Ché tao vit lidu polyme composite PP tdi ché/than sinh hoc

Vit li¢u polyme composite dugc ché tao bang phuong phép tron néng
chay st dung thiét bi tron kin Brabender. Qua trinh tron duge thuc hién & 170°C
trong 10 phit véi toc do tron 60 vong/phit. Ham lugng than sinh hoc thay doi
tr 10-70% theo trong lugng (ky hiéu tir LB10 dén LB70). Méu di chimg chira
100% nhua PP tai ché. Sau khi tron, hdn hop dugc ép thanh tAm kich thudc 150
x 150 x 1 mm? bing méy ép nhiét & 170°C dudi ap sudt 1000 psi trong 30 phut,
sau do lam nguoi vé nhiét do phong dudi ap suit én dinh. Mau dugc bao quén
trong tai zip kin khi & nhiét d6 phong truéce khi tién hanh phan tich va dénh gia
bing cic phuong phéap dic trung.
2.3. Cac phwong phap phén tich, dinh gia

2.3.1. Hiéu sudt tao than sinh hoc

Khoi lugng than sinh hoc dugce xac dinh bi“mg can phan tich cé d6 chinh
xéc 0,0001g. Hiéu suat tao than sinh hoc duge tinh theo cong thirc (1). Thi
nghiém 13p lai ba lan, ldy gi4 tri trung binh.

H (%) = (mg/m,) * 100 (1)

Trong do:

msh: khdi luong than sinh hoc (g)

m,: khéi lugng xo mudp ban dau (g).

2.3.2. Cac phuwong phap dic trung ly hoa, céu triic

- Phé hdng ngoai bién ddi Fourier: phd FT-IR ctia mau than sinh hoc va
vt liéu polyme composite duoc ghi trén quang phd ké hong ngoai bién doi
Fourier Affinity - 1S (Shimadzu, Nhat Ban) tai Truong Dai hoc Khoa hoc Tu
nhién, DHQGHN. Mau duoc do trong dai s6 song tir 400-4000 cm™! bang k¥
thudt ép vién vai KBr.

- Nhidu xa tia X (XRD): duge thuc hién trén thiét bi DS Advance (Bruker,
Pirc) tai Truong Pai hoc Khoa hoc Ty nhién, PHQGHN. Phép do dugc thuc
hién & diéu kién dién 4p 40 kV va dong dién 30 mA, st dung birc xa Cu-Ko,
(bude séng A = 1.5405 A) véi goc quét 20 thay doi tir 10-70° va toc do quét
5°/phit.

- Hinh thai hoc bé mit: dugc quan sat bang kinh hién vi dién tir quét phét
xa trudng (FE-SEM) model Hitachi S4800 (Nhat Ban) tai Vién Khoa hoc Vit
liéu, Vién Han 1am Khoa hoc va Cong nghé Viét Nam. Mau dugc bé gdy trong
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N, 16ng, bé mit gdy duoc phit mdt 16p ving mong (Au) nhim ting do dan dién
trude khi tién hanh quan sat.

- Dién tich bé mat (BET): dugc do trén thiét bj TriStar II tai Vién Hoa hoc,
Vién Han l1am Khoa hoc va Cong nghé Viét Nam, sit dung phuong phép héap
phu - khir hip phu Na, v6i nhiét do bé do 77,35K.

- Nhiét lugng quét vi sai (DSC): duge thuc hién trén thiét bi Labsys DSC
131 (Setaram, Phép) tai Truong Pai hoc Khoa hoc Ty nhién, PHQGHN, nham
xac dinh cac thong sb nhiét ddc trung cua vat liéu, bao gf‘)m nhiét d§ ndéng chay
(Ta), nhiét do két tinh (T.) va enthalpy néng chdy. Quy trinh do gbm hai chu
ky nhiét trong mdi trudng khi Ny: gia nhiét tir nhiét dé phong T, dén 220 °C
véi tbe do 10 °C/phut, sau d6 1am nguéi vé 30 °C. Pd két tinh () dugc tinh
toan dya trén enthalpy nong chay thuc té so véi enthalpy cta polypropylene
(207 J/g), c6 hi¢u chinh theo ham lugng chat d6n trong mau.

- Phan tich nhiét trong luong (TGA): dugc thuc hién trén thiét bi Labsys
TGA 1600 (Setaram, Phap) tai Truong Pai hoc Khoa hoc Ty nhién, PHQGHN.
Mau duoc gia nhiét tir T, dén 800°C véi toc d6 10°C/phit trong méi trudng khi
N,. Céc thong s6 dic trung duge xac dinh bao gdm nhiét d6 bt dau phan hiy
(Tonset), nhiét do phan hiy cuc dai (Tay) va lwong tro con lai sau qua trinh phan
huy.

2.3.3. Tinh chat co' ly

Do bén ubn va mddun ubn cia cac mau polyme composite dugc xac dinh
bang phuong phép uén ba diém trén thiét bi Instron 5567 UTM theo tiéu chuan
ASTM D790.

Do bén kéo va modun kéo clia miu duoc do theo tiéu chudn ASTM D638
sit dung may thir kéo van ning (Instron UTM, Hoa Ky, ti trong t6i da 50 kN).

D6 bén va dap cua cdc miu dugce xéac dinh theo tiéu chuin ASTM D256-
10 bang thiét bi thir cia Testresources (Hoa Ky).

Do cing cuia mau dugc do bang may do do cing van ning (Innovatest
Nexus 7700, Ha Lan).

Su bién dbi cua céc tinh chit co hoc dirge phan tich dya trén cdc mé hinh
Nicolais-Narkis va Mori-Tanaka. Mé hinh Nicolais-Narkis dugc sir dung dé
mo ta mdi quan hé gitta img suat chay khi kéo cua composite chira hat don va

phin thé tich ctia chit don nhu sau:
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o€ =1 —K*? 2)

om i

Trong do:

o.: ting suat chdy clia composite;

om: Umg sut chay ciia nén polyme;

K: tham sb lién dién, dic trung cho mirc d6 bam dinh gitta hat don va
nén polyme

¢ phan thé tich ctia chat don.

M6 hinh Mori-Tanaka (M-T) cho phép udc lugng anh hudng cua ham

luong chat don cao (tirc 1a cd xét dén tuong tac giita cac hat d6n), duoc biéu
dién nhu sau:

1+A¢
E, = Emyog’

€)

Trong do:

E..: modun ctia nén polyme;

E.: médun ctia composite;

A, B: céc tham sé lién quan dén modun cta hat don (LB) va tuong tic
gifta cac pha (dugc xac dinh bing cach hoi quy dit liéu thuc nghiém).
2.3.4. Dé hdp thu nuwéc

Céc mau thir duge ngdm trong nude cit & nhiét do phong trong thoi gian
30 ngay dé danh gia d6 6n dinh kich thuéc. Miu duoc can bang can dién tir do
chinh xdc cao trude (Wo) va sau khi ngam (W). Ty 1€ hap thu nudc (WA%)
dugc tinh toan theo cong thirc chénh 1éch khéi lwong dé tinh hiéu suat ctia vat
liéu trong mdi trudng am wét.

WA(%) =

2.3.5. Phuwong phdp thong ké so li¢u

Tt ca céac sb liéu dinh lugng dwgc thyc hién I3p lai t6i thiéu tir 3 dén 6 14n
dé dam bao tinh khach quan. Két qua dwoc xtr 1y thong ké bang phuong phap
phan tich phuong sai mot chidu (one-way ANOVA) két hop véi kiém dinh
Bonferroni dé so sanh su khic biét gitra gi4 tri trung binh v6i mtc y nghia

W-Wo
—=2x100 (4)

p<0,05. Cac md hinh co hoc nhu Nicolais-Narkis va Mori-Tanaka ciing dugc

ap dung dé mé phong va giai thich sy tuong tac giira pha nén va chét gia cuong.
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CHUONG 3. KET QUA VA THAO LUAN
3.1. Ché tao than sinh hoc tir xo muép
3.1.1. Anh hwéng ciia nhigt dp
Pé danh gia sy bién d6i vé mit dinh lugng cua cac thanh phan trong
nguyén liéu dudi tac dong cua nhiét do, hi¢u suit thu hoi than sinh hoc dd dugc
khao sat. Két qua dugc théng ké trong Bang 3.1.
Bang 3.1. Anh hwong ciia nhiét dj t6i hiéu suét ché tao than sinh hoc

tr X0 mudp

Nhiét do 400°C 450°C 500°C

Hiéu suit(%) 31,82 30,37 27.75

Két qua cho thdy hiéu suét than sinh hoc tr xo muép giam tir 31,82%
xubng con 27,75%. Céc yéu té chinh quyét dinh hiéu suit va tinh chat ciia than
sinh hoc bao gdm dic diém vat 1y, thanh phan hoa hoc cua nguyén liéu dau vao
va nhiét do xu 1y nhiét.

Sy thay ddi vé hiéu sudt ndy c6 thé dugc giai thich cu thé thdng qua co
ché bién dbi chu tric cla sinh khdi dudi tic dong cua nhiét ning. O nhiét do
thap, qua trinh phan hiy céc thanh phan lignocellulose trong xo mudp bét dau
dién ra. Khi nhiét d6 tiép tuc ting cao, cu tric cac hgp chat dé bay hoi bi pha
v& manh mé&, chuyén héa thanh cac hop chit hiru co thé long va khi thay vi ton
tai dudi dang carbon ran. Qua trinh ndy ciing ting cudng kha ning mat nudc,
din dén su sut giam hiéu sudt tao than. Nhin chung, su gia ting nhiét dd nhiét
phan gitp ham luwgng carbon trong than sinh hoc tang 1én dang ké, trong khi
ham luong hydro (H) va oxy (O) giam xubng, tao nén cAu tric carbon dic va
bén virng hon [39].

3.1.2. Thanh phin nguyén 16

Thanh phin nguyén t5 va ty 18 phan trim khdi lugng cta than sinh hoc xo

mudp dugce xac dinh thong qua phuong phép phd tan xa ning luong tia X

. (EDX) dugc thé hién trong Hinh 3.1 va Béng 3.2.

Khi ting nhiét do nhiét phan, thanh phin nguyén t6 trong than sinh hoc ¢6
nhiing bién dbi dic trung do qué trinh cacbon hoa dién ra manh mé& hon. Két
qué cho thiy khi nhiét d6 nung ting, ham lugng nguyén to Carbon (C) ¢6 xu
huéng gia ting twong tmg: tir 78,6% (tai 400°C) lén 79,4% (tai 450°C) va dat
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81,6% (tai 500°C). Hién twong nay dugc giai thich la do ¢ nhiét do cao, qud
trinh nhiét phan va khi hoa dién ra manh mé hon, gitp loai bo hi€u qua cac hop
cht d& bay hoi chira hydro, oxy va nito, tir d6 lam ting ham luong carbon cb
dinh trong cdu tric than [40]. Nguoc lai, ham luwgng oxy sut giam dang ké tir
10,8% xubng con 6,8%. Su sut giam nay 14 két qua cia viéc bé giy céc lién két
héa hoc kém bén va giai phong céc nhém chite chia oxy nhu —OH, ~-COOH
hay C=0 thanh dang cic khi CO, CO; va hoi nudc.
Béng 3.2. Anh hwéng cita nhiét d t6i thanh phin nguyén t6 ciia than

sinh hoc tir than xo' muép

S Thanh phin nguyén t6 (%) Ti 16
C O | K |Cl| Ca 0/C

400°C 78,6 10,8 6,1 |[1,5| 1,9 0,137
450°C 79,4 9,7 53 (28] 13 0,122
500°C 81,6 6,8 56 (47| 05 0,083

Chi s6 quan trong nhét @ danh gia déc tinh cua than sinh hoc 1a ty 1€ mol
O/C. Két qua tinh toan cho thdy ty 16 O/C giam manh tir 0,137 xudng con 0,083
khi tang nhiét d§ tir 400°C 1én 500°C. Déng chii y, tat ca cac gia tri nay déu
nim dudi ngudng 0,4, hoan toan dap tmg céc tiéu chuan qudc té dé vat liéu
dugc phan loai 1a than sinh hoc [41]. Ty 18 O/C cang thdp chimg t6 bé mit than
sinh hoc cang it phan cuc va cé tinh ky nude cao hon [40]. Pac tinh ky nuéce
cao ctia mau than nay s& gitp ting cuong kha ning twong hop v6i nhyua PP (vén
1a mdt polymer khong phan cuc), dong thoi viée ting nhiét dd nhiét phan 1én
500°C gitp lam giau ham lugng cacbon va diéu chinh dic tinh bé mit cta than
tr& nén pht hgp hon, déng vai tro 1a chét gia cudng tiém ning cho hé composite
PP tai ché.

Két qua nghién ctru ciing cho thdy ham luong carbon trong than sinh hoc
tlr xo mudp (dao dong khoang 83-87%) cao hon so véi than sinh hoc tir mot sé
ngudn sinh khéi khéc da duge cong bd, nhur than tir co ché vé (79%) hay thuc
vt 1&u ndm ho c6 khac (78%) [42, 43]. Piéu nay khing dinh xo mudp 12 ngudn
nguyén ligu tiém ning dé ché tao than sinh hoc giau carbon, phuc vu cho cac

tng dung vat liéu composite bén viing.
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Hinh 3.1. Phé tdn xa tia X ciia miu than sinh hgc nhiét phan & nhiét d§ 500°C

3.1.3. Dién tich bé mdt (BET)

Pé danh gi4 dic diém cu trac x6p cia than sinh hoc - yéu t6 then chdt
anh huéng dén kha ning twong hop lién dién - phép do hép phu-khir hip phu
Nito da dugce tién hanh. Két qua dugc thdng ké trong Bang 3.3.

Béng 3.3. Dién tich bé mit (BET) ciia than sinh hoc

o % = . Pudng kinh mao
& Dién tich bé mit Tong thé tich mao .
Mau qudn trung binh
(m?/g) quén (cm¥/g)

(nm)
400°C 1,702 0,006 6,193
450°C 2,601 0,009 9,144
500°C 2,895 0,013 9,883

Két qua cho thiy khi nhiét d6 nhiét phan ting tir 400°C 1én 450°C, dién
tich bé mit riéng ting dang ké tir 1,7024 m?/g 1én 2,8949 m?/g. Pong thoi, tong
thé tich mao quan va duong kinh mao qudn trung binh ciing ting twong ung,
cho thiy su phét trién cua hé théng 16 rong trong vat liéu.

Hién tuong ndy c6 thé dugc giai thich 1a do ¢ nhiét do cao hon, qué trinh
phan huy nhiét cia cac thanh phan nhu cellulose, hemicellulose va lignin dién
ra manh mé, kéo theo su giai phéng nhanh cac chit bay hoi va tao ra nhiéu 16
rong méi, dong thoi 1dm ma rong cac mao quéan san cb [39].

Su chuyén bién vé mit chu tric nay khong chi don thun 1a sy thay doi

céc thong s6 vat Iy, ma con dong vai tro 1a tién dé quan trong cho céc tuong tac
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gitra hai pha cua vt liéu. Bén canh do, su thay d6i cta téng thé tich mao quan
(BJH) theo nhiét d6 nhiét phan ciing cho thdy xu huéng twong tu nhu dién tich
bé mit BET. Dién tich bé mit 16n cing tdng thé tich mao quan cao tai 500°C
tao diéu kién thuan loi cho viéc hinh thanh cic lién két vat Iy (khéa co hoc) véi
nén polymer PP, tir d6 gop phan cai thién déng ké tinh chét co 1y cta vat lidu
composite.

3.1.4. Phé hong ngogi FTIR

C4c nhém chirc dic trung ctia than sinh hoc trong cdc mau chira ham luong
than 10% (LB10), 30% (LB30), 50% (LB50) va 70% (LB70) dugc phéan tich
bang phd hdng ngoai bién d6i Fourier (FTIR), két qua duoc trinh by trong
Hinh 3.2.

Cu thé, dinh tai 1528 cm™ duoc quy cho dao dong bién dang C=C cua
vong thom, cho thiy sy hinh thanh cAu tric carbon thom bén ving trong qua
trinh carbon héa [44]. Dinh tai 1414 cm™ twong ting v&i dao dong bién dang O-
H va dinh 1213 ecm™ dic trung cho dao dong kéo C-O ctia nhom carboxyl (-
COOH) hoic phenol. Céc dinh nay trén phd LB c¢6 thé bit ngudn tir cin cua
cellulose hodc lignin chua dugc carbon héa hoan toan [45].

D6 truyén qua (%)

—1 1 1 I T
4000 3600 3200 2800 2400 2000 1600 1200 800 400
Buéc song (cm™)
Hinh 3.2. Pho hong ngoai ciia than sinh hoc tir xo' muép
Két Iu@n: Nhiét d6 nhiét phan phu hop cta than sinh hoc tir xo muép trong
pham vi khao sat la 500°C. Tai diéu kién nay, ham lwong nguyén td cacbon cta
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than sinh hoc dat 86,7%, dién tich bé mit dat 2,89 5m?/g, tong thé tich mao quan
dat 0,013 (cm®/g), Pudng kinh mao quén trung binh dat 9,883nm.
3.2. Ché tao vit liéu polyme composite nhwa PP t4i ché/than sinh hoc

3.2.1. Mé-men xodn ciia qud trinh trén

Pé danh gia dac didm luu bién ciia hé vat ligu trong qué trinh tron néng
chay, qua trinh trén dugc thuc hién trong 10 phut ¢ téc d6 60 vong/phut. Cac
két qua dugc thé hién trén Hinh 3.3.

100 200 100 b 200
=80 @ 180 E 80 180
2 2z Z =
£ 60 160 3 .5 60, 160 5
2 o = P
c 40 140 € 40 140 ©
@ - Q \ -
S e § 120 ©
g 20 120 S 20 ,
0. ' 100 0 1100
0 2 4 6 8 10 0 2 4 6 8 10
Thai gian (phut) Thei gian (phtit)
100 200 100 q 200
zs8o| © 180 £ 80 180
z z £ z
E 60 160® .5 60 160 5
] o 2 [N
p 4 o > O
:_. S 40 140~ s 40 140 —
| E o E £
220 120 220 120
oL—2H 100 0f 1 100
| 0 2 4 6 8 10 0 2 4 6 8 10
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100 200
- e
E 80 180
= =X
g 60 160 -®
o =)
= o
S 40 140 %
£ o
< 20 120
0 ' 1100
0 2 4 6 8 10

Thi gian (phut)
Hinh 3.3. Tinh chét lwu bién cta (a) PP va cic vat liéu polyme composite

(b) LB10, (c) LB30, (d) LB50, va (¢) LB70.
Két qua cho thdy, db thi luu bién biéu dién sy bién thién md-men xodn
theo thoi gian, v&i gia tri md-men xodn dic trung cla qué trinh tron, tir dinh
phéu nap liéu dén diém thfip nhat, dat khoang 3,8 kNm. Cic bidu dd plastogram

T T ——
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Brabender dugc ghi nhén tai 170°C va téc do 60 vong/phit trong sudt 10 phit
tron nong chay.

Céc plastogram trén Hinh 3.3 thé hién 15 ba giai doan chinh, bao gbm: (i)
giai doan mé-men xo0dn cao ban dau lién quan dén qua trinh nap va nén vit liéu
rin; (ii) giai doan gidm mo-men xoin khi polymer b#t dAu nong chay va chuyén
sang trang thai mém déo; va (iii) giai doan 4n dinh mé-men xodn, twong Gng
véi qua trinh phan tan chit d6n sau khi dat dinh cuc dai. Bén canh d6, mo-men
x0in ¢6 xu huéng ting khi ham luong LB ting so v6i miu PP ban diu, cho
thiy d6 nh6t néng chay ctia hé ting 1én va do linh déng ctia mach polymer giam
do su hién dién cta céac hat biochar c6 dd cung cao.

Mic du nhiét @6 duoc gitr ¢6 dinh & 170°C cho tAt ca cac mau, cac
composite ¢6 ham lugng biochar (LB) cao hon thé hién do nhét nong chay va
mo-men xodn cao hon, ddn dén su tiéu tan ning lugng do ma sat va do nhét 16n
hon trong qua trinh trén. Két qua 13, nhiét ndi sinh bd sung dugc tao ra, lam
cho nhiét @6 ghi nhin vugt qua nhiét do cua nén polypropylene (T ~ 170°C),
dic biét déi véi cac composite 6 ham lwong chit don cao, vi du LB70 (T >
180°C).

Pé danh gia ning lugng co hoc riéng cta qua trinh tron, nang luong riéng
(E,, tinh theo khéi lugng mau) da dugc xac dinh. Cac két qua duoc trinh bay
trong Bang 3.4.

Bing 3.4. Ning luwgng riéng tir gian dd mo-men xoin ciia PP va cdc vt

liéu polyme composite

Théng s6 momen xoin PP | LB10 | LB30 | LB50 | LB70

Nang lugng riéng E; (tinh trén
khdi ong miu) (kNm/kg) 157 | 859,6 | 878,6 | 450,1 | 1054,2

Nhin chung, két qua cho thiy E c6 xu huéng ting theo ham lugng LB
trong composite. Cu thé, E tang tir 157 kNm/kg déi véi PP 1én 859,6 kNm/kg
dbi véi LB10; 878,6 kNm/kg ddi v6i LB30 va dat 1054,2 kNm/kg dbi voi
LB70. Tuy nhién, gia tri Es ctia mau LB50 chi dat 450,1 kNm/kg, thﬁp hon
khoang 2-2,5 14n so v&i cdc mau composite con lai.

Péng thoi, & ham luong LB cao (>50% khéi luong), mé-men xodn ting
va thé hién thoi gian dat trang thai 6n dinh dai hon, kém theo dao dong 16n hon
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(Hinh 3.2d, e), diéu nay phu hgp véi xu hudng hinh thanh mang ludi hat-hat
trong hé vat liéu.

Péng chil y, mau LB50 cho thay su suy gidm rd rét vé md-men xodn va
ning lugng co hoc riéng so voi cac mau LB10, LB30 va LB70. Hanh vi nay la
dic trung cia cac hé composite polymer chira ham lugng chit d6n cao.

Nguyén nhén ¢ thé duge giai thich la & ham lugng biochar trung gian
(khoang 50% khdi lugng), lwong PP néng chay van du dé bao phit va 1am w6t
bé mit cac hat biochar, dong thoi dong vai trd nhu méi trudng bdi tron gitta
c4c hat. Piéu nay 1am giam ma st ndi giira cac hat chit don, tao diéu kién thuan
loi cho su dich chuyén ciia vat liéu dudi tic dung clia ting suét cit, din dén su
xuat hién ctia mot gia tri cuc tiéu cuc bo ctia d6 nhét (ving chay dugce boi tron)
[46, 47].

Tuy nhién, khi ham lugng chit don ting 1én >70% khéi luong, luong
polymer khéng con dii dé bao phii hoan toan céc hat. Diéu nay dan dén su tiép
xuc truc tiép giita cac hat, hinh thanh cic mang thAm qua, lam ting dang ké e
can dong chay. Do d6, miu LB70 lai thé hién mo-men xodn va ning lugng
riéng cao hon, trong khi miu LB50 xuét hién diém gidm d6 nhét dic trung.

Céc dic trung luu bién nay phu hop véi két qua co hoc va nhiét quan sat
duge & phan sau. Khi ham lugng LB ting, modun va do két tinh cia vat liéu
tang, trong khi d6 bén kéo va do bén va dap giam. Diéu ndy cho thiy sy c6 mét
ctia LB 1am han ché chuyén dong ciia mach polymer, gy kho khin cho qua
trinh phan tan va thac day su hinh thanh mang ludi chit don & ham luong cao.
3.2.2. Hinh théi hoc bé mdt

DPé khao sat su bién ddi hinh thai cua than sinh hoc xo mudp trong qua
trinh xtr 1y co hoc va sy phan tdn cta than trong nén nhya PP tai ché, hinh thai
hoc bé mit cua than va mit giy cua vat liéu polyme composite dd dugc quan
sét biang kinh hién vi dién tir quét. Két qua dugc thé hién trén Hinh 3.4.
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Hinh 3.4. Anh hién vi dién tir quét (SEM) ciia (a) than sinh hoc xo muép (LB),
(b) than sinh hoc xo mwép sau khi nghién (LB milled), va céc vit li¢u
composite

Quan sat hinh anh so sanh miu than sinh hoc trudc khi nghién bi (Hinh
3.4a) va sau khi nghién bi (Hinh 3.4b) cho théy, sau qué trinh nghién, céu triic
x6p dic trung cta sgi xo mudp carbon hoéa (véi do day thanh vach khoang 20
pum) da bi pha huy hoan toan, hinh thanh cac manh vun c6 kich thuéc khac
nhau. Tiép theo, cic hat than sau nghién dugc phan loai bing phuong phap ray
dé thu duogc dai kich thudc tir 45-63 pum.

Khi dwa than sinh hoc vao nén polymer, cic hat ndy phan tan va tao nén
mdt ciu trac lai (hybrid). Trong qua trinh gia cong, nhya PP néng chay c6 kha
nang len 16i va 14p day céac ciu trac kénh dan, 16 rong con sét lai clia than sinh
hoc, gitip thiét 1ap céc lién két lién dién bén viing giita hai thanh phan vat ligu
[48]. Két qua quan sat cac mau hon hop rPP/LB (kich thudc hat 45-63 um) cho
thay: & ndng do thap (10% khéi lwong - mau LB10), c6 thé phan biét rd hai pha
gdm pha nhya (ving mau do) va pha than (ving mau vang). Tuy nhién, khi
ham lugng than tang dan (LB30, 50 va 70), ving nhua bao quanh tr¢ nén it dan
di.

Viéc nhua PP tham nhap vao cac khoang rong cia hat than tao nén cu
tric “khéa co hoc”, dong vai trd quan trong trong viéc truyén ting sut hidu qua
tir nén nhya sang pha gia cuong [48]. Su sut gidm ty 1¢ pha nhya trong

composite anh huong truc tiép dén tinh chét co hoc ctia vat liéu, cu thé 1a lam
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giam d¢ bén kéo nhung lai c6 xu hudng lam ting do cing va do bén ubn. Pic
biét & ham lugng cao (LB70), su xuét hién cla cac két tu dan dén kha nang
phén tan kém va tao ra cac vi khuyét tat, day chinh la nguyén nhan dan dén su
suy giam cac tinh chat co 1y quan trong cling nhu 1am ting kha néng hap thu
nudc cua vat liéu.
3.2.3. Diic trung Iy héa, cdu tric
3.2.3.1. Nhiéu xa tia X

Pé danh gié su thay ddi cdu tric tinh thé cia vat liéu composite theo ham
lugng than sinh hoc, phép phan tich nhiéu xa tia X (XRD) d3 duoc thuc hién.
Két qua duoc trinh bay trong Hinh 3.5,
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Hinh 3.5. Gian dd nhiéu xa tia X (XRD) cua PP, than sinh hoc
va vat liéu composite

Két qua cho thdy cAu trac tinh thé cia vét liéu composite c6 su thay doi o
rét theo ty 1& thanh phén than sinh hoc (LB). Cu thé, cac dinh nhiéu xa dic trung
ctia nén PP xuét hién trong khoang géc 20 tir 14° dén 25,5° va tai 42,6°. Khi
ham lugng LB ting tir 10-70% khdi lwong, cudng d6 cac dinh nay c6 xu hudng
giam do sy suy giam phan khéi lugng ciia pha polymer trong hé composite.

Nguoc lai, cuong do cac dinh dac trung cia LB tai 20 = 29,3° va 41° tang
1én dang ké, didu ndy phan anh sy gia ting ham lugng pha gia cudng carbon
trong céu tric vat liéu [49].
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3.2.3.2. Phé héng ngoai FTIR

Dé xéc dinh cac nhém chirc dic trung trong vat liéu, phép phan tich phé
hc}‘mg ngoai bién d6i Fourier (FTIR) da dugc thuc hién. Két qua dugc trinh bay
trong Hinh 3.6.

Két qué cho thiy, cic dao dong ctia nhém -CHz va -CHs (tai cac s6 séng
2950, 2906 cm™, 1376 va 1451 cm™), vbn 1a céc dao dong dic trung ciia
polypropylene [50], c6 xu huéng giam dan khi ham luong LB ting tir 10% dén
70%. Pinh hap thu tai 2836 cm™ trén phé cua PP ciing cho th:’iy su hién dién
cua pha polymer nay trong composite gidm tuong rng vdi su giam ndng d6 cia
né. Cac dinh dic trung cia biochar duoc quan st rd trong cdc mau composite,
x4c nhén sy tich hop thanh cong cta pha than sinh hoc vao cau tric vat liéu.
Do biochar ¢6 ham lwong nhém chic bé mit thip, cac nhém chirc quan sét
duoc trong composite chu yéu c6 ngudn gbe tir PP. Khong ghi nhan sy dich
chuyén vi tri cac dinh trong cc miu composite chira biochar, cho thdy khong
xday ra phan g hoéa hoc giira biochar va PP.

Cuong do cac dinh, ddc biét tai 1376 va 1455 cm™, giam dan khi ham
lugng biochar trong composite ting 1¢n. Diéu nay duogc gii thich 1a do su giam
phan doan khéi lugng ctia PP tuong ting véi su gia ting ham luong biochar
trong hé vat li¢u [51].
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Hinh 3.6. Phd hong ngoai ciia PP, LB va vit li¢u composite
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3.2.3.3. Phdn tich nhiét quét vi sai

Pé danh gia d6 bén nhiét va dong hoc két tinh cuia vat liéu composite, phép
phén tich quét nhiét vi sai (DSC) da duoc thuc hién. Két qua duogc trinh bay
trong Hinh 3.7 va Bang 3.5.

Két qua phén tich cho thiy, dudng cong DSC cua mau PP xuét hién dinh
thu nhiét dic trung cho qua trinh néng chay T, tai khoang 180°C va dinh téa
nhiét ddc trung cho qua trinh két tinh (T,) tai khoang 119°C (Bang 3.5). Trong
khi d6, két qua DSC ctia than sinh hoc (LB) khong xuét hién bat ky dinh két
tinh hay nong chay nao. Su dich chuyén ctia T. trong cic mau composite cho
thdy muc tang nhe tir 1-2°C d6i véi cdc mau c6 ham lugng LB trén 10% khoi
lugng, dat 122,57°C ¢ mau LB50 va 121,4°C & mau LB70. Pang cha y hon,
nhiét d6 bét dau két tinh (Te, onser) cia PP (khoang 110°C) da dich chuyén dan
vé phia nhiét @ cao hon (115-117°C) khi ham lugng than tdng tir LB30 dén
LB70.

Tm~168°C
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Hinh 3.7. DPwong phén tich nhiét quét vi sai (DSC) cia PP, than xo' muwép va
vat liéu composite
Vi 10% khéi luong than sinh hoc, nhiét dung két tinh (AHc) cua mau
LB10 (84,88 J/g) gan twong duong véi gia tri cia PP téi ché (89,75 J/g). Tuy
nhién, luong nhiét toa ra trong qué trinh két tinh giam manh khi tiép tuc tang
ham luong LB 1én 30% (61,35 J/g), 50% (43,67 J/g) va 70% (26,43 J/g) (Bang
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3.4). Su sut giam nay 1 hé qua tit yéu cta viéc giam phan khdi lugng cta
polymer PP c6 kha nang két tinh trong cdc miu composite c6 ham luong chit
don cao. Cac manh vun than sinh hoc (LB) c6 thé déng vai trd nhu mot tic
nhén tao nhan di thé hiéu qua, thic diy qua trinh hinh thanh tinh thé trong giai
doan 1am ngudi. Két qua nay hoan toan phtt hop véi cac nghién ciru trude day
vé composite nén PP gia cudng bing cic loai than sinh hoc khic nhu than tir
phé phim cay co (ham lugng 5-20%) [52] va than tir rac thai bao bi (ham hrong
1-10%) [53].

P két tinh () gidm nhe tir 40,63% d6i véi PP xuéng 40,91% & méu
LB10 va giam manh xudng con 34,94% ddi véi LB30, 28,93% dbi véi LBSO
va 30,94% dbi véi LB70. Do két tinh bi sut giam do ham luong than sinh hoc
cao va su phan tan khong dong déu, din dén cac khuyét tat trong cu trac tinh
thé.

Bing 3.5. Két qua phan tich nhiét ciia mau PP va cidc mau composite

LB10, LB30, LB50, LB70
Miu | Te (°C) AHe (J/g) Tm (°C) = | AHm(J/g) | (%)
PP [119.57 +0.51 [89.75 +4.89 |166.43 + 1.33 [85.34 +6.39 |40.63
LB10 [119.27+0.21 |84.88 +4.24 |167.23 £2.85 | 73.9+2.94 |40.91
LB30 [120.77+0.15|61.35+2.11 | 166.2+2.09 |54.52+1.12 |34.94
LB50 [122.57 + 1.45 |43.67 £4.24 | 165.9+0.69 |42.97 +8.19 | 28.93
LB70 [121.4+0.26 [26.43+1.97 | 166.9+1.71 142.52+ 13.25 | 30.94

3.2.3.3. Phdn tich nhiét trong luong (TGA)
Phép phéan tich nhiét trong luong (TGA) danh gié dic tinh phan hiy nhiét
cua vat liéu, dugc trinh bay trong Hinh 3.8 va Bang 3.6.
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Hinh 3.8. Pudng phin tich nhiét trong lwgng (TGA) cia PP, than xo muép va
vat liéu composite
Két qua cho thdy, gian dd TGA cua PP, than sinh hoc xo muép (LB) va
cac composite LB/PP thé hién cac dic tinh phan huy riéng biét, phan anh su
khac biét v& ban chét hoa hoc giita nén polymer va chat don carbon. Cy thé, PP
thé hién qué trinh phan hity mét giai doan véi nhiét do bat dau phan huy (Tonse)
khoang 425°C va nhiét do phan hiy cuc dai Toe gan 450°C, hau nhu khong dé
lai tro sau khi gia nhiét dén 800°C. Nguoc lai, LB trai qua qua trinh phan huy
da giai doan, vd1 Topset ban dau khoang 210-230°C, sau d6 1a sy syt giam khoi
luong dan dan kéo dai dén 700°C. Pay la dic trung cho sy phan hiy tuan tu
clia cac chu trac co ngudn gbc tir hemicellulose, cellulose va lignin.

Bang 3.6. Khoi lwong cin dw tai 800°C cta PP va céc mAu composite

rPP/LB

Mia | HA '“"*3"“(‘%,/:"‘;?)‘ R Tp Cin dur tai 800°C (%)
PP 0 0,04

LBI0 10 3,95

LB30 30 23,52

LBS0 50 3521

LB70 70 39,04

Viéc dua LB vao nén PP tao ra céc dudng cong phén hily composite két
hop dic tinh cia ca hai thanh phan. Tat ca cdc mau composite van giit duoc
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dinh phan huy chinh cua PP tai khoang 450°C, trong khi xuat hién sy syt giam
khéi luong b sung ¢ nhiét do thép hon.

Gi4 trj Tonset Clia cdc mAu chira LB giam dén khi ham lwong chét don tang
lén, cu thé 1a: 410-420°C (LB10), 395-405°C (LB30), 380-395°C (LB50) va
350-380°C (LB70). Diéu nay cho thiy tam anh hwdng ngay cang tang ctia thanh
phan LB. Tuong tng, luong cin du ting tir mirc gin bang 0 & PP 1én khoang
3,95%, 23,52%, 35,21% Vi 39,04% lan luot cho cdc miu LB10, LB30, LB50
va LB70 (Bang 3.6). Sy md réng ving phan hity & cdc mau composite c6 ham
lwong LB > 30% khéi lugng c6 thé do cc con dudng phan hiy ngay cang phic
tap lién quan dén twong tac gitra nén va chit don [54]. O ham lwong LB cao
hon, cac dudng dich chuyén theo xu huéng dic trung, va LB lam ting d6 bén
nhiét trén 500°C nhé cAu tric carbon.

3.2.4. Tinh chit co Iy
3.2.4.1. Dj bén kéo

Pé dénh gia tinh chét co hoc cua vit liéu, cac mau PP va composite LB/PP
da duoc tién hanh thir nghiém kéo. Két qua dugce trinh bay trong Hinh 3.9.
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Hinh 3.9. P bén kéo ciia PP va vat li¢u composite
PP déng vai trd 1a mAu d6i chimg, thé hién d6 bén kéo cao nhat dat 32,62
+ 1,40 MPa. Tuy nhién, viéc bd sung than sinh hoc xo muép vao cdc miu
composite da dan dén sy sut giam do bén kéo (Hinh 3.8). Cu thé, d6 bén kéo
giam dot ngot tr ~32,62 + 1,40 MPa cta mau PP xudng 18,51 + 0,80 MPa trong
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mau LB10, sau d6 gidm nhe cho dén khi ham lugng LB dat 50% khdi lwong
(16,07 + 0,50 MPa). Ké tir d6, d6 bén kéo gidm manh xuéng con 13,26 + 0,60
va 8,17 dbi véi cac mau LB60 va LB70.

Péng chu ¥, dudng cong bién thién d6 bén kéo cho thdy mot ving tuwong
ddi 6n dinh trong khoang 10-50% LB, trong d6 gia tri co tinh chi dao dong nhe
quanh mic 16-18 MPa. Tuwong tic lién dién yéu giita LB va nén PP gop phan
lam gidm do bén kéo, do lyc bam dinh giita chit don carbon va polymer chua
dt manh dé truyén tai ing suat hiéu qua. Viéc tang ham lwgng LB vuot qua
50% c6 thé 1am suy giam cac ving v6 dinh hinh ctia PP, din dén sy sut giam
d6 bén kéo [51], didu ndy twong Gng véi hinh anh cu tric bé mit quan sat duoc
& Hinh 3.3. Ngoai ra, tuong tac bé mit kém giita LB va PP ciing 1a nguyén nhén
gy ra su sut giam do bén kéo do lyc lién két gitta chit don than sinh hoc va
nén nhua bi suy yéu [55].
3.2.4.2. B¢ bén va ddp

Pé dénh gi4 kha ning chiu va dép cia vat lidu, phép thir 46 bén va dap
duoc tién hanh trén cac miu PP va composite LB/PP. Két qua duoc trinh bay
trong Hinh 3.10.
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Hinh 3.10. P bén va ddp (kJ/m?) ciia PP va vt li¢u composite

Két qua cho thiy, PP thé hién kha ning khang va dép cao nhat, dat 4,02 +
0,21 kJ/m?, tiép theo 1a mAu composite LB10 (10% khdi lugng LB) véi gia tri
2,78 + 0,11 kJ/m?. Tuy nhién, khi ham lwong LB ting tir 20% dén 70% khéi
luong, d6 bén va dap giam manh xudng muc chi con khoang mét nira so véi
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PP, dao dong tir 1,82 + 0,08 dén 1,48 + 0,05 kJ/m> Xu huéng suy giam nay
phan anh r6 su thay déi trong cAu tric hinh thai va mic do két tinh cua vat liéu,
phit hop véi cac phén tich d trinh bay trude d6. Mau LB10 van duy tri dugc
phin nao céc ving vé dinh hinh cta nén PP, nho d6 giit lai mét phan kha nang
hép thu ning lwong va dép dic trung ciia polymer nén.

Trong khi d6, & ham lugng LB cao, su hinh thanh cac cum két tu cung va&i
su thiéu hut pha nhwa bao quanh di tao ra céc khuyét tat cau tric. Khi chiu tai
va dap, cac vét niit d& dang lan truyén qua cic ving yéu nay ma khong gip co
ché can trd hiu qua tir pha polymer.

Do d6, mac du viéc bo sung LB c6 thé cai thién do cung va do bén udn
ctia vét liéu, nhung su suy gidm do bén va dap 1a hé qua tit yéu khi ting ham
lwong pha rin trong hé polymer ban tinh thé.
3.2.4.3. D6 bén uén va médun uon

Tinh chét chiu ubn cta vét liéu, dugc dic trung boi do bén udén va médun
ubn da duoc khao sat trén cac miu PP va composite LB/PP. Két qua duoc trinh
bay trong Hinh 3.11 va Hinh 3.12. B§ bén udn cia cdc mau composite cho théy
su céi thién déng ké so véi mau PP tai ché (Hinh 3.11).
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Hinh 3.11. D bén udn cia PP va vit liéu polyme composite
D6 bén ubn phan 4nh kha niing chiu tai cia vat liéu cho dén gidi han gay
v&, diéu nay phu thudc chit ché vao lyc lién két gitta cac thanh phan trong
composite. Gia tri nay tang tuyén tinh tir 42,36 + 1,80 MPa ctia PP 1én 55,89 +
2,40 MPa & miu LB40. Khi tiép tyc ting ham luong LB tir 50% dén 70% khdi
lugng, d6 bén udn chi ting nhe, 14n luot tir 57,45 + 2,40 dén 59,12 + 3 MPa.
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Nhin chung, d¢ bén uén cila cdc composite ting gan nhu tuyén tinh theo
ham lugng LB, du twong tac hoa hoc gitra PP va than sinh hoc bi han ché. Hién
tuong ndy c6 thé duoc quy cho cac yéu t6 nhu sy phan tén cia hat than, kha
ning thAm w6t chit don cia polymer va su thim nhap ciia nhya vao cau tric
x&p cuia than sinh hoc [56]. Dién tich bé mit 16n ctia LB thic d4y qué trinh
khoa co hoc va truyén tng suét, cho phép chét don gia cuong hiéu qua cho nén
polymer [56, 57].

Tuy nhién, két qua trong hinh 3.12 cho thdy modun udn cuia vat lidu lai
thé hién mét xu huéng bién dbi khac biét kha rd rét. Cu thé, gia tri médun udn
tang dan mdt cach tuong dbi tuyén tinh khi ham lugng LB ting, tr mic 1,26
GPa d6i v6i mAu PP thuan tiy 1én 1,96 GPa & mau LB60 (twong tmg 60% khoi
lwong LB). Pang chu v, khi tiép tuc ting ham luong LB 1én 70%, gi4 tri médun
ubn khong chi tiép tuc tang ma con co sy gia tang dot bién, dat t6i 3,52 GPa &
mau LB70.
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Hinh 3.12. Mddun udn ciia PP va vét liéu polyme composite

Médun ubn 12 dai lugng déc trung cho kha niang chdng lai bién dang dan
hdi ctia vat liéu dudi thc dung cia tai trong uén. Do d, su gia ting dang ké cua
mddun udn & mau LB70 cho thiy vat lidéu & ham lugng LB cao ¢ do cliing vuot
troi va kha nang chiu bién dang t6t hon hin so v&i cadc miu con lai. Piéu nay
chirng t6 vai tro gia cudng manh mé cua LB khi dat dén mot ngudng ham luong
nhit dinh. Két qua thu duoc hoan toan phu hop véi céc phan tich da trinh bay
trude do, trong d6 viée giam dan cac ving vo dinh hinh cia nén polymer din

dén su suy giam tinh mém déo va tang dd cimg cta hé composite. Pong thoi,
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su hinh thanh mang lu6i lién két chat ché hon giita cac pha ¢ ham luong LB
cao cling gop pha"in han ché su bién dang cua vat liéu dudi tac dong co hoc.

Cac nghién ctru khac cling da ghi nhan sy céi thién tuong tu vé tinh chét
uén khi gia cudng bang biochar, Cu thé, nghién ctru cua Das va cong su da chi
ra ring viéc bo sung thém 24% khéi lwgng biochar gitip nang cao déng ké do
bén kéo, @6 bén ubn ciing nhu mddun clia vat liéu composite; hién twgng nay
duogc giai thich 1a do ban chét gion ddc trung clia biochar [58]. Bén canh do,
nghién ctru cua Balasuriya va cong su cling cho thay ham luong hat thém vao
composite co6 tadc dong tich cuc dén médun udn. Tuy nhién, gia tri médun udn
t6i da c6 thé dat dwgc con phu thude chit ché vao quy trinh ché tao va dic tinh
dong chay cua nén polypropylene [59].
3.2.4.4. Dé citng Shore D

P ctng Shore D phan 4nh d6 cling bé mit ctia vat liéu véi thang do tir 0-
100. Két qua do do cing clia PP va vat liéu composite dugc trinh bay trong
Hinh 3.13.
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Hinh 3.13. P cirng Shore D cia PP va vat li¢u polyme composite

K&t qua cho thdy do cimg bé mit ting dan tir 62 + 2,10 & mau PP 1én 77,33
+ 1,60 & miu LB70 (Hinh 3.12). Viéc ting ty 16 kh6i lwong LB trong composite
din dén su gia ting twong tng vé do cting bé mit. Két qua do do cting cho thay
viéc dua than sinh hoc vao di 1am ting dang ké do cting Shore D ctia vt lidu
composite so v&i nhya rPP. Su gia ting d§ cung nay ty 1¢ thuan v61 ham luong
than sinh hoc do su hién dién cta cac hat than da 1am tang d¢ cimg cua cAu tric
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composite [57]. O ham lwong LB thip (chi 10% khéi lugng), anh hudng cia
chét lugng than sinh hoc 1én d6 cirng cua composite chua dugc thé hién 3 nét.
Tuy nhién, khi tiép tuc ting ham lugng LB, hiéu qua cai thién do ctng trd nén
1 rét hon han so véi mau LBI10.

Bén canh d6, than sinh hoe dugc nhiét phan ¢ 500°C cho th:fiy uu thé vugt
trdi trong viéc ning cao dd ciing cua vat liéu. O nhiét do nhiét phan cao hon,
ham lugng carbon ting 1én trong khi céc thanh phan d& bay hoi giam di, tao ra
céc hat than sinh hoc ¢6 d6 cting cao hon. Viéc b sung céc hat ctig nay vao
nén PP gitip composite ting kha ning chiu bién dang. Su cai thién d¢ cling nay
¢6 dwoc 1a nho ddng thai hai yéu td: ban chat hat than ctimg hon khi duoc xt 1y
& nhiét @6 cao va su thu hep khoang cach gitta cac hat khi ndng d6 cua ching
trong nén nhuya ting 1én. Két qua 1a miu composite LB70 dat gié tri do climg
shore D cao nhét, do s& hitu ham lugng than 16n nhit va thanh phan than nay
duoc ché tao tai nhiét d6 nhiét phén cao nhét trong s6 cac mau nghién cuu.
3.2.4.5. M6 hinh héi quy va co ché gia cuong

Bén canh cac két qua thuc nghiém, cdc mé hinh co hoc cua vat liéu
composite ciing di dugc sir dung nham 1am 16 co ché gia cudng. Phin khi
lugng cua LB trong composite duge quy doi twong ing sang phan thé tich. Do
bén kéo va dd bén ubn duogc phan tich thong qua mé hinh Nicolais-Narkis, vén
phu hop véi cac hé composite ¢ dd bam dinh lién dién kém [60] (Hinh 3.9,
3.11).

Két qué phan tich cho thiy, mé hinh Nicolais-Narkis mé ta tot dit liéu thuc
nghiém thong qua mdi quan hé phi tuyén dang liy thira 2/3 d6i véi do bén kéo.
Trong khi d6, d6 cting ciia cac mau composite thé hién méi twong quan tuyén
tinh v6i thé tich ciia LB (Hinh 3.13). Céc thong s hdi quy thu duoc gém oy, =
32,6 MPa, k = 1,27 v R2= 0,98.

Gid tri k = 1.27 thu dwoc rit gin véi gia tri Iy thuyét [a 1,21 cho thy hiéu
qua truyén (g sudt thap va luc bam dinh yéu giita thinh phén than sinh hoc tir
X0 mudp va nén polypropylene tai ché [61]. Hanh vi ndy 1a dic trung cho céc
hé polymer don hat khohg qua bién tinh bé mat; khi d6, su tap trung tng suét
xung quanh cac hat don cting s& thuc ddy qua trinh hinh thanh vét ntit sém va
gay ra hién twong tich 16p giita nén va hat dudi tac dong cia tai trong kéo.

Mit khac, m6 hinh Mori-Tanaka (M-T) cho thiy su phu hop tét véi di

liéu moédun uén (Hinh 3.12) va do bén va dap (Hinh 3.10), véi hé s6 twong quan
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R? = 0,95, pht hop véi cac hé composite gia cudng hat [62]. D phu hop cua
md hinh ndy cho thdy cic composite tuan theo hanh vi cua cdc composite hat
lién két kém trong nén polymer. O céc phan thé tich thap dén trung binh (¢ =
0-0.35), médun uén ting din, didu nay 1 hop ly khi cac chit don biochar c6
thé dugc phan tan gidn doan tfong nén PP tai ché. D6 bam dinh lién pha & mirc
trung binh gitta hai pha, cung véi kha nang ton tai cic vi 16 rong hinh thanh
trong qua trinh trdn hodc gia céng, co thé lam giam hiéu qua gia cudong va han
ché sy ting do cing.

Khi ham luong chit don ting cao (¢ = 0.55), médun ubn ting manh lén
3,52 GPa. Sy gia ting déng ké nay c6 thé 13 do su xudt hién cia hién tuong
thdm qua hoic su hinh thanh mang chiu tai giita cac hat biochar. Khi mang lién
két nay duoc thiét lap, composite chuyén tir co ché truyén tai lyc do nén chi
phéi sang do cht don chi phdi, din dén su cai thién dang ké vé d6 clng.

Nhin chung, su cai thién r rét ctia ca do bén udn va modun udn bit ngudn
tir cic co ché gia cuong hiéu qua. PO cing cao cta cdce hat biochar cho phép
chiing chiu tai bén ngoai va han ché bién dang quy mé 16n cia nén PP. Ngoai
ra, dién tich bé mit 16n cia biochar ¢6 thé thac dfiy su khoa co hoc rong rai voi
polymer, ddm béo truyén ng sudt hiéu qua ngay ca khi d6 bam dinh héa hoc
bi han ché. Két qua DSC con chi ra rang LB déng vai tro 1a tac nhan tao mam,
lam ting d6 két tinh va han ché chuyén dong chudi tai bé mit phan cich. Ca
hai yéu t6 nay déu gop phén vao d6 cing va do ran tong thé ciia composite.

Tuy nhién, 4i luc hoa hoc yéu giita nén PP khong phan cuc va LB c6 tinh
phan cue mét phan lam giam hiéu qua truyén Gng suat lién pha. O ham lugng
chdt don cao, dién tich bé mit ting ciia LB lam ting twong tic hat-hat so véi
lién két hat-nén, thé hién qua kich thudc hat hiéu dung nhé hon. Sy phan tdn
kém nay, két hgp v6i d6 bam dinh yéu, ddn dén sy hinh thanh vi khuyét tat va
15 rdng tai bé mit phan céch, déng vai tro 12 diém tap trung ing sudt lam giam
déng k& do bén kéo va do bén va dap. Hon nita, ham lugng LB qua cao lam
giam ty 1& ving v6 dinh hinh, déo trong PP, tir d6 lam tang tinh gion va giam
mianh kha ndng chiu va ddp, pht hop vdi nhitng thay d6i hinh thai b& mit quan
sat duoc.
3.2.4.6. Anh huong cua kich thudc hat

Dé danh gia anh huong cia kich thuée hat LB dén tinh chét co hoc cua

composite, cdc miu composite chita 20% khdi lugng LB trong nén
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polypropylene di dugc sir dung (LB20). C4c hat LB dugc nghién va phan loai
bang ray nhu sau (S1): 45-63 pm (Mesh 230-325), (S2): 63-75 um (Mesh 200-
230), (S3): 75-100 pm (Mesh 140-200), (S4): 100-300 pm (Mesh 50-140), (S5):
300-500 pm (Mesh 35-50). Anh huong cua kich thude hat LB dén tinh chét co
hoc cua vat liéu dugc trinh bay trong Hinh 3.14.

40
35 -

= ° ] 3

8 ek

S 30 4 |

o K52

2 ed B - T I

<D T =1 | -

< A el

@ 20 4 R

: : =
——

15 4 .':.'::::
10

PP 45-63 63-75 75-100  100-300  300-500
Kich thudc hat (pm)

Hinh 3.14. P$ bén kéo cita cic mAu polyme composite PP véi kich thuée hat
than sinh hoc khic nhau

Kich thudc hat trong khoang 45 dén 300 pm cho thiy do bén kéo cua vat
ligu twong d6i 6n dinh, nhung thdp hon khoang 1,5 14n so v&i PP (Hinh 3.13).
Pang chu y, do bén kéo cao nhit dat duge & kich thude LB 75-100 um (25,71
+ 0,95 MPa). Do bén kéo thap nhat xuat hién & kich thuéc hat LB 300-500 pm.
Kich thuéc hat 16n c6 thé gay phan tin khong dong déu trong nén PP, dan dén
phén bd luc khong déu va lam giam do bén kéo. Biochar véi kich thudc hat nho
hon, nhu 45-63 pm, ciing cho hiéu suét chwa tdi wu véi d6 bén kéo 22,47 + 1,12
MPa, ¢6 thé do hién tugng két tu va d nhét ting trong qua trinh gia cong, can
trd truyén (ng suat.

Su thay ddi do bén kéo clia cdc miu nay phu thudc vao su can bz“ing giita
d6 phan tan, do bam dinh lién pha va hiéu qua truyén tg suit [63]. Trén thuc
té, cac hat LB nhé (45-63 um) cung cip dién tich bé mit 16n. Nang luong bé
mit cao clia chiing c6 thé din dén su két tu trong qua trinh tron néng chay. Céc
khéi két tu nay hoat dong nhu céc vi khuyét tat va lam tang dd nhdt cua
composite, tir d6 1am giam tinh ddng nhét cua sy phan b chit don va can trd
qué trinh lam uét cua chat nén PP. Trong khi do, cac hat kich thudc trung gian
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(63-75 pm, 75-100 pm va 100-300 pm) c6 thé dat duoc sw phan tén tt, dién
tich bé mat du cho su lién két co hoc, va xu hudéng két tu thép hon. B& mat xép
cua biochar tang cudng su neo gitt vat Iy voi PP, cai thién kha nang truyen tai
tai trong mac du lién két héa hoc yéu. Cac hat 16n (300-500 pm) phén bé khong
ddng déu va tao ra cac diém tap trung ‘mg suat do sy khong tuong thich vé do
clmg gifta chit don cling va chét nén PP déo. Chung ciing c6 thé tao ra cac 16
rong hodc vi nit tai bé mit tiép xic.
3.2.5. B¢ hip thu nwéc

Pé dénh gia kha niang hip thu nudc va do 6n dinh kich thudc cta vit liéu,
cac mau PP va composite LB/PP (LB10-LB70) da dugc tién hanh thir nghiém
ngam nude. Két qua duge trinh bay trong Hinh 3.15.
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Hinh 3.15. P9 hip thu nuéc ciia PP va polyme composite

Do 6n dinh kich thude cua vt liéu phan anh kha ning duy tri hinh dang,
thé tich va tinh toan ven co hoc khi tiép xic vi hoi am. Ty 1& hap thy nudc cao
c6 thé din dén hién tuong truong nd, mém héa va cudi cing 1a sy phéan hiy ciu
triic ctia vat liéu composite, dic biét 1a trong cac img dung ngoai trdi hodc moi
truong c6 do 4m cao [64]. Do do, viéc hiéu r& dong hoc hé‘ip thu nudc la yéu td
thiét yéu dé dy doan hiéu suat lam viéc dai han cua cac vat liéu composite gia
cudng bang than sinh hoc. Polypropylene c6 do hap thu nudc thap, dudi 0,5%.
Tuy nhién, do hép thu nuéc cta vat liéu ting dan theo ty 18 phan trim khbi
lugng ctia LB (Hinh 3.14). Do déc ciia duong cong hép thu nude & cdc mau
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composite kha twong ddng, véi su gia ting nhanh chong trong 15 ngay diu tién,
sau d6 téc d6 nay cham lai trong 15 ngay tiép theo. Ddi vdi cac composite co
ham lugng LB dudi 30% khéi lugng, d6 hép thu nude duy tri & mice dusi 2%
sau 30 ngdy, cho thay do 6n dinh cia vat lidu phi hop dé lam vat liéu cdu tric
ngoai troi. Nguoc lai, cdc miu ¢ ham lugng LB vugt qua 50% khdi luong c6
do hép thu nudc trén 2% va tiép tuc tang sau 30 ngay, diéu nay han ché kha
ning Umg dung clia vat liéu trong céc linh vure doi hoi dd 6n dinh cao.

Miic du da trai qua qua trinh trdn néng chay, su twong thich hoa hoc thap
gilta nén PP khong phin cuc va chit don LB c6 tinh phan cuc mot phin dan
dén kha ning bao phti va bam dinh kém. Lién dién khong tdi uu nay tao ra cic
vi khuyét tat, 15 xdp va cac khe h,  déng vai trd nhu cac kénh din cho phép
hoi 4m tir moi truong thAm nhip siu vao cAu tric cia vat liéu composite [64,
65]. Ban than than sinh hoc, do ¢6 nguc}:‘m géc tur cac vat licu lignocellulose, so
hitu cdu tric xdp dic trung. Ngay cd khi than sinh hoc thé hién tinh ky nude
trén bé mdt, dién tich bé mit noi tai khong 16 va hé théng 1 xdp day dic cia
nd van tao ra vo sd vi tri cho cac phan tir nude ngung tu va lwu gitt vat Iy, Chinh
diéu ndy da g6p phan truc tiép vao viée gia ting tdng khdi luong nuéce hép thy

cua vat li€u polyme composite.
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KET LUAN VA KIEN NGHI
I. Két ludn

Sau qua trinh nghién ctru thuc nghiém vé viéc ché tao va danh gia tinh
chét cia vét liéu composite trén co s¢ nhua PP tai ché va than sinh hoc tir xo
mudp (LB), luan van rit ra cdc két luan chinh sau:

1. V& nghién ctru ché tao than sinh hge

- Xac dinh dugc nhiét dd nhiét phan pht hgp cua than sinh hoc trong pham
vi khéo sat 1a 500°C. Tai méc nhiét do ndy, than sinh hoc dat cac chi s6 1y hoa
t6t nhit: ham luong carbon dat 86,7%, dién tich bé mat riéng 2,8949 m*/g va ty
1& mol O/C chi con 0,083. Than sinh hoc sau khi xur 1y nghién va rdy phan loai
da thu dugc cac hat co cau tric manh vun, ky nuéce, dap tng tiéu chuin quéc té
vé vat liéu biochar.

2. Anh huéng ciia ty 1¢ than sinh hoc dén tinh chit composite

- D ché tao thanh cong vat liéu composite bén vitng bing phuong phép
tron nong chay, nang cao hi¢u qua hai ngudn phé thai 1a nhua PP tai ché va phu
pham nong nghiép xo mudp.

- Than sinh hoc LB déng vai tro 1 tac nhan tao mam dj thé, 1am ting nhiét
d6 két tinh (T.) ctia composite thém tir 1-2°C va dich chuyén nhiét do bét dau
két tinh (Teonser) tir 110°C 1én viing 115-117°C

- P bén nhiét cia composite duge cdi thién rd rét: lwong cin du tai 800°C
tang tir 0,04% (rPP) 1én 39,04% tuong ng v6i ham lugng 70% LB.

- B sung LB gitip cai thién dang k& do bén udn (tir 42,36 MPa 1én 59,12
MPa), modun udn (ttr 1,26 GPa 1én 3,52 GPa) va d¢ ctirng Shore D (tir 62 1én
77.33).

- Do hip thu nude ting ty 1€ thudn véi ham lugng LB do su xudt hién ctia
cac vi khuyét tat tai giao dién. Véi ham lugng LB < 30%, vét liéu duy tri d0
hép thu nudc thip (< 2%), dam bao do 6n dinh kich thudc cho cac tmg dung
ban céu tric hodc ngodi troi.

3. Anh huéng ciia kich thuée hat

Trong cac dai kich thudce khao sat, kich thude hat 75-100 pm (tai ham

lugng 20% khéi luong) cho gid tri dd bén kéo cao nhat, dat 25,71 MPa.
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I1. Kién nghi

- M4t s6 cong viée can tiép tuc nghién ctru trong thoi gian t6i 14 st dung
céc chit trg tuong hop nhu Polypropylene ghép Maleic Anhydride (MAPP)
hodc ap dung cac phuong phap bién tinh bé mit than sinh hoc (bang tac nhan
silane, xr Iy héa hoc) dé ting cudng luc lién két gitta nén va chat don, tir d6 cai
thién cac tinh chat co 1y cua vat ligu.

- Thit nghiém céc phuong phap trén/nghién ning lugng cao nhim han ché
su von cuc cua than sinh hoc & ham lugng cao khi ham lugng chit don vuot
qué 50% khéi lugng, ddng thoi khao sat thém céc ddc tinh thong minh nhu kha
néing chéng chéy hozic hip phu chét 6 nhidm nhd tan dung céu tric xop ty nhién
cua vat liéu.

- Pua vt liéu vao thir nghiém sén xudt cic san pham cu thé nhu tim véch
ngin vin phong, tim 6p trang tri ndi that hodc cac vt dung ngoai troi (chau
cﬁy,ghécﬁng\dén)dédénhgkid@bénthdiﬁétvéthﬂlkhéthiHongthuctésén

xuat
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ABSTRACT

The growing issues of plastic waste and rising atmospheric CO, require sustainable material solutions. This study develops com-
posites from recycled polypropylene (PP) and luffa biochar (LB) via melt mixing. The materials were characterized for physico-
chemical, thermal, mechanical, and water absorption properties. Morphological analysis showed that LB was dispersed within
the PP matrix, with a higher LB content resulting in reduced amorphous polymer regions. Thermogravimetric analysis indicated
LB acted as a thermal barrier, enhancing stability by slowing PP degradation. Differential scanning calorimetry confirmed LB
functioned as a heterogeneous nucleating agent, increasing crystallization temperature and enthalpy. Mechanically, LB improved
flexural strength (42.36 MPa for PP to 59.12 MPa for LB70), flexural modulus (1.26-3.52GPa), and Shore D hardness (62-77.33).
However, tensile and impact strength declined with more LB due to poor interfacial adhesion and reduced ductile phases. The
optimal LB size (75-100pum) at 20wt% maximized tensile strength. Water absorption increased with LB content, attributed to
micro-defects at the biochar-polymer interface, limiting use in humid environments. This work shows that composites of recy-
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cled PP and LB have potential for materials that prioritize hardness and durability, while being environmentally friendly.

1 | Introduction

Reducing carbon dioxide (CO,) emissions and developing green
technologies are currently the top goals of countries around the
world to reduce the negative impacts of global warming and
climate change. Reports have shown that CO, concentrations
in the atmosphere continue to increase and are nearly 100ppm
higher than before the Industrial Revolution; 36% of energy
consumption and 37% of CO, emissions are related to the con-
struction industry [1]. One of the current favored technological
directions is the development of green materials to reduce CO,
emissions.

This research focuses on combining recycled polypropylene (PP),
addressing the persistent challenge of plastic waste valorization,

® 2026 Society of Plastics Engineers.

with biochar derived from Luffa cylindrica fibers (LB). Biochar
is produced through the pyrolysis of biomass under anoxic con-
ditions, a process that inherently helps to retain carbon within
the charcoal structure rather than releasing it as CO, [2, 3]. This
mechanism provides a pathway for effective carbon sequestra-
tion [3-5]. Biochar has proven successful as a reinforcement in
various polymer matrices, including virgin and recycled PP [6],
polyethylene (PE) [7], and polyethylene terephthalate (PET) [8].

The integration of recycled plastics and sustainable biomass
sources [9, 10] addresses resource minimization, waste re-
duction, and CO, mitigation simultaneously. For example, the
incorporation of waste pyrolysis biochar into wood and PP
bio-composites improved thermal conductivity and crystalliza-
tion temperature without affecting the melting behavior of the
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polymer [11]. Biochar from palm oil sludge was used as a filler
for PP to increase tensile strength, heat resistance, and resis-
tance to organic solvents such as toluene, compared to virgin
PP [12].

In addition, the use of recycled plastics for the fabrication
of these hybrid composites is feasible. Some previous re-
ports showed that biodegradable films from recycled PET
and thermoplastic starch reinforced with biochar from du-
rian peel improved thermal stability and improved flexural
strength and flexural modulus of the material [13]. This
helps to create a dual benefit of reducing CO, emissions and
waste [14, 15].

Despite the great potential of this composite material, the chal-
lenges of exploring and controlling the desired structure are
still being solved. Especially for composites from waste plastics,
whose mechanical properties are hardly kept intact compared
to the original.

Luffa fibers are a lignocellulosic material [16-18]. The selec-
tion of L. cylindrica as the biomass precursor for biochar pro-
duction is founded on strong criteria related to sustainability,
availability, and unique functional advantages compared to
alternative fillers. L. cylindrica is a sustainable and globally
available lignocellulosic source [19]. The plant is widely culti-
vated for its long, cylindrical fruits throughout tropical regions
in Asia and Africa. A primary advantage supporting its use as
a continuous and reliable feedstock is its agronomic resilience:
Luffa grows effectively in tropical climates and, significantly,
in nutrient-deficient soils. This adaptability ensures that the
sourcing of Luffa biomass minimizes competition with critical
food crops and high-quality agricultural land usage. This stra-
tegic sourcing elevates Luffa's status from simple agricultural
waste to a strategically viable, low-impact biomass resource,
reinforcing the claim of low-cost [20], readily available ma-
terial sourcing that underpins the economic viability of the
resulting composite.

Relative to synthetic carbonaceous fillers (e.g., carbon black or
carbon nanotubes [CNTs]), biochar is a sustainable, inexpen-
sive, and viable alternative [21]. While CNTs and carbon black
offer excellent properties, they are typically derived from non-
renewable fossil fuel precursors and entail high production
costs [22]. Biochar, being derived from zero-waste agricultural
residues, fundamentally supports a circular bioeconomy model.
Peer-reviewed studies confirm that biochar can provide compa-
rable mechanical and thermal enhancements, sometimes even
outperforming traditional fillers in terms of thermal stability
and matrix compatibility [22].

The unique structure of Luffa offers crucial physical advan-
tages. Carbonized luffa retains a porous structure even after
pyrolysis. While subsequent ball milling fragments this struc-
ture, the high surface area and porous nature of the result-
ing LB particles are critical for mechanical performance [16].
This morphology facilitates extensive physical interlocking
and stress transfer with the polymer matrix. This physical
reinforcement mechanism is essential, especially given the
documented poor chemical adhesion between the nonpolar
PP and the LB, allowing the composite to achieve significant
increases in flexural strength and modulus despite suboptimal
chemical bonding [16].

In this study, biochar from luffa was chosen for reinforcing a
recycled PP matrix (single-use). The research will focus on
studying the physical, chemical, and mechanical properties of
this composite. The research will aim to evaluate the potential
of environmentally friendly materials from the use of biochar
and recycled plastic, as well as to reduce carbon emissions from
using biochar from agricultural sources.

2 | Materials and Methods
2.1 | Materials

The luffa fibers used for biochar preparation were sourced from
a luffa manufacturing facility at Leaf Organic Vietnam Co. Ltd.
Recycled PP (1-time recycle) pellets with a density of 0.95g/cm?
were purchased from MilchemPlastic, Vietnam.

2.2 | Preparation of Luffa Biochar

Firstly, the dried luffa biochar (LB) was prepared in an oven at
110°C for 24h to remove moisture before carbonization. The
temperature was then increased to 500°C to start the pyrolysis
process using a vacuum oven (SA2-4-14TP, Nanyang, China) at
a heating rate of 10°C/min under 0.1kPa atmosphere for 60 min
to obtain the biochar [23]. The obtained LB was ball-milled (12
balls with a diameter of 5cm) for 10h at 70rpm with 60-min al-
ternate rotations. Then it was sieved into various particle size
ranges using a sieve shaker (8411 Electric, Zhejiang Chenxin
Machine Equipments Co. Ltd). After grinding, the sample was
screened with different sizes. In this study, we used LB grinding
with sizes of 45-500pm.

2.3 | Preparation of Composite of LB and PP

Composites of LB/PP were prepared by the melt mixing
method using the Torque Rheometer Brabender Plastograph
(EC 815655). The mixing process was carried out at 170°C for
10min at a rotation speed of 60rpm (damping: 2, measured
range: 100Nm, sample mass: 40g). Samples with different
weight percentages of biochar (from 10 to 70 wt%) were pre-
pared. For example, LB10 corresponds to a composite contain-
ing 10 wt% of LB. Similarly, for the remaining samples. Finally,
the composites were pressed into sheets using a heat press at
170°C under 1000psi for 30min, then cooled to room tem-
perature under pressure before mechanical testing. Another
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experiment was conducted to evaluate the effect of LB particle
size on the mechanical properties of this composite.

2.4 | Physicochemical Characterization
of Composite

The chemical composition of the materials was confirmed by the
IR spectra of the samples performed using a Fourier transform in-
frared spectrometer (Affinity—1S, Shimadzu, Japan) with a scan-
ning range of 4000 to 400cm™ (with a resolution of 4cm™ and 32
scans). The crystallinity of the materials was determined by XRD
(D8 Advance, Bruker, Germany) using CuKa radiation of 40kV
40mA with the 20 angle varying from 10° to 70° at a speed of 5%/
min. The surface morphology was analyzed with a scanning elec-
tron microscope (FE-SEM) (Hitachi S4800, Japan).

The thermal properties of the composites were determined
using differential scanning calorimetry (DSC) (Labsys DSC
131, Setaram, France) and thermogravimetric analysis (TGA)
(Labsys TGA 1600, Setaram, France).

During DSC analysis, the temperature was increased from 29°C
to 220°C at a heating rate of 10°C/min, followed by cooling to
30°C. DSC measurements were performed with two thermal
cycles, and the thermal parameters were extracted from the sec-
ond heating scan to ensure thermal history removal and result
consistency.

Since LB does not exhibit crystallization behavior, the degree of
crystallinity of PP in the composites was calculated by correct-
ing the measured AH_with respect to the PP weight content in
the composite (Equation 1)
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where AH™ is the sample enthalpy of crystallization corrected
by PP contentin the composite, A H"*%% j5 the sample enthalpy
of crystallization obtained directly from the DSC crystallization
exotherm, and is reported per gram of composite sample, and o
is the weight percentage of LB in the composite.

The degree of crystallinity of LB-recycled PP composites was
calculated following the equation:

AH,
gy TR _aian
X(%) (1= hup)AHE x1 )

where X, is the degree of crystallinity, A H, is the sample en-
thalpy of melting, AH}, is the enthalpy of melting of 100% crys-
talline PP (~2071/g) [24], and ¢ is the volume fraction of LB in
the composite.

TGA was performed under a nitrogen atmosphere at a heating
rate of 10°C/min, with temperatures set from 25°C to 800°C. The
onset degradation temperature (T, ) was determined using the
tangent method at the initial mass-loss region. The maximum
degradation temperature (T,,,,) was obtained from the peak po-
sition of the derivative thermogravimetric curve.

2.5 | Mechanical Test

The flexural strength and modulus of the composite samples were
determined on a three-point bending ring in 204 Instron 5567
UTM based on ASTM D790 protocol. Tensile strength and ten-
sile modulus of the samples were measured according to ASTM
D638 using a universal testing machine (Instron UTM machine,
USA, max. capacity 50 kN). Impact strength of the samples was
measured using ASTM D256-10 by a tensile tester Testresources,
America. The hardness of the samples was measured by a univer-
sal hardness tester (Innovatest Nexus 7700, Netherlands).

The evolution in mechanical properties is considered according
to the Nicolais-Narkis and Mori-Tanaka models. The Nicolais-
Narkis model is used for describing the relationship between
the tensile yield stress of polymer composites containing filler
particles and the filler volume fraction, as follows:

=1-K¢; ©)

g |

wherein o_: Composite yield stress. o,,,; polymer matrix yield
stress. K: the interfacial parameter, represents the adhesion
between the filler particles and the polymer matrix. ¢;: filler
volume fraction.

The Mori-Tanaka (M-T) method allows this method to approxi-
mate the effect of higher filler density (i.e., interparticle interac-
tions), as follows:

1+A¢,
e = Ly
1—B¢

@

wherein E_: modulus of polymer matrix. E_: modulus of com-
posite, A, B: parameters related to the modulus of LB particles
and phase interaction (fit from experimental data).

2.6 | Water Absorption Measurement

The samples were immersed in distilled water at room tempera-
ture for 30days. Then, the samples were removed, dried, and the
water absorption (WA) was measured by a high-precision digi-
tal balance. The percentage of water absorbed was determined
using the following formula:

WA (%)= WE;’W” % 100 % ()

where W, is the weight of the dry sample and W is the weight of
the wet sample.

2.7 | Statistical Analysis

The measurements were conducted at least three times for qual-
itative analyses, such as FTIR and SEM. For each mechanical
test (tensile, flexural, impact), five specimens (n=5) were tested.
Hardness measurements were performed on six specimens (n=6),
and WA tests were conducted on three (n=3). Statistical differ-
ences between mean values for quantitative analysis, for example,
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mechanical strength, between independent samples were ana-
lyzed using one-way ANOVA, followed by the Bonferroni post hoc
test with a significance level of p<0.05, n> 5.

3 | Results
3.1 | Torque Rheometric of the Mixing Process

The mixing process was carried out with a rheometer for
10min at 60 rpm. The rheological graph shows that the torque
of the mixing process from loading peak to minimum point is
3.8 kNm. Brabender plastograms were recorded at 170°C and
60rpm during 10min of melt mixing. The plastograms (Figure 1)
showed three main stages, including an initial high torque asso-
ciated with solid feeding and compaction, a reduction of torque

upon polymer melting (melt softening), and a subsequent ap-
proach to a steady-state torque during filler dispersion after the
maximum peak. Torque increased with LB content compared to
PP, indicating higher melt viscosity and reduced chain mobility
in the presence of rigid biochar particles.

Although the barrel temperature was fixed at 170°C for all sam-
ples, composites with higher LB loadings exhibited higher melt
viscosity and torque, leading to greater frictional and viscous
dissipation during mixing. As a result, additional internal heat
was generated, causing the recorded temperature to exceed that
of the neat PP matrix (T~170°C), particularly for highly filled
composites, for example, LB70 (T>180°C).

The specific energy (E,, w/sample mass) of the process increased
with the LB content in the composite. Specifically, E, increases
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FIGURE1 | Rheological properties of luffa biochar (LB) and polypropylene (PP) compaosites using Torque rheometric on: (a) polypropylene (PP)
and composite of LB and PP with (b) 10wt% of LB (LB10), (c) 30wt% of LB (LB30), (d) 50wt% of LB (LB50), and (e) 70wt% of LB (LBE70).
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from 157 kN m/kg for PP to 859.6 kNm/kg for LB10, 878.6 kN m/
kg for LB30, and 1054.2 kN m/kg for LB70. However, the E_ of
LB50 was 450.1 kNm/kg, 2-2.5 times lower than that of other
composite samples (Table 52). At high loadings (> 50wt% LB),
the torque increased and exhibited longer stabilization times
and larger fluctuations (Figure 1d.e), consistent with the forma-
tion of particle-particle networks. The LB50 sample exhibited a
noticeable drop in torque and specific mechanical energy com-
pared with LB10, LB30, and LB70, This behavior is character-
istic of highly filled polymer composites. At intermediate filler
loadings (50wt%), the PP melt is still sufficient to wet the bio-
char surface and act as a lubricating medium between particles,
reducing interparticle friction and facilitating flow [25, 26]. Asa
result, a temporary viscosity minimum (lubricated-flow region)
occurs. At higher loadings (>70wt%), the polymer becomes in-
sufficient to fully wet the particles, leading to particle-particle
contacts, incipient percolation, and a sharp increase in melt re-
sistance, Therefore, LB70 shows higher torque and specific en-
ergy again, whereas LB50 forms a viscosity dip.

These rheological signatures correlate with the observed in-
creases in flexural modulus and crystallinity (DSC) and with
the decreases in tensile and impact properties, supporting the
interpretation that LB reduces chain mobility, hinders disper-
sion, and promotes filler networking at high loadings.

3.2 | Surface Morphology and Physicochemical
Properties of Composites of LB and Recycled PP

LB was prepared by vacuum pyrolysis. The LB sample before
ball milling (Figure 2a) was compared with that after ball mill-
ing (Figure 2b). The LB after ball milling (sizes from 45 to 63 um)

Luffa biochar

was mixed with recycled PP resin at the ratios of 10, 30, 50. and
70wt% biochar, corresponding to LB10, LB30, LB50, and LB70.
Carbonized luffa fibers retain their porous structure (Figure 2a,
LB before ball milling) with a wall thickness of approximately
20pm. After ball milling, this structure is lost, and fragments of
different sizes are formed. These fragments are screened using dif-
ferent mesh screens for size classification. Therefore, when LB is
mixed in the polymer matrix, these fragments will disperse and
form a hybrid structure. The observed samples were mixed with
recycled PP and LB with sizes ranging from 45 to 63 um. The two
phases of composite (plastic, red region) and LB (yellow region)
were observed at a low LB concentration of 10wt% in LB10. As the
LB concentration increases, the plastic regions become less visible
in LB30, LB50, and LB70. The decrease of the plastic regions of
the composite can directly affect the mechanical properties of the
material, such as tensile strength, but can increase hardness and
flexural strength.

Ball-milled LB and PP were used as reference samples. Similarly,
prepared composite samples with SEM, including LB10, LB30,
LB50, and LB70, were used for analysis. The crystal structure of
the composites showed a clear change with the weight percent-
age of LB (Figure 3a). The decrease of the characteristic peaks
for PP (26 from 14° to 25.5° and 42.6°) was observed when the
LB in the composite increased from 10 to 70wt%. The intensity
of the characteristic peaks of LB at 26=29.3° and 41° increased
markedly [27].

The IR spectra showed a similar decrease with the vibrations
of -CH, and -CH, (2950 and 2906cm™~! and 1373 and 1451cm™)
characteristic of PP as the LB content increased from 10 to 70
(Figure 3b). In addition, the reduction in peak intensities is also
partially attributed to the strong infrared absorption effects of

FIGURE2 | SEM images of (a) luffa biochar (LB), (b) LB milled, and composite of polypropylene with LB: (c) 10wt% (LB10), (d) 30wit% (LB30), (e)

50wt% (LB50), and (f) 70wt% (LB70).
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the carbon-rich biochar particles, which can attenuate the trans-
mitted IR signal. Therefore, the observed decrease reflects the
combined influence of reduced PP fraction and the shielding
effect of the filler. Peak 2836¢cm™ on the PP spectrum showed
that the presence of PP in the composite also decreased gradu-
ally when the amount of PP decreased. Peaks on LB at 1528 em™!
attributed to C=C aromatic stretching [28] from aromatic ring
structures upon carbonization, 1414cm™ to O-H bending and
1213em~! to C-0 stretching from carboxyl (-COOH) or phenol
(Figure 3b). These peaks on LB can be from incompletely car-
bonized cellulose/lignin residues [29]. IR spectral peaks of LB
were observed in all composite samples.

The thermal transitions and crystallization kinetics of the com-
posites were determined using DSC (Figure 4a). DSC curves of
PP showed the characteristic endothermic peak for melting (T, )
around 166°C and the exothermic peak for crystallization (T)
around 119°C (Table 1). DSC of LB did not show any crystallization
or melting peaks. The shift in Tc of the composite samples showed
a slight increase of 1°C-2°C for LB contents above 10wt%, reach-
ing 122.57°C for LB50 and 121.4°C for LB70. More significantly,
the onset crystallization temperature (T_ ) of PP (~110°C)

,onset
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progressively shifted to higher temperatures (115°C-117°C) as the
biochar content increased from LB30 to LB70 (Figure 1a).

Since biochar does not participate in crystallization, the cor-
rected enthalpy of crystallization (AH®") reflects the intrin-
sic crystallization ability of the polymer matrix (Equation 1).
To properly evaluate the crystallization behavior of PP in the
presence of LB, the enthalpy of crystallization was normalized
with respect to the PP fraction in each composite. AH™esured
was obtained from the raw data (Table S3). With 10 wt% of bio-
char in the composite, the enthalpy of crystallization (AH )
of LB10 (94.3]/g) was close to the value of PP (89.75]/g).
Crystallization released less heat with further increase in
LB content to 30wt% (87.61/g), 50wt% (87.3)/g), and 70wt%
(88.1J/g) (Table 1).

The decrease in enthalpy can be an expected consequence of the
reduced mass fraction of the crystallizable PP polymer in the
highly filled composites. The LB fragments can function as an
effective heterogeneous nucleating agent, facilitating crystal for-
mation during the cooling phase. PP composites reinforced with
various biochar types, such as palm tree waste-derived biochar
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FIGURE3 | (a) XRD and (b) FTIR spectra of polypropylene (PP), luffa biochar (LB), and composites of LB/PP with 10, 30, 50, and 70wt% of LB,

corresponding to LB10, LB30, LB50, and LB70.
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TABLE 1 | Thermal analysis of polypropylene (PP) and composite of LB/PP at 10, 30, 50, and 70wt% of LB in composite, corresponding to
LB10, LB30, LB50, and LB70. The crystallization temperature (T), the melting temperature (T, ), the enthalpy of melting (AH, ), the enthalpy of
crystallization is corrected with the PP content in the composite (AH"), and crystallinity (¥,) were interpreted.

Sample T,.(0 T, (°C) AH_ (J/g) AH" (J/g) x. (%)
BE 119.57+0.51 166.43+1.33 85.34 89,75 41.22
LB10 119.27 £0.21 1167.23+2.85 73.9 943 37.79
LB30 120.77£0.15 166.2+2.09 54,52 87.6 32.30
LB50 122.57+1.45 165.9+0.69 42.97 87.3 31.71
LB70 121.4£0.26 166.9+1.71 42.52 88.1 45.84

(5%-20% content) [30] and biochar from packaging waste (1%~
10% content) [31], reported results that align with the observa-
tions in this study.

The degree of crystallinity (y.) decreased slightly from 41.22%
for PP to 37.79% for LB10 and further to 32.30% for LB30, and
31.71% for LBS0 (Table 1). The crystallinity is reduced due to high
biochar content and uneven dispersion, causing crystal defects.
Interestingly, an increase in y, was observed for LB70 (45.85%), ex-
ceeding that of neat PP. At such high filler contents, the remaining
PP phase is highly confined within the biochar network, leading
to strong interfacial interactions and enhanced heterogeneous nu-
cleation efficiency. This confinement effect can enhance the effec-
tive chain packing and crystallization within restricted domains,
resulting in an elevated degree of crystallinity [31].

The thermal stability of the composites was evaluated by TGA.
The thermogravimetric profiles of PP, LB, and LB/PP compos-
ites revealed distinct decomposition behaviors arising from the
different chemistries of the polymer matrix and the biochar filler
(Figure 4b). PP exhibited a single sharp degradation step with
a T, Of about 425°C and a T, near 450°C, leaving almost
no char residue at 800°C. In contrast, LB exhibited a multistage
decomposition, with an initial T____, around 210°C-230°C fol-
lowed by gradual mass loss up to 700°C, characteristic of the
sequential degradation of hemicellulose-, cellulose-, and lignin-

derived structures.

Incorporation of LB into PP produces composite curves that
combine these characteristics. All composites retain the main
PP degradation peak at ~450°C, while additional mass-loss
events appear at lower temperatures. The T, .. values for
LB-containing samples decrease progressively with increasing
filler content, that is, 410°C-420°C for LB10, 395°C-405°C for
LB30, 380°C-395°C for LB50, and 350°C-380°C for LB70. This
can be the increasing influence of LB. Correspondingly, the
char residue increases from near zero in PP to roughly 3.95%,
23.52%, 35.21%, and 39.04% for LB10, LB30, LB50, and LE70,
respectively (Table S1). The broadening of the degradation area
in composites with >30wt% LB suggests increasingly complex
degradation pathways associated with matrix-filler interactions
[32]. At higher LB fractions, the curves shifted toward LB-like
behavior and LB enhanced thermal persistence above 500°C due
to carbon structures.

The slight increase in crystallization temperature (T,) and the
shift in the onset crystallization temperature (Tclnmt) toward

higher values with increasing LB content showed that LB acts
as an effective heterogeneous nucleating agent for PP. In partic-
ular, the porous surface and high specific surface area of biochar
provide abundant nucleation sites, facilitating the initiation of
crystal formation at higher temperatures during cooling. As a
result, PP chains can organize into crystalline structures earlier.
At higher filler loadings, the enhancement in Tc became less
pronounced due to restricted chain mobility caused by the rigid
biochar network, which can partially limit the nucleation effect.

3.3 | Mechanical Properties

The analyzed samples for mechanical testing were PP,
LB10, LB20, LB30, LB40, LB50, LB60, and LB70. PP, as a
reference sample, exhibited the highest tensile strength at
32.62+1.40 MPa, However, the addition of LB to the com-
posite samples resulted in a decrease in tensile strength
(Figure 5a). The tensile strength dropped abruptly from
~32.62+1.40MPa for PP to 18,51 +£0.80 MPa for LB10, which
then decreased slightly until 50wt% LB in the composite
(16.07 £ 0.50 MPa). Thereafter, the tensile strength dropped
sharply to 13.26 + 0.60 and 8.17 for 60, and 70wt% LB, respec-
tively. The tensile strength curve of the composites shows a
stable region of the composites with 10-50wt% LB, providing
tensile strengths in the range of 16~18 MPa. Increasing the
content of LB beyond 50wt% can reduce the amorphous re-
gions of PP and reduce the tensile strength [33], correspond-
ing to the surface structure image from Figure 2. The poor
interaction between the LB and PP surface is also the cause of
the decrease in tensile strength due to the reduced interaction
between biochar and PP [34].

The impact strength of the composites shows that PP has the
highest impact resistance at 4.02+0.21 kl/m?, followed by the
LB10 composite (10wt% of LB) at 2.78 £0.11 kJ/m? (Figure Se).
This value drops sharply twice as much as that of PP when the
mass fraction of LB increases from 20 to 70wt%, with the im-
pact strength decreasing from 1.82+0.08 to 1.48+0.05 kl/m?,
respectively. This decrease is consistent with the change in
amorphous-crystalline structure (Figure 4a). LB10 retains the
amorphous regions of PP, thus retaining some of the high impact
strength of PP.

The flexural strength of the composites showed a signifi-
cant improvement compared to PP (Figure 5b). The flexural
strength reflects the ability of a material to withstand load up
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FIGURE 5 | Tensile strength (a), flexural strength (b), shore hardness (c), flexural modulus (d), impact strength (e), and elongation at break (e-
break) (f) of polypropylene (PP) and composite of PP with 10-70wt% luffa biochar (LB).

to the breaking limit, which depends on the bonding of the
components in the composite. This value increased linearly
from 42.36+1.80MPa of PP to 55.89+2.40MPa of LB40.
After further increasing the weight percentage of LB from
50 to 70wt%, the flexural strength increased insignificantly
from 57.45+2.40 to 59.12+ 3 MPa, respectively. The flexural
strength of the composites increased almost linearly with in-
creasing LB content, despite the limited chemical interaction
between PP and biochar. This can be attributed to factors such
as particle dispersion, the polymer's ability to wet the filler,
and its penetration into the porous structure of the biochar
[35]. The large surface area of LB promotes physical interlock-
ing and stress transfer, allowing the filler to effectively rein-
force the polymer matrix [35, 36].

However, the flexural modulus showed a different trend
(Figure 5d). The flexural modulus increased slowly linear from
1.26 GPa of PP to 1.96 GPa of LB60 (60wt% of LB). Then, this
value increased sharply to 3.52 GPa of LB70 (70wt% of LB). The
flexural modulus represents the material's resistance to de-
formation. In this case, LB70 showed the highest deformation
resistance with the highest LB mass percentage among the sam-
ples. This is consistent with previous results that the decrease
in the amorphous region of the polymer reduces the flexibility
of the composite.

Shore hardness reflects the surface hardness of the material
with a value of 0-100. The results show a gradual increase in
surface hardness from 622.10 of PP to 77.33+1.60 of LB70
sample (Figure 5¢). Increasing the mass percentage of LB in the
composite increases the surface hardness.

Mechanical models of the composites were studied. The mass
fraction of LB in the composite corresponds to the volume frac-
tion of LB. The tensile and flexural strengths were determined
using the Nicolais-Narkis model for composites with poor ad-
hesion limit [37] (Figure 5a,b). The Nicolais—-Narkis model gave
a good fit nonlinear function with power 2/3 for the tensile
strength. The hardness of the composites was linear to the vol-
ume fraction of LB (Figure 5c). Obtained fit parameters were
6,=32.6MPa, k=127, R*=0.98. The value k =~1.27 is close
to the theoretical value of 1.21 [38], suggesting limited stress
transfer efficiency and weak interfacial adhesion between the
luffa-derived biochar and the recycled PP matrix, This behavior
is typical for particulate-filled polymers without surface mod-
ification, where stress concentration around rigid inclusions
promotes early crack initiation and matrix-particle debonding
under tensile load.

Meanwhile, the Mori-Tanaka (M-T) method was suitable
for the flexural modulus (Figure 5d) and impact strength
(Figure 5e) (R*~0.95), suitable for polymer and particle com-
posites [39]. The fit of this model shows that the composites
follow the behavior of loose polymer-poorly cohesive particle
composites. At low to moderate volume fractions (¢ = 0-0.35),
the flexural modulus increases gradually, which is reasonable
considering that the biochar fillers can be dispersed discon-
tinuously within the recycled PP matrix. The moderate in-
terfacial adhesion between the two phases, together with the
possible presence of micro-voids introduced during mixing or
processing, could mitigate the reinforcing effect and limit the
hardness enhancement. At higher filler loadings (¢ =10.55),
a sharp increase in flexural modulus to 3.52GPa is observed
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(Figure 5d). This significant rise can be the occurrence of a
percolation phenomenon or the formation of a load-bearing
network among the LB particles. Once this interconnected
network is established, the composite transitions from a
matrix-dominated to a filler-dominated load-transfer mecha-
nism, resulting in a significant improvement in hardness.

The elongation at break (e-break) of the composites decreases
drastically with increasing LB content (Figure 5f). Neat PP ex-
hibits a high ductility of 17.07%, whereas e-break drops sharply
to 2.13% for LB10. With the increase in weight percentage of LB,
e-break continued to decrease slowly: 1.85% for LB20, 1.83% for
LB30, 1.71% for LB40, and 1.41% for LB50. Further decreases to
below 1% for LB60 (0.78%) and LB70 (0.77%). This reduction in-
dicates a transition from ductile to brittle fracture behavior upon
incorporation of biochar,

The pronounced improvement in both flexural strength and
modulus increased from effective reinforcement mechanisms.
The high intrinsic hardness of the biochar particles enables
them to bear external loads and limit large-scale deformation
of the PP matrix. In addition, the large surface area of biochar
can promote extensive physical interlocking with the polymer,
ensuring efficient stress transfer even in the presence of limited
chemical adhesion. The DSC resulted further indicate that LB
acts as a nucleating agent, enhancing crystallinity and restrict-
ing chain mobility at the interface. Both of which contribute to
the overall rigidity and hardness of the composite.

However, the weak chemical affinity between the nonpolar
PP matrix and the partially polar LB reduces interfacial stress
transfer efficiency. At high filler loadings, the increased sur-
face area of LB favors particle-particle interactions (agglom-
eration) over particle-matrix bonding, as evidenced by the
smaller effective particle sizes. This poor dispersion, combined
with weak adhesion, leads to micro-defect and void formation
at the interface, serving as stress concentration points that
markedly lower tensile and impact strength. Moreover, exces-
sive LB loading decreases the fraction of the amorphous, duc-
tile regions in PP, thereby increasing brittleness and sharply
reducing impact resistance, consistent with the observed sur-
face morphology changes.
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The significant decrease in elongation at break reflected early
failure due to weak interfacial adhesion between PP and the
biochar particles. Poor interfacial bonding promoted early de-
lamination and the formation of small cracks under tensile
load, leading to limited plastic deformation before fracture.
Furthermore, the rigid biochar particles act as stress centers,
accelerating crack propagation and preventing energy dissipa-
tion mechanisms. That is consistent with SEM observations
and the decrease in tensile and impact strength.

To evaluate the effect of LB particle size on the mechanical
properties of composites, we prepared composite samples con-
taining 20wt% LB in PP matrix (LB20). The grinded LB parti-
cles are classified by a filter as follows: (S1): 45-63pum (mesh
230-325), (S2): 63-75um (mesh 200-230), (S3): 75-100pum
(mesh 140-200), (S4): 100-300 um (mesh 50-140), (S5): 300~
500um (mesh 35-50). Particle size in the range of 45 to 300
pm shows that the tensile strength of the material is relatively
stable, but about 1.5 times lower than that of PP (Figure 6).
Notably, the tensile strength is highest at LB size 75-100 um
(25.71+0.95MPa). The tensile strength is lowest at LB parti-
cle size 300-500 pm. Large particle size can cause uneven dis-
persion in the PP matrix, resulting in uneven force dispersion
and reduced tensile strength. Biochar with smaller particle
sizes, such as 45-63 um, also showed suboptimal performance
with a tensile strength of 22.47 +1.12MPa, possibly attributed
to agglomeration and increased viscosity during processing,
which hinders stress transfer.

The change of tensile strength of these samples can depend
on the balance between dispersion, interfacial adhesion,
and stress transfer efficiency [40]. In fact, small LB parti-
cles (45-63 um) provide a large surface area. Their high sur-
face energy can lead to agglomeration during melt mixing.
These agglomerates act as micro-defects and increase the
composite viscosity, which reduces the homogeneity of filler
distribution and hinders wetting of the PP matrix. While in-
termediate particles (63-75pm, 75-100 pm, and 100-300 um)
can provide good dispersion, sufficient surface area for me-
chanical interlocking, and a lower tendency to agglomerate,
The porous surface of the biochar enhances physical anchor-
ing with PP, improving load transfer despite weak chemical

B
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FIGURE 6 | Tensile strength of PP and composite of PP with various sizes of luffa biochar fragments, 20w1% of LB in composite.
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bonding. Large particles (300-500um) fragments distribute
non-uniformly and create stress concentration sites because
of the mismatch in hardness between the rigid filler and the
ductile PP matrix. They can also introduce voids or microc-
racks at the interface,

3.4 | Water Absorption

The analyzed samples for WA were PP, LE10, LB20, LB30,
LB40, LB50, LB60, and LB70. Dimensional stability of materi-
als refers to the material's ability to maintain its shape, volume,
and mechanical integrity when exposed to moisture. Higher
WA can lead to swelling, softening, and eventual degradation
of the composite structure, especially in outdoor or humid
applications [41]. Therefore, understanding WA behavior is
essential for predicting the long-term performance of biochar-
reinforced composites. PP had low WA, less than 0.5%. The
WA of the materials increased steadily with increasing weight
percentage of LB (Figure 7). The WA slope of the composites
was similar, with a rapid increase in absorption percentage
during the first 15days. It then slowed down during the next
15days. For composites with an LB percentage lower than
30wt%, WA below 2% after 30 days showed the stability of the
material suitable for outdoor structural materials, Composites
with LB percentage exceeding 50wt% showed WA above 2%
and continued to increase after 30days. This limits the mate-
rial for applications requiring stability. Despite the melt mixing
process, the low chemical compatibility between the nonpolar
PP matrix and the partially polar LB filler results in poor en-
capsulation and adhesion. This suboptimal interface creates
micro-defects, pores, and gaps (interfacial voids) that act as
pathways, allowing atmospheric moisture to permeate the
composite structure [41, 42]. Biochar itself, due to its deriva-
tion from lignocellulosic material, is intrinsically porous. Even
when the biochar is largely hydrophobic, its massive internal
surface area and pore structure provide numerous sites where
water molecules can condense and be physically held, contrib-
uting directly to the total absorbed mass.

w
L

Water absorption(%)
3]

Time (day)

FIGURE 7 | Water absorption of polypropylene (PP) and its compos-
ites with different weight percentages of Luffa Biochar (10-70 wt%).

4 | Discussion

This study advances green technology and the circular economy
by effectively valorizing two challenging waste streams: recy-
cled PP and underutilized luffa fiber agricultural residue. Direct
use of recycled PP addresses urgent plastic waste reduction, of-
fering clear environmental benefits over virgin plastic. Besides
that, biochar's inherent carbon sequestration capacity signifi-
cantly enhances the environmental profile of these composites,
directly contributing to CO, emission reduction.

With proven improvements in flexural strength, modulus, and
Shore D hardness, these composites show strong potential for ap-
plications where hardness and flexural load resistance are more
important than high tensile strength or impact resistance, and can
be suitable for semi-structural or non-load-bearing applications.

The relatively low water uptake observed at lower LB loadings
(<30wt%) extends applicability to certain outdoor uses where
moderate moisture exposure is expected and dimensional sta-
bility is important. This material offers a targeted solution for
well-defined sustainable material needs.

The limitation of this study was the consistent reduction in tensile
strength and impact resistance with increasing biochar loading,
especially at higher levels. This is mainly due to poor interfacial
adhesion between LB and recycled PP, agglomeration, and poor
dispersion of biochar in the composite, along with reduced amor-
phous ductile regions in the polymer matrix. The importance of
compatibilizers, such as maleic anhydride-grafted polypropylene
(MAPP), can enhance interfacial adhesion and improve mechani-
cal properties in biochar-PP composites [43]. Increased WA at high
LB contents (> 50wt%) was another drawback, linked to interfa-
cial micro-defects and natural characterization of biochar, limit-
ing suitability for applications requiring dimensional stability and
long-term performance in humid or wet environments.

Future work will continue to surface modification strategies for
LB, such as chemical treatments to introduce polar functional
groups or silane coupling agents to improve compatibility with
nonpolar recycled PP. Incorporating compatibilizers such as
MAPP can enhance stress transfer efficiency, boosting tensile
and impact performance. Improved interfacial adhesion may
also reduce micro-defects, increasing water resistance and di-
mensional stability.

5 | Conclusion

This study successfully demonstrated the feasibility of develop-
ing sustainable composite materials by incorporating LB into a
recycled PP matrix, addressing critical environmental concerns
related to plastic waste and carbon emissions. The compre-
hensive characterization revealed that LB acts as an effective
heterogeneous nucleating agent, significantly enhancing the
crystallization process and improving the thermal stability of
the recycled PP composites. Furthermore, the composites ex-
hibited notable improvements in flexural strength, flexural
modulus, and Shore D hardness, indicating their potential
for applications requiring enhanced hardness and surface ri-
gidity. However, the research also identified key limitations,

3518

Polymer Engineering & Science, 2026

N



including a reduction in tensile and impact strength, primar-
ily due to suboptimal interfacial adhesion between the LB and
the recycled PP matrix, the effects of agglomeration or uneven
dispersion of biochar in the composite, especially at high con-
centrations above 50wt%, and an increase in WA at higher LB
loadings attributed to interfacial micro-defects. Despite these
trade-offs, the dual benefits of waste valorization and carbon
sequestration underscore the environmental significance of
these materials.
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