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ABSTRACT

In this study, an aluminum phosphate—based material (denoted as AIPO) was
synthesized from aluminium slag waste and investigated as a flame-retardant
additive for unsaturated polyester (UPE) composites reinforced with glass fiber
and pineapple fiber. Aluminum dross was first dissolved in NaOH solution,
followed by CO, bubbling to precipitate aluminum hydroxide, which was
subsequently reacted with phosphoric acid to form an aluminum phosphate—
based material. The synthesized AIPO was incorporated into UPE composites
at different loadings, and its effects on curing behavior, flame retardancy, and
mechanical properties were evaluated.

XRD analysis indicated that the synthesized AIPO mainly exhibited an
amorphous structure, while FTIR spectra confirmed the formation of Al-O-P
bonds characteristic of aluminum phosphate—based materials. DSC results
revealed that the presence of AIPO retarded the curing reaction of the UPE
matrix, leading to a shift of the curing exotherm toward higher temperatures
and a reduction in released heat. Flame retardancy tests showed that the
incorporation of AIPO effectively improved the fire performance of the
composites, with samples containing 8 wt% AIPO achieving UL94 V-0
classification. Although the addition of AIPO resulted in a reduction in
mechanical strength, the composites maintained acceptable mechanical
properties at moderate AIPO loadings. These results demonstrate that
aluminum phosphate—based material synthesized from aluminum dross is a
promising flame-retardant additive for polymer composite applications, while
also contributing to the recycling and valorization of industrial aluminum waste.

Gidi thiéu chung

chuén an toan chay nghiém ngat. Do dé, viéc bé sung
cac tac nhan cham chay la can thiét nham cai thién kha

Vat liéu polymer composite hién dugc st dung réng rai
trong nhiéu linh vuc ki thuat nha cac uu diém nhu khéi
lugng nhe, d6 bén ca hoc cao va kha nang gia cong linh
hoat [4,11]. Tuy nhién, tinh dé& b3t Itta clia polymer van
la mét han ché Ién trong cac Ung dung yéu cau tiéu
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nang chiu nhiét, giam téc dé chay va dap Ung cac tiéu
chuén danh gia kha nang chéng chay nhu UL94 [1,8,14].
Trong nhiing ndm gén day, nhiéu hudng tiép can phat
trién chat cham chéy da dugc nghién clu, trong do céc
hé chira photpho va céc hé lai vé co-hiiu ca cho thay
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hiéu qua tich cuc khi Ung dung cho nhua polyeste
khéng no (UPE) [2,3,12,13,15]. M6t s& cong trinh d& ghi
nhan hiéu Ung hiép dong cham chéy khi két hgp cac
hop chét photpho vdi cac oxit hodc hydroxide chira
nhém, dién hinh nhu hé ammonium polyphosphate két
hop Al(OH); hodc AIOOH [16-18]. Cac hé nay c6 kha
nang cai thién hanh vi chay cla vat liéu, dong thai dugc
cho 1a gop phan thic ddy su hinh thanh I6p bao vé
trong qua trinh chay, qua dé han ché su lan truyén nhiét
va khi dé chdy [814]. Tuy nhién, ammonium
polyphosphate la phu gia chifa nitg, c6 ban chét va co
ché khac biét so vdi cac vat liéu phosphate vo ca trén
cd s& nhom.

Song song vdi do, cac vat liéu aluminum phosphate trén
Cd s& nhdém, khdng chita amoni, dang thu hat sy quan
tam nhd tinh 6n dinh nhiét cao va tiém nang tuong thich
vai nén polymer. Tuy vay, phan Ién cac nghién ciu hién
nay van st dung ngudn nhém tinh khiét hodc hoa chat
thuong mai, trong khi viéc phat trién phu gia cham chay
than thién mai trudng, gia thanh thap va cd nguén géc
tr chat thai cong nghiép van con rat han ché.

Tai Viét Nam, nganh céng nghiép nhdém tao ra mot
lugng Ién xi thai nhdm hang ndm. Néu khong dugc xd
Iy pht hop, loai chat thai nay co thé gay 6 nhiém moi
truong dat va nudc, chiém dién tich luu chiia va tiém an
rdi ro lién quan dén tinh kiém manh. Mét s6 nghién clu
gan day da budc dau st dung xi thai nhém dé téng hap
cac hé binder phosphate cho son chiu nhiét hoac
polyaluminium phosphate Ung dung trong vat liéu vo
cc [19,20]. Tuy nhién, viéc tdn dung xi thai nhom dé t6ng
hgp vat liéu aluminum phosphate trén cg s& nhdm va
Ung dung lam phu gia chdm chéay cho composite nén
UPE, d&c biét déi véi cac hé gia cudng bang sai tu nhién
nhu sgi ddta — mét ngudn vat liéu xanh dang dugc quan
tam [5-7] — van chua dudc bao cao mét cach hé théng.
Xudt phét tir thuc tién do, nghién cliu nay tap trung téng
hgp vat liéu aluminum phosphate trén ca s& nhém (ky
hiéu AIPO) tU xi thai nhdm va khdo sat khad nang Ung
dung cla vat liéu nhu mét phu gia cham chay cho
composite nén UPE gia cudng bang sai thiy tinh va sgi
dda. Muc tiéu cla nghién ctu la danh gia anh hudng
clia AIPO dén hanh vi chay, dac tinh nhiét va cg tinh cla
composite, qua dé dé xuat mét hudng tai ché chat thai
cong nghiép nham phét trién phu gia chdm chay hiéu
qué va than thién mai trudng theo dinh hudng kinh té
tuan hoan.

Thyc nghiém va phuang phap nghién cldu

Thuc nghiém

Xi thai nhém (aluminum dross) dugc thu thap tUr ¢ sd téi
ché nhoém tai huyén Soc San (Ha Néi). Thanh phan hoa
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hoc va dac trung ban déu cla xi thai dugc xac dinh bang
cac phuong phap XRF, XRD va SEM-EDS. Nhua nén su
dung la nhua polyeste khdng no (UPE); vat liéu gia cudng
gom sdi thiy tinh va sgi diia. Dung dich NaOH, khi CO;
va axit phosphoric (HsPO,) dugc sit dung dé tng hop vat
liéu phosphate trén cg s& nhom. Cac hoda chét dugc su
dung truc ti€p khdng qua tinh ché thém.

Vat liéu aluminum phosphate trén cd s& nhém (ky hiéu
AIPO) dugc t6ng hap tir i thai nhdm bang cach hoa tan
trong dung dich NaOH 1,5 M & 70 °C trong 2,5 gid
(khudy 100 vong/phut), sau dé loc thu dung dich natri
aluminat. Khi CO, dudc suc vao dung dich trong 20 phut
dé két tha Al(OH)s, ti€p theo cho phan Uing véi HiPO,
dé tao vat liéu phosphate trén co s& nhém. Do san
phdm thu dugc chi yéu & trang théi vo dinh hinh, vat
liéu dugc goi chung la AIPO thay vi khang dinh pha tinh
thé AIPO,. San phdm duac loc, rita dén trung tinh va séy
kho trudc khi s dung.

Vat liéu composite nén UPE gia cudng bang sai thiy
tinh va sgi dita dudc ché tao bang phuong phép ép
nong. AIPO dugc phdi trén vao nhya nén theo cac ham
Iugng khao sat, hdn hgp dugc khudy trén dong nhét véi
chét déng ran, sau dé dé khudn va ép & 100 °C trong
10 phut dé tao mau thir.

K&t qua va thao luan

Ph& héng ngoai bién déi Fourier (FTIR) cla vat liéu
aluminum phosphate trén cg s& nhém (AIPO) téng hop
dugc tir xi thai nhém (Hinh 1) cho thay su xuét hién cla
cac dai hdp thu dac trung clia cac vat liéu phosphate.
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Hinh 1. Ph& FTIR clia mau AIPO

Pinh hap thu manh tai khoang 1095 cm™ dugc gan cho
dao dong kéo gian bat déi xiing clia nhom PO, dic
trung cho cac hgp chat phosphate. Ngoai ra, cac dai
hap thu tai khoang 661 cm™ va 531 cm™ ¢6 thé lién
quan dén dao dong cula cac lién két Al-O va P-O-Al,
cho théy su hinh thanh cac lién két dac trung cla vat
liéu phosphate trén cg s& nhom.
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Bén canh do, phd FTIR con xudt hién dai hdp thu yéu tai
khoang 1372 cm™, c6 thé lién quan dén cac nhom
hydroxyl hodc nudc hap phu trén bé mat vat liéu. Cac
tin hiéu yéu trong vuing trén 2000 cm™ dugc cho la bat
nguon tu CO, hdp phu hodc cac tap chat carbonate
hinh thanh trong qua trinh suc khi CO,. Hién tugng nay
thudng gap déi véi cac vat liéu phosphate t6ng hap
trong moi trudng nudc va kiem.
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Nhin chung, két qua FTIR xac nhan su hién dién cla cac
nhom chic phosphate va cac lién két A-O-P dac trung,
ching t& quéd trinh téng hop vat liéu aluminum
phosphate trén cg s& nhém tU xi thai nhom da dién ra
thanh cong. Cac dac trung hda hoc nay duoc ky vong
s& gop phan vao kha nang 6n dinh nhiét va cai thién
hanh vi chém chay cla vét liéu composite khi dugc sur
dung lam phu gia.
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Hinh 2. Ph& XRD clia mau AIPO

Hinh 3. Thuc hién thi nghiém dét ngang (a) va doc (b)

Ph6 nhiéu xa tia X (XRD) cla vat liéu aluminum
phosphate trén ca s& nhém (AIPO) téng hop dugc cho
thdy su vadng mat cla cac dinh nhiéu xa sac nét, dac
trung cho cu trdc tinh thé, cho thdy vat liéu chd yéu
ton tai & trang thai vo dinh hinh. Hién tugng nay thudng
gap déi véi cac vat liéu aluminum phosphate t6ng hop
3 nhiét do thap.

C4u trdc vo dinh hinh ctia AIPO dudc cho la co thé mang
lai dién tich bé mat riéng 16n han, tir do tao diéu kién
thuan Igi cho sy phéan tan cla phu gia trong nén
polymer va tang cudng tucng tac gitta pha vo cd va
nhua nén. Nhitng déc diém nay dugc ky vong s& gép
phan cai thién hanh vi cham chay cuta vat liéu composite
khi AIPO dudc st dung lam phu gia. Tuy nhién, kha ndng
6n dinh nhiét cla vat liéu vé dinh hinh so vdi dang tinh
thé can dugc xem xét trong céc diéu kién chay khac
nghiét han.

Két qua thi nghiém dét doc theo tiéu chudn UL94 V
dugc trinh bay & bang 1.

Bang 1. Két qua thu nghiém doét

Mau Thai Thdi Thai Cép
gian gian gian chéng
chdy sau chaysau chay am chay
détlan1 détlan2  i(giay)  (theo UL
(giay) (gidy) 94 -V)
MGO 10 27 49 V-1
MPO 12 30 55 V-1
MG8 5 6 12 V-0
MP8 9 8 18 V-0
MGT10 2 3 10 V-0
MP10 5 7 15 V-0
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Cac mau composite khong chita phu gia aluminum
phosphate trén cg sg nhoém (AIPO) (MGO va MPQ) c6
thai gian chay sau khi méi Ita 1&n hai trong khoadng 27—
30 s va thai gian chay am i 49-55 s, tuong Ung vdi cép
chéng chéy UL94 V-1.

Khi b& sung AIPO vd&i ham lugng 8% va 10%, thai gian
chay sau khi moi Itra clia cdc mau déu giam xuéng nhod
hon 10 s, dong thai thdi gian chay am i cling gidm déang
k&. Cac mau nay dat cap chéng chay UL94 V-0, cho thay
kha nang ty dap Itfa dugc cai thién so vdi cac mau
khéng chita phu gia. So sénh gitta cac mau c6 phu gia
cho thdy mau chira 10% AIPO c6 thai gian chay va chay
am i ngén hon so véi mau chira 8% AIPO.

Nhu vy, viéc b6 sung aluminum phosphate trén ¢ s&
nhém dd nang cao dang ké kha nang chéng chay cla
composite nén UPE, thé hién qua su cai thién cép UL94
tUr V-1 1én V-0. Trén cg s& két qué nay, ham lugng 8%
AIPO duac lya chon dé tiép tuc danh gia anh hudng cla
phu gia dén tinh chét cg hoc cla vat liéu composite.

Bang 2. D6 bén kéo, udn clia vat liéu composite

Mau D6 bén kéo D6 bén uédn
(MPa) (MPa)
MGO 82,48 187,25
MG8 68,28 173,36
MPO 47,07 113,36
MP8 24,00 92,59

Két qua trong Bang 2 cho thdy viéc bé sung 8%
aluminum phosphate trén cc s& nhém (AIPO) dan dén
su suy giam nhét dinh dé bén kéo va dd bén udn cla
cac mau composite nén nhua UPE gia cudng bang soi
thly tinh va sgi dita. Su suy gidm ca tinh nay cé thé lién
quan dén anh hudng clia AIPO dén qua trinh déng rén
clia nhua nén cling nhu kha nang tuong tac gitta nhua
va sgi gia cudng.

Két qua phan tich DSC cho thay su thay déi rd rét trong
hanh vi déng rén clia nhua nén khi cé mat AIPO. Cu thé,
cuc dai phan Ung déng rén dich chuyén vé phia nhiét
dé cao han va nhiét tda gidam, cho thdy qué trinh déng
ran clia nhua polyeste khéng no bi cham lai va muc do
phan Ung giam. Hién tugng nay cé thé xudt phéat tir sy
tuong tac gitia bé mat hat AIPO véi hé nhua—chét dong
ran, lam han ché sy khuéch tan cla cac géc ty do va
can trd su hinh thanh mang polyme lién két chéo, tir do
anh hudng dén ca tinh cla vat liéu composite.

So sénh cac dusng cong DSC cho théy su thay déi ré
rét trong hanh vi déng ran clia nhya nén khi cé mat phu
gia aluminum phosphate trén cc s& nhém (AIPO). D&
vGi mau khodng chita AIPO, dudng cong DSC xuat hién
cuc dai phan Ung déng rén tai 58,2 °C vd&i nhiét tda 16n,
https://doi.org/10.62239/jca.2025.025
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cho thédy qua trinh déng ran dién ra thuan Igi. Khi bé
sung 8% AIPO, cuc dai phan Ung déng rén dich chuyén
lén 66,7 °C, ddng thdi dién tich dinh va nhiét tda gidm
déang ké.
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Hinh 4. K&t qua phan tich DSC clia cac mau vat liéu khi
khéng co (a) va c6 8% AIPO (b).

Su dich chuyén clia cuc dai phan Ung déng ran vé phia
nhiét do cao hon cung vdi sy suy gidm nhiét tda cho
thédy qué trinh dong ran clia nhya polyeste khéng no bi
cham lai va muc dd phan Ung gidm khi cé mat AIPO.
Hién tugng nay cé thé lién quan dén su tuong tac gita
bé mat hat AIPO v&i hé nhua—chét dong rén, lam han
ché su khuéch tan clia cac géc tu do va can trd su hinh
thanh mang polyme lién két chéo.

Nhing thay déi trong dac tinh déng ran quan st dugc
tU phéan tich DSC phu hgp vdi xu hudng suy gidm co
tinh clia vat liéu composite khi b& sung AIPO, thé hién
qua dé bén kéo va do bén udn thap hon so véi mau
khong chira phu gia. Do do, khi st dung AIPO lam phu
gia cham chay cho nhua polyeste khéng no, can xem
xét diéu chinh diéu kién dong ran nham han ché su suy
gidm cd tinh cua vat liéu.

K&t ludn
Trong nghién cdu nay, vat liéu aluminum phosphate

trén ca s& nhom (ky hiéu AIPO) da dugc téng hap thanh
cong tU xi thai nhdm, vai hiéu suét thu hoi cao nhat dat
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32,33% tai diéu kién NaOH 1,5 M, nhiét dé 70 °C, thdi
gian 2,5 gid va suc khi CO, trong 20 phut. Két quéa phan
tich cho thdy vat liéu AIPO thu dugc chii yéu & trang thai
vo dinh hinh.

Khi dugc st dung lam phu gia chém chéy cho composite
nén nhua polyeste khdng no (UPE), AIPO v&i ham lugng
8-10% da cai thién dang ké kha nang chéng chay cla
vat liéu, thé hién qua su nang cap cap do UL94 tur V-1
lén V-0. M&c du viéc bé sung AIPO dan dén su suy giam
nhat dinh ¢a tinh clia composite, cac mau vat liéu van
duy trl cac tinh chét cd hoc & mic chdp nhan dugc tai
ham lugng phu gia phu hgp.

Nhin chung, két qué nghién ctu cho thay vat liéu
aluminum phosphate trén cg s& nhém téng hop ti xi
thai nhém la mét phu gia chédm chay tiém néng cho
composite nén polymer, déng thai gop phén vao viéc
tai ché va gia tang gia tri s&r dung cla chét thai cong
nghiép theo dinh hudng phat trién bén ving.
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