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ABSTRACT

Metal-organic framework (MOF) materials, which contain mixtures of
two or more metals and possess unique properties, offer numerous
application opportunities. In this paper, the effect of the Al/Fe molar
ratio in the synthesized mixture on the formation of the MOF structure
of MIL-53(Al, Fe) material was investigated. The material was used as
an adsorbent to remove methylene blue (MB) and rhodamine B (RB)
from aqueous solutions. The results showed that the metal-organic
framework was formed at different Al/Fe molar ratios, including 5/0,
5/1,1/1, and 1/5, but hardly formed at the 0/5 ratio. At the ratio of 1/5,
the obtained material exhibited high adsorption affinity for both MB
and RB. The kinetics and isotherms of the adsorption of MB and RB on
this sample were analyzed. The high adsorption capacity of MB and RB
indicates that MIL-53(Al, Fe) bimetallic hybrid material is an excellent
adsorbent for these dyes.

Gidi thiéu chung

pham nhudém hitu co phé bién 1dm & nhiém nudc thai
dét may va lam gidm kha nang tham nhap anh sang,
quang hdp va lam hong ban chét thdm my ctia bé mat

Ph&m nhudm dugc st dung réng réi trong nhiéu Ung
dung khac nhau, nhu dét may, gidy, nhua, va cac nganh
cong nghiép thuéc nhudm [1]. Luong phdm nhuém
dugc san xuat hang nam trén thé gidi udc tinh khodng
7x10° t&n va hon 100.000 phdm nhudm thuong mai san
c6 dang dugc st dung vai nhiing tinh chat vat ly va hoa
hoc khac nhau [2]. Nhiéu phdm nhudém va cac san pham
phan huy clia né la doc hai va gay ung thu, do do sé
tao ra mét méi nguy hiém nghiém trong déi véi cac sinh
vat thly sinh [1], vi vay viéc loai bd phdm nhudm tir nuéc
thai la van dé can thiét. Methylene blue (MB) va
Rhodamine B (RB) thudng dudc xem la chat dai dién cho
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nudc, gay déc tinh man tinh déi vai con ngudi va déng
vat [3, 4].

Vat liéu khung hlu co-kim loai (Metal-Organic
Frameworks, MOFs) dudc téng hop bdi Férey va cdng
su [5], dugc dat vdi tién t6 |a "MIL" va theo sau la mot
s6, & day "MIL" la viét tat cla Materials of Institute
Lavoisier. Trong s6 cac thanh vién clia MIL, MIL-
53(Al) la mét trong cac MOFs dugc quan tam nhét
vi hiéu Ung "hit thad” [6], va c6 db bén nhiét cao,
c6 thé dat dén 500 °C [7]. MIL-53(Al) dugc khao
sat rong rdi trong linh vuc luu trir khi [6] va xt ly
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nudc [7]. Vat liéu ludng kim MIL-53(Fe, Al) cling dugc
Huang va cong su [8] diéu ché va khao sét tinh chét hap
phu clia nd déi vdi glutathione tif dung dich nudc. Két
qué cho thdy dung lugng hap phu clia MIL-53(Fe, Al)
déi véi glutathione cao hon dang ké so véi MIL-53(Fe)
hay MIL-53(Al), va chiing minh rang MIL-53(Fe, Al) vdi
lién két ludng kim loai khong phai 1 hdn hop ca hoc
don gidn cla MIL-53(Fe) va MIL-53(Al). MIL-53(Fe, Cu)
cling dugc téng hgp va Ung dung hdp phu methyl
orange [9]. Cac tac gia nay cho rang sy hap phu dat
dugc 1a do su két hgp clia Fe®* va Cu?* trong vat
liéu v&i cac phan t&r methyl orange dé tao thanh
phic chat. Do do, viéc diéu ché MOFs co thanh
phan chdta hén hgp ti hai kim loai tré 1én s& md ra
nhiéu cc héi Ung dung cla loai vat liéu mdi nay vdi
cac tinh chéat doéc dao, nhu dién tich bé mat cao,
kich thudc mao quan I6n, hiéu Ung déng van cla
thanh phéan hitu cg va kim loai trong khung mang
cla vat liéu.

Trong nghién ctru nay, vat liéu lai ludng kim MIL-53(Al,
Fe) s& dugc téng hop & cac thanh phan ti 1& mol Al/Fe
khac nhau trong hén hgp téng hap ban dau. MB va RB
duagc xem 1a cac pham nhudm mé hinh dé khao sat qua
trinh hap phu. Bong hoc va dang nhiét clia qué trinh
hdp phu MB va RB trén MIL-53(Al, Fe) cling sé& dugc
phan tich.

Thyc nghiém va phuang phap nghién clu
Héa chdt va thiét bi

Aluminium chloride (AICls, Merck, Germany), iron (lIl)
chloride hexahydrate (FeCls-6H,O, Merck, Germany),
1,4-benzenedicarboxylic acid (BDC, CgHa—1,4—(COzH),,
Acros, Belgium), N’N-dimethylformamide  (DMF,
C3H/NO,  Fisher, Korea), methylene blue (MB,
CisHigCIN3S, Merck, Germany) va rhodamine B (RB,
CosH3103NLCl, HiMedia, India) la nhiing hda chét tinh
khiét va dugc st dung ma khong can tinh ché thém.
Nhiéu xa tia X (XRD) dudc ghi trén may nhiéu xa bot
Bruker D8 Advance (Germany) vd&i buc xa Cu Ka (4 =
1,5406 A). Phé hdng ngoai (FT-IR) dudc ghi trén may Jasco
FT/IR-4600 (Japan), mau dugc phan tan trén nén KBr.
Ham lugng cac nguyén t8 c6 trong mau dugc phan tich
bang phuong phap phé tan xa nang lugng tia X (EDX)
trén may JEOL (JED-2300 AnalysisStation). Anh hién vi
dién t& quét (SEM) dugc quan sat bang may S-4800 &
dién ap 10 kV.

T6ng hap chdt hdp phu

Quy trinh t6ng hgp dugc tham khao va diéu chinh tu
cac tai liéu [10-12]. Cac budc nhu sau: HOn hop gom
AlCl3 va FeCls-6H,0 (vdi ti 1é mol xac dinh), va 0,027 mol

BDC (4,565 g) dugc hoa tan trong 80 mL DMF. Sau do,
dé toan bd dung dich vao binh Teflon c6 boc thép
(dung tich 100 mL) va dat trong tu séy & 120 °C trong 3
ngay dudi ap sudt tu sinh dé thuc hién phan Ung nhiét
dung méi. Sau do, dé€ ngudi binh phan tng, loc, 18y san
phdm ran rlra v&i methanol, séy kho, thu dugc MIL-
53(Al, Fe) mdi téng hgp. Nung MIL-53(Al, Fe) mdi t6ng
hap trong khong khi 6280 °C trong 8 gics d€ loai bd cac
dang BDC khong tham gia phan Ung, thu dugc vat liéu
MIL-53(Al, Fe) tinh khiét. S6 mol Al/Fe dugc cho vao hon
hop phédn Ung l&n lugt la 0,055/0, 0,055/0,011,
0,033/0,033, 0,011/0,055 va 0/0,055. Cac méau dugc ki
hiéu tuong Ung la AF(5/0), AF(5/1), AF(3/3), AF(1/5) va
AF(0/5).

Thuc nghiém hdp phu

M@t lugng vat liéu xac dinh, m (g), dugc cho vao V (mL)
dung dich RB (hodc MB) vai ndng dé xéc dinh (Co nam
trong khoang 0,05-0,5 mmol/L) va pH xac dinh (gia tri
pH cla dung dich dugc diéu chinh bang HCl 0,1 M hoac
NaOH 0,1 M), tién hanh khudy tU & nhiét d6 phong
(27-32 °C). Sau mét thdi gian nhét dinh, mot lugng xac
dinh dung dich dugc lay ra, loc d€ loai bd chét hdp phu,
néng dé pham nhudm con lai trong dung dich dugc xac
dinh bang phuong phap UV-Vis tai Amax = 554 nm déi
v&i RB, va tai Amax = 664 nm doi vdi MB.

Hiéu sudt hdp phu, R%, dugc tinh theo cong thic (1).

Cy—C,
Rop = Lo =€) 100 ()
Co
Dung lugng hap phu & thai diém t, g: (mmol/g), dugc
tinh theo cong thuc (2).
(CO B Ct) xV

g =t @

Dung lugng hép phu & thdi diém can bang, g. (mmol/qg),
dugc tinh theo cong thuc (3).
(CO B Ce) xV

e =—— > (3)

Trong doé: Co, Civa Ce (mmol/L) 1a ndng do clia phdm
nhudm tucng Uing ltc ban déu, & thai diém t va ltc can
bang; V (L) va m (g) lan lugt la thé tich dung dich va khéi
lugng chét hdp phu dung cho mdi lan hdp phu.

Két qua va thao luan

Tinh chdt ddc trung va kha ndng hdp phu phdm nhuém
cua vt ligu

Gian do XRD clia mau AF(5/0) cho théy cac dinh nhiéu
xa vdi 20 & 9,4, 12,4, 17,8, 25,2 va 26,8°, phu hgp vdi
XRD mo phdng cia MIL-53 tU ¢g s& dir lieu CCDC
220477 (Hinh 1a). Mac du cudng dé dinh kha thép so
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vai dit liéu mé phong, nhung cac dinh rét giéng véi mau
XRD clia MIL-53(Al) thuong mai (Sigma-Aldrich, Basolite
A100) dugc cong bé bdi Rehman va cong su [13]. DS
v&i mau AF(5/1) va AF(3/3), XRD ciing cho thay cac dinh
tuong tu nhu mau AF(5/0); Nhung dinh chinh & 20 ~
8,7° clia mau AF(3/3) c6 cudng do cao hon, trong khi
cac dinh con lai c6 cudng do thdp hon. Béi vé&i mau
AF(1/5), gidn d6 XRD quan sét théy cac dinh & 9,7, 11,0,
14,6 va 22,0° (Hinh 1b). Céac nhiéu xa nay chiing to rang
khung kim loai-hitu co d& dugc hinh thanh. Su chuyén
dich cac dinh nhiéu xa co thé 1a do viéc bS sung Fe**

vao tién chéat téng hgp da tao ra su canh tranh phdi hap
vdi cac ion APP*, do do thic ddy su phéat trién clia mot
s6 bé mat tinh thé, dan dén sy thay d&i mot phan cu
trdc tinh thé. Tuy nhién, hau nhu khéng co dinh nhiéu
xa nao trén gian do XRD clia mau AF(0/5). Ly do c6 thé
la do ty Ié mol Fe(lll)/BDC va nhiét dé téng hgp trong
nghién clu nay khong phu hgp cho su hinh thanh cau
trdc MIL-53 [14]. DU liéu XRD trong pham vi 20 tU 5
dén 70° cling xac nhan rang khéng co su hinh thanh
pha tinh thé cla cac dang kim loai trong céac san
pham thu dugc.
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Hinh 1: Gian do XRD: a) Mau AF(5/0), AF(5/1) va AF(3/3), b) Mau AF(1/5) va AF(0/5); Phd FT-IR: ¢) M&u AF(5/0),
AF(5/1) va AF(3/3), d) Mau AF(1/5) va AF(0/5); PhS EDX (e) va anh SEM (f) ciia mau AF(1/5)

PhéS FT-IR clia mau AF(5/0) (Hinh 1c) cho thdy mét dai
dao déng réng tap trung & 3439 cm™ chd yéu do dao
déng hoa tri cia nhém hydroxyl cé trong vat liéu [15].
Dao dong ctia nhém chic carboxyl clia lién két hitu co
xay ra trong khoang 1700-1400 cm™. Cac dinh & 1616,
1509 va 1416 cm™ tudng Ung vdi cac dao déng hoa tri
béat ddi xing va déi xiing cia nhém -COO™. Cac dai dao
déng nay cho thay lién két phdi hgp ciia nhdm -COO~
vdi cac trung tam kim loai Al, diéu nay lam sang to cau
tric ctia MIL-53(Al) [12], [15], [16]. Binh hap thu yéu &
1700 cm™ dugc cho la do dao déng hda tri cia nhém
C=0 cla céc phéan t& BDC ty do gan bén trong mao
quan cla céu trdc & dang proton hda (—CO.H) [12].

Ngoai ra, cac dinh hap thu trong khodng 755 dén 995
cm™" thudc vé dao dong hoa tri clia C—H, chi ra su hién
dién clia cau tric vong benzene trong vat liéu. Binh dao
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doéng trong viing séng thap 479-593 cm™ 1a do sy hién
dién clia AI-O trong MIL-53(Al) [16]. C6 thé théy rang
cac dao dong dic trung trén phd FT-IR clia mau AF(5/1),
AF(3/3) va AF(1/5) tuong tu nhu clia mau AF(5/0) (Hinh
1c, d), nhung cudng dé gidm dan, chi ra rang céu tric
MIL-53 hinh thanh gidm khi tding dan ham lugng sat
trong hén hap phan Ung. BEi vai mau AF(0/5) (Hinh 1d),
cudng dé cac dai hdp thu trong ving 1700-1400 cm™
la r&t thdp, cho thdy rang cdu trac khung MIL-53 chi
duagc hinh thanh kém & diéu kién téng hop nay. Két qua
nay clng phtu hop vdéi cac gidn dd XRD dugc trinh bay
trong Hinh 1a, b.

Thanh phan nguyén t& ciia mau AF(1/5) da dugc phan
tich bang EDX (Hinh 1e). Cac nguyén t6 chinh c6 trong
vatliéu la C, O, Al va Fe. Bang chui y, ty 1& s6 mol Al/Fe
trong vét liéu téng hop (xap xi 1/2) I16n hon nhiéu so vdi
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ty |é khi dugc dua vao hdn hgp phan ting (ty 1 nay trong
hdén hap phan Ung 1a 1/5). Biéu nay chiing minh rang
kim loai nhdm cé kha ndng tao thanh khung hiiu ca-kim
loai cao hon kim loai sat trong diéu kién t6ng hop nay.
Anh SEM cho thay vat liéu AF(1/5) bao gdm cac khdi
hinh try tron cé kich thudc khodng 1 pum xuét hién xen
k& v&i cac hat nhd hinh cau (Hinh 1f).

Hiéu sudt h&p phu RB va MB trén cac mau vét liéu dugc
trinh bay & Hinh 2. Nhin chung, cac mau déu co i luc
hap phu MB cao han so vdi RB. Hinh 2 ciling cho thay
sy tadng ham lugng Fe trong vat liéu lai MIL-53(Al, Fe)
cling thuc day khad nang hdp phu RB. Nguyén nhan cé
thé 1a do kha nang tao phuc cao clia Fe**ddi vai RB [9].
PGi vai mau AF(0/5), hiéu suat dat dugc 1a thap nhat,
nguyén nhan dugc cho la do &nh hudng clia cau tric
vat liéu. Trong do, hiéu hép phu cla ca RB va MB trén
mau AF(1/5) 1a cao nhat va gan bang nhau. Diéu nay chi
ra rang vat liéu MIL-53(Al, Fe) dugc téng hop vai ti 1é
mol Al/Fe = 1/5 trong diéu kién nay la thich hop dé tao
ra vét liéu c6 éi luc hdp phu cao cho ca RB va MB. Do
do, mau AF(1/5) dudc lya chon dé thuc hién cho cac thi
nghiém tiép theo.

120 [ RE [ MB

100 - 95 97 0

og 100

80 4

52
& 60
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Hinh 2: Hiéu suét hdp phu RB va MB clia cac mau vat

liéu (Biéu kién thuc nghiém: m = 0,05 g; V = 50 mL; Co

(RB) = 0,05 mmol/L; Co (MB) = 0,05 mmol/L; pH = 7; t

=120 phdt; nhiét d6 moi trudng; Méi thi nghiém duac
13p lai ba lan)

Béng hoc hdp phu

Hinh 3a biéu dién dung luong hap phu clia AF(1/5) doi
véi MB va RB theo thdi gian hédp phu. Co thé théy rang
qua trinh hdp phu MB x3y ra r&t nhanh va dat trang thai
can bang ngay sau khi tiép xic. Béi véi RB, dung luong
hép phu tdng nhanh trong khodng 20 phit déu, sau do,
tdng cham dén 60 phut, va gilr gan nhu khéng déi dén
120 phut tiép xtc. Nhu vy, thai gian can thiét dé qué
trinh h&p phu dat dén trang thai can bang la khoang 60
phut déi vai RB.

—issue 2 (2026) 130-135

Hai mé hinh dong hoc hdp phu thusng dugc st dung
dé danh gia di liéu thuc nghiém 1a mé hinh déng hoc
biéu kién bac nhat va dong hoc biéu kién bac hai
(phuong trinh 4 va 5) [17].
In(ge —q,) =Ing, —k; Xt 4
t 1 1

—= +—xt 5
a k,xq5 q, ©)

Trong do: ki (phut™) va k> (g-mmol~"phit™) tuong Ung
la hang s6 t6c d6 ctia mé hinh déng hoc hap phu biéu
kién bac nhat va béac hai, g1 va g. (mmol/qg) la dung
lugng hap phu cuc dai tudng Ung véi mdi mo hinh.
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Hinh 3: a) Anh hudng cua thdi gian tiép xtc (Diéu kién
thuc nghiém: m = 0,03 g; V =100 mL; Co (MB) = 0,1
mmol/L; Co (RB) = 0,05 mmol/L; pH = 7; nhiét dé mai
trusng); b) Anh hudng clia ndng doé ban déau (Piéu
kién thuc nghiém: m =0,02g; V=50mL pH =7t =
120 phut; nhiét dé maéi trudng; Mai thi nghiém ducc
13p lai ba l&n)

Cac két qua trinh bay trong Bang 1 cho théy rang qué
trinh hdp phu MB va RB trén AF(1/5) tuan theo phuong
trinh biéu kién bac hai, vi gia tri hé s6 xac dinh (R%) xap
xi bang don vi va gia tri g» gan giéng vdéi dung lugng
hap phu can bang thuc nghiém, ge. Ngoai ra, dua vao
gia tri ko, c6 thé thédy rang t6c d6 clia qua trinh hdp phu
MB xay ra nhanh hon déng ké so v&i RB. Diéu nay hoan
toan phu hgp vdi két qua quan sat dugc & Hinh 3a.
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Bang 1: Thong s6 déng hoc clia qua trinh hdp phu MB va RB trén mau AF(1/5)

DPong hoc biéu kién bac nhat

DPong hoc biéu kién bac hai

~ qe
nphhuaér:n k‘\ q1 ¥ kz qZ RZ
: (mmol/g) (phut™ (mmol/q) (g/mmol-phut) (mmol/q)
MB 0,3312 0,0251 0,0042 0,5184 32,9917 0,331 1,0000
RB 0,1496 0,0292 0,0885 0,9797 0,7778 0,1564 0,9954
Bdng nhiét hdp phu cac qua trinh hdp phu. Tuy nhién, mé hinh Langmuir

Hinh 3b cho thdy dung lugng hdp phu can bang MB
tang manh trong khoang ndng dé ban dau tir 0,15 dén
0,35 mmol/L, sau do dat b&o hoa va chi tdng nhe trong
khodng néng dé ban dau 0,35-0,5 mmol/L. B&i RB,
dung lugng hédp phu can bang tang déu khi nong do
ban dau tdng dan tur 0,05 dén 0,4 mmol/L.

Trong phan nay, mé hinh dang nhiét Freundlich va
Langmuir dugc sit dung dé phan tich dir liéu thuc
nghiém dang nhiét hdp phu MB va RB trén mau AF(1/5).
Hai m6 hinh dang nhiét dugc mé t& theo phuaong trinh
(6) va (7) [17].

1
lnqe=anF+Z><lnCe (6)
Ce 1 X Co + 7)
qe dm ¢ Kqum

Trong dé: g. (mmol/g) 1a dung lugng hédp phu can bang,
Ce (mmol/L) la ndng do cla chét bi hép phu tai thdi
diém can bang, gm (mMmol/g) 1a dung lugng hap phu cuc
dai don 16p, K (L/mmol) la hang s6 hdp phu Langmuir,
Kr va n la cac hang s6 hap phu Freundlich.

Quaé trinh hap phu c6 cac théng s6 dac trung thuan Idi,
cu thé 1a thong s6 can bang khéng tha nguyén, R, déi
vGi phuong trinh dang nhiét Langmuir va n déi vdi
phuang trinh déng nhiét Freundlich. R, = 1/(1 + K.Co),
trong do K 1a hang s6 Langmuir va Co la néng dé ban
dau cla chat bi hdp phu trong dung dich. Gia tri cta R
cho biét loai dudng dang nhiét 1a khong thuan nghich
(R = 0), thuan Igi (0 < R < 1), tuyén tinh (R, = 1) hodc
khong thuéan Igi (R > 1); DS 16n clia s6 mi n cho biét
muc dd thuan Igi cia qué trinh hap phu. Ngusi ta
thuong cho rang céc gia tri n trong khoang 2-10 thé
hién dac tinh hadp phu tét, 1-2 thé hién muc dd khé
trung binh va nhd hon 1thé hién dac tinh hdp phu kém
[18]. Bang 2 liét ké két qua xac dinh cac thdng s6 dang
nhiét. Cac gia tri R, dugc xac dinh ndm trong khoang
0,04-0,12 déi vai MB va 0,23-0,71 déi vdi RB; gia tri n
tuong Ung la 3,1437 va 2,3414 (Bang 2), cho thdy quéa
trinh hdp phu xay ra thuén Igi. Gia tri R? cao cling chi ra
rang ca hai mé hinh dang nhiét déu thich hop dé moé ta
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thich hop hon dé mé ta cho qué trinh hép phu MB,
Nnguac lai, qué trinh hdp phu RB thich hgp han véi mé
hinh Freundlich. Biéu dé chi ra rang qué trinh hp phu
MB uu tién xdy ra theo kiéu don I8p, trong khi, kiéu da
I&p lai wu tién cho qua trinh hdp phu RB.

Bang 2: Cac théng s6 dang nhiét clia qua trinh hap
phu MB va RB trén mau AF(1/5)

. Phdm nhuém
M hinh Zgong — oM NAYO =
K 47,6056 8,3084
Gm 0,8369 0,3991
Langmuir
R 0,9947 0,8421
R 0,04-0,12 0,23-0,71
Kr 1,4103 0,4678
Freundlich n 3,1437 2,3414
R 0,8517 0,9131

Bang 3: So sénh dung lugng hédp phu ctia cac chét hap
phu khéc nhau déi véi MB va RB

Dung lugng hép

Chat hap phu phu (Mg/q) TLTK
MB RB
MIL-53(A, Fe) 2677 1912 Nghien
cuu nay
Biocarbon 85 43 [4]
Cu-BTC 39,674 - [19]
Modified biochar 50,27 - [22]
Ch|tosan/act|vat§d 15837 23]
carbon@curcumin
RM-MIL-53(Fe) 167,8 - (171
Uio-67 - 50,5 [20]
UiO-66 - 30,69  [20]
MIL-101(Fe) - 186,6  [20]
MIL-101(Cr) - 42,07  [20]
MIL-101-NDC - 98,3 [21]
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Dung lugng hap phu cuc dai dan I6p clia MB va RB trén
AF(1/5), dugc xac dinh ti dudng dang nhiét Langmuir,
[an luat la 0,8369 va 0,3991 mmol/g (tuong ducng Vdi
267,7 va 191,2 mg/g). Badng 3 so sanh dung luong hép
phu clia vét liéu MIL-53(Al, Fe) vdi cac chét hdp phu khac
ddi vé&i MB va RB. R6 rang la vat liéu MOF ndi chung va
MIL-53(Al, Fe) c6 kha néng hap phu tuyét vai déi vdi ca
MB va RB. Bang chu y la vat liéu lai ludng kim loai MIL-
53(Al, Fe) co kha nang hép phu cao hon dang ké so vdi
mét s6 vat liéu MOF don kim loai, nhu Cu-BTC [19], RM-
MIL-53(Fe) [17], MIL-101(Fe) va MIL-101(Cr) [20], MIL-101-
NDC [21].

Két luan

Trong nghién cltu nay, vat liéu lai ludng kim MIL-53(Al,
Fe) d& dudc téng hap thanh cong va Ung dung dé hdp
phu phdm nhuém MB va RB trong dung dich nudc. Cac
nghién ctu dac trung vét liéu cho thdy cdu tric khung
kim loai-httu co van dugc hinh thanh & ti 1é mol Al/Fe =
1/5 trong hén hgp t6ng hgp ban dau. O 7 1é nay, vat
liéu MIL-53(Al, Fe) thu dugc co &i luc hdp phu tét déi véi
cad MB va RB. Qué trinh hdp phu MB va RB trén MIL-
53(Al, Fe) tuan theo mo hinh déng hoc hédp phu biéu
kién bac hai; va ca hai mé hinh dang nhiét hap phu, gom
Langmuir va Freundlich, déu mé ta t&t cac qué trinh hap
phu. Dung lugng hap phu cuc dai don 18p cha vat liéu
déi véi MB va RB cao, gié tri tuong Ung la 0,8369 va
0,3991 mmol/g. Do dé, vét liéu nay cé thé dugc xem Ia
moét chédt hdp phu tiém nang trong xr ly méi trudng
nudc bi 6 nhiém bdi phdm nhudm.

Tai liéu tham khao

1. D. Dai, H. Liang, D. He, H. Potgieter, M. Li, J. Solgel Sci.
Technol, 97(2) (2027 329-339.
https://doi.org/10.1007/510971-020-05452-3

2. S.J. Allen, G. Mckay, J.F. Porter, J. Colloid Interface Sci,,
280(2) (2004) 322-333.
https://doi.org/10.1016/j jcis.2004.08.078

3. T.R.B. Barros, T.S.B. Barbosa, T.L.A. Barbosa, M.G.F.
Rodrigues, Catal. Res, 3(1) (2023) 1-20.
https://doi.org/10.21926/cr.2301010

4. R. Wolski, A. Bazan-Wozniak, A. Nosal-Wiercinska, R.
Pietrzak, Molecules, 29(17) (2024) 4022.
https://doi.org/10.3390/molecules29174022

5 G. Férey, Chem. Soc. Rev, 37(1) (2008) 191-214.
https://doi.org/10.1039/B6183208

6. TK. Trung, P. Trens, N. Tanchoux, S. Bourrelly, P.L.
Llewellyn, S. Loera-Serna, C. Serre, T. Loiseau, F. Fajula,
G. Férey, J. Am. Chem. Soc. 130(50) (2008) 16926-
16932. https://doi.org/10.1021/ja8039579

10.

n

12.

13.

4.

15.

6.

17.

18.

19.

20.

21.

22.

23.

D.V. Patil, P.B.S. Rallapalli, G.P. Dangi, R.J. Tayade, R.S.
Somani, H.C. Bajaj, Ind. Eng. Chem. Res., 50(18) (2017)
10516-10524. https://doi.org/10.1021/ie200429f

D. Huang, Y. Liy, Y. Liy, D. Di, H. Wang, W. Yang, New
J. Chem,, 43(19) (2019) 7243-7250.
https://doi.org/10.1039/C9NJ00433E

X. Yang, C. Wang, B. Zhou, S. Cheng, J. Anal. Methods
Chem.,, (2023) 1-13. https.//doi.org/10.1155/2023/9985984

JJ. Dy, Y.P. Yuan, J.X. Sun, F.M. Peng, X. Jiang, L.G. Qiuy,
Al Xie, Y.H. Shen, JF. Zhu, J. Hazard. Mater., 190(1-3)
(201 945-951.
https://doi.org/10.1016/j jhazmat.2011.04.029

E. Rahmani, M. Rahmani, Ind. Eng. Chem. Res., 57(1) (2018)
169-178. https://doi.org/10.1027/acs.iecr.7b04206

T. Loiseau, C. Serre, C. Huguenard, G. Fink, F. Taulelle, M.
Henry, T. Bataille, G. Férey, Chem. - Eur. J., 10(6) (2004)
1373-1382. https://doi.org/10.1002/chem.200305413

T.U.Rehman, S. Agnello, F.M. Gelardi, M.M. Calvino, G.
Buscarino, M. Cannas, J. Phys.: Condens. Matter, 36(31)
(2024) 315401 https://doi.org/10.1088/1361-
648X/ad43a4

P.D. Du, HT. Danh, P.N. Hoai, NM. Thanh, V.T.
Nguyen, D.Q. Khieu, J. Chem. (2020) 1-13.
https://doi.org/10.1155/2020/1474357

M. Majumder, R.B. Choudhary, AK. Thakur, A.
Khodayari, M. Amiri, R. Boukherroub, S. Szunerits,
Electrochim. Acta, 353 (2020) 1366009.
https://doi.org/10.1016/j.electacta.2020.136609

JF Ly, J.C My, RX.Qin, SF.Ji, Pet. Sci., 16(4) (2019)
901-911. https://doi.org/10.1007/512182-019-0334-6

S. Wu, X. Wang, Y. Ma, L. Ma, ACS Omega, 11(10) (2026)
16128-16140. https;//doi.org/10.1021/acsomega.5c11138

O. Hamdaoui, E. Naffrechoux, J. Hazard. Mater,, 147(1-2)
(2007) 381-394. https;//doi.org/10.1016/j jnazmat.2007.01.021

Y. Li, C. Gao, J. Jiao, J. Cui, Z. Li, Q. Song, ACS Omega,
6(49) (2027 33961-33968.
https://doi.org/10.1021/acsomega.1c05299

S. Jiang, L. Xu, Y. Lyuy, J. Zhang, F. Wu, X. Zhang, W.
Xiong, B. He, H. Yi, Sep. Purif. Technol, 363 (2025)
132056. https://doi.org/10.1016/j.seppur.2025.132056

KMV. Nguyen, AV.N. Phan, N.T. Dang, T.Q. Tran, HK.
Duong, H.N. Nguyen, M.V. Nguyen, Mater. Adv., 4(12)
(2023) 2636-2647. https;//doi.org/10.1039/D3MAQ0123G

J.Wang, Y. Tan, H. Yang, L. Zhan, G. Sun, L. Luo, Sci.
Rep., 13(1) (2023) 21174.
https://doi.org/10.1038/541598-023-48373-1

AA. Kouzoutzoglou-Efremidou, AK. Tolkou, KN.
Maroulas, R.I. Kosheleva, I.A. Katsoyiannis, G.Z. Kyzas,
Langmuir, 41(5) (2025) 3603-3622.
https://doi.org/10.1021/acs.langmuir.4c04769

https://doi.org/10.62239/jca.2026.035
135


https://doi.org/10.1007/s10971-020-05452-3
https://doi.org/10.1016/j.jcis.2004.08.078
https://doi.org/10.21926/cr.2301010
https://doi.org/10.3390/molecules29174022
https://doi.org/10.1039/B618320B
https://doi.org/10.1021/ja8039579
https://doi.org/10.1021/ie200429f
https://doi.org/10.1039/C9NJ00433E
https://doi.org/10.1155/2023/9985984
https://doi.org/10.1016/j.jhazmat.2011.04.029
https://doi.org/10.1021/acs.iecr.7b04206
https://doi.org/10.1002/chem.200305413
https://doi.org/10.1088/1361-648X/ad43a4
https://doi.org/10.1088/1361-648X/ad43a4
https://doi.org/10.1155/2020/1474357
https://doi.org/10.1016/j.electacta.2020.136609
https://doi.org/10.1007/s12182-019-0334-6
https://doi.org/10.1021/acsomega.5c11138
https://doi.org/10.1016/j.jhazmat.2007.01.021
https://doi.org/10.1021/acsomega.1c05299
https://doi.org/10.1016/j.seppur.2025.132056
https://doi.org/10.1039/D3MA00123G
https://www.google.com/search?q=https%3A%2F%2Fdoi.org%2F10.1038%2Fs41598-023-48373-1
https://www.google.com/search?q=https%3A%2F%2Fdoi.org%2F10.1021%2Facs.langmuir.4c04769


  R % =    (   C 0 −   C e )    C 0 × 100


    q t =    (   C 0 −   C t ) × V  m


    q e =    (   C 0 −   C e ) × V  m


   ln ⁡   (   q  e −   q  t ) =  ln ⁡    q 1 −   k 1 × t


    t    q  t =  1    k 2 ×   q 2 2 +  1    q 2 × t


   ln ⁡    q e =  ln ⁡    K F +  1  n ×  ln ⁡    C e


      C e    q e =  1    q m ×   C e +  1    K L ×   q m



