BO GIAO DUC VA PAO TAO VIEN HAN LAM KHOA HOC
VA CONG NGHE VIET NAM

HOQC VIEN KHOA HQC VA CONG NGHE

NGUYEN BA MANH

TONG HQP VAT LIEU TREN CO SO KHUNG CO KIM Me-
BTC UNG DUNG TRONG XU LY DU LUQNG
TETRACYCLINE VA HAP PHU KHI H.S, CO;

TOM TAT LUAN AN TIEN ST KHOA HQC VAT CHAT
Nganh: Héa Iy thuyét va héa ly
Mai s6: 9.44.01.19

Ha Ngi — 2025




Cong trinh dugc hoan thanh tai: Hoc vién Khoa hoc va Cong nghé,

Vién Han 1am Khoa hoc va Cong nghé Viét Nam.

Nguoi huéng dan khoa hoc:
1. PGS.TS. Poan Lé Hoang Tan- Pai hoc Qudc gia TP H6 Chi Minh
2. TS. Pham Thi Lan- Vién Khoa hoc Vit liéu

Phan bi¢n 1: GS.TS. Vii Thi Thu Ha
Phan bién 2: TS. Tran Quang Vinh

Luén an duoc bao vé trudc Hoi d@)ng danh gia ludn 4n tién si cép Hoc
vién hop tai Hoc vién Khoa hoc va Céng nghé, Vién Han 1am Khoa
hoc va Cong nghé Viét Nam vao hdi 9 gio 0°, ngay 14 thang 11 nim
2025

C6 thé tim hiéu Luan 4n tai thu vién:
1. Thu vién Hoc vién Khoa hoc va Cong nghé

2. Thu vién Quéc gia Viét Nam




MO PAU

1. Tinh cép thiét cia luin n

Hién nay, chat lwong khong khi & cac thanh phd 16n dang bi 6 nhiém
nghiém trong do sy phat thai khi CO, CO,, H3S, SOy, NOx va bui min
(PM10, PM2.5) qua mirc. Nhidu qubc gia di ting cudng sir dung cic ngudn
ning luong xanh, sach hon dé giam lugng phat thai cac khi giy 6 nhiém
khong khi nhu ning lugng méit troi, nang lugng gid, khi hoéa long (LPG)
hodc khi ty nhién nén (CNG). Trong d6, CNG véi thanh phan chi yéu la
methane, qué trinh chay trong dong co c6 thé lam giam phat thai dén 70%
luong khi thai ra méi truong so véi nhién li€u xang twong ng. Tuy nhién,
dé CNG xanh, sach hon thi van d¢ tién quyét 1 can phai lam “ngot” bang
cach loai bo céac khi ¢6 tinh acid nhu CO, va H2S. Cac khi CO; va dic biét
H,S trong khi tu nhién 1am ngd doc chit xtic tac, gy an mon thiét bi va anh
huéng 16n dén qua trinh van hanh. Trong cac phuong phap dugc sir dung,
hép phu khi acid bang vat liéu khung co kim (MOF) mang lai hiéu qua vuot
trdi so voi cac phuong phép khac do MOF c6 dién tich bé mat riéng cao,
thé tich mao quan 16n va dic biét 1a kich thuéc mao quan pht hop dé hap
phu khi trong diéu kién moi truong. Trong cac hé vat licu MOF, Me-BTC
(Me: kim loai, BTC: acid trimesic) dugc xem la vat li€éu c6 kha nang hép
phu khi CO; ¢ diéu kién méi trudong tdt nhit, do Me-BTC (Cu-BTC) c6
kich thuéc mao quan gdm kénh tir dién (5 A) va kénh hinh vudng (9 A) gan
v6i duong kinh dong hoc cuia cac khi acid, gitip ting cudng kha ning hap
phu khi acid & diéu kién méi trudng. Tuy nhién, Me-BTC khong on dinh
trong moi truong c6 do am cao, kha nang ung dung thuc té bi han ché do
cac phén tir hoi nude tan cong vao cac vi tri phéi tir kim loai-oxy, din dén
céu trac Me-BTC d& bj ph4 huy.

Mot van dé khac dugc cic nha nghién ctru trong nudc dic biét quan tim
hién nay 14 6 nhiém méi truong nude kha nghiém trong do du lugng khang
sinh (DLKS). Do thudc khang sinh khong duge xir 1y hodc xir 1y khong triét



dé 1am phat thai ra moi truong nudc, gay 6 nhiém ngudn nudc ngam, song,
hd, nudc bién va co thé di vao thuc pham. DLKS trong ngudn nude c6 thé
dan dén sy hinh thanh va phaét trién cac chung vi khuan khang khang sinh,
de doa dén hiéu qua diéu tri coa thube khéng sinh cho con nguoi va lam
mét cin bang h¢ sinh thai. Thudc khang sinh trong nudc rat bén, on dinh
nén rat khé duoc tach bang phuong phéap loc hay phan hay sinh hoc. Cong
nghé quang xic tac trong xir 1y cac chét hitu co doc hai nhu DLKS dugc
xem la phuong phép than thién véi méi truong, khong gay 6 nhiém thir cap,
6 thé tai ché, co hiéu qua va do chon loc cao vai chi phi thap va dé van
hanh. Tuy nhién, cac chét xiic tac quang thudng c6 ning luong ving cam
cao, dién tich bé mat riéng théip va hoat dong thiéu 6n dinh. Dé khic phuc
cac nhuoc diém ké trén, cac chit xic tic quang so d Z (Z-Scheme) di
dugc tong hop voi nhiéu vu diém vuot trdi so voi chét xic tac quang loai p-
n truyén thong nhu (i) bao toan dong thoi tinh khir va oxi hoa cia cac chat
ban dan, (ii) mé rong kha niang hip thu ving anh sang kha kién; (iii) hiéu
sudt phan tach dién tich va 15 tréng hiéu qua; (iv) ngan chan kha ning tai to
hop cua dién tir va 18 tréng quang sinh; (v) rat ngin khoang cach vén
chuyén dién tich do qua trinh truyén dién tich kép. Nhu vdy, vat liéu khung
co kim trén co s& Me-BTC dugce bién tinh v&i cac chdt ban dan nhu
AgsPO, graphitic carbon nitride (g-CsN4 hoic GCN), ZnO, TiOs, ... dé
hinh thanh chét xtc tic quang so do Z ¢ hiéu qua xir Iy thudc khang sinh
vuot trgi. Tuy nhién, cac chit ban dan so dd Z van ton tai nhugce diém la
kha nang phan tach va truyén dién tich bi han ché do su tuong tac cla cac
pha ban dan thiéu gin két. Ngoai ra, Me-BTC thuong dugc téng hop voi
cac dung moi doc hai, chi phi cao, gdy 6 nhiém méi trudng nhu methanol
(MeOH), dimethylformamide (DMF), trong thoi gian dai (24 —72 gio) va &
nhiét d6 cao (150-200 °C). Do d6, nghién ctru nay ché tao vt liéu Me-BTC
bén trong moi trudng c6 do 4m cao, khong sir dung dung mdi hitu co doc
hai, giam thoi gian két tinh, tng dung dé hap phu khi acid. Hon nita, Me-
BTC duoc bién tinh véi GCN va AgsPOs két hop chdm luong tir carbon
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(CQD) dé tang cuong kha ning gan két, truyén va tach dién to, img dung
trong xtr Iy DLKS. Chinh vi vay, d¢ tai “Tong hop vit liéu trén co so khung
co kim Me-BTC irng dung trong xir Iy dw lwong tetracycline va hdp phu khi
H,S, CO,” c6 ¥ nghia khoa hoc thuc tién cao.

2. Muc tiéu nghién ctru cia luan an

Téng hop duoc cac hé vat liéu composite GCN/Me-BTC (Me: Fe, Cr,
Cu, Co, Mn, va Ni), GCN/FeNi-BTC/CQD, AgsPO4/GCN/FeNi-BTC/CQD
Gmg dung lam chat xc tic quang xir Iy hidu qua thudc khang sinh
tetracycline trong moéi treong nudce.

Téng hop duge vat liéu M-Cu-BTC-Il (M: Mg, Fe, Ni, Co, Mn, Zn va
Zr; II: isopropanol va imidazole) tmg dung lam chat hap phu khi acid (CO2
va H3S) hiéu qua cao.

3. Ngi dung nghién ciru ciia lugn dn

Nghién ciru tng hop va dic trung cac vat lisu GCN/Me-BTC (Me: Fe,
Cu, Ni, Co, Mn va Cr), GCN/FeNi-BTC/CQD, AgsPO4/GCN/FeNi-BTC/
CQD (AGF-CQD) va M-Cu-BTC (M = Mg, Fe, Ni, Co, Cu, Mn, Zn va Zr)
duogc bang phuong phap thity nhiét két hop vi séng.

Nghién ctru danh gia kha ning phan hiy thudc khang sinh tetracycline
trong mdi truong nudc cua cac vat lidu tong hop dugc. Nghién ciiu cac yéu
t6 anh hudng dén hiéu qua qua trinh quang xtc tac nhu ndng d6 thudc khang
sinh tetracycline ban dau, pH va khéi lwong cua chét xtc tac. Panh gia vai
trd cuia cac gc phan tung nhu h*, ‘Oz va "OH, dwa trén co so phan tich dién
hoa va vai trd cua cac goc phan (ng, nghién ciu xay dung cau tric dai vat
liéu (structure band).

Panh gia kha nang hap phu khi CO,, H,S, CHs, N, cua vat ligu M-Cu-
BTC-II va anh hudng cua nhiét d6 dén kha niang hap phu khi CO,, H.S.
Nghién ctru d& xuét co ché phan tng va danh gia do 6n dinh hap phu khi CO;
sau cac chu ky khac nhau.

4. Bo cuc cua luin an
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Ludn 4n bao gom 132 trang, 97 hinh v&, 28 bang biéu va 222 tai liéu
tham khao. B4 cuc ludn 4n bao g@)m cac phﬁn nhu sau: mé dau, 3 chuong
ndi dung va két luan. Nhimg dong gop mai cta luan an duge cong bd trén
04 bai bao co uy tin trén cac tap chi SCIE (Q1).

CHUONG 1. TONG QUAN

Chuong 1 dugc trinh bay trong 30 trang, trong d6 gidi thidu téng quan
vé chét xuc tac quang so dd Z, MOF tng dung trong xir Iy méi truong nudc
va khi, tong hop MOF bang phuong phap thily nhiét két hop vi song, cac hé
vat liéu AgsPO4, GCN, CQD, Fe-BTC va Cu-BTC.

CHUONG 2. THUC NGHIEM

Chuong 2 duoc trinh bay trong 14 trang bao gom:
2.1. Hoa chat va thiét bj
2.2. Quy trinh thuc nghiém téng hop vat ligu

Quy trinh tong hop vat liéu GCN, CQD va AgsPO,

Quy trinh téng hop GCN/Me-BTC (Me: Fe, Cu, Ni, Co, Mn va Cr).

Quy trinh tong hop vt liéu GCN/CQD/FeNi-BTC

Quy trinh tong hgp AgsPOJ/GCN/FeNi-BTC/CQD (AGF-CQD)

Quy trinh tong hop vét liéu Cu-BTC-11 va M-Cu-BTC-II
2.3. Cac phwong phap dac trung vat li¢u

Dic trung cac tinh chit héa 1y cua vat liéu bao gdm XRD, FTIR, EDS,
XPS, BET, SEM, TEM, céac phuong phap quang dién hoa (UV-Vis DRS,
PL, Photocurent, Mott-Schottky, EPR va EIS).

2.5. Panh gia hiéu qua cuaa vit li¢u

Panh gia hoat tinh ctia cac vat liéu GCN, CQD, AgsPO., GCN/Me-
BTC, GCN/CQD/FeNi-BTC, AgsPO./GCN/FeNi-BTC/CQD trong qua
trinh xir Iy thudc khang sinh tetracycline trong méi truong nuéc.

Danh gi4 kha nang hap phu khi CO2, H,S, CHa, N ciia vat liéu M-Cu-BTC-II
va anh huong caa nhiét do dén kha nang hap phu khi CO, H,S.

CHUONG 3. KET QUA VA THAO LUAN

Chuong 3 duoc trinh bay trong 84 trang bao gdm:
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3.1. Pic trung tinh chit va ing dung cia GCN/Me-BTC trong xir ly
tetracycline va hip phu CO;
3.1.1. Céc két qud dic trung ciia vit ligu GCN/Me-BTC
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Hinh 3.1. Gian d6 XRD (A) va pho FTIR (B) cua vat liéu GCN va
GCN/Me-BTC

Gian d6 nhiéu xa tia X (XRD) cua vat liéu GCN va GCN/Me-BTC duoc
trinh bay trong Hinh 3.1A. Gian d¢6 XRD cua vat liéu GCN/Fe-BTC xuit
hién cac peak ¢ 20 ~ 7,16° 8,02° 10,96° 11,22° 14,77° 19,06° 20,10°,
24,28° va 27,98° dac trung cta pha Fe-BTC [108]. Vit liéu GCN/Cu-BTC,
xudt hién cic peak & 20 ~ 6,62° 9,48°, 11,60°, 13,35°, 15,0°, 16,50°, 17,47°
va 19,06° dic trung ctua pha Cu-BTC [111]. Céc peak & 26 ~7,28°, 10,93,
14,63°, 18,33° va 22,30° duoc gan cho cac dic trung ctia pha Co-BTC duoc
quan sat thiy trong gian d6 XRD ctiia GCN/Co-BTC [112]. Gian dd XRD
ctia vat lidu GCN/Ni-BTC xuat hién cac peak ¢ 20~7,31°, 10,90°, 13,19°,
14,73° 16,84°, 18,37° va 22,51° dic trung cua pha Ni-BTC [113-115]. Vat
liéu GCN/Mn-BTC, céac peak ¢ 26 ~7,07°, 10,31°, 11,66°, 14,43° va 20,87°
dic trung cho céu tric cia pha Mn-BTC [116-118]. Gian d6 XRD cua
GCN/Cr-BTC xuét hién cac peak dac trung cua Cr-BTC ¢ 20 ~ 6,49°,
10,96°, 14,80°, 19,10°, 20,15°, 24,31° va 27,99° [119-121].
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Ph XPS Fe 2p cia vat liéeu GCN/Fe-BTC (Hinh 3.4A) c6 cic ning
luong lién két Fe?* (711,15 eV va 723,85 eV), Fe** (713,39 va 726,00 eV),
Fe—N (708,10 eV) va satellite (717,51 va 730,90) [127]. Phd Cu 2p XPS
cua vét lieu GCN/Cu-BTC (Hinh 3.4B) thé hién cac dinh nang lugng lién
két ciia Cu* (934,86 va 953,92 eV), Cu?* (935,91 va 955,72 eV), Cu-N
(932,14 eV) va satellite (940,95, 944,69 va 963,91 eV) [109].

(A) GCN/Fe-BTC Fe2p (B) GCN/Cu-BTC CUZFiZZp (C) GCN/Co-BTC c 200 2p
= Fe2p,, Fe2p,,, ’5 ’5 02Py)
3 S S )

“6’_ ;8 :g Co2pg;,
'g, o o
& g Cu2pg, g
’g > >
3 o o

720 730 720 710 960 950 940 930 810 800 790 780

Ning lweng lién két (eV) Ning lweng lién két (eV) Ning lwong lién két (eV)

(D) GCN/Ni-BTC Ni Ni2p| _ [(E) GCN/Mn-BTC Mn2p (F) GCN/Cr-BTC Cr2p
—~ = ~~
3 < Mn2p,,| S Cr2p,,
< g <
:c_; ;g ; Cr2py,

S o Mn2p;, S
o < o
g 2 5
'S ) 'S
O o
890 880 870 860 850 660 654 648 642 505 500 585 580 575
Nang lwong lién két (eV) Nang lwong lién két (eV) Nang lwong lién két (eV)

Hinh 3.4. Phd XPS phan giai cao Fe 2p (A), Cu 2p (B), Co 2p (C), Ni 2p
(D), Mn2p (E) va Cr (F) cta vat liéu GCN/Me-BTC

Pho XPS Co 2p cua vat liéu GCN/Co-BTC thé hién cac dinh ning luong
lién két ciia Co?* (781,51 va 797,58 eV), Co®* (784,35 va 801,95 eV), Co—
N (777,41 eV) va satellite (786,97 va 805,47 eV) (Hinh 3.4C) [122]. Hinh
3.4D, cic nang luong lién két cua Ni%* (856,27 va 873,97 eV), Ni** (860,09
va 878,14 eV), Ni-N (853,56 eV) va satellite (862,77 va 881,72 eV) cua
vat liéu GCN/Ni-BTC [127]. Pho Mn 2p XPS cua vit liecu GCN/Mn-BTC
(Hinh 3.4E) véi cc dinh ning lugng lién két dugc gin ciia Mn?* (640,35 va
650,71 eV), Mn®* (641,86 va 652,09 eV), Mn*" (644,61 va 653,69 eV) va
Mn-N (638,68 ¢V). Phd XPS Cr 2p cua vat liéu GCN/Cr-BTC ton tai Cr2*



(577,13 va 586,48 eV), Cr® (578,39 va 587,83 eV), Cr-N (575,82 eV) va
satellite (580,68 va 590,38¢V) (Hinh 3.4F) [45]. Su c¢6 mit cta cac ion
Me**, Me3* va Mn?* ¢6 loi su phén tach dién tich, truyén dién tich hiéu qua
va kha nang khir ciia cdp chat oxi hoa Me®/Me?*,

3.1.2. Ung dung ciia GCN/Me-BTC trong xir Iy tetracycline va hip phu
CO;

Hiéu qua qua trinh quang xuc tac ciia cac chat xuc tac quang GCN/Me-
BTC dugc danh gia thong qua qua trinh phan hay TC trong diéu kién chiéu
xa anh sang nhin thdy. Hiéu suit loai bo TC ¢ trong bong t6i theo thur tur
taing dan GCN (15,34%) < GCN/Mn-BTC (19,53%) < GCN/Co-BTC
(23,02%) < GCN/Ni-BTC (25,69%) < GCN/CrBTC (29.86%) < GCN/Fe-
BTC (35,98 %) < GCN/Cu-BTC (39,05%). Nhu vay, hiéu suat loai bo TC
cua vét litu GCN/Me-BTC khoang 15-40% do su tuong tac m-m gilta vong
benzen cta TC va phdi tir cia MOF [55]. Sau 180 phut chiéu xa anh sang
nhin thay, hi¢u suit loai bo TC ¢ nong d6 50 mg L ctia GCN (60,88%),
GCN/Mn-BTC  (69,51%), GCN/Co-BTC (73,12%), GCN/Ni-BTC
(78,98%), GCN/Cu-BTC (84,38%), GCN/Cr-BTC (86,12%) va GCN/Fe-
BTC (89,57%).
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Hinh 3.2. (A) Hiéu qua xtr Iy TC va (B) dung lugng hép phu CO, ciia vat
liéu GCN va GCN/Me-BTC

(Nong @ TC: 50 mg L khoi heong xiic tic 0,4 g L, pH = 6)



8

Hiéu suit phan hiy TC cua vat liéu GCN/Mn-BTC, GCN/Co-BTC va
GCN/Ni-BTC cao hon khong dang ké so vdi GCN, do dién tich bé mit cao
hon khong dang ké so véi vat liéu GCN (Bang 3.3). Cac két qua nay chiing
minh dién tich bé mit va thé tich mao quan cua vat liéu co6 vai tro rat quan
trong trong qué trinh xir Iy TC. Hiéu suat xtr 1y TC cta vat liéu GCN/Fe-
BTC, GCN/Cu-BTC va GCN/Cr-BTC rat cao do (i) sy cai thién kha ning
hap thy 4nh sang nhin théy, (ii) toc do truyén dién tich dwoc cai thién do sy
hinh thanh lién két Me—N, (iii) su tai t6 hop giita dién tir va 16 tréng giam,
(iv) dién tich bé mit cao, thé tich mao quan 16n gitp ting téc do khuéch tan
clia cac chat tham gia phan tng ting.

Céc vat licu GCN/Me-BTC dugc ung dung dé hép phu khi CO,, dugc
trinh bay trong Hinh 3.9B. Hinh 3.9B x4c nhan rr;ing dién tich bé mat ti 1&
thuan véi dung luong hap phu khi CO; trén vat liéu GCN/Me-BTC. Cu thé,
dung luong hap phu khi CO, giam theo thtr tw: GCN/Cu-BTC (3,72 mmol
g1)> GCN/Fe-BTC (2,82 mmol g') > GCN/Cr-BTC (2,23 mmol g?) >
GCN/Ni-BTC (0,81 mmol g¢g*') > GCN/Co-BTC (0,47 mmol g?t) >
GCN/Mn-BTC (0,38 mmol g*) > GCN (0,19 mmol g*). Nhu vay, vat liéu
GCN/Cu-BTC c¢6 dung luong hap phu khi CO; cao nhét, do dién tich bé
mit cao, thé tich mao quan 16n, dic biét duong kinh mao quan rat gan véi
duong kinh dong hoc cua khi CO,. Ngoai ra, su bd sung GCN ciing lam
giam dung luong hép phu khi CO; cta vat liéu GCN, do GCN co6 cAu trauc
16p mang c6 duong kinh mao quan 16n. Do do, nghi€n ciru nay tdp trung
tong hop vat liéu Cu-BTC-Il vd M-Cu-BTC-II bén trong méi truong c6 do
am cao, khong sir dung dung méi hitu co doc hai, giam thoi gian két tinh,
g dung dé hap phu chon loc khi acid (muc 3.4 va 3.5).

3.2. Pic trung tinh chét va tng dung cia GCN/CQD/FeNi-BTC trong
xir ly tetracycline
3.2.1. Cic két qua dic trung ciia vit lieu GCN/CQD/FeNi-BTC
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Gian do XRD cua vét liéu GCN co thé quan sat thdy mot peak & 20~
27,5° twong g v4i mét phang phan xa (002) ctia pha GCN [108]. Vit licu
GCN/CQD/Ni-BTC xuat hién cac peak ¢ 26 ~7,28°, 10,93°, 12,71°, 13,20°,
14,73 °, 16,84°, 18,37°, 19,50°, va 22,43° dac trung cho céu trac pha Ni-
BTC [113-115]. Vit liédu GCN/CQD/Fe-BTC xuit hién cac peak & 20
~6,20°, 10,36°, 11,08°,12,55°, 13,92°, 19,02°, 20,16°, 24,12° va 27,87° dac
trung cho pha Fe-BTC [108]. Vat liéu GCN/CQD/FeNi-BTC c6 céc peak
dac trung cua Ni-BTC cuong do rt thép, c6 thé do su chéng chap 1én céc
peak ciia pha Fe-BTC va sy phan tan dong déu trong khung mang Fe-BTC.
Ngoai ra, vat liéu GCN/CQD/Fe-BTC, GCN/CQD/Ni-BTC va GCN/CQD/
FeNi-BTC khdng quan sat thay peak & 20 ~27,5° diic trung cho ciu tric cta
pha GCN, diéu nay do c6 thé bi chong chap 1én cac peak cua pha FeNi-
BTC va cu trac 16p cua vat lidu GCN gitp phan tan dong déu cac hat nano
Me-BTC (Ni-BTC va Fe-BTC) 1én trén bé mat GCN [122].

®) N aen | B GCN

Ni-O
GCN/CQD/NIBTC i

GCN/CQD/Ni-BTC
e ———
Ni-BTC (CCDC: 802890)
AanAara A A
GCN/CQD/Fe,Ni,;BTC

GCN/CQD/Fe;Ni,BTC

GCN/CQD/FegNi,BTC

GCN/CQD/FegNi,BTC /CQD/FegNi, BT

Cuong d6 (a.u)
D6 truyén qua (%)

GCN/CQD/FegNi,BTC GCN/CQD/FeBTC

C-HSp?/Sp® stretch

27.07

GCN/CQD/FeBTC

I 9
g 2
5 S 3
s %9
Fe-BTC (CCDC: 640536) z 5%
T T T T I 1 T - T 1 T T
10 20 30 40 50 4000 3600 3200 2800 2400 2000 1600 1200 800 400
Goc 26 (°) Sé séng (cm™)

Hinh 3.10. (A) Gian d6 XRD va (B) phé FTIR cua vat liéu GCN,
GCN/CQD/Fe-BTC, GCN/CQD/Ni-BTC va GCN/CQD/FeNi-BTC
3.2.2. Ung dung ciia GCN/CQD/FeNi-BTC trong xit ly tetracycline
Vit liéu GCN/CQD/Ni-BTC, GCN/CQD/FeBTC va GCN/CQD/FeNi-
BTC dugc danh gia hoat tinh xtic tac thong qua qua trinh xir Iy thubc khang
sinh tetracycline. Cac vat liéu GCN/CQD/Fe-BTC va GCN/CQD/FeNi-
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BTC c6 hiéu qua hip phu TC sau 60 phut dat tir 30,22 dén 46,13% (Hinh
3.19A). Trong qua trinh quang xuc tac, sau 90 phut chiéu xa anh sang nhin
thdy hiéu qua xtr Iy TC dat 65,18, 90,43, 93,54, 96,28, 93,75 va 86,26%
trong Ung vGéi GCN, GCN/CQD/Fe-BTC, GCN/CQD/FeyNiiBTC,
GCN/CQD/FegNi,BTC, GCN/CQD/Fe;NisBTC va GCN/CQD/Ni-BTC.
Cac vat liéu GCN/CQD/FeNiBTC c6 hiéu qua phan huy TC vuot trdi hon
so véi GCN do su tich hop ddng thoi cac pha hoat déng véi nhau thong qua
cau nbéi CQD di lam ting hiéu qua phan tach dién tich, sy tai to hop giita
dién tor va 15 tréng duoc ngén chan va cac chét mang dién dé dang hon, cac
két qua nay dugc xac nhan qua cac phuong phap UV-Vis DRS, PL va EIS
(Hinh 3.17). Hinh 3.19B hing s tbc do phan tng phan hiy TC cua cac
chat xuc tic quang GCN, GCN/CQD/Fe-BTC, GCN/CQD/FegNi;BTC,
GCN/CQD/FesNi,BTC, GCN/CQD/Fe;NisBTC va GCN/CQD/Ni-BTC lan
luot 0,00905, 0,02137, 0,0242, 0,02956, 0,01787, 0,01358 phut*. Nhu vay,
céc vat lieu GCN/CQD/FeNi-BTC c6 hiéu qua xir Iy hiéu qua thudc khang

sinh trong méi truong nudc thong qua qua trinh hap phu va quang xuc tac.

1.0 a_(A) —=—GCN (B)
—s— GCN/CQD/FeBTC 00
NS —a— GCN/CQD/FegNi;BTC
08 \ —v— GCN/CQD/FeNi,BTC 054
—+— GCN/CQD/Fe;Ni,BTC
0e —+— GCN/CQD/NIBTC 104
%} 7 g
o % 154
04 s m GCN
¢ GCN/CQDFeBTC
20 & GCN/CQD/FeNi,BTC
02| v GCN/CQDFegNi,BTC
25] 4 GCN/CQDFe;Ni,BTC
4 GCN/CQDMNIBTC v
0.0+
T T T T 304 T T T T
-60 0 30 60 90 0 20 40 60 80 100
Thoi gian (phut) Théi gian (phut)

Hinh 3.19. C/C, ham ciia thoi gian phan Gmg (A) va dong hoc bac nhat (B)
cua cac vat liéu GCN/CQD/Fe-BTC va GCN/CQD/FeNi-BTC
3.3. Vit liéu AgzPO./GCN/FeNi-BTC/CQD (AGF-CQD)
3.3.1. Cic két qua dic trung vit liéu AGF-CQD
Gian d6 XRD cua vat liéu AgsPOs, FeNi-BTC, GCN va AGF-CQD
dugc trinh bay trong Hinh 3.20A. Gian dd XRD cua vt liéu GCN xuit hién
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dinh peak rong & 26 ~27,5° (002) dic trung cia GCN [142]. Cac peak ¢ 26
~20,92° (110), 29,72° (200), 33,36° (210), 36,61° (211), 42,55° (220) va
47,86° (310) dac trung cho pha AgsPOs (ICSD 14000) [143]. Vat liéu
FeNi-BTC quan sat théy cac peak ¢ 20 ~ 6,20° 10,42° 11,09° 12,6°
19,02°, 20,05° va 27,83° [122].

FeNi-BTC

\A___,___,____J_J I 20%AGF-CQD
10%AGF-CQD,

(A @10 30pack-cop (8) 8 Q bt
30%AGF-CQD © &z

—_——— s |

= (200) (211) |

@ 10) 20%AGF-CQD :

3 (110) l (220) — :
= A A l 10%AGF-CQD !

Cwong do (a.u)

Do truyen qua (% T)

i ~OH and N-H
A FeNi-BTC
(002) Ag;PO, ~ Y ‘
GCN 9
9 )
-1
l l M P-0 P-0
T T T T T 17 T T T
10 20 30 40 50 4000 3500 1500 1000 500
G6c 20 (°) S6 séng (cm™)

Hinh 3.20. (A) Gian d6 XRD va (B) phd FTIR cua vat liéu AgsPOs, FeNi-
BTC, GCN va AGF-CQD

Trong phé XRD cua vat liéu AGF-CQD xuét hién dé‘ly da cac peak dac
trung cua cac pha AgsPO, va FeNi-BTC (Hinh 3.20A). Tuy nhién, dinh
peak dic trung cia GCN khong quan sat thay co thé do bi chong chap 1én
cac peak cua pha FeNi-BTC [142]. Cuong d0 cac peak dac trung cua
Ag3PO, ting 1én dang ké khi ham lugng AgsPOy tir 0 1én 30 %wt.

Céc duong Mott-Schottky duogc sir dung dé xac dinh dién thé dai phéing
(Ef) cua cac vat liéu AgsPOs, GCN va FeNi-BTC (Hinh 3.30). Hinh 3.30
xé4c nhdn rang cac vat liéu AgsPO4, GCN va FeNi-BTC déu 1a chét ban dan
loai n, do ¢6 dd dbc am, két qua nay phu hop véi bao cdo cia Xi Rao va
cong su [149]. Pién thé dai phiang cua cic mau vat liu AgsPOs, GCN va
FeNi-BTC lan luot 1a —0,26, —1,36 va —0,45, tuong tmg. Tir dién thé phang
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trén dién cuc Ag/AgCl co thé dugc so sanh voi dién cuc Hydro (NHE) dya
trén phuong trinh (3.1).

= Ag,PO,
® GCN
A FeNi-BTC

sC

C_?(cm'F?

Potential (V) vs Ag/AgCI
Hinh 3.30. Budng Mott-Schottky (MS) ctia AgsPO4, GCN va FeNi-BTC
Enre) = E%agiager + Eagiager + 0.059pH (3.1)
Trong d6: E°agagel = 0,1976 eV ¢ 25 °C va Eagager dién cuc lam viée (pH
=7,4).

Dién thé dai phing (Em) ciia AgsPOs, FeNiBTC va GCN duoc xac dinh
theo phuong trinh (3.1) lan luot 1a +0,37, +0,18 va —0,73 eV so véi NHE.
Vung héa tri (VB) cua vt liéu ban din loai n c6 do rong dai phing (E)
nam trong khoang tur 0,1 dén 0,2 nén luan an chon 14 0,2 eV. Do d6, gia tri
VB cua vat liéu AgsPOs, FeNiBTC va GCN lan luot 1a 0,17, —0,02 va
-0,93 eV. Gia tri CB cta AgsPOs, FeNi-BTC va GCN cé thé duoc tinh
toan dua trén két ndi giita dién thé Eq va Eve lan luot 2,52, 2,69 va 1,81 eV,
tuong ung.

3.3.2. Hiéu qud xi¢ Iy TC ciia chit xiic tic quang Fe-NiBTC, 20%AGF va
AGF-CQD

Hiéu qua x1c tac cia cac vat liéu AgsPO., GCN, Fe-NiBTC, 20% AGF
va AGF-CQD trong qua trinh phan hiy khang sinh tetracycline da dwoc
danh gia.
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(A) 10] —=— Ag,PO, () 01
: ~H —s— GCN 14
084 9 —— FeNi-BTC
\ v 10%AGF-CQD| ]
—+—20%AGF-CQD| 73 _
Qoo.e~ 30% AGF-COD g 5] = Ag3PO, (y =-0.0064
o) oot AcE| = 27 GCN (y =-0.0099x)
0.4 S5 ]a FeNi-BTC (y =-0.008x)
“41v 10%AGF-CQD (y =-0.0197%)  *
0.2 5 20%AGF-CQD (y =-0.0365%)
- < 30% AGF-CQD (y =-0.0259x)
0.0 Dark |visible Light 3= — > 20%AGF (y =0.0157x) _

T T T T -6 T T
-60 0O 30 60 90 120 150 180 0 20 40 60 80 100 120
Thei gian (phuat) Thei gian (phat)

Hinh 3.31. (A) C/C, theo thoi gian phan ung va (B) dong hoc phan tng bac
nhét trén vat liéu AgsPOs, GCN, FeNi-BTC, 20%AGF va AGF-CQD.
3.3.4. Co ché phin tich dién tir va hinh thanh cdc goc phén iing
Dé hiéu rd hon vé co ché quang xtic tac cua chat xuc tic quang AGF-
CQD trong qua trinh xur 1y tetracycline, cac thi nghiém biy cac gbc hoat

dong da duoc tién hanh trong Hinh 3.34.

A 10 . ®
—a— Khoéng bat goc
1 —e— BQ/°O3 Chié .
0.8 AO/* = ieu sang
—v— TBA/"OH S
& 0.6 8 |Chiéu sang DMPO- *OH
© 2
O
0.4 =1
o . - DMPO- *O,~
Boéng toi 2
0.2 o
Bong tbi . .
1 g tol L x . Boéng toi DMPO- "OH
Chiéu sang
0-0 - T T T T T T T T T
-60 [¢] 15 30 45 60 3400 3450 3500 3550
The&i gian (phat) T treong (G)

Hinh 3.34. (A) Céc thi nghiém bay gdc phan tng va (B) Pho EPR dé phat
hién "OH va "0 trén 20%AGF-CQD.

Hinh 3.34A, hiéu qua xu 1y tetracycline cua chit xtc tac quang AGF-
CQD dat 62,23% khi bd sung thém p-BQ dé bit cac gbc ‘0, Khi BQ, AO,
va TBA duoc thém 1an lugt vao hé phan tng, hiéu qua xir 1y tetracycline
lan luot 1a 72,56%, 76,34% va 93,92% sau 60 phut chiéu anh sang kha
kién. Nhu vay, vai trd ciia cac géc phan mg trong qua trinh phan hiy
khang sinh tetracycline theo thir tu ‘Oz > h* > "OH. Cong hudng thuan tur
electron (ESR) duoc tién hanh bang cach sir dung DMPO lam bay electron
dé xac dinh cac gdc phan tmg ‘O, va "OH. Trong Hinh 3.34B, c6 thé quan



14

sat thay tin hiéu thé hién ty 1¢ cuong do 1a 1:2:2:1 ddi véi DMPO—OH va
ty 1& cuong d6 dic trung 1a 1:1:1:1 ddi véi DMPO—0, khi tiép xtic voi
anh sang kha kién [108]. Nguoc lai, cac tin hiéu dinh nay khong xuat hién
khi khong c6 anh sang (trong bong ti). Nhitng két qua nay chtg minh su
hinh thanh cac gbc ‘O, va "OH trong qué trinh kich hoat cht xuc tic quang
bang 4nh sang kha kién. Trong Hinh 3.35A, ning lugng ving dan (CB) cua
AgsPO, (0,17 eV) va FeNi-BTC (—0,02 eV) c6 dién thé khir dwong hon so
v6i E° 0,0, =—0,33 eV, dan dén qua trinh hinh thanh cac gbc "0, khong
kha thi trong hai chat ban din nay [108]. Nguoc lai, Ecg ctia GCN (—0,93
eV) thé hién dién thé khir am hon so v6i E° 02/'0;~ = —0,33 eV, cho phép
hinh thanh cac gbc ‘O, trong CB ctia GCN [162].

NHE (eV)
O,

TC
oo
CO, + H,O

24

19 _ s (). Q3
0,/+0; (E = - 0.33 eV)

>4 N ‘1 81?3:,\1— ‘ C)CQD
OH/H,O (E = 2.4 eV)
31 **%asro, 20 eni-BTC Tc
(A) Truée khi tiép xac HO 'OH(
CO, + H,O

(B) Sau khi tiép xic (Z-Scheme)
Hinh 3.35. So d6 qué trinh tach va truyén dién tich cua vat liéu 20%AGF-
CQD truéce va sau khi tiép xuc.

Trong ving hoa tri (Ecs), GCN (1,81 eV) c6 ning luong thap hon dién
thé oxy hoa ciia E° H,0/"OH (h* + H,0 — "OH, E° H,0/'OH = 2,40 eV),
do d6 ngdn can sy hinh thanh cac gbc ‘OH trong CB ciia GCN. Nguoc lai,
do nang lugng vung hoa tri cia AgsPO, (2,52 eV) va FeNi-BTC (2,65 eV)
cao hon thé oxy hoa cua E° H,O/'OH (h* + H,0 — "OH, E° H,0/'0OH =
2,40 eV), cac gbc "OH c6 thé dugc tao ra trong CB ciia AgsPOy4 va FeNi-
BTC. Dua trén cac tinh chat dién hoa va vai tro ciia cac gbc phan tng, ludn
an da dé xuit ciu trac dai cua vét lieu AGF-CQD (Hinh 3.35B). Pau tién,
cac 16 tréng (h*) va electron (e7) bi kich thich boi ngudn sang cé ning
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lugng 16n hon 2,64 eV (Phuong trinh (3.3)). Sau do, cac electron bi tach ra
va di chuyén dén viung dan (CB) va phan mg véi Oz dé tao thanh cac gbc
‘02~ (Phuong trinh (3.4)). Do lién két manh giira cac chat ban dan thong
qua sy hinh thanh lién két Me—N va lién két chit ché boi CQD trong AGF-
CQD, cac electron trong ving dan ciia AgsPOs va FeNi-BTC co thé dé
dang di chuyén va két hop lai véi cac 16 trong (h*) & ving héa tri cia GCN
(AgsPOs — CQD — GCN va FeNi-BTC — CQD — GCN), (Phuong trinh
(3.5)). Tiép theo, dudi anh huéng ciia dnh sang kha kién, cac electron (e”)
va 18 trong (h*) tiép tuc tach ra dé phan tng véi O2 tao ra cac gbc ‘Oz
(Phuong trinh (3.4)). O ving hoa tri (VB), ning lugng ving hoa tri cia
AgsPOs (2,52 eV) va FeNi-BTC (2,65 eV) cao hon nang lugng cua
H,O/'OH (2,4 eV), do d6 h* phan tng véi —OH hoic H,O dugc hip phu
trén bé mat dé sinh ra gbc "OH (Phuong trinh 3.6)
Ag3PO4/GCN/FeNi-BTC/CQD+hv —18 trong (h*) va eletron(e”)  (3.3)

O+ GCN (e7) — "0z~ (3.4)
AgsPO4(e) + FeNi-BTC(e") + GCN(h*) — GCN (e~ + h*) (3.5)
AgsPO4(h*) + FeNi-BTC(h*) + “OH hodc H,O — "OH (3.6)

Cubi cung, cac gbc phan Gmg nhu ‘OH, "O;” v h* tham gia pan tng
phan hiy tetracycline thanh cac san pham it doc hon.

3.4. Vit liéu Cu-BTC-II iing dung lam chét hip phu khi acid (CO, va
H2S)

Vit liéu Cu-BTC-II dugc tong hop bang phuong phap thiy nhiét két
hop vi séng & cac diéu kién tong hop khac nhau, bao gdm nhu thoi gian
thtly nhiét vi song, nhiét d6 va lugng dung moi.

Cac két qua nghién ctru anh huéng cua thoi gian phan tng, nhiét do va
luong dung méi (isopropanol, imidazole) c6 tic dong dén qua trinh tng
hop Cu-BTC-II bang phuong phép thuy nhiét két hop vi song. Nghién ciru
nay di dua ra cac diéu kién tong hop tdi wu cho M-Cu-BTC-II, nhu thoi
gian hd trg vi song thity nhiét 13 30 phut, nhiét d6 100 °C va luong dung

modi isopropanol (3 mL), imidazole (4 mmol). Trén co s& d6, nghién ciru da
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sir dung quy trinh t6i wu dé nghién ctru anh huéng cia cac ion kim loai
khac nhau.

3.5. Vit liéu M-Cu-BTC-II trng dung lam chit hap phu khi acid (CO:
va HzS)

3.5.1. Cic két qua dic trung vit liéu Cu-BTC-11 va M-Cu-BTC-II

GV _ (222)
88 1823¢ g :
Sa J 3 83 Zr-Cu-BTC-II 8 H Zr-Cu-BTC-lI
A 'y A
s TP . Mn-Cu-BTC-lI _ A Mnﬁu_BTC'”
3 e Zn-Cu-BTC-I z A 3L én-}éu—STC—II
8 coeonl & A -CU-BTC-II
o P 'S P _Co-Cu-BTCHI © N oAu
o Cu-BTC-Il| © CUBTC-II
o . A . o A
g Ni-Cu-BTC-ll| & ; Ni-CU-BTC-Tl
3 [ ORI PO W WOl SN An o N AN
S Fe-Cu-BTCAl| 5 Fe-Cu-BTC-Il
O A | Y P DN [3) AL 70
TR S U VY PO AMg'ACU'BTC'” N\
Cu-BTC (CCDC: 112954 (CCDC: 112954)
i, SuBTC ) A "
T T T T T T T T T T T T T T T T T T
10 20 30 40 50 8 9 10 11 12 13 14 15
G6c 20 (°) Goéc 26 (°)
® 73
O 0O (@)
%3 o Cu-0-C
—OH 2 |
5 Zr-Cu-BTCH| 5 Zr-Cu-BTC-Il
: < b
s Mn-Cu-BTC-II o Mn-Cu-BTC-Il
S Zn-Cu-BTCA| ’g, Zn-CuBTC A
> Co-Cu-BTC-Il 5 Co-Cu-BTC-Il . |
'g Cu-BTC-II 5 Cu-BTC-II f
o Ni-Cu-BTC-| © Ni-Cu-BTC-Il .,
Fe-Cu-BTC-Il Fe-Cu-BTCAl A
g-Cu-BTC-I|, -Cu-BTC-
. H

T T T T T T T T T T
4000 3200 2400 1600 800 400 600 800 1000 1200

sé song (cm™) Sé song (cm™)
Hinh 3.51. (A) Gian d6 XRD va (B) Pho FTIR ciia Cu-BTC-II va M-Cu-
BTC-II

Hinh 3.51 gian dd XRD cua vat liéu Cu-BTC-Il v M-Cu-BTC-II duoc
téng hop bang phuong phap thuy nhiét ¢6 hd tro ciia vi song quan sat thay
cac peak ¢ 26 ~7,0° (200), 9,71° (220), 11,83° (222), 13,6° (400), 15,3°
(331), 16,6° (422), 17,7° (511) va 19,3° (440) dac trung cua vat li¢u Cu-
BTC (CCDC: 112954). Cac két qua nay cho thay viéc bién tinh Cu-BTC
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v6i isopropanol va imidazole khong anh huong dén sy phat trién tinh thé
ctia Cu-BTC trong qua trinh tong hop. Khi cac ion Ni, Fe va Mg dugc dua
vao lam cation kim loai thr hai, cic goc nhiéu xa cta céu tric Cu-BTC-II
bi dich chuyén vé phia cac goc 20 16n hon (Hinh 3.51A). Piéu nay co thé
dugc giai thich béi ban kinh ion cia Mg? (0,65 A), Fe?* (0,64 A) va Ni%*
(0,69 A) nhé hon Cu?* (0,72 A), din dén su co lai ciia mang tinh thé cua
Cu-BTC [167]. Mat khac, Zn-Cu-BTC-1l, Mn-Cu-BTC-II va Zr-Cu-BTC-I1I
co goc nhiéu xa chuyén dich sang vi tri thép hon, do ban kinh ion cta Zn?*
(0,74 A), Mn?* (0,80 A) va zr** (0,82 A) 16n hon ban kinh ion ctua Cu?*
(Bang 3.15).

3.5.1.3. Puong dang nhiét hap phu gidi hap phu N» ciia M-Cu-BTC-1I

—— Mg-Cu-BTCH]
500 1® — Feg-Cu-BTC-II
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400 - £ — cu-BTCHI
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o
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—— Mn-Cu-BTC-ll
—=— Mg-Cu-BTC-Il —— Zr-Cu-BTC-ll
—e— Fe-Cu-BTC-II
—a— Ni-Cu-BTC-ll
—v— Cu-BTC-lI

—+— Co-Cu-BTC-ll
—<— Zn-Cu-BTC-ll
—— Mn-Cu-BTC-II
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100 —

Dung lwgng hap phu (cm*g STP)

—e— Zr-Cu-BTC-I|

T T T ; : ; ;

0.0 0.2 0.4 06 0.8 10 0.4 0.6 0.8 1.0 1.2 1.4
Ap suat twong doi (P/P°) Do rong mao quan (nm)

Hinh 3.55. Pudng ding nhiét hip phuy-giai hap phu Nz (A) va dudng phan
b kich thudc mao quan DFT cua vt liéu Cu-BTC-1l va M-Cu-BTC-I1I

DFT va phuong trinh BET duogc sir dung dé danh gia sy phan bd kich
thudc mao quan va dién tich bé mit cta cac vat liéu Cu-BTC-11 va M-Cu-
BTC-Il bang cach khao sat dung lwong hip phu-giai hap phu N2 ¢ 77 K
(Hinh 3.55). Tat ca cac vat liéu Cu-BTC-Il vd M-Cu-BTC-II déu c¢6 duong
dang nhiét hap phu giai hap phu N, dang dudng cong loai I véi vong tré H4
phan loai theo IUPAC [172]. Pudng dang nhiét hip phu N, ciia tit ca cac
vat liéu déu hdp phu Ny rat nhanh trong pham vi 4p suét tuong d6i thap

(PIPo < 0.1), cho thiy su hién dién ctia microporous chiém da s [173].
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Trong Bang 3.18, dién tich bé mit Brunauer — Emmett — Teller (BET) cua
Cu-BTC dat 1659 m? g va thé tich 16 x6p dat 0,723 cm® g*. Pang chu ¥,
céc thong s6 dién tich bé mat va thé tich mao quan cua vat liéu Cu-BTC-II
chira Co va Ni déu tang nhe, trong khi d6 dién tich bé mat ctia cdc mau Fe-
Cu-BTC-Il, Mn-Cu-BTC-II déu ¢6 xu huéng giam.

3.4.1.6. Tinh chdt bé mdt va acid-base

Tuong tac tinh dién dong vai trd quan trong trong qua trinh hap phy H,S
va COz, do d6 phuong phap thé zeta da dugc sir dung dé danh gia dién tich
bé mdt cua vat liéu. Hinh 3.58, vat liéu Cu-BTC-II thé hién thé zeta la
+13,54 mV, cho thdy vat liéu nay tich dién duong [178], phu hop véi béo
céo cuia Li va cong su [179]. CAc vat liéu M-Cu-BTC-II, viéc két hop Zr,
Mn, Zn va Mg dan dén su suy giam thé zeta ctia Cu-BTC-II, nguoc lai viée
bd sung Ni, Co va Fe vao cAu triic dan dén sy tang dién tich duong cua vét
liéu Cu-BTC-II. Do d9, cac vat li¢u Ni-Cu-BTC-Il, Co-Cu-BTC-II va Fe-
Cu-BTC-II du kién sé& c6 tuong tac tinh dién manh hon vdi CO2 va H,S
[180]. Céc tinh chét acid-base cua Cu-BTC-1l va M-Cu-BTC-II di duoc
phan tich bang cach st dung giai hip theo chuong trinh nhiét d6 CO2 (CO.-
TPD) & nhiét do tir 30 dén 300 °C (Hinh 3.58B). Vit liéu Cu-BTC-Il cho
thdy dinh giai hip CO2 & 98 °C, cho thiy tuong tac yéu voi CO, [181].
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Déi véi Zr-Cu-BTC-1l, Zn-Cu-BTC-1l va Mn-Cu-BTC-II, dinh giai hap
nay dich chuyén nhe sang 90-94,5 °C voi cudng do thap hon so véi Cu-
BTC-II, cho thdy twong tac giita vat liéu va CO2 giam do tuwong tac tinh
dién va dién tich bé mit riéng giam. Trong khi d6, Mg-Cu-BTC-II, Fe-Cu-
BTC-II, Ni-Cu-BTC-II va Co-Cu-BTC-II thé hién dinh giai hip cuong do
cao & 100 °C va dinh yéu hon & 160-170 °C, cho thiy tuong tic manh hon
ctia cac tam Fe, Ni, Co, Mg v6i CO,. Nhing két qua niy xac nhan sy hién
dién cua cac tdm hip phu manh hon trong Mg-Cu-BTC-Il, Fe-Cu-BTC-Il,
Ni-Cu-BTC-11 va Co-Cu-BTC-II so véi Cu-BTC-11 [181-183].

3.5.2. Hép phu khi HS, CO2, N, va CH, trén M-Cu-BTC-11
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Kha niang hap phu H,S, CO,, CH4 va N, cia Cu-BTC-11 va M-Cu-BTC-
1T duge thyc hién & 20 °C va 1 atm. Hinh 3.59 thé hién kha niang hap phu
ctia Cu-BTC-II ddi voi N2 (0,15 mmol g') < CH,4 (0,20 mmol g') < CO;
(5,16 mmol g™') < H,S (5,66 mmol g™'). Dung luong hip phu cia vat liéu
Cu-BTC-II cao dbi voi CO2 va HzS do dién tich bé mat 16n (1659 m? g,
Bang 3.18) va kich thudc mao quan thich hop (5,1 A, Bang 3.18) dé hap
phu chon loc H,S va CO; [86,185]. Kha niang hip phu H2S cao hon so voi
CO; c6 thé 1a do thuc té H,S (3,6 x 102* cm®) ¢6 d6 phan cuc cao hon céac
phan tir CO; (2,9 x 102* cm?) [186]. Do d6, HzS dé twong tac hon véi bé
mit khong ddng nhat ciia Cu-BTC-I1. B6i voi khi CHa va N, ciu triic phan
tir ciia chung 1a d6i xtmg va khong phén cuc, din dén tuong tac ciia CHg va
N2 v6i bé mat ciia Cu-BTC-II yéu hon so v&i tuong tac cua HzS va CO,
dan dén kha niang hip phu thap (Hinh 3.59C-D). Diéu nay dugc hd trg boi
thuc té 1a 6 phéan cuc ciia CHy (2,6.102* cm?) va N2 (1,76. 1024 cm®) thap
hon ca H,S va CO; [187]. Khi céc ion Ni?* va Co?" duoc dua vao lam
cation kim loai thir hai trong Cu-BTC-II dé tao thanh Ni-Cu-BTC-11 va Co-
Cu-BTC-II, kha ning hap phu déi véi HzS ting dang ké tir 5,66 mmol g
Ién 7,16 va 7,04 mmol g~' (Hinh 3.59B). Sy ting déng ké nay 1a do ion kim
loai kép M-Cu-BTC-1l (M=Ni hodc Co) c6 cac duong kinh mao quan nhd
hon (<7 A) so v6i Cu-BTC-II (7,23 A), dan dén cac diéu kién nhiét dong
hoc ¢6 1gi cho qua trinh hip phu HzS & 4p suat moi truong [174], ciing nhur
hiéu tng hiép dong cua cac ion kim loai trén cling nit mang [188]. Hon
nira, sy gia tang dién tich bé mit va hoat dong manh hon cua cac tam base
cling lam tang tuong tac tinh dién gitra cac ion kim loai trong M-Cu-BTC-
IT (M=Ni hoac Co) véi khi acid (CO2 va HS) (Hinh 3.58). Nguoc lai, Zn-
Cu-BTC-Il, Mn-Cu-BTC-II va Zr-Cu-BTC-II ¢6 kha ning hip thu phu CO,
va H,S giam so vdi Cu-BTC (Hinh 3.59A va B), do dién tich bé mat, dién
tich bé mit, thé tich mao quan giam va duong kinh mao quan ting (Bang
3.18) lam giam tuong tac tinh dién cua vat liéu vai khi acid. Do do, cac

mao quan c6 dudng kinh nhé hon 7 A s& ¢6 loi cho kha nang hap phu chon
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loc cac phan tir khi H,S va CO, & 4p suat thap (<1,0 MPa) [185]. Ngoai ra,
Cu-BTC-Il va M-Cu-BTC-II ¢6 thé lién két voi HoS dé tao thanh lién két
hoéa hoc O—Cu-S do cép electron ty do trong S véi electron thtr 3 cla ion
Cu. Hon nira, twong tac gitra cac nguyén tir Cu?* va S trong H,S thong qua
lién két hoa hoc (hdp phu hoa hoc) 1a twong tac chinh gitta cac phén tir HzS
va M-Cu-BTC-II, gitip tang kha ning hap phu H,S [189]. Hinh 3.59C va D
cho thay dién tich bé mit va thé tich mao quan cang 16n thi kha ning hap
phu ctia khi CHz va N, cang cao (Bang 3.18), diéu nay 1a do co ché hap phu
dién ddy mao quan dbi véi khi N2 va CHa.

3.5.8. Kha nang tai sw dung cua Ni-Cu-BTC-11

Chat hap phu tt 13 chat hap phu khong chi co kha ning hap phu cao ma
con co thé tai sinh va c6 thé st dung cho nhiéu chu ky hdp phuy-giai hip
khac nhau. Dé nghién ciru do bén ciia Ni-Cu-BTC-II, vat liu di qua st
dung duoc tai sinh bang Ar & 120 °C trong 5 gid mdi chu ky [214]. Hinh
3.71B, Ni-Cu-BTC-II c6 thé dugc tai sir dung it nhat 10 1an ma khong lam
giam dang ké kha ning hap phu, tirc 1 giam tir 6,87 xubng 5,85 mmol g™’
sau 10 chu ky.
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KET LUAN
Tir cac két qua nghién ctru ciia luan an, tac gia rt ra nhimg két luan nhu
sau:

1. ba téng hop thanh cong cac vat liéu GCN/Me-BTC (Me: Fe, Cu,
Co, Ni, Mn, Cr), GCN/FeNi-BTC/CQD, AgsPO4/GCN/FeNi-BTC/CQD va
M-Cu-BTC-Il (M: Mg, Fe, Ni, Co, Zn, Mn, Zr va Zr; Il = isopropanol va
imidazole) bang phuong phap thiy nhiét hd tro vi séng trong 30 phut ma
khong st dung cidc dung moi hitu co doc hai. Vit liéu GCN/FeNi-
BTC/CQD va AgsPO4/GCN/FeNi-BTC/CQD (AGF-CQD) s¢ hitu nhiéu uu
diém noi bat nhu (i) dién tich bé mat cao, (ii) hap thu anh sang kha kién
manh va nang lugng vung cAm 2,28-2.63 eV, (iii) cac electron va 16 tréng
dugc phén tach hiéu qua, (iv) khuéch tan va truyén electron duoc cai thién,
(v) kha ning tai t6 hop cua 15 trong quang sinh va electron giam, (vi) kich
thudc hat nho 20 -50 nm. Vat liéu M-Cu-BTC-II ¢6 kich thudc hat 20-30
um, dién tich bé mat 1259 —1877 m? g%, thé tich mao quan 0,409 —0,609
cm?® g* va co kénh tir dién SA va kénh hinh vuong 9A.

2. Vit lidu 20%AgsP0/GCN/FeNi-BTC duoc tich hop véi chim
luong tir carbon, 1am ting cudng kha ning tiép xtic giita cac pha phan (g,
dan dén hiéu suat xtr Iy TC vuot troi, dat 98,4% sau 60 phut phan tng,
nong d6 TC 1a 30 mg L L. Trong diéu kién thi nghiém tdi wu ([chét xuc tac
quang] = 0,4 g L%, ([TC] = 30 mg L%, cong suét chiéu xa 300 W va pH =
6), vat liu 20%AGF-CQD dat hi€¢u qua loai bd tetracycline la 98,4% sau
60 phut chiéu xa bang anh sang kha kién.

3. Chét xtic tic quang AgsPOJ/GCN/FeNi-BTC/CQD phan tach
dién tir va hinh thanh cac gbc phan tng theo co ché so dd Z. Vai tro cia cac
gdc phan tmg trong qua trinh phan hiy TC theo thi tw "0, > h* > ‘OH
dugc xac nhan bang cac thi nghiém bay gdc phan tng va quang phd ERS.

4. Vit liéu Ni-Cu-BTC-Il ¢6 dung lugng hap phu CO; va H.S lan
lwot dat 5,91 va 5,84 mmol g™ ¢ didu kién mdi truong (25 °C va 1 atm) va

6n dinh trong 10 chu ky hidp phu CO.. Dung lugng hip phu khi acid cao
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ciia Ni-Cu-BTC-II do dién tich bé mit cao, thé tich mao quan lon, kich
thudc mao quan gdm kénh tir dién (5 A) va kénh vudng (9 A) rat thich hop
dé hap phu khi acid ¢ diéu kién méi truong (25 °C va 1 atm). Vat liéu Ni-
Cu-BTC-II ¢6 cau triic 6n dinh trong méi truong am hodc méi trudng acid
pH = 3 so voi vat liu Ni-Cu-BTC khong dugc chic nang hdéa voéi
isopropanol, imidazole. Qué trinh hip phu khi acid (CO2 va H:S) bat dau
bang tuong tac tinh dién va no dong vai trd quan trong trong qua trinh hip
phu khi acid. Qua trinh hap phu H»S, ngoai twong tac tinh dién, lién két hoa
hoc giita cac ion M (Cu?* va Ni%") va nguyén tir S trong HzS ciing gop phan
quan trong gitip nang cao hiéu qua hap phu HS.
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PONG GOP MGI CUA LUAN AN

1. ba téng hop thanh cong cac vat liéu GCN/Me-BTC (Me: Fe, Cu,
Co, Ni, Mn, Cr), GCN/FeNi-BTC/CQD, AgsPO4/GCN/FeNi-BTC/CQD va
M-Cu-BTC-1lI (M: Mg, Fe, Ni, Co, Zn, Mn, Zr va Zr; Il = isopropanol va
imidazole) bang phuong phap thily nhiét hd trg vi song ma khong sir dung
cac dung moi hitu co ddc hai.

2. Pi xac dinh dugc co ché hinh thanh cac gbc phan tng cua ba
chat xuc tac quang so dd Z bao gdbm GCN/Me-BTC, GCN/FeNi-BTC/CQD
va AgsPO4/GCN/ FeNi-BTC/CQD bang su két hop ddong thoi cic thi
nghiém bay cic gdc phan ung, phuong phap XPS va EPR. Sy hinh thanh
lién két cong hoa tri Me-N va tich hop véi chdm lugng tir carbon (CQD)
lam ting cuong kha ning tiép xtic giita cac chit ban dan, dan dén d6 din
dién, kha nang hip thu anh sang ting va su tai hop cua cac cip electron-15
trong giam.

3. Vit liéu Ni-Cu-BTC-II ¢6 dung luong hap phu CO; va H,S lan
luot dat 5,91 va 5,84 mmol g! & diéu kién moi truong (25 °C va 1 atm) va
6n dinh trong 10 chu ky hip phu CO,. Tuong tic tinh dién dong vai tro
quan trong trong qué trinh hip phu khi acid (CO2 va HS) trén chit hdp phu
Ni-Cu-BTC-II. Ngoai ra, lién két hoa hoc giita cac ion M (Cu?* va Ni%) va
nguyén tir S trong H,S ciling gop phan quan trong gitip nang cao hiéu qua
hap phu H,S ctia M-Cu-BTC-II.
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CONCLUSION

From the research results of the thesis, the author draws the following
conclusions:

1. Successfully synthesized GCN/Me-BTC (Me: Fe, Cu, Co, Ni, Mn,
Cr), GCN/FeNi-BTC/CQD, Ags:PO4/GCN/FeNi-BTC/CQD, and M-Cu-
BTC-Il (M: Mg, Fe, Ni, Co, Zn, Mn, Zr, and Zr; Il = isopropanol and
imidazole) materials using the hydrothermal microwave-assisted method
for 30 minutes without using harmful organic solvents. The GCN/FeNi-
BTC/CQD and Ags:PO4/GCN/FeNi-BTC/CQD (AGF-CQD) materials
possess many outstanding advantages such as (i) high surface area, (ii)
strong visible light absorption and bandgap energy of 2.28-2.63 eV, (iii)
efficient separation of electrons and holes, (iv) improved electron diffusion
and transfer, (v) reduced recombination ability of photogenerated holes and
electrons, (vi) small particle size of 20-50 nm. The M-Cu-BTC-Il material
has particle sizes of 20-30 pum, surface areas of 1259-1877 m? g%, pore
volumes of 0.409-0.609 cm® g%, and features tetrahedral 5A and square
channels 9A

2. The 20% AgsPO4/GCN/FeNi-BTC material integrated with quantum
dot carbon dots enhances the contact between the reaction phases, leading
to superior TC treatment efficiency, reaching 98.4% after 60 minutes of
reaction, with a TC concentration of 30 mg L Under optimal
experimental conditions ([photocatalyst] = 0.4 g L™, [TC] = 30 mg L%,
irradiation power of 300 W, and pH = 6), the 20% AGF-CQD material
achieves a tetracycline removal efficiency of 98.4% after 60 minutes of
visible light irradiation.

3. The AgsPO./GCN/FeNi-BTC/CQD photocatalyst separates electrons
and forms reaction radicals according to the Z-scheme mechanism. The
roles of the reaction radicals in the TC degradation process in the order ‘Oz~
> h* > "OH are confirmed by radical trapping experiments and ERS
spectroscopy.
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4. The Ni-Cu-BTC-Il material has CO; and H,S adsorption capacities of
5.91 and 5.84 mmol g* respectively under environmental conditions (25 °C
and 1 atm) and remains stable over 10 CO; adsorption cycles. The high gas
adsorption capacity of Ni-Cu-BTC-II is due to its high surface area, large
pore volume, and pore size consisting of tetrahedral channels (5 A) and
square channels (9 A) that are very suitable for adsorbing acid gases under
environmental conditions (25 °C and 1 atm). The Ni-Cu-BTC-Il material
exhibits structural stability in humid environments or acidic environments
(pH = 3) compared to the Ni-Cu-BTC material that was not functionalized
with isopropanol and imidazole. The process of acid gas adsorption (CO;
and H.S) begins with electrostatic interactions and plays a crucial role in
the acid gas adsorption process. In the H,S adsorption process, in addition
to electrostatic interactions, the chemical bonding between M ions (Cu?*
and Ni?*) and S atoms in HS also significantly contributes to enhancing the
efficiency of H.S adsorption.
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NEW CONTRIBUTIONS OF THE THESIS

1. Synthesized of GCN/Me-BTC materials (Me: Fe, Cu, Co, Ni, Mn,
Cr), GCN/FeNi-BTC/CQD, Ag;PO4/GCN/FeNi-BTC/CQD, and M-Cu-
BTC-Il (M: Mg, Fe, Ni, Co, Zn, Mn, Zr, and Zr; Il = isopropanol and
imidazole) was successfully achieved using the hydrothermal microwave-
assisted method without the use of harmful organic solvents.

2. The formation mechanism of the reaction centers of three photo-
catalysts Z-scheme including GCN/Me-BTC, GCN/FeNi-BTC/CQD, and
AgsPOJ/GCN/FeNi-BTC/CQD has been identified through a combination
of radical trapping experiments, XPS, and EPR methods. The formation of
Me-N covalent bonds and integration with carbon quantum dots (CQD)
enhances interfacial contact between semiconductors, leading to increased
electrical conductivity, enhanced light absorption capacity, and reduced
recombination of electron-hole pairs.

3. The Ni-Cu-BTC-Il material has CO; and H,S adsorption capacities
of 5.91 and 5.84 mmol g respectively under ambient conditions (25 °C
and 1 atm) and remains stable for 10 CO; adsorption cycles. Electrostatic
interaction plays an important role in the gas adsorption process (CO, and
H>S) on the Ni-Cu-BTC-II adsorbent. Additionally, the chemical bonding
between M ions (Cu?* and Ni?*) and S atoms in H,S also significantly
contributes to enhancing the HS adsorption efficiency of M-Cu-BTC-II



