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ABSTRACT

This paper reports the synthesis of nano-ZIF-94 using zinc acetate
dihydrate as the zinc source. Nano-ZIF-94 was successfully synthesized
in ethanol under mild conditions with high purity and yield. Suitable
synthesis conditions were determined through comprehensive
characterization using XRD, FT-IR, SEM, TEM, N, adsorption—
desorption, and DTA/TGA analyses. Furthermore, a scale-up synthesis
procedure employing 60 g of zinc acetate dihydrate was developed,
achieving a yield of 92.76%. The obtained nano-ZIF-94 exhibited a
relative crystallinity close to 100%, a crystal size of approximately 60 nm
(determined by SEM), and thermal stability up to 276 °C. The material
also possessed a BET specific surface area of 769 m? g™, an external

surface area of 252 m? g™, and an average pore diameter of 4.2 nm.

Gidi thiéu

ZIF-94 la mét trong s& cac vat liéu ¢ céu trdc khung
hitu ca — kim loai (MOFs) va 1a mét vat liéu tiéu biéu cua
nhanh vat liéu imidazolate — kim loai (ZIFs). Nam 2012,
William Morris va cong su [1] d& cong bé [an dau tién
téng hop dugc ZIF-94 vdi cdu tric tuong tu nhu céu
trdc clia SIM-1. Trudc do, vao nam 2010, Sonia Aguado
va cong su [2] cdng bé 1an déu tién tng hop dugc SIM-
1. Theo do, don tinh thé SIM-1 véi bé mat riéng (BET)
bang 471 m?/g, kich thudc hat khoang 10 pm da dugc
téng hop tU Zn(NOs)..4H.O trong dung mdi N,N-
dimethyl formamide (DMF) tai nhiét d6 85 °C, trong thdi
gian 72 gid. Trong khi d6, don tinh thé ZIF-94 dugc téng
hop 1&an dau tién theo [1] co BET bang 480 m?/g, kich
thudc hat ¢d micromet tU Zn(NO3)..6HO trong dung
moi DMF tai nhiét d6 85 °C, trong thdi gian 48 gid.
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C6 thé ndi, SIM-1 va ZIF-94 chi khac nhau vé tén goi,
c4u tric hoan toan giéng nhau. Trong céu tric cla vat
liéu nay, cac tir dién ion kim loai Zn?* dugc két néi thong
qua lien két phéi tri vdi o 4-methyl-5-imidazol-
carboxaldehyde (HalmIM), tuong tu nhu cac tu dién
SiO4 va AlO4™ trong céu tric cla zeolite [3,4]. ZIF-94 c6
cong thic Zn(almiM),, cdu tric dang sodalite (SOD)
vong 6 canh tuang ty zeolite kiéu FAU [5-8] va ZIF-90
[9-12], dudng kinh mao quan khoang 0,3 nm ndi théng
vdi cac hoéc 16n co kich thude 0,91 nm [1,13].

Trong céc céng trinh t6ng hgp ZIF-94 da cong bé, hiéu
sudt ZIF-94 cao nhat bang 84,0 % vdi khéi luong mau
ban dau 1a 0,355 g [1], bang 83,8 % khi kh&i lugng mau
ban dau 1a 1,584 g [14]. Trudc nam 2025, khéi lugng mau
ban dau dugc si dung cao nhat bang 3,52 g, thu dugc
co BET bang 506 m?/g nhung hiéu suét ZIF-94 khong
dugc boe 16 [15].
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Gan day, tai liéu [16] da dé cap téng hop thanh cong
ZIF-94 tUr ZnSO4.7H,O vdi BET bang 709 m?/g, nhung
khong néu quy mé téng hop cling nhu hiéu suét dat
dugc. Bao céo [17] da cong bd téng hop thanh cong
ZIF-94 tr Zn(NOs),.6H,0 véi BET bang 565 m?/g, hiéu
suét dat 68,6 %, nhung cling chua tiét 16 quy mé téng
hop. Ngoai ra, bao céo [18] mdi cong bd 1an dau tién
t6ng hap dugc ZIF-94 tr ZnCl, & quy mo khéi lugng mau
ban dau la 13 g, ZIF-94 thu dugc c6 hiéu suét bang 73,0
%, BET bang 1.128 m?/g cao nhét tu trudc dén nay.

Nhu vay, cac cong trinh [1, 14-18] da bao céo hiéu suat
ZIF-94 thu dugc tr 68,6-84,0 % vai khéi lugng mau ban
dau trong khoang 0,355-13,0 g, dién tich BET thu dugc
tUr 478-1.128 m?/g. Bang chu y la tai liéu [19] cho théy,
mac du khéi lugng kém si dung & quy mo I6n bang
52,8 g, nhung ZIF-94 thu dugc chi c6 BET khiém tén
bang 415 m?/g. TU cac cong trinh vién dan & trén da
chiing t&, chua c6 cong trinh nao cong bé ZIF-94 dugc
téng hap thanh céng dap Uing dong thdi bé mat riéng
cao, hiéu suét ZIF-94 I16n hon 84 % va khéi lugng mau
ban d&u I6n hon 52,8 g.

Thuc nghiém va phucng phap nghién cu
Héa chat

Hoa chat st dung gom: Zn(CH3CO0),.2H,0O do tinh khiét
98 % cuia hang JHD, Trung Qudéc. Dung dich NH4OH 25
%, HalmIM, ethanol (EtOH) dé tinh khiét 97-99 % cua
hang ADAMAS, Trung Qudc va nudc cét hai lan.

Nghién ctu cdc yéu t6 dnh hudng dén qud trinh téng
hgp ZIF-94 tir Zn(CH3COO0)2.2H-0

Tién chat Zn(CHsCOO),.2H,0O dugc hoa tan vao dung
moi EtOH thu dugc dung dich A, HalmIM dugc hoan tan
vao EtOH c6 b6 sung NH.OH thu dugc dung dich B.
Dung dich B dugc rot tur tir vao dung dich A, thu dugc
hon hap phan tng C. Sau khi khudy dong nhét, hdn hop
C dugc két tinh trong khodng 3-7 gid & nhiét d6 30-90
°C dé tao thanh san pham ZIF-94. Két thic qua trinh két
tinh, mau dugc log, rira 3 [an bang nudc cat (mdi lan 300
ml). Chat ran dugc sdy 2 gio & nhiét d6 100 °C va sdy
chéan khoéng trong 6 gics & nhiét dé 120 °C. San pham
dugc can khéi lugng va bdo quan trong lo kin.

Thanh phan mol clia cac chat trong hén hgp phan Ung
C cling céc diéu kién vé nhiét do va thdi gian phan Ung
clia tiing mau dugc trinh bay trong bang 1. Trong diéu
kién thich hgp nhat, mét mau quy mo 16n (ZIF-94-1an)
st dung 60 g Zn(CH3CO0),2H,0 ban dau, tuong Ung
vdi lugng tién chat gdp 50 an mau quy méd nhd (ZIF-
94-nhd), da dugc t6ng hgp theo cing quy trinh.
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Bang 1: Cac diéu kién thuc nghiém téng hop ZIF-94

Ham Ham  Ham Nhiét Thdi

lugng  lugng lugng dé  gian

Ki hiéu HalmIM  EtOH NH4OH két két
(mol Zn:  (Zn®*:  (Zn°*: tinh tinh

HalmIM) EtOH) NH.OH) Q)  (h)

Z-1HalmIM 1:1
Z-2HalmIM 1:2
Z-3HalmIM 1:3

1:450 1:25 60 5

Z-400EtOH 1:400

Z-450EtOH 1:2  1:450 1:25 60 5
Z-500EtOH 1:500

Z-2.0NH4OH 1:20
Z-25NH,OH  1:2 1:450 1:25 60 5
Z-3.0NH,OH 1:30

ZIF-30° 30
ZIF-60° 1:2  1:450 1:25 60 5
ZIF-90° 90
ZIF-3h

ZIF-5h 1:2  1:450 1:25 60
ZIF-7h 7
Ddc trung

Cac mau nghién clu dugc dic trung bdi phucng phap
nhiéu xa tia X (XRD) trén may D8 ADVANCE-Bruker
(Buic); phé hép thu héng ngoai (FT-IR) trén méay IMPACT
FTIR 410 (BUc); chup anh hién vi dién tir quét (SEM) trén
may S-4800 (Nhat), chup anh hién vi dién tif truyén qua
trén may JEM 1010 (Nhat); xac dinh bé mat riéng (BET)
trén hé Micromeritics Gemini VIl 2390 (M¥); ghi gian do
TG/DTA trén may STA 409PC-NETZCH (Buc).
Kich thudc tinh thé ZIF-94 dudc tinh tir gian do XRD
theo phuang trinh Scherrer [14]:

L = KA/(B.cos) 0
Trong do: L la kich thudc tinh thé (nm), K la hang s&
(0,96), A la budc song tia X (nm), B 1a chiéu rong tai mot
nlfa pic co cudng doé cuc dai (FWHM) (radian) va 0 la
goc nhiéu xa (radian).
D6 tinh thé tuong déi cla ZIF-94 c6 thé dudgc xac dinh
la ty |é gitta t6ng dién tich clia cac pic ZIF-94 (S1) so Vi
t8ng dién tich pic clia tat ca cac pha tinh thé trong mau
(S2) bdi phuang trinh [10]:

C (%) = (51/52).100 @)
Hiéu suét téng hap ZIF-94 dudc xac dinh bang ty |é gita
khéi luong chat ran ZIF-94 thuc té thu dugc (Mgeal) SO
véi khéi lugng ZIF-94 t6i da co thé dugc tao ra theo ly
thuy€t (Mrneor) b3i phuang trinh [20]:

Y (%) = (MReal/Mrheor). 100 (3)
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Két qua va thao luan
Két qua nghién cuiu cdc yéu té dnh hudng

Hinh 1 trinh bay két qua nghién cltu cac yéu té ¢ anh
hudng dén qué trinh két tinh ZIF-94 théng qua phuong
phép XRD. T hinh 1a, khi ty 1& mol Zn* : HalmIM bang
1:1,1:2va1:3thu dugc cac gidn dé XRD khong gidng
nhau. Cu thé, khi ty 1é mol Zn®* : HalmIM = 1: 1, gian do
XRD clia mau Z-1HalmIM ngoai céc pic dac trung cho
ZIF-94 con xuét hién céc pic déc trung cho ZnO. Theo
[1,2], 4 pic dac trung nhat cho ZIF-94 tai cac gia tri goc
26 ~ 7,5° (d = 11,698), 10,8° (d = 8,300), 13,0° (d = 6,791)
va 15,0° (d = 5,876) tuong Ung vdi cac mat phan xa (11
0), 200), (217 va (2 2 0) da xudt hién vdi cuong dé
manh. Bén canh do, cac pic dac trung cho ZnO tucng
Ung vdi goc 20 = 31,8% 34,3° va 36,2° [10] vd&i cudng do
khé& manh. Nhu vay, khi ty 16 mol Zn?* : HalmIM = 1:1,
nghia la phan Ung du Zn2* thi san phdm con 1an ZnO —
cho thdy mét phan Zn?* du, khéng tham gia hinh thanh
khung ZIF-94 va chuyén hoa thanh ZnO. Khi ty & mol
Zn®* - HalmIM bang 1: 2, 1: 3 tuong Ung v&i cac mau
Z-2HalmIM va Z-3HalmIM trén hinh 1a, cac gidn dé XRD
chi ghi nhdn mét bo pic duy nhét clia ZIF-94. Tuy nhién,
mau Z-2HalmIM c6 gian do nhiéu xa tuong tu nhu mau
ZIF-94 trong [1], con mau Z-3HalmIM cé cudng doé pic
thap han va xuét hién phan nén vé dinh hinh. D6 tinh
thé ZIF-94 dugc xéc dinh theo XRD tuong Ung vdi ty 1&
mol Zn?* : HalmIM bang 1:1,1:2 va 1: 3 1a 52, 100 va
95 %. K&t qua nay cho théy, khi phan (ng du HalmiM,
qué trinh két ndi gitra cac tién chat dé tao ra lién két Zn—
almIM=Zn khong triét dé nén dé tinh thé ZIF-94 chi dat
95 %. Do do, ty 16 mol Zn?* : HalmIM = 1: 2 la thich hop
va cling dung ty Ié phan Ung theo ly thuyét.

Trén hinh 1b, sy thay déi ham lugng dung méi EtOH
Ung vd&i ty 1& mol Zn?* - EtOH bang 400, 450 va 500
khéng cé su khac biét dang ké. Ca 3 gidn do XRD chi
xudt hién pic ctia ZIF-94, khong 1an pha tinh thé g,
nhung phan nén & mau Z-400EtOH va Z-500EtOH cao
han so véi dudng nén phang trong mau Z-450EtOH. D6
tinh thé ZIF-94 dugc xéc dinh tuong Ung véi cac mau Z-
400EtOH, Z-450EtOH va Z-500EtOH bang 85, 100 va 95
%. K&t qua nay xac nhan ty 1& mol Zn* : EtOH = 450 la
thich hap.

Trén hinh 1c, anh hudng clia NH4OH la kha ré rang. Chat
thém nay dong vai tro tao ra moi trusng kiém yéu dé
kich thich su tach H* khoi linker HalmIM trudc khi tao ra
lien két Zn—almIM-Zn. Tuy vay, khi ham lugng NH4OH
thdp (mau Z-2.0NH,OH) thi gidn do XRD con xuét hién
phan nén vé dinh hinh. Khi ham lugng NH4OH cao (mau
Z-3.0NH4OH) thi gidn do XRD c6 phéan nén vo dinh hinh
manh hon. D6 tinh thé ZIF-94 dugc xac dinh tuong Ung

véi ty [é mol Zn?* : NH4OH bang 1:2,0;1:2,5va1:3,0
la 82, 100 va 20 %. R& rang, ZIF-94 thuan Igi hinh thanh
khi phan Ung dugc thuc hién trong moi trudng kiém
yéu, tuong Ung vdi ty 1& mol Zn?* : NH,OH = 1: 2,5.
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Hinh 1: Gidn do XRD cla cac mau nghién clu anh
hudng clia ham lugng HalmIM (a), ham lugng EtOH
(b), ham luong NH4OH (c), nhiét d6 (d), thai gian (d)
va mau téng hap ZIF-94 lugng nhd va lugng 16n (e)

Trén hinh 1d, nhiét dé phan Ung ciling c6 anh hudng
dang k& dén sy két tinh ZIF-94. Tai 30 °C, phan Ung dién
ra cham, gidn do XRD tuy da xudt hién bé pic cta ZIF-
94 nhung phan nén vo dinh hinh con khé cao, do tinh
thé ZIF-94 chi dat 75 %. Tai 90 °C, do &anh hudng cua
y&u t6 nhiét déng, phan Ung co thé dién ra nhanh hon
nhung qué trinh hinh thanh khung tinh thé ZIF-94 kém
thuan Igi hon, dan dén d6 tinh thé ZIF-94 chi dat 92 %.
Nhiét d6 60 °C cho do tinh thé ZIF-94 bang 100 % va
dugc xac dinh la nhiét dé thich hgp nhét.

Trén hinh 1d, do tinh thé ZIF-94 dugc xac dinh tuong
Ung vdi thai gian phan Ung trong 3, 5 va 7 gid la 95, 100
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va 80 %. Két quéa cho théy rang, khi phan Ung dat ty 1&
mol cac chéat tham gia phan Ung thich hgp, thi viéc tao
ra cau trdc ZIF-94 dién ra nhanh, dat cuc dai sau 5 gi&
phan Ung. Néu tiép tuc kéo dai thai gian 1én 7 gig, do
tinh thé ZIF-94 gidm con 80 % co thé do sy tai sép xép
cdu tric hodc su suy giam mot phan tréat ty tinh thé
trong qué trinh két tinh nén mot s6 lién két Zn-almIM-
Zn da bi pha v&.

Tom lai, tU két qua nghién clu 5 yéu t6 trén day da xac
dinh dugc diéu kién thich hgp cho téng hop ZIF-94 la:
Ty & mol Zn?* : HalmIM : EtOH : NH4sOH = 1: 2 : 450 :
2,5 va phan Ung dugc thuc hién tai 60 °C trong 5 gig,
khong khudy tron.

Két qua nghién ciu quy trinh téng hop ZIF-94 & quy mé l6n

Hinh 1e trinh bay gidn d& XRD cla mau ZIF-94-nho va
ZIF-94-16n dugc téng hop trong diéu kién thich hop. Dé
dang nhan thdy 2 gian dé XRD nay c6 muc dé tucng
dong rat cao. Cac dinh nhiéu xa dac trung cho ZIF-94
xudt hién day du véi cudng dé manh, khéng 1an pha la,
hay pha v& dinh hinh, hoan toan phu hgp vai dir liéu
m6 phong [1]. C& 2 mau nay déu c6 dd ban rong
(FWHM) cua dinh tai goc 26 = 7,5° kha Ién, cho thay
tinh thé ZIF-94 tao thanh ¢ kich thudc nho.

%T | _ ZIF-94-nho

572
984
(@) 1128 664
a
1350 819
1654 1495 1293

ZIF-94-l6n

1655 818

2000 1600 1200 800

Hinh 2: Mau t8ng hop ZIF-94 lugng nho va lugng 16n:
Phé FT-IR (a), anh SEM (b) va anh TEM ()
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Hinh 2 trinh bay phé FT-IR, anh SEM va anh TEM cla
hai mau vat liéu. Trén hinh 2a, hai phd FT-IR dugc cho
la tuong tu nhau. Dam phd & vung 1654-1655 cm™ dac
trung cho dao déng clia nhém aldehyde (-CHO) [17,21]
va dam phd & viing 1494-1495 cm™ dac trung cho dao
doéng cla lién két doi C=C [17,22] déu xuét hién vdi
cudng dé manh, séc nét, cho thay quy trinh téng hap &
cac quy mo khac nhau cé dé 13p lai rét tot.

Trén hinh 2b va 2¢, anh SEM va anh TEM ghi nhan cac
tinh thé tao thanh cé dé déng déu cao, mat dé day dac
va co kich thudc tuong Ung bang 50, 53 nm déi véi mau
ZIF-94-nhd va bang 55, 60 nm déi véi mau ZIF-94-I6n.
Kich thudc tinh thé tuang Ung clia chiing khi tinh theo
phuong trinh Scherrer bang 45 va 48 nm.

500 +

—=0— Happhu ZIF-94-nhé

Giai hap phu
400 —0— p pny

(a) 0.43
300

BET = 782 m?/g

Quantity Adsorbed (cm3/g STP)

Pore Volume (cm?/g)

100+
2 4 10 20
Pore Width (nm)
0 \ \ \ \
0.0 0.2 0.4 0.6 0.8 1.0
Relative Pressure (p/p°)
500 )
—e— Hipphu ZIF-94-16n
Giai hap phu
w0l —— p phu

(b)

0.42
300

200

Quantity Adsorbed (cm?3/g STP)

100_| BET =769 m?*/g

Pore Volume (cm®/g)

2 4 10 20
Pore Width (nm)

0 1 T T T
0.0 0.2 0.4 0.6 0.8 1.0

Relative Pressure (p/p°)

Hinh 3: Gian d6 hdp phu - giai hap phu N2 clia mau
téng hop ZIF-94 lugng nhod (a) va luang 16n (b)

Hinh 3 mé ta két qua hap phu va gidi hdp phu N2. Quan
sat hinh 3a va 3b khong thédy su khac biét dang ké. Ca 2
gian do déu xudt hién vong tré khi khi N2 giai hdp phu
Ung vdi vung ap suat tuang déi (P/Po) khé tuong dong.
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bang luuy la dé déc Ién & vang P/P, = 0,95-0,99 chiing
to cac mau nay co kich thudc hat rat nho va khong chira
mao quan I8n. Thé tich hdp phu N rdt cao ngay tai ving
P/Po rét thdp (< 0,02) cho biét cac mau nay co chia
nhiéu vi mao quan. Sy xuat hién vong tré ching to da
xay ra hién tugng ngung tu trong cac mao quan trung
binh va cac gidn do nay cé hinh dang clia dudng dang
nhiét hdp phu kiéu 1. K&t qua nay co su khac biét so vdi
dang cla dudng dang nhiét hdp phy kiéu | trong cac
cac béo céo [22,23] va kiéu IV trong béo céo [17]. R
rang, hinh dang dudng dang nhiét hap phu cla ZIF-94
phu thudc vao quy trinh tng hop cy thé.

Cac dac trung clia mau ZIF-94-nhd va ZIF-94-16n dugc
théng ké trong bang 2. K&t qua cho thay, bé mat riéng
(BET) clia ching lan lugt bang 782 va 769 m?/g, trong
d6 bé mat ngoai tuong Ung bang 264 va 252 m?/g
(chiém khoang 33 % téng dién tich bé mat), cang khang
dinh cac mau nay chlfa cac tinh thé co kich thudc ¢&
nanometer.

Bang 2: Bac trung clia mau téng hap ZIF-94 luong
nhd va lugng I6n

Ky hiéu mau ZIF-94-  ZIF-94-
nho 1&n
Khéi lugng zinc acetate 1,2 60,0
dihydrate trong mau ban dau, g
Do tinh thé tuong déi ZIF-94 100 100
theo XRD (%)
Hiéu suat ZIF-94 (theo Zn*) 93,04 92,76
Kich thudc tinh - Theo XRD 45 48
thé trung binh  Theo TEM 50 55
(nm) Theo SEM 53 60
B& mat riéng theo BET, m?/g 782 769
Bé mat riéng theo Langmuir, 1164 1148
m?/g
Dién tich bé mat ngoai, m?/g 264 252
Téng thé tich mao quan, cm®/g 0,387 0,365
Thé tich vi mao quén, cm3/g 0,245 0,239
Phan bé mao quan trung binh 43 4,2
tap trung, nm
D6 bén nhiét, °C 272 276

Hinh 4 trinh bay két qua phan tich DTA/TGA. TU do thi,
6 thé khang dinh gian d& DTA/TGA cla hai mau ZIF-
94-nho va ZIF-94-16n c6 xu hudng tuang ty nhau. Ca
hai gidn do6 nay déu xuét hién mot dinh thu nhiét tai
vung nhiét do thap (62-63 °C) va 3 dinh téa nhiét tai
vung nhiét dé cao (368-500 °C). Binh thu nhiét dac
trung cho qué trinh tach nudc hdp phu hodc dung mai
con du trong mao quan. Cac dinh tda nhiét dac trung

cho su phan hly nhém almIM-, dan dén su dut gay lién
két Zn—almIM—Zn va cudi cling la pha v& cau tridc khung
clia ZIF-94. Téng khdi lugng mat di clia chung tuong
Ung bang 75,1 va 74,9 %, xac nhan cac mau nay cé do
x6p rét 1én. Khéi lugng chét rén con lai tor 24,9-25,1 %
dugc cho la clia ZnO, thdp hon so vdi cac béo cao
[15,20,21,23]. D6 bén nhiét clia ching dugc ghi nhan
tuang Ung I1én t&i 272 va 276 °C.
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Hinh 4: Gian do DTA/TGA mau téng hgp ZIF-94
lugng nho (a) va lugng I6n (b)

Hiéu suat thu hdi nano-ZIF-94 & cac mau ZIF-94-nho va
ZIF-94-16n dudgc tinh toédn tuong Ung bang 93,04 va
92,76 %. Day la hiéu suét t6ng hop ZIF-94 cao nhét
dugc ghi nhén tu trudc dén nay.

K&t luan

Da thiét 1ap dugc quy trinh déang tin cay dé téng hop
nano-ZIF-94 quy moé Ién vdi hiéu sudt cao tU zinc
acetate dihydrate trong dung maéi ethanol. Biéu kién
téng hop nano-ZIF-94 thich hop la: Ty 1é mol Zn’* :
HalmIM : EtOH : NH4OH = 1: 2 : 450 : 2,5; thdi gian
phan Ung trong 5 gid & 60 °C, khdng khudy trén. Nano-
ZIF-94 tao thanh chi cé pha tinh thé ZIF-94, hiéu suat
thu 92,76 %, dién tich bé mat riéng (BET) bang 769 m?/g,
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dién tich bé mat ngoai bang 252 m?/g, phan bé mao
quan trung binh tap trung & vung 4,2 nm, bén nhiét dén
276 °C. K&t qua nay ma ra mét ca hoi tiép tuc chuan
héa cong nghé téng hop nano-ZIF-94 dé tién tdi
thuang mai hda & Viét Nam.
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