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ABSTRACT

ZIF-94 is a zeolitic imidazolate framework with a sodalite structure. The
pore system in ZIF-94 is formed from Zn?* tetrahedra linked together
through imidazole 4-methyl-5-imidazolecarboxaldehyde, similar to the
linkage of SiO4~ and AlO4™ tetrahedra in zeolites. ZIF-94 contains acid
and base sites, the pore diameter is about 0.3 nm connected to large
cavities of 0.91 nm. Therefore, ZIF-94 is considered a new generation
advanced material with great potential for applications in catalysis and
adsorption. Up to now, synthesized ZIF-94 has a low specific surface
area, there has been no report synthesizing ZIF-94 from ZnClz on a
large-scale. Therefore, this paper presents the first research results on
the synthesis of ZIF-94 with the highest specific surface area (BET)
reaching 1.128 m?/g, and is also the first time to report the synthesis
results of ZIF-94 from ZnClz on a large-scale. ZIF-94 exhibits a
crystallinity of 100%, an average crystal size of 85 nm, thermal stability
up to 280 °C, and a yield of 73%.

Gidi thiéu chung

Y [6,7], dudng kinh mao quéan khoang 0,3 nm ndi thong
Vi cac héc Ién ¢é kich thudce 0,91 nm [1,2]. Ngoai ra, do

ZIF-94 1a mét trong s6 cac vat liéu khung imidazolate —
kim loai (ZIFs) ma tién than clda nd la SIM-1 da duoc S.
Aguado va cong su da tim ra lan dau tién vao nam 2010
[1]. H& mao quan trong ZIF-94 dugc hinh thanh tur cac
& dién Zn®* lién két véi nhau thong qua imidazole 4-
methyl-5-imidazolecarboxaldehyde  (HalmIM)  [1,2],
tuang tu nhu lién két cud cac t dién SiOas va AlO4™ trong
zeolite [3-5]. Khung ZIF-94 dugc tao nén bdi céu tric
sodalite (SOD) vdi vong lién két 6 canh tuong tu zeolite

©2025 by the authors. Licensee Vietnam Journal of Catalysis and Adsorption.

khodng cach Zn-Zntrong ZIFs gan gap déi khoang cach
Si-Si trong zeolite 6 cling ki€u cau trdc lién két, nén thé
tich mao quan clia ZIFs I6n hon thé tich mao quan cla
zeolite tuong Ung cé clng ki€u cdu truc [8]. V&i dac
diém nay, ZIF-94 dudgc cho la véat liéu tién tién thé hé
mdi cé tiém nang Ung dung tét trong Iinh vuc xudc tac
va hap phu.

Haon 10 ndm qua, ZIF-94 da dugc nghién clu vé cdu tric
mot cach khéa toan dién nhu da dugc trinh bay trong cac
https://doi.org/10.62239/jca.2025.068
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bédo céo [1,2,9], ti€p dén la nghién cltu diéu chinh ché
do cong nghé dé ZIF-94 dugc tao ra cé hiéu qua cao
nhét nhu d& dugc dé cap trong béo céo [10]. ZIF-94
cling da dugc nghién cltu téng hap & quy mé 16n [11,12]
nham muc dich &n dinh quy trinh cong nghé dé co thé
thuong mai hda. Cho dén nay, mdi chi c6 ZIF-8 da dugc
thuong mai hda bdi hdng BASF (Bdc) dudi tén goi
Basolite@1200. Viéc thuang mai hda cac loai ZIFs khéc,
trong do c6 ZIF-94 van dang la mot thach thic. Bén
canh do, ZIF-94 dugc téng hop co bé mat riéng (BET)
cao nhat dugc biét dén nay chi bang 709 m?/g [13].
Tiép theo cac bai bao [8,13-15], bai béo nay bao cao két
qua nghién cltu téng hop ZIF-94 c6 bé mat riéng 16n
nhat tU trudc dén nay, st dung tién chat ZnClz Ian dau
tién & quy mo 18n, v&i do 1ap lai tin cay.

Thyc nghiém va phucng phap nghién ctiu
Héa chdt

Hoa chét si dung gdm: ZnCl2 dd tinh khiét 98% cla
hang JHD, Trung Qudéc. Dung dich NH4OH 25%,
trimethylamine (TMA), triethylmaine (TEA), HalmiM,
N,N-dimethylformamide  (DMF), ethanol  (EtOH),
methanol (MeOH) dé tinh khiét 97-99% cla hang
ADAMAS, Trung Quéc va nudc cét hai lan.

Nghién ciu dé ldp lai ctia quy trinh téng hop ZIF-94 tur
ZnCl2 & quy mo l6n

Thuc nghiém t8ng hgp ZIF-94 lugng nho (khéi luong
ZnCl2 bang 0,436 g, ky hiéu ZIF-94-Small) da dugc trinh
bay trong [15]. Trong nghién clu nay, chdng téi st dung
két qua XRD clia mau ZIF-94-Small dugc téng hap theo
[15] d€ so sanh v&i mau ZIF-94 quy mé 16n (ky hiéu ZIF-
94-Large) trong nghién clu nay. Hiéu sut va cac dac
trung cla mau ZIF-94-Small vé SEM, TEM, FT-IR,
DTA/TGA, hadp phu va gidi hap phu N2 chua dugc bao
cao trong [15] s& dugc trinh bay trong bai bao nay.
Trong nghién ctu nay, mau c6 khéi lugng 16n véi quy
mo 16n hon mau cé khéi luang nho 30 1an (khéi lugng
ZnCl2 bang 13 g) dudc tién hanh trong cac diéu kién
tuong tu nhu téng hap mau co khéi lugng nhd [15]. Cu
thé, tién chat ZnCl> dugc hoa tan vao dung méi EtOH
(dung dich A), HalmIM dugc hoan tan vao dung moi
EtOH va chat thém TMA (dung dich B). Tiép dén, rét
dung dich A vao dung dich B va hon hgp nay dugc két
tinh trong thai gian 6 gid tai nhiét d6 90 °C, khéng khudy
tron. Két thic thai gian két tinh, mau dugc loc hét dung
moi, phan tan chat ran 3 1an bang MeOH (méi [an 30 ml
MeOH sach), sau doé ly tam, loc va sau 3 lan phan tan,
https://doi.org/10.62239/jca.2025.068
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chét ran dugc sdy chan khong trong 5 gig & nhiét do
120 °C. Chét rén la ZIF-94 dugc can va bao quan trong
lo kin.

Ddc trung

Cac mau t8ng hop ZIF-94-Small va ZIF-94-Large dugc
dac trung trong cac diéu kién nhu nhau bdi phuong
phéap nhiéu xa tia X (XRD) trén may D8 ADVANCE-
Bruker (BUc); ghi phé hép thu hdng ngoai (FT-IR) trén
may IMPACT FTIR 410 (BUc); chup anh hién vi dién tu
quét (SEM) trén may S-4800 (Nhéat); chup anh hién vi
dién t truyén qua trén may JEM 1010 (Nhat); xac dinh
bé mat rieng (BET) trén hé Micromeritics Gemini VI
2390 (MY); ghi gian do TG/DTA trén may STA 409PC-
NETZCH (Puq).

Kich thudc tinh thé dugc tinh toén tir gidn dd XRD theo
phuang trinh Scherrer [16-18]:

L (nm) = K x A/(B x cosB) ©)

Trong do: L la kich thudc tinh thé (nm), K |a hang s&
(0,96), A la budc song tia X (nm), B la chiéu réng tai moét
nlfa pic c6 cudng do cuc dai (FWHM) (radian) va 8 la
goc nhiéu xa (radian).

Do tinh thé tuong déi clia ZIF-94 dugc xac dinh la ty 16
gitta t8ng dién tich cla cac pic ZIF-94 (S1) so vdi téng
dién tich pic clia t&t ca cac pha tinh thé trong mau (S2)
bd&i phuong trinh [17]:

C (%) = (5v/S2) x 100 2

Hiéu sudt cla phan Ung dugc tinh toén dua trén ty 1é
gitia khéi lugng ZIF-94 thuc té thu dugc (Mtt) so vai khoi
lugng ZIF-94 t6i da co thé dugc tao ra theo ly thuyét
(MIt) theo phuang trinh [16,18]:

Y (%) = (Mtt/MIt) x 100 3)

Két qua va thao luan

Hinh 1 trinh bay gian d XRD clia mau ZIF-94-Small va
ZIF-94-Large. D& dang quan sat thay hai gian do nay
cho mét mic dé dong dang t6t. Tat ca cac pic dac trung
cho ZIF-94 da xuét hién trén cac gian do vdi cudng dé
manh, sic nét, khong 1an pha la. Ca hai bd pic déu ¢
duding nén phang, cho thdy khong cé pha vé dinh hinh,
tinh khiét. Nhiéu xa tia X clia hai mau rét phu hop vdi
dir liéu moé phdng don tinh thé ZIF-94 d& dugc mo ta
trong cac bao cao [19,20] va da dugc thdo luadn trong
béo cdo [14]. Pang chd vy la pic dac trung manh nhét tai
mat phan xa (110) Ung vd&i giatri 26 = 7,467° (d = 11,829)
c6 cudng dé manh, dé rong chan pic kha Ién cho thay
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tinh thé ZIF-94 tao thanh co6 kich thudc nhd, phu hop
Vi két qua xac dinh kich thudc trung binh cla tinh thé
theo phuang trinh Scherrer tuong Ung bang 68 va 70
nm déi vai mau ZIF-94-Small va ZIF-94-Large.

ZIF-94-Small

Lin (Cps)

ZIF-94-Large

5 10 20 30 40
2-Theta - Scale

Hinh 1: Gidn dd XRD clia mau ZIF-94-Small
va ZIF-94-Large

Hinh 2 md ta phé hdp thu hdng ngoai clia mau ZIF-94-
Small va ZIF-94-Large. Hinh dang phd dugc cho la
tuong tu nhau, dac biét 1a cac dam phd dac trung cho
dao déng ctia nhdm chirc va dao déng clia cac lién két
trong vat liéu tao thanh.
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Hinh 2: Ph& FT-IR clia mau ZIF-94-Small va
ZIF-94-Large

Cu thé, ddm phd & viing 1655-1653 cm™' déc trung cho
dao déng ctia nhém aldehyde (-CHO) [21] va dam phé
& ving 1494-1492 cm™ dac trung cho dao déng cla lién
két doi C=C [22,23] xuét hién vai cuong dd manh, cho

thdy trong c& hai mau nay déu chia lién két imidazolate
€6 ngudn goc tu tién chat hitu co HalmIM. Két qua phéan
tich ph& FT-IR trén day phu hgp vdi bao cao téng hop
nano-ZIF-94 tUr Zn(NO3)2.6H20 [14].

Két qua chup anh SEM va anh TEM cla mau ZIF-94-
Small va ZIF-94-Large dudc trinh bay trén hinh 3. Quan
sat hai anh SEM (phia trén hinh 3) ¢ thé thdy céc tinh
thé tao thanh co kich thudc nhd, nhung két tu lai thanh
cé4c hinh cau c6 kich thudc 16n. Biéu nay chi xay ra khi
tinh thé c6 kich thudc nanomet, do hiéu Ung két tu clia
cac hat ¢c6 kich thudc nanomet ma tao nén. Kich thudc
hat tinh thé trung binh tuong Ung bang 80 va 85 nm
trong mau ZIF-94-Small va ZIF-94-Large, khi két ty lai
thanh cac hinh cdu cé kich thudc trung binh tuong Ung
bang 0,94 va 0,92 um.

Z1F-94-

Hinh 3: Anh SEM (trén) va TEM (dudi) cla
mau ZIF-94-Small va ZIF-94-Large

TU anh TEM clia mau ZIF-94-Small va ZIF-94-Large trén
hinh 3 (phia dudi), quan sat thdy cac tinh thé dugc tao
thanh kha dong déu, dugc cho la khé giéng nhau. Kich
thudc tinh thé trung binh dugc xac dinh bang phucng
phap TEM trong mau ZIF-94-Small va ZIF-94-Large
tuong Ung bang 78 va 82 nm.

Biéu dang chu v la, ca ba phuong phap XRD, TEM, SEM
déu cho két qua xac dinh dé tinh thé ZIF-94 trong mau
ZIF-94-Small va ZIF-94-Large cho mdt sy tuong quan
rat tét. Kich thudc tinh thé trung binh dugc xéc dinh sép
x€p theo trat tu XRD < TEM < SEM (tuong Uing bang 68,
78, 80 nm trong mau ZIF-94-Small; béng 70, 82, 85 nm
trong mau ZIF-94-Large). Sai s6 nhd gilta cac phuong
phap nay cling chiing té cac tinh thé tao thanh rat déng
déu.
Hinh 4a trinh bay gidn do hép phu va gidi hap phu nitg,
phan bé 16 x8p viing mao quan trung binh clla mau ZIF -
94-Small (phia trén) va ZIF-94-Large (phia dudi). Co thé
https://doi.org/10.62239/jca.2025.068
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cho rang, hai gidn do nay khong cé su khac biét dang
ké. Ca& hai mau déu c6 dung lugng hdp phu rat cao &
vung ap suét tuang déi p/po rét thép (< 0,01), ching té
chiing déu chira mét lugng Ién vi mao quan. Sy xudt
hién vong tré kha I6n tai ving p/po = 0,46-0,99 (d6i vdi
mau ZIF-94-Small) va 0,44-0,99 (d6i v&i mau ZIF-94-
Large) chiing té da xay ra hién tugng ngung tu trong
c&c mao quan trung binh trong hé théng mao quan cta
chiing. Budng dang nhiét hdp phu nay thudc kiéu 1V,
khac biét hoan toan vdi dudng dang nhiét hap phuy kiéu
| cla ZIF-94 d& dugc bao céo [11,12,23,24], nhung khé
gidng vdi két qua da dugc thao luan trong bao céo [14].

BET = 1.159 m%/g

(b)
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Hinh 4: Gidn dé hap phu va gidi hdp phu N2 (a) va
phan bd 16 xEp viung mao quan trung binh (b)
clia mau ZIF-94-Small va ZIF-94-Large

Mao quan trung binh xudt hién trong cdu tric ZIF-94
dugc téng hgp trong bai bdo nay dugc cho 1a tir khe hd
clia cac hat ¢ kich thudc Ién tao thanh do su két tu cla
cac hat c6 kich thudc nanomet. R6 rang, mao quan
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trung binh nhu vay dugc goi la mao quén trung binh
th(r cdp. Mot diéu déang luu y 1a tai ving ap suét tuong
déi p/po = 0,98, gidn dd hédp phu va gidi hdp phu nitg
clia ca hai mau ZIF-94-Small va ZIF-94-Large déu c6 do
déc rét thap, ching minh ca hai mau nay déu khoéng
chlta mao quan I6n nhu da dugc thdo luan trong [25].

B& mat riéng theo BET va Langmuir cia mau ZIF-94-
Small dugc xac dinh tuong Ung bang 1159 va 1.660
m?/g, trong khi cta mau ZIF-94-Large dugc xac dinh
tuong Ung bang 1.128 va 1.615 m?/g. Dién bé méat ngoai
d6i véi mau ZIF-94-Small bang 527 m?/g va déi véi mau
ZIF-94-Large dudc xac dinh bang 510 m?/g. Dién tich bé
ma&t ngoai bang 45,2-45,5% téng dién tich BET cho théy
cac mau téng hap nay cé kich thudc rét nhd va rat déng
déu, nhu dé thao luan & trén. Dién tich cao nhu vay chua
ting dugc bdc 16 trudce khi bai bao nay dugc cong bé.
Néu nhu viéc téng hap ZIF-94 ¢ bé mat riéng BET cao
nhat dugdc ghi nhan bang 709 m?/g [13], thi bé mét riéng
cla ZIF-94 dugc t8ng hgp trong bdo céo nay rét dang
dugc ghi nhan, nhu mét déng gdp tich cuc vao thanh
tuu clia nhitng nguai nghién clru vé vat liéu mao quan
tién tién thé hé mdi trén thé gidi.

Quan sat phan bé mao quéan vung mao quan trung binh
trén hinh chén nho (4b) co thé thdy, mao quan trung
binh rét tap trung tai ving 3.8 nm (d6i v&i mau ZIF-94-
Small) va 3.6 nm (d8i véi mau ZIF-94-Large) vdi pic cao,
s&c nhon. Bén canh do, ca hai m3u con xuat hién mot
pic rat yéu & vung mao quan trung binh tuong Ung tai
7,8 va 8,0 nm.

Téng thé tich mao quan va thé tich vi mao quan cla
mau ZIF-94-Small tuong Ung ang 0,564 va 0,282 cm?/g,
clia mau ZIF-94-Large tuong Ung bang 0,549 va 0,274
cm?/g. R& rang thé tich déng gdp ti mao quan trung
binh 1a rat Idn, hita hen s& cé nhiéu Ung dung trong xUc
tac va hédp phu déi vdi cac phan tlr co kich thudc 16n.

Hinh 5 trinh bay gian do DTA/TGA cla mau ZIF-94-
Small va ZIF-94-Large dugc ghi tU nhiét d6 phong dén
800 °C. Hai gian do nay dugc quan sét thdy ¢ hinh
dang rét giébng nhau. Ca hai gian do DTA nay déu xuéat
hién mot diém thu nhiét va hai diém tda nhiét. Biém thu
nhiét dac trung cho sy mat nudc hdp phu hodc dung
moi con du tlf cac mao quan va cac héc mao quan cla
vat liéu. Trong giai doan thu nhiét, dudng cong TGA ghi
nhan méat 9,0 % khéi lugng déi véi mau ZIF-94-Small va
9,3 % khdi lugng déi v&i mau ZIF-94-Large. Biém toa
nhiét thit nhat xung quanh 325 °C d6i véi mau ZIF-94-
Small va xung quanh 331 °C déi véi mau ZIF-94-Large
dac trung cho sy phan hly cla imidazolate almIM™.
Diém tda nhiét th hai xung quanh 450 va 462 °C tuang
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Ung v&i mau ZIF-94-Small va ZIF-94-Large déc trung
cho sy phé v8 cdu trdc khung cta ZIF-94. Tu khoang
600 °C tr& di, gian do TGA hau nhu khong cé sy thay
déi khéi luang. Téng khéi lugng mau mét di trong giai
doan tda nhiét cla mau ZIF-94-Small va ZIF-94-Large
tuong Ung bang 53,5 va 53,6 %. Nhu vay, téng khoi
lugng mét di bai nhiét clia mau ZIF-94-Small va ZIF-94-
Large tuong Ung bang 62,5 va 62,9 %. Knhdi lugng tung
Ung con lai bang 37,5 va 37,1 % dugc cho la cia ZnO
khong bi phan hdy, phu hgp véi cac cong trinh da bao
c4o [11,18,21,26]. BS bén cau truc theo nhiét dé clia mau
ZIF-94-Small va ZIF-94-Large tucng Ung dugc xac dinh
bang 275 va 280 °C.

DTA uv)
100 i
N 0 9.0%
30 16.9%
g 275
& 60
=
-2 ZI1F-94-Small
B 40
20 \/v
82.5°C
0 T T T T
0 100 300 500 700 800
Temperature (°C)
DTA uv)
100
\_ 9.3%
80 7
g 280
g 60
gﬁ Z1F-94-Large
B 40
20 \/\—/
75°C
0 T T T T T T
0 100 300 500 700 800

Temperature (°C)

Hinh 5: Gidn d® nhiét vi sai va nhiét khéi lugng cua
mau ZIF-94-Small va ZIF-94-Large
Két qua dac trung mau ZIF-94-Small va ZIF-94-Large
theo cac phuang phap khéc nhau dugc théng ké trong
bang 1. Hiéu sudt ZIF-94 tao thanh trong méau ZIF-94-
Small va ZIF-94-Large dugc xac dinh tuong Ung bang
72,2va 73,0 %.

Cho d@én nay, ZIF-94 dugc téng hop quy mo I16n (khdi
lugng mau 52,8 g) da dugc cong bd di tir tién chat
Zn(CH3CO0)2.2H20 trong dung mdi CHsOH va THF.
ZIF-94 thu dugc c6 bé mat riéng BET bdng 415 m?/g,
tinh thé co kich thudc trung binh bang 275 nm [12]. R®

rang, két qua thu dugc tir cdng trinh nay vuct tréi han
céc két qua da cong bé trudc day.

Bang 1: Bac trung clia mau ZIF-94-Small va ZIF-94-
Large

Ky hiéu mau ZIF-94-Small  ZIF-94-Large

Do tinh thé ZIF-94 theo 100 100
XRD (%)

Hiéu sudt ZIF-94 (theo 72,2 73,0
Zn2+)

Kich thudc  Theo XRD 68 70
tinhthe  Theo TEM 78 82
trung binh

(nm) Theo SEM 80 85
Bé mat riéng theo BET, 1159 1128
m?/g

Bé mat riéng theo 1.660 1.615
Langmuir, m%/g

Dién tich bé méat ngoai, 527 510
m?/g

Téng thé tich mao 0,564 0,549
quan, cm’/g

Thé tich vi mao quan, 0,282 0,274
cm’/g

Phéan bé mao quan 3,8 (rét 3,6 (rat
trung binh tap trung, manh), 7,5 manh), 8,0
nm (rét yéu) (r&t yéu)
D6 bén nhiét, °C 275 280

Két luén

Vat liéu nano-ZIF-94 lan déu tién dugc téng hop tu
ZnCl2 & quy m6 16n, cd bé mat riéng I6n nhét, trong
dung méi ethanol c6 mat trimethylamine. San pham co
cac chi tiu ky thuat: Do tinh thé bang 100 %, bé mat
riéng BET bang 1.128 m?/g, bé mat ngoai bang 510 m?/g,
phan bé mao quan trung binh tap trung tai 3,6 nm, kich
thudc tinh thé bang 82 nm (theo TEM), bén nhiét dén 280
°C, hiéu suét téng hop bang 73,0 %. Quy trinh t6ng hop
nano-ZIF-94 t ZnCl2 & quy mé 16n trén day cho do lap
lai tin cay, co thé &p dung dé md& rong quy md san xuét,
huéng dén thuong mai hoa san phadm vao thuc tién.
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