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Abstract Benzene is a typical volatile organic compound with high photochemical reaction activity, which can seriously
harm the environment and human health. Adsorption is an effective method to remove volatile organic compounds (VOCs),
and the core of the adsorption method is the development of adsorbents. The high specific surface area and pore volume of
metal-organic frameworks (MOFs) make them useful in the field of VOCs adsorption. However, the presence of water lead to
a decrease in the adsorption capacity of MOFs. In this work, hydrophobic carbon dots (HCDs)@MIL-100(Fe)-Cx composites
were prepared by in situ synthesis of hydrophobic carbon dots with MIL-100(Fe) to improve their benzene adsorption per-
formance. The composite adsorbents were characterized by powder X-ray diffraction (PXRD), N2 adsorption-desorption,
thermal gravimetric (TG), Fourier transform infrared spectroscopy (FTIR), scanning electron microscope (SEM) and trans-
mission electron microscope (TEM), the static adsorption capacity of HCDs@MIL-100(Fe)-Cx for benzene and water was
determined by gravimetric vapor adsorption analyzer, the dynamic adsorption performance of benzene was investigated by
measuring the breakthrough curve of the fixed bed. The results showed that the HCDs were compounded with MIL-100(Fe)
by loading or embedding, and the specific surface area of the compounded materials increased significantly and possessed
hierarchical pores. The synergistic adsorption of HCDs and MIL-100(Fe) greatly enhanced the adsorption capacity of ben-
zene and the competitive adsorption selectivity of benzene/water. At 25 °C, when the relative pressure was 0.9, the benzene
adsorption capacity of HCDs@MIL-100(Fe)-C1 was 2.9 times that of MIL-100(Fe). When the relative pressure was 0.1, the
adsorption capacity of HCDs@MIL-100(Fe)-C1 for benzene was increased by 175.66 mg/g compared with MIL-100(Fe),
while the adsorption capacity for water was only increased by 16.87 mg/g, and the competitive adsorption selectivity of
HCDs@MIL-100(Fe)-C1 was up to 3.4, while the highest for MIL-100(Fe) was only 2.4. Water contact angle experiments
confirmed that HCDs improved the hydrophobicity of MIL-100(Fe). The ability of the composite to capture low concentra-
tion of benzene was enhanced; the dynamic breakthrough time of HCDs@MIL-100(Fe)-C1 was 1.4 times that of
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MIL-100(Fe), and it has perfect cyclic stability. Therefore, HCDs@MIL-100(Fe)-Cx has reference significance for the prepa-

ration of adsorbents with high VOCs adsorption performance.

Keywords metal-organic frameworks (MOFs); adsorption; hydrophobicity; carbon dots; in situ composite
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W 925 A — ol Bl AT 2K 2 B s R R R AL
BOAR, Ju R SR R R A AL L IR B R
VOCs [ CAE T WP, B T W p 7
TR TR &R A HLE 4L(MOFs)®1%, Li 250
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MRF ATBETH R SRS 00, 7E VOCs AR B 3K 7
T E AT R RS FH 7 3. Yang U2 R VA 7R G &
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MOFs Bk P 22021, o 8 R TR . Xian 26013
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TR TR AR, KT T ERRN
SRR, RIS  BIRERA A, TK AT RETE R
KRR, FF HK o1 R 4 8 kA 1K g s vy 25 i
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HoABRGUR AR L, JEFERK Aot MOFs 7 il 4% = 1
R PRI VIR R 7] 83 5 B L PR T 35t

A TAE K F 58 K % 25 (Hydrophobic Carbon Dots,
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Figure 1 PXRD patterns of HCDs@MIL-100(Fe)-Cx
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FRBHHAEIE(20=6.3°H1 10.2°123]), {H J&: A fIF I 58 55 1K,
gE LIRS, AT ULFT A ) MOFs B 2R 45 ) R A7 45 K R
(FEkFE. B HCDs NI IN, R5AE U 1) 5 5 2
W, RUE R HCDs A 3T MIL-100(Fe) ) da A4
K, 257 MIL-100(Fe) i At B 438 72, i dE st
P HR AP, [EERNZ, M HCDs J&, EA6W
MG AR ER H HCDs FIAHCHRAEVE, XK T HCDs
TG GER, H R4 BUE MIL-100(Fe)dn .

2 4 MIL-100(Fe) Al HCDs@MIL-100(Fe)-Cx )3
M7 2 B (SEM) 5, AE 2 AT L4351, MIL-
100(Fe) 1) & R 73 A 5 SCRR R E PIARIT, 4 kL 2R 4
fE—it. HCDs BN J&7E & 7 3R 1 I A& & 300 & (1)
HCDs, X EZIHRFET&# HCDs ]/ H557 70k
£ MIL-100(Fe)Hr. t4h, HCDs IANJG, T4 kR
RSFAR/N, FHW] HCDs %t MIL-100(Fe) & A T34 W 2
FRFEAVE . 078 I N RIS E A AR [H) B BE 1
FR R ERAE y tt o 7 SR 8 1 & B A HLIC AR 2 AT Y
BCAZAEH, 98/ MOFs [PIRLARR0, 4n b ATk, HCDs [
F 5 W E SRR Re A mT DAES B3t o 0 R A, AT 9k
INTEMBHRLAZ.

B 2 (a) MIL-100(Fe)i] SEM i [&; (b) HCDs@MIL-100(Fe)-C1 f]
SEM i &; (c) HCDs@MIL-100(Fe)-C2 f] SEM i &]; (d) HCDs@MIL-
100(Fe)-C3 [¥] SEM &

Figure 2 SEM images of (a) MIL-100(Fe), (b) HCDs@MIL-
100(Fe)-C1, (c) HCDs@MIL-100(Fe)-C2 and (d) HCDs@MIL-
100(Fe)-C3

3 4 HCDs@MIL-100(Fe)-Cx {135 5 HEL 1 B i
(TEM)EIE. tHE 3 W LLE B diid b o s 9K i o,
HA MIL-100(Fe)JE i 1% 1) - 1200, B HCDs %
IR MIL-100(Fe) . B%E HCDs 0 (134
I, HCDs R~} 2@k, M 2.4 nm 24735 ME] 5 nm
A, ZJEH#E 10 nm BL E. HCDs@MIL-100(Fe)-C3
KA HCDs 70 i FFAE B LA RIS, 5 DR oK £
NIRRT RE 2 KRR AR, &bk 2 AR L.

4a Jy HCDs@MIL-100(Fe)-Cx 7£ 77 K FHIES
W B 2R 26, F W] %0, HCDs 1) Ny TR R AR D,
FE R TH A 3.70 m¥/g, 1 HCDs I JG & &M EH S
TARRA R 1 R N TV B, LR RS 1N, RHE
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B 3 (a) HCDs@MIL-100(Fe)-C1 17 TEM KE1&; (b) HCDs@MIL-
100(Fe)-C2 ] TEM E1%; (c) HCDs@MIL-100(Fe)-C3 ] TEM F{%&
Figure 3 TEM images of (a) HCDs@MIL-100(Fe)-C1, (b)
HCDs@MIL-100(Fe)-C2 and (c) HCDs@MIL-100(Fe)-C3
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Figure 4 (a) N, adsorption and desorption isotherms of the
HCDs@MIL-100(Fe)-Cx at 77 K, (b) micropore size distributions of the
HCDs@MIL-100(Fe)-Cx by using DFT model and (c) mesopore size
distributions of the HCDs@MIL-100(Fe)-Cx by using BJH model
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B A K R I R A OO R A T, M e P A
FLEE M LA NN ILEW, R T 2 Lo i,
HCDs@MIL-100(Fe)-Cx L5 MFLIIFL 540 7341 5331
KH % iz R #S (DFT) B2 Al Barrett-Joyner-Halenda
(BIH)FE R4, AP 4b R 4¢ mT DA 2 20 DU A b4 R
LA AR 2 B EAE I ZE 0.68 nm F1 1.27 nm, 24D,
mMEEMEM AL Z 5l 2~20 nm Z [,
MIL-100(Fe) ) L 73 A7 FSC R & A Fr 251, 2T &
JR UL S A T AN [F S 3. BT S MR S5 R S5
(WFE DATLLRBL HCDs HIFLEAER /DN, T AL,
¥, {AbE3E HCDs ¥ 3G in, -6 EHNFL2 50
KT MIL-100(Fe) H 2 305638 0 f5 s/ & 34, X fh
52 2% B) S5 A0 S B A AE ONLE T AT R R T =N
[fl: (1) HCDs A& @ i AH HAE F, FIRC/AR =4 5e4+/E H,
SR SR IE R BB AL A (B Sa); (2) HCDs $HELLE &
RRTH(E 5b), 48 THELLLE RIS MIL-100(Fe) 4
TERUR & S, PR RIFLERES; (3) HCDs 237 5
FLIE N FEALAE SR (E Sc).

£ 1 HCDs@MIL-100(Fe)-Cx M HL & HFAFIFLAS

Table 1 Specific surface area and pore volume of HCDs@MIL-
100(Fe)-Cx

~ Pore volume/(cm’sg ")
Sample Ager/(m*+g ")

V&otal Vmeso Vmicro

HCDs 3.70 0.0053 0.0050 0.0003
MIL-100(Fe) 786.21 046 024 022
HCDs@MIL-100(Fe)-C1 1546.97 133 098 035
HCDs@MIL-100(Fe)-C2 1458.87 129 096  0.33
HCDs@MIL-100(Fe)-C3 1406.97 .15 0.83 0.32

+ HCDs e fift @) £BET

B 5 HCDs fl MIL-100(Fe)ffI{E 7R~ &

(a) B BB BER A (078 (b)RTHH R, () fLE T

Figure 5 Action diagram of HCDs and MIL-100(Fe)

(a) frameworks grafting or composition of defect sites; (b) surface loading; (c)
filling of pores

B3 MIL-100(Fe)f1 HCDs@MIL-100(Fe)-Cx fj#4
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HCDs@MIL-100(Fe)-Cx 25 4 73 fift UL J¢ %% #r &0 A
MIL-100(Fe)FE A — 5, 25~100 °C AFLE i =5 K F
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C H4aiRzh. C—H 1 IRz 7E 1460 cm ' &b, K H
HCDs 7748 K B i 7K P 36 [0 0 /b B 5 7K 1 11 3k 141
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I ALE Fe FI52R =HEZH 1) O, 1A HCDs H1 ) O. Xt
EL 2 AR RFT MIL-100(Fe) £ AME K, & ¥ HCDs i
NJGTEE G MBI A KB HCDs FIRFfENE, FH A
HCDs J& 570 em™ ' AbIEEYH 2%, 7E 630 cm ' AL BV JE
T Fe—O IRANMIFIG AL, UESE T HCDs Hi) O F
Fe i, 54ma T ECAAH ) O A1 Fe M4s 4, aAES4l)
YIER A, 1710 cm ' ARRUERTIHET p2n? @ n® BIMEL
7RG Fed BALBY, BEF HCDs YN & 8 hiniZ Ak g
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B 6 HCDs@MIL-100(Fe)-Cx 4L 4ME

(A) MIL-100(Fe), (B) HCDs@MIL-100(Fe)-C1, (C) HCDs@MIL-100(Fe)-
C2, (D) HCDs@MIL-100(Fe)-C3, (E) HCDs

Figure 6 FTIR spectra of HCDs@MIL-100(Fe)-Cx

(A) MIL-100(Fe), (B) HCDs@MIL-100(Fe)-C1, (C) HCDs@MIL-100(Fe)-
C2, (D) HCDs@MIL-100(Fe)-C3, (E) HCDs
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MIL-100(Fe)#1 HCDs@MIL-100(Fe)-C1 [{J#<-TPD
mhZean &l 7 pros, hZAr 78w A il b ig, R MIL-
100(Fe) EAFEPR PR BRVE T, — oAy A4 i B A0 2K 4y
THVER, XA — A0, W BE ASS; S —Mvé
JaE I I RO MR S TR, RS AN, WA
BCR. PRRAARE ) Ot R 06 555 — AU 1% W i AR AT B K T
B KRN Fe &Rfiaib H o2
B B 38 8 =Ry - BV 7R 43 1 5 T T 2R 25 TR B AR B34,
Xt MIL-100(Fe)5 HCDs@MIL-100(Fe)-C1 FIP it
B, S A PR AN G BR 06 1) 06 T AR 350 B 3 K
KW HCDs WIINA$R = XM {EH, (H2:-TPD iz
HAR B BUHIE, 12 T HCDs 525 1 1Al AR HAE
FARNZR - S - E 8 T n-n [BIAH EAEFH, S EUB R
W E A

_
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TIK
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Figure 7 Benzene-TPD curve of HCDs@MIL-100(Fe)-Cx

&l 8 Jy MIL-100(Fe) Al HCDs@MIL-100(Fe)-Cx [)7K
b AR B BB %0 MIL-100(Fe) 7K 42 fi £ £
/IN(24.5°), HCDs (17K 42 fil /1 £ R (103.8°), KB MIL-
100(Fe)J&@ T-3R/KMEATRL, Tl 4% (1) HCDs I H R 471

(a) I (b) I (c) I

B8 (a) MIL-100(Fe)fI/K#fil £1; (b) HCDs@MIL-100(Fe)-C1 FI7K
fih 1, (c) HCDs@MIL-100(Fe)-C2 [ /K £ filt /1 ; (d) HCDs@MIL-
100(Fe)-C3 7K Eefi ff1; (e) HCDs 7K 4= i

Figure 8 Water contact angle of (a) MIL-100(Fe), (b) HCDs@MIL-
100(Fe)-C1, (c) HCDs@MIL-100(Fe)-C2, (d) HCDs@ MIL-100(Fe)-C3,
(e) HCDs
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Bi/K . 4 HCDs [ I &3 i 2 i 5 & AR 57K
PR WT SR, RS HCDs HIE & nl LUR & Ho 32 Tt
MIL-100(Fe) ] #i 7K 1.
2.2 IRMIMEEERRR
221 RAeReGHSRH R L EFH
HCDs@MIL-100(Fe)-Cox 29 B 2535 28 40 1] 9a Ff
7R, TEARIER I T (p<<0.5 kPa) MIL-100(Fe)¥ 45 W5 b
IR BT, B S EEAGE BIOR, AN FRE R D 38 KT
BN, X VLA MIL-100(Fe) % 2K 4 ¥ 15 ¢ 5 1 W B e 3¢
P, X BT 2K T MG 8 B 1 2 8] (1) 4@ -n A
HAER . KA HIECAR Z (8] m-m HEB: DL FAH
AR, HCDs XJ 2K W SR 26 Mg T 11 Y, 5
IR FELSS, B He 70 39 DR W B B 328 3 n, - 7EAH
PRI 0.9 I, 2RI & &k 461.57 mg/g, 1M HCDs
HIFLAARE /N, W] HCDs TEEAR MM AL, JF H A
W ER AL AR SR EE. NN HCDs J&, &4
o XoF 2R R B B PR AR R R PRI RS I 4b, BEE R 1T
L, Wt R 5 R ) RO BAZ MO RN, X2
A4 HCDs 1 MIL-100(Fe)fE FHIERR T KEAFL, HAF
TE[) HCDs 2 3R (L8 W AL it, & 3L EE A S
0T R AR B 3G n. e AN [RI R B R E %
JEFMWH &R 2RI, EMXFEHN 09 B
HCDs@MIL-100(Fe)-C1 X} 2 [ W B 25 &4 1029.23
mg/g, T MIL-100(Fe)Ay 401.71 mg/g; 4 p/po=0.1 I
W B 548 MIL-100(Fe)$ s T 175.66 mg/g, i 3R
RRURIR Bt 770 2 T PR A 2 P 0T R B R 3K & & HCDss (1)
o, gt R B A BT MIL-100(Fe)Xy 28 1R Ff,
{2k &) HCDs 2xif A iR s b DL FLIE I 2, R
WP R TR, A TIETRTEE, RS2 (WCHHER)
FI T e i R I B R R I B R R, R PR R R
HCDs@MIL-100(Fe)-C1 179 iV BEAR T/ 2 o Ath gL 7Y
IR B 57, R, HCDs@MIL-100(Fe)-Cx % vy P4 GEWR Bt
RIS H — 2 S H N E.
# 2 HCDs@MIL-100(Fe)-Cx /S FIAHS H 77T 2R 7K (1% b ==

Table 2 Adsorption capacity of HCDs@MIL-100(Fe)-Cx for benzene
and water under different relative pressures

W bt £ /(mgeg 1)

W f 751) plpe=0.1 Plpe=0.9

* 7K o 7K
HCDs 0.31 2.47 46157 2297
MIL-100(Fe) 22606 6238  356.10  307.79

HCDs@MIL-100(Fe)-C1 401.71 79.25 1029.23  549.57
HCDs@MIL-100(Fe)-C2 375.81 84.78 942.77 569.52
HCDs@MIL-100(Fe)-C3 372.54 83.62 850.58 505.13

& S3 (W37 45715 K0) A DSLE A5 2§04 75 21 () 19 Feh 1,
BREASE A5 BTG 7 O P R S IR B il 2, W2 A 1 o T
TSR 28, W BT A 2 281 T B4R 28, HCDs il
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B,

HCDs@MIL-100(Fe)-Cox 7K Ff1 95 B 45 i & an 4] 9b Fir
7R, HCDs 1E&AN 3 R % 7K AR B 2 AR AR, T VKAIE
S2Y HCDs B H/KME, MIL-100(Fe)'5 HCDs@MIL-
100(Fe)-Cx 17K MR R S5 R ARABL. 25 WS B 70T 7K F4T B
IR R 3G K 2 IUE B N, R4k
PE, B E M R R K Z TR R AR E AR ) RS
HCDs@MIL-100(Fe)-C1 fE p/po=0.1 B #HXF T MIL-
100(Fe)5T 7K FOMR B A G I T 16.87 mg/g, MAHXS T
(s BN T 175.66 mg/g, MR I -E 4R T
KF Kb, 8] HCDs RIIIAEGE T MIL-100(Fe)
X 2RISR .

FAE I B T EE VS (TAST) AT DL 3 AR [F1 R B 5
2 43 W PR S5 T 2R SR TN 22 20 A W P SRR 26 1 %, SRH
Dual-Site Langmuir-Freundlich (DSLF) fi % %f MIL-
100(Fe) A1 HCDs@MIL-100(Fe)-Cox 25 A1 7K (W F 2535
LHHTIG, S5 EoR, BRI B R 2R AR R AT
AN, {H DSLF 52 o] 7 255 1) W B 450k 4 0 A AR e 1)
LG R (R?>0.99), X /KFZEAU G BT 1S 2 1) % 2 400
R S3 A SAWSCHEE B, Ik, SR H AR s v B 12
(LAST) A% 7R T 7 8% B 75) 55 20 /7K 114 555 e W i 3% 36
FAUKIR IR 101, Foh — ok &R k%
FEPETT 8 SRS

| A
SUM‘T% _(xz J[yl ] @

i AR S 1 B BEIR R, o R BEAR A 1
JEEIRGY L, yo R xp 43 T R 7S SRR B AR 253 2 ) R

9¢ JNANIRIE 73 VBT B (1 B 7000 7K 3
Gl B . B T 02 T 3 K IR B R0 2R 7K ()
T e W B I B R S8 IR /S, DR B A R 7 3 K
HCDs@MIL-100(Fe)-Cx % /7K [ 56 4+ A8 HAF FH 23 18 i
PR /NBSL X B & AR B T G R B B, T DL I
HCDs HIIABR S T MIL-100(Fe) i) 7/ 7K 35 4+ WK i BE,
HrF HCDs@MIL-100(Fe)-C1 f /5, X 2/ 7/K 56 i %
P ATIE 3.4, 1 MIL-100(Fe) ) 2K /7K 55 4+ W b i 4%
P RO 2.4, XML HCDs MIIAMGE T MIL-
100(Fe) (1) 56 4+ i K /E H, BRAR T 38 4 W B MIL-
100(Fe)*t 7K I55EF1 /7.
222 HCDs@MIL-100(Fe)-Cx 7~ i & 3N 69 7% 25 2R M
F H oA A

T T ARIR S B R 2 TR AR AR B E,
ATAEMAR T 25, 304 35 C AR AERL, 3
THET DA R R B AR, AN [ Ul FEE 4D R e 2 R o 45
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I 2w B S4( W S AE B B, MIL-100(Fe) 5
HCDs@MIL-100(Fe)-Cx 7EAN[FIEE N 48T LA DSLF
TR SR IR FOR IR B AT 9, DSLF BAY [ 77 F2B0r
AXQ)FIR.
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Figure 9 Adsorption isotherms of (a) HCDs@MIL-100(Fe)-Cx on
benzene, (b) HCDs@MIL-100(Fe)-Cx on water and (c¢) IAST model
prediction of HCDs@MIL-100(Fe)-Cx on benzene/water competitive
adsorption selectivity at 25 C
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B, MIL-100(Fe) 55 & W I #4 Y5 B A 67.53~72.14
kJ/mol, M HCDs J& # R & W fi 3 By 40.43~
61.03 kl/mol, £ HIZK 5 G &M A A B AEH 55 T
MIL-100(Fe), iX £ EIHH T HCDs % MIL-100(Fe)if 17
W, BT L2 L. HCDs N Ja W B #5525 1
P B ()38 A 35 S TS M 0 J eI PR IR B K
T 350 mg/g B, R B FAGRET T B, IR RN IR B A S R
P 7510 %) L B B B2 % DD AR DG, AR Ak 34 5 IR B R AR
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Figure 10  The isosteric heat of benzene adsorption on the
HCDs@MIL-100(Fe)-Cx as a function of the amounts adsorbed of ben-
zene

2.2.3 HCDs@MIL-100(Fe)-Cx 3 44 ) & B R P Ak

MIL-100(Fe)5 HCDs@MIL-100(Fe)-Cx [ %35 il £
WE 11a Fros. NIFFLEZEER [ 205008 90, 125, 115,
120 min, 8 HCDs MA 2425+ MIL-100(Fe) %Ik
IR ARAE ). W FE 3R BARFLA T W B 5 5 e 4 A 1
AU, WRAEFLAFTHE S5 HCDs@MIL-100(Fe)-
Cl AL Bk, BT LA 5 & i (Al i K, & MIL-
100(Fe) [T 1.4 5.
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C2, (D) HCDs@MIL-100(Fe)-C3

Figure 11 (a) Benzene breakthrough curves of HCDs@MIL-100(Fe)-
Cx at 25 C and (b) Yoon and Nelson model fitted curves of
HCDs@MIL-100(Fe)-Cx at 25 C

(A) MIL-100(Fe), (B) HCDs@MIL-100(Fe)-C1, (C) HCDs@MIL-100(Fe)-
C2, (D) HCDs@MIL-100(Fe)-C3
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Table 3 The rate constant of benzene on HCDs@MIL-100(Fe)-Cx
obtained by Yoon and Nelson model

B B 551) k/min ™!
MIL-100(Fe) 0.0861
HCDs@MIL-100(Fe)-C1 0.1583
HCDs@MIL-100(Fe)-C2 0.2869
HCDs@MIL-100(Fe)-C3 0.2342

K 12 ;4 MIL-100(Fe) ! HCDs@MIL-100(Fe)-C1 7£
70 mL/min. 25 ‘CHM NHIZNASIGIA LIRS R, 16
A0 150 "C. 300 mL/min, %A N, #k$H 5 h F
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[ 100%, A JEH i gM. HCDs i G, {EMIF
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B 12 25 C K HCDs@MIL-100(Fe)-Cx X 2K (7 ¥ F s
Figure 12 Cyclic stability of benzene on HCDs@MIL-100(Fe)-Cx at
25 C
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MIL-100(Fe)%t # M f 25 18 1 7 156.21%, 4 plpo=
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NG, XK B SE G WPk BV  OR R A,
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