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Fig. 1 Ball-milling synthetic strategy of porous materials and schematic diagram of cross-linking mechanism
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Fig.2 FTIR and solid-state NMR spectra of porous materials T-FDA, T-DCM and T-DCE
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Fig. 3 FE-SEM images of porous materials T-FDA, T-DCM and T-DCE
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T-DCE 1) FE-TEM Bl . 3 i Z AL RHE 2 57 45T 1] WE 28 31 K 6 1) Al G F LB A7 A, Ui T 5% 5
VTR A H i s [ B 1 o S 2 T i) 4% 1) Z2 LA RE I R FLAE AR £ & L I FLIRIRE A R 1)
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Fig. 4 FE-TEM images of porous materials T-FDA, T-DCM and T-DCE

ZAL RS R AR E M L TGA FRAE . S Fm Sk 3R AT RHE RS I TCGA B4k . fENE
L2 W T 28 800 “CHYERE Y, 3 Fhobh e % A% I bt B Uk B AR A W LR AT B B 22 5% M-I AT 150 °C
Bf, T-FDA B4R A4 $E il 28 B0 22 28 B, U B e ARG 43 20 43 % A 40 it s 24 HR R ot 225 °CRit
T-FDA Jfi i F M 8B Wi 22 , 19 2 15 55 36 31 800 “Cal F2 i T-FDA (1 it i S B8 F ek, 454K
3T T-FDA MIESFE SR , XA W] BB TR & R v LR A BOBURCIR 1) T-FDA AR ICIRE T B
Je R T MR S8R . 5 T-FDA AR L, T-DCM FI T-DCE Ay E 2 M L3 B B 2 5, 225
ZALFET T-DCM F T-DCE A4 5 e ¥4 Fifi 25 T ) 220 47 T 2 2 12 R A1, o Hh BB 2 X R I, x5 — 34 A
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i 300 “CZJ5 H BT it R 22 L T-DCE W K o 7E I8 B2 L0k 800 “CJ5 . T-FDA ., T-DCM . T-DCE [ f%
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Fig. 5 TGA profile of T-FDA, T-DCM and T-DCE(N, atmosphere )
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B 2 b THARe P, 15680 3 Fh Z AL R 2 5 A R A BFL S 44 5 i 2 b B s B [ B 3 BH AL v A
— B B AL 5 1 e e DX B (p/py=0.8~1.0 ) MR Bt Hh e oK UL BH deb 17, 21 3 Fh Z2FL A R rp AL 1Y L A3
WA EIRFRE K 6(h) BFLAR /A i £ BH s v] DL, B8 T-FDA | T-DCM |, T-DCE 3 Fh ZfLAF 1
A K MRAL B T-FDA L4284 2~10 nm A A FL AL & B £ T T-DCM F1 T-DCE, T-DCM #1 T-DCE
R FLAR F2 B0 A X JA) A /N T 2 nm, KZHONRALEE 2 BB MFL (FL1£<0.7 nm) , Hirp T-DCE Ay fL1E K F
£ 2 nm A FLECBIER T-DCM & £ o (R DL 20 Bl 0, 35 6 09 ff L 22 02 B R fL 45 M D2 T T-FDA |
T-DCM. T-DCE 3 et BAG R0 F SR AR, 1 K LU 3R TR BRI 22 70 A i) LB XRE T A RS |
ELAT S R R o ST 22 FLA AL 4 I B 40 ek e R AR i A W o5 0 23 T EL AT R A iz
FAAREA, BB b 3 Aokt FH - B2 A0 R C LA BRI SRS ULl S P 2 A0 ) - e B2 i
=1 MRFLERSE

Tab. 1 Porosity properties of materials.

GREEAS BET L& M A/ (m?-g™") Langmuir LR (m-¢™") BALABY (em®g™)  BELABY (em®-g7)
VA H e LA 3
T-FDA 398 530 0.22 0.14
T-DCM 516 763 0.24 0.19
T-DCE 753 902 0.25 0.12

T :BET b Fe 0 ALl iof BET )5 BRI 100 4 77. 3 KT AY N, B 45908213 T3 5 Langmuir H R T BUE i Langmuir 7 BE7EER F7 2%
MR 77,3 KR N, B4R R 13 s s B ALORTGE 3 p/p,=0. 995 4b B N, WL BR34BT 45 5 SCFLAR BRGEL 3 p/p,=0. 050 &b Ay N,
BRI A . T-FDA Sy DU foe— — F A H B 2 A4 L, T-DCM Ay DU 2 5 FR Je— — S F eSS A R, T-DCE Ay DU
Jt— R LBEASIRA L

6 T-FDA., T-DCM. T-DCE &9 N, I Bt - i Bfi g 2 Fn 7L12 5> 7 ]
Fig. 6 N, adsorption—desorption isotherms and pore size distribution of T-FDA, T-DCM and T-DCE
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mg,
A, A ZE S M BT 588 m A RE R B ¢ IS 220 (%) B 6 5 my, AR R BRI 2 T
7 {f s i T-FDA . T-DCM . T-DCE B4 A (4R 25 DL K2 W o A 2% S Ap A i R AR S &1, T-FDA
T-DCM . T-DCE W S <0 2 628 Ak 35 B I, 76 W PR RIZR SR RS B3 (0 2 SR AR DR, R 3 Fh 2
FLAPRERT R ZE S35 2 W 5 g W B RACR -

BE7 T-FDA, T-DCM. T-DCE Ky #MAIK 75 LUK TR B Al 2% SR 0 = B MR 7S
Fig. 7 Powder state of T-FDA, T-DCM and T-DCE, and powder state after saturated adsorption of iodine vapor
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TR B 5 7350 4619% 5 1117 T—DCM 2 U B T R T RH XA, (E IR B I3 7 BRI O O, fE8 h =2
Ja iK1 486%; T-DCE WIAE 6 h M Bl 2 3k 21 d5 QW B 042t 0 B 444% . IAIET 8 (d) LB T L, T~
DCM M B AH X i A, 38 3 00 /11 B R TR X G o 455 3R 1R X T REJE 1 T4 KL A B A BL AN
W ALEER 5 2 | AR FLIE T BT 3 0 LU, 0 2 R T2 RS RE T AR X 5o, W B o s, (H il
R T 05 AT IR AL BT A5 B A o T-FDA 35 21 2 A<M BRF 0B R ) 3 23R PR, (FJ2: IR o
T M (461%) A % T-DCM..  1iil T-DCE B85 LR BRI, (I HRAL T & LR AR, T-DCE X fill
W B RCRAR R e 55, W B o et o KSR X /N (444%) ot AT DA, 3 by Jo R B ik 4R ) 22
S TR ALIE AT RN [RI FITE, W B o o A0S TR L L A L FE MR B . BREBIALZ A0, 3 Rk okt
TS AT —E eI A FLRRAL , X 2 290 FLIE A F T 79 oL S . th AR BEAAR &
Al A Z AN HA AR TTER | PRI RE X Al 2 < T 20 5 LI O HR RSB B L ) 04T P S

WA A SO IR X 3 b Z2ALARH IR P ST T ERFE AT AR AT AR SC SOk E , R &
B8 75 ¥ AT LSS 3 B Bk 22 FLA R R AR P A I O B SIS B 45 RO PR, A o
AU AN BOAE i B AR AL I ) R RS s b I JOK S BE R S R ARG UE 48 h DA L, 1 = i i
W Ak o LR IS AOAE AL 22 R O 60 “CELAS MR 24 h i, NSO #EAT T — Uz U s i . 14
9 FT 7 2 3 Ml kARG B A S 0 PR RE B IS R, XA R R AT 5 YR W R - £ B A 2R )
PSS, BAFES B A S A B RR 45 2R . i B AT 0, T-FDA TEAE P ] 5 U W B8R AU #2500
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Fig. 8 Time dependent curves of mass of gaseousiodine adsorbed by T-FDA, T-DCM and T-DCE

B9 T-FDA. T-DCM. T-DCE RyBZE < IR fit & Eh 13 A B
Fig. 9 Iodine vapor adsorption recycling of T-FDA, T-DCM and T-DCE

R, LR SO R B A B 35 1 IR0 4619% 1 [ 2258 5 IR0 454% , F IR BE{UA 1.5% 5 T-DCM LZE S,
IR B 5 23 0 7 UK B 486 %0 B R ZE S 5 IR 473% , IR E S 2.7% 5 T-DCE Bl 2 /8 B I3 2 235K
FI T IR I 444% T [ 255 SIRIT 414% , T REIREE N 6.8% . L] UL, 3 1 BRIES L A5 A5 21 1) 3 Fh 2 AL+
LG A R AP T 5 WS W B33 32 BRI

32 2 TR R SR AT R 43 SCHRFR 1 1) 45 28 22 A LA b X0 2 A0 W oF ot o 23 A Sl AT DL, SR
BREEVE A I T-FDA . T-DCM . T-DCE 5 HAth € i 18 Ay ALZE W B REAH L , RZE <M PR e e A
U o ARSCHORPRH A R P2 1] 5 DR | 3 B0 1 % e 0 R A Wi 6T B IR R LY R R4, B
REFE/N . IUAIRA I3
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F2 HHMRIMBMEASRM L RR
Tab.2 Comparison of iodine vapor adsorption performance with other materials.

Jre TR SRR A R TRY (m?-g™") W B SIS PREETRLE/°C W I3 &k 4350/ % SCHik
1 CTFs 1476 75 431.0 [24]

2 HCP6 30 78 324.8 [25]

3 TAPA-PDA COF 685 77 509.0 [26]

4 NH2-Ui0-66@Br-COFs 966 75 373.0 [27]

5 PAPOA-N(CH3)2 1444 75 356.0 [28]

6 USTB-1¢ 1454 75 580.0 [29]

7 NLHCP-2 444 78 250.0 [30]

8 C6-TRZ-TPA COF 1058 75 483.2 [31]

9 PTZ-TPC-MA 132 75 198.1 [32]
10 Ag0-BILP-101 232 80 370.0 [33]
11 T-FAD 398 75 461.0 AR
12 T-DCM 516 75 486.0 A3
13 T-DCE 753 75 444.0 A3
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Ball-milling synthesis of organic porous materials with
tetraphenylmethane for iodine vapor adsorption
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YUAN Zhigang', SU Desheng®?

(1. School of Materials Science and Engineering, Shenyang Ligong University, Shenyang 110159, China;
2. Liaoning Dan Carbon Group Corporation Limited, Dandong 118100, China;

3. Liaoning Province Ultra-high Power Graphite Electrode Material Professional Technology Innovation Center, Dandong 118100, China)

Abstract

Objective Radioactive isotopes of iodine, such as iodine-129 and iodine-131, are prevalent contaminants during nuclear energy
utilization. Managing radioactive iodine is a critical concern for researchers and the use of porous materials for iodine vapor
adsorption presents a promising solution. However, traditional porous iodine adsorbents, including activated carbon and porous
zeolite, exhibit drawbacks such as high density, limited structural versatility, low specific surface area, large pore size, low
adsorption capacity, and inadequate cycling performance, significantly impeding their industrial applicability. Given these chal-
lenges, it is necessary to develop novel porous materials for efficient iodine vapor adsorption. Porous Organic Polymers (POPs)
emerge as a potential solution, characterized by high physical and chemical stability, low density, high porosity, large specific
surface area, outstanding adsorption performance, and recyclability, offering a promising prospects in radioactive iodine treat-
ment. Ball mills, as common crushing equipment, find widespread application in industries such as mineral processing, build-
ing materials, and chemical industry. Furthermore, researchers use ball mills for chemical synthesis due to their advantages
such as brief reaction times, high efficiency, simplicity, and potential for low-cost, straightforward, large-scale industrial pro-

duction. In this study, tetraphenylmethane, featuring a three-dimensional structure served as the monomer, while a high-

https://www.cnki.net



55 3 40 TRARBIT | 26 « DU VG BR P 75 15 1 2 F LR O BT 169

energy planetary ball mill functioned as a reactor, enabling swift and efficient construction of three POPs materials. These materi-
als were evaluated for their adsorption performance and recycling ability in a simulated radioactive iodine vapor environment.
Our research offers a viable solution for large-scale production of POPs materials and their practical application in iodine vapor
adsorption.

Methods In this study, we successfully synthesized three distinct porous organic polymers (POPs), namely T-FDA, T-DCM,
and T-DCE, utilizing a rapid and efficient ball milling approach. This method resulted in materials characterized by high spe-
cific surface area and abundant pore structure. The synthesis process involved employing tetraphenylmethane as a three-
dimensional structure monomer, along with either anhydrous ferric chloride or anhydrous aluminum trichloride as catalysts, and
three different crosslinking agents (dimethoxymethane, dichloromethane, and 1, 2-dichloroethane) to generate the aforemen-
tioned POPs materials. The synthesis procedure commenced by introducing the requisite reagents into a 250 mL zirconia grinding
jar containing 50 zirconia spheres (Diameter: 10 mm). After purging the jar with an argon atmosphere and sealing it, the plan-
etary high-energy ball mill was set to a revolution speed and rotation speed of 400 r/min, with the milling process lasting for 2
hours at room temperature. Subsequently, the iodine vapor adsorption capacity of the porous materials was evaluated. Specifi-
cally, 0.2 g of POPs powders were accurately weighed and placed into a pre-weighed small sample bottle while 2 g of iodine was
introduced into another sample bottle. These two bottles were then positioned within a glass container to create a sealed sys-
tem, which was subsequently transferred into an oven set at 75 °C to expose the powder to a saturated iodine vapor environment.
At predetermined time intervals (1,2,3,4,5,6,8, 12, 16, 20, and 24 hours) , the sealed container was removed from the
oven and rapidly cooled, following which the mass of the sample bottle was accurately determined.

Results and Discussion The resulting porous materials, T-FDA, T-DCM, and T-DCE, exhibited high specific surface area
(398, 516, and 753 m?/g respectively) , abundant pore channels, and excellent structural stability. These materials were char-
acterized by a significant presence of micropores (<2 nm) and even ultra-micropores (<0.7 nm), alongside a certain proportion
of mesopores. The interconnected nature of these pores gave unique advantages to the materials, particularly in the realm of
adsorption, notably in the adsorption and separation of gas substances such as radioactive iodine vapor. Based on experimental
findings, the iodine adsorption capacity of T-FDA, T-DCM, and T-DCE could reach up to 461%, 486%, and 444% respec-
tively. These materials achieved adsorption saturation at the 5th, 8th, and 6th hour respectively. Furthermore, to assess the
materials’ cycling performance, iodine vapor adsorption recycling experiments were conducted five times for each of T-FDA, T-
DCM, and T-DCE. The results indicated that the iodine vapor adsorption efficiency of T-FDA only slightly decreased after five
cycles of use, with the iodine vapor adsorption amount reducing from 461% initially to 454% after the fifth cycling, representing
a decrease of only 1. 5%. For T-DCM, its iodine vapor adsorption capacity decreased from 486% in the first time to 473% in the
fifth time, corresponding to a reduction of 2. 7%. Similarly, the iodine vapor adsorption of T-DCE decreased from 444% in the
first time to 414% in the fifth time, with a reduction of 6. 8%. Notably, the iodine adsorption performance of the three porous
materials only slightly decreased after five cycles of use.

Conclusion In this study, utilizing the ball-milling method, three porous materials (T-FDA, T-DCM, and T-DCE) were syn-
thesized within a remarkably short period of 2 hours. Subsequently, structural analyses and iodine vapor adsorption performance
of these materials were conducted. Our findings revealed that T-FDA, T-DCM, and T-DCE exhibited specific surface areas of
398, 516, and 753 m*/g, respectively. These materials showcased abundant micropores, continuous multi-level pore distribu-
tion, and a relatively stable structure. To assess their practical utility, we applied these porous materials to iodine vapor adsorp-
tion in a closed system operating at 75 ‘C, simulating the vapor evaporation environment of radioactive iodine with standard
iodine elements. The experimental outcomes demonstrated impressive iodine adsorption mass fractions of 461%, 486%, and
444% for T-FDA, T-DCM, and T-DCE, respectively. Remarkably, these materials exhibited reusability for up to 5 cycles with
only a marginal decrease in performance (<6.8%). Our results underscore the exceptional iodine vapor adsorption performance
of the porous materials synthesized via fast ball milling, suggesting their potential significance in the context of radioactive iodine
adsorption. Moreover, the ball milling synthetic method offers advantages including short reaction time, high efficiency, low
energy consumption, and avoidance of extensive energy and organic solvent usage, thereby harboring considerable potential for

large-scale industrial production.
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