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Abstract: The mixed supports were obtained at different weight ratios of HZSM-5 to MCM-41 by physical
mixing processes. Tetraethylenepentamine ( TEPA ) modified mixed supports sorbents were prepared by the
impregnation method. The sorbents were characterized by nitrogen adsorption/desorption, Fourier transform
infrared spectroscopy (FT-IR) and thermogravimetric analysis ( TGA) techniques. The effects of mixing ratios
of HZSM-5 to MCM-41, TEPA loadings, adsorption temperatures, influent velocities, and CO, partial pressures
on CO, adsorption capacity were investigated in a fixed bed reactor. It showed that the maximum CO, adsorption
capacity was 3.57 mmol/g of HZSM-5/MCM-41-30% TEPA at the adsorption temperature of 55 C and influent
velocity of 30 mL/min. After ten-cycles, the CO, adsorption capacity decreased by 8.1% . CO, adsorption was
determined by a two-stage process, a fast breakthrough adsorption and a gradual approaching equilibrium stage.
Moreover, the breakthrough adsorption capacity accounted for approximately 80% of the equilibrium adsorption
capacity. The Avrami model could fit well with the experimental data of HZSM-5/MCM-41-30% TEPA. It
illustrated that the adsorption mechanism was dominated by both chemical and physical adsorption.
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Figure 2 FT-IR spectra of HZSM-5/MCM-+41 (a),
HZSM-5/MCM-41-20% TEPA (b)
and HZSM-5/MCM-41-30% TEPA (c)
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Figure 3 DTA (a) and TGA (b) curves of HZSM-5/MCM-41 and HZSM-5/MCM-41-30% TEPA
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Figure 4

N, adsorption-desorption isotherms (a)

and pore size distributions (b) of HZSM-5/MCM-41 before and after TEPA modification
&1 TEPA MHERTRHEMBHILENSH

Table 1 Pore structural parameters of supporting materials before and after TEPA modification
Microporous Mesoporous Total pore Microporous
BET surface area
Adsorbent diameter diameter volume pore volume
A/(m*-g™)
d/nm d/nm v/(cm’-g™") v/(cm’-g™")
HZSM-5 420 0.6 - 0.22 -
MCM-41 997 - 2.9 0.90 -
HZSM-5/MCM+41 642 0.7,0.8,1.0 3.0 0.59 0.26
HZSM-5/MCM-41-20% TEPA 266 0.8,1.0 2.4 0.28 0.10
HZSM-5/MCM-41-30% TEPA 110 1.0 2.2 0.13 0.04
HZSM-5/2MCM+41 691 0.6,0.8,1.0 3.0 0.63 0.28
HZSM-5/2MCM-41-20% TEPA 281 0.8,1.0 2.4 0.26 0.09
HZSM-5/2MCM-41-30% TEPA 79 1.0 2.2 0.10 0.03
2HZSM-5/MCM-41 492 0.5,0.8,1.0 3.0 0.43 0.20
2HZSM-5/MCM-41-20% TEPA 96 0.8,1.0 2.4 0.15 0.05
2HZSM-5/MCM-41-30% TEPA 53 1.0 2.2 0.06 0.01




512 3
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2.2.1 HZSM-5 5 MCM-41 R =Lt & TEPA
fAHEREIN
% BiF R EE Ry 55 C AR = O 30 mL/min

B, %%5 7 HZSM-5 5 MCM-41 {9 & kb TEPA i1
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M2k, 26 2 Sl 25 104 1 285 g W2 B 50 7 2325 B ] | 258
W RS S - A W B i, F B 5 B3R 2 AT RN, TEPA
PeERT , HZSM-5/MCM-41 1 %8335 I 1] | 28 33 W b
F0F A W B i 43 %) A 6 min, 1. 21 mmol/g Fll
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SEYBRL I, RS RS R, CO, 4> TR Eh
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0.7.0.8.1.0 F13.0 nm, HAFLAT A7 o455k, Xt
CO, MM RHEAR KA,

F 2 W1, TEPA Bt e, il 4% Y 2 AT i/

L) Py 71 285 Pl B A 350 P R o6 1 i P Wl B s . Y
HZSM-5 5 MCM-41 [yttt 1:1, TEPA fi#k it
R 30% I, B335 B[R] | 25 175 W s R0 1 1 0 B A
K, 4394 14 min 2. 81 mmol/g F13.57 mmol/g, #
Et TEPA B oie P MCM -4 1 1 f A A8 20 B 36 1

40% 40% F146% ' ALt TEPA Bl HZSM-
5 WIS BB AN T 133% (132% 1 106% , —
J7 i, LI N T I A Z G PEL 5y 5 Co, kA
JNE T L PR &R 5 55— 5 T, W B350 i A AR 1Y
TRALAR E T 4 B WG B % & A, O B A i FLE
CO, ¥ # e fitimiE . Fi%E TEPA ffi 2k & 3 m,
FLIE B W I 72, W) B BEEs 355 , . CO, 7 W B 57
FLIE N B BBE T HGm , S B00 R REAR

i F HZSM-5/MCM-41-30% TEPA B A5 Hc At
MPERE , Y6 F HZSM-5/MCM-41-30% TEPA #f — &
5B IR S IR X CO, W B4 RE Y 2 M)
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Figure 5 CO, adsorption breakthrough
curves of HZSM-5/MCM+41 with different TEPA loadings

%2 xHZSM-5/yMCM-41-zTEPA K ZiERTEIF0 CO, R
Table 2  Breakthrough time and CO, adsorption capacity of xHZSM-5/yMCM-41-;TEPA

Breakthrough Breakthrough adsorption Equilibrium adsorption
Adsorbent . .
time #/min capacity m/(mmol-g™") capacity m/(mmol-g™")
HZSM-5 6 1.21 1.73
HZSM-5-10% TEPA 4 0.80 1.38
HZSM-5-20% TEPA 4 0.80 1.21
HZSM-5/MCM-41 6 1.21 2.07
HZSM-5/MCM-41-20% TEPA 10 2.01 2.46
HZSM-5/MCM-41-30% TEPA 14 2.81 3.57
HZSM-5/MCM-41-40% TEPA 1.61 2.38
HZSM-5/2MCM-41-20% TEPA 1.21 1.84
HZSM-5/2MCM-41-30% TEPA 8 1.61 2.22
HZSM-5/2MCM-41-40% TEPA 10 2.01 2.83
HZSM-5/2MCM-41-50% TEPA 10 2.01 2.64
2HZSM-5/MCM-41-20% TEPA 8 1.61 2.44
2HZSM-5/MCM-41-30% TEPA 10 2.01 2.61
2HZSM-5/MCM-41-40% TEPA 8 1.61 2.08
2.2.2 WRHHE RSN R, AEFR A 30 mL/min B, %558 T 0B
W BRI S 5 ) CO, WM B i — A B 435k 25,4055 A1 70 C B} HZSM-5/MCM-41-
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Figure 6 Breakthrough curves (a) and CO, adsorption capacity (b) of HZSM-5/MCM-41-30% TEPA at different temperatures

2.2.3 #HRREWZMN

Ll HZSM-5/MCM-41-30% TEPA "R WF 55 % 4 |
BB A 55 CHE, H 58 T #E S X Co, M
B 232375 1 Zhe A BfE AR A i 2 ELAR LR 7, fR
Pl 7 W] g, B % < i AN 30 mL/min 1§ 0
60 mL/min, 237 I 5] | 27375 W B 2t 60 A7 0 B 5 1]
SN FLJE R AT U 98 Sy B A RSO SRR

(a)
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Figure 7 Breakthrough curves (a) and CO, adsorption capacity (b) of HZSM-5/MCM-41-30% TEPA at different influent velocities
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Table 3  Effect of CO, partial pressures on the adsorption performance of HZSM-5/MCM-41-30% TEPA

Adsorption temperature CO, partial pressure

Breakthrough adsorption capacity

Equilibrium adsorption capacity

t/C p/kPa m/(mmol-g™") m/(mmol-g™")
25 3 0.48 0.88
6 1.13 1.12
9 1.45 1.55
12 1.61 1.97
15 1.61 2.38
40 3 0.56 0.97
1.29 1.51
1.69 2.09
12 1.93 2.54
15 2.01 2.77
55 3 0.72 1.31
1.61 2.19
2.17 2.76
12 2.57 3.20
15 2.81 3.57
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Figure 8 Cyclic CO, adsorption
capacity of HZSM-5/MCM-41-30% TEPA
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Figure 9 Experimental CO, adsorption capacity and corresponding fitting
curves of kinetic models of HZSM-5/MCM-41 (a) and HZSM-5/MCM-41-30% TEPA (b)

%4 HZSM-5/MCM-41 1 HZSM-5/MCM-41-30%TEPA ] CO, Tt zh h F B E S
Table 4 Parameters of kinetic models for CO, adsorption over HZSM-5/MCM-41 and HZSM-5/MCM-41-30% TEPA

Kinetic model Parameter HZSM-5/MCM+41 HZSM-5/MCM-41-30% TEPA
Pseudo-first-order Q./(mmol-g™") 2.39 3.96
k,/min™" 0.1314 0.078 0
R’ 0.998 5 0.976 4
Pseudo-second-order Q./(mmol- g’l ) 3.08 5.45
k./(g-mmol™" -min”' 0.040 7 0.0118
R’ 0.9917 0.962 5
Avrami Q./(mmol-g™") 2.35 3.59
k,/min”" 0.1358 0.0918
n. 1.08 1.54
R’ 0.999 1 0.998 2
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K W BOR A 18 %] HZSM-5/MCM-41 ., 353 mmol/g VA b, 3 H FRABEH T8 < Co,
HZSM-5/2MCM-41 fl 2HZSM-5/MCM-41 & 44y LR,
T, Rk TEPA 88 &2 & 5 Fifi L, il & 210 WK W G BEAIE 38 J5 , HZSM-5/MCM-41 -
T—RINHA LR AN ILEERI R CO, R, 24 30% TEPA RYMHI L1 3. 28 mmol/g, HIH & 5L Px
HZSM-5 5 MCM-41 (iRl 1:1 TEPA fagkss TR,

H30% W FFHIEEE SR 55 T, %5 75 W [ A0S fii HZSM-5/MCM-41-30% TEPA Xf CO, )W [ff
B eIk B A, 4390k 2. 81 13,57 mmol/ g, TS Aviami 3)) ) 2R K W] CO, 2

Y RHERE 55 C . CO, 23 E N 12 ~15 kPa FRBRIAI AR B ) 45



%12 1 LU 4 BTG AL A IR A 86 4 CO, MR REBT ST 1497

&% 3k

[10]

[11]

[12]

[13]

[18]

[20]

[21]

[22]

ARENILLAS A, SMITH K M, DRAGE T C, SNAPE C E. CO, capture using some fly ash-derived carbon materials[ J]. Fuel, 2005, 84
(17) : 2204-2210.
WANG X, GUO QJ, ZHAO J, CHEN L L. Mixed amine-modifiecd MCM-41 sorbents for CO, capture[ J]. Int J Greenhouse Gas Control,
2015, 37 90-98.
SAMANTA A, BANDYOPADHYAY S S. Absorption of carbon dioxide into aqueous solutions of piperazine activated 2-amino-2-methyl-
propanol[ J]. Chem Eng Sci, 2009, 64(6) ; 1185-1194.
YAN X L, ZHANG L, ZHANG Y, QIAO K, YAN Z F, KOMARNENI S. Amine-modified mesocellular silica foams for CO, capture[ J].
Chem Eng J, 2011, 168(2) : 918-924.
YANG ST, KIMJY, KIMJ, AHN W S. CO, capture over amine-functionalized MCM-22, MCM-36 and ITQ-2[J]. Fuel, 2012, 97 435-
442.
WANG X, GUO QJ, KONG T T. Tetraethylenepentamine-modified MCM-41/silica gel with hierarchical mesoporous structure for CO, capture
[J]. Chem Eng J, 2015, 273 . 472-480.
KHATRI R A, CHUANG S C, SONG Y. Thermal and chemical stability of regenerable solid amine sorbent for CO, capture[ J]. Energy
Fuels, 2006, 20(4) ; 1514-1520.
Xz, BEEH, skak, B, WA ARA VBN MCM41 () CO, W MMERBFIIMFREMELT]. BB 2440, 2013, 41(4) : 469-
476.
(LIU Zhi-lin, TENG Yang, ZHANG Kai, CAO Yan, PAN Wei-ping. CO, adsorption properties and thermal stability of different amine-
impregnated MCM-41 materials[ J]. J Fuel Chem Technol, 2013, 41(4) ; 469476. )
LIU Y M, SHIJJ, CHEN J, YE Q, PAN H, SHAO Z H, SHI Y. Dynamic performance of CO, adsorption with tetraethylenepentamine-
loaded KIT-6[J]. Microporous Mesoporous Mater, 2010, 134(1/3) ; 16-21.
ZHU T, YANG S, CHOI D K, ROW H K. Adsorption of carbon dioxide using polyethyleneimine modified silica gel[ J]. Chem Eng J,
2010, 27(6) : 1910-1915.
SARMAH M, BARUAH B P, KHARE P. A comparison between CO, capturing capacities of fly ash based composites of MEA/DMA and
DEA/DMA/[J]. Fuel Process Technol, 2013, 106 490-497.
KAMARUDIN K S N, ALIAS N. Adsorption performance of MCM-41 impregnated with amine for CO, removal[ J]. Fuel Process Technol,
2013, 106 ; 332-337.
AU ARG, W, i, BT, M, BUE, VTR RIGHEE R R I B R R AR R (1], R, 2013,
41(9) . 1122-1128.
(LI Yong, LI Lei, WEN Xia, WANG Feng, ZHAO Ning, XIAO Fu-kui, WEI Wei, SUN Yu-han. Synthesis of amine modified silica for
the capture of carbon dioxide by a twice grafting method[ J]. J Fuel Chem Technol, 2013, 41(9) ; 1122-1128. )
KISHOR R, GHOSHAL A K. APTES grafted ordered mesoporous silica KIT-6 for CO, adsorption[ J]. Chem Eng J, 2015, 262 . 882-890.
CHATTI R, BANSIWAL A K, THOTE J A, KUMAR V, JADHAV P, LOKHANDE S K, BINIWALE R B, LABHSETWAR N K,
RAYALU S S. Amine loaded zeolites for carbon dioxide capture;: Amine loading and adsorption studies[ J]. Microporous Mesoporous Mater,
2009, 121(1/3) : 84-89.
JING Y, WEIL, WANG Y D, YU Y X. Molecular simulation of MCM+41 : Structural properties and adsorption of CO,, N, and flue gas
[J]. Chem Eng J, 2013, 220 264-275.
ThE, B, R, WIS, X0k, B/ LS ST A G B X CO, BYMRRHERELT]. WAL AR, 2011, 27(3)
689-696.
(MA Yan-hui, ZHAO Hui-ling, TANG Sheng-jie, HU Jun, LIU Hong-lai. Synthesis of micro/mesoporous composites and their application
as CO, adsorbents[ J]. Acta Phys Chim Sin, 2011, 27(3) . 689-696. )
i, R, WIZE, Xk, WK, B REL/ A LA MR AM-SA-MCMA4L XE CO, WM 4325 1 43 F R T]. fb T4k,
2014, 65(5) : 1680-1687.
(ZHOU lJian-hai, ZHAO Hui-ling, HU Jun, LIU Hong-lai, HU Ying. Molecular simulation of CO, adsorption on amine modified micro/
mesoporous composite of AM-5A-MCM-41[J]. J Chem Ind Eng, 2014, 65(5) : 1680-1687. )
WANG W, YANG X, FANG Y, DING J. Preparation and performance of form-stable polyethylene glycol/silicon dioxide composites as
solid-liquid phase change materials[ J]. Appl Energy, 2009, 86(2) : 170-174.
WANG J T, CHEN H C, ZHOU H H, LIU X J, QIAO W M, LONG D H, LING L C. Carbon capture using polyethylemine-loaded
mesoporous carbon[ J]. J Environ Sci, 2013, 25(1) ; 124-132.
WANG X, CHEN L L, GUO Q J. Development of hybrid amine-functionalized MCM-41 sorbents for CO, capture[ J]. Chem Eng J, 2015,
260 573-581.
WHEE, THA, Arn, W01, BRRRE, FrocW], wara. Ui BEEOB ST CO, M BEAT I BEIE[T]. JEHLA R E R, 2011, 26
(2): 149-154.
(XIE Fei, WANG Yang-li, ZHAN Liang, GE Ming, LIANG Xiao-yi, QIAO Wen-ming, LING Li-cheng. Adsorption/desorption
performance of CO, on pitch-based spherical activated carbons[J]. J Inorg Mater, 2011, 26(2) : 149-154. )
PRI, T8, SORA. T2 TN FLEERE WM CO, PEREBIMIFT[T]. HRRME A4k, 2015, 43(1) ; 108-115.
(CHEN Lin-lin, WANG Xia, GUO Qing-jie. Study on CO, adsorption properties of tetracthylenepentamine modified mesoporous silica gel
[J]. J Fuel Chem Technol, 2015, 43(1): 108-115.)



