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ABSTRACT

First, mesoporous molecular sieves MCM-41 with channel rules were synthesized in a hydrochloric acid solution.
And then, functionalized MCM-41materials have been obtained by a incipient wetness impregnation method using
four different organic amines, which were monoethanolaming(MEA), diethanolamine(DEA), diethylene
triamine(DETA) and tetraethylenepentamine(TEPA). The samples were characterized by powder X-ray
diffraction(XRD) and infrared spectroscopy (FT-IR). According to the XRD and FT-IR results, these samples were
all loaded with organic amines successfully. The CO, static saturated adsorption capacity of these materials were
found to depend on the kinds and amounts of the organic compound loaded. The strongest adsorption capacity of
the four organic amines were all in a loading nearly 60%. Among them, the loading of TEPA has the best
adsorption performance. These amine-loaded mesoporous molecular sieves MCM-41 could have great potential
application to adsorb CO, in natural gas purification process.
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INTRODUCTION

Nowadays, because of the excessive emissions afftlagreenhouse gases, such as, OQCH,;, the greenhouse
effect is getting worse, which become a global eons and a serious environmental challenge[l]. Ating to
World Meteorological Organizaton, GQroncentration in atmosphere increased from 280 ppnmvolume in
pre-industrial times to 397.3 ppm in 2013. C€pture and storage (CCS) technologies is anta#emeans of
reducing CQ, in which the capture cost of G@& about 75% of the total cost of CCS. There aneiraber of ways
to separate COfrom gas mixtures, and adsorption is consideregoésntial one due to its low energy consumption
and simple operation. In this regard, many nove} @dsorbents are being researched, and considextdhtion is
been paid to mesoporous silicas because of thge kurface areas, uniform mesopores, and tunabéesize[2,3].

At present, all commercial G@emoval techniques are based on the traditionaAMEt wash of chemical solution
absorption method[4]. The disadvantages of thisrtelogy include: the renewable energy consumpsorery high,
about 4.5 GJ- (kgC*; the solution has strong corrosion foe the reftoAdsorption in solid amine adsorbents is
a magnetic alternative technique recently appleddO, capturing, which gets over the limitations of ftachal
technologies, in that the high adsorption capamit€O,, the energy consumption greatly reduced and th@sion

of reactor is also getting degrees of lower[6]. ércling to the distinct preparation process of salitine adsorbents,
it can be divided into chemically grafting methattigohysical impregnation methed[7]. The physicgbriegnation
methed has good points on easy to synthesis ahdd@y adsorption capability, which is widespread appédi8].

In recent years, the research literatures on suliche adsorbents are relatively hot, which are ipaimed at the
influence of amine species and carrier structurethe properties of solid amine[9].
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In this study, an acid solution synthesis methodused to prepare mesoporous molecular sieves MCM-41
Compared to the traditional alkali solution synteemethod[10], the advantage of which is withowt tieed for
high temperature reactor, and high-quality mesop®roolecular sieve can be obtained in a lower teatpe and
shorter time. Consequently, the objective of thigknis to study the influence of the kinds and amimadings of
organic amines on the G@tatic saturated adsorption capacity and amineierity, and the cyclic stability of solid
amine adsorbents with four different organic amines

EXPERIMENTAL SECTION

1.1 Materials and Chemicals

In the present work, the methanol(99.5%), hydraghl@cid(36%-38%), tetraethyl orthosilicate(TEOSYS),
monoethanolamine(MEA)(98%), diethanolamine(DEA)(98%iethylenetriamine(DETA)(98%) and tetraethylene
pentamine(TEPA)(98%) were purchased from Sinopha@hemical Reagent Co., Ltd. The cetyltri-
methylammonium bromide(CTAB)(98%) was purchasednfréladdin Industrial Inc. The distilled water was
self-made in laboratory.

1.2 Preparation of mesoporous silica MCM-41

In accordance with the traditional method of dilatge to prepare 2mol/L hydrochloric acid solutidg.CTAB was
added to 100mL 2mol/L HCI solution with stirring inom temperature. After the solution turned cldé2r4mL of
TEOS was added to the system at a certain speeitl\wad allowed to mix for 3h. After that, the tigtsolution was
allowed to stand 48h under seal condition, to midleesample aging. Then, the solid product was reeal by
filtration and washing with deionized,8 to neutrality, and dried at &0 in the air blast dryer overnight. The
template CTAB was removed from the solid produgtsdicining the samples at 580for 6h.

1.3 Amino-functionalization of mesoporous silica M&l1

A certain volume of an organic amine (MEA, DEA, DETTEPA), which was calculated according to theliqua
of carrier (20%, 40%, 60%, 80%), was added to 6@netthanol and stirring evenly, for approximately 3@ni\fter
that, 10g mesoporous silica MCM-41was pretreate0#t to remove physisorbed water, and then added ivgo t
mixture solution prepared above slowly. The reactmixture was sealed and vigorously stirred undmnr
temperature for 24h. Then, the solvent was remmred rotary evaporator at 100and the remaining solid was
dried at 8CC in the air blast dryer overnight.

1.4 Characterization

The mesoporous silica MCM-41 was characterized Xdiffraction (XRD) and FT-IR spectra.The powder R
patterns were collected on a Rigaku D/MAX-2500P@fratitometer operated at 40 kV and 40mA with
nickel-filtered Cu K radiation §£ = 1.5406 A). The diffraction data was recoredtia  range 2-10° with a step
size of 0.02° and scan rate of 4°/min. The FT-IBcsa were recorded by a Nicolet 460 spectrometdieigithe KBr
powder technique with diffuse reflectance sampéngessory at a resolution of 4 ¢t room temperature.

1.5 CQ static saturated adsorption performance test

The static saturated adsorption performance of W&s carried out at 25 and atmospheric pressure with a quartz
tubular down flow reactor (inner diameter 6mm). Boéid amine adsorbents (2g, particle size=10012@8h) was
placed in the reactor. The pure £&fter drying was fed into the reactor. The inlas dlow rate was 30mL/min,
controlled by a C@ mass flow controller(Beijing HORIBA METRON Instrients Co.,Ltd.). The CPstatic
saturated adsorption capacity and the amine effigid 1] of the solid amine adsorbents is calculdtgdollowing
Egs.(1) and (2):

4)_ A

Ceo, (mmol °g 1):4—m 1)
M -

E,,[moico, « (moiN) )= agnicanindCeo, . 0 @

xl/

| +1

Where, g is the initial mass of the solid amine adsorbents) is the difference value between initial mass and
final mass of the solid amine adsorbentg,qMc.mindS the relative molecular mass of the organic aminis the N

concentrations of the organic amine, | is the Ingsdiof the organic amine.

The flow chart of C@static saturated adsorption performance testawshn the Fig.1 There are three sections are
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inlet gas section (left), reaction section (middiayl equilibrium section (right), respectively.

]

:
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CO2{

Fig.1 Flow chart of CO, static saturated adsor ption perfor mance test
RESULTSAND DISCUSSION

2.1 FT-IR studies

The FT-IR spectra of bare and four different amimedified mesoporous molecular sieves MCM-41 at same
loading are shown in Fig.2. The bare MCM-41 molacsieves exhibites a wide signal nearby 3435due to the
O-H bond of the surface silanol groups. Studiesfi®je shown that, the sharp peak at nearly 108Gord800cnt

is a characteristic IR adsorption prak of MCM-4Xesponding to the silicon-oxy tetrahedron stretghamd
bending vibrations respectively, and the adsorpfieak near 450cmbelongs to the bending vibrations of Si-O
bond. The FT-IR spectra of amine-modified mesopsnmolecular sieves MCM-41 demonstrates a signaéatly
1460cm’ attributes to the scissor vibrations[13] of NAfhe broad absorption peaks nearby 3435cave increased
completely indicates a possible overlap of peakéchvare stretching vibrations of N-H and O-H. Tmaracteristic
IR adsorption praks of silicon-oxy tetrahedron atk weakened evudences the formation of hydrogemd&o
between Si-O bond and OH groups in organic amiBesides, the peaks presented in the range of 1260ei’
became more broader, which may be the overlapffgreint absorption peaks. Therefore, physical igpating of
four different organic amines on MCM-41 moleculeaves are clearly established by comparing barenaouified
molecular sieves’ FT-IR spectra.

2.2 XRD studies

The powder XRD patterns of the calcined at ®0@nesoporous molecular sieves MCM-41 before and after
modification with four different organic amines ateown in Fig.3. The bare mesoporous moleculaesi®CM-41
shows three characteristic diffraction peakstatdues of 2.38, 4.12 and 5.06 which corresporttieglanes (100),
(110), and (200), respectively. After calcined 80%, the dy, diffraction peak is still existed, means that the
structure still maintain at this point, which confis the truth of the thermal stability of the mesaus silica
MCM-41 is better. After modification with organiecrénes, the g, diffraction peak still exists, but extremely weak
and shifts to the high-angle direction a little,ig¥th means that the XRD patterns of main pore gsirecare not
changed significantly, though the vast majoritycafrier channels are filled with organic aminesti# same time,
the peaks at values of 4.12 and 5.06 pass off atelgl The phenomenon is because the peak intetesitgnds on
the scattering contrast between the pore chanmalshale walls[14]. However, the scattering contraltays
reduces after adhering of organic amine group$é¢ospecific surface of MCM-41, which will weakeretpeak
intensity. In summary, for different organic amiree® all loaded on the mesoporous molecular siBA€M-41
successfully.
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Fig.2 The FT-IR of solid amine adsorbents
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Fig.3 The XRD of mesoporous silicaMCM-41

2.3 CQ static saturated adsorption performance testesudi

2.3.1 effects of organic amine molecule chain lengt

The three curves in Fig.4 are the adsorption ptaserof three solid amine adsorbents (MEA/MCM-41,
DETA/MCM-41, TEPA/MCM-41) with the change of the ara loadings in the pure G@t 25C, among them, the
amine loadings refer to the mass fraction of orgamine in solid amine adsorbents. It can be seen Fig.4 that
the maximum C@static saturated adsorption capacity reached appately at 2.3455mmol/g, 2.9250mmol/g and
3.2114mmol/g, which appears at the amine loadireybye60%. Before the amine loading amount is 6096, t
adsorption capacity increases rapidly with theease of loading, and the increasing rate is relatetie organic
amine molecule chain length. Under the same loadieglonger the molecule chain length, the morgam points
between organic amines and £®owever, when the loading exceeds 60%, the sairfdisolid amine adsorbents
cover a plethora of amine molecules, which bloak tharriers’ inner holes and increase the massfaan$ gas
molecules[15], thus the adsorption capacity betpirait down gradually.
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Fig.4 CO, adsor ption capacity of solid amine adsor bents
(MEA/MCM-41 DETA/IMCM-41 TEPA/MCM-41)

2.3.2 effects of OH groups

In Fig.5, it can be seen that two kinds of orgaaiuines, containing different number of OH groups, supported
on the mesoporous silica MCM-41 with the chang¢hef amine loadings. The adsorption properties of $alid
amine adsorbents prepared above are tested irutkeGe) at 25C. As shown in Fig.5, the maximum GGtatic
saturated adsorption capacity reached approximatety3455mmol/g, 2.0591 mmol/g, which appearfatamine
loading nearby 60%. The maximum g&xturated adsorption capacity of two solid amidsogbents is not much
difference, probably because per mole of organimarontains an amine molecule. Nevertheless eabéiginning,
the increasing rate of DEA/MCM-41is faster than MEKCM-41, owing to the OH groups react with €0 adsorb
a part of CQ. In pace with the increasing of loading, the adsopcapacity of DEA/MCM-41 is lower than
MEA/MCM-41, in that the C@adsorption capacity of secondary amines are nohgér than primary amines[16]
and the influence of OH groups on the adsorptigmachy is not obvious. Similary, due to the inn@lds are
blocked, the active site density decreased andivea&ctivity declined continuously, that the ags@n capacity
cuts down after exceeding the 60% loading.
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Fig.5 CO, adsor ption capacity of solid amine adsor bents
(MEA/MCM-41 DEA/MCM-41)
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2.3.3 amine efficiency of different organic amines

Amine efficiency refers to the average amount of,3®ed by per mole N. Under anhydrous conditiore th
maximum adsorption amount of GOy per mole N is 0.5mol, and the reactions of,@@h primary amines and
secondary amines as the following Egs.(3) and (4):

CO,+2RNH, - RNH3+ + RNHCOO™ 3)
CO,+2R,NH < R,NH," + R,NCOO" (4)
When the water exists, the maximum adsorption amofi€O, by per mole N is 1mol, and the reactions of,CO
with primary amines and secondary amines as th@aolg Egs.(5) and (6):

CO,+ROH +RNH, < ROH 2+ + RNHCOO™ (5)

CO, +ROH +R,NH = ROH," + R,NCOO" (6)

As can be seen from Fig.6, amine efficiency inogsast low carrying amount, explains that the loadrganic
amines has not too much effect on the pore streadfircarrier, and the support surface also provatmsndant
active sites. After the active sites of carriefface is occupied completely, with the increasinghef amine loading,

the internal diffusion resistance of €@rows gradually and becomes a controlling fact@hile the adsorption
capacity may still increase, but the actual amifieiency is falling in that the loadings is raised
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Fig.6 Amine efficiency of different organic amines

2.4 Cyclic stability

After reaching the saturation adsorption, thesil sohine adsorbents placed in a vacuum drying etel?0C for
desorbing 8h, and then repeated the above pupea@&drption experinment. The adsorption-desorptiate tests
were carried out for 10 times to determine the esthbility of these solid amine adsorbents. Theegmental
results are shown in Fig.7 and Fig.8, which cars&en that in the first 5 cycles, the adsorptionacayp of all
adsorbents remain essentially unchanged. Adsorptpactiy drops significantly from the sixth cycnong them,

the MEA/MCM-41 and DEA/MCM-41 is particularly obwis, and their total mass loss are about 12.99% and
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10.02% respectively. In these four solid amine duksats, the adsorption capactiy of TEPA/MCM-41 he t
endsville, the total mass loss is just 4.02%. \Whth increasing number of cycle test, the adsorptapacity of the
adsorbents will continue to decrease certainly. &l@x, during the service life, the adsorbent camtaia in the
range of the best adsorption capacity, which méaatshas a good parcticability and is pontentialdog-term use.
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Fig.7 Adsor ption capacity change with increase of cycle
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Fig.8 Mass loss of adsorbents at different cycles

CONCLUSION

Room-temperature synthesized the mesoporous $Mi€M-41 in hydrochloric acid solution, and modifiedth
four different organic amines (MEA, DEA, DETA, TEPR&ia physical impregnation methed. According teIRT
and XRD results, it can be recongnized that theamirgamines are supported on the mesoporous matesieives
MCM-41 successfully. After loading the organic aesnthe maximum CgQOstatic saturated adsorption capacity
reached approximately at 2.3455mmol/g, 2.0591mmadl@250mmol/g, 3.2114mmol/g separately. The cycle
stability of these four solid amine adsorbentsadr@ot bad, in which the adsorption capactiy oPFEMCM-41 is

the endsville and the total mass loss is just 4.02%

369



Qi Xu et al J. Chem. Pharm. Res,, 2015, 7(8):363-370

Acknowledgements
This work was supported financially by the Jiand3ollaborative Innovation Center for Ecological Blilg
Materials and Environmental Protection Equipmen&d@1504)

REFERENCES

[1] AE Elkhalifah; MA Bustam; AM Shariff; T Muruges. Appl.Clay.Sci.,2015,107,213-219.

[2] YH Du; ZG Du; W Zou; HQ Li; JG Mi; C Zhandgolloid.Interface.Sci.,2013,409,123-128.

[3] YH Chen; DL Lu.Appl.Clay.ci.,2015,104,221-228.

[4] PF Fu; TW Yang; J Feng; HF Yangind.Eng.Chem.,2015,29,338-343.

[5] XL Yan; L Zhang; Y Zhanglnd.Eng.Chem.Res.,2011,168(1-2),918-924.

[6] A Sayari; Y Belmabkhout; R Serna-Guerre@hem.Eng.J.,2011,171(3),760-774.

[7] BB Jiang; V Kish; DJ Fauthnt.J.Greenh.Gas.Con.,2011,5(5),1170-1175.

[8] R Sanz; G Calleja; A Arencibia; ES Sanz-PeMizropor.Mesopor.Mat.,2012,158,309-317.

[9] HI Meléndez-Ortiz; PM Yibran; OM Yeraldin; C 3elda.Ceram.Int.,2014,40(7),9701-9707.

[10] WY Zhao; LX Wang; ZS Li; NS CalCiesc J.,2013,63(8).

[11] L Sravanthi; M Tikmani; AK GhoshaChem.Eng.J.,2015,280,9-17.

[12] R Veneman; ZS Li; JA Hogendoorn; SRA KerstBEF Brilman.Chem.Eng.J.,2012,207-208,18-26.
[13] T Yokoi; H Yoshitake; T TatsumMater.Chem.J.,2004,14,951-957.

[14] HI Meléndez-Ortiz; YA Perera-Mercado; LA GaaeCerda; JA Mercado-Silva; G Castruiam.Int.J.,
2014,40(3),4155-4161.

[15] P Lopez-Aranguren; J Fraile; LF Vega; C Donung Supercrit.Fluid.,2014,85,68-80.

[16] S Raul; C Guillermo; AAmaya; ES Sanz-Peidixropor Mesopor Mat.,2015,209,165-171.

370



