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Abstract

A series of amine-based adsorbents were synthesized using siliceous MCM-41 individually impregnated with four different amines (ethylene-
diamine (EDA), diethylenetriamine (DETA), tetracthylenepentamine (TEPA) and pentaethylenehexamine (PEHA)) to study the effect of amine
chain length and loading weight on their CO; adsorption performances in detail. The adsorbents were characterized by FT-IR, elemental
analysis, and thermo-gravimetric analysis to confirm their structure properties. Thermo-gravimetric analysis was also used to evaluate the
CO; adsorption performance of adsorbents. Longer chain amine-based materials can achieve higher amine loadings and show better thermal
stability. The CO, adsorption capacities at different temperatures indicate that the CO, adsorption is thermodynamically controlled over EDA-
MCMA41 and DETA-MCMA41, while the adsorption over TEPA-MCM41 and PEHA-MCMA41 is under kinetic control at low temperature. The
chain length of amines affects the CO, adsorption performance and the adsorption mechanism significantly. The results also indicate that CO,
adsorption capacity can be enhanced despite of high operation temperatures, if appropriate amines (TEPA and PEHA) are applied. However,
adsorbents with short chain amine exhibit higher adsorption and desorption rates due to the collaborative effect of rapid reaction mechanisms

of primary amines and less diffusion resistance of shorter chain length amines.
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1. Introduction

In the next few decades, fossil fuels will remain a ma-
jor source of energy for years to come. CO, emissions from
fossil fuel combustion have attracted more concern due to its
important impact on global-warming [1]. For this reason the
development of an effective means to capture CO; from flue
gases is essential to cope with the worldwide demand of CO;
reduction. Various methods have been proposed to capture
COg, including cryogenic processes [2], absorption by aque-
ous solvents [3,4], membrane separation [5], and alkylamine
solvents [6]. Ordered mesoporous silica, such as MCM-series
[7,8], SBA-series [9,10] and HMS [11], possesses high sur-
face areas, large and uniform pores, and tunable pore sizes as
well as a large number of surface sites. These materials have
been proven to be promising materials as catalysts and adsor-
bents. However, when they are used as adsorbents, physical
adsorption tends to be insignificant under high temperature,
which is the major drawback for CO, adsorption from flue

gases. Because the amine groups can potentially enhance the
CO;-adsorbents interaction with high CO,/N; selectivity [12]
and can be operated at relatively high temperatures, a num-
ber of amine types have been investigated for impregnating
or grafting them onto mesoporous silica materials to capture
CO3, due to the great potentials to create highly efficient ma-
terials as CO, adsorbents.

Many researchers approved that the CO;, adsorption ca-
pacity was one of most critical factors to consider when mea-
suring the performance of amine-based adsorbents [13,14].
The majority of published papers focused on the effect of
amine groups on the CO; adsorption within the amine-
loaded silica adsorbents. Recently, Hiyoshi et al. [15] and
Knowles et al. [16] respectively used SBA-15 and HMS
as substrates to synthesize amine-based adsorbents, includ-
ing aminopropylsilyl-(AP-), ethylenediamine[propyl(silyl)]-
(ED-) and diethylenetriamine[propyl(silyl)]-(DT-). Their re-
sults identified that the CO, adsorption capacity was a func-
tion of the amine content in the amine-based adsorbents, and

* Corresponding author. Tel: +86-10-61772413; Fax: +86-10-61772984; E-mail: kzhang@ncepu.edu.cn
This work was supported by the National Natural Science Foundation of China (91434120), the Fundamental Research Funds for the Central Universities

(2014ZD06), and the 111 Project (No. B12034).

Copyright©2015, Science Press and Dalian Institute of Chemical Physics. All rights reserved.

doi: 10.1016/S2095-4956(15)60318-7



Journal of Energy Chemistry Vol. 24 No. 3 2015 323

the DT-functionalized material had a higher CO, adsorp-
tion capacity but lower amine efficiency than AP- or ED-
functionalized materials. Hiyoshi et al. [9] also stud-
ied SBA-15 grafted with aminopropyltriethoxysilane (APS),
N-(2-aminoethyl)-3-aminopropyl trimethoxysilane (AEAPS),
and (3-trimetho-xysilylpropyl)diethylenetriamine (TA) sep-
arately, and found that the capacities of different amino
silanes at the same surface density of amine were in
the increasing order of APS>AEAPS>TA. Ko et al
[17] used (3-aminopropyl)trimethoxysilane (APTMS), [3-
(methylamino)propyl]trimethoxysilane (MAPTMS), and [3-
(diethyl-amino) propyl]trimethoxysilane (DEAPTMS) as
amine source to explore the effect of primary, sec-
ondary, and tertiary amino silica adsorbents on CO, ad-
sorption. The results confirmed that the adsorbed CO;
was easily desorbed from the adsorbent in the order of
tertiary >secondary >primary amino-adsorbents, while the ad-
sorption capacity and the bonding-affinity increased in the
reverse order. Furthermore, Serna-Guerrero et al. [18] also
found that the increase of the CO, adsorption capacity corre-
lated with the amine content. Using grafting method, a sig-
nificant part of the pore volume remains unfilled despite of
high amine loadings. In contrast, using impregnation, the
extent of the amine functionalization depends on the total
pore volume. Thus, in the latter case the amine may com-
pletely fill the pores [19]. However, the weight percentage
of amines does not coincide with a corresponding benefit in
other important parameters, such as thermal stability and/or
adsorption rate, which may result from clogging or collaps-
ing. Consequently, appropriate amine loading and amine
chain length should be exercised and chosen when impreg-
nating these amine groups into the substrates so as to make
sure that the amine groups disperse evenly [20]. As mentioned
above, many authors have suggested the potential importance
of amine types and amine loading towards CO, adsorption ca-
pacity. Nevertheless, few studies investigated the adsorption
mechanisms of different amine types related to amine chain
length. Additionally, the CO, adsorption capacity is still far
from the desired targets.

In this work, siliceous MCM-41 is chosen as the substrate.
Although the scale-up of MCM-41 production is not available
now in terms of its present cost, it is still a material of great po-

tential due to its high surface area and regular periodic frame-
work structure, as well as rapid gas diffusion rate. Moreover,
the synthesis technology of MCM-41 is quite mature as well
[7]. Four amines with gradual increasing chain length are used
as the amine base to synthesis MCM-41 loaded amine with
different amine loading. CO, adsorption capacity, adsorp-
tion rate and thermal stability of these amine-based adsorbents
are studied. The work aims to discuss the effect of amine
chain length on the CO; adsorption performance of amine-
based MCM-41 and to explore the guiding principle for syn-
thesizing appropriate adsorbents with higher CO, adsorption
capacity which can be operated at higher temperature. The
present study also contributes a fundamental understanding of
the adsorption mechanisms and how the structure of amine
groups affects the adsorption performance, which will further
improve the CO, adsorption capabilities.

2. Experimental

2.1. Synthesis of amine-based MCM-41 adsorbents

Ethylenediamine (EDA), diethylenetriamin (DETA),
tetraecthylenepentamine(TEPA) and pentaethylenehexamine
(PEHA) were used as the organic amine base in this study
due to their gradual increasing amine chain lengths as listed
in Table 1. Siliceous MCM-41 was prepared in the presence
of cetyltrimethylammonium bromide (CTAB) and tetraethy-
lorthosilicate (TEOS) according to the procedure reported in
Ref. [21]. All of the amine-loaded materials were prepared by
impregnation method. Typically, a desired amount of amine
(EDA, DETA, TEPA, and PEHA) was dissolved in 10 mL
dry ethanol. The mixture was stirred to make the amine be
well dissolved, and then 0.5 g MCM-41 was added. The ob-
tained slurry was continuously stirred at room temperature un-
til sufficiently blended and then sealed to stand for 12 h in
air, followed by drying for 8 h at 80 °C in a drying oven con-
sidering the boiling point of EDA of 116 °C. Hereafter, the
amine-based samples with different amine loading were de-
noted as 10 wt%, 20 wt%, 40 wt%, 45 wt%, and 50 wt%
EDA-MCM41, DETA-MCM41, TEPA-MCM41, and PEHA-
MCM41, respectively.

Table 1. Four amines with different chain lengths used as amine sources in this work

Amine Molecular weight (g/mol) Density (g/mL) Formula
Ethylenediamine (EDA) 60.10 0.90 H,;NCH,CH,;NH;
Diethylenetriamine (DETA) 103.17 0.96 H;NCH,CH,;NHCH,CH;,;NH,
Tetraethylenepentamine (TEPA) 189.31 0.95 NH,(CH,CH,;NH)3CH,CH,NH,
Pentaethylenehexamine (PEHA) 232.30 1.00 HoN(C,H4NH)sH

2.2. Characterization

Elemental analysis was carried out using vario MACRO
cube elemental analyzer (Elementar, German) to determine
C, H and N contents in the samples. Infrared spec-
tra of MCM-41 and amine-based MCM-41 were recorded

in the 4000—450cm~! region using Spectruml00FT-IR
(PerkinElmer, USA).

Pore diameters and surface areas of the samples
were evaluated via N physical adsorption analysis using
ASAP2020 (Micromeritics, USA). Each sample was degassed
at 350°C, 1.33Pa under nitrogen flow for 5 h prior to
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measurement. The N, adsorption data were recorded at the
liquid nitrogen temperature (—196 °C). The surface areas and
the pore size distributions were calculated by the BET and
BJH equations. The total pore volume was calculated from
the amount of adsorbed N at the partial pressure p/po = 0.99.

Thermo-gravimetric analysis (TA Instruments, USA) was
applied to determine the loading amount of amine and the
thermal stability of adsorbents. From a series of experiments,
it is determined to treat the materials at 100 °C for a period
of 60 min in N, to remove all the water and CO, adsorbed
from the air. After the initial heat treatment, a heating rate of
10°C-min~! up to 700 °C in N is conducted to calculate the
real amine amount impregnated on substrates.

2.3. CO; adsorption

CO; adsorption and desorption measurements were also
performed on thermogravimetric analysis at atmosphere pres-
sure. A simulated gas mixture of 10% CO; and 90% N; was
used as the model flue gas. In each run, about 3 mg adsor-
bent sample was loaded into an alumina sample pan, and then
pretreated at 100 °C for 1h in Ny to remove the adsorbed
moisture, followed by cooling to the adsorption temperature
of 35 °C prior to its exposure to CO,. The desorption run
was conducted in a pure N, flow at 100 °C to achieve com-
plete desorption [22—24]. Meanwhile, adsorption measure-
ments at different temperatures (30, 35, 50, 70, 90 and 100 °C)
at a heating rate of 1 °C/min were conducted to examine the
effects of forward temperature sequencing on CO, adsorption
capacities of amine-based materials, and then the tempera-
tures decreased again to study the effects of backward tem-
perature.

3. Results and discussion
3.1. Materials characterization
3.1.1. Materials structure

The average pore diameter and surface area of MCM-41
are 4.64 nm and 865 m?-g~! estimated using Barrett-Joiner-
Halenda (BJH) method and Brunauer-Emmett-Teller (BET)
surface area analysis, respectively.

The presence of surface functional groups of amine-based
MCM-41 samples was confirmed by the FT-IR spectra. As
shown in Figure 1(1), the band at 1634 cm™! of the spec-
trum of MCM-41 can be attributed to the physical adsorbed
water [25,26], and the bands between 400 and 1500 cm™!
arise from the frame vibration of MCM-41, including 6(Si—
0-S1), v5(Si—O-Si) and v,s(Si—O-Si) vibration stretch at 463,
807 and 1088 cm !, respectively [27]. Besides, the band at
3462 cm™! is the characteristic of (Si—)OH stretch. The spec-
trum of EDA-MCM41 (Figure 1(2)) has two more bands of
vs(CHy) at 2852 cm ™! and §(NH,) at 1569 cm™! compared
with MCM-41, indicating the loading of EDA onto MCM-41

[28]. The bands at 1330, 1574 and 1625 cm ™! (Figure 1(3))
are characteristics of 6(C-N), 6(N-H) of -NH- and §(N-H)
of -NH,; separately, which illustrates the presence of DETA,
while the bands appearing at 1325, 1572 and 1624 cm™! are
corresponding to 6(C-N), 6(N-H) of -NH- and §(N-H) of
—NH; for the spectrum of TEPA-MCM41 (Figure 1(4)) [29—
31]. Figure 1(5) shows the peaks of §(C—N), §(N-H) of -NH-
and §(N-H) of -NH, at 1317, 1550 and 1623 cm™! and it in-
dicates that PEHA is impregnated onto MCM-41. Each EDA
molecule consists of two primary amines while the percentage
of primary amines in DETA, TEPA or PEHA is lower than
that in EDA. Consequently, the intensity of 6(NHy) for EDA
should be the maximum due to the highest concentrations of
the primary amine. However, as illustrated in the Figure 1, the
intensity of EDA is smaller than the other three, which may
be due to relatively lower loading of EDA onto MCM-41.
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Figure 1. FTIR spectra of different amine-based adsorbents. (1) MCM-
41, (2) EDA-MCM41, (3) TEPA-MCM41, (4) TEPA-MCM41, (5) PEHA-
MCM41

The actual amine loadings of amine-based materials were
determined by nitrogen content through elemental analysis.
As shown in Figure 2, the trend of the amine loadings impreg-
nated on MCM-41 is in accordance with the amine added, and
the amine with long chain exhibits a slightly higher amine
loading even with the same amount amines added. This
difference may be ascribed to the impregnated species. Ad-
sorbents prepared by impregnation have negligible covalent
bonding occurring between amine constituents and substrates.
The majority of the amine present within the interior pores of
the substrates is held together by van der Waals forces. EDA
and DETA which have lower molecular weight show lower
melting points and they are less stable than PEHA during ther-
mal desorption.

EDA-MCM41, DETA-MCM41, TEPA-MCM41 and
PEHA-MCM41 with the amine loading of 40 wt% were



Journal of Energy Chemistry Vol. 24 No. 3 2015 325

chosen to conduct the elemental analysis, and the results
are listed in Table 2. Comparing the mass determined by
TGA and elemental analysis, the relative error is less than

cess which is consistent with our previous work reported in
Ref. [32].

3.8%. EDA is partially lost during the impregnation pro-
Table 2. Elemental analysis of MCM-41 and amine-based MCM-41

Samples C (%) H (%) S (%) N (%) C/N atomic ratio* N content (mmol/g)

MCM-41 2.01 0.56 0.07 0.26 0.18
EDA-MCM41 8.58 2.55 0.10 6.04 1.27 (1.0) 4.32
DETA-MCM41 15.25 3.85 0.08 9.09 1.67 (1.3) 6.50
TEPA-MCM41 19.32 4.81 0.10 10.22 1.98 (1.6) 7.30
PEHA-MCM41 19.38 5.07 0.12 11.19 1.81 (1.7) 8.00

* Data presented in parentheses are the corresponding theoretical C/N atomic ratios

40 |

|  ——EDA-MCM41

I —¥—DETA-MCM41
S I —*— TEPA-MCM41
B [ —®—PEHA-MCM41
o 30Ff
8 L
<
=1
oh
o) .
=
£ I
5 20
E |
<<

10
1 1 1 1 1

10 20 40 45 50
Amine added (wt%)

Figure 2. Calculated amine content versus actual amine content for amine-
impregnated materials

3.1.2. Thermal stability

Thermo-gravimetric analysis (TGA) was used to deter-
mine the operating temperature under which no decomposi-
tion of the impregnated amine could happen. Taking 40 wt%
amine-based MCM-41 as an example, Figures 3 and 4 show
the TG (thermo-gravimetric) and DTG (differential thermo-
gravimetric analysis) curves of the four adsorbents.

All the samples were kept at 100°C for 1 h to re-
move the surface moisture first. Figure 3 shows that the
amine-based adsorbents exhibit different weight losses at the
final temperature with an order of EDA-MCM41<DETA-
MCM41<TEPA-MCM41<PEHA-MCM41, and the numbers
are 13.48%, 23.20%, 27.72% and 31.09%, respectively. The
weight loss reflects the amine loading amount after impregna-
tion. However, the weight losses of all materials are less than
the amount of amine added, indicating that amine partially
volatilize in the synthesis process. Only 13.48% weight loss
of EDA-MCM41 is obtained which further suggests that EDA
is volatilized during preparation. Considering the boiling
points of EDA(116 °C), DETA(207 °C), TEPA(340 °C) and
PEHA(380 °C), amines with higher boiling point are more
stable, which is beneficial for future industrial utilization.
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Figure 3. TG curves of samples

Figure 4 shows that the decomposition of EDA starts
at 102°C and reaches the maximum weight loss rate of
~0.10 wt%-min~! at 177 °C. At temperature above 220 °C,
the rate of weight loss increases again, which may be ascribed
as a different decomposition process in which the decompo-
sition of the amines coated outside the pores and filled inside
the pores [33]. With further increasing temperature, the rate
of weight loss decreased again, implying that all the amine
molecules impregnated on MCM-41 decomposed completely.
For DETA-MCM41, TEPA-MCM41 and PEHA-MCM41, the
initial decomposition temperatures are 116 °C, 135°C and
151 °C, and the corresponding rates of weight loss reach the
maximum at 202 °C, 231 °C and 300 °C, respectively. The
longer the amine chain length is, the higher the initial decom-
position temperature and the maximum weight loss tempera-
ture Therefore, the thermal stability closely correlates with the
increase of the amine chain length. It should be noted that the
longer chain amine molecules are not located inside the pores,
but aggregate like solid amine. The existence of amine cover-
ing the external surface of MCM-41 increases the resistance
to the decomposed product diffusion and heat transfer [33]. In
addition, the rate of weight loss of TEPA-MCM41 is greater,
and the temperature range is significantly narrower, relative
to the other three materials. This difference can be attributed
to the uniform dispersion of TEPA into the mesoporous chan-
nel and that the bonds between TEPA and MCM-41 are easily
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destroyed at temperature between 200—300 °C. Overall, the
impregnated amine species seems to be thermally stable up
to below 100 °C, and the thermal stability increases with the
amine chain length.
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Figure 4. DTG curves of samples

3.2. CO; capacity
3.2.1. Effect of amine chain length on amine loading

Our preliminary TG experiments illustrate that the ma-
terials have no particular affinity to N, over the temperature
range from 35 to 100 °C, so the adsorption capacity of N is
negligible. On the other hand, the CO, adsorption capacity of
original MCM-41 is 0.61 mmol/g, indicating that the substrate
is capable of adsorbing CO;.

The adsorption and desorption curves of 40% amine load-
ing materials are shown in Figure 5. It can be seen that the
slopes of adsorption and desorption curves for the synthesized
materials are different. EDA-MCM41 and DETA-MCM41
exhibit faster adsorption kinetics, while TEPA-MCM41 and
PEHA-MCM41 need more time to reach equilibrium. How-
ever, TEPA-MCM41 and PEHA-MCM41 possess higher ad-
sorption capacity. Upon rapid heating to 100 °C in pure
N;, EDA-MCM41 and DETA-MCM41 quickly desorb all the
CO; which is adsorbed in previous process. The adsorption
rates of EDA-MCM41 and DETA-MCM41 are faster than
TEPA-MCM41 and PEHA-MCM41, which will be further
discussed in section 3.2.3.

The adsorption and desorption experiments were con-
ducted three times to calculate the average adsorption ca-
pacity. Through calculation, the saturation capacities as
a function of theoretical amine loading are summarized in
Figure 6. The maximum CO, adsorption capacities of
EDA-MCM41, DETA-MCM41, TEPA-MCM41 and PEHA-
MCM41 are 1.19 mmol/g, 1.43 mmol/g, 1.96 mmol/g and
2.34 mmol/g, respectively, and the standard deviations are
not more than 6.3%. The highest capacities all appear at
amine loading of 40 wt%, however, the adsorption capacities
of 20 wt%, 30 wt% and 50 wt% EDA-MCM41 show the same

level as 40 wt% EDA-MCM-41. For the amine-based MCM-
41, the amine sites are the main active sites to adsorb CO,
molecules [34]. However, when the amine loading increases
to a certain amount, the inner pore surface is entirely filled and
the excess amine coats the outer surface, which limits the in-
teraction between CO, and amine inside the pores due to the
mass transfer resistance. Also, the increasing organic steric
hindrance may also result in a decrease of the adsorption ca-
pacity [9,35]. All of these reasons contribute to the decrease
of the adsorption capacity for 50 wt% amine-based MCM-41
adsorbents.
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Figure 5. CO; adsorption and desorption curves obtained with 10%
C0O,/90% N, for different samples
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Figure 6. CO; adsorption capacity as a function of nominal amine loading
for different samples

The interaction between CO, and amines is thought
to have three mechanisms as illustrated in Schemes (1—3).
Caplow [35] described the zwitterionic mechanism of a pri-
mary amine with CO; for the formation of carbamate. Firstly,
the lone pair NH; on the amine attacks CO; to form the CO;-
amine zwitterions. A free base deprotonates the zwitterion
and forms the carbamic acid and ammonium carbamate salt.
With the above consideration, each molecule of CO, could
bond to two nearby primary amine sites on EDA-MCM41
to form an ammonium carbamate species in an anhydrous
CO; flow as depicted in Scheme 1. Secondly, Scheme 2
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shows that the CO, adsorption process may act via the in-
tramolecular acid-base balance with the secondary amine on
the same sites. Thirdly, Scheme 3 demonstrates the possi-
ble procedure of CO, capture by two secondary amines [17].

One CO; molecule reacts with a secondary amine site to
form ammonium carbamate directly. For DETA-MCM41,
TEPA-MCM41 and PEHA-MCMA41, the above-mentioned
three mechanisms may occur simultaneously.

Table 3. Comparison of 40 wt% amine-based MCM-41 in capacity and amine efficiency

Adsorbent Amine molecule (nm?) CO; adsorption capacity (mmol-g~1) CO3/N ratio CO; adsorbed by each amine molecule (mmol)
EDA-MCM41 1.31 1.19 0.28 0.09
DETA-MCM41 1.45 1.43 0.22 0.11
TEPA-MCM41 0.98 1.96 0.27 0.22
PEHA-MCM41 0.87 2.34 0.29 0.28
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Scheme 1. Mechanism for the reaction of CO, with two NH;
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Scheme 3. Mechanism for the reaction of CO, and two NH

The amounts of CO;, adsorbed by each molecule for
EDA-MCM41, DETA-MCM41, TEPA-MCM41 and PEHA-
MCM41 are 0.09, 0.11, 0.22 and 0.28 mmol respectively,
as listed in Table 3. It is worth noting that the amounts are
well consistent with the amine sites occupied by each amine
molecule. The value of CO,/N ratio listed in Table 3 reflects
the adsorption efficiency in terms of active sites capable of
reacting with CO,. With the assumption of carbamate for-
mation, the maximum CQO;/N molar ratio should be 0.5 under
dry conditions, and considering the physical adsorption capac-
ity of MCM-41 carriers, this ratio should be higher than 0.5.

However, the current results show that the maximum CO,/N
ratios are no more than 0.3 for all samples.

For amine impregnated materials, the CO,/N ratios re-
ported in literatures vary over a wide range. Franchi et al.
[36] obtained a CO,/N ratio of 0.40 with a diethanolamine
modified PE-MCM-41 sample. Wei et al. [14] obtained
COy/N ratios of 0.25, 0.21 and 0.27 using MCM-41 substrate
with DETA, TEPA and 2-amino-2-methyl-1-propanol, respec-
tively. Lin et al. [37] impregnated TEPA on MPS and re-
ported that the CO,/N ratio reached 0.72. In this work, the
CO2/N ratio ranges from 0.27 to 0.36 for EDA-MCM41, 0.14
to 0.28 for DETA-MCM41, 0.18 to 0.34 for TEPA-MCM41
and 0.20 to 0.45 for PEHA-MCM41 as a function of amine
loading.

The actual CO,/N ratios obtained are significantly below
0.5 which may be ascribed to following reasons. First, some
amine molecules are isolated from each others due to steric
effects, and the long organic chains cover a part of the N atom
of the amine and hinder the access of CO, molecules. Sec-
ondly, CO, adsorbed by amine is weakly sensitive to the low
partial pressure of CO, (1.0 kPa) used in this work. Further-
more, the lone electron pairs present on the N atoms interact
with hydrogen atoms to form hydrogen bonds, which results
in decreased activity [23]. The presence of the amine forming
hydrogen bonds could prevent the amine reacting with CO,.
Lastly, effective CO, adsorption sites seem to be the densely
anchored amine species, perhaps not the isolated amines as
suggested in Ref. [17].

Additionally, Knowles et al. [16] supposed that the pri-
mary amine is more effective than the secondary amine. As
listed in Table 3, the CO,/N ratio of EDA-MCM41 (100% pri-
mary amine) is 0.28, larger than that of DETA-MCM41 (67%
primary amine), TEPA-MCM41 (40% primary amine) for the
identical amine added. However, the CO,/N ratio of PEHA-
MCM41 is 0.29 while the content of primary amine is 33%,
so the influence may be caused by several competitive factors.

3.2.2. Effect of temperature on dif fusion mechanism

To investigate the effect of temperature on the diffusion
mechanism and CO; adsorption capacities of amine-based
materials, the adsorption experiments are conducted by TGA
with the temperature stepwise rising from 30 °C to 100 °C,
and then stepwise cooling down to 30 °C under 10% CO, and
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90% N> flow of 60 mL/min.

Song et al. [38,39] speculated that CO, adsorption
on amine-based molecular sieves may include both physical
adsorption within pores and chemical adsorption on amine
groups. As shown in Figure 7, with the increase of tem-
perature from 30 to 100 °C, the CO, adsorption capacities
of EDA-MCM41 and DETA-MCM41 decline while those of
TEPA-MCM41 and PEHA-MCM41 have an opposite ten-
dency. At lower temperatures the CO, molecules diffuse
and interact with the bulk amine for both EDA-MCM41 and
DETA-MCM41 adsorbents. When the temperature increases,
the adsorbed CO;, molecules within the bulk amine are easy to
escape from the sites due to the lower diffusion barrier. CO;
adsorbed on the amine surface becomes unfavorable at higher
temperatures because the kinetic effects have less influence
than thermodynamic effects. When the temperature is sub-
sequently decreased from 100 to 30 °C under the same CO,
flow, the adsorption capacities of EDA-MCM41 and DETA-
MCMA41 increase which further supports that the adsorption
on EDA-MCM41 is controlled by thermodynamics.

For TEPA-MCM41 and PEHA-MCM41, the adsorption
capacity correlates with temperatures and their maximum
CO; adsorption capacities can be achieved within a temper-
ature range of 70 to 90 °C. Here, the positive effects of higher
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temperature on the adsorption (such as the increase of mo-
bility in the pores, reaction kinetics and CO; diffusion) over-
weight the negative effects (such as the exothermic nature of
physical and chemical adsorption over amine groups) [20].
When the temperature increased to 100 °C the adsorption ca-
pacities declined, indicating that the adsorption becomes ther-
modynamically unfavorable. However, when the temperature
subsequently decreased from 100 to 30 °C under the same
CO; flow, the adsorption capacities would increase with the
backward temperature. At high temperature, CO, molecules
diffuse and interact with the amine bulk. When the tempera-
ture decreases, the adsorbed CO, molecules within the amine
bulk are not able to escape from the sites due to the high
diffusion barrier and thus store inside. On the other hand, CO,
adsorbed on the amine surface becomes more favorable with
the decrease of temperature. Thus, higher adsorption capaci-
ties can be obtained at lower temperature. This result confirms
that CO; adsorption over amine-based materials is under ki-
netic control when the temperature is below 90 °C and amines
with long chain have larger diffusion resistance. Higher en-
ergy is required to break the bond. The low adsorption capac-
ities at low temperature are the result of the low adsorption
rate. Moreover, high adsorption capacity could be attained if
the adsorption time is extended long enough [33].
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Figure 7. CO, adsorption capacity of 40 wt% (a) EDA-MCM41, (b) DETA-MCM41, (c) TEPA-MCM41 and (d) PEHA-MCM41 versus adsorption temperature

with increasing (e) and decreasing (o) temperature



Journal of Energy Chemistry Vol. 24 No. 3 2015 329

3.2.3. Adsorption rate and desorption rate

Due to the low adsorption rate, most experiments could
only achieve partial bed saturation capacity. Therefore, the
study of adsorption and desorption rate is equally (if not more)
important. As shown in Figure 5, the adsorption and desorp-
tion rates are different. In order to further analyze the ad-
sorption and desorption rate, the fractional CO, adsorption is
defined and compared with four 40 wt% amine-based adsor-
bents previously described. The dynamic data is calculated
based on the adsorption capacity versus time:

Fractional CO; adsorption =

1
Adsorption capacity at time ¢ M

Adsorption capacity at equilibrium

Figure 8 demonstrates that TEPA-MCM41 and PEHA-
MCM41 show the slow increase of fractional CO, adsorp-
tion curve, whereas EDA-MCM41 and DETA-MCM41 ex-
hibit the rapid adsorption rate response. In the initial
1 min exposure to CO;, the fractional CO, adsorption order
is EDA-MCM41>TEPA-MCM41>PEHA-MCM41>DETA-
MCM41. After this point, DETA-MCM41 performs
higher fractional adsorption than TEPA-MCM41 and PEHA-
MCM41. In the initial 15 mins, EDA-MCM41 and DETA-
MCM41 outperform TEPA-MCM41 and PEHA-MCM41.
This is beneficial when applying the material to separate CO;
in a rapid (cycle time of <1.0 min) or ultra rapid (cycle time
of <5 s) cyclic adsorption process. Within 15 min, EDA-
MCM41 and DETA-MCM41 could achieve 92% and 91% of
the total equilibrium CO; capacity, but for TEPA-MCM41 and
PEHA-MCM41, the percentages are only around 60%.

Figure 9 supplementarily shows that the increase of rate
contributes to CO, adsorption in the initial exposure time.
When the four materials are compared, the fractional uptake
of EDA-MCM41 and DETA-MCM41 outperform the other
two adsorbents. This behavior demonstrates that the dynamic
performances of EDA-MCM41 and DETA-MCM41 are su-
perior over TEPA-MCM41 and PEHA-MCM41. Moreover,
the desorption performance of EDA-MCM41 and DETA-
MCMA41 (as description in Figure 5) are also rapid and could
complete at 100 °C in pure Nj. Typically, less than 5 mins of
purge at 100 °C is enough to entirely regenerate the adsorbents
and it means low energy consumption for the regeneration of
EDA-MCM41 and DETA-MCM41 adsorbents.

Ko et al. [17] reported that the slow increase of the ad-
sorption slope presents the smooth bond between CO; and
amines, and the rapid increase of the desorption curve is due
to the weak bond between CO; and amines. However, in our
results, for EDA-MCM41 and DETA-MCM41, the fractional
CO; adsorption and fractional CO; desorption are all faster
than TEPA-MCM41 and PEHA-MCM41 which is not consis-
tent with their assumption. It can be concluded that in the
adsorption process, for TEPA-MCM41 and PEHA-MCM41,
the lag in the adsorption curve is not only the slow secondary
mechanism of CO, adsorption but also the diffusion resistance
of long chain length. Meanwhile, in the desorption procedure,

the delays are the result of the mass transfer resistance caused
by long amine chain length. Therefore, at the initial time,
TEPA-MCM41 and PEHA-MCM41 encounter a greater re-
sistance of mass transfer and then demonstrate a delay in the
adsorption curve. From the discussion above, the good CO;
adsorption and desorption performance of EDA-MCM41 and
DETA-MCM41 is mainly due to the combined effects of rapid
reaction mechanism of primary amine and decreased diffusion
resistance of short chain length amines.
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Figure 8. Comparison of the dynamic 10% CO;/N; fractional uptake of
different samples
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Figure 9. Comparison of the fractional adsorption rate of different samples

4. Conclusions

In this work, the adsorption of CO;, over amine-based
MCM-41 materials with gradual increasing amine chain
length has been studied. FT-IR, elemental analysis and
thermo-gravimetric analysis are used to characterize the ma-
terials structures and thermal stabilities. Thermo-gravimetric
analysis is used to evaluate the CO; adsorption and desorption
performance.

There is a significant positive correlation between the
actual amine contents of synthesized adsorbents and the
amounts of added amine; longer chain leads to slightly higher
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amine loadings on the substrates and thus higher CO, ad-
sorption capacities. The highest CO, adsorption capacity of
2.34 mmol/g is attained over 40 wt% PEHA-MCM41 while
20 wt% PEHA-MCM41 shows the highest CO,/N ratio of
0.45, which is due to the better amine dispersion and lower
diffusion barrier.

The adsorption performance at different temperatures re-
veals that CO, adsorption over TEPA-MCM41 and PEHA-
MCMA41 are under kinetic control while EDA-MCM41 and
EDTA-MCM41 are under thermodynamic control below
90 °C. For amine-based adsorbents with longer amine chain,
CO; adsorption capacities becomes much less susceptible to
the temperature increase and even increase with the tempera-
ture until 90 °C.

In terms of dynamic CO, adsorption and desorption per-
formance, amine-impregnated adsorbents with short amine
chain exhibit higher adsorption and desorption rates and it
is mainly attributed to the combined effect of rapid reaction
mechanism of primary amine and the less diffusion resistance
of short chain length.
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