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a b s t r a c t
In this study, the performance of modified MCM-41 adsorbents by impregnation and grafting 
modification with 3-aminopropyltriethoxysilane (APTS) and polyethyleneimine (PEI) on the CO2 
adsorption was investigated. The results showed that the synergistic effect of APTS and PEI could 
improve the adsorption performance and thermal stability of the MCM-41 adsorbents. The CO2 
adsorption capacity of mixed amine-modified MCM-41 adsorbents was higher than single amine 
modified MCM-41 adsorbents. The maximum adsorption capacity (2.6512 mmol g–1) was obtained 
at MCM-41-APTS-5%-PEI-50%. Meanwhile, the adsorbents modified by mixed amine showed 
good cycle regeneration stability after five times of CO2 adsorption/desorption cycling.

Keywords: Mixed amine; Mesoporous silicon; Two-step methods; CO2 adsorption

1. Introduction

The rapid development of industry has led to a sharp 
increase on the concentration of CO2 in the atmosphere, 
resulting in a series of global environmental problems like 
global warming [1]. Therefore, it is urgent to develop efficient 
CO2 capture technologies to control CO2 emission.

Currently, CO2 capture technologies mainly include liq-
uid absorption [2,3], membrane separation [4,5] and solid 
phase adsorption [6,7], etc. While for liquid absorption, 
the absorbent is easy to be oxidized under the condition of 
oxygen, and the regeneration of absorbent is large energy 
consumption. The process of membrane separation is very 
complicate which needs gas separation for dehydration, 
filtration and other pretreatments. Using recycled solid 
adsorbent for the CO2 capture can effectively overcome the 
shortcoming of liquid absorption and membrane separa-
tion, which has the advantages of low energy consumption, 
stable performance and simple operation [8,9].

Commonly used solid adsorbents are mainly nat-
ural zeolite [10,11], molecular sieves [12,13], activated 

alumina [14], silica gel [15] and activated carbon [16–18], 
etc. While those traditional adsorbents usually have poor 
selectivity due to interference of other gases, or the adsorp-
tion capacity can be greatly affected by the temperature. 
Mesoporous silica materials represented by MCM-41 and 
SBA-15 is widely used for CO2 adsorption due to its reg-
ular honeycomb pore structure, huge pore volume, high 
specific surface area (up to 1,000 m2 g–1), and easy to be 
prepared in industrialization [19–25]. However, simple 
mesoporous silica materials have low adsorption capac-
ity and poor selectivity for CO2 [26]. In order to improve 
its CO2 adsorption performance, amino functional groups 
are usually introduced [27,28]. Amino functional groups 
can be introduced by two ways: impregnation method 
and grafting method. The impregnation method is a 
physical loading method, which relies on van der Waals 
forces to connect organic amines to the carrier. Wei et al. 
[29] found that the CO2 adsorption capacity of MCM-
41 impregnated by triethylenetetramine (TETA) had the 
highest adsorption capacity of 2.22 mmol g–1 at 60°C, 
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compared with MCM-41 impregnated by diethylenetri-
amine (DETA), TETA and 2-amino-2-methyl-1-propanol 
(AMP) [29]. While a maximum CO2 adsorption capacity of 
2.7 mmol g–1 was achieved on MCM-41 impregnated with 
tetraethylenepentamine (TEPA) with 40% TEPA [30]. Van 
der Waals forces between amine group and the carrier are 
weak which results in a low thermal stability of the adsor-
bent. Amine group can easily be detached from the carrier 
resulting in the decrease of adsorption activity. It is differ-
ent from impregnation method, amine can be loaded by 
chemical bonds by the grafting method which results in 
a strong thermal stability [31,32]. In addition, amine can 
be well dispersed on the surface of the carrier by grafting 
method which results in a fast adsorption rate compared 
with impregnation method [33]. However, the amount of 
amine is limited by grafting method which results in a 
lower adsorption capacity. In order to improve the adsorp-
tion performance and thermal stability of the adsorbents a 
two-step method (grafting followed by impregnation) was 
proposed [34]. It was found that with the increase of tem-
perature, the CO2 adsorption capacity of amine-function-
alized mesoporous materials was increased. Meanwhile, 
the adsorption capacity of amine-modified materials 
by two steps was stronger than that of amine-modified 
materials by single step. The adsorbents also displayed 
an excellent stability and renewability.

The CO2 adsorption capacity of the adsorbents is not 
only influenced by the type of amines but also by the mod-
ification methods. While many researches were focused 
on immobilizing the liquid amine in the MCM-41 by the 
impregnation or grafting method, few researches com-
bining the two methods were studied. Hence, a two-step 
method combining impregnation and grafting modifica-
tion with 3-aminopropyltriethoxysilane (APTS) and poly-
ethyleneimine (PEI) was developed to modify the MCM-41 
adsorbents in this study. The adsorption performance of 
the MCM-41 adsorbents under different loading rates was 
comprehensively studied. Meanwhile, the CO2 absorption/
desorption cycle experiment was carried out to evaluate 
thermal stability and regeneration performance. This paper 
will provide useful guidance for the CO2 capture.

2. Materials and methods

2.1. Preparation of MCM-41-APTS-x-PEI-y adsorbents

Aqueous ammonia (25%, analytical reagent) and anhy-
drous ethanol was purchased from Damao Chemical Reagent 
Factory (Tianjin, China); cetyltrimethylammonium bro-
mide (CTAB) and tetraethyl orthosilicate (TEOS) came from 
Sinopharm Chemical Reagent Co., Ltd., (Shanghai, China). 
PEI and APTS were obtained from Aladdin Chemistry Co., 
(China).

MCM-41 was synthesized according to the literature 
[31]: 55.54 g 25% aqueous ammonia, 2.19 g cetyltrimeth-
ylammonium bromide (CTAB) and 75.35 g distilled water 
were added into a polytetrafluoroethylene bottle and 
stirred for 30 min. Then 10.42 g tetraethyl orthosilicate 
(TEOS) was added dropwise. The solution was hold at 80°C 
for 96 h. After cooled down, it was filtrated and washed 
until no foam observed. After dried at 80°C, MCM-41 

products were obtained by calcination at 550°C for 5 h. The 
MCM-41-APTS-x-PEI-y adsorbents were prepared by two 
steps: grafting and impregnation.

•	 APTS grafting: MCM-41 was modified with APTS by 
the grafting method using the procedure reported 
in the literature [31]. 1 g of MCM-41 was stirred in 
100 mL anhydrous ethanol for 10 min. Then, the desired 
amount of APTS was added drop by drop and the slurry 
was stirred and refluxed for 10 h at 70°C. The APTS-
modified adsorbent (denoted as MCM-41-APTS-x) 
was obtained after washing with anhydrous ethanol 
repeatedly and drying at 80°C for 12 h. x stands for the 
loading rate of APTS (3, 5, 7, 10, 20, 30 and 40 wt.%).

•	 PEI impregnation: MCM-41-APTS-x was modified with 
PEI by the impregnation method using the follow-
ing procedure reported in the literature [31]. Certain 
amount of PEI was dissolved in 20 mL anhydrous etha-
nol and stirred for 10 min. Then, 1.0 g MCM-41-APTS-x 
was added to the solution. The slurry was continu-
ously stirred for 8 h at room temperature, and the PEI-
modified adsorbent (denoted as MCM-41-APTS-x-PEI-y) 
was obtained by drying at 80°C for 12 h. y stands for the 
loading rate of PEI (30, 40 and 50 wt.%).

2.2. Characteristic of adsorbent

The chemical composition of the adsorbents was deter-
mined by X-ray diffraction (ASAP 2020, USA). Nitrogen 
adsorption–desorption was carried out by using an auto-
matic specific surface aperture distribution analyzer 
(AUTOSORB-6B, USA) and the specific surface area and 
pore-size distribution were calculated by using Barrett–
Joyner–Halenda (BJH) method. The functional groups of the 
adsorbents were tested by Fourier-transform infrared spec-
troscopy (FT-IR) (Nicolet is10, USA). Thermogravimetric 
analysis (TGA) for the adsorbents was carried out in a ther-
mogravimetry and differential thermal analysis (TG/DTA) 
instrument (SDT Q600, TA Instruments).

2.3. CO2 adsorption performance of adsorbents

The schematic diagram of the CO2 adsorption appa-
ratus is shown in Fig. 1. The CO2 adsorption capacity 
(q, mmol g–1) could be calculated according to Eq. (1) [31]:

q
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m m

�

�
�

�

2 1

1 0

1 000,
 (1)

where M is the molecular weight of CO2; m0 is the mass 
of the empty U-shaped tube; m1 is the mass of U-tube and 
adsorbent before adsorption; m2 is the mass of U-tube 
and adsorbent after adsorption.

3. Results and discussion

3.1. Characterization of MCM-41-APTS-x-PEI-y adsorbents

FT-IR spectra of amine-modified adsorbents are dis-
played in Fig. 2. The peaks at 587, 1,025, and 790 cm–1 were 
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characterized by bending vibration peak, symmetric and 
asymmetric stretching vibration peak of Si–O–Si respec-
tively [34,35], which indicated that the mesoporous structure 
of MCM-41 was not changed after APTS and PEI modified. 
Compared with MCM-41, the peak at 1,560 cm–1 was the 
bending vibration of N–H bond which was caused by the 
loading of APTS and PEI [36]. It indicated that APTS and 
PEI were successfully loaded into the channel of MCM-41. 
Meanwhile, with the increase of APTS loading rate, the peaks 
at 1,560, 1,460 and 2,985 cm–1 in MCM-41-APTS-x-PEI-30% 
represented for bending vibration of N–H bond, bending 
vibration and stretching vibration of C–H bond became 
stronger.

The TGA curves of MCM-41-APTS-x-PEI-y adsorbents 
were shown in Fig. 3. The weight loss appeared at 100°C 
was caused by the volatilization of water and residual 
solvent in the preparation process. The adsorbents were 

completely decomposed at 600°C. A significant weight 
loss could be observed in the 100°C–400°C with a total 
weight loss of 26.25%, 30.97% and 37.64%, respectively for 
MCM-41-APTS-5%-PEI-30%, MCM-41-APTS-5%-PEI-40% 
and MCM-41-APTS-5%-PEI-50%, which indicated that 
the thermal stability of adsorbents was increased with the 
loading of PEI. Meanwhile, the initial amine decomposi-
tion temperatures of MCM-41-APTS-5%-PEI-30%, MCM-
41-APTS-5%-PEI-40% and MCM-41-APTS-5%-PEI-50% 
were 270°C, 260°C and 250°C respectively. It was higher 
than that of adsorbents prepared by the PEI impregnation 
(150°C) and APTS grafting (150°C), which indicated that 
the thermal stability of adsorbents could be improved by 
two steps [31]. The weight loss could be divided into two 
stages in the 100°C–400°C range which was similar to the 
results of previous work. The difference was the tempera-
ture distribution of weight loss where a slow weight loss 

Fig. 1. Schematic diagram of CO2 adsorption apparatus.

Fig. 2. Characteristic of adsorbents: (a) FT-IR spectra and (b) TGA curve.
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stage occurred in the 100°C–250°C and a fast weight loss 
stage occurred in the 250°C–400°C. APTS not only reacted 
with the silicon hydroxyl in the MCM-41 channel during 
the grafting process and caused the space separation, but 
also introduced some amino and hydroxyl in the channel 
and supplied the site space and hydrogen bond connec-
tions for the evenly disperse and fix of PEI, which increased 
the initial PEI decomposition temperature. Moreover, the 
adsorbent prepared remained stable below 150°C, indicat-
ing that it could be recycled for adsorption/desorption.

3.2. N2 adsorption–desorption isotherms

The nitrogen adsorption–desorption isotherm and 
pore-size distribution of adsorbents are shown in Fig. 4(1) 
and (2). The adsorption isotherm of adsorbents presented 
type IV and H4 type hysteresis loop after the modifica-
tion by APTS and PEI, indicating that the adsorbents were 
mesoporous. With the increase of loading rate, the pore 
volume of the adsorbents was decreased gradually, result-
ing in the gradual decrease of its hysteresis loop. Among 
them, MCM-41-APTS-5%-PEI-50% had a narrow hysteresis 
loop, indicating that the holes of MCM-41 carrier were not 
all filled. While if there was no hysteresis loop, it indicated 
that the channel of MCM-41 carrier had been blocked.

As could be seen from the aperture distribution 
(Fig. 4), the average pore radius and the average pore 
diameter of MCM-41 was 1.3 and 2.6 nm. The average 

pore radius and the average pore diameter of MCM-41-
APTS-5%-PEI-30% were 1.0915 and 2.182 nm. The average 
pore radius and the average pore diameter of MCM-41-
APTS-5%-PEI-40% were 0.333 and 0.666 nm. The average 
pore radius and the average pore diameter of MCM-41-
APTS-5%-PEI-50% were 0.8485 and 1.696 nm. The pore 
volume of these adsorbents was decreased with the 
increase of PEI load. According to the structural prop-
erties of adsorbents in Table 1, the specific surface area 
and pore volume of modified MCM-41 materials were 
decreased with the increase of PEI loadings, which was 
attributed to the coverage of PEI on the MCM-41 [37].

3.3. Adsorption performance

The CO2 adsorption capacities of adsorbents are shown 
in Fig. 5. Compared with MCM-41 (0.75 mmol g–1) in the 
literature [31], the adsorption capacity of adsorbents had 
been greatly improved after modification. When the load-
ing amount of APTS was less than 5 wt.%, the adsorption 
capacity of the adsorbents was gradually increased with the 
PEI loading amount. The increase of PEI loading amount 
resulted in an increase of amino active sites reacting with 
CO2. While when the loading amount of APTS was larger 
than 7 wt.%, the adsorption capacity of the adsorbents was 
gradually decreased with the PEI loading amount, and 
with the increase of APTS loading amount, the adsorption 
capacity was become small. Excessive loading of APTS 

Table 1
Structural properties of adsorbents

Adsorbents Brunauer–Emmett–Teller surface (m2 g–1) Pore volume (cm3 g–1)

MCM-41-APTS-5%-PEI-30% 196.912 0.167
MCM-41-APTS-5%-PEI-40% 31.34 0.061
MCM-41-APTS-5%-PEI-50% 25.476 0.05
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Fig. 3. Nitrogen adsorption–desorption isotherm (1) and pore-size distribution (2): (a) MCM-41-APTS-5%-PEI-30%, 
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Fig. 4. CO2 adsorption capacities of adsorbents.
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Fig. 5. CO2 adsorption rates of adsorbents
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and PEI will reunion in the channel, hinder the diffusion 
of CO2 and hinder the amino active site exposure to CO2, 
resulting in the decrease of adsorption capacity.

The specific data of CO2 adsorption capacity of the 
adsorbents is displayed in Table 2. The adsorbents prepared 
by the mixture of APTS and PEI showed a good adsorp-
tion performance. The maximum CO2 absorption capacity 
(2.6512 mmol g–1) was obtained at MCM-41-APTS-5%-
PEI-50%. Table 3 shows the comparation of CO2 adsorption 
capacity among different adsorbents. It was also higher 
than waste tea activated carbon (2.48 mmol g–1) [38] and 
palm shell activated carbon (2.13 mmol g–1) [39] which indi-
cated that modified MCM-41 materials were competitive 
with other biomass-based porous carbons. APTS is a chain 
alkanolamine with a steric hindrance group. When grafted 

onto the channel surface of MCM-41, it reacts with the silica 
hydroxyl group on the surface of the carrier and forms a 
space separation structure in the channel. Meanwhile, 
duo to high amino density of PEI, when impregnated into 
the channel of MCM-41-APTS adsorbents, it can be well 
dispersed and fixed in the channel because of hydrogen 
bonds generated with the silica-hydroxyl group on the 
surface of the channel and the amino group in APTS mol-
ecules. The space separation structure also can provide a 
favorable channel for the diffusion of CO2. Therefore, the 
synergistic effect of APTS and PEI in the carrier channel 
improves the CO2 adsorption performance of the adsorbent.

3.4. Adsorption rate

The CO2 adsorption rates of MCM-41-APTS-x-PEI-y 
adsorbents are shown in Fig. 6. All adsorbents achieved 
their adsorption equilibrium in 600 s. It was different from 
the adsorption rate of MCM-41-PEI-y which was roughly 
L-shaped and similar to the results of MCM-41-APTS-x [31],  
the adsorption rate of MCM-41-APTS-x-PEI-y adsorbents 
were first increased rapidly and then decreased gradu-
ally. The variation of adsorption rate could be explained 

Table 2
CO2 adsorption capacity

Adsorbents CO2 adsorption capacity 
(mmol g–1)

MCM-41-APTS-3%-PEI-30% 2.2733
MCM-41-APTS-3%-PEI-40% 2.3011
MCM-41-APTS-3%-PEI-50% 2.4062
MCM-41-APTS-5%-PEI-30% 2.4652
MCM-41-APTS-5%-PEI-40% 2.5522
MCM-41-APTS-5%-PEI-50% 2.6512
MCM-41-APTS-7%-PEI-30% 2.5917
MCM-41-APTS-7%-PEI-40% 2.4035
MCM-41-APTS-7%-PEI-50% 2.3034
MCM-41-APTS-10%-PEI-30% 2.0254
MCM-41-APTS-10%-PEI-40% 1.8671
MCM-41-APTS-10%-PEI-50% 1.7169
MCM-41-APTS-20%-PEI-30% 1.7456
MCM-41-APTS-20%-PEI-40% 1.6367
MCM-41-APTS-20%-PEI-50% 1.5979
MCM-41-APTS-30%-PEI-30% 1.6795
MCM-41-APTS-30%-PEI-40% 1.5816
MCM-41-APTS-30%-PEI-50% 1.5094
MCM-41-APTS-40%-PEI-30% 1.6191
MCM-41-APTS-40%-PEI-40% 1.5477
MCM-41-APTS-40%-PEI-50% 1.4935

Table 3
Comparation of CO2 adsorption capacity among different adsorbents

Adsorbents CO2 adsorption capacity  
(mmol-CO2/g-sorbent

Reference

MCM-41-APTS-5%-PEI-50% 2.6512 Present study
MCM-41-TEPA60% 2.45 [13]
MCM-41-PEI50% 2.00 [37]
Waste tea activated carbon 2.48 [38]
Palm shell activated carbon 2.13 [39]
Cu(dpt)2(SiF6)]n 3.56 [18]
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Fig. 6. The cyclic CO2 adsorption capacity of MCM-41-APTS-5%-
PEI-50%.
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as due to PEI and APTS loading which lead to a physi-
cal-chemical adsorption process. Among the modified 
adsorbents, the maximum adsorption rate was appeared at 
MCM-41-APTS-5%-PEI-50%.

3.5. Stability of the modified-adsorbents

The recycling performance is an important indicator to 
evaluate the performance of adsorbents and crucial to the 
realization of the industrial application. Excellent recy-
cling performance can help reduce the replacement fre-
quency of adsorbent in the production process, improve 
the utilization rate of adsorbent and reduce the cost of 
CO2 capture. Fig. 6 shows the cyclic CO2 adsorption capac-
ity of MCM-41-APTS-5%-PEI-50%. MCM-41-APTS-5%-
PEI-50% displayed a good stability after 5 time recycle. 
The space steric effect, amidogen of APTS and Si–OH on 
the surface of carrier made the PEI in the carrier channel 
well dispersed and firmly fixed which reduced the vol-
atilization of PEI during the regeneration and improved 
the stability of MCM-41-APTS-5%-PEI-50%.

4. Conclusions

With the increase of APTS and PEI loading rate, the CO2 
adsorption capacity of the adsorbents was first increased and 
then decreased. When the APTS load rate was 5 wt.% and 
PEI load rate was 50 wt.%, the maximum CO2 adsorption 
capacity of adsorbent (2.6512 mmol g–1) could be obtained, 
which was 3.53 times of MCM-41. Meanwhile, TGA analysis 
and CO2 absorption/desorption isotherms showed that the 
adsorbent modified by APTS and PEI had better thermal sta-
bility and cyclic stability compared with that modified by PEI 
alone or APTS. After five cycles of CO2 absorption/desorp-
tion, MCM-41-APTS-5%-PEI-50% showed better recycling 
performance and it was suitable for industrial application.
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