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Abstract

Aminosilane-modified MCM-41 and SBA-15 mesoporous silicas were synthesized using sodium silicate extracted from
gold mine tailings slurry in this study. Pure silica source was used in the synthesis of mesoporous silica in order to com-
pare differences in textural properties and amine loading with differences in CO, adsorption performance. CO, adsorption
analysis of the synthesized samples was carried out at 25, 75 and 100 °C. The results showed that the aminosilane-modified
MCM-41 from slurry and aminosilane-modified SBA-15 from pure silica have the highest adsorption capacities of 1.55 and
1.37 mmol g~!, respectively. As a result, it was found that the CO, adsorption capacities of the aminosilane-modified samples
were increased by increasing the amine contents and the specific surface area. From three kinetic models (pseudo-first-order,
pseudo-second-order model and Avrami’s equation), Avrami model well represented the adsorption kinetic data for all
adsorbents and revealed that multiple reaction pathway occurred in the CO, adsorption. In addition, aminosilane-modified

samples presented good regenerability after four adsorption—desorption cycles.
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Introduction

CO, emissions increased day by day critically due to the
excessive use of carbon-based fossil fuels [1]. In this case,
serious concerns have been raised for the human activities
and ecosystems. Therefore, the reducing the emissions of
CO, into the atmosphere is an important issue. In recent
years, many studies have been made to develop effective
CO, capture technologies such as absorption in basic solu-
tions, membrane purification, cryogenic distillations, and
adsorption [2]. Among of them, adsorption has demon-
strated great promise, due to its low energy requirements
and easy operation [3]. Many materials have been developed
as an adsorbent in CO, adsorption process such as mem-
branes, metal-organic frameworks (MOF), physical adsor-
bents, chemical adsorbents, amine-grafted silicas, zeolites,
ionic liquids, mesoporous materials, alkanolamines, and
clathrate compounds [4]. Among the materials suitable for
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adsorption of CO,, mesoporous silicas have received much
attention on account of their desirable properties such as
high surface area, large pore volume, uniform pore size, a
long-range ordered pore structure, and facile functionali-
zation [5, 6]. These materials have wide field of different
areas from catalysts, adsorption, separation, and biomedical
applications [7-12].

In the CO, adsorption process, it was observed that the
modifying of the mesoporous silica with amine groups
increased the adsorption capacity and selectivity with CO,.
Popa et al. conducted a study on effect of the amine type
on thermal stability of modified mesoporous silica used for
CO, adsorption. They found that adsorption capacity and
the efficiency of amino groups depend on the type of ami-
nation reagents and the amount of organic compound used
[13]. Barbosa et al. [14] reported that the used amine pre-
sented a pronounced influence for increasing the adsorption
capacities of the mesoporous adsorbents used. Xu et al. [15]
modified MCM-41 with branched polyethylenimine (PEI)
including many amine sites. They found that CO, adsorption
capacity of PEI-modified MCM-41 was much higher than
pure MCM-41.

In this work, we prepared aminosilane-modified MCM-41
and SBA-15 from gold mine tailings slurry and pure silica
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sources to investigate of the CO, adsorption performance.
The textural properties of the samples before and after modi-
fication were characterized, and the effects of amine content,
textural properties, and adsorption temperature on the CO,
adsorption performance of the samples were determined.
Moreover, four adsorption—desorption cycles were carried
out and the adsorption kinetics was also investigated.

Experimental
Materials and characterization

Gold mine tailings slurry was received from the Bergama
Ovacik Gold Mine Treatment Plant, Turkey, and it was used
as silica source. The slurry was dried at 105 °C for 2 h then
ground and sieved under 90 pm. The chemical composi-
tion of the slurry was analyzed using X-ray fluorescence
(XRF, PANalytical MiniPal4), and the Si, Al and Na con-
centrations of the extracted solution from the slurry were
measured using inductively coupled plasma-optic emission
spectrometry (ICP-OES, Perkin Elmer Optima 2100 DV).
The chemical compositions of the slurry were 77.16% SiO,,
13.01% Al,0;, 3.42% Fe,05, 3.03% K,O and 2.69% CaO.
X-ray diffraction (XRD) measurements were carried out
at room temperature using a PANalytical Xpert Pro XRD
instrument using Cu-Ka radiation (y=1.540 10%). Textural
properties were determined by N, adsorption/desorption
measurements using a Micromeritics ASAP2020 surface
area and porosimetry analyzer. The specific surface area
(Sggr) was calculated using the Brunauer—-Emmett—Teller
(BET) equation, and pore size distribution (PSD) was deter-
mined the Barrett-Joyner—Halenda (BJH) analyses using
nitrogen desorption isotherms. The pure samples were
degassed at 300 °C, while the aminosilane-modified samples

were degassed at 120 °C in vacuum prior to the analysis.
The thermal stability of silica samples was measured by a
Perkin Elmer Pyris Diamond thermogravimetric analyzer
with a heating rate of 10 °C min~' in pure N, atmosphere.
N contents of the samples were determined by elemental
analysis using the LECO CHNS-932 instrument.

CO, adsorption/desorption measurements of the samples
were performed by the same thermogravimetric analyzer
for regenerability studies. High-purity CO, (>99.99%) was
used as an adsorptive gas in the adsorption/desorption meas-
urement. The CO, adsorption experiments were performed
at 25, 75, and 100 °C, while the CO, adsorption/desorption
experiments were performed at 75 °C. Before CO, adsorption,
approximately 10 mg of sample was loaded into an alumina
crucible and heated to 105 °C under N, (100 mL min~") for
60 min to remove moisture. The temperature was then adjusted
to the desired adsorption temperature, and the gas flow was
changed from N, to CO, with a constant flow of 100 mL min~"
until there is no obvious change in sample mass. The change of
the sample mass was measured for calculating of the adsorp-
tion capacity at the same time. After adsorption, the gas was
switched to N, and the sample was cooled to a room tem-
perature. The adsorption—desorption cycles were conducted
at 75 °C and the CO, gas flow rate of 60 mL min~".

Synthesis of the samples
MCM-41 and SBA-15 from slurry derived silicate

In order to synthesize MCM-41 and SBA-15 from slurry-
derived silicate, a fusion process was applied. In a typical
preparation procedure, a given amount of slurry was mixed
with NaOH and then, the mixture was calcined at 550 °C for
1 h. The obtained sample was dissolved in distilled water and
then the mixture agitated for 24 h at room temperature. Finally,
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Fig.2 N, adsorption/desorption isotherms and PSD curves of a MCM-41 and b SBA-15 adsorbents

Table 1 Textural properties and N contents of the synthesized sam-

ples
Name Sppp/m? g~! dgyy/nm* Vp/cm3 g ! N
content/
mass%
M-41-W 929.52 2.92 0.63 -
M-41 1046.55 2.96 0.66 -
T-M-41-W 7.35 26.87 0.01 7.97
T-M-41 2.50 31.76 0.01 7.46
S-15-W 582.13 6.83 0.61 -
S-15 887.88 5.66 1.06 -
T-S-15-W 5.21 12.42 0.01 6.74
T-S-15 2291 7.37 0.04 8.00

#Pore diameter calculated by BJH theory

the solution was separated from the mixture by a filtration
process [16, 17]. The Si, Al, and Na concentrations of the
extracted silicate solution were 78,040 mg L™!, 3600 mg L™,
and 136,400 mg L™!, respectively.

MCM-41 and SBA-15 derived from gold mine slurry were
prepared according to our previous studies [18, 19]. The mate-
rials obtained accordingly were hereafter denoted as M-41-W
and S-15-W, respectively. For comparison purpose, MCM-
41 and SBA-15 from pure silica source tetraethyl orthosili-
cate (TEOS) were synthesized via the procedures previously
described [18, 20]. The synthesized materials accordingly
were hereafter denoted as M-41 and S-15, respectively.
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Fig.3 TG and DTG curves of
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Aminosilane grafting

Aminosilane modifications of the synthesized samples were
conducted by a chemical grafting method described before
[8]. In a typical preparation, 0.5 g of dried adsorbent was
dissolved and dispersed in dry toluene for 30 min with stir-
ring. Then, 5 mL of N1-(3-trimethoxysilylpropyl) diethylen-
etriamine (TMPTA) was added to the mixture under stirring
at room temperature and the resultant mixture refluxed for
6 h. The obtained sample was washed with dry toluene and
dried at room temperature overnight. Amine-grafted MCM-
41 samples synthesized from waste and pure silica were
denoted as T-M-41-W and T-M-41, respectively. Amine-
grafted SBA-15 samples synthesized from waste and pure
silica were denoted as T-S-15-W and T-S-15, respectively.

@ Springer

Results and discussion
Characterization of samples

Figure 1 demonstrates the XRD results of the samples
which were synthesized using sodium silicate supernatant
from slurry and pure silica source. The patterns of MCM-
41 exhibited in the three peaks were able to be indexed in
(100), (110), and (200) reflections, which are characteris-
tic of a well-ordered hexagonal mesostructure of MCM-41
(Fig. 1a). The peak intensities of the M-41 and M-41-W
were decreased after the aminosilane modification. XRD
patterns of the synthesized SBA-15 samples were given in
Fig. 1b. The patterns of S-15 and T-S-15 show the char-
acteristic diffraction peaks of highly ordered mesoporous
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SBA-15, while XRD patterns of S-15-W and T-S-15-W
reveal only the (100) reflection, indicating a less ordered
pore structure. After aminosilane modification, the peak
intensities of S-15 and S-15-W decreased significantly.

N, adsorption—desorption isotherms and pore size distri-
bution (PSD) curves of MCM-41 and SBA-15 samples are
shown in Fig. 2. All samples presented type-IV isotherms
typical for MCM-41 and SBA-15 mesoporous silica samples.
By modifying the silica surface with aminosilane, the val-
ues of specific surface area and pore volume of all samples
decrease dramatically due to the pores of the samples being
blocked/distorted by the amine groups (Table 1). The M-41
and S-15 were found to have the highest BET surface area
(1046.55 and 887.88 m’¢™"), while T-M-41 and T-S-15-W
had the lowest BET surface area (2.50 and 5.21 ng‘l), as

300 400 500 600 700 800
Temperature/°C

calculated from the adsorption isotherm. The PSD curve of
M-41 shows two peaks centered at 2.21 and 4.35 nm, while
M-41-W shows one peak centered at 2.47 nm. The PSD
curve of S-15 exhibits one broad peak centered at 4.33 and
one sharp narrow peak centered at 6.77 nm, while S-15-W
shows one peak centered at 4.31 nm.

Thermogravimetric (TG) and differential thermogravi-
metric (DTG) curves of the synthesized samples are pre-
sented in Figs. 3 and 4. For M-41 and M-41-W, only one
mass loss was found to occur between 30 °C and 115 °C,
being attributed to the removal of physical adsorbed
water. T-M-41 exhibited a three-stage mass loss, wherein
one a mass loss of 8.93% occurred, due to the loss of
physisorbed water (32—-117 °C), in the other a mass loss
of 13.61% occurred, due to decomposition of the organic
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Table2 CO, adsorption

: - . Support T7/°C  Plbar CO, Methods References

capacity of trlammfe-modlﬁed uptake/

so.rbents from the literatures and mmol g~!

this study
KIT-6 30 1 1.89 Volumetric [22]
SBA-15 30 1 1.54 Volumetric [22]
MCM-41 30 1 1.36 Volumetric [22]
MCM-41 30 1 1.01 Manometric gas dosing system  [23]
Precipitated silica 40 1 1.02 TG/DTA [24]
Amorphous silica gel 20 1 1.05 TG/DTA [25]
Hexagonal mesoporous silica 20 1 1.02 TG/DTA [25]
Pore expanded -MCM-41 25 0.05 1.41 TG/DTA coupled with a mass ~ [26]

spectrometer

HMS@Mg-Al LDH 751 1.28 TG/DTA [9]
HMS 751 1.57 TG/DTA [9]
T-M-41-W 75 1 1.55 TG/DTA This work
T-S-15 100 1 1.37 TG/DTA This work
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Fig.6 Adsorption—desorption cycles for aminosilane-modified sam-
ples

species (117-386 °C), and in the other a mass loss of
11.46% occurred, due to decomposition of the remaining
organic species (386—800 °C) [21]. T-M-41-W exhibited a
three-stage mass loss, wherein one a mass loss of 10.44%
occurred, due to the loss of physisorbed water (35-113 °C),
in the other a mass loss of 13.04% occurred, due to decom-
position of the organic species (113-388 °C), and in the
other a mass loss of 13.61% occurred, due to decomposition
of the remaining organic species (388—800 °C). For S-15 and
S-15-W, only one mass loss was found to occur between 30
and 106 °C, being associated with physical adsorbed water
on the surface of the materials. The thermal decomposition
of T-S-15 took place in three separate stages. In the first
stage, a mass loss of 11.92%, which was mainly the result of
the removal of physical adsorbed water, occurred at tempera-
tures below 120 °C; in the second stage, a mass loss of about
13.75% occurred at temperatures from 120 to 375 °C; and in
the last stage, a mass loss of about 13.64% occurred, which
can be attributed to the decomposition of the organic spe-
cies at 800 °C [20]. For T-S-15-W, in the first stage, a mass
loss of 9.61% occurred, due to removal of physical adsorbed
water, at temperatures from 30 to 118 °C. In the second
stage, a mass loss of 9.25% was observed between 118 and
303 °C, resulting from the decomposition of the organic spe-
cies. Finally, in the last stage, at the temperature of 800 °C,
there was a mass loss of 12.51%, caused by the decomposi-
tion of the remaining of the organic species. As expected, the
total mass loss of aminosilane-modified samples was higher
than the total mass loss of individual samples.

The total N contents of the aminosilane-modified sam-
ples were determined by elemental analysis, and results are
also listed in Table 1. Although the same TMPTA amount

was introduced to the all samples, the total N contents of
the modified samples were different. This result may be due
to different surface area that is able to accommodate more
amine group.

CO, adsorption

Figure 5 demonstrates the CO, adsorption capacity of all
the synthesized adsorbents at different temperatures. The
samples reach the adsorption equilibrium in under ~ 70 min
at 25 °C adsorption temperature, while the samples reach
generally the adsorption equilibrium in under ~ 30 min at
100 °C. At 75 and 100 °C, the CO, uptake capacity of T-M-
41-W is always the highest by comparing another adsor-
bents, while the uptake capacity of M-41 is the lowest by
comparing another adsorbents. It was observed for all of
the adsorbents, CO, adsorption capacities at 75 and 100 °C
increased after the amine modification. On the contrary, the
adsorption capacities at 25 °C for all adsorbents decreased
after the amine modification despite of the reaction of CO,
molecules with the amine groups (Fig. 5d). T-M-41-W and
T-S-15 exhibited the highest CO, adsorption capacity at
75 °C and 100 °C. T-M-41-W presented the highest CO,
uptake capacity of 1.55 mmol g~! at 75 °C, almost 12.4
times greater than that of M-41-W and almost 1.6 times
greater than that of T-M-41. T-S-15 presented the highest
CO, uptake capacity of 1.37 mmol g~! at 100 °C, almost
1.5 times greater than that of T-S-15-W and almost 23.2
times greater than that of S-15. M-41 and S-15 samples
had the lowest CO, uptake performances at 100 °C. Moreo-
ver, T-M-41-W sample showed better performance for all
adsorption temperatures in comparison with T-M-41 due to
its higher amine content and higher the specific surface area.
T-S-15 showed better performance for all temperatures in
comparison with T-S-15-W due to its higher amine content
and higher the specific surface area (Table 1). As a result,
the adsorption capacity of the aminosilane-modified sam-
ples was strongly dependent on the amine contents and the
specific surface area. In order to make a comparison, the
CO, adsorption uptake of mesoporous materials modified
with triamine, as reported in the literature, is summarized
in Table 2. It can be observed that T-M-41-W and T-S-15
presented strong CO, adsorption performances.

The regenerability and cyclic stability of the sorbents are
significant parameters for CO, capture materials in practical
applications. Figure 6 shows the consecutive CO, adsorp-
tion—desorption cycles of the aminosilane-modified samples
at 75 °C. From the figure, the adsorption capacities of the
samples are similar in four adsorption—desorption cycles,
demonstrating that the sorbents have a good regenerability
and cyclic stability.
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Adsorption kinetics is an important issue for determining the
mechanism of CO, adsorption on the sorbent. Accordingly,
three adsorption kinetic models (pseudo-first-order, pseudo-
second-order, and Avrami) were applied in this study. The
pseudo-first-order kinetic model describes the kinetic pro-
cess of sorption of the liquid/solid system. This model is
represented by the following equation:

@ Springer

where k; is the pseudo-first order rate constant and g, and g,
(mmol g~') are the adsorption capacities of equilibrium and
a given time, respectively. For the boundary conditions of
q¢,=0atr=0and g=gq, at t=t,, Eq. 1 can be rearranged as:

g = (1- ) @
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The pseudo-second-order kinetic model is based on the
rate of the adsorption being proportional to the square of
the number of unoccupied adsorption sites on the adsor-
bent surface. It can be expressed by Eq. 3.

dq_

2
5 =k (9. — a,) 3)

where k is the pseudo-second-order rate constant. For the
boundary conditions of ¢,=0 at =0 and g,=g¢, at t=1,_,
Eq. 3 can be rearranged as:

gkt

=—""_ 4
1+ gkt “)

q:

The Avrami model was applied to describe the CO, gas
uptake rate on the functionalized adsorbents [10]. It can
be calculated as follows:

4 _

5 =kt (2 —a) )

where k, is the Avrami kinetic constant and 7 is the Avrami
exponent. For the boundary conditions of g,=0 at r=0 and
q=4q. att=t,, Eq. 5 can be rearranged as:

g=g.- (1= ") ©)

An error function (Ag/%) was determined in order to
verify the accuracy of the model. It can be expressed by
the following equations:

2
> [ Ge(exp) ~Ye(pred) ]

- deew T 100%
N-1

7
Aq(%) = 2

where N is the number of experimental data points on the
kinetic curve and g ey, and g preq) are the experimental and
predicted adsorption capacity values, respectively.

The fitting results of experimental data for T-M-41-W and
T-S-15 exhibited highest adsorption capacities are demon-
strated in Fig. 7. The parameters of the adsorption kinetic
models are listed in Tables 3 and 4. According to the correla-
tion coefficient (R%) values for all samples, the pseudo-sec-
ond-order kinetic model provides the best fitting of the three
models followed by Avrami model. However, Avrami kinetic
model presented a lower value of Ag/% than the errors cal-
culated from the pseudo-first-order and pseudo-second-order
models. Also, by looking at the fitted data (Fig. 7), it can be
seen that the fitted data from Avrami kinetic model for T-M-
41-W and T-S-15 were very close to the experimental data.
The values of the Avrami exponents for all the samples were
within the range of 0.6—1.4, revealing that multiple reaction
pathway occurred in the CO, adsorption.

@ Springer

Conclusions

Mesoporous silicas MCM-41 and SBA-15 were synthe-
sized from gold mine tailings slurry and TEOS as silica
precursors. The synthesized samples were further modified
with aminosilane to prepare the sorbents for CO, adsorp-
tion. T-M-41-W has the highest adsorption capacity of
1.55 mmol g_1 at 75 °C, while T-S-15 demonstrates the
highest adsorption capacity of 1.37 mmol g~ at 100 °C.
As a result of analysis, it was seen that the amine content
and the specific surface area were the factor influencing the
CO, adsorption capacities of the aminosilane-modified sam-
ples. The amine-modified samples revealed well regener-
ability after four adsorption—desorption cycles. The Avrami
model provided the best fit to the experimental data for the
kinetics of CO, adsorption on all of the samples and sug-
gested that multiple reaction pathway occurred in the CO,
adsorption.
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