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A novel anhydrous colloidal suspension was synthesized experimentally for CO2 absorption by dispersing hollow
silica nanospheres (HSNs) modified by diethylenetriamine (DETA) in 2-[2-(dimethylamine) ethoxy] ethanol
(DMEE) in this work. The physicochemical properties of HSNs synthesized were studied, and HSNs presented
uniformed sphere-like morphology and microporous structures dominated by micropores. The CO: absorption
performance of DETA-HSNs/DMEE with different DETA loading contents (0 - 60 wt%) was investigated. A high
DETA loading content can promote effectively the CO2 absorption capacity, and 60 wt%DETA-HSNs/DMEE
had a highest absorption capacity of 1.0630 + 0.0849 mmol/g. But more DETA resulted into a greater resistance
of COz2 transfer in the late stage of absorption, and extend the absorption time. Moreover, pseudo-second-order
model could be more successful to predict the CO2 absorption process in the colloidal suspensions studied.

1. Introduction

The greenhouse effect caused by a large amount of carbon dioxide emission has posed a serious threat to the
human environment and survival, and attracted worldwide attention. To effectively reduce carbon dioxide
emission, COz capture and storage (CCS) is still identified as a vital approach in CO2 emission mitigation in the
foreseeable future (IEA, 2017).

For CO:2 capture technology, efficient and economical carbon dioxide capture material plays an important role.
Various types of materials have been developed and studied. Organic amine solution is a kind of common liquid
absorbent, especially monoethanolamine (MEA) solution, which has many advantages such as high absorption
amount and fast absorption rate (Ling et al., 2019). Many new liquid absorbents are synthesized and studied in
recent years, such as mixed amine solution (Mehassouel et al., 2016) and amino functionalized ionic liquids
(Amir et al., 2018). Considering the low regeneration energy consumption, wide range of operating temperature
and other advantages, solid porous adsorbents have also attracted the attention of researchers (Nie et al.,
2018), such as zeolite, metallic oxides, and metal organic frameworks (MOFs), and so on. Based on a broad
range of experimental data, Dashti et al. (2018) compared and evaluated four different computing techniques to
predict gas adsorption on zeolite-5A. Amine functionalized mesoporous silica were synthetized and the effects
of pore structure, types of amines and cycle performance on CO:z adsorption measurements were conducted
(Jiao et al., 2016). However, for solid adsorption materials, cyclic utilization and large-scale continuous operation
are difficult.

To combine the fluidity of liquid absorbent and the excellent characteristics of solid adsorbent for CO2 capture,
an anhydrous colloidal suspension as a sorbent was prepared by suspending hollow silica nanospheres
modified by amino in DMEE in this work. A simple synthetic method and cheap raw materials can ensure the
good economy. DMEE, a nonaqueous solvent with good liquidity, can avoid evaporation heat to reduce energy
consumption, and facilitate system integration to recover heat. The physicochemical properties of hollow silica
nanospheres and the absorption performance of CO: in the colloidal suspension were characterized and
analysed. The effect of DETA loading content on absorption performance was studied. In addition, absorption
kinetic models for COz2 transfer process in the suspension absorbents were analyzed.
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2. Experiment
2.1 Preparation of DETA-HSNs/DMEE

In a typical synthesis, prepared polystyrene (PS) emulsion (10 g) containing 4 g powders was added into the
mixed solution of methanol (45 mL) and deionized water (24 mL). After ultrasonic dispersion (frequency of 40
kHz, power of 180 W) for 30 minutes, the solution was heated slowly to 50 °C under magnetic stirring, and then
ammonia water (2.5 mL) was added into the solution. Afterwards, tetraethyl orthosilicate (TEOS, 4 g) was added
dropwise into the stirred suspension to react at 50 °C for 2 h. Stirring was lasted for 2 h and then the solution
was centrifuged and washed with distilled water, followed by vacuum drying at 60 °C overnight. Finally, the solid
product was calcined with a heating rate of 1 °C/min to 550 °C and then was kept for 5 h to obtain hollow silica
nanospheres (HSNs).

HSNs were functionalized by the impregnation method with diethylenetriamine (DETA). A certain amount of
DETA was dissolved in methanol and stirred for 30 min at ambient temperature. Then, silica nanospheres
synthetized were added and the solution was stirred for 10 h at ambient temperature. The products were dried
in an oven at 60 °C for 5 h, and dried again under vacuum at 50 °C for 10 h. The powder obtained was named
as DETA-HSNSs. Finally, DETA-modified HSNs with a desired amount were dispersed into DMEE, and the
absorbents named as DETA-HSNs/DMEE were obtained.

2.2 Characterization of materials

To comprehensively understand and analyse the physicochemical properties, various characterization
techniques were adopted. scanning electron microscopy (SEM) images of surface topography of silica
nanospheres were obtained using a field emission scanning electron microscope (Tecnai G2 F20, USA).
Transmission electron microscopy (TEM) images were recorded by a transmission electron microscope (JEM
1200EX, Japan). The powdered samples for the TEM measurements were suspended in ethanol and then the
mixed solution was dropped onto the Cu grids with holey carbon films the isotherms. N2 adsorption-desorption
isotherms at 77 K were acquired in a Micromeritics ASAP 2010 instrument. Before each isotherm experiment,
degasification was performed for 5 h at 423 K in vacuum for samples without modification and 8 h at 393 K for
samples modified by amines. The surface areas of samples were calculated using a Brunauer-Emmett-Teller
(BET) model, and their pore distributions were calculated using a Density Functional (DFT) model. To analyse
the chemical bonds of samples and verify the success of amino loading, Fourier-transform infrared spectroscopy
(FTIR) analysis was performed using a Thermal NEXUS spectrometer (Thermo Scientific), and the spectra of
samples were recorded in the 4,000 - 400 cm™ region.

2.3 CO2 absorption-desorption

As shown in Figure 1, a dual-vessel absorption system is set up to investigate the performance of synthesized
absorbents for CO2 absorption. It consists mainly of a gas reservoir, a vacuum pump, a stainless steel absorption
vessel (20 mL) with a magnetic stirrer, a water bath (a control precision of temperature, 0.5 K), a vacuum pump,
pressure sensors with an accuracy of 0.32 kPa in the experimental pressure range, and a set of data acquisition
equipment.

Figure 1: Schematic illustration of CO2 absorption-desorption system (1: CO2 cylinder; 2, 4: magnetic stirrers
with thermostatic water bath; 3: gas reservoir; 5: absorption vessel; 6: vacuum pump; 7: data acquisition
equipment; 8: pressure sensor; 9, 10, 11, 12: valve)

In each experiment, absorbent of about 5 g is weighed and placed into the absorption vessel. The experimental
procedure is shown in previous work (Ding et al., 2018). The amount of CO2 absorbed can be calculated using
the following Eq(1):
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Where VR, Va and VL denote the volumes of storage vessel, absorption vessel and the absorbent, respectively.
ML represents the mass of the absorbent. P represents the saturated vapour pressure of liquid, and Po is the
initial pressure in the storage vessel. To evaluate the experimental system error, the uncertainty analysis of
+0.0849 mmol/g about CO2 capacity was calculated by the error propagation law.

3. Results and discussion
3.1 Characterization of materials

Figure 2 presents the SEM and TEM images of HSNs. As illustrated in the SEM images (Figure 2(a) and (b)),
HSNs possess mono-dispersed and uniformed sphere-like morphology with a few silica nanoparticles attaching
to the outer surface of the spheres. TEM image can further indicate the information of internal structure in these
spheres. The dark shells and bright cores can be obviously distinguished in Figure 2(c), indicating the internal
hollow structure of HSNs (Gao et al., 2018). The inner hollow structure is also revealed by some broken spheres
in SEM images. Moreover, HSNs has a diameter of approximately 220 nm, with same shell thicknesses of
approximately 14 nm. To further investigate the crystal structure of HSNs, a strong diffraction peak appear at
26=0.31° in the small-angle XRD spectrum (Figure 3), indicating that ordered pore structures exist in the
samples.

250nm

Figure 2: SEM images (a), (b) and TEM image (c) of HSMs

—— HSNs
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Figure 3: Small-angle XRD of HSMs

Surface area and porosity analysis is used to investigate the properties of porous structure. Figure 4 shows the
nitrogen adsorption-desorption isotherms and pore size distribution curve of HSNs. As shown in Figure 4(a),
HSNs displays type IV isotherm with hysteresis loops of H3-type in the region of higher relative pressure. The
primary reason is that capillary condensation occurred in the pores of the shell formed from the broken hollow
spheres (Wang et al., 2017). The porous structure parameters are calculated, and the specific surface area,
pore volumes and average pore size of samples are 230.95 + 1.66 m?/g, 0.7576 m3/g and 11.71 nm,
respectively. Figure 4(b) shows the pore size distributions of HSNs calculated by DFT model. Two sharp and
narrow peaks at around 1.49 nm and 2.76 nm represent microporous region and mesoporous region,
respectively. However, the dV/dD value of the peak in microporous region is much larger than that in
mesoporous region, which indicates that HSNs possess porous structures dominated by micropores.
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Figure 4: (a) Nitrogen adsorption-desorption isotherms and (b) pore size distribution of HSNs

Figure 5 displays the FTIR spectrum of HSNs before and after DETA impregnation. For two samples, due to the
Si-O-Si asymmetric stretching, a sharp and intense peak appears in the region of 1,000 - 1,300 cm™ is
associated with the asymmetric stretching vibrations of Si-O-Si band. For DETA-HSNs, two new peaks at 1,570
cm™ and 1,481 cm™ are the characteristics of the asymmetric and symmetric vibrations of N—H from the primary
amine (-NH2) in DETA. The peak at about 1,318 cm is assigned to C-N bending mode (Cecilia et al., 2016).
The characteristics of DETA and silica shown in FTIR spectra imply that DETA is impregnated well in silica
nanospheres.

[DETA-HSNs
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Figure 5: FTIR analysis of HSNs and HSNs modified by DETA

3.2 CO2 absorption

Based on the DMEE and hollow silicon nanospheres modified by DETA, a kind of novel absorbents was
obtained, called as DETA-HSNs/DMEE. The CO: absorption performance of the absorbents with different
amount of DETA were investigated. Here, a concept of rapid absorption time is defined as the time taken for 90
% saturated absorption capacity. Figure 6(a) shows the CO2 absorption curves of DETA-HSNs/DMEE based
nanospheres with different DETA loading contents at 27 °C and 150 kPa. Two stages can be observed, namely
rapid absorption stage and slow absorption.in this paper, the rapid absorption stage is considered as the process
when the absorption amount of CO2 reaches 90 % of the saturated absorption amount. Then the slow absorption
stage follows, where carbon dioxide molecules first diffuse to the acting sites in the pores and then react with
DETA loaded on the wall of inner pores. Hence, the mass transfer rate of carbon dioxide in pores plays a
decisive role in the slow absorption stage. In the experiments, it is observed that part of amines could not be
loaded on HSNs, when the DETA content is larger than 60 wt%. Hence, a DETA content range of 0 - 60 wt%
was selected to investigate the effect of DETA content on CO2 absorption performance. As shown in the Figure
6(a), the more DETA content will lengthen the slow absorption stage and decreases the absorption rate. That
may be because the more amines fill the pore in the spheres, resulting in a decrease of pore sizes and a greater
resistance of COz transfer.

To further reveal the effect of DETA load on the CO: absorption performance of absorbents, Figure 6(b) shows
the COz absorption amounts and absorption times of DETA-HSNs/DMEE with different DETA contents. As the
DETA loading content increases from 0 to 60 wt%, the CO2 absorption amount increases from 0.4390 + 0.0849
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mmol/g to 1.0630 + 0.0849 mmol/g, due to more amino could react with CO2. However, the time required is
lengthened from 37 min to 72 min.
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Figure 6: (a) Absorption curves of DETA-HSMs/DMEE with different DETA content; (b) CO2 absorption amounts
and apparent absorption rates at 25 °C and 150 kPa.

3.3 Absorption kinetic models

To thoroughly explore the mechanism of CO:2 transfer process in three absorbents samples, pseudo-first-order
and pseudo-second-order were adopted to further analyze the experimental results and their linear forms could
be expressed as follows (Liu and Yu, 2018):

In(qe - qt) = In qe - klt (2)

t 1 t

PRy ®

qt kzqe qe

where ge and g: (mmol/g) are the amount of CO2 absorbed at equilibrium and any time t (min); ki (mint) and k2
(g mmol* min) are pseudo-first-order and pseudo-second-order adsorption rate constants.
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Figure 7. Fitting of absorption kinetic models of CO2 absorption in DETA-HSNs/DMEE: (a) pseudo-first-order
model; (b) pseudo-second-order model

Figure 7 shows the relationship of In(ge-qr) versus t for pseudo-first-order model and the relationship of t/qt
versus t for pseudo-second-order model, and the approximated values of ki, k2, ge and corresponding
coefficients of determination R? calculated by linear regression are listed in Table 1. Comparing with the pseudo-
first-order model, it can be easily found that ge values calculated by pseudo-second-order model are more close
to the experimental ge, and the R? values of pseudo-second-order model are higher than those of pseudo-first-
order model. It indicated that pseudo-second-order model could be successful to predict the CO2 absorption
process in the colloidal suspensions studied in this work, due to the primary chemical reaction. Interestingly, a
larger value of kz is obtained in absorbent without amino load. With the increase of DETA loading content, the
values of k2 for DETA-HSNs/DMEE display a marked decrease.
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Table 1: Kinetic model parameters for CO2 absorption in DETA-HSNs/DMEE

Samples Qoo Pseudo-first order Pseudo-second order
' Qe,cal k1 R? Qe,cal k2 R?
Owt% DETA-HSNs/DMEE 0.4390 0.1468 0.0437 0.9295 04274 0.9852 0.9999
20wt% DETA-HSNs/DMEE 0.6870  0.4861 0.0377  0.9851 0.7336 0.1522  0.9993
40wt% DETA-HSNs/DMEE 0.7835 0.5523 0.0341 0.9768 0.8246 0.1412 0.9992
60wt% DETA-HSNs/DMEE 1.0630 0.7902 0.0296 0.9671 1.1316  0.0764  0.9992

4. Conclusions

In summary, hollow silica nanospheres with uniformity and excellent dispersibility were synthesized
successfully, and can be used as a good support of DETA. HSNs possess porous structures dominated by
micropores. In addition, the novel sorbent was prepared by suspending DETA-HNSs in DMEE. The CO:2
absorption experiments indicates that DETA loading on HSNs can obviously enhance the CO2 absorption
capacity. With the DETA content increasing from 0 to 60 wt%, the CO2 absorption capacity can increase to
1.0630 £0.0849 mmol/g at the temperature of 27 °C and the pressure of 150 kPa, while more DETA will fill the
pore in the spheres and increase resistance of CO:2 transfer during the slow absorption stage. The fitting of
absorption kinetic models of CO2 absorption in DETA-HSNs/DMEE shows that pseudo-second-order model is
more successful to predict the CO2 absorption process in the colloidal suspensions. In the future research, the
comprehensive absorption/desorption performance need to be studied and improved, and the mechanisms of
CO: absorption in the anhydrous colloidal suspension will be explore further.
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