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HIGHLIGHTS

« CO, capture capacity of silica gel was enhanced by 65% after impregnation by DETA.
« 10% DETA loading gives the best capture capacity and stability.

« Fast kinetics and stable cyclic CO, adsorption/desorption performance.

« Short cycle time and low regeneration temperature (60 °C).
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This work presents an economic and simple method to manufacture low cost, but effective adsorbents for
CO; capture through impregnating DETA to a low cost, porous silica gel. The results have demonstrated
that the low cost silica gel impregnated by low molecular-weight amine is stable and work very well at a
temperature up to 130 °C. The developed adsorbent has a fast adsorption kinetics and can be regenerated
at a low temperature. This will significantly reduce the energy used to desorb CO,, therefore the energy
penalty. The effect of amine loading on the textural properties, thermal stability, and CO, capture perfor-

Iégy "‘é‘;rd:lire mance of the impregnated silica gel is also reported in this paper. 10% amine loading gives the best poros-
A déorpI:ion ity, stability and the highest adsorption capacity.

Amine © 2016 Elsevier Ltd. All rights reserved.
DETA

Impregnation
Thermal stability

1. Introduction

Post-combustion CO, capture is considered as a promising solu-
tion to control CO, emissions from large fixed industrial sources.
Post-combustion CO, capture processes include physical absorp-
tion [1,2], chemical absorption [3-5] adsorption with solid sor-
bents [6-9], and gas separation by membranes [10,11]. The most
developed technology for post-combustion carbon capture is
chemical absorption with aqueous alkanolamines (e.g. MEA, DEA,
MDEA, DIPA) [5,12]. However the process is not completely ready
for application to power plants because of several drawbacks, such
as high equipment corrosion, amine degradation by SO,, NO, and
0, present in flue gases, high capital costs, high energy require-
ments for regeneration of amine absorbents, and low absorption
efficiency [13-15].
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Adsorption is considered a promising technology for many rea-
sons, including the potential for high capacity and selectivity, fast
kinetics, good mechanical properties of sorbents and stability after
repeated adsorption-desorption cycles, and low corrosion of equip-
ment [16-18]. A wide range of solid sorbents have been investi-
gated for post-combustion capture, including carbon-based
sorbents, zeolites, hydrotalcites, and metal-organic frameworks
(MOFs) [16,19-25]. However, each type of adsorbent has its limita-
tions for example, carbon-based sorbents and hydrotalcites tend to
have low capacities and selectivities, while zeolites, hydrotalcites
and MOFs suffer from poor performance in humid flue gases. More-
over, MOFs are not particularly robust and are still expensive [16].

Another option, introduced by Xu et al., is to try and combine
the best features, and limit the worst, of amine absorption and
solid adsorbents by incorporation of nitrogen functional groups
within a solid material to increase specific adsorption sites. In gen-
eral there are two different methods: physical impregnation of
amine into porous materials, and chemical grafting of amine onto
a porous material’s surface. Normally, physical impregnation is
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simply carried out by wet-impregnation with an amine-solvent
mixture; the solvent is then evaporated after impregnation has
occurred. The most common materials used for wet-
impregnation are ordered mesoporous silicas due to their large
surface area and pore volume, such as MCM-41 [26], MCM-48
[27], SBA-15 [28-33], SBA-16 [34], and KIT-6 [35]. PEI (polyethyle-
neimine) is the most commonly used amine for wet-impregnation
due to its low volatility and hence good stability.

DETA, DIPA, AMPD, TEA, PEHA, TEPA, MEA, AMP, DEA and EDA
have also been used in wet-impregnation studies. Table 1 sum-
marises the CO, capture capacity, the drop in capacity after 4 con-
secutive adsorption-desorption cycles, and the amount of CO,
desorbed after 10 min of regeneration, for a wide range of expen-
sive and low cost support materials impregnated with different
amine types (further discussion can be found in Section 4.3). “It
indicate that the use of amines mainly focus on PEI, MEA, DETA,
TEA, TETA. Impregnating tests have been focused on testing high
molecular weight amines such as PEI as they are considered more
stable. There is nothing done with DETA supported onto low-cost
non-structured silica gel because DETA is a lower molecular weight
amines. However, DETA combines primary and secondary amine
groups (see the chemical structure in Fig. 1), has a small molecule
size, low molecular weight (103.17 g mol~') and low viscosity, and
therefore can be easily loaded into porous materials. Previous work
on CO, absorption using bulk liquid DETA has demonstrated that it
exhibits fast mass transfer rates, good CO, capture capacity, and a
good cyclic capacity compared to other amines often used in
absorption capture processes (e.g. MEA: methylethylamine) [36].
In addition, the heat of absorption for CO, in DETA is lower than
for MEA [37], so the energy required for its regeneration should
be lower.

Moreover, Zhao et al. have recently investigated the CO, uptake
of DETA-impregnated titania-based sorbents, and microporous
titania composite sorbents. They found that the CO, adsorption
capacity of these adsorbents was higher than the analogous
DETA-impregnated SBA-15 adsorbents [38,39].

Much of this previous work has focused on reaching the highest
quantity of amine loaded into the structured and ordered meso-
porous silica-based materials mentioned above. However, these
silica materials are not yet made in large quantities and so are rel-
atively expensive. Therefore, information about their regenerabil-
ity and the drop in capture capacity is uncompleted. The present
work provides insights into the use of moderate quantities of
amine (DETA) loaded into a low-cost silica gel (its price is around
100 times cheaper (£99.20/kg) than structured commercial silica
supports, such as MCM-48 (£10,750/kg) or KIT-6 (£11,250/kg)
[40]. Overall, we produce a low cost and effective CO, adsorbent.
However, due to its low molecular weight, DETA might leach or
be degraded during the cyclic capture process. Therefore, this work
also addresses the mechanisms of CO, capture in this material and
its stability under repeated adsorption/desorption cycles.

2. Experimental section
2.1. Materials and sorbent preparation

The support material for liquid amine impregnation employed
in this work was a micro and mesoporous commercial silica gel
purchased from Fischer Scientific (S/0780/53) with a particle size
in the range of 0.2-0.5 mm. Diethylenetriamine (DETA, Sigma-
Aldrich, 99%) and methanol (Sigma-Aldrich, 99.8%) were used for
sorbent preparation. Ultrahigh purity gases (>99.99%) were used
for all measurements.

For the wet impregnation procedure, the desired amount of
DETA was dissolved in 7 g of methanol under stirring for about

15 min, after which 3.5 g of silica gel was added to the solution.
The resultant slurry was stirred for about 30 min, and then dried
at 40 °C overnight (17 h) at atmospheric pressure [26,41,42]. The
prepared adsorbents were denoted as FS-DETA-X%, where X repre-
sents the loading of DETA as a weight percentage of the original sil-
ica gel sample. The weight ratio of amine to silica was set at 0, 10,
20, 30, 40, and 80%, respectively. The methanol/silica weight ratio
was 2:1 in all the samples.

2.2. Sorbent characterisation

The samples obtained were characterized in terms of specific
surface area, porosity, pore size distribution, thermal stability
and CO, capture performance.

2.2.1. Textural characterisation of the adsorbents

The prepared samples were characterized in terms of texture by
means of N, adsorption/desorption isotherms at —196 °C. The N,
isotherms were measured in a Quantachrome Autosorb iQ2
apparatus.

Prior to any measurement the samples were out-gassed for
approximately 12 h under vacuum. The original silica gel sample
(FS) was out-gassed at 110 °C with a heating rate of 5°C/min.
The wet impregnated samples were out-gassed at 30 °C with a
heating rate of 1 °C/min.

The BET surface area (Sggr), total pore volume (V,) and pore size
distribution were determined from the N, isotherms at —196 °C
before and after loading the DETA. The surface areas were calcu-
lated using the Brunauer-Emmett-Teller (BET) equation, and the
pore volume (V,,) was calculated from the adsorbed nitrogen after
complete pore condensation at P/Py=0.9905 by applying the so-
called Gurvich rule [43]. The pore size distribution was calculated
by using the DFT method (slit pore, NLDFT equilibrium model) and
the DA method for comparison.

2.2.2. Thermal stability of wet impregnated silica gel

The thermal and physical properties of the silica gel support
before and after its impregnation with 10% of DETA were charac-
terized by thermal gravimetric analysis (Q500 TGA from TA Instru-
ments). About 35mg of sample was heated under an inert
atmosphere of N, (60 mL/min) up to 600 °C with a heating rate
of 10 °C/min.

2.2.3. CO, sorption measurements

The capacity and kinetics of CO, adsorption of the silica gel
before and after impregnation with DETA were measured with
the thermogravimetric analyser (TGA). Pure CO, was used for the
adsorption step, whereas pure N, was used as a purging gas for
CO, desorption. In a typical experiment, 30 mg of adsorbent was
placed in the crucible and heated up to 100 °C in a N, stream
(60 mL/min) for 60 min to remove the CO, adsorbed from the air
as well as all moisture. Afterwards the temperature was decreased
to 25 °C and maintained for 120 min before changing the gas to
CO,. The adsorbents were then exposed to CO, for 250 min
(60 mL/min). A temperature-programmed CO, adsorption test
was then conducted with a slow heating rate of 0.5 °C/min from
25°C to 100 °C. The CO, capture capacity at 25 °C was calculated
from the weight gained after exposure to CO,, and was expressed
in mg of CO, per g of sorbent. The variation of capture capacity
with temperature was obtained from the temperature-
programmed CO, adsorption step (25-100 °C).

The cyclic adsorption capacity was also evaluated at 60 °C by
means of 4 consecutives adsorption/desorption cycles in the TGA.
Prior to the first cycle, samples were heated up to 100 °C in a N,
stream (60 mL/min) for 60 min (drying step). Afterwards the tem-
perature was cooled down to the desired temperature (60 °C) and



Table 1
Support materials and amines used for the surface modification by wet impregnation.

Samples Amine (wt.%) CO,, adsorption capacity (mmol/g Gas Drop in capacity after 4 CO, desorbed after10 min-regeneration Reference
sorbent) composition cycles (%) (mmol/g)
25°C 30°C 75 °C
Si-MCM-41 - 0 062 - 0.19 100% CO, - - - Xu [55a,b], Son [35]
Si-MCM-41 PEI 30 - - 1.56 100% CO, - 0.08 100% CO, (75 °C)/100% N> (100 °C)
Si-MCM-41 50 0.75 2.52 100% CO, 0.00 ® 1.09 100% CO, (75 °C)[100% N, (75 °C)
MCM-41 75 3.02 100% CO, - - -
Silica Gel (Merck) PEI 50 - - 1.77 100% CO, - - -
Cariat G10 Silica PEI 67 2.65 (60 °C) 100% CO, 1.52 0.01 100% CO, (60 °C)/100% N; (60 °C) Ebner [41]
(80 min cycle time)
KIT-6 PEI 50 191 221 (50°C) 3.07 100% CO, 0.85 (3rd and 1st cycle) 1.69 100% CO, (75 °C)/100% N, (75 °C) Son [35]
0.23  100% CO, (50 °C)/100% N; (50 °C)
30 - - 1.45 100% CO, - - -
10 - - 0.34 100% CO, - - -
Carbon black PEI 50 - - 3.07 100% CO, - - - Wang [65]
SBA-15 PEI 50 1.62 (45 °C) 15% CO, Sanz [33]
PEI 50 0.83  1.70 (45°C) 3.15 100% CO, 0.86 - - Ma [38], Wang [65], Sanz, [31],
2.04 Sanz-Perez [32]
PEI 30 - 1.48 (45 °C) - 100% CO, - - -
SBA-AP © PEI - 1.88 (45 °C) - 100% CO, - - -
MC400/10% PEI 83 - - 4.45 10% CO, 0.59° - - Qi [51]
0.47¢
Activated Alumina PEI 40 0.93 1.50 100% CO, - - - Plaza [66]
Activated Carbon PEI 30 1.14  1.09 0.25 100% CO, 18.37" - - Plaza [62]
AC (BAC) © - 0 - 1.55 0.62 100% CO, - - -
AC (BAC) PEI 15 - 1.10 0.58 100% CO, - - -
AC (BAC) PEI 25 - 0.75 0.53 100% CO, - - -
AC (BAC) PEI 50 - 0.70 0.35 100% CO, - - -
TiNT PEI 127 - 2.56 - 15% CO,/N, - - -
SBA-15 - 0 0.32 0.21 10% COy/N, - - - Zhao [50]
SBA-15 DETA 10 1.22 0.85 - - -
SBA-15 DETA 30 1.03 1.40 - - -
SBA-15 DETA 50 1.41 2.75 - - -
TiO, (C8-Ti) DETA 10 1.17 0.78 - - -
TiO, (C8-Ti) DETA 30 2.30 30.87° - -
1.24% ¢
TiO, (C8-Ti) DETA 50 2.64 - - -
Activated alumina DETA 40 0.95 1.63 100% CO, - - - Plaza [63]
FS (Silica Gel) - 0 056 048 0.09 100% CO, - - - This study
FS (Silica Gel) DETA 10 091 0.88 0.44 0.36 0.57 100% CO, (60 °C)/100% N, (60 °C)
FS (Silica Gel) DETA 40 069 0.68 0.44 4.87 0.45
Activated carbon DETA 27 1.01 097 0.55 100% CO, 12.5" (VSA) - - Plaza [60]
AC - 0 1.88 - 0.70 100% CO, - - -
AC MEA 51 1.02 155 1.70 100% CO, - - -
AC TEA 98% conc.invol 032 - 0.27 100% CO, - - -
AC AMP 40 - 0.77 - 15% CO, - - -
AC MEA 40 - 1.11 - 15% CO, - - -
TiO, (C8-Ti) TETA 10 - - 0.59 10% COz/N, - - - Ma [38]
TiO, (C8-Ti) TETA 30 - - 1.80 - - -
TiO, (C8-Ti) TETA 50 - - 224 - - -
TiO, (C8-Ti) TEPA 10 - - 0.44 - - -
TiO, (C8-Ti) TEPA 30 - - 1.53 - - -
TiO, (C8-Ti) TEPA 50 - - 1.75 14.3° - -
MT (MesoporousTiO;) Raw 0 - - 0.84(at60°C) 15% CO,/N, - - -
MT (MesoporousTiO5) TEPA 11 - - 1.67 (at 60 °C) - - -

(continued on next page)
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Table 1 (continued)

80L1

Samples Amine (wt.%) CO, adsorption capacity (mmol/g Gas Drop in capacity after 4 CO, desorbed after10 min-regeneration Reference
sorbent) composition cycles (%) (mmol/g)
25°C 30°C 75 °C
MT (MesoporousTiO,) TEPA 24 - - 1.92 (at 60 °C) - - -
MT (MesoporousTiO;) TEPA 31 - - 2.52 (at 60 °C) 245" - -
MT (MesoporousTiO,) TEPA 40 - - 2.17 (at 60 °C) - = =
SBA-15(P)" Raw 0 - - 0.05 100% CO, - - - Yue [59]
SBA-15(P) TEPA 50 - 2.10 (35°C) 3.27 100% CO, 8.42 - -
SBA-15 TEPA/  35/15 - 4.00 100% CO, - - - Yue [61], Choi [16]
DEA
SBA-15 TEPA 30 - 1.32 (45°C) - - - - Sanz-Perez [32]
SBA-AP® TEPA 30 - 2.36 (45 °C) - - - -
As-MCM-41 TEPA 60 - - 539 - - - Yue [60]
MC400/10* TEPA 83 - - 5.57 10% CO, 1.60° - - Qi [51]
0.43¢
TiNT TEPA  99.1 - 3.81 - 15% COy/N,  1.25° - - Song [24]
TiNT Raw 0 - 0.92 - - - -
TiNT EDA 90 - 1.09 - - - -
Zeolite 4A - 0 3.07 - - 100% CO, - - -
Zeolite 13X - 0 445 382 239 100% CO, - 0.05 100% CO, (75 °C)/100% N> (75 °C) Son [35]
Zeolite 13X MEA 0.2% (conc. in 3.09 - 2.14 100% CO, - - -
volume)
Zeolite 13X MEA 50% (conc. in 145 - 141 100% CO, - - -
vol.)

A Mesoporous Silica Capsules.

B Double functionalisation: TEPA was impregnated over grafted SBA-AP.

€ Bagasse-based activated carbon.

D Estimated after 4 cycles, considering the first cycle.

E Estimated after 4 cycles, without considering the first cycle.

F Water-washed SBA-15 without calcination.

2 Adsorption: 100% CO, at 30 °C; Regeneration: 100% N, at 100 °C.

b Adsorption: 10% CO,/N, at 75 °C; Desorption: 100% He, 1 h at 100 °C.

¢ Adsorption: 100% CO,, 10 min at 75 °C; Regeneration: 100% N,, 10 min at 100 °C.

4 Adsorption: 100% CO,, 25 min at 75 °C; Regeneration: 100% N, 25 min at 75 °C.

€ Adsorption: 10% CO,/N,, 1 h at 75 °C; Regeneration: 100% He, 1 h at 100 °C.

f Adsorption: 15% CO,/N; at 60 °C; Regeneration: 100% N, at 100 °C.

& Adsorption: 13% CO,/4% 0,/13% H,0/70%N,, 240 min at 75 °C; Regeneration: 100% He, at 100 °C, 300 min at 75 °C.
" Drop measured after 3 vacuum swing adsorption (VSA) cycles. Adsorption: 100% CO,, 25 °C, 30 min; Regeneration: vacuum, 30 min. Normal pressure recovery with an inert gas.

1221-S021 (9102) €81 A31aug payddy /p 32 UIDN 4D
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Fig. 1. Molecular structure of diethylenetriamine (DETA).

kept within the N, stream for 120 min before the change to CO,
(60 mL/min) for another 120 min. The regeneration step was run
by simple flushing of N, and the temperature was maintained con-
stant at 60 °C. The total-cycle time was set at 240 min. The CO,
capture capacity for each cycle was calculated from the mass
gained by the samples after they were exposed to the pure CO,
stream for 120 min. The initial mass was considered as the mass
after the drying step for all the cycles.

3. Kinetic models description and solution methodology

Adsorption kinetic data of the prepared adsorbents is essential
to understand the overall mass transfer of CO,, as it will directly
influence the duration of the adsorption process, the adsorber size
requirements, consequently, the capital costs of the carbon capture

unit. There is a wide variety of kinetic models with different degree
of complexity in literature [44,45]. The most common approach to
use these models is to fit the experimental data to the conventional
kinetic models, and then select the model with the best fit. In this
study, two of the most common theoretical kinetic models
(pseudo-first-order and pseudo-second-order kinetic models) were
employed to interpret the interactions between adsorbate and
adsorbents, as well as the adsorption rate performance. Intraparti-
cle diffusion model (IPD) was also employed to explore the CO, dif-
fusion along the treated and non-treated amorphous silica support.
The fitting of the models was done by using the adsorption data
which is the initial stage (the first 70 s) of the curves in Fig. 2. After
the 70, the temperature increase and the desorption procedure
started.

3.1. Pseudo-first and pseudo-second order kinetic models

The pseudo-first-order kinetic model presumes reversible inter-
actions between the gas and solid surface at equilibrium. The
mechanism of adsorption involves chemical reaction between the
CO, and the amine groups present on the adsorbent surface, and
the rate of the change of the gaseous species is directly propor-
tional to the difference between the adsorption capacity at
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Fig. 2. Thermogravimetric profile versus time (a), and temperature (b) for pure silica gel (FS) and the amine loaded silica gel FS-DETA-10%.
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equilibrium and the adsorption capacity at time t. The model is
expressed as the following equation:

d
ki@, - a) 1)

where k; is the rate constant of pseudo-first-order adsorption (s™1),
ge and q; are the amount of CO, adsorbed (mol g ') at equilibrium
and at time t (s), respectively. Integration of Eq. (1) considering
the boundary conditions: q,=0 at t=0 and q; = q. at t=t,, gives
Eq. (2):

q: = qo(1 - e ™) (2)

The pseudo-second-order kinetic model (Eq. (3)) assumes that
the overall adsorption kinetics is controlled by the chemical inter-
actions, and that is the reason for the linear relationship that model
describes between the adsorption rate and the square of the num-
ber of non-occupied adsorption sites.
dq
4t = k(@ —a)’ (3)
where k, is the pseudo-second-order kinetic rate constant
(mol g1 s71). Integrating Eq. (3) for the same boundary conditions
we obtain:

q.=1/(1/kq;) +t/q, (4)

Parameters k; and k, were obtained by minimising the sum of
the squared errors between experimental and predicted values of
q: by using Solver. The goodness of fit of both kinetic models with
the experimental data was evaluated by the root mean squared
error (RMSE). The latter represents the error of the predicted values
with the models and is calculated by the following expression:

RMSE (%) = 100 x

where n is the number of experimental adsorption points, ey, and
(mod are the experimental and predicted values of amount adsorbed,
respectively.

For the calculation of the rate constants, k; and k,, the experi-
mental g, value was considered when fitting the models to the
experimental kinetic data with the objective of getting the most
realistic rate constant values.

3.2. Intraparticle diffusion model (IPD)

To complete the kinetic study of the adsorbent support prior
and after the amine impregnation, CO, intraparticle diffusion dur-
ing adsorption has been evaluated by employing the intraparticle
diffusion model (IPD), proposed by Weber and Morris [46,47].

To apply the model, g, (the amount of CO, adsorbed at any time)
was plotted against t'/? (the square root of time) to get the straight
line [48]. In this case, the multi-linearity in q, vs. t'/? was observed.
During the first step the instantaneous adsorption occurs on the
external surface; the second step is when the gradual adsorption
takes place, where intraparticle diffusion is controlled; and the
third step is the final equilibrium step, where the adsorbate moves
slowly from larger pores to micropores causing a slow adsorption
rate.

The fractional approach to equilibrium change is done accord-
ing to a function of (D;/r?)"/2, where r is the radius of adsorbent par-
ticle and D is the effective diffusivity of adsorbate within the
particle. The initial rate of IPD is obtained by linearization of the
curve q, f(t'?), which is expressed as:

q, = kqt'? +C (6)

where kg is the IPD rate constant (mol g~ ' s~/2); C is a constant for
any experiment (mol g~!) which is normally positive, and indicats
rapid adsorption occurring within a short period of time. The inter-
cept C can be used to calculate the initial adsorption factor (R;),
defined by Feng-Chin et al. [49]. To calculate the initial adsorption
behaviour, the following equation was used and subtracted from

Eq. (6):
oy = ka2 + C 7)

where t,.rand q,.rare the longest time in the adsorption process and
the solid phase concentration at time t = t, for the adsorption sys-
tem, respectively. Subtracting Eq. (7) by Eq. (6):

4 _

ey R [1 - <trif>l/z] e

Ri=(kq trer 1/2/qr8f), which is defined as the initial adsorption factor
of the IPD model. The well-known characteristic curve based on
IPD model can be obtained from Eq. (8), and R; can be calculated as:

C
Ri=1- (Ig) 9)

Accordingly, R; can be expressed as the ratio of the initial CO,
adsorbed amount (C) to the final adsorbed amount (qyey).

The implication of the obtained initial adsorption behaviour
will be analysed and described along with the characteristics
curves based on the IPD model in Section 4.3.1.

In this work the second step of adsorption has been evaluated
by the IPD model to further study the control of intraparticle diffu-
sion on the CO, adsorption in relation with the amine loaded on
the silica support. The goodness of fit of the IPD model with the
experimental results was evaluated using the nonlinear coefficient
of determination (R?).

4. Results and discussion
4.1. Thermal stability of wet impregnated silica gel

Thermal stability and DETA loading were studied from the
weight loss of the sorbents measured during the temperature-
programmed desorption (TPD) experiments within the TGA. The
evolution of the mass loss and the first derivative of the mass loss
(DTG curve or mass loss rate) versus time (at 100 °C) and tempera-
ture (from 100 °C to 600 °C) are displayed in Fig. 2a and b respec-
tively, for both the original silica gel (FS) and the impregnated
FS-DETA-10%. For the pure silica gel support, the weight decrease
started at 425 °C, and the total mass loss (2.1% at 600 °C) was grad-
ual. In the case of FS-DETA-10%, the TG and DTG curves clearly show
the existence of four thermal degradation regions: (i) 48-53 °C, (ii)
60-100 °C, (iii) 130-425 °C, and (iv) 425-600 °C. The first region
was detected in the first 2 min of the experiment (see Fig. 2a).
The second region was detected between the third minute and
the 10th minute, with the maximum DTG observed at 67 °C after
4 min from the beginning of the experiment. The mass losses at a
temperature up to 100 °C, which corresponds to the regions (i)
and (ii), is attributed to the desorption of moisture and CO, previ-
ously adsorbed from the ambient, and to the evaporation of the sol-
vent trapped in the pores during the wet impregnation procedure
(methanol boiling point 64.7 °C). The third region of mass loss
was detected with a sharp peak in the rate of weight loss in the tem-
perature range from 130 °C to 425 °C (see Fig. 2b), and a maximum
velocity of mass loss of 0.84 % min~! was detected at 235 °C. The
mass loss in the region (iii) is attributed to the evaporation of the
amine (DETA boiling point 204 °C). After this maximum, further
increase in temperature resulted in the loss of the remaining amine.
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Finally, the last region of mass loss (iv) was observed from 425 °C to
600 °C and is attributed to degradation of the silica gel.

The total mass loss observed at 600 °C for FS-DETA-10% was
10.7%, discounting already the weight loss due to moisture and
methanol in the previous regions at temperature below 130 °C
(6.3%) and the total mass loss due to the degradation of the pure
silica FS at 600 °C (2.1%). Therefore, this mass lost is almost equal
to the amount of amine loaded into the silica gel. This confirms
that the wet impregnation procedure is sound. The thermal stabil-
ity exhibited by the FS-DETA-10% is in agreement with the results
found by Zhao et al. for DETA-impregnated TiO, particles [50].

Zhao et al. reported that the molecular weight of the amine
used affects the strength of interaction between the amine com-
pounds and the support material, and hence amines with higher
molecular weight evaporate at higher temperatures [39]. Consider-
ing the boiling point of the bulk DETA (204 °C), it can be observed
from Fig. 2a and b that the thermal stability of the amine is
increased when it is impregnated in the solid support material
(maximum mass loss velocity at 235 °C). This occurs because DETA
molecules strongly adhere to the porous surface of the silica gel, by
either van der Waals forces or hydrogen bonding. Accordingly, it
can be concluded that the studied DETA-impregnated silica gel dis-
played good thermal stability below 130 °C.

4.2. Textural properties from the N, isotherms

Nitrogen adsorption-desorption isotherms for silica gel before
and after its impregnation with different DETA loadings are shown

350
AFS
= FS-DETA-10%
300 -
® FS-DETA-40%
FS-DETA-80%
=~ 250
5 4
£ a
< 200 “‘
4
& “A‘
A
%’ 150 ‘A‘ .
£ ad "
2 A g
o |I.
> 100 Y
att
n
A -.-.-
50
o8
[ ] 000000“'.....
ooﬁoooooooooooooooooooooee
0.0 0.2 0.4

> >

1711

in Fig. 3. The corresponding surface area, total pore volume, micro-
pore volume, and average pore diameter are summarised in Table 2.
Figs. 4a and 4b show the pore size distribution (PSD) and the
cumulative pore volume of FS, before and after the impregnation,
calculated by the DFT method. Fig. 4c displays the PSD calculated
by the DA method. Fig. 5 displays the BET surface area, total pore
volume, and micropore volume as function of DETA loading (%).
The adsorption-desorption isotherms present a loop when P/
Py > 0.4, and correspond to the type IV isotherm in the IUPAC clas-
sification. This type of isotherm is a typical characteristic of meso-
porous solids, and the hysteresis loop is associated with capillary
condensation in the larger mesopores. The total amount of N,
adsorbed decreases with increasing amine loading into the silica
gel support (Fig. 3). The PSD presented in Fig. 4a shows that the
first peak of sample FS corresponding to micropores (diame-
ter<2nm) is considerably reduced after impregnation with
10 wt.% of DETA. The PSD becomes narrower and centred at larger
average pore size diameter (D ~4.5nm) after impregnation
because the amine preferentially fills micropores after impregna-
tion. At higher amine loadings the micropores are completely filled
and also the fraction of filled mesopores increases. Consequently,
there is a significant reduction in pore volume and surface area
(see Table 2 and Fig. 5) as amine loading increases, but the
adsorption-desorption isotherm type is preserved as type IV for
all the FS-DETA sorbents (Fig. 3). Thus, the available pore volume,
V,, and surface area were reduced from 0.52 cm®/g to 604 m? g~
respectively to a minimum of 0.06 cm>® g~! and 27 m? g~! respec-
tively after impregnation with 80% DETA, which indicates that
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Fig. 3. N, adsorption/desorption isotherms at —196 °C for the silica materials before and after the wet impregnation with DETA.

Table 2
Textural parameters calculated from the N, isotherms at —196 °C.

Sample SgET” P/Po range (Sger) Correlation coefficient Vpb (Gurvich) DR® DFT method® DAY
vmicro Vp vmicro D D
(m’g") (cm’/g) (cm’/g) (cm’/g) (cm’/g) (nm) (nm)
FS 603.8 5.22E-02-2.58E-01 0.99999 0.52 0.27 0.48 0.14 1.54 2.00
FS-DETA-10% 309.4 7.08E-02-2.58E-01 0.99969 0.43 0.13 0.40 0.01 4.54 2.36
FS-DETA-40% 90.2 7.02E—-02-2.58E-01 0.99984 0.17 0.03 0.16 0.00 4.54 2.52
FS-DETA-80% 26.9 7.13E-02-2.58E-01 0.99965 0.06 0.01 0.05 0.00 4.15 2.56

@ Surface area was calculated using the BET method at P/Po = 0.05-0.26.

b
c
4 Average diameter pore size calculated by the DA Method. Micropores Analysis.
e

Micropore volume (Vo) calculated by Dubinin-Radushkevich Equation (DR) [66].

Total pore volumes (V,) were evaluated using the Gurvitch’s rule (GR) at P/Po = 0.99.
Total pore volume (V,), micropore volume (Vinicro), mesopore volume (Vpeso), and average diameter pore size (D) calculated by the DFT method.



1712 C.F. Martin et al./Applied Energy 183 (2016) 1705-1721

0.09
0.08
A
0.07 4
006
z
b A
k.
Z 005
E A
<
= 004 4
S
-
0.03
0.02
0.01
0
0

A FS-av(r)
—=— FS-DETA-10%-dV(r)
—e— FS-DETA-40%-dV(r)
4= FS-DETA-80%-dV(r)

Half Pore width (A)
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Fig. 4b. Cumulative pore volume calculated from the N, isotherms at —196 °C by the DFT method.

most of the original silica support pores were blocked with amine.
Conversely, the considerable remaining porosity of FS-DETA-10%
(V,=043 cm® g~ 1) could be beneficial for CO, diffusion and the
adsorption-desorption process. The pore volume (V,) decrease
observed in Table 2 from the values estimated by the Gurvich’s rule
is in agreement to the cumulative pore volume (cm> g~ ') estimated
by the DFT method.

4.3. CO, adsorption-desorption study

In this section we evaluate the effect of DETA loading and tem-
perature on the CO, capture capacity, the kinetics of CO, adsorp-
tion, and the cyclic performance of the FS-DETA series.

4.3.1. CO;, capture capacity and kinetics

Fast adsorption and desorption kinetics are desired for CO, sor-
bents since a faster cycle time leads to smaller equipment and
lower capital costs.

Fig. 6 shows the adsorption kinetics of CO, onto silica gel before
and after its impregnation with different DETA loadings measured
at 25 °C. It can be observed that CO, adsorption displays two differ-
ent stages. Once the sorbents were exposed to the pure CO, stream
(60 mL/min), a sharp weight gain occurred in less than 1 min, in
which impregnated samples reached around 70% of their capacity.
This fast process is then followed by a much slower adsorption
process over the remaining 249 min in which the CO, uptake
increased to the maximum observed (Fig. 7). This two-stage
adsorption process showed similar trends in all the amine impreg-
nated samples. For FS, CO, adsorption reached the maximum
quickly, and the second stage was not obvious. The adsorption
kinetics of samples prepared in this work, i.e. FS-DETA-10%, which
reached 70% of its capacity after 47 s, is comparable with that
reported for some other adsorbents in literature (i.e. KIT-6 impreg-
nated with 50% PEI reached 70% of its capacity after 1 min [16]),
but it is several times faster than many others, like the impreg-
nated MCM-41-PEI-50%, which reached 70% of its capacity after
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Fig. 4c. Pore size distribution (PSD) calculated from the N, isotherms at —196 °C by the DA method of micropore analysis.
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Fig. 5. The specific surface area (Sggr), pore volume and micropores volume of FS-DETA with different DETA loadings.

5.7 min [16,26,35,51], or the surfactant-promoted hierarchical por-
ous silica (HPS) monoliths which completed the first stage in about
5 min [52]. Table 4 summarises the time taken to reach 50%, 70%,
80% and 90% of the maximum adsorption capacity for the most
common PEl-loaded (50 wt.%) support materials, and the materials
prepared in this work. Table 3 shows the time required for the
regeneration of CO, in DETA-FS samples by flushing a N, stream
at 60 °C. The 80% of the CO, was desorbed after 8-9 min flushing
N, on FS-DETA-10%.

The rapid adsorption kinetics found in the first stage as well as
the quick regeneration at relatively low temperature of the sam-
ples tested in this work, are considerable advantages for their prac-
tical applications in short adsorption-desorption cycles.

To study the kinetic of CO, adsorption, we have used three
kinetic models to explain experimental results.

4.3.1.1. Pseudo-first and pseudo-second order kinetic models. Fig. 8
presents the experimental CO, uptake as function of time for the

amine-impregnated and non-impregnated silica gel support at
25°C, as determined using the gravimetric method, along with
the corresponding profiles predicted by the pseudo-first and
pseudo-second kinetic models. Table 5 summarises the values of
the parameters of the kinetic models and the associated errors cal-
culated by Eq. (5). Table 5 reveals that the kinetic rate for both
models, k; and k», varied with the DETA loading. The favourable
adsorption kinetics observed from the pseudo-first model for the
10% DETA loading (k;=8.94E—02s~! for FS-DETA-10%) can be
attributed to the faster diffusion of CO, molecules inside the pores,
explained by the higher selectivity and chemical attraction
towards the functionalised surface of the silica gel support. The
increase in the mass transfer coefficient is not only reflected in
the faster kinetics rate constant, k;, but also in the sharper slope
of the kinetic curves. However, for DETA loadings of 20% and
30%, the kinetic rate constant, k;, decreased. The latter is attributed
to the amine blockage of some pores fraction (in agreement with
Fig. 5). Finally, for DETA loading 40% the highest kinetic rate
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Fig. 7. CO, capture capacity of the low cost amorphous micro-mesoporous silica gel, before and after the impregnation with DETA at different loadings. Adsorption time
effects on CO, capture capacity.

Table 3
Percentages of CO, desorbed at different times during the cycles and CO, working capacity for FS-DETA-10% and FS-DETA-40%, at 60 °C and 1 bar.
FS-DETA-10% FS-DETA-40%
Cycle CO, desorbed Regeneration time Working capacity CO, desorbed Regeneration time Working capacity
% min mg CO,/g ads % min mg CO,/g ads
1 49.8 1.2 29.3 50.4 2.6 27.0
2 50.9 13 29.2 50.1 2.5 26.8
3 50.8 13 29.1 50.1 23 26.6
4 - - 50.0 2.5
1 80.0 8.4 80.0 26.9
2 80.0 8.9 80.0 27.1
3 80.0 9.0 80.0 24.6
4 - - - -
1 90.0 31.7 90.0 82.2
2 90.0 35.8 90.0 82.6
3 90.0 36.5 90.0 72.1
4 _ _ _ -
1 96.2 120.0 93.3 120.0
2 95.8 120.0 93.5 120.0
3 95.6 120.0 94.6 120.0
4 - - - -
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Table 4
Time taken to reach certain percentage of the CO, capture capacity.

Time taken to reach a specific percentage of the
individual equilibrium CO, adsorption capacity

(min)

50% 70% 80% 90%
MCM-41-PEI 50° 0.7 5.7 18.0 59.0
MCM-48-PEI 50° 0.7 1.7 11.0 53.0
SBA-15-PEI 50° 0.6 1.1 7.0 29.0
SBA-16-PEI 50* 0.5 1.7 7.1 28.0
KIT-6-PEI 50' 0.7 1.0 13 4.2
FS-DETA-10%" 0.4 0.8 2.0 13.5
FS-DETA-40%" 0.4 1.4 53 31.9

2 Adsorption temperature: 75 °C Son [35].
> Adsorption temperature: 60 °C [This study].

constant value was k; = 9.06E—02 s~!, which indicates that micro-
pores were completely filled with DETA (Viicro = 0.0 cm? g™! from
Table 2).

It can be observed that pseudo-first-order kinetic model was fit-
ted the entire adsorption period. In contrast, pseudo-second-order
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kinetic model overestimated the CO, uptake in the initial stage but
underestimated it in the flatter region. As consequence, lower
errors (RMSE, %) were observed for the pseudo-first-order kinetic
model than for the pseudo-second-order kinetic model.

Results shown in Supplementary information (see Figure 17 and
Table 1t) indicate that equilibrium adsorption capacities obtained
experimentally (qexp) and as predicted (q.) by the pseudo-second-
order kinetic model are overestimated, but in better agreement
than the estimated by the pseudo-first-order kinetic model. The
latter underestimated the equilibrium adsorption capacities. Fur-
thermore better fittings were obtained for pseudo-second order
kinetic model based on the higher R? values compared to the
obtained for the pseudo-first-order kinetic model.

These results indicate that when experimental data was fitted
with the models within the entire time range, and the equilibrium
adsorption capacity value was estimated along with the rate con-
stant value by using Solver, pseudo-second-order kinetic model
gave better estimations. It is contrary to the best goodness of the
pseudo-first-order kinetic model obtained for the first time inter-
val (up to 80 s) fitted using experimental q. values (see Fig 8 and
Table 5).
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Fig. 8. Experimental CO, adsorption profiles of FS silica gel before and after the impregnation with DETA at different loadings, along with the corresponding fit to the pseudo-

first and pseudo-second order kinetic models. Conditions: 25 °C and 1 bar.
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Table 5

Calculated parameters of pseudo-first and pseudo-second kinetic models and associated RMSE (%) for CO, adsorption during the first 80 s of the adsorption experiment onto FS

before and after the impregnation with DETA.

Sample Pseudo-first order model Pseudo-second order model
qe (exp) (mol g™ 1) ki (s7) RMSE (%) ky (molg~'s™1) RMSE (%)
FS 5.04E-04 7.93E-02 2.05E-03 3.39E+02 4.94E-03
FS-DETA-10% 7.09E-04 8.94E-02 1.77E-03 2.85E+02 3.97E-03
FS-DETA-20% 6.08E—-04 7.12E-02 1.65E-03 2.50E+02 4.42E-03
FS-DETA-30% 5.55E-04 7.43E-02 1.39E-03 2.92E+02 3.95E-03
FS-DETA-40% 4.82E-04 9.06E—-02 1.41E-03 4.24E+02 2.60E—-03
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Fig. 9. Analysis of the adsorption kinetics of FS before and after its impregnation with DETA by IPD model.

Briefly, when experimental data is considered at the very first
stage of the adsorption process (i.e. from 0 to 80 s) the model that
best describes experimental data is the pseudo-first-order kinetic
model. However, when the entire time-range for the experimental
adsorption process is modelled, pseudo-second-order Kkinetic
model better describes experimental results, indicating that
adsorption process is controlled by the chemical interactions at
longer exposition times of samples to CO-.

4.3.1.2. Intraparticle diffusion model (IPD). The linearized plot of ¢,
vs. t'/2 based on IPD model for the adsorption of CO, on the silica
support before and after its impregnation is shown in Fig. 9, and
the kinetic parameters of IPD model are summarised in Table 6.
The model has been fitted to the second stage of the adsorption
process that is characterized by a gradual adsorption in which
intraparticle diffusion is controlled. None of the straight lines pass
through the origin but present a positive intercept. It is because of
the existence of instantaneous adsorption which implies that some

Table 6

amount of CO, molecules was adsorbed onto the exterior surface of
the adsorbent in a short period of time. The intercept (C value)
increases for the least impregnated sample, FS-DETA-10%, com-
pared with the non-impregnated silica support, FS. However, it
can be seen that initial adsorption decreases with increasing
DETA-loading (%). The sample with the least impregnation loading
(FS-DETA-10%) has the largest initial adsorption
(C=4.84E—-04 mol g~ '), and the sample impregnated with the
highest percentage of the amine, FS-DETA-40%, exhibits the lowest
initial adsorption value (C = 3.29E—04 mol g 1).

The slopes obtained for DETA-impregnated samples are higher
than the slope obtained for the original support, FS. The slopes of
FS-DETA-20% and FS-DETA-30% are close, revealing the very simi-
lar rates of IPD for the adsorption of CO, molecules. This observa-
tion is in agreement with the values obtained for the IPD rate
constant, k, (see Table 6).

To interpret the R; values obtained based on IPD model (Table 6),
the classification proposed by Feng-Chin et al. [49] has been

Analysis of the adsorption of CO, on the silica support before and after its impregnation with DETA by IPD model.

Sample Intraparticle diffusion model

Kq (mol g~ s'/?) C(molg™) Ri Zone R?
FS 1.57E-05 3.79E-04 0.32 3 0.9629
FS-DETA-10% 2.80E-05 4.84E-04 0.47 3 0.9804
FS-DETA-20% 3.05E-05 3.60E-04 0.58 2 0.9826
FS-DETA-30% 2.63E-05 3.42E-04 0.57 2 0.9798
FS-DETA-40% 1.88E-05 3.29E-04 0.52 2 0.9857

Zone 3: Strongly initial adsorption; Zone 2: intermediately initial adsorption.



C.F. Martin et al./Applied Energy 183 (2016) 1705-1721 1717

considered in this work. R; is classified into four different zones
depending on its value. When 1 >R;>0.9 is called weakly initial
adsorption (zone 1); 0.9 > R; > 0.5, intermediately initial adsorption
(zone 2); 0.5>R;>0.1, strongly initial adsorption (zone 3); and
R; < 0.1, approaching completely initial adsorption (zone 4). The
R; values obtained for the samples prepared in this work corre-
spond to zone 3 (strongly initial adsorption) for FS and FS-DETA-
10%, and zone 2 (intermediately initial adsorption) for samples
with higher amine loading, it is for FS DETA 20%, FS DETA 30%
and FS DETA 40%, respectively. Lower impregnation percentage
gives smaller R; values, meaning that there is a stronger initial
adsorption behaviour. In other words, when DETA loading
increases the initial CO, adsorption does increase, it is due to the
amine covering the walls of the pores but without blocking them
(see V,, values from Table 2). Loadings from 20% up to 40% result
in a lower initial adsorption capacity or higher R; value (zone 2),
which indicates some intraparticle diffusion limitation, that can
be attributed to pore blocking by the amine. The adsorption in
these systems occurs under intraparticle diffusion control in
almost the whole process. Contrary for FS and FS-DETA-10% the
kinetics of adsorption are controlled by the adsorption on the
external surface speeded due to the higher attraction of the CO,
molecule towards the amine groups, and also for the still-opened
pore channels through which gas molecules travel. In practice,
IPD model is suitable for the description of the present
experimental data as the correlation coefficient ranges from
0.9629 to 0.9857.

4.3.2. Effect of DETA loading and temperature on the CO, capture
capacity
4.3.2.1. DETA loading effect on CO, uptake. The CO, capture tests for
the FS-DETA series (Fig. 6) showed that, in general, DETA impreg-
nation can significantly increase the CO, adsorption capacity. The
addition of 10 wt.% of DETA to the original silica resulted in an
increase of 65% of CO, adsorption capacity at 25°C (from
24.4 mg-CO,/g-ads to 40.3 mg-CO,/g-ads). However, the CO,
adsorption capacity decreases with increasing DETA loadings after
10%. This is in agreement with the results reported previously for
PEI-containing samples [51,53,54].

It is useful to compare with other support materials used for
wet impregnation with amines. We see that the uptake of FS-
DETA-10% (40.3 mg-CO,/g-ads) is higher than the capacity of Si-

45

MCM-41-PEI-50% (MCM-41 impregnated with PEI, 32.9 mg-CO,/
g-ads) reported previously by Xu et al. [55a] at the same conditions
(100% CO3, 25 °C and 1 bar). In that work the CO, adsorption capac-
ity of the original silica MCM-41 (27.3 mg-CO,/g-ads) was
increased by 5.6 mg-CO,/g-ads after the impregnation with
50 wt.% of PEL In the present work, the quantity of amine added
was much lower, 10 wt.%, and the CO, capture capacity increment
with respect to the support material was nearly three times higher
(16 mg-C0O,/g-ads). Accordingly, the amine efficiency in our pre-
pared materials was much higher than that exhibited by the Si-
MCM-41-PEI-50% under the same conditions.

Our results are also in line with those of Zhao et al. who impreg-
nated SBA-15 with 10, 30 and 50 wt.% of DETA. They also obtained
a lower CO, capture capacity for SBA-15-30% (45 mg-CO,/g-ads)
than for SBA-15-10% (53.68 mg-CO,/g-ads) at 30 °C for a mixture
of 10% (v/v) of CO, in N, at 1 atm [50]. This particular result is
somewhat better than ours presented here given the lower partial
pressure of CO, in their work, but the cost of the silica supports
must also be taken into account.

4.3.2.2. Temperature effect on CO, uptake. The CO, adsorption per-
formance of the impregnated materials at different temperatures
gives essential information about the best temperature at which
the sorbents should be used for CO, capture. As the reaction of
amines with CO, is exothermic [56,57], an increase in temperature
could reduce the capture capacity of the impregnated samples.
Fig. 10 shows the CO, capture capacity with respect to tempera-
ture, in the range from 25 °C to 100 °C. We find the CO, capture
capacity decreases with increasing temperature for all the studied
samples, but there are small differences in the series. For instance,
in the case of FS and FS-DETA-10%, the reduction of CO, uptake
with temperature is faster than that obtained for FS-DETA-20%
and FS-DETA-40%. The profile curves of FS-DETA-10% and FS-
DETA 40% cross at 78 °C.

4.3.3. Cyclic adsorption-desorption performance

In order to avoid high energy penalty costs, apart from a high
CO, capture capacity and a fast adsorption-desorption kinetics,
CO, sorbents should be stable and regenerated at low temperature.
In this section, the stability and cyclic behaviour of FS-DETA-10%
and FS-DETA-40% were investigated via four consecutives CO,
adsorption-desorption cycles, during 850 min at 60°C. The
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Fig. 10. Temperature-programmed adsorption of CO, of FS-DETA series. Conditions: 100% CO, at 60 mL/min flow rate, and 1 bar.
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Fig. 12. CO, adsorption capacity of FS-DETA-10% and FS-DETA-40% respect to the number of cycles, at 60 °C and 1 bar.

adsorption temperature was selected at 60 °C since it is the most
common temperature used in chemical absorption processes using
aqueous alkanolamines. The carbon capture stability during the 4
cycles can be observed in Fig. 11, and the calculated CO, capture
capacities during each cycle for FS-DETA-10% and FS-DETA-40%
at 60 °C are shown in Fig. 12. The CO, capture capacity remained
substantially constant after four cycles, with a relatively insignifi-
cant drop of 0.36% between the first and the fourth cycle in the
case of FS-DETA-10% (from 30.43 to 30.32 mg-CO,/g-ads). How-
ever, a drop of 4.9% in the CO, capture capacity between the first
and the fourth cycle was observed for FS-DETA-40% (from 28.92
to 27.51 mg-CO,/g-ads). The drop exhibited by FS-DETA-40% could
be due to imperfect regeneration, or possibly leaching of DETA
from the support material during the adsorption or regeneration
processes. For comparison, a drop of 4% in the carbon capture

capacity after 10 cycles was considered acceptable for MC-PEI-
65% by Jitong and Wang [58], whereas a drop of 7% in the carbon
capture capacity observed on 50-TEPA-TiO,-Based composite sor-
bents under 10% CO,/N; at 75 °C was associated with the continu-
ous volatilisation of the impregnated TEPA during the first 4 cycles
[38].

Regeneration of FS-DETA-10% also occurs more quickly than for
FS-DETA-40%. From Fig. 11 and Table 3 we see that 50% of the
adsorbed CO, was rapidly desorbed from FS-DETA-10% after purg-
ing for 1.2 min, and desorbed from FS-DETA-40% after purging for
2.5 min. Moreover, 80% of the CO, was released from FS-DETA-10%
after 8 min of purging, and was released from FS-DETA-40% after
27 min of purging. Essentially, desorption rates peak during the
first minute and a slow tail is displayed afterwards for both sam-
ples (see Fig. 11).
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This observation agrees with the influence of temperature on
the rate of CO, uptake observed in the CO, temperature-
programmed adsorption experiments explained in Section 4.3.2.

Table 3 shows the working capacity calculated by the difference
of CO, capture at the 120-minute adsorption and desorption steps.
It is almost constant for each cycle for FS-DETA-10%, while a slight
decrease with each cycle, in the region of 1.5% per cycle, is
observed for FS-DETA-40%. Once again, this gradual decrease could
be caused by incomplete regeneration of the sorbent after each
cycle or by leaching of amine from the sorbent.

4.3.3.1. Materials’ comparative discussion based on the CO, adsorp-
tion-desorption study. In Table 1 can be observed that modified as-
prepared mesoporous silica SBA-15 (SBA(P)) with 50% TEPA loaded
leads to a remarkably high adsorption capacity (3.27 mmol/g) for
this mesoporous silica—amine composite. Even higher capacities
are found for TEPA-impregnated As-MCM-41-TEPA-60%
(5.39 mmol/g), mesoporous silica capsules MC400/10-TEPA-83%
(5.57 mmol/g) at 75 °C and 1 bar CO, partial pressure, and TEPA/
DEA-impregnated SBA-15 (5.57 mmol/g) at 75 °C and 0.1 bar CO,
partial pressure [51,59-61]. However, MC400/10-TEPA-83% lead
to a drop of 60% of the CO, capacity after 50 cycles [51], and
TiO, (C8-Ti)-TEPA-50% lead to the highest drop observed in the
table after 4 TSA cycles (14.4%) [38]. Consequently, stability of
materials impregnated with TEPA is the biggest problem for these
high-capacity materials.

In contrast, the lowest CO, capture capacity drop after 4 cycles
was observed with Si-MCM-41-PEI-50% (almost zero percentage)
and with FS-DETA-10% (0.36%) prepared in this work. Accordingly,
DETA-impregnated amorphous silica gel prepared in this study
shows very good stability and it can be compared with the support
materials impregnated with the most stable amine (PEI).

The capture capacity exhibited by the materials prepared in this
study is similar to that obtained by DETA-impregnated activated
alumina (25 °C), TiO, (C8-Ti)-TEPA-10% (75 °C), and activated car-
bon AC-TEPA-10% (75 °C), but higher than that displayed by Si-
MCM-41-PEI-50% at 25 °C, and the activated carbons: AC-TEA (all
temperatures measured), AC-AMP (30 °C), AC(BAC)-PEI-50% (all
temperatures measured), AC-PEI-30% (75°C) and AC(BAC)-PEI-
25% (30 °C) (see Table 1).

Although the capture capacity for the materials prepared in this
study is not as high as for the structured silicas (i.e. MCM-41, SBA-
15 or KIT-6), FS-DETA-10% and FS-DETA-40% present very easy and
fast regeneration of CO, after 10 min flushing N, without an
increase of the temperature. The amount of CO, desorbed after
10 min flushing N, at 60 °C for FS-DETA-10% (0.57 mmol/g) and
FS-DETA-40% (0.45 mmol/g) is higher than that obtained for Si-
MCM-41-PEI-30% by passing N, at 100 °C (0.08 mmol/g), Car-
iat G10 Silica-PEI-67% (0.01 mmol/g) at 60°C, KIT-6-PEI-50%
(0.23 mmol/g) at 50°C and zeolite 13X (0.05 mmol/g) at 75 °C
(see Table 1). Regeneration of impregnated silicas prepared in this
work can be achieved in a matter of minutes: i.e. 2 min were
required to desorb the 80% of the CO, from FS-DETA-10% at low
temperature (60 °C) (see Table 4).

Among the variety of amines tested on commercial low cost
supports, DETA-impregnated activated carbon and aluminium
oxide showed the highest capture capacity of the series
(1.01 mmol/g and 0.95 mmol/g at 25 °C, respectively) [62,63]. In
the current study, FS-DETA-10% shows similar capacity
(0.91 mmol/g) to DETA-impregnated alumina loaded with 40%,
but slightly lower than activated carbon loaded with 27% DETA
(1.01 mmol/g). However, the drop in capacity measured on the
DETA-impregnated activated carbon (12.5%) resulting after 3 vac-
uum swing adsorption (VSA) cycles is high, and not comparable
at all with the drop in capacity after TSA cycles presented in
Table 1.

Briefly, the low cost silica used in this work present similar CO,
capture capacity as some low cost supports such as commercial
activated carbons, activated aluminas and silicas impregnated with
low molecular weight amines. Moreover, the stability and regener-
ability displayed by the FS-DETA series seems to be reasonably
favourable.

4.4. Interpretation of results

Here we present a consistent interpretation of all these results.
We should first mention that the FS material used here is expected
to consist of packed and fused silica nanospheres, in the region of
5nm in diameter. This type of structure leads naturally to the
appearance of micropores, formed by the ‘wedges’ between adja-
cent spheres, and mesopores that represent longer range packing
structure. Also, it is known that the reaction of amines with CO,
in the absence of water leads to the formation of carbamate and
hydronium ion pairs. Due to their ionic nature, these reaction prod-
ucts are likely to be more viscous, and perhaps even solid, at high
conversions relative to the reactants.

A widely accepted mechanism for wet impregnation of silica by
amines is that amines diffuse into the pore space of the solid sup-
port and interact with hydroxyls on the silica surface, establishing
hydrogen bonds. This presents as strong surface adsorption, lead-
ing to the preferential filling of micropores with amine at low load-
ings. Larger pores are gradually filled with increased amine
loading. This is entirely consistent with the PSDs observed in
Fig. 4a. Due to the strong amine-silica interaction, and the cooper-
ative effect of adjacent pore walls in micropores, the amine in
these micropores is relatively stable with very low vapour pressure
and evaporation from the pore. Thus, leaching from micropores at
low amine loadings is much reduced compared to the rate of leach-
ing from mesopores at higher amine loadings.

However, it is also important to consider pore connectivity and
pore accessibility. When only micropores are filled, i.e. when the
wedges between silica nanospheres are filled, there is little effect
on the pore connectivity or accessibility. However, as the propor-
tion of filled mesopores increases, more and more of the pore net-
work becomes blocked by amine and inaccessible to gases with
poor diffusion through the amine. When CO, is introduced into
the material, it reacts with surface layers of amine leading to the
production of more viscous reaction products. The diffusivity of
CO, can be assumed to be reduced in these layers, leading to a
slowing down of Kkinetics. Therefore, as the loading of amine
increases, less and less pore space is effectively available to CO,
due to kinetic restrictions. In principle, the equilibrium adsorption
of CO, should increase with increasing loading of amine. However,
the reduced availability of pores and worsening kinetics prevent
this.

Consequently, two kinetic processes with very different time-
scales are observed for CO, adsorption and desorption. CO, absorp-
tion occurs quickly into the outer surface of amine leading to the
formation of viscous reaction products. The topology of this surface
coarsens with increased amine loading, leading to reduced CO,
uptakes at short times with increased amine loading. The second
process is slow diffusion of CO, or carbamate through this surface
to the less accessible regions of the pore network. The same pro-
cesses operate in reverse during desorption. This kind of two-
stage adsorption-desorption process has been reported before in
other impregnated sorbents [51,52,55].

At higher temperatures two key effects combine to produce the
observed results. First, higher temperatures lead to lower equilib-
rium CO, capture due to the exothermic nature of the reaction of
amines with CO,. However, there is improved diffusion of CO,
through DETA-filled pores because of the lower DETA viscosity at
higher temperature. Consequently, the CO, capacity appears to
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decrease more slowly with increasing temperature for higher
amine loadings.

5. Conclusions

The carbon capture characteristics of low cost diethylenetri-
amine (DETA) impregnated amorphous silica gel has been reported
in this work for the first time. The composite material was found to
be stable at temperatures below 130 °C. The CO, capture capacity
was enhanced by 65% after impregnation of the amorphous silica
support with 10 wt.% of DETA. Reduced performance in every
respect was found at higher loadings. We interpret this reduced
performance in terms of increased pore-blocking by DETA with
increasing DETA loading.

Although low molecular weight amines have previously been
reported as unsuitable for post-combustion CO, capture applica-
tions due to poor stability, this work has demonstrated that a
low cost silica gel impregnated with 10 wt.% of DETA displays fast
kinetics and relatively stable cyclic CO, adsorption/desorption per-
formance, at least over 4 cycles. Additionally this work has demon-
strated that regeneration of the FS-DETA-10% is easily and rapidly
reached by only flushing with N, with no need to increase the
temperature. Nevertheless a further study needs to be done in
order to optimise the regeneration conditions for the best cyclic
performance.

In conclusion, fast kinetics and the cyclic stability make DETA
impregnated silica gel a promising candidate in cyclic CO, capture
processes. The short cycle time and low regeneration temperature
(60 °C), which is significantly lower than the temperature typically
used to regenerate solid amine sorbents, normally in the range of
100-140 °C [64], imply potential energy savings. Additionally, the
advantage of the wet impregnation procedure over the amine graft-
ing is its simple route of preparation, i.e. the complex and expensive
multi-step preparation of grafted amines is avoided here. Moreover,
the estimated total cost of preparation of these materials could be
much lower due to the low cost of the materials used.

All of these results are very promising and make these DETA
impregnated silica gels as candidates for further study for their
potential application in cyclic adsorption-desorption post-
combustion CO, capture processes to serve power and industry.
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