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Abstrct−Silicate material prepared from high-alumina coal fly ash (HACFA) was characterized by using XRD, SEM,
FTIR spectroscopy, TGA-DSC, and elemental analysis. These spectral results show that the silicate material is mainly
composed of eight elements--O, C, Si, Ca, Na, Mg, Al, and Fe, which exist as the formations of Ca2+, Na+, Mg2+, Al3+,
Fe3+, SiO3

2−, and CO3
2−, and some adsorbed water and crystal water are determined in the silicate material. The material

with surface area of 117.12 m2/g shows a faveolate structure, and a pore size distribution of silicate material is calcu-
lated at 11.01 nm from the nitrogen desorption isotherm using the BJH model. When the material was used for CO2
adsorption at T=323.15 K and flow rate=95 mL/min with 15.79% (vol) CO2, a dynamic adsorption capacity of CO2 on
the surface of silicate material was found at 8.67 mg/g and the adsorption values decreased weakly after seventeen recy-
cling times. The investigation of dynamic adsorption behavior shows that the silicate material presents similar adsorp-
tion properties with commercial active carbon and stronger adsorption properties than commercial diatomite.
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INTRODUCTION

Since CO2 started being monitored in 1958, the increasing CO2

concentration in the atmosphere has accelerated from less than 1
ppm per year prior to 1970 to more than 2 ppm per year in recent
years [1]. As a result, the atmospheric level of CO2 increased from
315 ppm in 1958 to 385 ppm in 2009 [1]. The ever increasing con-
centration of CO2 in the atmosphere is requiring mankind to con-
sider ways of controlling emissions of this greenhouse gas to the
atmosphere. The phenomenon is expected to cause serious envi-
ronmental hazards, which have raised the precondition for profi-
cient capture, storage, and sequestration methodologies of CO2

[2]. Fossil-fuel power plants are mainly responsible for CO2 emis-
sions [3, 4]. Hence, it is important to capture CO2 from flue gas.

The most common processes of CO2 separation include absorp-
tion, adsorption, gas separation membranes, and cryogenic distil-
lation [5-8]. Absorption process, in which amine solvents are up-
permost, is an important method for capturing CO2 from various
gases, including flue gas and natural gas in regenerative absorption-
desorption processes. However, absorption processes have some
drawbacks [9] as follows: (1) the applied solvent has limited cyclic
CO2 loading capacity; (2) it promotes corrosion of the equipment;
(3) solvent regeneration requires high energy consumption; (4) a
significant amount of solvent is lost by evaporation; and (5) the
solvent degrades in an oxygen-rich atmosphere. Gas permeation
processes have higher separation energy efficiency relative to equi-
librium-based processes and high packing density which requires
small installations [10]. However, for the membrane separation

processes, the treatment of an enormous flow rate of flue gas emit-
ted by power plants requires a very large membrane area and a
very large, expensive, and energy-consuming compression equip-
ment, thereby increasing the cost of this capture technology [2].
Cryogenic distillation can capture CO2 with high purity in a liq-
uid form, being easier to transport and store or send for enhanced
oil recovery fields [11,12]; however, the energy cost is huge.

Adsorption is used as a method to eliminate CO2 on account of
higher cycle efficiency and is environmentally friendly. With the
aim of increasing the efficiency of CO2 removal processes, alterna-
tive adsorbents such as active carbon, zeolite and molecular sieves
have attracted considerable attention to control CO2 [13-15]. Phys-
ical adsorption on active carbon is widely used for the separation
and purification of gases. Active carbon does not require any mois-
ture removal and presents a high CO2 adsorption capacity at ambi-
ent pressure; moreover, they are easy to regenerate [16]. Never-
theless, though research on active carbon production is widely per-
formed, one-step activation method of the precursor under CO2

flow is rarely cited [17]. Zeolite has shown promising results for
separating CO2 from gas mixtures. However, the presence of water
inhibits the CO2 adsorption capacity of zeolites [18,19]. Molecular
sieves are specially designed sieves that separate molecules based
on their molecular mass or molecular size. The technology is cost-
effective and can be adapted to a variety of carbon sequestration
schemes [20]. Unfortunately, molecular sieves often suffer from
pore blocking hygroscopicity and a lack of regenerative ability.

HACFA is the incombustible residue that remains after the burn-
ing of coal in coal-fired power stations. Recycling HACFA can be
a good alternative to disposal and could achieve significant eco-
nomic and environmental benefits as well [21]. More aggressive
efforts have been undertaken recently, to recycle fly ash [22]. For
example, about 20% of the fly ash generated is used in concrete
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production. Other uses include soil amelioration [23,24], ceramic
industry uses [25-27], catalysis and support for catalysis [28-30],
adsorbents for removal of various pollutants [31,32] depth separa-
tion [33], zeolite synthesis [34-36], and valuable metals recovery
[37-39]. However, there has been no report on preparation of the
silicate material from HACFA.

The success of CO2 capture using adsorption is greatly depen-
dent on the development of a low cost and regenerable adsorbent
with high CO2 adsorption capacity [40]. In the present work, a
faveolate silicate material, which comes from HACFA, is expected
to be a high-performance adsorbent for CO2 separation. Our ob-
jective was to investigate the physicochemical properties and ad-
sorption performance of CO2 on the surface of HACFA based sili-
cate material. The adsorption dynamic behavior of CO2 on the
material was investigated by using an adsorption-desorption appa-
ratus with gas chromatograph (GC) detector. The adsorption com-
parison of material to commercial active carbon and diatomite was
obtained.

EXPERIMENTAL SECTION

1. Materials
The silicate material, which is about 0.32 dollar per 1 kg, was

prepared by published methods [41,42]. The HACFA was graciously
supplied by Second thermal power plant in Baotou from Inner
Mongolia province and characterized by XRF analysis, as shown
in Table 1. Fig. 1 shows the brief process to prepare silicate mate-
rial. First, alkaline solution was blended with HACFA to get the
mixture. Then to obtain silicate material, the solid part was dried
after separating the mixture. Commercially produced CO2 (purity
>99.99%), N2 (purity >99.99%), commercial active carbon (4.19 dol-
lars per 1 kg), and commercial diatomite (about 2.42 dollars per

1 kg) were used. The surface area and pore characteristic data of
commercial active carbon and diatomite are presented in Table 2.
2. Characterization

The silicate materials were characterized by using XRD analy-
ses (Shimadzu, D/max-2200/PC) to access the structural integrity.
The radiation of Cu Kα was generated using an X-ray generator.
FTIR spectra of the silicate materials were recorded using KBr pel-
let technique (Nicolet, Nexus 670). The samples were analyzed in
the wave length region of (4,000 to 400) cm−1. This was done to
confirm the formation of new groups, which are formed as the
adsorption product of CO2. SEM analysis was carried out using a
HITACHI, S-3400N as well as the elemental analysis. TEM analysis
involved a JEM-2100F. The standard BET method was used to meas-
ure the specific surface area of the adsorbent based on the physi-
cal adsorption of N2 on the solid surface (Beishide, 3H-2000PS1/2
Specific surface & pore size analysis instrument). CO2 adsorption-
desorption isotherms were obtained by the specific surface and
pore size analysis instrument. The thermal analysis of adsorbent
was performed using thermogravimetry analyzer and differential
scanning calorimeter (TGA-DSC) on a NETZSCH instrument. To
check thermal stability, the adsorbents were heated at a rate of 10 K/
min from 303.15 to 1273.15 K under N2 with a flow rate of 20 mL/
min (STP).
3. Adsorption-desorption Curves

The removal of CO2 by the silicate material was investigated by
studying the adsorption-desorption curves. In the method, the
fixed column was packed with the silicate material to measure the
adsorption dynamic data in the adsorption-desorption processes
of CO2.

The dynamic experimental setup in Fig. 2 was composed of gas
section, reactor section, and detection section. TCD response was
calibrated employing CO2/N2 mixtures with known composition.
The three-port valves were on the positions of adsorption in the
adsorptive step. The CO2 composition in the effluent gas was con-
tinuously monitored at an interval of 3 min. As a function of time,
breakthrough curve was reached until the composition approached
the inlet gas composition value, that is, until saturation was reached,
and then, the CO2 flow was stopped but the N2 flow was constant.
The column was then heated to 423.15 K. At the same time, the
three-port values were switched on the positions of desorption. So
the methods of heating and reflux purging using N2 were synchro-
nized in the desorption step, which was used in cleaning the ad-
sorbent surface. The desorption step was finished when the CO2

composition in the effluent gas was around 0.1%.
In Fig. 2, the gas manifold system consisted of two lines which

were used to feed in CO2 and N2. The two lines fitted with mass
flow meters supply flows ranging from 1 to 500 mL/min (CO2), and
1 to 2,000 mL/min (N2). The controllers had an accuracy of 1.5%
full scale.

A K-type thermocouple with an accuracy of 0.1 K, located at
insulating layer of the adsorption column, was used to set the col-

Table 1. Chemical composition of coal gangue measured by XRF spectrum
Al2O3 SiO2 Fe2O3 MgO CaO Na2O K2O TiO2 MnO2 P2O5 SO3 Total
48.73 41.23 1.18 0.43 1.87 0.15 0.52 1.62 0.013 0.18 0.15 96.16

Fig. 1. Preparation process of silicate material.

Table 2. Surface area and pore characteristic data for commercial
active carbon and diatomite

Material S (m2/g) V (mL/g) d (nm)
Diatomite 005.32 0.01 04.43
Active carbon 521.15 0.86 10.70

*Obtained by 3H-2000PS1/2 specific surface & pore size analysis
instrument
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umn temperature needed. The other K-type thermocouple contin-
uously monitored the actual column temperature. The temperature
was controlled by coupling the heating element inside of insulat-
ing layer.

The system was also equipped with a continuous gas chromato-
graph (TECHCOMP 7700 GC), to detect the amounts of CO2 ad-
sorbed from CO2/N2 mixtures on silicate material. GC was fitted
with a carbon molecular sieve (3 mm×2,000 mm) column and a
TCD detector, in which H2 was used as the carrier gas. The outlet
gases were fed to manual sampler on the GC. The GC column
used was on the analysis conditions as follows: carrier gas is H2 at
20 mL/min, temperatures are 353.15 K (oven), 373.15 K (injector),
and 373.15 K (detector).

Each sample was subjected to pretreatment for the cleaning of
adsorbent surface by heating on 393.15 K for 3 h. The quantity of
adsorbents were kept at 130 g, and packed in a steel adsorber with
an effective working length of 440 mm and an internal diameter
of 40 mm. The ratio of CO2 in the mixture CO2/N2 gas was fixed
at 15.79%.
4. Equation of Dynamic Adsorption Capacity

The equation of dynamic adsorption capacity is

(1)

where Q means dynamic adsorption capacity, mg/g; V is the total
flow rate, mL/min; MCO2 is the molar mass of CO2, 44 g/mol; k is
22.4 L/mol; m is mass of adsorbent, 130 g; t is adsorption time,
min; Co and Ct are the concentrations of CO2 at inlet and outlet, %.

RESULTS AND DISCUSSION

1. Characterizations of Silicate Material
1-1. XRD

The XRD spectrum of original silicate material was recorded

and shown in Fig. 3. A remarkable single reflection peak at 29.14o,
which may correspond to calcite [43], riversideite [44], or scawtite
[45], was observed. XRD result suggested the amorphous, unor-
dered morphology, and impure adsorbent formation (Fig. 3).
1-2. SEM

A distinct surface morphology of silicate material was observed
through SEM images (Fig. 4). Their particle morphology is useful
for understanding the physical properties of material. The micro-
structure of material affects the binding and sorption properties.
From Fig. 4, the silicate material consists of particles with irregu-
lar shape and size. A significant fraction of particles have a rough
surface; others form unevenly shaped aggregates. The particles of
silicate material show (40-50) μm (Fig. 4(a)), and the silicate mate-
rial has lamina structure with thickness of about 30 nm and faveo-
late structure with (3-5) μm (Fig. 4(b)). The material has probably
provided a rough surface for CO2 adsorption, as suggested in BET

Q = 
VMCO2

km
---------------- C0  − Ct( )dt

0

t
∫

Fig. 2. Dynamic experimental setup used for adsorption-desorption studies.
HV. Stop valve F. Filter TE. Thermocouple HL. Six-way valve
PCV. Counterbalance value FT/FV. Mass flowmeter TIC. Temperature controller R. Rotameter
PI. Manometer S. Three-port value TY. Heating element
AC. Drying tube A. Adsorber TI. Thermodetector

Fig. 3. XRD spectrum of silicate material.
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results.
The elements of silicate material are detected by using the energy

spectrum configured in the SEM. The elemental analysis data pro-
vided significant information about elemental content of silicate
material as follows (Fig. 5 and Table 3).

From Table 4 and Fig. 5, the silicate material is mainly com-
posed of eight elements: O, C, Si, Ca, Na, Mg, Al, and Fe. The
content of oxygen element is 60.09%, the content of carbon ele-
ment is 20.67%, and content of silicon element is 9.33%. Based on
the energy spectrum and the following FTIR spectrum, SiO3

2− and
CO3

2− can be speculated in the adsorbent.
1-3. TEM

Fig. 6(a) and (b) show the TEM images of silicate material inter-
faces.

From Fig. 6(a) and (b), the silicate material surface appears homo-
geneously covered with about 5 to 10 nm range skeleton structure.
1-4. FTIR

In Fig. 7, the FTIR spectrum represents a strong and broad band
at 3,475 cm−1, which was attributed to the multi-molecular associ-
ation O-H stretching vibration in -Si-O-H and trapped molecular

Fig. 4. SEM images of silicate material of (a) ×500 and (b) ×10.0 k.

Fig. 5. TEM images of silicate material of (a) ×5.0 and (b) ×60.0 k.

Table 3. Elemental analysis of silicate material
Element C O Na Mg Al Si Ca Fe
Weight% 13.68 52.98 3.40 0.52 0.34 14.44 14.44 0.20
Atomic% 20.67 60.09 2.69 0.39 0.23 09.33 06.54 0.06

Table 4. Surface area and pore characteristic data of silicate material
Material SBJH (m2/g) S-Mt-plot (m2/g) S-Et-plot (m2/g) VBJH (mL/g) V-Et-plot (mL/g) d (nm)

Silicate material 117.12 14.23 102.88 0.36 0.0065 11.01
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water [46]. The presence of weak peak at 1,650 cm−1 can be at-
tributed to H-O-H bending vibration of molecular water that is
weakly physisorbed on the surface [47]. Fig. 6 shows that there is
adsorbed water and/or crystal water in the silicate material. The
peak at 671 cm−1 is due to stretching vibration of C-O, and the
strong peak at 1,429 cm−1 and the weak peak at 872 cm−1 are due
to the existence of CaCO3 [48]. The strong peak at 972 cm−1

means the existence of the stretching vibration band of terminal
Si-OH on the silicate surface [49]. And the peak at 453 cm−1 is
due to the silica network with Si-O-Si vibration [44]. The FTIR
results clearly confirm that the silicate material contains Si-OH,
SiO3

2−, CaCO3, some adsorbed water, and/or crystal water.
1-5. BET Surface Area and Pore Analysis

The nitrogen adsorption-desorption isotherms of silicate mate-
rial are shown in Fig. 8 and Table 3. Table 3 shows the specific sur-
face area of silicate material is 117.12 m2/g, which is calculated by
using BET method. Note that the initial part of the adsorption iso-
therms at lower relative pressure (P/P0) below 0.07, where the nitro-
gen uptake increases sharply with the increment of relative pressure,
proves a little portion of existence of micropore structure. How-

ever, for the silicate material, the slope of the plateau at medium
relative pressures and accelerated uptakes at higher relative pres-
sure are the evidence of capillary condensation of nitrogen within
the primary mesopore. According to IUPAC classification, the sili-
cate material is typical of adsorbent with a predominantly meso-
porous structure, as the majority of pore-filling occurs at relative
pressures from (0.5 to 1). The pore size distribution of the adsor-
bent calculated by applying the BJH (Barrett-Joyner-Halenda) the-
ory to the N2 adsorption-desorption isotherms at 77 K is shown in
Fig. 9. It is clearly shown that silicate material is a mesopore adsor-
bent with a unimodal pore distribution between 3 nm and 20 nm,
additionally. Fig. 9 shows another small pore system with microp-
ore (1.5-2.0) nm. The adsorption studies indicate the material shows
defined mesopore, thick, and dense wall structure. On the other
hand, the average pore diameter 11.01 nm and specific pore vol-
ume 0.36 mL/g of silicate material show the possible adsorption
sites for various gases. In Table 3, the micropore surface areas of
silicate material is 14.23 m2/g, the external surface areas is 102.88 m2/
g, and the micropore volume is 0.0065 mL/g by using t-plot method.
1-6. TGA-DSC

The thermal stability of silicate material was observed by TGA-
DSC analysis, as shown in Fig. 10. From Fig. 10, the silicate mate-

Fig. 8. Nitrogen adsorption-desorption isotherms of silicate material.

Fig. 7. FTIR spectrum of silicate material.

Fig. 6. Energy spectrum of silicate material.

Fig. 9. Pore size distribution curve of silicate material.
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rial presented a total loss of mass 0.4119 mg (26.27%) between
(303.15 and 1,273.15) K.

The first of these weight loss events obtained below 473.15 K
was characteristic of sample hygroscopicity [50] (the loss of molec-
ular water from the exchange layer “interlayer water”). The amount
of water uptake of silicate material sample depends on the relative
humidity of the environment to which they are exposed. Until
799.15 K, the second loss of weight occurs due to the removal of
water composition from the silicate mineral [51]. The third weight
loss occurring in sample corresponds to the dehydroxylation of
the silicate material. This is shown as a peak centered at 1,173.15 K
event in the DSC curve. The weight loss during the dehydroxyl-
ation of the silicate material was about 5.49% between (928.15 and
1,173.15) K and corresponds to decomposition of CaCO3 [47].
2. Adsorption of CO2 on Silicate Material

As the time went by, increasing amounts of CO2 continually
took up the silicate material adsorbent bed. The composition of
outlet gas stream on the bed was continuously monitored. Then, a
number of gases from the adsorption column were followed as the
fraction of effluent gas concentrations, resulting in over the input
gas concentration. So the method agrees with practical conditions,
temperatures and multicomponent streams; and the dynamic ad-
sorption capacities of the materials can be calculated.

Under equilibrium conditions, the increase/decrease of flow
rate in a fixed bed at a constant temperature concentration of the
adsorbable species should not affect the adsorption capacity. In
this work, we first determined 15.79% (vol) CO2 on the surface of
silicate material at flow rate=95 mL/min and T=303.15 K (Fig. 11).

Fig. 11 shows the beginning breakthrough time at 13 min. The
dynamic adsorption capacity was calculated at 9.34 mg/g.

Two methods, including programmed heating the packed col-
umn up to 423.15 K and reflux purging using N2, joined to the
aim of desorption. It can be seen that the captured CO2 is quickly
desorbed after the gas carrier has been switched from CO2/N2

mixtures to N2. In fact, the desorbed rate of silicate material is over
90% within 12 min when the flow rate of N2 is above 95 mL/min.
2-1. Effect of Temperature

The silicate material was subjected to adsorption performance

studies at flow rates of 95 mL/min with 15.79% CO2 (Fig. 12).
From Fig. 12, when the flow rate was 95 mL/min, the diversi-

ties of adsorption-desorption curves were obvious, which means
adsorption temperature is more leading than flow rate. The curves
at temperatures of 303.15, 313.15, and 323.15 K were separated
from the other four desorption curves at temperatures of 353.15,
373.15, 393.15, and 413.15 K in the flow rate of 95 mL/min, which
signifies the selection of above 323.15 K as the optimum adsorp-
tion temperature. The dynamic adsorption capacity decreased from
9.34 to 5.49 mg/g when the adsorption temperature was increased
from 303.15 to 413.15 K.

Fig. 12 shows that silicate material is an adsorbent with wide
temperature range of application. The amount of CO2 adsorbed
decreased with increasing adsorption temperatures, because CO2

physical sorption is an exothermic process [52]. The lower adsorp-
tion temperature benefits CO2 adsorption on the silicate material.

Fig. 11. Adsorption-desorption curves at flow rate of is 95 mL/min
and adsorption temperature is at 303.15 K.

Fig. 10. TGA-DTA of silicate material.

Fig. 12. Adsorption-desorption curves at different adsorption tem-
peratures: flow rate of is 95 mL/min.
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We calculated the thermodynamic data of our experiments. As
is shown in the following, the ΔGo can be calculated:

ΔGo=−RT ln Ke (1)

The Ke value was calculated using the following equation:

Ke=qe/Ce (2)

Relation among ΔGo [53], enthalpy change (ΔHo) [54] and entropy
change (ΔSo) [55] could be expressed by the following equation:

ΔGo=ΔHo
−TΔSo (3)

Eq. (3) could be written as:

(4)

According to Eq. (4), ΔHo and ΔSo values could be calculated
from the slope and intercept of the plot of ln Ke versus 1/T, respec-
tively.

As is shown in Table 5, the negative ΔGo values indicated that
the process was thermodynamically feasible, spontaneous and chemi-
cally controlled. The negative value of ΔHo indicates that the ad-
sorption process was exothermic. The negative value of ΔSo shows
the decreased randomness and reduced confusion at the solid/gas
interface during the adsorption process.

We analyzed the adsorption capability of CO2 on the HACFA
was by Langmuir model equation. By fitting the adsorption iso-
therm, the linear form of the Langmuir isotherm equation was
represented by the following equation:

(5)

Table 5 shows the calculated Langmuir isotherm parameter,
and their corresponding coefficient of determination, R2 values.

Langmuir equation fitted all the samples well with coefficients (R2)
in the range of 0.9900-0.9987 (Table 6), which was reasonably
applied in all cases. This phenomenon illustrated that adsorption
of CO2 on the HACFA conformed to the Langmuir isotherm model,
which assumes uniform energies of adsorption on the surface and
no transmigration of adsorbents on the surface. Table 5 gives Lang-
muir constants for the silicate material at different temperature.

The pseudo-first and second order gas solid adsorption models
are the most widely used because they are simple to describe the
adsorption kinetics and the adsorbent-adsorbate interactions. In
the present study, these two models were first used to describe the
CO2 adsorption behavior of the silicate material under a wide range
of CO2 partial pressure and adsorption temperature. The correlated
kinetic parameters were also obtained through the fitting of ad-
sorption model with experimental adsorption curves.

Kinetic parameters of pseudo-first order and pseudo-second
order models under different adsorption conditions were at the
flow rate of 95 mL/min with 15.79 % CO2. From Table 6, the nor-
malized standard deviation (Δq) of pseudo-second order model
was smaller than that of pseudo-first order model. Therefore, the
pseudo-second order model was more suitable to predict the CO2

adsorption process of the silicate material in our experiments[56].
As mentioned above, the pseudo-second order model was suited
to describe the adsorption process involving chemical adsorption
[57].
2-2. Effect of Moisture

Adsorption performance of silicate material was observed when
the material was dried at 393.15 K for 3 h. To see the effect of
moisture, pre-drying to silicate material at different temperatures
was applied. Fig. 14 was obtained with flow rate of 95 mL/min and
adsorption temperature of 323.15K. The dynamic adsorption capac-
ity followed a flexural trend at 9.24, 4.82, 6.20, 5.76, 7.48, and 6.06
mg/g when the pre-drying temperature was increased from 393.15
to 543.15 K at a step of 30 K in Fig. 14.

CO2 adsorption at pre-drying temperature of 393.15 K was supe-
rior to other pre-drying temperatures, which was explained by the

Ke = − 
ΔGo

RT
---------- = − 

ΔHo

RT
---------- + 

ΔSo

R
--------ln

1
q0
----- = 

1
qmaxKL
----------------

1
C0
------ + 

1
qmax
----------×

Table 5.ΔGo, ΔHo and ΔSo data of CO2 adsorption process
T (K) ΔGo (kJ/mol) ΔHo (kJ/mol) ΔSo (J/mol)
303.15 −4.52 −7.03 −16.63
313.15 −5.79 −9.24 −17.84
323.15 −5.21 −9.39 −16.92
353.15 −5.61 −9.91 −17.21
373.15 −6.06 −10.03 −19.84
393.15 −4.97 −8.89 −18.32
413.15 −5.88 −9.99 −19.13

Table 6. Langmuir isotherm data of CO2 adsorption process
Temperature (oC) qmax (mg/L) KL (L/mg) R2

030 9.34 0.349 0.9977
040 9.96 0.594 0.9977
050 9.24 0.124 0.9987
080 6.70 0.539 0.9981
100 5.40 1.038 0.9939
120 4.22 3.459 0.9900
140 5.49 2.043 0.9901

Fig. 13. Adsorption-desorption curves at different drying tempera-
tures: flow rate is 95 mL/min and adsorption temperature
is 323.15 K.
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hydration interaction of CO2 and adsorbed water on adsorbent
surface [58]. The effect of moisture was conspicuous, which reflects
the positive influence of water vapor toward adsorption perfor-

mance, and maybe the phenomena resulted from the mass of Si-
OH on the surface of silicate material.
2-3. Regeneration of Silicate Material

Excellent regeneration is a requirement of CO2 sorbents. The
regeneration capacity of silicate material was tested by means of
adsorption-desorption cycles at 323.15 K, and flow rate was 95 mL/
min with 15.79% CO2. The CO2 adsorption -desorption results on
silicate materials are presented in Fig. 14. These adsorption-desorp-
tion cycles were repeated seventeen times and no noticeable changes
were observed in desorption process or CO2 uptake. For the first
time, the dynamic CO2 adsorption of silicate material provided the
maximum adsorption capacity of 8.67 mg/g, which failed to pro-
vide any further improvement at the subsequent times. The adsorp-
tion capacity remained fluctuating as the recycling time increased,
and it declined marginally to 5.89 mg/g for the seventeenth time.
Fig. 14 shows the differences between adsorption and desorption
in every single experiment. For example, for the first time com-
pared with the desorption capacity of 5.23 mg/g, the capacity of
CO2 adsorption is obtained to 8.67. The desorption capacity of
5.23 mg/g resulted from physical interaction on the surface of
material, and the difference of 3.44 indicates the chemical reac-
tion between alkaline silicate material and CO2.

Thus, the reported silicate materials can be quickly, easily, and

Fig. 14. Recycling data for silicate material on adsorption of CO2.
* Flow rate=95 mL/min; adsorption temperature=323.15 K.

Fig. 15. Adsorption-desorption curves for three adsorbents on CO2: flow rate is 95 mL/min, and adsorption temperature of (a) is 303.15 K,
(b) is 323.15 K, and (c) is 353.15 K.
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totally regenerated over multiple cycles without any loss of adsorp-
tion performance. Deeply, silicate material was a potential sorbent
to CO2 removal.
3. Adsorption Comparison of CO2 on Various Materials

Comparative curves for CO2 adsorption curves on silicate mate-
rial, commercial active carbon, and commercial diatomite at 303.15,
323.15, and 353.15 K are presented in Fig. 15. The three adsor-
bents were evaluated at the flow rate of 95 mL/min with 15.79%
CO2. It is seen that the CO2 capture capacities on the silicate mate-
rials are quite substantial (8.24 mg/g, 7.31 mg/g, and 5.08 mg/g,
respectively) and more importantly, they exhibit a superior CO2

capture capacity to that of diatomite (3.18 mg/g, 3.43 mg/g and 3.05
mg/g, respectively). The CO2 capture capacity of commercial active
carbon (14.59, 12.95 and 12.06 mg/g) is better than the other two
adsorbents. The investigation of dynamic adsorption behavior

Fig. 16. Adsorption-desorption isotherms for three adsorbents on
CO2. * Solid - adsorption; hollow - desorption.

Table 7. Pseudo-first and second order data of CO2 adsorption process

T (oC) qe (mg/g)
Pseudo-first order Pseudo-second order

qc (mg/g) kf Error Δq (%) qc (mg/g) ks Error Δq (%)
030 13.25 13.16 0.176 00.68 13.22 0.136 0.23
040 12.96 11.82 0.088 08.80 12.54 0.042 3.24
050 12.91 12.53 0.029 02.94 12.77 0.136 1.08
080 12.40 12.13 0.021 02.18 12.30 0.180 0.81
100 14.66 13.36 0.089 08.87 14.18 0.035 3.27
120 15.94 12.90 0.056 19.07 15.61 0.074 2.07
140 16.04 13.64 0.150 14.96 15.57 0.048 2.93

Table 8. Thomas model parameters at different original concentrations, flow rates
V (mg/L) C0 (mL/min) x (g) Kth (10−3 L/(min·mg)) q0 (mg/g) R2

095 13.25 130 8.378 7.501 0.9910
190 15.86 130 8.453 5.990 0.9902
285 15.38 130 4.556 4.407 0.9924
380 15.35 130 6.065 7.577 0.9906
475 15.68 130 4.238 6.321 0.9913

shows that the silicate material presents similar adsorption proper-
ties with commercial active carbon and stronger adsorption prop-
erties than commercial diatomite.

Experimental results of adsorption-desorption isotherms at 273.15
K are summarized in Fig. 16 for CO2 capture by the specific sur-
face and pore size analysis instrument using silicate material,
diatomite and active carbon. Fig. 16 indicates the same tendency
compared with Fig. 15. The CO2 adsorption capacity of silicate
material is higher than that of diatomite at the same CO2 partial
pressure, but lower than that of active carbon. Meanwhile, extreme
hysteresis loops were also observed, indicating the existence of
mesopores in all three adsorbents, which was confirmed by the
results of nitrogen adsorption.

Table 1 and Table 3 show the differences in surface area and
pore characteristic data of the three adsorbents. The specific sur-
face area of active carbon is mainly quadruple to active carbon, and
the specific pore volume of active carbon to silicate material ratio
is 2 : 1. These two adsorbents have similar average pore diameter,
and the experiment data of diatomite are obviously less than the
data of active carbon and silicate material. These results demon-
strate that the CO2 capture capacity on the sorbents not only
depends on the textural properties (i.e., BET surface area or pore
volume), but also on the pore size distribution, as recent research
works have shown that active carbons with a large population of
pores of size 1-2 nm exhibit a better CO2 adsorption performance
than those with narrower micropores or with a mesoporous pore
network [59-61].

Also, although the silicate material displays less capture capacity
than commercial active carbon, it has a considerably lower price
and higher potential to protect the environment.

In summary, the main pore distribution between 3 and 20 nm
and small pore system with micropore (1.5-2.0 nm) of silicate mate-
rial provides the adsorptive sites on CO2. Some adsorbed water
and/or crystal water existed to react with CO2. Alkaline silicate
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material is a good adsorbent for the acidic gas CO2, and the exper-
iment of modified silicate material is in expectation to further
improve the performance of CO2.
3. Thomas Model

We also studied our experimental results by the Thomas model.
Thomas model parameters at different original concentrations,
flow rates are shown in Table 8. The Thomas model was suitable
to predict the CO2 adsorption process of the HACFA in our exper-
iments. It can also describe the dynamic characteristics of CO2

adsorption on HACFA, and can be used to predict the straw of
the dynamic adsorption of CO2 adsorption column.

CONCLUSION

The amorphous silicate material from high-alumina fly ash is
composed of O, C, Si, Ca, Na, Mg, Al, and Fe, which exist as the
formations of Ca2+, Na2+, Mg2+, Al3+, Fe3+, SiO3

2−, and CO3
2−. Some

adsorbed water and/or crystal water existed in the silicate material.
When the material was used to impart interaction sites for CO2

adsorption, a dynamic adsorption capacity of the silicate material
for CO2 of 8.67 mg/g at 323.15 K and flow rate=95 mL/min with
15.79% CO2 was found based on dynamic adsorption method. The
silicate material was significantly excellent to adsorb CO2 at wide
temperatures (293.15 to 413.15) K, and the adsorption ability de-
creased weakly with seventeen recycling times. The investigation
of dynamic adsorption behavior shows that the silicate material
presents adsorption properties similar to commercial active carbon
and stronger adsorption properties than commercial diatomite.

The thermodynamic data of our experiments were calculated.
The negative ΔGo values indicated that the process was thermody-
namically feasible, spontaneous and chemically controlled. The
negative value of ΔHo indicated that the adsorption process was
exothermic. The negative value of ΔSo showed the decreased ran-
domness and reduced confusion at the solid/gas interface during
the adsorption process. Langmuir equation fitted result illustrated
adsorption of CO2 on the HACFA assuming uniform energies of
adsorption on the surface and no transmigration of adsorbents on
the surface. Kinetic parameters of pseudo-first order and pseudo-
second order models under different adsorption conditions were
studied. Thomas model parameters at different original concentra-
tions: Therefore, the Thomas model was suitable to predict the
CO2 adsorption process of the HACFA in our experiments. This
model can also describe the dynamic characteristics of CO2 ad-
sorption on HACFA, and can be used to predict the straw of the
dynamic adsorption of CO2 adsorption column.
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