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AbstractCopper oxide modified activated carbon (CuO/AC) composites for the CO2 capture were synthesized via a
facile assembly strategy associated with a direct solid-state heat dispersion process by introducing CuO into AC using
Cu(NO3)2 as the copper source. The synthesized CuO/AC composites with various CuO contents were characterized
by powder X-ray diffraction, scanning electron microscopy and nitrogen adsorption-desorption measurement, and the
CO2 adsorption performance was investigated. The characterization results indicate that the Cu(NO3)2 species was well
dispersed into the AC pore channels and then converted to a highly dispersed CuO after the activation process. The
adsorption results reveal that the CO2 adsorption performance can be significantly improved by introducing CuO onto
the AC surfaces, and the CuO(0.6)/AC composite with a CuO loading of 0.6 mmol/g AC shows a high CO2 adsorp-
tion capacity and adsorption selectivity and displays an excellent reversibility. Additionally, the calculated adsorption
heat values of CO2 on the CuO(0.6)/AC composite are in the range of 27.3 to 33.9 kJ/mol.
Keywords: CuO/AC Composite, CO2, Adsorption, Solid-state Heat Dispersion, Selectivity

INTRODUCTION

CO2 is a major greenhouse gas that contributes more than two-
thirds of the global warming effect [1]. Excessive anthropogenic
CO2 emissions, mainly released from the coal-fired power plant flue
gases, have already affected the climate change and caused some
serious consequences, including the continued global sea level rise
and more frequent extreme weather events [2]. Although renew-
able energy technologies have attracted more and more attention
in recent years to alleviate energy shortage and greenhouse gas emis-
sions, the traditional energy sources, including coal, oil and natu-
ral gas, will continue to be the primary sources for the increasing
global energy demand in the near future [3]. Consequently, grow-
ing efforts have been focused on developing the efficient CO2 cap-
ture technologies [4-6]. Currently, the liquid amine absorption under
atmospheric pressure is the most well-known mature technology
for the CO2 separation from flue gases, but have some disadvan-
tages, such as the high energy requirement for the regeneration pro-
cess, the high equipment corrosion, the high vapor pressure, and
the easy degradation of solvent [7,8].

Adsorption technology is a promising alternative for capturing
CO2 from flue gases due to its low operation costs, easy operation
and low energy consumption [9]. Nonetheless, to successfully use
the adsorption technology for CO2 capture applications, there are
three main aspects needed to be addressed: the selection of adsor-
bent, the regeneration strategy, and the reactor configuration. A num-

ber of porous materials [10-12], including metal-organic frameworks
(MOFs), molecular sieves, alumina powders, and carbon materi-
als, are widely used for the gas adsorption and storage. Among
them, activated carbon (AC) is a versatile porous material due to
its high porosity, high specific surface area, excellent adsorption
property, easy-to-design structure, high surface reactivity, adequate
mechanical strength, low cost as well as abundant reserves. It has
been widely used in the catalysis and adsorption separation fields
[13,14]. The excellent structural properties make activated carbons
exhibit a good CO2 capture performance, but the adsorption is
commonly caused by the physical interaction, resulting in that the
adsorbent is sensitive to the temperature and the adsorption selec-
tivity is relatively poor. Thus, many studies have focused on the
chemical modification for AC surfaces aiming to improve the cap-
ture capacity and adsorption selectivity for CO2.

According to the CO2 mildly acidic nature, the modification of
the activated carbon surfaces by introducing basic functional groups
(such as amine groups and metal oxides) can improve the CO2 cap-
ture performance [15-17]. Amine-functionalized AC composites
achieve a high CO2 adsorption performance; however, their stabil-
ity needs to be further enhanced [18,19]. And the CO2 capture
performance can be significantly improved by introducing alkali
metal and alkali earth metal species into the porous material struc-
tures [20-23]; however, these materials need a high regeneration
temperature to decompose metal carbonate to metal oxide. Recently,
transition metal-based adsorbents have attracted great attention
for the CO2 capture [24-28]. Transition metal oxides can bond CO2

molecules through -complexation interactions by forming both
the  bond and the back donation  bond. This interaction is
stronger than the physisorption, so transition metal based adsor-
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bents can achieve a higher adsorption capacity and adsorption selec-
tivity for CO2. In addition, for an adsorbent in the practical ad-
sorption process, beside the high adsorption capacity and adsorp-
tion selectivity, a reliable and economical adsorbent regeneration
strategy is also very important for realizing the multiple adsorp-
tion and desorption cycles. Currently, an industrial adsorbent can
be regenerated by the pressure swing or temperature swing adsorp-
tion (PSA and TSA) operations based on the periodic variation of
the pressure or temperature of the adsorption unit [29]. Among
them, TSA processes are considered to be more appropriate for the
post-combustion CO2 capture since it can avoid the compression
and/or application of vacuum to the large amount of gaseous stream
required in PSA processes, significantly reducing the energy con-
sumption [30,31]. In particular, for the chemical adsorbent regen-
eration, TSA process is preferred to PSA process since a simple
variation of the pressure is not efficient enough to achieve a com-
plete regeneration of the adsorbent due to the strong chemical inter-
actions of the adsorbents with CO2 [32]. For the transition metal-
based adsorbents, the interaction of CO2 with the adsorbent via -
complexation is between physisorption and chemisorption, and
the adsorbents can be easily regenerated by utilizing a TSA opera-
tion [33,34].

Generally, the loading of transition metal oxides onto the porous
materials surfaces is mainly prepared by the electroplating or wet-
impregnation methods, which are intensive preparation processes.
In addition, the dispersion degree of transition metal oxides on sup-
port surfaces obtained through a traditional impregnation method
is closely related to numerous parameters [35], and the added transi-
tion metal precursor cannot be completely impregnated into the
support channels for the impregnation method, thus leading to a
metallic species waste. Solid-state grinding method is a facile and
efficient approach for introducing metal components into the pore
channels of the porous supports [36,37]. This method can com-
pletely introduce the metal precursor into the support and can yield
a highly dispersed metal species on the surfaces of the supports.

Herein, transition metal copper oxide (CuO) was introduced into
the porous AC by a solid-state grinding approach without using
any solutions. The main aim of this work is to synthesize CuO/AC
composites by a facile approach for the efficient CO2 adsorption.
The synthesized CuO/AC composites with various CuO loadings
were characterized by powder X-ray diffraction (XRD), scanning
electron microscopy (SEM) and nitrogen adsorption-desorption
measurement to investigate their structural properties, and the
CO2 adsorption performance was investigated including the CO2

adsorption capacity, the CO2/N2 adsorption selectivity, the cyclic
stability and the adsorption heat.

EXPERIMENTAL

1. Materials
Activated carbon was obtained from Chengde Xingyuan Acti-

vated Carbon Co., Ltd., Cu(NO3)2·3H2O (AR) was obtained from
Tianjin Guangfu Fine Chemical Research Institute, and NH4NO3

(AR) was obtained from Tianjin Kemiou Chemical Reagent Co.,
Ltd. All the gases were supplied by Qingdao Dehai Gas Co., Ltd.
with a purity of more than 99.9%.

2. CuO/AC Composites Preparation
The CuO/AC composites were prepared as follows: the calcu-

lated amounts of activated carbon and Cu(NO3)2·3H2O powder was
thoroughly mixed by grinding, and then the resulting powder was
activated at 423 K for 4 h in air, and 623 K for 4 h under the N2

flowing. The composites with various copper content of 0.2, 0.4,
0.6, 0.8 and 1.0 mmol/g AC support were synthesized. Before and
after the activation, the samples are named as Cu(NO3)2(X)/AC
and CuO(X)/AC, respectively, where X is the copper loading per
gram activated carbon in mmol.
3. Composites Characterization

The XRD patterns were collected using a D/max-2500 (Rigaku,
Japan) diffractometer with Cu K radiation (=1.5406 Å) from
10o to 80o. The textural properties of the prepared adsorbents were
determined by the nitrogen physisorption performed on a TriStar
3000 system (Micromeritics, USA) at 77 K after degassing under
vacuum at 473 K for 4 h. The SEM images were performed by a
Sigma-500 (ZEISS, Germany) instrument to analyze the compos-
ite morphology.
4. Adsorption Measurements

CO2 and N2 adsorption measurements were performed by a
Quantachrome Autosorb-iQ instrument with a pressure range of
0-101.3 kPa at the setting temperature controlled by a circulation
bath. Before each adsorption measurement, the adsorbents were
treated under vacuum at 473 K for 4 h.
5. Theory and Method
5-1. Adsorption Isotherm Fitting

Numerous adsorption isotherm equations, such as Freundlich
[38], Langmuir [39], Sips [40], and Toth [41] have been developed
to describe the adsorption isotherms. In this work, the adsorption
data of CO2 and N2 on the adsorbents were correlated using the Sips
equation as expressed by:

(1)

where q and qm are the adsorption amount at the equilibrium pres-
sure p (kPa) and the maximum adsorption amount (mmol/g),
respectively, b is the affinity coefficient (kPa1), and n is a dimension-
less parameter.
5-2. Calculation of IAST Adsorption Selectivity

The ideal adsorbed solution theory (IAST), which is developed
by Myers and Prausnitz [42], is a common and effective theoretical
model for calculating the adsorption selectivity from pure compo-
nent isotherms. In this work, IAST was used to calculate the CO2/
N2 adsorption selectivity (SCO2/N2), and commonly given by [43]:

(2)

where xCO2 and yCO2 are the CO2 mole proportions in the adsorbed
phase and gas phase at equilibrium, respectively, and xN2 and yN2
are the N2 mole proportions in the adsorbed phase and gas phase
at equilibrium, respectively.
5-3. Isosteric Heat of Adsorption

The CO2 adsorption isosteric heat on the CuO/AC composite
at a specific CO2 loading was determined by the Clausius-Clapey-
ron equation from the adsorption data at different temperatures [44]:

q  qm
bp1/n

1  bp1/n
-------------------

SCO2/N2
  

xCO2
/xN2

yCO2
/yN2

------------------
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(3)

where Qst is the adsorption isosteric heat (kJ/mol), T is the adsorp-
tion temperature (K), qa is a given CO2 adsorption amount (mmol/
g), and R is the universal gas constant (J mol1 K1).

RESULTS AND DISCUSSION

1. Material Characterization
Fig. 1 presents the powder XRD patterns of pure CuO and

Cu(NO3)2, the activated carbon support, and the supported Cu(NO3)2

composites with a copper loading of 0.6 mmol/g AC before and
after the activation process. Before the activation, the Cu(NO3)2/AC
sample shows the diffraction peak at 2 value of 14.84o assigned to
(-202) plane of Cu(NO3)2 which corresponds to JCPDS card No.
75-1493. After the activation at 423 K, the diffraction peaks of
Cu(NO3)2 disappear. The behavior reveals that the Cu(NO3)2 spe-
cies was well-dispersed into the AC support surfaces, and the absence
of Cu(NO3)2 diffraction peaks in XRD pattern may be because the
highly dispersed Cu(NO3)2 species in Cu(NO3)2/AC composite is
too tiny to be observed by XRD. After the further activation at a
higher temperature of 623 K for the decomposition of Cu(NO3)2

to CuO, no diffraction peaks attributed to CuO are observed in
the sample, indicating that the CuO species might be present in a
highly dispersed state on the surface of AC support. The high sur-
face area of the AC support is conducive to the fine dispersion of
the active species at low loading. In addition, there is another pos-
sibility that the CuO content in the CuO/AC sample with a cop-
per loading of 0.6 mmol/g AC is too small to be detected by XRD,
which is calculated to be about 4.6%. This possibility can be ruled
out by an obvious observation of CuO diffraction peaks in the
CuO/AC samples with lower CuO contents of 0.8% and 2% obtained
with a traditional impregnation method by Yin et al. [45]. The results
imply that the CuO/AC composite with highly dispersed CuO has
been successfully synthesized using Cu(NO3)2 as copper sources by
this approach.

Fig. 2 presents the nitrogen adsorption isotherms at 77 K of the
AC support and the obtained CuO/AC composites with various
CuO content. From Fig. 2, the nitrogen adsorption amount of the
composites decreases gradually with an increase in the CuO load-
ing. Table 1 shows a summary of the textural properties of the AC
support and the CuO/AC composites. As shown in Table 1, the par-
ent AC support displays a high total pore volume of 1.30 cm3/g and
specific surface area of 1,450 m2/g, and the introduction of CuO in
AC results in a reduction in the total pore volume and specific sur-
face area compared to the parent AC sample. This phenomenon is
attributed to the fact that the partial pore channels of the AC sup-
port are occupied by the introduced CuO species.

Fig. 3 presents the SEM images of the CuO(0.6)/AC and AC sam-
ples. In SEM images of the AC support (Fig. 3(a) and (b)), some
irregularly shaped AC particles of different sizes are observed. These
AC particles have a large number of pores, leading to a large pore
volume and high specific surface area, which is beneficial to the
CuO introduction. From the SEM images of CuO(0.6)/AC com-
posite (Fig. 3(c) and (d)), it can be seen that there is no significant
change in the primary structure after the CuO modification, and
there is no obvious CuO aggregation on the CuO(0.6)/AC compos-
ite surfaces. This phenomenon reveals that CuO species was well
dispersed into the AC support pore channels, which is also con-
firmed by the results of XRD. Additionally, compared with the par-

Qst  RT2  pln
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Fig. 1. XRD patterns of CuO, Cu(NO3)2, AC and Cu(NO3)2 loaded
samples with the copper loading of 0.6mmol/g AC before and
after activation.

Fig. 2. Nitrogen adsorption and desorption isotherms at 77 K on
AC support and CuO/AC composites with different CuO
loadings.

Table 1. Textural properties of AC and CuO/AC composites

Samples Total pore volume
(cm3/g)

BET surface area
(m2/g)

AC 1.30 1,450
CuO(0.2)/AC 1.20 1,383
CuO(0.4)/AC 1.19 1,319
CuO(0.6)/AC 1.15 1,277
CuO(0.8)/AC 1.08 1,213
CuO(1.0)/AC 1.03 1,156
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ent AC support, fewer internal pores are observed in the CuO(0.6)/
AC composite, resulting from the occupation and blockage of par-
tial AC support pores channels by CuO species, which is responsi-
ble for the reduction in the pore volumes and specific surface areas
of the N2 adsorption measurement results.
2. Adsorption Performance of CO2 on CuO/AC Composites

The influence of the CuO content on the CO2 adsorption amount
of the CuO/AC composites is depicted in Fig. 4. It can be seen
that the CO2 adsorption capacity of all the CuO/AC composites is

Fig. 3. SEM images of AC support ((a), (b)) and CuO(0.6)/AC composite ((c), (d)).

Fig. 4. Adsorption isotherms of CO2 on AC support and CuO/AC
composites with different CuO loadings at 303 K.

Fig. 5. Comparison of CO2 adsorption capacity at 303K of AC mod-
ified by NH4NO3 with that of AC support and AC modified
by CuO.

obviously higher than that of the parent AC sample, implying that
the introduction of CuO onto the AC plays an important role on
the enhancement of CO2 adsorption. With increasing the CuO
loading to 0.6 mmol/g AC, the CO2 adsorption capacity of CuO/
AC composites at 100 kPa increases to 2.11 mmol/g. With further
increasing the CuO loading to 1.0 mmol/g AC, the CO2 adsorp-
tion amount at 100 kPa decreases gradually to 1.73 mmol/g. This
decrease is due to the excessive CuO species accumulation on the
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surfaces of CuO(0.8)/AC and CuO(1.0)/AC composites, resulting
in a pore channel blockage. In addition, during the activation pro-
cess at high temperature, the decomposition of Cu(NO3)2 to CuO
may release oxygen, and the released oxygen may react with AC,
thus modifying the AC pore structure and affecting the CO2 ad-
sorption capacity. Thus, a comparative experiment of replacing
Cu(NO3)2 with NH4NO3 in the same loading of 0.6 mmol/g AC
was conducted to address this scenario, and the thermal decompo-
sition of NH4NO3 only produces gaseous product and also releases
oxygen. As shown in Fig. 5, after the modification by NH4NO3,
the CO2 adsorption capacity increases slightly compared to that of
pure AC support, which may be due to the reaction of the released
oxygen with AC, increasing the AC pore volumes. However, it can
be seen that the CO2 adsorption capacity of the adsorbent modi-
fied by NH4NO3 is much lower than that of the adsorbent modi-
fied by CuO, further highlighting the role of CuO in enhancing the
CO2 adsorption capacity.

Fig. 6. Adsorption isotherms of CO2 and N2 on CuO(0.6)/AC and AC at 303 K (a) and CO2/N2 adsorption selectivity for the CO2/N2 (15 : 85)
mixture (b).

Table 2. Comparison of CO2 adsorption capacities at 100 kPa and 15 kPa, and CO2/N2 adsorption selectivity at 100 kPa on different adsorbents

Adsorbents
Adsorption capacity (mmol/g)

CO2/N2 selectivity Refs.
100 kPa 15 kPa

Mg-MOF-74 8.55 (296 K) 6.20 (296 K) 182 (296 K) 49,50
UTSA-16 4.30 (296 K) 2.37 (296 K) 314 (296 K) 50
Cu-BTC 4.79 ( 298 K) 0.90 (298 K) ~50 (298 K) 51
Fe-MOF-74 2.41 (298 K) 0.57 (298 K) ~42 (298 K) 52
MIL-101(Cr) 2.33 (298 K) 0.57 (298 K) ~20 (298 K) 53
MIL-100(Fe) 2.25 (298 K) 0.60 (298 K) 6 (298 K) 54
Zeolite 13X 4.20 (298 K) 2.79 (298 K) 130 (298 K) 55
Beta 1.67 (303 K) 0.50 (303 K) 25.6 (303 K) 56
ZSM-5 1.33 (298 K) 0.50 (298 K) ~8 (298 K) 57
Zeolite Y 0.73 (303 K) 0.13 (303 K) 11 (303 K) 58
MCM-41 0.55 (298 K) 0.10 (298 K) 11 (298 K) 59
Norit R1 AC 2.24 (298 K) 0.44 (298 K) 8.8 (298 K) 60
BPL AC 1.91 (303 K) 0.46 (303 K) ~25 (298 K) 55,61
AC 1.64 (303 K) 0.40 (303 K) 25 (303 K) This work
CuO(0.6)/AC 2.11 (303 K) 0.55 (303 K) 58 (303 K) This work

In power plant flue gases, CO2 and N2 always exist together with
a molar ratio of about 15 : 85. Therefore, an efficient adsorbent for
the CO2 separation from flue gases should achieve a high adsorp-
tion selectivity of CO2/N2. In this work, the CO2 adsorption selec-
tivity over N2 on the CuO(0.6)/AC composite for the CO2/N2 mixture
with a molar ratio of 15 : 85 was predicted by the IAST method
from the adsorption data of pure CO2 and N2 and compared with
the AC support. It can be seen from Fig. 6 that the prepared CuO/
AC composite displays a high CO2/N2 adsorption selectivity, and
as the adsorption pressure increases to 100 kPa the CO2/N2 adsorp-
tion selectivity decreases gradually from 79 to 58. In addition, in
the entire measured pressure range, the CO2/N2 adsorption selec-
tivity of CuO(0.6)/AC is markedly higher than that of the AC sup-
port, which indicates that the CuO species dispersed on the AC
support plays a crucial role in the improvement of CO2/N2 ad-
sorption selectivity. This phenomenon is ascribed to the fact that
the -complexation interactions between the CuO species dis-
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persed on the CuO/AC composite and CO2 molecules are stron-
ger than the physisorption of the adsorbent with N2. This higher
adsorption selectivity makes the synthesized CuO/AC composite
effectively separate CO2 from the CO2/N2 mixture.

Table 2 gives a comparison of the CO2 adsorption capacity and
CO2/N2 adsorption selectivity on the prepared CuO@AC adsorbent
in this work with some other reported adsorbents, such as MOFs
and commercially available absorbents (e.g., activated carbons and
zeolites). The CO2 adsorption capacity at near 15 kPa is also an
important parameter since the industrial flue gases usually con-
tain ~15% CO2, and this adsorption capacity is close to the CO2

working capacity in a dynamic adsorption process for the CO2/N2

mixture with a molar ratio of 15 : 85 operating under atmospheric
pressure [46]. Hence, the CO2 adsorption capacity of the listed sam-
ples in Table 2 at 100 kPa and 15 kPa is summarized for compari-
son. Overall, the MOF materials, especially Mg-MOF-74, UTSA-16
and Cu-BTC, have higher CO2 adsorption capacity and adsorption
selectivity than other adsorbents. However, the industrial applica-
tions of the MOF material are very rare at present due to its expen-
sive cost, poor durability and mechanical strength [47]. Compared
with other zeolites and AC adsorbents in Table 2, the CuO(0.6)/
AC adsorbent in this work exhibits a higher CO2 adsorption capac-
ity and CO2/N2 adsorption selectivity except zeolite 13X. How-
ever, the carbon material adsorbents present important advantages
over zeolite 13X, such as hydrophobicity, significant lower cost, and
lower energy requirements to carry out their regeneration. It was
estimated that the capture cost per ton of CO2 using zeolite 13X
could reach US$51, while the capture cost using activated carbon
is US$27 [48]. In addition, in this work, the preparation process of
the CuO/AC adsorbent is facile and suitable for the industrial pro-
duction. Nevertheless, at the low pressure of 15 kPa, the CO2 ad-
sorption capacity of the CuO(0.6)/AC adsorbent is still not ideal.
This work mainly focuses on providing a facile method for the
preparation of CuO/AC adsorbent and evaluating the effect of the
introduction of CuO into AC support on the CO2 adsorption per-
formance. In our future work, the matrix and pore structure of the
AC support will be optimized to further improve the CO2 adsorp-
tion capacity of CuO/AC adsorbents at the low pressure.

In practical applications, the CO2 adsorbents should possess a
stable cyclic adsorption performance. Therefore, in order to verify
the cyclic adsorption performance of the CuO(0.6)/AC compos-
ite, CO2 adsorption at 303 K followed by the desorption under the
vacuum at 473K for 4h on the composite was performed five times
consecutively, and the result is presented in Fig. 7. After the five
adsorption and desorption cycles, the CO2 adsorption capacity of
the CuO(0.6)/AC composite maintains the same adsorption capac-
ity compared with the first cycle, demonstrating its excellent stabil-
ity in the cyclic CO2 adsorption. The above adsorption experimental
results suggest that the synthesized CuO(0.6)/AC composite with
the high CO2 capture capability and adsorption selectivity, and the
good cyclic adsorption capacity is a potential solid material for the
CO2 separation from flue gases.

In a practical TSA process for the CO2 separation utilizing the
obtained CuO(0.6)/AC adsorbent, the selection of a suitable reac-
tor configuration is also crucial to effectively achieve a CO2 multiple
adsorption and desorption cycle. Generally, the adsorption separa-

tion process is carried out in several fixed-bed reactors, i.e., the
adsorption operation on lean adsorbents is performed in part of
the fixed-beds at the low temperature, and the regeneration opera-
tion on rich adsorbents is simultaneously performed in other fixed-
beds at high temperature. For the proposed adsorbent in the pow-
dered form in this work to be used in fixed bed operations, a pre-
vious pelletization step is needed to overcome the prohibitively
high pressure drops. Thus, the powdered CuO/AC samples were
shaped using poly (vinyl alcohol) as the binder with a 10% ratio,
and the shaped samples were extruded into 2 mm strips and cut
into 2-3 mm long column. However, it was found that the CO2

adsorption capacity of the shaped adsorbent was reduced by about
15% compared with the unshaped adsorbent, attributed to the
blockage of the partial pore channels by the binders, resulting in a
decrease of the specific surface area and pore volume. In addition,
the pelletization could lead to the additional intraparticle diffusion
resistance, thus reducing the global adsorption kinetics. Gas-solid
fluidized beds are the viable reactor configurations to process the
fine powdered adsorbents, which are characterized by several advan-
tages, such as high heat and mass transfer rates, good solids mixing,
and ease in controlling and ensuring the uniformity of the bed tem-
perature [62]. In particular, for the large heat releases and high
demand on the heat management capability of the chemisorption
process, a fluidized bed reactor is a suitable choice for ensuring nearly
isothermal conditions. Pröll et al. [63] and Schöny et al. [64] pro-
posed and evaluated a double loop multi-stage fluidized bed sys-
tem for continuous CO2 capture from flue gas streams by a TSA
operation using solid adsorbents, and confirmed that the applica-
tion of the double loop multi-stage system could significantly reduce
the adsorbent circulation rate and the stripping gas demand com-
pared to the single-stage fluidized bed systems, thus greatly reduc-
ing the energy demand of the CO2 capture process. However, the
fluidization of Geldart’s group C ultrafine powders like the adsor-
bents prepared in this work using the conventional fluidization
techniques is expected to be particularly difficult and qualitatively
very poor, especially for high temperature applications, resulting
from the strong interparticle cohesive forces (such as van der Waals,

Fig. 7. The cyclic CO2 adsorption capacity at 100 kPa on CuO(0.6)/
AC with the adsorption at 303 K and desorption at 473 K.
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electrostatic and capillary forces), exhibiting the plug formation,
channeling and agglomeration phenomena [65]. In this framework,
the sound-assisted fluidization technique has been proved by Raga-
nati et al. [66,67] to be a viable technological option to carry out
TSA operations in the case of ultrafine powders. The application
of proper acoustic fields can enhance the fine particles fluidization
and gas-solid contact efficiency, and the sound wave can cause an
efficient breakup of large aggregates yielded by interparticle cohe-
sive forces, thus resulting in a disappearance of channeling and/or
slugging, a uniform expansion of the bed and a improvement of flu-
idization quality [30,62]. Thus, the sound-assisted multi-stage flu-
idized bed system is a promising technological solution for the CO2

capture utilizing the proposed adsorbent in this work.
To estimate the interaction of the CuO(0.6)/AC composite with

CO2 molecules, the adsorption isosteric heat was calculated from
the experimental isotherm data at 293, 303 and 313 K (Fig. 8(a))
utilizing the Clausius-Clapeyron equation. The adsorption equilib-
rium data were correlated using the Sips equation, and the correla-
tion coefficients are summarized in Table 3. From Fig. 8(a), the
CO2 adsorption capacity decreases with increasing the adsorption
temperature, demonstrating an exothermic process of CO2 adsorp-
tion on the CuO/AC composite. At a given CO2 loading, the ad-
sorption isosteric heat was calculated according to Eq. (3), and the
calculated results at different CO2 loadings are presented in Fig.
8(b). As shown in Fig. 8(b), the initial isosteric heat of adsorption
is calculated to be 33.9 kJ/mol, which shows the strong interaction
between the CuO(0.6)/AC composite and CO2 molecules. With
more CO2 loading, the adsorption heat values decrease gradually
over the entire loading range, indicative of the surface energetic het-

erogeneity of the used activated carbon support. In addition, the
adsorption isosteric heat value is in the range of 27.3 to 33.9 kJ/
mol, which is lower than that of chemical adsorption (60-90 kJ/
mol) [68], suggesting that the regeneration of the CuO/AC com-
posites will need a lower energy consumption. Hence, the CuO(0.6)/
AC composite could realize a moderate operation temperature for
the CO2 separation from gas mixtures.

CONCLUSIONS

A series of CuO/AC composites with various CuO contents for
the CO2 capture have been successfully synthesized using Cu(NO3)2

as the copper source by a facile solid-state heat dispersion method.
The XRD and SEM results indicate that after the activation at high
temperatures, the Cu(NO3)2 precursor was well dispersed into the
AC pore channels and converted into the highly dispersed CuO.
After the introduction of CuO, the synthesized CuO(0.6)/AC com-
posite achieves an enhancement in CO2 adsorption capacity and
CO2/N2 adsorption selectivity compared with the AC support, which
are 2.11 mmol/g and 58 at 303 K and 100 kPa, respectively. More-
over, this composite displays a good stability in CO2 adsorption cycles
and could realize a moderate operation temperature. The facile
synthesis process and good CO2 adsorption performance make the
synthesized CuO(0.6)/AC composite a potential solid adsorbent
for the CO2 separation.
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Fig. 8. CO2 adsorption isotherms at different temperatures (a) and isosteric heats of adsorption for CO2 on CuO(0.6)/AC as a function of
CO2 loading (b).

Table 3. Sips fitting parameters for CO2 adsorption on CuO(0.6)/
AC at different temperatures

Parameters qm (mmol/g) b×103 (kPa1) n
CO2 (293 K) 9.83 8.60 1.25
CO2 (303 K) 8.67 7.42 1.22
CO2 (313 K) 7.14 6.30 1.19
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