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AbstractPreviously, we developed a powder-form nanoporous CO-selective adsorbent synthesized via thermal
monolayer dispersion of CuCl on bayerite, showing high CO adsorption capacity (48.5 cm3g1) and a high CO/CO2
selectivity (12.4). For its industrial applications, it is necessary to pelletize it, avoiding pressure-drop problems. Here, we
demonstrate a facile three-step method of pelletizing a CuCl/bayerite: 1) physical mixing of CuCl, methyl-cellulose,
inorganic-binder, and bayerite, 2) pelletizing, and 3) thermal treatment at 573 K under vacuum. The pelletized adsor-
bent shows high CO adsorption capacity (42 cm3g1), CO/CO2 selectivity (12), and commercial-level mechanical
strength (1.3 kgf). Notably, the added methyl-cellulose binder has reducing role that maintains the initial CO adsorp-
tion capacity for 100 days’ exposure to humid air-condition, although CuCl-based adsorbent easily lost CO adsorption
ability owing to oxidation of Cu+ to Cu2+. CuCl2, showing no specific interaction with CO, was converted to Cu+ by the
methyl-cellulose. Thus, adsorbent prepared using CuCl2 instead of CuCl with the methyl-cellulose also showed high
CO adsorption capacity (31.6 cm3 g1) and maintained the initial capacity after seven days’ exposure. The reducing role
of the methyl-cellulose binder allows inexpensive and feasible synthesis of the CO-adsorbent using CuCl2 that can be
easily dispersed on bayerite, without additional reduction treatment.
Keywords: CO-selective Adsorption, CuCl, Bayerite, Methyl Cellulose, Reducing Agent

INTRODUCTION

Carbon monoxide (CO) is generated from various industries and
chemical processes such as steel-making, steam-methane-reform-
ing (SMR), and partial-oxidation (POX) [1-3]. CO is highly toxic
to humans and a poisoning impurity in end-user applications
such as fuel cells that use hydrogen generated from the SMR pro-
cess [2,4], which is normally removed via an additional combus-
tion process before emission [5]. However, carbon monoxide can
be used as a highly valuable starting material of various chemical
products such as syn gas (CO+H2), polyurethane, polycarbonate,
formic acid, acetic acid, and isocyanates [1,6,7], when it is selec-
tively separated from the aforementioned sources containing im-
purities (e.g., CO2, H2, N2, and CH4, as well as CO).

For the selective separation of carbon monoxide, cryogenic dis-
tillation, absorption-based processes, and adsorption-based pro-
cesses are generally used [6,8-12]. Cryogenic distillation is the most
generally applied method and is suitable for large-scale separation,
but it is highly energy-consuming, especially in the case of separa-
tion between carbon monoxide and nitrogen, which have similar
boiling points [11]. The COSORB process is a commercial process

based on CO absorption that affords high CO purity and high
yield, but this process uses an expensive and toxic absorbent,
CuAlCl4/toluene solution [8].

In the adsorption process, which allows less expensive, energy-
saving, and medium-scale separation of carbon monoxide, nano-
porous adsorbents containing transition metal cations such as Ag(I)
and Cu(I) that exhibit strong interaction with CO molecules via -
complexation and  back-bonding are normally used [9,13-19]. In
this process, CO selectivity against other impurities such as CO2,
H2, N2, and CH4 is a key factor to decide the process performance
such as the recovery rate and the productivity of CO product. In
the 1990s, Xie et al. synthesized a CO-selective adsorbent by im-
pregnating CuCl on zeolite Y via thermal monolayer dispersion,
and opened the adsorption-based CO separation field [20]. This
adsorbent exhibited CO adsorption capacity higher than 2.2 mmol
g1 at 298 K but showed similarly high CO2 adsorption capacity.

According to previous reports and our preceding research, the
selection of supporting materials used for dispersing the CuCl com-
ponent is important to obtain high selectivity of CO [21,22]. To
date, various nanoporous materials such as activated carbon, silica
gel, mesoporous silica (e.g., MCM-41, SBA-15, etc.), and meso-
porous alumina have been tested to synthesize highly CO-selec-
tive adsorbents [23-29]. Recently, our research group synthesized
CO adsorbents by dispersing CuCl on boehmite and bayerite,
which are precursor materials of mesoporous alumina, via the
TMD method [21,22]. CuCl/boehmite exhibited 35 cm3 g1 (STP)
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CO adsorption capacity at 293 K and a 12.4 CO/CO2 separation
factor. CuCl/bayerite exhibited somewhat higher CO adsorption
capacity (48.5 cm3 g1, STP) due to its larger surface area (469 m2

g1) and a CO/CO2 separation factor of 16.8. In addition, it exhib-
ited high CO selectivity against N2, CH4, and H2. We confirmed
that bench-scale CO-VPSA (vacuum-pressure swing adsorption)
process using the CuCl/boehmite adsorbent provides high CO
productivity and recovery rate (details are not reported here, due
to a non-disclosure agreement with a company that made a tech-
nology transfer with our institute). This process also shows strong
potential for industrialization.

However, prior to the industrialization of CO-VPSA using our
CO-selective adsorbents, it is necessary to resolve two significant
issues related to the adsorbent. The first is to pelletize the CuCl/
boehmite and CuCl/bayerite adsorbents in powder form. Using
the adsorbents in powder form in an industrial VPSA process causes
a critical pressure drop problem. In typical applications of separa-
tion processes, an adsorbent in a sphere-type or rod-type form
with sufficient mechanical strength is used (normally higher than
1.0 kgf). To pelletize powder-form CO adsorbents with quite uni-
form size, systematic research and technical know-how such as the
selection of suitable binder, uniform mixing of the adsorbent and
the binder species, and uniform extrusion are required. The pellet-
ization of the powder-form adsorbent is not simple technical work
and is based on science.

The second is to avoid oxidation of CuCl species dispersed on
boehmite and bayerite. Cu+ species in a CuCl molecule is easily
oxidized to Cu2+ by water vapor and oxygen present in the atmo-
sphere, and Cu2+ has no specific interaction with CO molecules
[30-32]. In particular, as the CuCl component is highly dispersed
on boehmite and bayerite of nanometer size, the rate of oxidation
increases significantly. We confirmed that the CuCl/boehmite and
CuCl/bayerite lost CO adsorption ability considerably after expos-
ing the adsorbents to humid atmospheric conditions for a day. In
a previous work, Jin et al. added a FeCl2 component as a sacrifi-
cial oxidant to avoid the oxidation of CuCl [33]. However, in our
cases of CuCl/boehmite and CuCl/bayerite, the addition of FeCl2
was not sufficiently effective to reduce the oxidation rate of CuCl,
but rather it reduced the adsorption capacity of CO.

In this work, we proposed a new concept of pelletizing a CuCl/
bayerite adsorbent to a spherical shape while providing sufficiently
high mechanical strength. Methyl cellulose was used as the main
binder species and a small amount of alumina-type inorganic binder
was added to increase the mechanical strength. In the typical pel-
letization method of a commercial adsorbent, an alumina- (or sil-
ica-) type inorganic binder is used as the main binder, while an
organic species such as methyl cellulose is used as a plasticizer and
a macropore-generating agent that is thermally calcined. Notably,
we confirmed that the methyl cellulose that is used as the main
binder species in this work strongly acts as a reducing agent to
maintain the oxidation state of Cu(I) and the initial CO adsorp-
tion capacity for several months.

In our proposed method, it is noteworthy that the thermal dis-
persion of CuCl on the bayerite material, the pelletization of the pow-
der adsorbent, and the generation of a reducing agent for maintaining
the CO adsorption capacity occur simultaneously. The CuCl/bayerite

pellet with quite uniform size was formed via the following steps:
1) physical mixing of cellulose, inorganic binder species, CuCl,
and bayerite, 2) preparing an extrudate-friendly dough of the mix-
ture, 3) pelletizing, and 4) thermal treatment under a vacuum con-
dition. To find the optimum conditions of the pelletization, various
types of organic binders such as methyl cellulose, carboxy methyl
cellulose, propyl methyl cellulose, hydroxypropyl methyl cellulose,
and starch were tested. In particular, the methyl cellulose was
tested by varying the amount used. The possibility of decomposi-
tion and structural change of the organic binder species during the
thermal treatment was confirmed by thermogravimetric (TG) and
FT-IR analyses. The mechanical strength of the pelletized adsor-
bent was also measured. To evaluate the CO adsorption capacity
and CO selectivity of the pelletized CuCl/bayerite adsorbent, ad-
sorption isotherms of the adsorbent for CO, CO2, CH4, N2, O2,
and H2 were measured at 293 K. In addition, to confirm the oxi-
dation resistance of the pelletized adsorbent, the adsorption iso-
therms of CO were measured again after the adsorbent was exposed
to a humid air condition for at least seven days.

To verify the reducing ability of the organic binder species to
CuCl species, we applied the methyl cellulose to CuCl2/bayerite syn-
thesized by the impregnation of CuCl2, which is a further oxidized
state of CuCl and shows no adsorption capacity to CO species. We
then measured the CO adsorption isotherm after thermal treat-
ment of the mixture of methyl cellulose and CuCl2/bayerite adsor-
bent. The conversion of Cu(II) to Cu(I) by the reduction role of
methyl cellulose was confirmed by X-ray photoelectron spectros-
copy (XPS) measurement.

EXPERIMENTAL

1. Reagents
CuCl (97%) was purchased from Sigma Aldrich. CuCl2·2H2O

(97%) was purchased from Samchun Chemicals. Methyl cellulose
(MC), carboxy methyl cellulose (CMC), propyl methyl cellulose
(PMC), hydroxyl propyl methyl cellulose (HMC), and starch that
were tested as organic binder species in this work were commer-
cial products.
2. Preparation of Pellet-type Adsorbent

The pelletization and thermal monolayer dispersion (TMD) of
CuCl on bayerite material were performed at once. Prior to the
pelletization and TMD process, raw bayerite material was activated
by thermal treatment at 623 K (ramping rate=1 K min1) under
nitrogen flow (flow rate=100 cm3 min1) for 6 h, in order to increase
the BET surface area of the bayerite material. The activated bayerite,
CuCl, small amount of inorganic binder, and one type of cellulose
derivatives (MC, CMC, PMC, HMC, and starch) were physically
mixed with composition of 6.4 bayerite: 3.6 CuCl, 1 inorganic
binder: 0.2-1.4 cellulose in weight ratio. With continuous addition
of distilled water with optimum amount, we made elastic dough
of the reagent mixture. This reagent mixture dough was extruded
by high-pressure screw to be rod-shape pellets. The reagent mix-
ture in pellet form was dried at 333 K under vacuum condition for
3 h, and it was heated to 573 K for 12 h for TMD of CuCl.

To confirm the reducing ability of MC species, we also synthe-
sized CuCl2/bayerite pellet adsorbent with the addition of MC. The
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activated bayerite, CuCl2·2H2O, inorganic binder, and MC were
physically mixed with composition of 6.4 bayerite: 3.6 CuCl2·
2H2O, 1 inorganic binder: 1 MC in weight ratio. Following proce-
dures are same as the CuCl/bayerite pellet was synthesized.
3. Physico-chemical Characterization

TA Instruments Q 50 was used to measure TG/DTG curves of
cellulose species. The weight of cellulose sample was monitored
during heating the sample to 573 K with 1 K min1 of ramping rate
under nitrogen flow (flow rate=70 cm3 min1) and consequently
holding the final temperature for 16 h. FT-IR spectra of the ther-
mally treated cellulose derivatives were measured using VERTEX
80v equipped with DTGS detector in the frequency range of 500-
4,000 cm1 under air at room temperature. The structure of the
adsorbents was determined by powder XRD (Rigaku, D/MAX-
2500) using Cu K radiation with a 0.02o step width and 1 s step
time. The morphology and the elemental distribution of the ad-
sorbent were characterized by SEM equipped with EDS (Hitachi,
S-4800). Nitrogen sorption isotherm was taken at 77 K using volu-
metric sorption analyzer (3Flex, Micromeritics). Prior to the mea-
surement, the adsorbent samples were degassed at 573 K under
vacuum for 6 h to remove the adsorbed water or VOC compo-
nents. XPS spectra of various CuCl/bayerite pellet samples were
obtained using MultiLab 2000 (Thermo Scientific, Al K radia-
tion). Adsorption isotherms of CO, CO2, O2, N2, H2, and CH4 were
measured by using volumetric analyzer (Tristar 3020, Micromerit-
ics) at 293 K. Prior to the measurement, the adsorbent samples
were degassed at 573 K under vacuum for 6 h. Adsorption separa-
tion factor was calculated from the ratios of the adsorption amounts
of CO to those of other impurities at 101 kPa.

RESULTS AND DISCUSSION

1. Synthesis of CuCl/Bayerite in Pellet Form
In our previous report [22] we synthesized a CO-selective adsor-

bent in powder form by dispersing CuCl on bayerite via a thermal
monolayer dispersion (TMD) step. We used only CuCl and bayerite
component but no inorganic binder or organic binder species. To
find the synthesis conditions of CuCl/bayerite adsorbent that max-
imize the CO adsorption capacity and CO selectivity, the ratio of
CuCl to bayerite and the TMD temperature were varied. In this
report, the adsorbent exhibited the highest CO adsorption capac-
ity (48.5 cm3 g1 at 293 K) when 30 wt% of CuCl was dispersed on
bayerite at 573K. When 36wt% of CuCl was dispersed on bayerite,
the synthesized adsorbent exhibited CO adsorption capacity of
41.6 cm3 g1 and the highest CO/CO2 separation factor (35.5).

In this work, we synthesized a CuCl/bayerite-type CO-selective
adsorbent in pellet form via a simple method using a cellulose-
type organic species as the main binder and an alumina-type inor-
ganic binder additive for enhancing the mechanical strength of the
adsorbent pellet. The CuCl/bayerite pellet with quite uniform size
was formed via the following steps: 1) physical mixing of methyl
cellulose, inorganic binder species, CuCl, and bayerite, 2) making
an extrudate-friendly dough of the mixture, 3) pelletizing, and 4)
thermal treatment at 573 K under a vacuum condition (see Fig. 1).
We confirmed that the cellulose-type organic species acts as a strong
binder to form a pellet of CuCl/bayerite adsorbent while simulta-
neously acting as a reducing agent to maintain the oxidation state
of CuCl and the initial CO adsorption capacity of the adsorbent
for several months. We explain the details of the reducing role of
the cellulose species in Section 3.5.
2. Transformation of Cellulose Species at TMD Temperature

As mentioned, a cellulose-type organic species was used as the
main binder to make the CuCl/bayerite adsorbent in pellet form.
Various types of cellulose derivatives, methyl cellulose (MC), car-
boxy methyl cellulose (CMC), propyl methyl cellulose (PMC),
hydroxyl propyl methyl cellulose (HMC), and starch were tested
as organic binder species to form the CuCl/bayerite pellet. Prior to
measuring the physico-chemical properties and CO adsorption
properties of the thus synthesized CuCl/bayerite pellet (see Sec-
tion 3.3), we confirmed the transformation of the cellulose deriva-
tives at 573 K, which is the temperature for the TMD step of CuCl.
Fig. 2 shows TG/DTG curves of MC, CMC, PMC, HMC, and
starch, which were measured while heating the cellulose deriva-
tives to 573 K under a nitrogen flow. All the cellulose derivatives
exhibited a two-step weight loss tendency: the first weight loss at
temperature lower than 373 K and the second steep weight loss at
temperature higher than 473 K. These TG/DTG curves show a sim-
ilar pattern to those of previously reported typical carbon-based
additives [34-38]. Below 473 K, MC, PMC, HMC, CMC, and starch
lost 1.8%, 1%, 1%, 3.5%, and 5% of initial weight, respectively, due
to dehydration from the cellulose species. Above 473 K, the five
celluloses further lost weight via depolymerization, fragmentation,
degradation, and carbonization [38-41]. After heating from 473 K
to 573 K, and maintaining the final temperature for 8 h, MC,
PMC, and HMC retained 15% of carbon residues. CMC and starch
retained larger amounts of carbon residues: 45% and 37%, respec-
tively. The carbon residues derived from the cellulose derivatives
appear black after the TG/DTG analyses. This indicates that the
cellulose-type organic binder might be transformed to carbon resi-
due while making the CuCl/bayerite pellet, and a small amount of

Fig. 1. Process of the preparation of CuCl/bayerite pellet using cellulose derivatives as binder species.
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carbon residue is still present in the CuCl/bayerite pellet, maintain-
ing the pellet shape of the adsorbent as a binder species. Notably, the
CuCl/bayerite pellet appears blackish after the TMD process.

To understand the transformation of cellulose derivatives at high
temperature, molecular structures of the carbon residues derived
from MC were characterized by FT-IR and XRD analyses. Fig. 3(a)
shows the FT-IR spectra of pristine MC and carbon residue derived
from MC by heating at 573 K. The pristine MC shows a strong IR
peak in the ranges of 1,300-800 cm1 and 4,000-3,400 cm1: the
former corresponding to C-O-C/C-O stretching and the latter cor-
responding to O-H stretching. These strong peaks of the pristine
MC are ascribed to the presence of hydroxyl groups and ether
groups in cellulose monomer. However, after heat treatment at
573 K, these peaks disappeared significantly, while peaks in the
range of 1,600-1,400 cm1 (C=C stretching) became larger. This
indicates that the pristine cellulose was fully dehydrated and many

glycoside bonds in the cellulose were broken at 573 K [41-45].
Meanwhile, the cellulose species transformed to char-type carbon
residue containing sp2 carbon (C=C bond).

Fig. 3(b) shows XRD patterns of the pristine MC and the car-
bon residue derived from MC by heating at 573 K. The pristine
MC shows two strong and sharp peaks centered at 7.5o and 20o of
two theta, and this pattern corresponds to the typical XRD pat-
tern of MC [41,42]. This result means that the pristine MC has a
somewhat ordered structure. However, after heat treatment at
573 K, these peaks almost fully disappeared, while a broad peak
centered at 22.5o (corresponding to amorphous carbon species)
appeared. This result indicates that the MC species loses its par-
tially ordered structure during the heat treatment at 573 K.
3. Physico-chemical Properties and CO Adsorption Proper-
ties of CuCl/Bayerite Pellet

To synthesize a CuCl/bayerite pellet, we used activated bayerite

Fig. 2. (a) TG and (b) DTG curves of MC, PMC, HMC, CMC and starch taken while heating to 573 K under nitrogen flow.

Fig. 3. (a) FT-IR spectra and (b) XRD patterns of pristine MC and carbon residue derived from MC through heat treatment at 573 K under
nitrogen flow.
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that was prepared via calcination of a pristine bayerite material at
573 K, because the BET external surface area of the bayerite in-
creases significantly as transformed to - and -phase alumina
species via the activation process [22]. The weight ratio of CuCl to
bayerite was fixed at 3.6/6.4, and the TMD temperature was fixed
at 573 K. The type of cellulose derivatives and the amount of the
cellulose derivatives were varied to optimize the synthesis condi-
tions of the CuCl/bayerite pellet. However, most physico-chemical
characterizations for the CuCl/bayerite pellet such as BET mea-
surement, XRD measurement, SEM/EDS analysis, and mechani-
cal strength measurement were performed for a standard sample
(bayerite :CuCl : inorganic binder, MC=6.4 :3.6 :1 :1 in weight ratio),
in comparison with previous characterization results of a CuCl/
bayerite powder sample reported in our previous work [22].

Fig. 4(a) shows XRD patterns of the thus synthesized CuCl/
bayerite pellet and activated bayerite. The CuCl/bayerite pellet sam-
ple shows small and broad XRD peaks centered at 14o, 19o, 28o,
38o, and 46o of 2 theta, and these peaks are representative XRD

peaks of activated bayerite material. No XRD peak for CuCl, CuCl2,
or CuO species appeared. This result demonstrates that CuCl was
highly dispersed on the activated bayerite material with very small
particle size and the pristine CuCl species was not oxidized during
the synthesis of the CuCl/bayerite pellet. High dispersion of CuCl
on the bayerite material was also confirmed by SEM/EDS mea-
surement (see Fig. 4(c)). An SEM image of the CuCl/bayerite pel-
let shows agglomerates of round-shaped particles with similar
particle morphology to that of bayerite particles. No distinct parti-
cle with a typical morphology of CuCl crystals was observed. An
EDS elemental mapping image of the sample verifies that Cu ele-
ment from CuCl and Al element from bayerite are well dispersed
in the entire range of the adsorbent particles. The CuCl species
might be well dispersed as the CuCl/bayerite powder sample was
prepared previously, although MC was added in this work to pel-
letize the CuCl/bayerite adsorbent.

The porous texture of the CuCl/bayerite pellet was character-
ized by N2 sorption analysis. Fig. 4(b) shows the N2 sorption iso-

Fig. 4. (a) XRD pattern, (b) N2 sorption isotherm (taken at 77 K), and (c) SEM/EDS images of CuCl/bayerite pellet.
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therm of the CuCl/bayerite pellet measured at 77K, and the isotherm
has a type-IV curve shape, which is a typical shape of a mesoporous
material. The BET surface area and total pore volume of the CuCl/
bayerite pellet were 129 m2 g1 and 0.14 cm3 g1, respectively. These
values are much smaller than the BET surface area and the total
pore volume of CuCl/bayerite powder (see Ref. [22]). This result
indicates that the addition of binder species partially blocked the
pore structure of the CuCl/bayerite particles.

Nevertheless, thus synthesized CuCl/bayerite pellet shows a simi-
lar CO adsorption capacity to that of CuCl/bayerite powder. Fig.
5(a) shows CO adsorption isotherms (taken at 293 K) of a series of
CuCl/bayerite pellet samples synthesized using the same amounts
of different types of cellulose derivatives (MC, CMC, HMC, PMC,
and starch). The adsorption amounts of CO under 101 kPa of CO
gas at 293 K were measured for all the samples, and the values are
provided in Table 1. All the adsorbent pellets show similar curve
shapes of CO adsorption isotherms. The CO adsorption capacity

was the smallest (37.2 cm3 g1) when PMC was used as the binder
species, but this value is quite high compared to previous CO ad-
sorbents reported elsewhere [21,23,46]. CO adsorption capacity of
42.4 cm3 g1 was achieved when MC was used as the binder spe-
cies. According to a previous report, 30 wt% CuCl/bayerite pow-
der (no addition of MC) and 36 wt% CuCl/bayerite samples ex-
hibited CO adsorption capacities of 48.5 cm3 g1 and 41.6 cm3 g1,
respectively. In the case of the present CuCl/bayerite pellet sam-
ple, the CuCl content was calculated to be 32 wt% relative to the
entire adsorbent considering the amount of carbon residues derived
from the MC binder and the amount of inorganic binder addi-
tive. Considering this CuCl content, the CO adsorption capacity
(42.4 cm3 g1) appears to be a reasonable value as compared to the
previous CuCl/bayerite powder samples, and the addition of MC
does not allow a decrease of CO adsorption capacity.

The CuCl/bayerite pellet also exhibited high CO selectivity to
CO2, H2, N2, and CH4 species, on par with the CuCl/bayerite pow-

Fig. 5. CO adsorption isotherms (taken at 293 K) of CuCl/bayerite pellet samples synthesized using various types of cellulose derivatives: (a)
fresh samples, and (b) samples exposed to humid air-condition for seven days.

Table 1. CO adsorption capacity of various CuCl/bayerite pellet samples and CuCl2/bayerite pellet sample

Composition (in weight ratio)
Adsorbed amount of CO(cm3/g)

Pristine After 7 days of exposure
to humid air-condition

6.4 bayerite : 3.6 CuCl: inorganic binder: 0.2 MC 48.8 09.6
6.4 bayerite : 3.6 CuCl: inorganic binder: 0.6 MC 46.9 34.4
6.4 bayerite : 3.6 CuCl: inorganic binder: 1 MC 42.4 42.7
6.4 bayerite : 3.6 CuCl: inorganic binder: 1.4 MC 32.2 33.2
6.4 bayerite : 3.6 CuCl: inorganic binder: 1 CMC 40.5 40.4
6.4 bayerite : 3.6 CuCl: inorganic binder: 1 HMC 37.3 38.7
6.4 bayerite : 3.6 CuCl: inorganic binder: 1 PMC 37.2 37.3
6.4 bayerite : 3.6 CuCl: inorganic binder: 1 Starch 40.9 39.6
6.4 bayerite: 3.6 CuCl2·2H2O: inorganic binder: 1 MC 31.6 31.4
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der. Fig. 6 shows adsorption isotherms of the CuCl/bayerite pellet
sample for CO, CO2, H2, N2, and CH4 species, and they reveal that
the CuCl/bayerite pellet sample exhibited very small adsorption
capacity for all the species except for CO. The CuCl/bayerite pel-
let shows separation factors of 12.6 for CO/CO2, 352 for CO/N2,
81 for CO/CH4, and 162 for CO/H2. For comparison, according to
a previous paper [22], CuCl/bayerite powder shows separation
factors of 16.8 for CO/CO2, 542 for CO/N2, 187 for CO/CH4, and
48.9 for CO/H2. Although the CuCl/bayerite pellet shows some-
what smaller CO selectivity to all other impurities except for H2

than the powder form, the separation factor values are still remark-
ably high in terms of application of this adsorbent pellet for sepa-
ration of CO from other impurities.

To assess the possibility of this CuCl/bayerite in application to a
commercialized separation process, we evaluated two important
requirements of the adsorbent: mechanical strength and recyclabil-
ity of the adsorbent from the viewpoint of CO adsorption. We
used a hardness measuring instrument (IMADA, Digital Force
Gauge Push-Pull DPS-20R) to measure the mechanical strength of
the CuCl/bayerite pellet, and the resultant mechanical strength was
averaged from ten measurements. The CuCl/bayerite pellet shows
mechanical strength of 1.3 kgf, and this mechanical strength is suf-
ficiently high, as considering that typical zeolite-type commercial
adsorbents show mechanical strength of approximately 1.0 kgf. To
assess the recyclability of the CuCl/bayerite pellet, we repeated mea-
surements of the CO adsorption isotherms at 293 K three times.
Between each measurement, the adsorbent pellet was evacuated at
573 K for 6 h to desorb the adsorbed CO molecules. Fig. 7 shows
the results of the recyclability test, exhibiting that the CuCl/bayerite
pellet has the same CO adsorption capacity after the evacuation/
regeneration treatment at 573 K. This means that the adsorbent
pellet can be completely regenerated by simple evacuation treatment.

4. Long-term Resistance of CuCl/Bayerite Pellet Against Oxi-
dation

The present CuCl/bayerite-type CO-selective adsorbent was pre-
pared by dispersing CuCl species that show strong interaction with
CO molecules on activated bayerite. It is well known that the Cu+

cations in CuCl are easily oxidized to Cu2+ and lose their CO ad-
sorption ability [30-32]. In our preliminary study to prepare a CuCl/
bayerite pellet, interestingly we confirmed that CuCl species appear
to be rarely oxidized. In addition, the CuCl/bayerite-pellet still shows
similar CO adsorption capacity to the initial CO adsorption capacity
of the fresh sample after exposing the adsorbent to the atmosphere
for several days. In contrast, the CuCl/bayerite powder adsorbent
that was synthesized without adding MC species was easily oxi-
dized after exposure for just a few days. The color of the powder
adsorbent changed to green, which means the CuCl species is oxi-
dized, and the powder adsorbent exhibited significantly reduced
CO adsorption capacity. We assumed that the MC species used to
make the adsorbent pellet was transformed to char-type carbon
residue during the TMD process and it has a special function of
restricting the oxidation of CuCl species.

To confirm the anti-oxidation function of carbon residue derived
from the MC organic binder, we prepared a series of CuCl/bayerite
pellet adsorbents by using different amounts of MC organic binder
(bayerite : CuCl : MC=6.4 : 3.6 : 0.2, 0.6, 1 or 1.4, in weight ratio).
We measured CO adsorption isotherms of fresh samples of the
adsorbents at 293 K, and the isotherms are shown in Fig. 8(a).
After the isotherm measurements, the adsorbent samples were
exposed to a humid air condition at room temperature for seven
days, and then CO adsorption isotherms were measured again for
the adsorbent samples (see Fig. 8(b)). The amounts of CO adsorp-
tion for both fresh and exposed adsorbent samples were mea-
sured under 101 kPa at 293 K, and these values are provided in

Fig. 6. Sorption isotherms (taken at 293 K) of CuCl/bayerite pellet
synthesized using MC (6.4 Bayerite: 3.6 CuCl: 1 MC) for CO,
CO2, N2, CH4, H2, and O2. The sorption isotherms were also
plotted in logarithm scale, and included as an inset of this
figure.

Fig. 7. CO sorption isotherms (taken at 293 K) of CuCl/bayerite pel-
let sample synthesized using MC (6.4 Bayerite: 3.6 CuCl: 1
MC), measured three times with including a regeneration step
(at 573 k under vacuum for 6 h) in between each measure-
ment.
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Table 1. As shown in Fig. 8 and Table 1, the CO adsorption amount
of fresh adsorbent gradually decreased from 48.8 cm3 g1 to 32.2
cm3 g1 as the ratio of MC was increased from 0.2 to 1.4. This ten-
dency is sufficiently predictable, because the ratio of CuCl species
to entire adsorbent decreases with an increase of the MC content.
After seven days of exposure, the CO adsorption capacity of the
adsorbents changed dramatically. When 0.2 MC (smallest amount
of MC addition) was used to make the CuCl/bayerite pellet, the
CO adsorption amount was reduced from 48.8 cm3 g1 (fresh sam-
ple) to 9.6 cm3 g1 after seven days of exposure. This result means
that the adsorbent was oxidized quite significantly and lost 80% of
its initial CO adsorption capacity. When 0.6 MC was used, the CO
adsorption amount was reduced from 46.9 cm3 g1 to 34.4 cm3 g1.
In this case, the rate of decrease of CO adsorption capacity due to
the exposure was 27% and this value was much smaller than the
case of using 0.2 MC. The use of 0.2 or 0.6 MC appears to be
insufficient to maintain the oxidation state of the CuCl and initial
CO adsorption capacity. In contrast, the adsorbent samples syn-
thesized using a larger amount of MC (i.e., 1.0 MC and 1.4 MC)
completely maintained the initial CO adsorption capacity even
after seven days of exposure. More notably, the CuCl/bayerite pel-
let adsorbent synthesized from the precursor mixture with a
weight ratio of 6.4 bayerite: 3.6 CuCl: 1.0 MC maintains 90% of
the initial CO adsorption capacity after 100 days of exposure.

In this systematic study, it is determined that the carbon resi-
due derived from the MC organic binder has a strong function to
resist the oxidation of CuCl species in the pellet adsorbent under a
humid air condition. In addition, the use of MC with at least a 1.0/
10 MC/(CuCl+bayerite) weight ratio is necessary to maintain the
oxidation state of the CuCl and the initial CO adsorption capac-
ity. When other cellulose derivatives such as CMC, HMC, PMC,
and starch were used as binder species with a 1.0/10 MC/(CuCl+
bayerite) weight ratio, we confirmed that the initial CO adsorp-
tion capacity can be completely maintained after seven days of
exposure (see Fig. 5(b) and Table 1).

5. Reducing role of Methyl Cellulose to CuCl/Bayerite Pellet
It is noteworthy that the use of cellulose allows pelletization of

the CuCl/bayerite adsorbent (role of main binder species) and simul-
taneously prevents the oxidation of CuCl species in the adsorbent
(role of anti-oxidation agent or reducing agent). It is clear that the
use of cellulose derivatives species is effective to maintain the CO
adsorption capacity, according to the comparative measurements
of CO adsorption isotherms for the fresh CuCl/bayerite pellet ad-
sorbent and the adsorbent sample exposed to a humid air condi-
tion for seven days. However, the results do not provide direct evi-
dence to clarify the exact role of carbon residue derived from the
cellulose species to the CuCl/bayerite pellet. We propose two pos-
sible mechanisms whereby the carbon residue could retain the CO
adsorption capacity: 1) the carbon residue physically interrupts the
adsorption of oxygen species, which is a strong oxidizing agent to
the CuCl species, without any reactant role, or 2) the carbon resi-
due continuously reduces the oxidized state of CuCl species to
recover the strong CO adsorption ability.

To confirm the possibility of the first mechanism, we compara-
tively measured oxygen adsorption isotherms at 293 K for both
CuCl/bayerite adsorbents in powder form (synthesized without
adding MC) and in pellet form (synthesized with MC). Fig. 9 pres-
ents the oxygen adsorption isotherms of the two adsorbent sam-
ples, which show almost the same oxygen adsorption capacity.
Both adsorbent samples adsorbed a very small amount of oxygen
at 293 K. The addition of MC appears to have no specific effect to
interrupt the adsorption of oxygen species to CuCl species.

To confirm the possibility of the second mechanism, we applied
MC to the CuCl2/bayerite-based adsorbent. A CuCl2/bayerite adsor-
bent was synthesized via the same route as employed for CuCl/
bayerite, except for using CuCl2·2H2O instead of CuCl. CuCl2 is a
further oxidized form of CuCl, and it is known to have no strong
interaction with CO molecules, in contrast to CuCl [30-32]. Nev-
ertheless, CuCl2 (especially hydrated form) is highly water-soluble
and inexpensive, and as such has been used to synthesize CO-

Fig. 8. CO adsorption isotherms (taken at 293 K) of CuCl/bayerite pellet samples synthesized using different amount of MC: (a) fresh sam-
ples, and (b) samples exposed to humid air-condition for seven days.
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selective adsorbents [47-49]. The CuCl2 species can be well dis-
persed on nanoporous supporting materials via simple wetness
impregnation, but it should be reduced to Cu+ species that strongly
interact with CO molecules.

Fig. 10 shows XPS spectra and XRD patterns of CuCl2/bayerite
samples that were thermally treated at 573 K under a vacuum
condition, with the addition of MC and without MC. For compar-
ison, XPS spectra and XRD patterns of CuCl and CuCl2·2H2O were
also provided. As shown in Fig. 10, CuCl2/bayerite powder sam-
ple synthesized without MC shows XPS peaks corresponding to
Cu2+ species, centered at binding energy of 963 eV, 952 eV, 942 eV,
and 932 eV and a sharp and strong XRD peak corresponding to
CuCl2 species, centered at 16o of two theta. Meanwhile, this sam-

Fig. 9. O2 sorption isotherms (taken at 293K) of CuCl/bayerite pow-
der sample (without using MC) and pellet sample (with using
MC).

Fig. 10. (a) XPS spectra and (b) XRD patterns of CuCl2/bayerite powder samples (prepared without using MC) and pellet samples (with
using MC).

Fig. 11. CO adsorption isotherms (taken at 293 K) of CuCl2/bayerite
powder sample and pellet sample, as pristine and as exposed
to humid air-condition for seven days.

ple exhibited no distinct XPS or XRD peaks of Cu+ species. This
indicates that the CuCl2/bayerite powder sample still has Cu2+ spe-
cies after thermal treatment. On the other hand, the CuCl2/bayerite
pellet sample that was synthesized using MC binder species via
thermal treatment shows strong XPS peaks corresponding to Cu+

species, centered at 951 eV and 931 eV, and a tiny (due to high
dispersion of Cu+ species) XRD peak for CuCl, centered at 27o,
and it does not show any distinct XPS or XRD peaks of Cu2+ spe-
cies. Moreover, this CuCl2/bayerite pellet sample shows the same
XPS spectrum after seven days of exposure of the sample to a
humid air condition, indicating that Cu+ species in this sample
retains its oxidation state. It is interesting that the Cu2+ species in
the CuCl2/bayerite mixture was completely converted to Cu+ spe-
cies through thermal treatment at 573 K in the presence of MC
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species and the oxidation state was not returned to Cu2+ by expo-
sure to air.

CO adsorption isotherms of these CuCl2/bayerite powder and
CuCl2/bayerite pellet samples show consistent results with those of
the XPS and XRD analyses. As shown in Fig. 11, the CuCl2/bayerite
powder sample exhibited small CO adsorption capacity (10 cm3 g1

under 101 kPa at 293 K), as compared to the CuCl/bayerite pellet
samples. This is because the CuCl2/bayerite mostly has Cu2+ spe-
cies showing no specific interaction with CO molecules (see also
Fig. 10). However, the CuCl2/bayerite pellet sample synthesized
with MC exhibited high CO adsorption capacity (31.6cm3 g1 under
101 kPa at 293 K). Considering that the same weight of CuCl and
CuCl2·2H2O was used to synthesize the CuCl/bayerite pellet and
CuCl2/bayerite pellet samples, respectively (that is, the CuCl2/bayerite
pellet sample has a smaller amount of Cu species than the CuCl/
bayerite pellet), the CuCl2/bayerite pellet sample appears to show
comparable CO adsorption capacity to the CuCl/bayerite pellet
sample. In addition, the CuCl2/bayerite pellet sample can closely
maintain the initial CO adsorption capacity even after seven days
of exposure of the sample to a humid air condition (see Fig. 11).

According to the above results of XPS, XRD, and CO adsorp-
tion measurements, our second proposed mechanism of MC spe-
cies is feasible. The MC species transformed to carbon residue
during thermal treatment, and we confirmed that the carbon resi-
due has sufficiently strong reducing power to convert Cu2+ to Cu+.
As well as the CuCl2/bayerite pellet sample, the carbon residue is
expected to retain the oxidation state of Cu+ species in the CuCl/
bayerite pellet sample by its reducing role. The reducing role of
carbon species in various industrial fields was reported in a few
previous papers [50-52]. The use of MC enables pelletization of
the CuCl/bayerite adsorbent and protects the CuCl species against
oxidation, and it is also meaningful that the use of MC enables the
synthesis of a readily CO-selective adsorbent using a CuCl2 com-
ponent. As mentioned above, CuCl2 is highly water-soluble and
inexpensive, while affording an easy preparation method (simple
wetness impregnation instead of TMD) and low production cost
of CuCl in the preparation of a CuCl-based CO adsorbent. How-
ever, it is necessary to reduce CuCl2 to CuCl via an additional treat-
ment step, before its use in CO adsorption, and it is difficult to
reduce selectively Cu2+ to Cu+ without generating the fully reduced
Cu(0) metallic state. In this work, we demonstrated that it is possi-
ble to synthesize a readily CO-selective adsorbent using CuCl2
with MC, without an additional reduction treatment, and thus the
synthesized adsorbent shows sufficiently high CO adsorption capacity.

CONCLUSION

For application of this adsorbent in the real field of adsorption/
separation processes, we synthesized a CuCl/bayerite pellet using a
cellulose derivative binder and an inorganic binder additive. Vari-
ous types of cellulose derivatives such as MC, CMC, HMC, PMC,
and starch with varied amounts were tested to find the best organic
binder to make a CuCl/bayerite pellet showing high mechanical
strength and high CO adsorption properties. We confirmed that
the CuCl/bayerite pellet can be synthesized with high mechanical
strength (1.3 kgf) sufficient for use in separation processes, and this

adsorbent pellet still shows high CO adsorption capacity (42.4 cm3

g1) and high CO selectivity against other components (separa-
tion factors of 12.6 for CO/CO2, 352 for CO/N2, 81 for CO/CH4,
and 162 for CO/H2), when MC is used as the binder species. The
MC binder species was carbonized and converted to carbon resi-
due during the TMD step, and this carbon residue might retain
the shape of the adsorbent pellet.

More notably, we discovered that the carbon residue derived
from the MC binder species has another critical role in the CuCl/
bayerite pellet adsorbent of serving as a reducing agent for CuCl
species. The CuCl/bayerite pellet adsorbent that was synthesized
using MC species completely retained the initial CO adsorption
capacity even after seven days of exposure of the adsorbent to a
humid air condition (retaining 90% of CO adsorption capacity for
100 days), while the CuCl/bayerite powder adsorbent synthesized
without using MC species significantly lost CO adsorption ability
in just a few days of exposure. We confirmed that the carbon resi-
due has strong reducing power sufficient for reducing Cu2+ to Cu+

at 573 K. Because of the dual function of MC (binder species and
reducing agent), it is possible to synthesize a CuCl/bayerite-based
CO adsorbent in pellet form that shows high CO adsorption capac-
ity, CO selectivity, and longevity via a simple method. In addition,
the use of MC allows the synthesis of a CO adsorbent using CuCl2
species, which is much cheaper and easier to be impregnated than
CuCl, without an additional complicated reduction process to con-
vert CuCl2 to Cu(I) species. The present CuCl/bayerite adsorbent
in pellet form can be used in CO-separation processes in various
CO-generating fields such as the steel-making industry, steam-
methane-reforming (SMR) processes, and partial-oxidation (POX)
processes.
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