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Abstract−The adsorptive removal of tetrahydrothiophene (THT) was carried out over transition metal ion-exchanged
Na-Y zeolites. CuNa-Y, CoNa-Y, NiNa-Y and FeNa-Y were prepared by a conventional ion exchange method from
Na-Y using the nitrate solutions of corresponding metals. N2 physisorption, inductively coupled plasma-atomic emission
spectroscopy (ICP-AES) and X-ray diffraction were conducted to characterize adsorbents. The temperature pro-
grammed desorption (TPD) of THT was also perfomed to probe the interaction between the adsorbent and the THT.
The crystal structure of Y-zeolite was completely destroyed in FeNa-Y, which resulted in a insignificant amount of
adsorbed THT. The breakthrough capacity, which is defined as the amount of sulfur adsorbed on the adsorbent before
detecting sulfur species by PFPD, decreased in the following order CuNa-Y>CoNa-Y>NiNa-Y>>FeNa-Y. For interac-
tion between THT and adsorbent, a TPD peak appeared over CoNa-Y at the highest temperature, which implies that
the strongest interaction can be made between THT and Co2+ in CoNa-Y.
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INTRODUCTION

Natural gas (NG) can be a promising hydrogen source for fuel
cell applications because it is abundant in nature and easy to deliver
as a city gas through well-distributed pipeline networks. Generally,
the city gas contains organic sulfur compounds such as tert-butyl-
mercaptan (TBM), dimethylsulfide (DMS) and tetrahydrothiophene
(THT) as odorants for detecting leakage of the gas. These organic
sulfur compounds should be removed for natural gas to be used as
a hydrogen source for the fuel cell because they can irreversibly
deactivate fuel processing catalysts and fuel cell electrodes [1,2].
Among various desulfurization methods, the adsorptive removal of
sulfur species from fuels has been widely investigated because this
can be more effective for the small-scale process compared with the
conventional hydrodesulfurization (HDS) [3,4]. The former system
can be operated at low temperatures and pressures without addi-
tional hydrogen supply [5,6].

Until now, the adsorptive removal of sulfur species has been car-
ried out over various adsorbents such as porous carbon materials
[7], metal impregnated oxides [8], X zeolite [9-11], ZSM-5 [12],
β-zeolite (BEA) [13-15], and Y-zeolite [16-22]. Among them, β-
zeolite and the ultra stable Y-zeolite (USY) have been reported to
offer particularly high adsorption capacity [23]. In the case of BEA,
it was reported that the addition of metal could increase the adsorp-
tion capacity of sulfur compound [14,15]. Among Y zeolites, Ag-
Y and Cu-Y zeolites have been reported to offer high adsorption ca-

pacity for thiophene and its derivatives via specific π-interactions
[3,17]. Previous studies have focused on the adsorptive removal of
sulfur odorants using Ag-Y zeolites [20-22].

Among organic sulfur compounds, comparatively fewer works
have been reported on the adsorptive removal of THT compared
with those on TBM or DMS [6,11,13-15,22-29]. Furthermore, no
relevant work has been conducted on the interaction between THT
and the adsorption sites in metal-ion-exchanged Y zeolites. In this
study, we prepared some transition metal-ion-exchanged Na-Y ad-
sorbents and examined the adsorption and desorption characteris-
tics of THT.

EXPERIMENTAL

A powder form of Na-Y zeolite (320NAA, Tosoh Co., Japan,
the molar ratio of Si/Al=2.81) was used as the precursor for metal
ion-exchanged Y (MNa-Y) zeolites. Na-Y zeolite was pretreated at
773 K for 3 h with dry air. Cu(NO3)2 (Aldrich, 99.9%), Co(NO3)2

(Junsei, 98%), Ni(NO3)2 (Junsei, 97%), and Fe(NO3)3 (Junsei, 98%)
were dissolved into deionized water for its concentration to be 0.1
M. Then Na-Y zeolite was added in these solutions (15 ml solu-
tion/g Na-Y), and kept at 333 K for 3 h with stirring. After an ion-
exchange procedure, the slurry containing MNa-Y was filtered and
MNa-Y was rinsed with the deionized water several times and dried
at 383 K overnight. Finally, MNa-Y zeolites were pretreated at 773
K for 4 h with dry air.

The surface area of Na-Y and MNa-Y was analyzed with an Au-
tosorb-1 apparatus (Quantachrome) at liquid N2 temperature. Be-
fore analysis, the sample was vacuum treated at 473 K for 2 h. The
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specific micropore volume was determined by the t-plot method
[30].

The composition of the ion-exchanged samples was analyzed
by inductively coupled plasma-atomic emission spectroscopy (ICP-
AES, JY-70Plus, Jobin-Yvon). Temperature programmed desorption
(TPD) of THT adsorbed on the adsorbents was conducted over 30
mg of sample at a heating rate of 10 K/min monitoring thermal con-
ductivity detector (TCD) and mass signals using an AutoChem 2910
unit (Micromeritics) and a mass spectrometer (QMS 200, Pfeiffer
Vacuum), respectively, after THT was loaded on the adsorbent at
313 K by a pulse injection. XRD patterns were obtained by using
Cu Kα radiation (λ=1.5406 Å) with a Rigaku D/MAC-III instru-
ment at room temperature.

Sulfur uptake on the adsorbents was measured at 303 K and at-
mospheric pressure by using a small fixed bed reactor with adsor-
bents. A feed gas of 100 ppm THT balanced with CH4 was fed to
the reactor, in which 0.10 g of adsorbents was charged, at a flow rate
of 55 ml/min. Before the sulfur uptake measurements, all the adsor-
bents were pretreated at 773 K for 1 h with dry air. The effluent from
the reactor was analyzed by gas chromatograph (Donam, DS6100)
with a pulsed flame photometric detector (PFPD) and a flame ion-
ization detector (FID). The breakthrough uptake was defined as the
amount of sulfur adsorbed on the adsorbent before detecting sulfur
species by PFPD (the lower detection limit of PFPD=~50 ppb S).
The total uptake was calculated by the following formula:

In this equation, F is the molar flow rate of the feed, M is the weight
of the adsorbent, Cin is the sulfur concentration in the feed, Cef is
the sulfur concentration in the effluent, and t is the time.

RESULTS AND DISCUSSION

Table 1 shows the physical properties of the parent Na-Y and
metal ion-exchanged MNa-Y. The molar ratio of metal ions to alu-
minum in the sample increased in the following order: CuNa-Y<
CoNa-Y<NiNa-Y. This implies that the ion-exchangeability of ions
increases in the same order. The total concentration of ions consid-
ering the divalent nature of transition metal ions such as Cu2+, Co2+,

and Ni2+ was determined to be almost same with the concentration
of aluminum metal in the sample, which can support that all the
metal ions are present in the ionic state not metal oxides. On the
other hand, larger amounts of Fe3+ were determined to be present
in FeNa-Y, which corresponded to the double of the quantity cal-
culated based on the assumption that Fe3+ and Na+ can occupy the
ion-exchangeable site formed by the presence of aluminum in the
structure of Y-zeolite. This fact implies that some of Fe species can
be present as iron oxides. The molar ratios of SiO2/Al2O3 in CuNa-
Y, CoNa-Y, and NiNa-Y were determined to be similar to that of
parent Na-Y, which can be interpreted as that the dealumination did
not occur during the ion-exchange procedure. On the other hand,
the molar ratio of SiO2/Al2O3 in FeNa-Y was determined to be larger
than that of parent Na-Y, which implies that dealumination can pro-
ceed during the sample preparation. The BET surface areas and the
normalized surface areas for Na-Y, CuNa-Y, CoNa-Y and NiNa-Y
were determined to be similar to each other. However, much smaller
corresponding values were obtained for FeNa-Y. This also strongly
supports that the zeolite structure of FeNa-Y is destroyed signifi-
cantly during the sample preparation. The specific micropore vol-
ume decreased in the following order: CuNa-Y>CoNa-Y>NiNa-Y.

The oxidation state of metal species in MNa-Y prepared by the
same procedure taken in this work has been well documented. Silver,
copper, cobalt, and nickel species in MNa-Y can be present as Ag+

[31], Cu2+ [32], Co2+ [33], and Ni2+ [34], respectively. In the case of
CuNa-Y, the auto reduction from Cu2+ to Cu+ has been reported to
occur during heat treatment above 350 oC [35]. Therefore, the oxi-
dation state of copper in CuNa-Y might be +1 after the pretreat-
ment in this work. However, in the case of FeNa-Y, it was reported
that the Fe(III) solutions with Na-Y induced precipitation of Fe(OH)3

and disintegration of the zeolite structure [36]. This can be con-
firmed by XRD patterns as shown in Fig. 1. For all MNa-Y except
FeNa-Y, the crystalline structure of Na-Y was maintained after an
ion-exchange procedure. However, no characteristic XRD peaks
of Y zeolite can be found in FeNa-Y. Therefore, CuNa-Y, CoNa-Y,
and NiNa-Y were selected for further studies in this work.

The adsorption characteristics with a feed composed of 100 ppm
THT in CH4 were examined over CuNa-Y, CoNa-Y, and NiNa-Y
as shown in Fig.2. The general adsorption pattern with time on stream
can be divided into three steps. At the first step, no detectable THT

total sulfur uptake = 
F
M
----- Cin  − Cef( )dt.

0

t

∫

Table 1. The physical properties of metal ion-exchanged MNa-Y

Sample BET surface area
(m2/g)

Normalized surface areaa

(103 m2/g-Al)
Micropore volume

(cc/g)
Na/Al

(mol/mol)
Metal/Al
(mol/mol) Fb SiO2/Al2O3

(mol/mol)
Na-Y 702.4 6.3 0.3208 1.07 0.00 1.00 5.60
CuNa-Y 706.9 6.1 0.3133 0.51 0.24 0.99 5.16
CoNa-Y 707.2 6.1 0.3080 0.43 0.27 0.97 5.13
NiNa-Y 656.0 5.7 0.2920 0.40 0.30 1.00 5.28
FeNa-Y 159.2 1.7 0.0434 0.25 0.57 1.96 6.40

aThe surface area was normalized with Al content in each sample, 

bThe fraction of occupied ion-exchangeable sites calculated by the following formula

where [Na+]MNa-Y and [Mn+]MNa-Y is the concentration of each metal ions in MNa-Y and [Na+]Na-Y is the concentration of Na+ in the parent Na-Y

SAl
m2

gram − Al
-----------------------⎝ ⎠
⎛ ⎞

 = S m2

gram  − sample
----------------------------------⎝ ⎠
⎛ ⎞ gram of sample

weight of Al in the sample
---------------------------------------------------------------×

F = 
Na+[ ]MNa-Y + n Mn+[ ]MNa-Y×

Na+[ ]Na-Y

---------------------------------------------------------
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was found in the effluent stream. After a while, THT could be de-
tected in the effluent stream and its concentration increased with
time on stream, and finally the THT concentration in the exit reached
the same concentration in a feed and was maintained. The time when

the THT could be detected in the effluent stream was dependent on
the kinds of adsorbent and increased in the following order: NiNa-
Y<CoNa-Y<CuNa-Y. The breakthrough uptake and the total up-
take over these adsorbents were calculated and displayed in Fig. 3.
For all data, the THT uptake was normalized based on the amount
of structural aluminum to circumvent the effect of mass of each metal
ion on the specific adsorption capacity (mol THT/g). The total up-
take and the breakthrough uptake decreased in the following order:
CuNa-Y>CoNa-Y>NiNa-Y. The total uptake is in line with the
specific micropore volume. A comparison of the breakthrough up-
take was made among different adsorbents as listed in Table 2. The
breakthrough uptake of CuNa-Y was found to be a little lower than
that of AgNa-Y. The lower price of these transition metals may com-
promise this lower uptake capacity. Anyway, it can be concluded
that the THT uptake must be affected by the kind of metal ions in
MNa-Y.

The interaction between THT and an adsorbent can be probed
with the temperature-programmed desorption (TPD) technique after
adsorption of THT on the adsorbent. These TPD patterns were ob-
tained for four metal ion-exchanged Na-Y as shown in Fig. 4. As a
reference, the TPD pattern for the parent Na-Y is also displayed. A
major THT desorption peak appeared at ~470 K for Na-Y indicat-
ing strong adsorptive interactions between THT and the adsorption
sites in Na-Y. A small peak also appeared at ~370 K due to desorp-
tion of the weakly adsorbed THT molecules. For CuNa-Y, rather

Fig. 1. XRD patterns of Na-Y, CuNa-Y, CoNa-Y, NiNa-Y and Fe
Na-Y.

Fig. 3. The breakthrough uptake and the saturation uptake of THT
on CuNa-Y, CoNa-Y, and NiNa-Y.

Fig. 2. Concentration profiles of THT in the effluents measured
as a function of time during THT adsorption over CuNa-
Y, CoNa-Y, and NiNa-Y. The feed gas composed of 100 ppm
of THT in CH4 balance was fed to the reactant with GHSV
of 10,000 h−1.

Table 2. Comparison of the breakthrough uptake of THT among
various adsorbents

Adsorbent Breakthrough capacity
(mg of THT/g) Reference

CuNa-Y 131.7 in this study
H-USY 079.0 [11]
3% Fe/BEA 127.7 [13]
16.7% AgNO3/BEA 041.1 [14]
H-BEA 014.9 [15]
Na-Y 104.9 [22]
24.4% AgNa-Y 137.5 [22]
GaAl-Y 017.4 [26]
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broad TPD peaks can be found with maxima at ~380, ~480, and
580 K. A shoulder TPD peak at ~360 K also appeared. Two sepa-
rate peaks can be observed over CoNa-Y in which the low-temper-
ature TPD peak at ~470 K with a shoulder at ~360 K and the high-
temperature TPD peak at ~640 K can be monitored. In the case of
NiNa-Y, two adjacent TPD peaks with maxima at ~380 and ~480 K
can be found at low temperatures. A much weaker broad TPD peak
with maxima at ~390 and ~430 K was observed over FeNa-Y. In
the previous work, we assigned the TPD peak at ~470 K to the de-
sorption peak of THT from Na+ in Na-Y [22]. Therefore, the high
temperature peaks at ~580 K, ~640 K, and 480 K can be due to the
desorption of THT from Cu+, Co2+, and Ni2+ in MNa-Y. It is gen-
erally accepted that a high temperature TPD peak means that there
is a stronger interaction between an adsorbent and an adsorbate.
However, this interpretation can be successfully made only when
the adsorbate does not decompose during the TPD experiment. In
the previous work, we found that some of the adsorbed THT was
decomposed over AgNa-Y at high temperatures during the TPD
experiment. Therefore, we also analyzed the effluent stream by mass
spectroscopy.

For all mass data, four representative m/e values, such as 34, 41,
56, and 88, were selected and presented in Fig. 5. The presence of
THT in the effluent stream can be confirmed by m/e=41 and m/e=
88. Although m/e=56 can be observed from THT, its relative in-
tensity appeared to be larger over MNa-Y than the theoretical value
observed over H-Y or Na-Y. This implies that some of adsorbed

Fig. 5. The ionic current during temperature-programmed desorption (TPD) of THT adsorbed on H-Y (a), Na-Y (b), CuNa-Y (c), CoNa-
Y (d), and NiNa-Y (e).

Fig. 4. Temperature-programmed desorption (TPD) patterns of
THT adsorbed on FeNa-Y, NiNa-Y, CoNa-Y, CuNa-Y, and
Na-Y.
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THT might be decomposed into C4H8 and H2S in the presence of
metal ions during TPD experiment. The decomposed products such
as C4H8 and H2S can be estimated with m/e=56 and m/e=34, respec-
tively. For all mass data, the TPD profiles of m/e=41, 56, and 88
were identical to TPD patterns presented in Fig. 4. This result im-
plies that the THT as well as C4H8 from THT evolves during the
TPD experiment simultaneously. Some sites in MNa-Y must be
responsible for the decomposition of THT. The peak position in the
TPD profile of m/e=34 appeared to be similar to those of TPD pat-
terns in Fig. 4. However, the relative peak intensities at different
temperatures in the TPD profile of m/e=34 do not correspond to
those of TPD pattern in Fig. 4. A larger peak intensity in the TPD
profile of m/e=34 can be observed for all samples at high tempera-
tures. This result implies that some H2S formed at low temperatures
desorbed at high temperatures. Based on the TPD patterns deter-
mined with the thermal conductive detector as well as the mass spec-
troscopy, the interaction between THT and metal ions in MNa-Y
decreased in the following order: Co2+>Cu+>Ni2+.

CONCLUSION

Among metal ion-exchanged MNa-Y such as CuNa-Y, CoNa-
Y, NiNa-Y and FeNa-Y, CuNa-Y showed the largest breakthrough
and total THT uptake. The total THT uptake is in line with the spe-
cific micropore volume. The interaction between THT and the metal
ions decreased in the following order: Co2+>Cu+>Ni2+. Some of THT
were decomposed into C4H8 and H2S over MNa-Y during the TPD
experiment. C4H8 desorbed at the same temperature with THT, but
some of H2S still adsorbed at low temperatures and desorbed at high
temperatures.
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