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a b s t r a c t

Trimethylamine (TMA) is the main agent for the odor often associated with fouling fish, some infections,
and bad breath. This study focused on the adsorption of TMA over various microporous zeolites for
application in the low-temperature deodorization of fishy odor from raw fish oil. The faujasite (Si/Al = 3)
zeolite exhibited the high adsorption ability, which, in combination with its wide surface area and pore
vailable online 28 July 2009
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volume, may have induced the high adsorption ability. The H-mordenite (Si/Al = 10) zeolite exhibited a
large TMA adsorption. It was considered to have generated more attractive adsorption with TMA ions,
because TMA interacted briskly with cations of acid sites on the zeolites. The fishy odor of raw fish oil
was considerably reduced by low-temperature adsorption on the zeolites. The surface area of the zeolites
retained most of the TMA adsorption ability, and their acid strength further enhanced the adsorption
ish oil
eodorization

ability.

. Introduction

Fish oils obtained from whole fish, as well as technological fish
y-products, are becoming more extensively used in feeding farm
nimals as they constitute a valuable ingredient of mixtures and
odder concentrates both for monogastric animals and ruminants
1–4]. Fish oils are a chief source of energy; specifically, polyun-
aturated fatty acids (PUFAs) belonging to the omega-3 family
re synthesized in limited quantities in the body of animals and
umans and therefore are of immense physiological significance.
ish oils are rich sources of docosahexaenoic and eicosapentaenoic
cids and a limited number of plant oilseeds are good sources of
ther PUFAs [5–7].

PUFA-containing fats and oils have peculiar, unpleasant smells.
or example, fish oils have fishy smells. Thus, such oils are not used
o widely in food ingredients. However, fish oils can be rendered
asteless and odorless by deodorization. It is still difficult to prevent
he recurrence of fishy and other unpleasant smells. Despite the

se of odor suppressors and masking agents to hide such smells,
heir effects are short-lived, so that they cannot offer a fundamental
olution to the odor problem. It remains impossible to sufficiently
uppress fishy odors.
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esearch Institute for Catalysis, Chonnam National University, Gwangju 500-757,
epublic of Korea. Tel.: +82 62 530 1843; fax: +82 62 530 1924.
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Deodorization, the major step involving high temperatures
(180–220 ◦C) under low pressure (1–10 mbar), is a common pro-
cess used for the refining of edible fats and oils. The effect of
deodorization temperature has been evaluated on the formation
of long-chain PUFAs (LC-PUFAs) geometrical isomers [8,9]. Deodor-
ization represents a critical step in the refining process as it involves
high temperature that could induce degradation reactions [10,11].
Among these reactions, polymerization, geometrical isomerization
and intramolecular cyclization are favored in the conditions used
for deodorization of oils [10]. Cyclization, which is a minor reac-
tion occurring in heat treated vegetable oil, has been found to be a
significant, thermally induced reaction in oils containing LC-PUFAs
[12–14]. This method may degrade the major component in fish
oil. Therefore, research should focus on a low-temperature removal
method for fishy odor to prevent fish oil from degradation.

TMA is a product of decomposition of plants and animals. With
its strong fishy odor in low concentrations, TMA is the main agent
for the odor often associated with fouling fish, some infections, and
bad breath. It is also associated with taking large doses of choline
and carnitine. Zeolites are microporous crystalline solids with well-
defined structures. Generally, they contain silicon, aluminum and
oxygen in their framework and cations. As catalysts, zeolites exhibit
appreciable acid activity and shape selective features unlike the

compositionally equivalent, amorphous catalysts [15,16]. Zeolite
is an efficient adsorbent for the treatment of low concentration
pollutants [17].

This study focused on the adsorption of TMA over vari-
ous microporous zeolites for application in the low-temperature

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:likeu21@hanmail.net
dx.doi.org/10.1016/j.jhazmat.2009.07.081
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to obtain sufficient external surface.
The nitrogen adsorption isotherms are shown in Fig. 1. The

isotherms of nitrogen on the H-MFI(25) and H-MOR(10) zeo-
lites showed typical Langmuir characteristics, which is a usual
adsorption isotherm for zeolites since their micropores are filled
K.-H. Chung, K.-Y. Lee / Journal of H

eodorization of fishy odor from raw fish oil. The TMA adsorption
ehaviors of various zeolite catalysts with different surface areas
nd acidities were investigated. The acidic properties of the zeo-
ites with three different zeolite species and various Si/Al molar
atios were evaluated by NH3 temperature programmed desorption
NH3-TPD) analysis. The influences of the physicochemical proper-
ies of the zeolites on TMA removal were discussed in relation to
MA adsorption.

. Materials and methods

.1. Preparation of zeolite catalysts

The MFI zeolites were synthesized with four different Si/Al
olar ratios through hydrothermal reaction of a synthetic mix-

ure composed of colloidal silica (Aldrich, Ludox, 40 wt% SiO2),
luminum hydroxide (Fluka, >64%), potassium hydroxide (Daejung,
85%) and deionized water. The synthetic mixture was aged for 72 h
nd heated at 190 ◦C for 48 h. The Si/Al molar ratio of the synthe-
ized MFI zeolites ranged from 25 to 335. The other MFI zeolites
ere purchased from Zeolyst Co. The Na-type MFI zeolites were

reated with ammonium nitrate (Duksan, >99%) of 0.5N at 60 ◦C
o exchange their cations to ammonium ions. H-type MFI (H-MFI)
eolites were obtained by calcining at 550 ◦C for 6 h in air.

The mordenite zeolite (Si/Al = 10) purchased from Tosoh Co. was
sed as a starting material. The H-type mordenite (H-MOR) zeolites
ere obtained by ion exchange according to the method mentioned

bove. The H-type faujasite (H-FAU) zeolites were prepared from
he Na-type FAU zeolite (Na-FAU; Union Carbide, Si/Al = 3) by ion
xchange with a 2 M NH4NO3 (Aldrich, 99%) solution at 80 ◦C. After-
ards, the samples were filtered, washed and dried for 12 h at

00 ◦C. We denoted the prepared H-form zeolites according to the
ramework type code of the zeolites (H-MFI, H-MOR, H-FAU) and by
riting their Si/Al molar ratios in parentheses after the code name.

.2. Characterization of zeolite catalysts

The X-ray diffraction (XRD) patterns of the zeolites were
ecorded on an X-ray diffractometer (Rigaku D/Max Ultima III)
perating under 40 kV and 40 mA with a 2◦/min scan rate. Cu K� X-
ay was filtered by nickel. The morphology and sizes of the zeolites
ere examined by a scanning electron microscope (SEM, Hitachi S-

900). The Si/Al molar ratios of the MFI zeolites were determined
sing an inductively coupled plasma-atomic emission spectrom-
ter (ICP-AES; PerkinElmer, OPTIMA 4300 DV). The values of the
OR zeolites were measured by X-ray fluorescence (PANalytical,

W1400) detection. For the purchased zeolites, the values defined
y the manufacturers were adopted.

Nitrogen adsorption isotherms were obtained at liquid nitro-
en temperature by an automatic volumetric adsorption system
Mirea SI, nanoPOROSITY-XQ). The zeolite samples were evacuated
t 150 ◦C for 2 h prior to nitrogen adsorption. Thermogravimet-
ic analysis (TGA) of the zeolites collected from the adsorption
xperiment after adsorption equilibrium had been reached was
onducted using thermogravimetry (Metler, TGA/SDTA 851e). TGA
as performed in air condition with a ramping rate of 10 ◦C/min.

NH3-TPD profiles of the zeolites were obtained using a
hemisorption analyzer (Bel Japan, BELCAT). The zeolite samples
ere activated in a helium flow at 550 ◦C for 1 h, and then cooled to

50 ◦C. Ammonia pulses were supplied to the zeolite samples until

aturation. The samples were purged with a helium flow at 150 ◦C
or 1 h to remove physically adsorbed ammonia. The temperature
f the zeolite sample was increased to 600 ◦C with a ramping rate
f 10 ◦C/min. The number of acid sites on the zeolite surface was
efined from the peak deconvolution to the measured spectrum.
ous Materials 172 (2009) 922–927 923

2.3. TMA adsorption on the zeolites

TMA was adsorbed over the zeolites in a batch-type reactor
equipped a mechanical stirrer and a water-cooled condenser. The
50 ml TMA (TCI, 28%) solution (0.1 mol/l) was charged, and then
stirred in a 500 ml round bottom flask at 50 ◦C. Raw fish oil (50 ml)
was also employed as an adsorbate in the adsorption experiment
to evaluate the odor removal by adsorption. The fish oil was kindly
donated by Chemport Co. (Korea). The zeolites (1.0 g) were added
into the solution as an adsorbent. The stirring speed to the solu-
tion was controlled at 350 rpm. TMA concentration was analyzed
by a gas chromatograph (Shimadzu, 9A) equipped with a capillary
column (HP-1, i.d.: 0.32 mm, length: 50 m, film thickness: 0.17 �m)
and an FID detector. The fractional TMA concentration was deter-
mined from the ratio of the TMA concentration at processing time
to the initial TMA concentration.

2.4. Measurement of fishy odor

The odors of raw fish oil (20 ml) and fish oil (20 ml) deodorized
by adsorption on the zeolites were measured by an odor meter
(Shinyei, OMX-SR) in a hexagon box (V = 8l) controlled at 25 ◦C.
Deodorization rate was determined from the equation as following:

Deodorization rate (%) = Iraw − Ide

Iraw
× 100 (1)

where Iraw means odor intensity to the raw fish oil, and Ide means
odor intensity to the fish oil deodorized by adsorption.

3. Results and discussion

3.1. Physical properties of the zeolites

The XRD patterns of the zeolites were identical with those pub-
lished in a previous literature [18], indicating that the zeolites used
in this study were highly crystalline. The particle sizes of the zeo-
lites, as defined by the SEM photos, were about 1.5 �m for the FAU
and MFI zeolites, and slightly larger at 1.5–2.0 �m for the MOR
zeolite. The particle size of all the zeolites was distributed in the
range of 0.2–2.0 �m. Comparatively small particles were selected
Fig. 1. N2 isotherms of the zeolites.
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Table 1
Structural properties and adsorption amounts of TMA on the zeolites.

Zeolite Pore size (Å) BET surface area (m2/g) Micropore volumea (cm3/g) Amount of TMA adsorbed on
the zeoliteb (mg/g of zeolite)

H-FAU(3)
7.4 × 7.4[1 1 1]

574 0.23 87.7
Na-FAU(3) 571 0.22 33.4
H-MOR(10) 6.5 × 7.0[0 0 1] 419 0.17 63.9

Na-MFI(25)

5.1 × 5.5[1 0 0], 5.3 × 5.6[0 1 0]

415 0.12 21.3
H-MFI(25) 413 0.12 26.5
H-MFI(46) 405 0.13 20.1
H-MFI(75) 407 0.13 14.7
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FAU) are shown in Fig. 3(A). The TMA adsorption on the zeo-
lites reached an equilibrium after 10 h. More than 80% of the TMA
was adsorbed on all three H-FAU(3), Na-FAU(3), and H-MOR(10)
zeolites, with the former zeolite exhibiting the largest TMA adsorp-
H-MFI(335) 418

a The values were determined from the nitrogen adsorption isotherm using Saito
b These values were determined from the TGA results for the zeolites collected fr

ith adsorbed nitrogen even at very low pressures. The large
dsorption on the H-FAU(3) zeolites was attributed to their large
oid fraction. The Brunauer–Emmett–Teller (BET) surface area
nd micropore volume determined from the isotherms are sum-
arized in Table 1. The FAU(3) zeolite had the largest surface

rea. The MFI zeolite had a narrow pore entrance compared with
hat of the other zeolites, and its pore shape resembled a bent
ore channel with a zigzag type. The MOR zeolite had a wide
ore entrance and a straight pore channel. Nevertheless, the sur-
ace areas of the two zeolites were similar apart from their pore
tructure.

.2. Acidic properties of the zeolites

The acidic properties of the zeolites varied according to the
eolite species, even though the Si/Al molar ratios of the zeo-
ites had been controlled to be similar. Fig. 2 shows the NH3-TPD
rofiles of the three zeolite species and of the H-MFI zeolites
ith four Si/Al molar ratios. The TPD technique is widely used

o examine the general acidic feature of a catalyst [19–21]. The
umber of acid sites of the catalysts can be determined from the
esorption peak area of ammonia. Acid strength can be evalu-
ted by the maximum peak temperature (Tmax) of the desorption
eak in relation to the activation energy for the desorption of
mmonia.

The desorption peaks observed at 350–550 ◦C were attributed to
trong acid sites, whereas those at 150–250 ◦C revealed weak acid
ites or physically adsorbed ammonia. The H-MOR zeolites exhib-
ted acid sites that were larger and stronger than those of the other
eolites, as shown in Fig. 2(A). The FAU(3) zeolites only had many
eak acid sites. It revealed that the acid strength of the Na-type

eolites was weaker than that of H-type zeolites. The number of
trong acid sites varies according to the spatial conformations of the
i–O–Al bonds determined by zeolite skeletal, while the number of
cid sites is related to the Si/Al molar ratio [20].

In order to evaluate the adsorption properties on the same zeo-
ite species with various acidities, the H-MFI zeolites with four
ifferent Si/Al ratios were employed in the reaction. The NH3-TPD
rofiles of the four H-MFI zeolites are shown in Fig. 2(B). The strong
cid sites of the H-MFI zeolites were significantly decreased with
ecreasing Al content in the zeolite framework. In addition, the Tmax

f the strong acid site was slightly shifted toward a lower temper-
ture. Katada et al. [22,23] suggested that the acid strength can be
efined as �H in their proposed theoretical thermodynamic equa-
ion. They proposed that Tmax is affected by the A0W/F, where A0

eans the number of acid sites, W means amount of catalyst, and F

s a flow rate of ammonia. If the W/F was fixed, the Tmax is affected
y the number of acid sites (A0). Therefore, it seems that the small
ariation in Tmax of NH3-TPD between H-MFI zeolites with a large
ifference of the number of acid sites was due to the difference of
he number of acid sites.
0.14 3.0

y method [24].
e adsorption experiments after adsorption equilibrium of TMA had been reached.

3.3. TMA adsorption on the zeolites

Fig. 3 shows the TMA adsorption behaviors of the zeolites. The
fractional concentration indicates the ratio of TMA concentration
at processing time to the initial TMA concentration. The adsorp-
tion behaviors of TMA on the three zeolite species (MFI, MOR,
Fig. 2. NH3-TPD profiles (A) of the three zeolite species, and of the H-MFI zeolites
with four different Si/Al molar ratios (B).
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the H-MFI zeolites with four different Si/Al molar ratios is shown
in Fig. 5. The desorption curves of TMA-TPD were determined from
the TGA results of the zeolites that had adsorbed TMA. The desorp-
tion peak shown at 350–500 ◦C was attributed to the desorption of
ig. 3. Fractional concentration of adsorbed TMA (A) on the three zeolites, and (B)
n the H-MFI zeolites with four different Si/Al molar ratios.

ion of all. The FAU zeolite has a weaker acid strength, compared
o the other zeolites, but a wider pore size and a larger surface
rea. Moreover, the FAU zeolite has a void supercage in its pore
tructure, which, in combination with its wide surface area, may
ave induced the high adsorption ability. Therefore, we attributed
he high TMA adsorption of the H-FAU zeolite to its large surface
rea.

Despite having a small surface area of size similar to that of
he H-MFI zeolite, the H-MOR(10) zeolite exhibited a large TMA
dsorption compared to the H-MFI zeolites. The H-MOR(10) zeo-
ite has stronger acid sites than those of the other zeolites, as shown
n the NH3-TPD results (see Fig. 2(A)), and this increased strength

as considered to have generated more attractive adsorption with
MA ions, because TMA interacts briskly with cations of acid sites
n the zeolites. Therefore, the H-MOR(10) zeolite adsorbed as much
MA as the FAU(3) zeolite did, despite its smaller surface area. This
ndicated that both the acid strength and the surface area of the zeo-
ites affected the TMA adsorption. The TMA adsorption behaviors

n the H-MFI zeolites with the four Si/Al molar ratios are shown in
ig. 3(B). The zeolite acidity decreased with increasing Si/Al molar
atio, because the Al atoms acted as the acid sites in the zeolite
ramework. The H-MFI(25) zeolite exhibited the highest adsorp-
Fig. 4. TGA results of the zeolites collected from the adsorption experiments.

tion ability. The adsorption ability improved with decreasing Si/Al
molar ratio.

Fig. 4 shows the TGA results of the zeolites collected from the
TMA adsorption experiment after adsorption equilibrium had been
reached. The weight loss of the zeolites at 100–150 ◦C was derived
from the vaporization of water sorbed on the zeolites. The second
weight loss appeared from 300 to 500 ◦C was derived from the des-
orption of TMA adsorbed on the zeolites. The amount of this second
weight loss indicates the amounts of TMA adsorption on the zeo-
lites, which are listed in Table 1. The adsorption was largest on
the H-FAU(3) zeolite. In the H-MFI zeolites with four different Si/Al
molar ratios, which have similar surface areas, the TMA adsorp-
tion amount decreased with decreasing acid strength of the H-MFI
zeolites.

The temperature programmed desorption of TMA (TMA-TPD) on
Fig. 5. TMA-TPD of the H-MFI zeolites with four different Si/Al molar ratios.



9 azardous Materials 172 (2009) 922–927

T
w
a
t
l
a
a
M
r
l
r
c

F
s

26 K.-H. Chung, K.-Y. Lee / Journal of H

MA on the acid sites of the zeolites. The desorption peaks increased
ith increasing Al content in the zeolite framework. The H-MFI(25)

nd H-MFI(46) zeolites exhibited a similar magnitude of desorp-
ion peaks, but the Tmax of the former was higher than that of the
atter, which was due to the difference of their acid site contents,
s defined in the NH3-TPD results. Therefore, the TMA adsorption
mount on the H-MFI(25) zeolite was larger than that of the H-
FI(46) zeolite, as shown in Fig. 3(B). With increasing Si/Al molar
atio, the desorption peaks were reduced and the Tmax of the zeo-
ites was slightly shifted toward a lower temperature. These results
epresent further evidence suggesting that the number of acid sites
an increase the TMA adsorption on the same zeolite species.

ig. 6. Relationship between TMA adsorption and the structural properties: (A)
urface area, (B) Al content, and (C) micropore volume.
Fig. 7. Deodorization rate of raw fish oil by adsorption on the zeolites at 50 ◦C.

Fig. 6 shows the TMA adsorbed on the zeolites related to the
physical properties of the zeolites. The adsorption of TMA on the
zeolites did not show a relationship with the surface area of the zeo-
lites as shown in Fig. 6(A). The adsorption amount of TMA increased
with increasing the number of acid sites in the H-MOR and H-MFI
zeolites which have similar surface areas and micropore volumes
(Fig. 6(B)), except for the H-FAU(3) zeolite. On the contrary, the
adsorption amount of TMA was increased in proportional with their
micropore volume in the adsorption of the different zeolite species
such as H-FAU, H-MOR, and H-MFI zeolites (Fig. 6(C)). It seems
that a lager difference of micropore volume led the difference of
adsorption abilities for TMA on the zeolites, and the number of acid
sites affected to the adsorption abilities for the TMA on the zeolites
which have similar physical properties such as micropore volume
and surface area.

3.4. Deodorization of fish oil by adsorption

The results of the deodorization of fish oils by adsorption on the
zeolites are shown in Fig. 7. The deodorization efficiency was high
on the H-FAU(3) zeolites, in line with the TMA adsorption results
shown in Fig. 3(A). Approximately 60% of the odor of the raw fish
oil was removed by adsorption on the H-FAU(3) zeolite at 50 ◦C,
indicating the potential of the zeolite adsorption ability to consid-
erably remove the fishy odor in fish oil. To summarize the study
results, the fishy odor of raw fish oil was effectively reduced by low-
temperature adsorption on zeolites without the fish oil suffering
any degradation reaction.

4. Conclusions

The zeolite catalysis demonstrated an ability to remove 65% of
the TMA by adsorption in solution. The TMA adsorption ability of
the zeolites decreased in the following order: H-FAU > H-MOR > H-
MFI zeolite. This result was explained by fact that the micropore
volume of the zeolites retains most of the TMA adsorption abil-
ity, and their number of acid sites further enhanced the adsorption
ability. The TMA adsorption was larger on the H-type zeolites than
on the Na-type zeolites. The fishy odor was considerably reduced
by low-temperature adsorption on zeolites.
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