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Abstract Dimethyl disulfide (DMDS) and dimethyl sul-

fide (DMS) are non-polar, stable, organic sulfur com-

pounds found in liquefied petroleum gas, and their

oxidation in the atmosphere results in the formation of

tropospheric sulfur dioxide, which is subsequently con-

verted into sulfuric acid, as the main factor of acid rain. In

the present study, adsorption processes were devised based

on the use of modified zeolite impregnated with rare-earth

metals (Ce, La or Pr) for the adsorption of DMDS and

DMS, and their sorption capacities were compared with

that of commercial zeolite [Zeolite-Y, Ultra Stable

Y(USY)]. The adsorption capacities of adsorbents were

tested using a micro liquid flow reactor at room tempera-

ture. USY impregnated with cerium oxide (UC-10) had

excellent DMDS and DMS adsorption capacities as com-

pared with the other adsorbents tested. It was found that

impregnation of USY with rare-earth metal such as Ce

improved the sulfur adsorption capacity of zeolite. The

form of the Ce promoter impregnated into USY was

determined by FT-Raman spectroscopy. Adsorbents were

characterized by X-ray fluorescence spectrometer, X-ray

diffraction, and BET and the results obtained are discussed.

Keywords Adsorbent � Adsorption � Organic sulfur

compounds � DMDS � DMS

1 Introduction

Dimethyldisulfide (DMDS) and dimethylsulfide (DMS) are

non-polar, stable, organic sulfur compounds which are

present in liquefied petroleum gas (LPG) (Andersen et al.

2012). During the LPG production process, DMDS and

DMS compounds are produced from organic sulfur com-

pounds like methylmercaptan (MM) and ethylmercaptan

(EM), which are more toxic and have stronger smells than

DMDS or DMS compounds. However, sulfur compounds

like DMDS and DMS must be removed, because both are

converted into SOx when LPG is combusted, and SOx is a

known precursor of acid rain, and its emission into the

atmosphere is controlled and monitored based on regula-

tions of many governments, including those of the EU and

USA, as well as Korea. Furthermore, environmental regu-

lations regarding the release of sulfur compounds to the

atmosphere have been gradually strengthened (Bentley and

Chasteen 2004), and thus, sulfur removal is an important

step during LPG manufacture and is achieved using the

merox process. During this process, sulfur concentrations

are reduced by converting MM and EM to DMDS or DMS,

respectively. However, using this process it is not possible

to reduce the levels of sulfur compounds like DMDS and

DMS to below 1 ppm (Basu et al. 1993). In addition, the

alternative process, catalytic hydrodesulfurization (HDS) is

the conventional method, though it is a highly inconvenient

and very expensive process (Gochi et al. 2005). To
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decrease sulfur compound levels to less than 1 ppm,

adsorption processes (based on the use of adsorbents like

activated carbon, zeolite, and metal oxides), absorption

(Eric et al. 2012), catalytic oxidation (Devulapelli and

Demessie 2008; Demessie and Devulapelli 2009), plasma

destruction (Chen et al. 2012, Jarrige and Vervisch 2007),

and photo catalytic oxidation (Chen and Jang 2012,

Demeestere et al. 2005; He et al. 2009, Jo and Hwang

2011) processes have been devised. However, these pro-

cesses, with the exception of adsorption, consume much

energy (Hwang and Tai 2010), and thus adsorption pro-

cesses have attracted considerable attention. Various

adsorbents have been applied to the manufacture of liquid

natural gas (LNG), gasoline, diesel, and wastewater treat-

ment processes. In particular, adsorbents have been devised

to remove organic sulfur compounds like mercaptan-base,

thiophene-base, and methyl sulfide-base compounds in

LNG. Cui and Turn (2009) and Hwang and Tai (2011)

reported on the DMS adsorption properties of modified

activated carbon impregnated with iron chlorides and of

ion-exchanged zeolites. Bashkova et al. (2002) and Kim

and Yie (2005) reported that modified activated carbon

with a micro-pore size and activated carbon impregnated

with copper chloride exhibited improved adsorption

capacities for organic sulfur compounds, such as MM and

DMDS. Caleron et al. (2012) reported the adsorption

properties of an iron nano-particle adsorbent in a batch

reactor with respect to the removal of DMDS. Park et al.

(2010) investigated the removals of organic sulfur com-

pounds, such as, the MM, EM, DMDS, and DMS, from C4

oil using modified zeolites impregnated with alkali-metal

carbonates (Park et al. 2011). The sulfur adsorbing

capacities of these adsorbents ranged from 2.5 to 4.0 mg

S/g sorbent, but they were not investigated with respect to

regeneration or long-term stability. Rare earth metal oxide

based adsorbents, like CeO2 based adsorbents, have been

studied with respect to the selective removal of organic

sulfur compounds from gasoline, diesel, and jet fuel (Wa-

tanabe et al. 2003, 2004). Furthermore, CeO2 is known to

be an excellent support and promoter for the removal of

SOx from flue gas and natural gas. Watanabe reported on

the sulfur adsorption properties of CeO2-based adsorbents

with respect to the removal of organic sulfur compounds

from gasoline. It was found that the sulfur adsorption

capacities of La-CeO2 and Y-CeO2 adsorbents were very

high at about 8.5 mgS/g sorbent, but that their regeneration

properties and long-term stabilities were not examined

(Watanabe et al. 2004). Thus, despite numerous efforts to

develop adsorbents capable of removing organic sulfur

compounds from fossil fuels, all adsorbents described in

the literature have some limitations, such as, low sulfur

adsorption capacity, unknown regeneration properties, or

dubious long-term stability. Furthermore, the effects of real

LPG on adsorbent characteristics have not yet been

evaluated. In the present study, to improve the ability to

adsorb sulfur-containing compounds, we produced adsor-

bents by impregnating with rare-earth metals Ce, La, and

Pr and investigated their performances in a liquid flow

reactor. In addition, we examined their regenerative

abilities and long-term stabilities, as their abilities to

process real LPG.

2 Experiment

2.1 Preparation of adsorbents

In this work, the various modified adsorbents were pre-

pared to remove sulfur compounds from LPG and were

tested using a fixed liquid flow reactor. The modified

adsorbents, that is, USY-based adsorbents promoted with

the rare-earth metals Ce (cerium), La (lanthanum) and Pr

(promethium) were prepared by an impregnation method.

These adsorbents are named UC-10, UL-10, and UP-10,

respectively. The amount of rare-earth metal used was

calculated to 10 wt% of the adsorbent. The precursors used

were cerium nitrate [Ce(NO3)3], lanthanum nitrate

[La(NO3)3] and promethium nitrate [Pr(NO3)3], each of

which was dissolved in water. USY commercial adsor-

bent was added to the rare-earth metal solutions, each of

which were stirred for 12 h at room temperature, evap-

orated to dryness using evaporator, and then heat treated

at 150 �C for 4 h followed by 400 �C for 12 h. Com-

mercial adsorbents, namely, zeolite Y and USY (Ultra-

Stable Y) were used to compare the sulfur adsorption

capacities of the prepared adsorbents. Information of the

commercial zeolite Y and USY adsorbents are summa-

rized in Table 1. Zeolite Y and USY were purchased

from Sigma Aldrich and UOP, respectively. The cation

type of both commercial adsorbents is Na? form, and the

Si/Al ratios are 1.5(Zeolite Y) and 2.9(USY), respec-

tively, as determined by X-ray fluorescence spectrometer

(XRF) analysis. The particle sizes of both commercial

adsorbents were below 3 lm.

Table 1 Information of the commercial Zeolite Y and USY

adsorbent

Commercial

sample name

Company Si/Al

ratio

Type of

cation

Particle size

(lm)

Zeolite Y Sigma

Aldrich

1.5 Na? \3

USY UOP 3.0 Na? \3

The Si/Al ratio was measured by XRF analysis
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2.2 Standard solution preparation and experimental

conditions

To evaluate the sulfur adsorbing capacities of the adsor-

bents, we used a standard solution, which was prepared by

adding DMDS (Aldrich, 99 %) and DMS(Aldrich, 99 %) at

100 PPMW to 1 l of n-hexane (Merck, 98 %), and then

gradually diluted this solution with n-hexane to DMDS and

DMS concentrations of 20 PPMW. Table 1 summarizes

the experimental conditions used. As shown in Table 1,

under atmospheric conditions using the standard solution,

0.5 g of adsorbent was packed into the reactor, which was

operated at a feed flow rate and temperature of 6 mL/min

and 30 �C. Under high pressure conditions using real LPG,

the pressure was increased to 10 bars, though the feed flow

rate and the temperature were not changed. For the

regeneration process, the regeneration gas was N2, which

was applied at a flow rate of 100 mL/min, and the tem-

perature was gradually increased from room temperature to

280 �C for 30 min, and then maintained for 4 h. We refer

to this desulfurization/regeneration process as 1 cycle

(Table 2).

2.3 Apparatus

To determine the sulfur adsorption capacities of sorbents

using various pressures, stainless steel was used for the

reactor and line of the fixed bed reactor system. Adsorbents

were packed in a stainless steel reactor of internal diameter

1.27 cm and length 6 cm. The standard solution or LPG

was fed to the reactor using a HPLC pump. Reaction and

regeneration temperatures were controlled using an electric

furnace. The N2 regeneration gas was fed into the reactor

and controlled using a mass flow controller (MFC). During

regeneration, the line temperature was increased to 80 �C

to prevent the condensation and re-adsorption of sulfur

compounds. A HP 6890 gas chromatography equipped with

a flame photometric detector (FPD), and a Supel-Q (Plot)

(30 m 9 0.53 mm) column at inlet, oven, and detector

temperatures of 210, 200 and 230 �C, respectively, were

used to determine the sulfur adsorption capacities of the

sorbents and GC runs were performed every 5 min.

2.4 Characterizations of various adsorbents

Textural properties such as surface area, pore volume and

average pore size were obtained by nitrogen adsorption at

liquid N2 temperature using ASAP2020 (micromeritics).

The micro- and meso-pore volumes were calculated by the

T-plot. In addition, the micro- and meso-pore sizes were

calculated from the adsorption isotherm using the density

functional theory (DFT) method and Barrett, Joyner, Hal-

enda (BJH) desorption method. The components and

amount of the adsorbents were analyzed by the FP method

using a Rh X-ray tube in a Philips PW2400 X-ray fluo-

rescence spectrometer (XRF). The crystal structures of the

adsorbents were analyzed using a Cu Ka radiation source

in a Phillips XPERT X-ray diffraction (XRD) unit analysis

at the Korea Basic Science Institute in Daegu. In addition,

to investigate the form of the cerium component by the FT-

Raman analysis, spectrum GX and Autoimage of Perkin-

Elmer was used. The Beam splitter (Ge coated on KBr) and

DTGS detector kits allow the range 7,000–50 cm-1 to be

covered with a maximum resolution of 0.3 cm-1.

3 Results

3.1 Sulfur adsorption performance of various

adsorbents

Breakthrough curves are thought to provide the best means

of determining sorbent adsorption capacities of sulfur

compounds. In a typical fixed-bed experiment, DMDS and

DMS concentrations below 1 ppm in the outlet solution

from the reactor were negligible. Breakthrough time was

defined as the time required for the DMDS or DMS con-

centration in the outlet solution to reach 1 ppm. Figure 1

shows the DMDS breakthrough curves (a) and DMDS

adsorption capacities (b) for the first cycle for Zeolite Y,

USY, UC-10, UL-10, and UP-10 adsorbents, for an inlet

DMDS concentration (C0) of 20 ppm in hexane at 30 �C.

The feed flow rate and liquid hourly space velocity (LHSV)

were 6 mL/min and 360 h-1, respectively. As shown in

Fig. 1a, The X-axis and Y-axis show the reaction time and

the concentration of DMDS emitted from the reactor,

respectively. The DMDS breakthrough times of the com-

mercial adsorbents Zeolite Y and USY were 6 and 9 min,

respectively, after which the DMDS concentration rose

rapidly up to the inlet DMDS concentration. In addition, in

the case of modified adsorbents such as UC-10, UL-10

and UP-10 adsorbents, their DMDS breakthrough times

were 72, 15, and 18 min, respectively, and the DMDS

Table 2 Experimental conditions

Adsorption process Regeneration process

Adsorbent amount (g) 0.5 0.5

Temperature (�C) 30 280

Flow rate (mL/min) 6.0 100

Pressure (bar) 1–10 1

Composition DMDS 20 PPMW N2

DMS 20 PPMW

n-Hexane balance
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concentration rose gradually up to the inlet DMDS con-

centration. The DMDS adsorption breakthrough time of

UC-10 adsorbent was greater than those of UL-10 or UP-10

adsorbents. Figure 1b summarizes the sulfur adsorption

capacities of the different adsorbents. The vertical axis

indicates the amount of sulfur absorbed per 1 g of sorbent

before the DMDS concentration in the outlet solution

reached 1 PPMW. As shown in Fig. 1b, DMDS adsorption

capacities of Zeolite Y, USY, UC-10, UL-10 and UP-10

adsorbents were 1.44, 0.96, 11.5, 2.4 and 2.88 mgS/g sor-

bent, respectively. It was found that the DMDS adsorption

capacity of UC-10 adsorbent was higher than those of the

other adsorbents. Figure 2 shows the DMS breakthrough

curves (a) and DMS adsorption capacities (b) for first

cycles of the adsorbents Zeolite Y, USY, UC-10, UL-10

and UP-10 adsorbents, where the inlet DMS concentration

was 20 ppm in hexane at 30 �C. As shown in Fig. 2a, the

DMS breakthrough times of Zeolite Y, USY, UC-10, UL-

10 and UP-10 adsorbents were 6, 9, 66, 57 and 66,

respectively, after which the DMS concentration rose

rapidly to the inlet DMS concentration. In addition, as

shown in Fig. 2b, the DMS adsorption capacities of the

Zeolite Y, USY, UC-10, UL-10 and UP-10 adsorbents were

0.96, 1.44, 10.5, 9.12 and 10.5 mgS/g sorbent, respectively.

It was found that the DMS adsorption capacity of the UC-

10 adsorbent was also higher than those of the other

adsorbents. Overall, the DMS and DMDS adsorption per-

formances of Zeolite Y and USY were 1.5–1 mgS/g sor-

bent. For UP-10 and UL-10 sorbents, DMS adsorption

capacities were relatively high, but DMDS adsorption

capacities were not, that is, La and Pr promoters more
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various adsorbents for DMDS
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selectively adsorbed DMS than DMDS. However, UC-10

adsorbent had higher adsorption capacities for DMDS and

DMS than the other experimental adsorbents. It was found

that the adsorption performance of UC-10 adsorbent for

both DMDS and DMS was improved by Ce promoter.

3.2 The physical properties of various adsorbents

Surface areas and pore size distributions of the various

adsorbents, consisting USY impregnated with Ce, Pr and

La, were analyzed by XRF and nitrogen adsorption, to

investigate the change of physical properties. First, to

investigate the impregnated amounts of Ce, Pr and La in

UC-10, UP-10 and UL-10 adsorbents, they were analyzed

by the semi-quantity of XRF, the results of which are

summarized in Table 3. As shown in Table 3, USY was

found to be comprised of, Na, Al, Si and O, as 1.8, 12.0,

34.9 and 51.3 wt%, respectively. The Si/Al ratio of USY

was about 2.91, and as mentioned previously, the cation of

USY was sodium ion. In the case of UC-10, UP-10 and

UL-10 adsorbents, the amount of rare earth metals Ce, Pr

and La in each adsorbent was approximately 10 wt%. It

was found that the impregnated amount of the rare earth

metals was well reflected the calculated amount. The Si/Al

ratios of UC-10, UP-10 and UL-10 adsorbents ranged from

3.2 to 3.5. Although the Si/Al ratios of UC-10, UP-10 and

UL-10 adsorbents were slightly increased as compare to

that of the USY adsorbent, the structure of the USY like

support was not broken. The physical properties (surface

area, pore volume and pore size) of all adsorbents were

determined by BET analysis, the results of which are

summarized in Table 4. The automatic nitrogen adsorption

apparatus was an ASAP2020 unit (micromeritics co.), and

the micro and macro pore sizes of all adsorbent were cal-

culated by the DFT-method and BJH Desorption pore size-

method. The pore volume was calculated by t-plot method

at each micro and macro pore size scale of the adsorbent.

As shown in Table 4, the surface areas of USY, UC-10,

UP-10 and UL-10 adsorbents were 743.9, 551.1, 440.4 and

482.6 m2/g, respectively, and their total pore volumes were

0.3325, 0.2415, 0.2617 and 0.2594 cm3/g, respectively.

These results reveal that the surface area and pore volume

of UC-10, UP-10 and UL-10 adsorbents were reduced as

compared to those of the USY adsorbent. In addition, their

main micropore sizes and pore volumes were approxi-

mately 0.42–0.5 nm and 0.20–0.26 cm3/g, respectively.

Their main mesopore sizes and pore volumes were

approximately 5.0–5.4 nm and 0.05–0.076 cm3/g, respec-

tively. The adsorption capacity of an adsorbent increases in

proportion to surface area and pore volume of adsorbent.

Thus, our findings regarding surface areas and pore volume

indicate that the adsorption capacities of UC-10 adsorbent

for DMDS and DMS should be lower than that of USY, but

as shown in Figs. 1 and 2, the DMDS and DMS adsorption

capacities of the UC-10 adsorbent were greater. In addi-

tion, in the case of the UC-10, UP-10 and UL-10 adsor-

bents, their physical properties (surface area, pore size and

volume) were similar, as were their DMDS and DMS

adsorption capacities. However, the DMDS adsorption

capacities of UP-10 and UL-10 adsorbents were lower than

that of UC-10 adsorbent. So, surface area and pore volume

were not found to have critical influences on sulfur

adsorption capacity. In other words, the DMDS and DMS

adsorption capacities of UC-10 adsorbent can be attributed

to the presence of Ce, rather than to surface area or pore

volume. It was found that the Ce promoter plays important

role for DMDS and DMS adsorption capacities.

3.3 The characterization of USY and UC-10 adsorbents

In previous results as shown in Figs. 1 and 2, the DMS

adsorption capacities of UP-10 and UL-10 adsorbents were

higher than DMDS adsorption capacities. The reason for

the higher DMS adsorption capacity has not yet been

determined. However, it was found that the total sulfur

adsorption capacity of DMDS and DMS of the UP-10 and

UL-10 adsorbents was lower than that of the UC-10

adsorbent. As DMDS and DMS coexist in commercial

LPG, they must be simultaneously removed. Hence, the

UC-10 adsorbent is best suited to the removal of organic

sulfur compounds like DMDS and DMS in commercial

LPG, as it has the best DMDS and DMS joint adsorption

capacity. Therefore, we are focused on further analysis of

the UC-10 adsorbent which was analyzed by XRD and FT-

Raman to find the Ce form. Figure 3 shows the XRD

patterns of the USY and UC-10 adsorbents. As shown in

Fig. 3, the crystal structure of the UC-10 adsorbent was

similar to that of USY, and no Ce-based crystal structure

was observed. It is believed that the Ce-based crystal

structure was of amorphous form in the UC-10 adsorbent.

To investigate the crystal structure of Ce, UC-10 adsorbent

was analyzed by FT-Raman spectroscopy. Figure 4 shows

the FT-Raman results of the UC-10, USY adsorbent and

commercial CeO2. As shown in Fig. 4, no characteristic

peak was observed for USY, and for CeO2, only one peak

was observed at 467 cm-1, which is characteristic of CeO2.

Table 3 Results of XRF analysis of the various rare-earth metals

Sample Element (wt%) Si/Al ratio

Na Al Si O Ce Pr La

USY 1.8 12.0 34.9 51.3 2.91

UC-10 0.8 9.9 31.8 47.4 10.0 3.21

UP-10 0.9 9.6 32.6 47.0 9.9 3.39

UL-10 0.6 9.3 32.3 48.0 9.8 3.47

Adsorption (2014) 20:341–348 345
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For the UC-10 adsorbent, a peak was observed at

504 cm-1, which was assigned to the effect of CeO2 on

USY. According to the work of Garcia et al. (2011), this

characteristic peak was related to a higher degree of NH4
?–

Ce3? ion exchange process. In addition, the expected limit

of exchange was about 13 wt%, So that the excess cerium

in non-exchangeable sites formed small CeOx species,

which were responsible for the observed Raman shift

(Garcia et al. 2011). In our work, the USY was of Na?

form, and therefore, the peak of 504 cm-1 was related to

the degree of Na?–Ce3? ion exchange. It was found that

the Ce form of the UC-10 adsorbent was due to the linking

of sites like Ce3?–Na? on USY, and the sulfur adsorption

performance of the adsorbent was improved by this Ce3?–

Na? on USY.

We also investigated the effect of different levels of Ce

in USY on DMDS and DMS adsorption capacities using the

fixed-bed reactor. Figure 5 shows the DMDS and DMS

adsorption capacities of various adsorbents according to the

amount of Ce. As shown in Fig. 5, the DMDS and DMS

adsorption capacities of CeO2 were only about 2.2 and 2.0

mgS/g sorbent, respectively, which were substantially

lower than those of other adsorbents. However, the DMDS

and DMS adsorption capacities of USY treated with

increasing amounts of Ce increased up to a Ce loading of

10 wt%, and at a loading of 30 % these reduced to 3.2 and

2.5 mgS/g sorbent, respectively. As mentioned previously,

in the case of the Ce amount \10 wt%, the degree of the

Na?–Ce3? ion exchange was gradually increased, which

also caused an increase of sulfur removing capacity. In the

case of Ce amount [10 wt%, The CeO2 formed from the

excess Ce ion source, covered the Na?–Ce3? ion exchange

site, which caused the decrease of sulfur removing capacity

(Garcia et al. 2011). Accordingly, UC-10 at a Ce loading of

Table 4 Physical properties of USY and UC-10 adsorbents

Adsorbents Total pore

volume (mL/g)

Surface

area (m2/g)

Micropore Mesopore

Main micropore

size (nm)

Micropore

volume (mL/g)

Main mesopore

size (nm)

Mesopore

volume (mL/g)

USY 0.3325 743.9 0.50 0.2564 4.95 0.0761

UC-10 0.2415 551.1 0.42 0.1922 5.15 0.0493

UP-10 0.2617 440.4 0.43 0.2032 4.97 0.0585

UL-10 0.2954 482.6 0.42 0.2213 5.42 0.0741

CeO2 0.0350 9.2 – – 9.58 0.0350

Zeolite Y 0.3232 610.8 0.38 0.3008 – 0.0224
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Fig. 3 XRD patterns of the USY and UC-ten adsorbents
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Fig. 4 FT-Raman patterns of the CeO2, UC-10 and USY adsorbents
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10 wt% was found to have the highest sulfur adsorption

capacity of 11.5 mgS/g sorbent.

In previous studies, Watanabe et al. (2003) reported that

the sulfur adsorption capacities of adsorbents promoted

CeO2 in TiO2 and CeO2-based adsorbents with the addition

of promoters Y and La (Watanabe et al. 2004) were about

6–8.5 mgS/g sorbent, which concurred with our findings.

However, the organosulfur adsorption capacity of UC-10

adsorbent determined in the present study was higher than

any previously reported value for a Ce-based adsorbent.

3.4 Sulfur adsorption by UC-10 adsorbent

over multiple cycles

To determine the long-term stability of UC-10 adsorbent,

the desulfurization and regeneration processes were repe-

ated for several cycles. Figure 6 shows the DMDS and

DMS adsorption capacities of UC-10 adsorbent over sev-

eral cycles. When both sulfur adsorption and regeneration

are considered as one-cycle process, the X-axis was cycle

number, and Y-axis was DMDS or DMS adsorption

capacities from n-hexane over several cycles. As shown in

Fig. 6, the DMDS and DMS adsorption capacities of UC-

10 adsorbent were about 11–12 mgS/g sorbent over the

first cycle. However, DMDS and DMS adsorption capaci-

ties during the second cycle were approximately 6 and

5 mgS/g sorbent, respectively, and were maintained at

these levels until the fifth cycle. We believed that an

undetermined sulfur component was retained by Na?–Ce3?

site in the UC-10 adsorbent during cycling.

So far, adsorption properties of sulfur compounds

DMDS and DMS in hexane have been determined. We

investigated the adsorption capacity of the developed

materials for sulfur compounds like DMDS and DMS in

real LPG. Figure 7 shows the total adsorption capacity of

DMDS and DMS in real LPG on the UC-10 adsorbent at a

pressure of 10 bar. Real LPG was supplied by the S-Oil

company in Ulsan, and contained 14 and 10 ppm DMDS

and DMS, respectively. The LPG feed flow rate was 6 mL/

min (liquid phase) at 10 bar. Total adsorption capacity was

calculated by summing DMDS and DMS adsorption

capacities, and those of UC-10 for DMDS and DMS in real

LPG at 10 bar are shown in Fig. 7. As shown in Fig. 7, the

total sulfur adsorption capacity of UC-10 adsorbent was

about 11.8 mgS/g sorbent during the first cycle, and

decreased to about 6 mgS/g sorbent for the second cycles,

and was then maintained at relative stability for 20 cycles,

which was in line with the DMDS or DMS adsorption

capacity results shown in Fig. 6. The DMDS and DMS

adsorption capacities of UC-10 adsorbent were not affected

by C4 oil components such as, n-butane, n-butane, and iso-

butane. It was found that the UC-10 adsorbent was very

selective for DMDS and DMS without interference from

solvents such as hexane and butane-base. In conclusion,

UC-10 adsorbent was found to have excellent organosulfur

adsorption capacities, which were substantially retained

after the second cycle, and the level of regeneration was

higher than that of commercial adsorbents.
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Fig. 5 Sulfur adsorption capacities of various adsorbents for different

amounts of Ce
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Fig. 6 Sulfur adsorption capacities of UC-10 adsorbent over multiple

process cycles
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Fig. 7 Long-term stability of UC-10 adsorbent over multiple process

cycles for real LPG
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4 Conclusions

To remove DMDS and DMS from LPG, we devised an

adsorption process based on adsorbents which were with

rare earth metals. The various adsorbents produced were

tested in a flow liquid reaction system, and the DMDS and

DMS adsorption capacities of adsorbents containing Ce,

La, and Pr, that is UC-10, UL-10, UP-10 were compared

with those of the commercial adsorbents USY and Zeolite

Y. In the case of UL-10 and UP-10 adsorbent, DMS

adsorption capacities were greater than those of commer-

cial adsorbents, but DMDS adsorption capacities were

similar. However, UC-10 adsorbent, that is USY impreg-

nated with Ce, had excellent DMDS and DMS adsorption

capacities of 12.5 mgS/g sorbent, which was higher than

that of any other adsorbent examined. The form of Ce

promoter in UC-10 adsorbent was assigned to the linkage

of sites like Ce3?–Na? on USY. The surface area and pore

volume of the UC-10 adsorbent were lower than those of

the USY adsorbent, but this did not adversely affect its

adsorption capacity. Instead, sulfur adsorption capacity

appeared to depend on the amount of impregnated Ce.

Over multiple process cycles, the LPG sulfur adsorption

capacity of UC-10 adsorbent was maintained at 6.0 mg S/g

adsorbent from the second to the twentieth cycle, when

operated at 10 bars. We believe that the UC-10 adsorbent is

highly suitable for the removal of organosulfur compounds

from LPG.
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