CHAPTER IV
RESULTS AND DISCUSSION

4.1 Adsorbent Characterization

411 Characterization of Adsorbent by Nitrogen Adsorption/desorption
Method and Mercury Porosimetry
By using Nitrogen adsorption/desorption at 77K and Mercury
porosimetry methods, properties of the adsorbents used in this study are presented in
Tables 4.1 and 4.2 for specific surface area and pore structure.

Table 4.1 Properties of adsorbents by using the nitrogen adsorption/desorption methods
at 7K
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Table 4.1 (cont.) Properties of adsorbents by using the nitrogen adsorption/desorption
methods at 77K
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Table 4.1 (cont.) Properties of adsorbents by using the nitrogen adsorption/desorption

methods at 77K
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Table 4.2 Properties of adsorbents by using the Mercury porosimetry
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Table 4.2 (cont.) Properties of adsorbents by using the Mercury porosimetry
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Table 4.2 (cont.) Properties of adsorbents by using the Mercury porosimetry
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Where L =microporous volume
vm = Mmesoporous volume
WM = macroporous volume

According to Table 4.1, the BET surface area and porous volume of Cu2+
impregnated on mesoporous and macroporous alumina is lower than Ni2+ impregnated
on alumina and pure alumina respectively. Since the metals, Cu and Ni, cover on the
surface of adsorbent, the surface area is decreased.

From Table 4.2, particle density of Cu2+ impregnated on mesoporous
alumina is higher than Ni2+ impregnated on mesoporous alumina and pure mesoporous
alumina respectively hecause Cu has higher molecular weight than Ni. For macroporous
alumina, they show the same trend as the mesoporous alumina.
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4.1.2 Temperature-Programmed Reduction
4.1.2.1 Temperature-Programmed Reduction of CuCh Impregnated on
the Adsorbent

Since a CuCl is difficult to solute in water, Cu+ adsorbent was
prepared by the incipient wetness method of CuCh on the adsorbent, followed by
reduction to convert Cu to Cut. To understand its reduction behavior, CuCh
impregnated on mesoporous alumina was first heated in a flow 10% . in Ar up to
900°c at a heating rate of 5 °c/min. The intensity measured by thermal conductivity
detector (TCD) indicated - consumption. The result is shown in Figure 4.1. During the
heat treatment of CuCF in H., two distinct peaks, at 278°c and 435°c, were detected.
These two peaks correspond to two reduction steps. The first peak at 278°c indicates the
reduction from Cu2+to Cut, and the second peak indicates the reduction from Cut+to
Cu°. From above result, it is determined that 278°c is the appropriate temperature for
reduction to Cu+. The intensity change of TCD detector during the reduction of Cu2tis
shown in Figure 4.2. The intensity at 278°c began to decrease after 2 hours, indicating
that most of Cu+ was converted to Cu+ Subsequently, Cu impregnated on the
adsorbents was reduced at 278°c for 1 hour in presence of H.. The above results agree
with the results from the study of Takahashi (2000) that studied the reduction of
CUCL/ALO. where they ohserved 2 distinct peaks at 270 and 410°c. They also
concluded that the first peak corresponded to the reduction of Cu2t to Cu+ and the
second peak corresponded to the reduction of Cutto Cu°.

From Table 4.3, hydrogen consumption is 1.727 mmol of Fhig
of adsorbent that corresponds with 1.797 mmol of Culg of adsorbent from atomic
absorption spectroscopy (AAS) result. It means that 1 mole of . can react with 1 mole
of CuCI2 It can be interpreted in chemical equation as follow:

CuCI2+i H2-> CuCl +HCl (4.1)

CuCl +"H 2-» Cu +HCl (4.2)
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CUCI2+H2->Cu+2HC (43)

Table 4.3 Hydrogen consumption measured in TPR measurement for Cu

Peak number Temperature . Volume (mmol/g)
1 2184 0.864
2 435.3 0.863
Total hydrogen consumption 1721
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Figure 41 Temperature-programmed reduction (TPR) of CuCl. impregnated on
mesoporous alumina in 10% H. in Ar.

Other two samples were reduced under pure H. and He to obtain
Cutwith a gas flow rate of 37 cm3min and 300°c to get a complete reduction. Then,
they were sent to analyze by temperature-programmed reduction. The TPR result, as
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shown in Figure 4.3, of Cut reduced by H2 indicates that the first peak is almost
disappeared and the second peak is still remaining. It can be concluded that it was
suitable to use H2 at 37 cmImin and heated from ambient temperature to 300°c to
obtain Cu+. The temperature and H2 volume consumption of each peak is shown in
Table 44,
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Figure 4.2  Temperature-programmed reduction (TPR) of CuCl2 impregnated on
mesoporous alumina in 10% H2in Ar,
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Table 44 Hydrogen consumption measured in TPR measurement for CuClI2 reduced
under H2

Peak number Temperature . Volume (mmal/g)
1 2319 0068
2 410.9 0.692
Total hydrogen consumption 0.760
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Figure 4.3 Temperature-programmed reduction (TPR) of CuCI2 impregnated on
mesoporous alumina reduced by H2

Figure 4.4 shows TPR result and Table 4.5 shows reduction
temperature and H2 consumption from CuCI2reduced by He. From this result, it can be
observed that there are two peaks occurring at almost the same temperature with CuCl2
without reduction (Figure 4.1). It can be mentioned that He cannot reduce Cu2+to Cut.
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Table 45 Hydrogen consumption measured in TPR measurement for CuCl. reduced
uncer He

Peak number Temperature . Volume (mmol/g)
1 2943 0.988
2 439.0 1.007
Total hydrogen consumption 199
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Figure 44  Temperature-programmed reduction (TPR) of CuCl. impregnated on
mesoporous alumina “reduced” by He

4122 Temperature-Programmed Reduction of CuCl in 75%
Acetonitrile-25% Deionized Water Impregnated on the Adsorbent
There was another way to obtain Cu+directly by using CuCl
dissolved in acetromtrile solution. CuCl in 75% acetonitrile-25% deionized water
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impregnated on mesoporous alumina was analyzed in the same condition as previous.
The result is shown in Figure 4.5 and Table 4.6. During the heat treatment in H2 two
distinct peaks, at 271°c and 396°c, were detected. These two peaks correspond to two
reduction steps. The first peak at 271°c indicates the reduction from Cu2tto Cut, and
the second peak indicates the reduction from Cu+to Cu°. Form this result, it can be
mentioned that this method of preparation CuCl in 75% acetonitrile-25% deionized
water is not successful because the presence of Cuis observed, since the cuprous
solution was very easy to be oxidized to Cu2+even just by being exposed to the air. Even
though the synthesis process handled with special care to avoid this transformation, this
preparation method is not convenient because the adsorbent was impregnated several
times to obtain the monolayer coverage.

Table 4.6 Flydrogen consumption measured in TPR measurement for CuCl

Peak number Temperature 2 Volume (mmol «)
1 2111 1491
2 39.9 0.858

Total hydrogen consumption 2.349
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Figure 4.5 Temperature-programmed reduction (TPR) of CuCl in 75% cetonitrile-25%
deiomized water impregnated on mesoporous in 10% H2in Ar.

41.2.3 Temperature-Programmed Reduction of NiCh Impregnated on
the Adsorbent
NiCI2 impregnated on mesoporous alumina was analyzed in the
same condition as CuCl2 During the heat treatment of NiCI2 in H2 at 450°c was
detected. This peak corresponced to one reduction step from Ni2+to Ni°. From Table
4.7, hydrogen consumption is 1.063 mmol of H2g of adsorbent that corresponds with
1021 mmol of Nifg of adsorbent from AAS result. It mean that 1 mole of H2 can react
with 1 mole of NICI2 It can be interpreted in chemical reaction as follow:

NiCI2+H 2->Ni+ 2HCI (4.4)
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Figure 4.6  Temperature-programmed reduction (TPR) of NiCl. impregnated on
mesoporous alumina in 10% H2in Ar.

Table 4.7 Hydrogen consumption measured in TPR measurement for NiCI2

Peak number Temperature ~ HM/olume (mmol/g)
1 4504 1.063
Total hydrogen consumption 1.063

4.2 Fixed-Bed Adsorption Experiments

After activation (or reduction) of non-impregnated or impregnated adsorbent,
the simulated diesel fuel feed (150 ppmw ) was allowed to contact the adsorbent bed
and the effluent total sulfur content monitored periodically. The dead volume ofthe lines
before and after the fixed-bed reactor was also determined in order to evaluate the
cumulative effluent volume. The adsorption amounts were obtained after intergrating the
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area above the breakthrough curves. Breakthrough adsorption curves were generated by
ploting the transient total sulfur concentration normalized by the feed total sulfur
concentration versus cumulative fuel volume.
4.2.1 Effect of Feed Flow Rate on the Sulfur Adsorption Capacités

To observe the effect of the feed flow rate, experiments were conducted
at 2 and 0.4 cmdmin. They were examined for removal sulfur compounds at 30°c.
Figure 4.7 shows the resulting breakthrough curves forNi2+impregnated on mesoporous
alumina at 2 and 0.4 cm3min and Table 4.8 summarizes the results obtained from the
breakthrough and adsorption capacities.
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Figure 4.7 Breakthrough curve of dibenzothiophene in a fixed-bed adsorber over Ni2+
impregnated on mesoporous alumina at 2 cm3min (A) and 04 cm3min ¢ )
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Table 4.8 Breakthrough and adsorption capacities loading for dibenzothiophene from
simulated diesel fuel in Ni2+ impregnated on mesoporous alumina at different feed flow
rates

Feed flow rate Jj BfetiliioiigliifIMHBIjj1 - Vdsoiption capacity |j|

(' W) (mmolfg)
2 cm3dmin 0.0000 0.0250
0.4 cm3min 0.0093 0.0555

The higher feed flow rate showed higher both breakthrough and adsorption
capacities than the lower feed flow rate. The breakthrough and adsorption capacities of
dibenzothiophene at flow rate of 0.4 cmJmin were 0.0093 and 0.0250 mmol DBTIg,
respectively. The higher feed flow rate showed higher breakthrough capacities since at
low feed flow rate, the dibenzothiophene had longer time to contact the surface of the
adsorbent. Thus the dibenzothiophene could be more adsorbed.

42.2 Influence of Adsorbent Granulometry on the Sulfur Adsorption
Capacities

To understand the influence of adsorbent granulometry on the sulfur
adsorption capacity, two different diameter sizes of Ni2+ impregnated on mesoporous
alumina adsorbents were used. The diameter sizes of these adsorbents were 4 mm and
100-400 pm. They were examined for removal sulfur compounds by breakthrough
experiments at flow rate 0.4 cmdmin and 30°c. Figure 4.8 shows the resulting
breakthrough curves for the Ni2+ impregnated on mesoporous in size of 4 mm and 100-
400 pm and Table 4.9 summarizes the results obtained from the breakthrough and
adsorption capacities.
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Table 49 Breakthrough and adsorption capacities loading for dibenzothiophene from
simulated diesel fuel in Ni2+ impregnated on mesoporous alumina in different sizes of
adsorbents

Breakthrough capacity Adsorption capacity

Granulometry size (mmollg (mmollg
4 mm 0.0093 0.0250
100-400 pm 0.0123 0.0216
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Figure 48 Breakthrough curve of dibenzothiophene in a fixed-bed adsorber over Ni2t

N

impregnated on mesoporous alumina in size of 4 mm (A) and 100-400 pm (¢ ).

From Figure 4.8 and Table 4.9, the adsorbent that had 100-400 pm for
diameter size showed higher breakthrough capacities than the adsorbent that had 4 mm
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for diameter size. The breakthrough capacities of dibenzothiophene were 0.0123 mmol
DBT/g, indicating higher amount of sulfur adsorbed. The lower breakthrough capacity
of 4mm diameter size adsorbent could be due to the internal mass transfer limitation.
423 Influence of Adsorption Temperature on the Sulfur Adsorption
Capacities

Since the kinetics of adsorption can be affected by adsorption
temperature, the influence of adsorption temperature on the adsorption capacities with
two different types of adsorbents, Ni2+and Cu+impregnated on mesoporous alumina at
0.4 cmdmin of feed flow rate and 100-400 pm of diameter size was examined.

For Ni2+ impregnated on mesoporous aluming, it was carried out at two
adsorption temperatures that are 30°c and 60°c. The results from these two
breakthrough experiments are shown in Figure 4.9. Table 4.10 summarises the results
for breakthrough and adsorption capacities.

Table 4.10 Breakthrough and adsorption capacities loading for dibenzothiophene from
simulated diesel fuel in Ni2+ impregnated on mesoporous alumina with different
adsorption temperatures

Breakthrough capacity Adsorption capacity
(mmollg) lit®111 11

30°c 0.0123 0.0216

60 C 0.0199 0.0243

Adsorption temperature
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Figure 4.9 Breakthrough curve of dibenzothiophene in a fixed-bed adsorber over Ni2t
impregnated on mesoporous alumina with adsorption temperature at 30°c (A) and 60°c

(t)

From Figure 4.9 and Table 4.10, the breakthrough experiment at 60°c
showed higher both breakthrough and adsorption capacities than the breakthrough
experiment at 30°c. The breakthrough and adsorption capacities at 60°c were 0.0198
and 0.0241 mmol DBT/g, respectively. These results indicate a higher kinetic adsorption
due to higher adsorption temperature in agreement with the Arrhenius law. Thus the
adsorption temperature at 60°c is suitable for the sulfur adsorption with Ni
impregnated on the adsorbents,

Since the above results, Cu+ impregnated on mesoporous alumina was
examined, at 60°c and 90°c with 0.4 cmdmin of feed flow rate and 100-400 pm of
diameter size. The results from these two breakthrough experiments are shown in Figure
4.10. Table 4.11 summarises the results from breakthrough and adsorption capacities.
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Table 4.11 Breakthrough and adsorption capacities loading for dibenzothiophene from

simulated diesel fuel in Cu+ impregnated on mesoporous
adsorption temperatures

alumina with different

Adsorption temperature Breakthrough capacity Adsorption capacity
(mmolfg) (mmol/g)
00 °C 0.0026 0.0147
90° 0.0078 0.0089
1,2

m [Se0vc| |

A Sansiade: e |
30 40 50

Treated volume (cm¥g)

Figure 4.10 Breakthrough curve of dibenzothiophene in a fixed-bed adsorber over Cu+
impregnated on mesoporous alumina with adsorption temperature at 60°c (A) and 90°c

(t)
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From Figure 4.10 and Table 4.11, the breakthrough and adsorption
capacities for the experiment at 60 °c were 0.0026 and 0.0146 mmol DBT/g,
respectively and the breakthrough and adsorption capacities for the experiment at 90 ¢
were 0.0078 and 0.0089 mmol DBTIg, respectively. It can be mentioned that the
breakthrough experiment at 90°c can produce more sulfur-free effluent than the
breakthrough experiment at 60°c, while the breakthrough experiment at 60°c can
adsorb dibenzothiophene more than the breakthrough experiment at 90°c. Again, the
influence of the temperature on the adsorption kinetics is clearly shown, with a less
broad curve at 90°c than at 60°c. Thus the suitable adsorption temperature for Cu+
impregnated on the adsorbents is 90°c.

An interesting phenomenon found in the breakthrough experiment at
90°c is that after breakthrough, the ¢/c0value (a ratio of the outlet concentration to the
initial concentration in simulated diesel) increased sharply to over L1.0. After passing the
maximum value, the outlet concentration decreased gradually to the initial one. It can be
inferred from this phenomenon that the adsorption of such compounds is at least
partially reversible.

4.2.4 Effect of Different Adsorbents on the Sulfur Adsorption Capacities

Adsorption performance of the adsorbents usually depends on both
surface area chemical property, such as active sites and their density, and physical
property, including surface area, pore size and distribution. Thus, to observe the sulfur
adsorption capacities of different adsorbents, 8 types of adsorbents were used in these
experiments that were non-impregnated activated carbon, non-impregnated mesoporous
aluming, non-impregnated macroporous alumina, Ni2+ impregnated on mesoporous
aluming, Ni2+ impregnated on macroporous alumina, Cu+ impregnated on mesoporous
alumina, Cu+ impregnated on macroporous alumina and Cu+ impregnated on activated
carbon. All ofthe experiments were carried out at 0.4 cm3min, 60°c and 100-400 pm of
diameter size. Figure 4.11 shows the resulting breakthrough curves for different
adsorbents and Table 4.12 summarizes the results obtained from the breakthrough and
adsorption capacities.
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The results show that the adsorptive capacities (both breakthrough and
adsorption capacities) based on the adsorbent weight increase in the order of non-
impregnated macroporous alumina < Cu+impregnated on macroporous alumina < non-
impreganted mesoporous alumina < Cu+ impregnated on mesoporous alumina < Ni2
impregnated on macroporous alumina < Ni2+impregnated on mesoporous alumina < Cu+
impregnated on activated carbon < non-impregnated activated carbon. The non-
impregnated activated carbon is the best adsorbent among 8 adsorbents due to it has
about 8 times higher surface area than other adsorbents, as shown in Table 4.1. The
breakthrough capacity of Cut impregnated on activated carbon was 0.0448 mmol
DBT/g. Although this capacity is relatively high compared with others, it is less than
that observed with non-impregnated activated carbon. It can be explained by the study of
Han and co-workers (2003) that at high %Cu loading on the activated carbon, the
conglomerate of CuCh formed by impregnation of excessive CuCl. and active sites are
also formed in multi-layer, not monolayer.

Table 4.12 Breakthrough and adsorption capacities loading for dibenzothiojphene from
simulated diesel fuel with different adsrobents

Breakthrough  Adsorption

Adsorbent capacity capacity
(mmol/g) (mmol/g)
Non-impregnated activated carbon 0.1343 0.1564
Non-impregnated mesoporous alumina 0.0010 0.0110
Non-impregnated macroporous alumina 0.0000 0.0023
Ni2+impregnated on mesoporous alumina 0.0199 0.0243
Ni2impregnated on macroporous alumina 0.0151 0.0160
Cu+impregnated on mesoporous alumina 0.0026 0.0147
Cu+impregnated on macroporous alumina 0.0007 0.0096

Cu+impregnated on activated carbon 0.0448 0.0550
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Figure 4.11 Breakthrough curve of dibenzothiophene in a fixed-bed adsorber over non-
impregnated activated carbon ( ), non-impregnated mesoporous alumina (1 ), non-
impregnated macroporous alumina (A), Ni2+impregnated on mesoporous alumina (x),
Ni2+ impregnated on macroporous alumina (*), Cu+ impregnated on mesoporous
alumina (¢), Cut impregnated on macroporous alumina ( |) and Cut impregnated on
activated carbon ().

4.2.5 Influence of Cu Charge on the Sulfur Adsorption Capacities

To study the influence of Cu charge on the sulfur adsorption capacities,
three different types of adsorbents were observed: (1) Cu2+impregnated on mesoporous
alumina without reduction; (2) Cu+ impregnated on mesoporous alumina reduced by
using He; (3) Cu+ impregnated on mesoporous alumina reduced by using H.. These
experiments were carried out at 2 cmdmin of feed flow rate and 30°c.

Figure 4.12 showed the sulfur breakthrough curves for simulated diesel
fuel over Cu2+ impregnated on mesoporous alumina without reduction, with reduction
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by He, and reduction by H. and Table 4.13 summarizes the results obtained for the
breakthrough and adsorption capacities.
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Figure 4.12 Breakthrough curve of dibenzothiophene in a fixed-bed adsorber over Cuzt

N

impregnated on mesoporous alumina without reduction (A), reduction by He (., s and
reduction by H. (1 ).
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Table 4.13 Breakthrough and adsorption capacities loading for dibenzothiophene from
simulated diesel fuel in Cu2+impregnated on mesoporous alumina

Cu2timpregnated on Breakthrough capacity Adsorption capacity

mesoporous alumina (mmol/g) (mmolfg)
Without reduction 010000 0.0262
Reduction by He 0.0000 0.0687
Reduction by H. 0.0095 0.0754

From Table 4.13, the breakthrough capacities of Cu2+ impregnated on
mesoporous alumina without reduction and Cu+ impregnated on mesoporous alumina
reduced by He were zero mmol DBT/g, while breakthrough capacities of Cu+
impregnated on mesoporous alumina reduced by 2 was 0.0095 mmol of DBT/g of
adsorbent. It can be concluded that Cu+ reduced by H. possesses stronger affinity with
DBT via -t-complexation bond than Cu2+. This is a clear evidence that the reduction of
Cu2rto Cu+after Lhour in reduction gases at 278°c is a prerequisite for .t-complexation
bond forming. It is suggested that the sulfur adsorption capacities observed with Cu+
may be further enhanced by improving the conversion of Cu2+to Cut in the reduction
process. Takahashi et al. found that cucizzaros can be reduced t0 cucizaios a
270°c for L hour in the presence of 5.3% H. in He. It is also in agreement with the
above result from TPR as shown in Figure 4.1, that Cu2+to Cu+ can be reduced at
278°c for Lhour in presence of 10%H. in Ar.

The comparison of sulfur adsorption capacities from Cu+impregnated on
mesoporous alumina reduced with 2 gases, He and H2, was shown that Cu+ reduced by
H. (0.0095 mmol DBTI/g) has higher breakthrough capacities than Cut+ reduced by He
(0.0000 mmol DBT/g). This result was in parallel with TPR result obtained from
reduction of Cu2+ by using He as shown in Figure 4.3. Subsequently, H. is the
appropriate gas for reduction Cu2tto Cu+
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426 Comparison of the Sulfur Adsorption Capacities with Different Types of

Sulfur Compounds

The two types of sulfur compounds, 150 ppm of dibenzothiophene and
4.6- dimethyldibenzothiophene were used in these experiments. The experiments were
carried out at 0.4 cm./min, 60°c, and 100-400 pm of diameter size for Ni2+ impregnated
on mesoporous alumina and 0.4 cm./min, 90°c, and 100-400 pm for Cu+ impregnated
0N mesoporous alumina,

The results from breakthrough experiments of Ni2+ impregnated on
mesoporous alumina are shown in Figure 4.13. Table 4.14 summarises the results from
breakthrough and adsorption capacities.

Table 4.14 Breakthrough and adsorption capacities loading for dibenzothiophene and
4.6-  dimethyldibenzothiopheme from simulated diesel fuel in Ni impregnated on
mesoporous alumina

Sulfur compound Breakthrough capacity A torption capacity
(mmol/g) :

Dibenzothiophene 0.0199 0.0243

4 6-dimethyldibenzothiophene 0.0069 0.0179

From Figure 4.13 and Table 4.14, the breakthrough capacities of
dibenzothiophene and 4,6-dimethyldibenzothiophene were 0.0199 mmol DBT/g and
00069 mmol 4,6-DMDBT/g, respectively. The breakthrough amount of
dibenzothiophene was 3.3 times higher than that of 4,6-dimethyldibenzothiophene. The
adsorption capacities were 0.0241 mmol DBT/g and 0.0156 mmol 4,6-DMDBT/g. The
breakthrough and adsorption capacities of 4,6-DMDBT was lower than that for
dibenzothiophene due to methyl groups on the 4- and «-position of DMDBT, which
strongly inhibit the adsorption of 4,6-DMDBT. Since the two methyl groups in 4,6-
DMDBT are adjacent to the sulfur atom, it is reasonable to infer that a direct and .t-
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complexation interaction between the sulfur atom and the surface of the adsorbent might
play an important role in the selective adsorption of sulfur compounds and the two
methyl groups at the 4- and . -positions may also hinder the approach of the sulfur atom
to the surface.
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Figure 4.13 Breakthrough curve of Ni2+ impregnated on mesoporous alumina over
dibenzothiophene, DBT (A) and 4,6-dimethyldibenzothiophene, 4,6-DMDBT ( ).

The results from breakthrough experiments of Cu+ impregnated on
mesoporous alumina are shown in Figure 4.14. Table 4.15 summarises the results from
breakthrough and adsorption capacities.
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Figure 4.14 Breakthrough curve of Cu+ impregnated on mesoporous alumina over
dibenzothiophene, DBT (A) and 4,6-dimethyldibenzothiophene, 4,6-DMDBT ().

Table 4.15 Breakthrough and adsorption capacities loading for dibenzothiophene and
4,6-dimethyldibenzothiopheme from simulated diesel fuel in Ni2+ impregnated on
Mesoporous alumina

Sulfur compound Breakthrough capacity ~ Adsorption capacity

(miriol/g) (inmol )
Dibenzothiophene 0.0078 0.0089
4,6-dimethyldibenzothiophene 0.0004 0.0140

From Figure 4.14 and Table 4.15, the breakthrough capacities of
dibenzothiophene and 4,6-dimethyldibenzothiophene were 0.0078 mmol DBT/g and
0.0004 mmol 4,6-DMDBT/g, respectively. The breakthrough amount of
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dibenzothiophene was 20 times higher than that of 4,6- DMDBT. The adsorption
capacities were 0.0089 mmol DBT/g and 0.0140 mmol 4,6-DMDBT/g. The
breakthrough and adsorption capacities of 4,6- DMDBT was much lower than that for
dibenzothiophene due to the same reason as above result. To compare the breakthrough
and adsorption capacities of 4,6- DMDBT between Ni2+ and Cu+ impregnated on
mesoporous alumina, Ni2+ impregnated on mesoporous alumina had higher amount of
both capacities than Cu+impregnated on mesoporous alumina,
4.2.1 Comparison of the Sulfur Adsorption Capacities in the Presence of

Polyaromatics Compouncs

The two types of polyaromatic compounds, 7% of naphthalene and 0.4%
of phenanthrene were used  these experiments to compare adsorption capacities in case
of presence of polyaromatic compounds in the simulated diesel. The simulated diesel
contained 72.6% of n-dodecane, 20% of paradiethylbenzene, and 150 ppm of
dibenzothiophene. The experiments were carried out at 0.4 cm./min, 60°c, and 100-400
pm of diameter size for Ni2+ impregnated on mesoporous alumina and 0.4 cmVmin,
90°c, and 100-400 pm for Cu+impregnated on mesoporous alumina,

The results from breakthrough experiments of Ni2 impregnated on
mesoporous alumina are shown in Figure 4.15 and Table 4.16 summarises the results
from breakthrough and adsorption capacities.
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Figure 4.15 Breakthrough curve of dibenzothiophene in a fixed-bed adsorber over Ni2+
impregnated on mesoporous alumina without polyaromatic (A) and with polyaromatic

Table 4.16 Breakthrough and adsorption capacities loading for dibenzothiophene, from
simulated diesel fuel in Ni2+impregnated on mesoporous alumina

With polyaromatic 0.0019 0.0019

From Figure 4.15 and Table 4.16, the breakthrough and adsorption
capacities of dibenzothiophene in presence of polyaromatic compounds were 0.0019
mmol DBT/g. It can be seen that the breakthrough and adsorption capacities of
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dibenzothiophene in presence of polyaromatic were much less than the breakthrough and
adsorption capacities of dibenzothiophene without polyaromatic compounds, due to an
adsorption competition between dibenzothiophene, naphthalene and phenanthrene. The
polyaromatic compounds could be competitors hecause they have a quite similar
structure as dibenzothiophene, as shown in Figure 4.16. Thus in presence of
polyaromatic compounds, the sulfur breakthrough capacities were reduced 90% of the
sulfur breakthrough capacities without polyaromatic compounds.

° ° AN @@@

(a) Dibenzothiophene (b) Naphthalene (c) Phenanthrene

Figure 4.16 The structure of dibenzothiophene (a), haphthalene (b), and phenanthrene
(©).

The brakthrough curves of five species, n-dodecane, paradiethylbenzene,
dibenzothiophene, naphthalene and phenanthrene, over Ni-impregnated on mesoporous
alumina are shown in Figure 4.17. The first breakthrough compound was naphthalene at
0.0969 mmol naphthalene/g. The second  breakthrough compounds — were
dibenzothiophene at 0.0019 mmol DBT/g and phenanthrene at 0.0091 mmol
phenanthrene/q . After breakthrough of paradiethylbenzene and dibenzothiophene, the
C/Co value for these compounds increased sharply to over ... It can be inferred from
this phenomenon that the compounds have relatively lower adsorptive affinity than the
subsequently breakthrough compounds, resulting in a displacement of the compounds
with lower adsorptive affinity by the compounds with higher adsorptive affinity. Thus
paradiethylbenzene and dibenzothiophene could be replaced by naphthalene and
phenanthrene.
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According to the breakthrough order, the adsorptive selectivity for the
three adsorbates increases in order of naphthalene < dibenzothiophene ~ phenanthrene.
The breakthrough and adsorption capacities were shown in Table 4.16. In order to
facilitate the quantitative discussion of the adsorptive selectivity, a relative selectivity
factor was used in the present study, which is defined as:

a Cap,
Wi il

where Caps is the breakthrough capacities of compound i and Capn is the breakthrough
capacities of the reference compound, naphthalene. The calculated relative selectivity
factors on the basis of breakthrough curves are shown in Table 4.17. The relative
selectivity s . .., 2.28 and 2.28 for naphthalene, dibenzothiophene and phenanthrene.
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Figure 4.17 Breakthrough curve of all components in a fixed-bed adsorber over Ni+
impregnated on mesoporous alumina.
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Table 4.17 Breakthrough and adsorption capacities loading for dibenzothiophene,
naphthalene and phenanthrene from simulated diesel fuel including polyaromatic in Ni2
impregnated on mesoporous alumina

Compound Breakthrough capacity ~ Adsorption capacity  Relative

(mmol/g) (mmol/g) selectivity
Dibenzothiophene 0.0019 0.0019 2.28
Naphthalene 0.0969 0.2019
Phenanthrene 0.0001 0.0126 2.28

The results from breakthrough experiments of Cu+ impregnated on
mesoporous alumina are shown in Figure 4.18. Table 4.18 summarizes the results from
breakthrough and adsorption capacities.

From Figure 4.18 and Tahle 4.18, the breakthrough and adsorption
capacities of dibenzothiophene in presence of polyaromatic compounds were 0.0017 and
0.0048 mmol DBTIg, respectively. It can be seen that the breakthrough and adsorption
capacities of dibenzothiophene in presence of polyaromatic were less than the
breakthrough and adsorption capacities of dibenzothiophene without polyaromatic
compounds, due to an adsorption competition between dibenzothiophene, naphthalene
and phenanthrene. The polyaromatic compounds could be competitors as the same
reason with the above result. In presence of polyaromatic compounds, the sulfur
breakthrough capacities were reduced 78% of the sulfur breakthrough capacities without
polyaromatic compounds. Although the sulfur adsorption capacities of Cu+impregnated
on mesoporous alumina decreased less than that of Ni impregnated aluming, the
breakthrough capacities of Ni2+ impregnated on mesoporous alumina was still higher
than that of Cu+impregnated on mesoporous alumina.
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Table 4.18 Breakthrough and adsorption capacities loading for dibenzothiophene, from
simulated diesel fuel in Cu+impregnated on mesoporous alumina

Simulated diesel Breakthrough capacity ~ Adsorption capacity

(mmolfg)
Without polyaromatic 0.0078 0.0089
With polyaromatic 0.0017 0.0048
1,2 = . .
1,0 {— A
0,8 -
0,6 —1
| S
| ® o -2
0,2 —_— - — -
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-0,2
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Figure 4.18 Breakthrough curve of dibenzothiophene in a fixed-bed adsorber over Cu+
impregnated on mesoporous alumina without polyaromatic (A) and with polyaromatic

()
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Figure 419 Breakthrough curve of all components in a fixed-bed adsorber over Cu+
impregnated on mesoporous alumina.

Table 4.19 Breakthrough and adsorption capacities loading for dibenzothiophene,
naphthalene and phenanthrene from simulated diesel fuel including polyaromatic in Cu+
Impregnated on mesoporous alumina

Breakthrough capacity ~ Adsorption capacity  Relative

.(T\tompg*qng - 0 (minol/g) selectivity
Dibenzothiophene 0.0017 0.0048 2.2
Naphthalene 0.0862 0.2628

Phenanthrene 0.0081 0.0399 2.21
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The  breakthrough  curves of five  species, n-dodecane,
paradiethylbenzene, dibenzothiophene, naphthalene and phenanthrene, over Cut
impregnated on mesoporous alumina are shown in Figure 4.19. The first breakthrough
compound was naphthalene at 0.0862 mmol naphthalene/g. The second two compounds
were dibenzothiophene and phenanthrene at 0.0017 mmol DBT/g and 0.0081 mmol
phenanthrene/g, respectively. According to the breakthrough order, the adsorptive
selectivity for three adsorbates increases in order of naphthalene < dibenzothiophene ~
phenanthrene. The calculated relative selectivity factors on the basis of breakthrough
curves are shown in Table 4.19. The relative selectivity is 1.00, 2.27 and 2.27 for
naphthalene, dibenzothiophene and phenanthrene.

428 Comparison of the Sulfur Adsorption Capacities in the Presence of
Nitrogen Compounds

The two types of nitrogen compounds, 75 ppm of carbazole and 75 ppm
of acridine were used in these experiments to see the influence of nitrogen compounds
on the sulfur adsorption capacities. The simulated diesel contained 80% of n-dodecane,
20% of paradiethylbenzene, and 150 ppm of dibenzothiophene. The experiments were
carried out at 0.4 cm./min, 60°c, and 100-400 pm of diameter size for Ni2+impregnated
on mesoporous alumina and 0.4 cm./min, 90°c, and 100-400 pm for Cu+ impregnated
0N mesoporous alumina,

The results from breakthrough experiments of Ni2 impregnated on
mesoporous alumina are shown in Figure 4.20 and Table 4.20 summarises the results
from breakthrough and adsorption capacities.

From Figure 4.20 and Table 4.20, the breakthrough and adsorption
capacities of dibenzothiophene in presence of nitrogen compounds were 0.0008 and
0.0018 mmol DBT/g, respectively. It can be seen that the breakthrough and adsorption
capacities of dibenzothiophene in presence of nitrogen compounds were much less than
the breakthrough and adsorption capacities of dibenzothiophene without nitrogen
compounds, due to an adsorption competition among dibenzothiophene, carbazole and
acriding. The nitrogen compounds can be competitors because they have a similar
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structure as dibenzothiophene, as shown in Figure 4.21. Based on their structure, sulfur
compounds are apparently bulkier than nitrogen compounds so it is more difficult for
sulfur compounds to diffuse into inner parts of the adsorbent. Thus in presence of
nitrogen compounds, the sulfur breakthrough capacities were reduced 96% of the sulfur
breakthrough capacity without nitrogen compounds.

e :

| —a— Without N compounds | |
| —— With N compounds { L

30 40 50 60 70 l

0.2 Lo = +

Treated volume (cm®/g) '

Figure 4.20 Breakthrough curve of dibenzothiophene in a fixed-bed adsorber over Ni2t
impregnated on mesoporous alumina without nitrogen compounds (A) and with
nitrogen compounds (¢ ).
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Table 4.20 Breakthrough and adsorption capacities loading for dibenzothiophene, from
simulated diesel fuel in Ni2+impregnated on mesoporous alumina

Simulated diese Breakthrough capacity Adsorption capacity

cmmol g) (nimol/g)
Without N compounds 0.0199 0.0243
With N compounds 0.0008 0.0018
N
ihet S N7
(a) DIbGﬂZOtthphene (b) Carbazole (c) Acridine

Figure 4.21 The structure of dibenzothiophene (a), carbazole (b), and acridine (c).

The  breakthrough  curves of five  species,  n-dodecane,
paradiethylbenzene, dibenzothiophene, carbazole and acridine, over Ni2+impregnated on
mesoporous alumina are shown in Figure 4.22. The first breakthrough compound was
dibenzothiophene at 0.0008 mmol DBT/g. The second compound was carbazole at
0.0105 mmol carbazole/g. The third breakthrough compound was acriding at 0.0334
mmol acridine/g. According to the breakthrough order, the adsorptive selectivity for the
three adsorbates increases in order of dibenzothiophene < carbazole < acridine. The
breakthrough and adsorption capacities were shown in Table 4.21. In order to facilitate
the quantitative discussion of the adsorptive selectivity, a relative selectivity factor was
used in the present study, which is the same as previous, except using dibenzothiophene
as a reference compound. The calculated relative selectivity factors on the basis of
breakthrough curves are shown in Table 4.21. The relative selectivity is 1.00, 8.65 and
35.42 for dibenzothiophene, carbazole and acridine.
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Figure 4.22 Breakthrough curve of all components in a fixed-bed adsorber over Ni2t
impregnated on mesoporous alumina.

Table 421 Breakthrough and adsorption capacities loading for dibenzothiophene,
carbazole and acridine from simulated diesel fuel including nitrogen compounds in Ni2+
impregnated on mesoporous alumina

HSITISSSUSISIMISI {8 1 ™ v " ANAANAA
Dibenzothiophene 0.0008 0.0018
Carbazole 0.0105 0.0437 8.65

Acridine 0.0334 0.0495 3542
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The results from breakthrough experiments of Cu+ impregnated on
mesoporous alumina are shown in Figure 4.23 and Table 4.22 summarises the results
from breakthrough and adsorption capacities.
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Figure 4.23 Breakthrough curve of dibenzothiophene in a fixed-bed adsorber over Cu+
impregnated on mesoporous alumina without nitrogen compounds (A) and with
nitrogen compounds (b ).
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Table 4.22 Breakthrough and adsorption capacities loading for dibenzothiophene, from
simulated diesel fuel in Cu+impregnated on mesoporous alumina

Simulated diesel Breakthrough capacity ~ Adsorption capacity

(mmolfg) T .
Without N compounds 0.0078 0.0089
With N compounds 0.0044 0.0154

From Figure 423 and Table 4.22, the breakthrough and adsorption
capacities of dibenzothiophene In presence of nitrogen compounds were 0.0044 and
0.0154 mmol DBT/g, respectively. It can be seen that the breakthrough and adsorption
capacities of dibenzothiophene in presence of nitrogen compounds were less than the
breakthrough and adsorption capacities of dibenzothiophene  without nitrogen
compounds due to the same reason as above result. Thus in presence of nitrogen
compounds, the sulfur breakthrough capacities were reduced 44% of the sulfur
breakthrough capacity without nitrogen compounds. To compare the breakthrough and
adsorption capacities hetween Ni2+and Cu+impregnated on mesoporous alumina, Cu+
impregnated on mesoporous alumina had higher both breakthrough and adsorption
capacities than Ni2 impregnated on mesoporous alumina.

The  breakthrough  curves of five  species, n-dodecane,
paradiethylbenzene, dibenzothiophene, carbazole and acridine, over Cu+impregnated on
mesoporous alumina are shown in Figure 4.24. The first breakthrough compound was
dibenzothiophene at 0.0044 mmol DBT/g. The second compound was carbazole at
0.0613 mmol carbazole/g. For acriding, it was not observed a breakthrough point. It
could he seen that all of acridine molecules were adsorbed on the adsorbent due to the
very strong interaction between nitrogen atom of acridine and Cu+ atom on the
adsorbent. - According to the breakthrough order, the adsorptive selectivity for the three
adsorhates increases in order of dibenzothiophene < carbazole < acridine. The
breakthrough and adsorption capacities were shown in Table 4.23. The calculated
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relative selectivity factors on the basis of breakthrough curves are shown in Table 4.23,
The relative selectivity is 1.00, 9.36 and higher than 16.68 for dibenzothiophene,
carbazole and acridine, respectively.
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Figure 4.24 Breakthrough curve of all components in a fixed-bed adsorber over Cu+
impregnated on mesoporous alumina.
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Table 4.23 Breakthrough and adsorption capacities loading for dibenzothiophene,
carbazole and acridine from simulated diesel fuel including nitrogen compounds in Cu+
impregnated on mesoporous alumina

Compound Breakthrough capacity ~ Adsorption capacity Relative

(nimol'g) ! (r.iniolfg) selectivity
Dibenzothiophene 0.0044 0.0154
Carbazole 0.0613 0.1016 9.36
Acridine >0.0846 >0,0849 >16.68

From all of the above results, at feed flow rate of 0.4 cm3min and 60°c
for Ni2+ impregnated on the adsorbent and 90°c and Cu+impregnated on the adsorbent
show higher breakthrough capacity. The breakthrough capacity of DBT was higher than
4,6-DMDBT for both ofNi2and Cu+impregnated on mesoporous alumina. Moreover,
the breakthrough capacity of DBT without polyaromatics and nitrogen compounds was
higher than that with polyaromatics and nitrogen compounds.
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