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ABSTRACT

The chemistry, morphology, and structure character of coke deposited on spent catalysts for long-chain-
paraffin (n-Cy6_19) dehydrogenation and the effect of coke on the surface structure of the catalysts were
studied by several characterization techniques: thermogravimetry/differential thermal analysis (TG-
DTA), elemental analysis, UV Raman spectroscopy, temperature-programmed oxidation (TPO), scanning
electron microscopy (SEM), X-ray diffraction (XRD), Brunaucr-Emmett-Teller (BET), mercury intrusion
porosimetry (MIP) and CO-chemisorption. During the dehydrogenation of n-Cy6_19, coke gradually accu-
mulates on the surfaces of the catalysts while the coking rate and the H/C mole ratio of the coke decrease.
After the times on stream (TOS) of 960 h, the coke deposition on the catalysts is up to 6.56 wt.%, and
the H/C mole ratio of the coke is only 0.86. The coke is graphited or amorphous nature and contains
conjugated olefinic species and polycyclic aromatic hydrocarbons (PAHs). The coke causes a significant
deactivation of the active sites. As compared with the fresh catalysts, the surface area, the total pore

volume and the Pt dispersion of the spent catalysts are decreased 19.4%, 33.3% and 61.2%.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Dehydrogenation of long chain paraffins (n-Cq¢_13 and n-Cyg_19)
to olefins is an important catalytic process of producing linear alkyl-
benzene sulfonate (LABS) for biodegradable detergents [1,2] and
heavy alkylbenzene sulfonate (HABS) for the enhanced oil recovery
[3,4]. The catalysts employed are Pt-Sn bimetallic supported Al,03
catalysts. Generally, the lifetime of the commercial long-chain-
paraffin dehydrogenation catalysts (e.g., DEH-7 type of catalysts,
UOP LLC, U.S. and DF type of catalysts, PFPC, China) is only 40-60
days [5,6]. The spent catalysts deactivated by coking should be
unloaded, followed by being regenerated or discharged after the
recovery of Pt. It is not convenient and economic for the industrial
production. Therefore, it is very important to understand the char-
acteristics and the formation mechanism of the coke, as well as the
process for regeneration of the long-chain-paraffin dehydrogena-
tion catalysts.

Deactivation of Pt-Sn bimetallic catalysts by coke deposition
has been extensively investigated by a number of authors and
most of them were concentrated on: kinetics of coke deposi-
tion [7-9]; structure of coke [10,11]; chemical nature of coke
[12-14]; location of the coke deposition [10,11,15-17]; effect on
different catalytic sites and catalyst performance [7,18,19] and
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burning-off the coke for the catalyst recovery [6,20]. It is well
established that coke formation depends on the operating condi-
tions [11,13,21-23], such as the nature of the reaction, the type
of catalysts, the reactor feedstock composition, temperature, pres-
sure and times on stream (TOS). The coke formation involves the
metallic function (dehydrogenating capacity) and acidic function
(condensation—polymerization capacity) of the catalysts with the
steps of dehydrogenation, condensation, alkylation and cyclization
[8,24]. The coke species may include elemental carbon, graphitized
carbon and high molecular weight polymeric carbon [13,24], and
the structure of coke can be grouped into amorphous, filamentous
and graphitic platelets [25]. The coke deposition may locate on the
metal sites and support surface [15,16]. It was also found that coke
initially deposited on metallic sites, and the quantity of carbon on
metallic sites did not change much with reaction time [23,26]. The
coke deposition on the metallic sites is rich in hydrogen. While the
coke deposited on the support is more dehydrogenated [12] and
graphite like [27].

The chemistry and structural characterization of the coke
deposits on the catalysts after industrial dehydrogenation of n-
Ci0-13 had been discussed by Afonso et al. [13] and Sahoo et
al. [28] earlier. Now the new type of catalyst for the dehy-
drogenation of n-Cyg.19 is under developing [4], and there
are no reports on the characterization of the coke during
the dehydrogenation of n-Cig_19. An in-depth understanding of
the coke characterization and the coking process is helpful to
improve the performance of the catalysts for the dehydrogena-
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Table 1

Process conditions, carbon content, elemental analysis and UV Raman spectra analysis data of spent catalysts.

Sample code Times on stream (h) Average conversion (%, w/w) Carbon content? (%, w/w) H/C ratio® (mol/mol) I(D)/I(G)*
CDH-1 10 (455-455°C) 17.97 2.46 1.64 0.67
CDH-2 36 (455-455°C) 17.61 4.97 1.23 0.65
CDH-3 240 (455-461°C) 13.43 5.38 1.19 0.66
CDH-4 960 (455-484°C) 11.52 6.56 0.86 0.47

4 TG-DTA.

b Elemental analysis.
¢ UV Raman spectra analysis.

tion of n-Cyg_19 and to investigate the catalyst regeneration
technology.

In this contribution, the characterization of the coke deposited
on the Pt-Sn-K/vy-Al,03 catalysts during the dehydrogenation of
n-Cy6_19 Was investigated. What we concerned about was (1) the
effect of TOS and processing parameters on the catalyst deactiva-
tion and the coke formation; (2) the chemistry and structure of
coke deposition; and (3) the effect of coke on the dehydrogenation
reaction and the surface structure of the catalysts.

2. Experimental
2.1. Catalysts and dehydrogenation process

The catalysts used in this study were Pty -Sngg-Kg2/Al,03 cat-
alysts (hereafter designated as CDH-0) prepared by the vacuum
complex impregnation method [4]. Before the impregnation, the
alumina samples were outgassed for 30 min. Then the impreg-
nation solution, which contains H,PtClg, SnCl,, KCl and HCI, was
impregnated onto the alumina supports, and the mixture was kept
gently stirred for 30 min, followed by vacuuming at 60-70°C. Then
the catalysts were dried at 120 °C overnight and finally calcined at
520°Cin air for 8 h.

The catalytic dehydrogenation of n-Cig_19 (industry grade,
Cangzhou Jincang Chemical Corporation Limited Hebei, China) was
carried out on a fixed bed micro-catalytic reactor [4]. The cat-
alysts (2.5mL) were first reduced at 470°C for 4h, followed by
being cooled to 380°C in H, (purity 99.995%) atmosphere. The n-
paraffins were then pumped into the reactor, and the temperature
was programmed up to the reaction temperature within 60 min.
The LHSV of the n-paraffins was 20 h—1 and GHSV of hydrogen was
12,000 h~1. The reaction pressure was controlled at 0.14 MPa, the
reaction temperature was 455-484°C.

2.2. Spent catalyst sample collection

When the period of the dehydrogenation reaction was com-
pleted, the n-Cig_19 flow was stopped and the catalyst bed
temperature was cooled down to 50 °C accompanied with the nor-
mal flow of hydrogen. Then the gas flow was switched to nitrogen
(purity 99.99%), and the catalyst bed temperature gradually fell to
ambient conditions. The spent catalysts were unloaded, and named
as CDH-1, CDH-2, CDH-3 and CDH-4, according to TOS (Table 1).
The specimens of the used catalysts (2.5 mL) were then purged in
Ar(99.99%, 500 mL min—!) at 485 °C for 1 h to remove any adsorbed
materials for the catalyst characterization and coke analysis.

2.3. Catalyst characterizations

The carbon content of the used catalysts was measured by a
thermogravimetry/differential thermal analysis (TG-DTA) instru-
ment (SETSYS 16/18, France) from room temperature to 800°C ata
heating rate of 10°Cmin~! in an air flow of 50 mLmin~!. a-Al,03
was used as a reference.

The amount of C and H element of the coke was determined
using a vario EL IIl universal CHNOS elemental analyzer (Elementar
Analysensysteme GmbH, Hanau, Germany).

The ultraviolet (UV) Raman spectra were collected at room tem-
perature on a Jobin-Yvon T64000 triple-stage spectrograph (Paris,
France) with spectral resolution of 2cm~!. The laser line at 325 nm
of a He-Cd laser was used as an excitation source with an output
of 25 mW. The power of laser at the sample was about 3.0 mW.

Temperature-programmed oxidation (TPO) analysis of the deac-
tivated catalysts was carried out using a Micromeritics AutoChem Il
2920 apparatus (American). Prior to the measurement, the samples
were pretreated in He (99.99%, 20 mL min—1) at 485 °C for 1 h. After
cooling to room temperature in He, the gas flow was switched to 2%
0, in He and the samples were heated from room temperature to
800°C with a temperature ramp of 10°Cmin—!. The O, consump-
tion and CO, output were determined by an on-line quadrupole
mass analyzer (Omnistar, Balzers, Vaduz, Liechtenstein).

Scanning electron microscopy (SEM) experiments were per-
formed on a scanning electron microscope (Quanta 200F, FEI
Company) with an accelerating voltage of 20 kV.

The crystallinity of the samples was analyzed by powder X-ray
diffraction (XRD, Rigaku D/max-yB powder diffractometer, Japan)
with Cu Ka radiation at 40kV and 40 mA in the scan 26 range of
10-80°.

The Brunaucr-Emmett-Teller (BET) surface areas were cal-
culated from the adsorption isotherms of nitrogen at 77K
on a volumetric adsorption system (Micromeritics ASAP 2010,
American). All samples were degassed at 200°C before BET mea-
surements.

Mercury intrusion porosimetry (MIP) analysis was generated
using a mercury porosimeter (Micromeritics Autopore 9520, Amer-
ican). Samples were outgassed in vacuum (0.01 Torr) for 1 hat95°C.
An arbitrary mercury contact angle of 130° and a surface tension
of 485 dyn cm~! were used to calculate pore size distribution (PSD)
data from the mercury intrusion-extrusion curves.

Pulse chemisorption of CO (CO-chemisorption) experiment was
performed to analyze the Pt dispersion in the catalysts (Micromerit-
ics AutoChem Il 2920, American). The samples were reduced under
H, (99.99%, 20mLmin~1) at 500°C for 1h, then purged in He
(99.99%, 20 mLmin~!) at 520°C for 1h and cooled down to 50°C
in flowing He (20 mLmin~1). The 0.1 cm3 pulses of a mixture of CO
in He (5%) were sent to the reactor, and the time between pulses
was 4 min.

3. Results and discussion
3.1. Catalyst deactivation and the coke formation

The coke deposited on the deactivated long-chain-paraffin (n-
Ci6-19) dehydrogenation catalysts was quantitatively analyzed
by TG analysis. The dehydrogenation process (the reaction tem-
perature range, the average conversion and TOS) and the coke
deposition amount are presented in Table 1. The analysis of the
coke deposited on the long-chain-paraffin (n-C16_19) dehydrogena-
tion catalysts presents the dynamic process of the coke deposition.
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Fig. 1. Dependence of the carbon deposition and coking rate on TOS during the
dehydrogenation of n-Cy6-19 paraffins.

During the preliminary reaction time of 10 h, the amount of the coke
deposited on the catalysts (CDH-1)is 2.46 wt.%. After the successive
reaction time of 36 h, the coke amount of the catalysts (CDH-2)
reaches a very high level (4.97 wt.%). And 240 h later, the amount
of coke on the catalysts (CDH-3) is 5.38 wt.%. The catalysts deac-
tivated very quickly due to the coke deposition, and the average
conversion of the catalysts was declined from 17.61 wt.% of the ini-
tial 36 h to 13.43 wt.% of the 240 h, although the increased reaction
temperature was restored to remain the activity of the catalysts.
After the TOS of 960 h, the coke deposition on the catalysts (CDH-
4) is accumulated up to 6.56 wt.%, and the average conversion of
the catalysts is dropped to 11.52 wt.%.

Coking is one of the side reactions of the long-chain-paraffin
dehydrogenation reaction. The amount of the coke deposition is
significantly affected by the dehydrogenation operation conditions,
such as the reaction temperature, the overall average conversion
and the TOS. Generally, the higher the reaction temperature and the
reaction activity are, the more easily the coke is formed. Moreover,
the coke formation is an accumulative process. The relationship of
coke deposition and TOS during the dehydrogenation of n-Cyg_19 is
illustrated in Fig. 1. It can be observed that with the prolongation
of the dehydrogenation reaction, the amount of coke deposition
on the catalysts was increased, while the increment of coke was
decreased. Similar results can be observed in other reports [29].
During the initial stage of the reaction, the dehydrogenation activity
of the catalysts is very high, which tends to cause the deep dehydro-
genation reaction and coking easily. The plot of coking rate versus
TOS, which was obtained by differentiating the dependence curve
of coke deposition and TOS, was also depicted in Fig. 1. It is clearly
shown that the coking rate is very fast at the initial reaction stage.
With the proceeding of the reaction, the active sites and acidic cen-
ters of the catalysts are gradually covered by coke, and the active
centers for the coke reaction are decreased so that the velocity of
coke formation drops markedly.

3.2. Coke nature, structure and location

3.2.1. Elemental analysis

The elemental analysis data of the deactivated long-chain-
paraffin (n-Cy6_19) dehydrogenation catalysts are listed in Table 1. It
can be observed that during the dehydrogenation of n-Cyg_19, with
the reaction proceeding, the coke loading was increased while the
H/C mole ratio of coke was decreased, which indicated that with
the increasing of TOS, the degree of coking was increased and the
coke was more and more graphited in nature. Similar results were
also reported by Barbier [30]. After the TOS of 36 h in the dehydro-
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Fig. 2. UV Raman spectra of the deactivated catalysts (A) CDH-1, (B) CDH-2, (C)
CDH-3 and (D) CDH-4.

genation of n-Cqg_19, the H/C mole ratio of the coke on the CDH-2
catalysts is 1.23. While 40 days later, the H/C mole ratio of the coke
on the CDH-4 catalysts is only 0.86.

3.2.2. UV Raman spectra analysis

The TG and elemental analysis can only give the information of
the total amount and H/C mole ratio of the coke on the catalysts,
and help to present the general view of the coke deposition. To
distinguish the chemical nature of the coke deposited on the long-
chain-paraffin (n-Cyg_19) dehydrogenation catalysts, UV Raman
spectroscopy was first employed, and the UV Raman spectra of
the deactivated catalysts are shown in Fig. 2. It can be seen from
Fig. 2 that several Raman bands appear at 1390, 1505, 1605 and
1720 cm~!. The band at 1390 and 1605cm~! are assigned to so-
called G and D peaks, which are due to sp? carbon species [31]. The
G peak is due to the bond stretching of all pairs of sp? atoms in both
rings and chains, and the D peak is due to the breathing modes of
sp? atoms in rings. These two peaks are common for various forms
of disordered, noncrystalline, and amorphous carbons in the Raman
spectra [32]. It can be observed that the band at 1582 cm~! of the
crystalline graphite shifts to higher frequencies 1607 cm~! in the
deactivated long-chain-paraffin dehydrogenation catalysts, which
is possibly related to conjugated olefinic species or polycyclic aro-
matic hydrocarbons (PAHs) [32,33]. And the different PAHs also
exhibit UV Raman peaks in the spectral region where the D peak
is located [32,34]. Thus, it can be deduced that the coke on the
deactivated long-chain-paraffin (n-Cy¢_19) dehydrogenation cata-
lysts is the deep-dehydrogenated carbonaceous compounds, which
includes conjugated olefinic species and PAHs. The intensity ratio of
the D peak to the G peak (I(D)/I(G)) was also calculated and listed
in Table 1. It can be observed that the ratio of I(D)/I(G) for CDH-
4 is 0.47 and lower than the ratios of I(D)/I(G) for CDH-1, CDH-2,
and CDH-3. The results indicate that the degree of graphitization
or amorphous nature of the coke deposited on CDH-4 is more than
those on CDH-1, CDH-2, and CDH-3.

3.2.3. TPO analysis

The deactivated long-chain-paraffin (n-C;6_19) dehydrogena-
tion catalysts were also subjected to TPO analysis and the TPO
profiles are given in Fig. 3. TPO peaks for the deactivated cata-
lysts (CDH-1, CDH-2, CDH-3, CDH-4) after the dehydrogenation of
n-Cy6_19 show one broad peak for coke oxidation. With the TOS of
the dehydrogenation of n-Cyg_19 prolonging, the maximum peak
temperature (Ty;) of the TPO profile shifted to higher temperature,
which is indicated that the degree of the graphitization is getting
higher [35]. And this is in accordance with the results of H/C mole
ratio of the elemental analysis.
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Fig. 3. TPO profiles of the deactivated catalysts (A) CDH-1, (B) CDH-2, (C) CDH-3
and (D) CDH-4.

3.2.4. SEM imaging and XRD spectra

The morphology of the coke on the catalysts was further stud-
ied by SEM. All the deactivated catalysts are black in color, and
the natural visual impression is that the catalysts were totally cov-
ered by coke. Thus it can be supposed that the images observed in
the SEM are relative to the coke deposition on the catalysts [11].
Fig. 4 presents the SEM images of the CDH-4 catalysts which were
deactivated during the dehydrogenation of n-Cyg_19. SEM images
of CDH-4 catalysts (Fig. 4C and D) reveal some disk-like, stacked,
spherical and irregular features. The new peak at 260 =31.83° with d
values of 0.2830 nm in the XRD patterns of CDH-4 catalysts (Fig. 5E)
indicates that a small amount of crystalline carbon has been formed
on the deactivated catalysts. Due to the massive amorphous coke,
it was difficult to observe the layered graphitized coke in the SEM.
Based on the knowledge that the burning temperature of the amor-
phous coke is lower than that of the graphitized coke, Zhang et
al. [27] and Zhang [36] successfully observed the graphitic layer of
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Fig. 5. XRD patterns of the catalysts (A) CDH-0, (B) CDH-1, (C) CDH-2, (D) CDH-3
and (E) CDH-4.

coke after the partial oxidation of the coke on the catalysts. And the
deposited coke was aggregated preferentially around the edges of
the discs with the TOS prolonging, and finally formed the graphite-
like 3D structure [11,37]. Thus, the coke on the long-chain-paraffin
(n-Cy6-19) deactivated catalysts (CDH-4) is amorphous and graphi-
tized structure.

The XRD patterns of the deactivated long-chain-paraffin (n-
C16-19) dehydrogenation catalysts after different TOS are shown in
Fig. 5. As for CDH-1, CDH-2 and CDH-3 catalysts, with the TOS of 10,
36 and 240 h, respectively, the XRD patterns only show the diffrac-
tion peaks corresponding to the alumina supports. While after the
TOS of 40 days, the XRD patterns of the CDH-4 catalysts exhibit
the diffraction peak of crystalline carbon phase. It can be specu-
lated that during the dehydrogenation of n-C;¢_19, some of the coke
species on the catalysts were gradually deep dehydrogenated and

Fig. 4. Scan electron microscope morphologies of (A) Al,03, (B) CDH-0, (C) CDH-4 and (D) CDH-4.
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Fig. 6. Nitrogen adsorption/desorption isotherms of (A) CDH-0 and (B) CDH-4.

restructured, and finally formed the graphitized or pseudo-graphite
structure, which is identical with the results of UV Raman analysis.

3.3. Effect of coke on the surface structure of the catalysts

3.3.1. BET measurements and MIP analysis

BET measurements and MIP analysis were combined to investi-
gate the textural modification after the coke deposition. As shown
in Fig. 6, the nitrogen adsorption/desorption isotherms of the cata-
lysts are type IV [38]. The hysteresis loop (Fig. 6A) of CDH-0 catalysts
for the dehydrogenation of n-Cig_19 corresponds to type of H4,
which reveals the narrow slit-shaped pores [39]. The BET isotherms
of the deactivated catalysts (Fig. 6B) are almost same with that
of the fresh catalysts, which indicate that no or slight changes in
the pore structure of the catalysts were taken place after the coke
deposition during the long-term run of the dehydrogenation.

The BET data of the fresh and deactivated catalysts are displayed
in Table 2. The surface area of the deactivated catalysts will be given
by: Sger (M? g=1)=WcSc + (1 — We)Spresn(1 — f), where We, Sc, Skresh
and f stand for the weight fraction of the coke, the surface area of
the coke deposition, the surface area of the fresh catalysts and the
fraction of the catalyst surface covered by coke. It can be found from
Table 2 that the surface area of the catalysts is decreased after the
coke deposition. The change of the surface area of the catalysts after
coke deposition depends not only on the coke content but also on
the way in which the coke is deposited on the catalyst surface. As
most of the coke deposited is flat epitaxial and layered structure,
and the surface area of the coke is smaller than that of the fraction
of the catalysts which covered by coke, then the surface area of the
deactivated catalysts is lower than that of the fresh catalysts.

The Barrett-Joyner-Halenda (BJH) PSD of the catalysts calcu-
lated from the desorption branches of the isotherms according to
the BJH method are depictured in Fig. 7. It can found that the PSD
of the catalysts for the dehydrogenation of n-Cyg_19 is shifted about
0.75 nm to lower pore diameters.

In order to access the changes of PSD of the catalysts after
the coke deposition comprehensively, MIP analysis was also per-
formed, and the MIP PSD curves of the catalysts are displayed in
Fig. 8. The PSD of the fresh catalysts (Fig. 8A) exhibits an obvious

Table 2
Characterization of the fresh and deactivated Pt-Sn-K/Al, O3 catalysts.

Catalysts  Sper (N2)(m2g')  Pore volume? (cm3g-') Pt dispersion® (%)
CDH-0 1519 0.60 72.7

CDH-4 122.4 0.40 28.2

a MIP.

b CO pulse chemisorption.

A

Desorption Dv(d)

" L PR | " " " " P
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Pore Diameter (nm)

2 4
Fig. 7. BJH PSD of (A) CDH-0 and (B) CDH-4.

bimodal distribution with one centered in the mesoporous range
(4.6 nm) and the other in the macroporous range (800 nm). After the
coke deposition, the total pore volume of the catalysts is decreased
to some degree, and the PSD is appreciably shifted to smaller pore
diameters.

It can be concluded from the BET measurements and MIP anal-
ysis that the coke decreases the surface area and the total pore
volume of the catalysts, and narrows the pore size to smaller values.
And the coke deposition process might be a pore-blocking action
[40].

3.3.2. CO pulse chemisorption

Pulse chemisorption of CO experiment was performed to ana-
lyze the Pt dispersion of the fresh and deactivated catalysts, and the
Pt dispersion data are listed in Table 2. The Pt dispersion of the fresh
catalysts for the dehydrogenation of n-Cyg_19 is 72.7%. But after the
long-term operation of the dehydrogenation, the Pt dispersion of
the catalysts for the dehydrogenation of n-Cyg_19 is decreased about
60%.

In fact, the dehydrogenation catalysts are not absolutely deacti-
vated by coke. The conversion of the dehydrogenation of n-Cyg_19
on the CDH-4 catalysts are about 10 wt.% after the TOS of 40 days.
During the industrial dehydrogenation process, when the yield of
the target products (linear alkylbenzene) is below the desirable
value, or the energy consumption is relative high and the ratio of
output and input is not sufficient anymore, the catalysts will then
be considered deactivated. As mentioned above, the coke deposi-
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Fig. 8. MIP PSD of (A) CDH-0 and (B) CDH-4.
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tion covered part of the active sites, while the pore structure of
the catalysts was only slightly changed. Thus, it can be considered
that the deactivated catalysts can be regenerated by burning-off the
coke. The regeneration of the long-chain-paraffin dehydrogenation
catalysts was not proposed by UOP Company [1], and little was
reported on the industrial regeneration of this type of catalysts.
Recently, in our research group, the studies on the regeneration of
the long-chain-paraffin dehydrogenation catalysts have been car-
rying out [5,6]. The performance of the regenerated catalysts after
the coke burning-off can be only recovered to 95% of that of the
fresh catalysts. While the performance of the regenerated cata-
lysts after the coke burning-off followed by the Pt modification
can be recovered completely. Therefore, the regeneration technol-
ogy of the long-chain-paraffin dehydrogenation catalysts has been
suggested: programmed coke burning-off followed by the Pt modi-
fication. And the laboratory and pilot plant test is now undergoing.

4. Conclusions

The characterization of coke deposited on spent catalysts for
long-chain-paraffin (n-Cy6_19) dehydrogenation has been investi-
gated in this study. It can be concluded that the dehydrogenation
operation conditions (such as TOS and temperature) affect the coke
deposition on the catalysts. With the prolongation of the dehydro-
genation reaction, the amount of coke deposition on the catalysts
and the graphitization degree of the coke are increased, and the
velocity of carbon formation and the H/C mole ratio of coke are
decreased. The coke is the deep-dehydrogenated carbonaceous
compounds, which includes conjugated olefinic species and PAHs.
The coke decreases the surface area and the total pore volume of
the catalysts, and slightly narrows the pore size to smaller values.
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