Ti-base alloy coking behavior during steam cracking of ethane
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Introduction

One of the dominant processes to manufacture light olefins is steam cracking of
hydrocarbons. The major problem occurring during this process is the coke deposition on
the inner wall of the tubular crackers. The formed coke layer reduces the available reactant
cross-sectional area causing elevated pressure drop along the reactor. These promote
bimolecular over monomolecular reactions, decreasing the olefin selectivity. As a result,
more energy is required to maintain the cracking severity and the desired selectivity™ %. At a
certain point, either when the metallurgic limits are reached or the pressure drop over the
reactor is excessive, the operation is ceased and decoking of the reactor is necessary;
typically for 48 h. The latter affects negatively the process finance®. In an effort to mitigate
coke formation several anti-coking technologies have been evolved, namely 3-D reactor
technologies*®, application of additives’° and use of advanced surface technologies™**’.

The present work, testing the cracking behavior of a Ti-base alloy, belongs clearly in
the last technologies category. Titanium is used most of the times to enrich the composition
of a high temperature alloy in concentrations of 0 to 10 wt %'® aiming at an increased
rigidity. However, to the best of the knowledge of the authors, it has not been used as base
material for crackers, therefore no quantitative coking behavior observations are available.
In order to evaluate the coking performance of this alloy under ethane steam cracking
conditions, an experimental study was performed in a jet-stirred reactor thermogravimetric
set-up. As a first step, the optimum pretreatment of Fe-Ni-Cr alloys was applied and
compared with a pretreatment increased by 100 K temperature. This, based on the
available literature™??, aimed at a better oxidation of the surface, thus at an improved
coking behavior of the material (see Figure 1). According to that a factor 8 increase in the
absolute weight of oxides is expected by increasing the temperature from 1173 K to 1273
K.

The target was partially achieved, the results proved decreased coking rates of the
Ti-base alloy after the new treatment in comparison with the standard treatment used for
Fe-Ni-Cr alloys, at the expense of the pronounced formation of Carbon oxides. However,
the coking performance was still not better than the industrially representative alloy, while
the tested Ti-base alloy coupons were partially or fully broken in pieces or slices after
application of cyclic aging and cooling down back to ambient conditions. Therefore, the
tested Ti-base alloy was not characterized as industrially interesting.
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Figure 1. Effect of temperature on the oxides gain over time

Experimental Set-up

A picture of the jet-stirred reactor (JSR) is illustrated in Figure 2. The reactor is
entirely made of quartz, including the nozzles and walls, minimizing coke formation on the
inner surface. A small flat coupon is placed in the JSR, suspended from the arm of an
electro-balance. Typically, the samples are cut by electro-erosion from the internal surface
of industrial tubes to dimensions 10 mm x 8 mm x 1 mm. The coupons are polished before
assembly to a Ra roughness of 2.6 ym.

The electro-balance can measure the weight difference of the coupons on-line with
an accuracy of 1 ug s*, giving the advantage of actual coking rate values over time. The
reactor effluent is quenched to prevent further cracking and coking and its composition is
measured online with the aid of two gas chromatographs (GC). Nitrogen is used as internal
standard, while the detection limit ranges from methane to naphthalene, satisfactory for
Ethane cracking®.
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Figure 2. Jet stirred reactor used for coking behavior evaluation during steam cracking
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Figure 3. JSR data processing.

A graphical visualization of the data processing as executed by the MATLAB
program is shown in Figure 3. In this work, the mean measured value between the initial 15
and 60 minutes is determined as initial coking rate characterizing the catalytic coking
mechanism. The asymptotic or pyrolytic coking rate is related to the radical coking
mechanism and is reported as the mean measured coking rate between the 5th and 6th
hour of cracking.

The samples extracted after the experiment, are ex-situ analyzed by means of SEM
and EDX. Similarly to Figure 4, surface and cross sectional analyses are performed aiming
at a better understanding of the phenomena occurring during and before cracking.
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Figure 4. SEM and EDX analysis performed for the JSR samples

Experimental Results

The coking performance of the new Ti-base alloy under ethane steam cracking
conditions was evaluated in the JSR set-up of LCT. Initially, the effect of the in-situ
pretreatment was evaluated under blank ethane steam cracking conditions.

As mentioned above, a higher temperature pre-oxidation - 1273 K instead of 1173 K
- than the typically applied for Fe-Ni-Cr alloys can increase significantly the absolute weight
of oxides formed on Titanium?® #'. Based on previous work the formation of a uniform and
thick oxide layer can improve the anti-coking behavior of a material** *2. However, to the
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best of the knowledge of the authors, no coking rates results are available for Ti-base

alloys.
Table 1 and

Table 2 summarize the experimental conditions and sequences under the two

different pretreatments.

Table 1. Conditions of the two different applied pretreatments

Pretreatment Steps
Id 1 2 3
6.7 - 107 1:18.15 - 8.15 - 10” NI s-
NIstof 10°NIs? of 1 ofAirand
Standard A Air; 14h; AirN,; 30 6.67 - 10°kg s™
pretreatment T=1023 K min; T=from  Steam; 15min ;
1023 K to T=1173 K
1173 K
High Temperature 6.7 - 110'3 L1 8.1? - 815. 10° NI s*
Preoxidation + NI s of 10'_ NI s™ of of Air zémd 6.?7 .
Steam Treatment B Alr; 14h; AIr:N;; 30 107 kg s™
at higher T=1273 K min; T=from  Steam; 15min ;
temperature 1023 K to T=1273 K
1273 K

Table 2. Experimental sequence during the two performed pretreatments.

1023- 1023- 1023- 1173 ->
1023 K >1173 K 1173 K 1173 K >1173 K 1173 K 1173 K >1173 K 1173 K 273 K
C,He Air CoHs Air
Air N2+Ai|’ Air+HZO +H20 N2+Ai|' +Hzo +Hzo N2+Air +H20 He
A In situ mild Pre- Steam 1st Decoking Steam 2nd-8th Decoking Steam cooling time
Pre- oxidation Treatme coking 30min Treatme coking 30 min Treatme down
oxidatio 30 min nt 15 cycle of nt 15 cycle of nt 15
nl4h min 6 h min [2nd, 3rd min
and 8th
of 6 h, 4-
7th of 1
h]
1273 K 1023- 1023- 1023- 1273 ->
>1273 K 1273 K | 1173°C >1273 K 1273 K 1173 K >1273 K 1273 K 273 K
C,He Air CoHs Air
Air No+Air Air+H,O +H,0 No+Air +H,0 +H,0 No+Air +H,0 He
B In situ High T Pre- Steam 1st Decoking Steam 2nd-8th Decoking Steam cooling time
Pre- oxidation Treatme coking at higher T | Treatme coking at higher T | Treatme down
oxidatio 30 min nt 15 cycle of 30 min nt 15 cycle of 30 min nt 15
nl4h min 6 h min [2nd, 3rd min
and 8th
of 6 h, 4-
7th of 1
h]

Table 3 illustrates the most important mass yields during ethane cracking. For a

better comparison the effluent results of a typically used material are also included in the
presented yields. A factor 10 and 300 increased values of CO, for the typical and higher
temperature pretreatment respectively, were measured over the 8 cracking cycles in



comparison with the Fe-Ni-Cr alloy. For CO,, the effect was less pronounced; only after
application of the high temperature pre-oxidation (b) an increase of a factor 3 was
observed. In addition, the increase of Carbon oxides is followed by an increase of H,. A
minor decrease of CH, is also noticed, however it is still within the error margin of
measured values. The observations support the idea that Ti and/or Ti-oxides present on the
surface have a catalytic effect towards coke gasification. These results already prove that
the Ti-base alloy is significantly worse than the reference material.

Table 3. Averaged (over the 8 cracking cycles) mass product yields. Ethane steam
cracking: Fuc=29.18 x 10 kg s, 5= 0.33 kghnzo kg Hc, Treactor= 1173.15 K, P= 101.35 kPa,
Fr20=9.72 x 10_6 kg S_l.

Ti-base Ti-base alloy

Components [wt%)] Fe-Ni-Cr alloy A B
alloy A

H, [+0.07] 4.24 4.39 4.45
CO,[+0.003] 0.006 0.005 0.019
co 0.05* 0.56 ° 1.87°
CH4[£0.21] 6.99 6.97 6.91
C,Hg [+0.52] 30.13 30.19 30.06
C,H4 [£0.25] 49.86 49.61 49.57
CsHg [£0.03] 0.11 0.11 0.11
CsHg [+0.02] 0.74 0.70 0.69
C,H, [+0.05] 1.38 1.46 1.41
1,3-C4Hg [£0.07] 2.00 1.93 1.89
Benzene [+0.13] 2.46 2.53 2.53

1[+0.008], ?[+0.07], 3 [+0.35]

Nevertheless, coking rates results are also processed and summarized in Table 4.
For a qualitative comparison the results of reference material during continuous addition of
DMDS are presented as well. Depending on the cracking cycle the Ti-base alloy performs
significantly worse than the reference material. The increased temperature pretreatment
improves the coking rates of the Ti-base alloy. However, this improved coking behavior still
keeps the Ti-base alloy out of competition against the blank reference coking behavior. In
terms of anti-coking performance, the Ti-base alloy is placed between the reference during
steam cracking with continuous addition of DMDS and the reference with no DMDS.

Additionally, the reference material maintains a rather stable coking behavior over
cyclic aging, while the sample of the Ti-base alloy shows increased coking after several
cycles.



Table 4. Calculated initial (average 15min-60min) and asymptotic (average 5h-6h) coking
rates. Ethane steam cracking: Fuc=29.18 x 10° kg s, 8= 0.33 kghz0 kg hc, Treactor=
1173.15 K, P=101.35 kPa, F120=9.72 x 10° kg s™.

Fe-Ni-Cr Ti-base Ti-base Fe-Ni-Cr

Alloy
alloy alloy alloy alloy
Conditions Blank Blank Blank CA
Pretreatment A A B A
Cracking
Temperature 1173 1173 1173 1173
(K)
dilution 0.33 0.33 0.33 0.33
CA DMDS
(ppmw S per 0 0 0 41
HC)
Cc Coke formed (mg)
1 1.29 5.48 3.66 7.55
2 1.26 9.01 4.99 8.38
3 141 7.43 4.82 8.66
4 0.60 3.57 2.93 4.12
5 0.67 3.03 2.17 4.55
6 0.69 2.97 2.13 4.53
7 0.47 2.95 2.32 451
8 1.19 7.69 5.35 12.46
Cc Initial coking rate [10™® kg/s/m?]
1 0.71 1.73 1.23 3.03
2 0.67 3.26 1.81 4.74
3 0.86 3.65 2.59 4.23
4 0.85 3.80 3.11 5.85
5 0.96 3.91 2.76 6.45
6 0.97 3.80 2.70 6.42
7 0.67 3.79 2.79 6.39
8 0.63 3.27 2.46 5.29
Cc Asymptotic coking rate [ 10° kg/s/m?]
1 0.22 1.06 0.61 1.53
2 0.22 1.58 0.83 1.43
3 0.23 0.93 0.53 1.61
8 0.21 1.25 0.74 2.47

The most discouraging result obtained by the Ti-base Alloy coupons was their
behavior after cooling down to ambient conditions. Most specifically, the coupons broke
either in slices or in smaller pieces. In Figure 5, an indication of the thickness decrease
after cracking and of the thickness of the slices is given. Clearly, thick oxides are formed
during oxidation of Ti, making the coupon more brittle as material towards mechanical
stresses. The latter leads to the formation of cracks due to the mechanical stresses evolved
during cooling down. An additional example of a cracked coupon is given in Figure 6. For a
better understanding of this phenomenon SEM and EDX analysis are performed.

The cross sectional analyses of the two samples treated at the two different
temperatures reveal part of the phenomenon occurring in this study (Figure 7). In the
standard temperature, 1173 K, 0.1 to 0.2 um thick oxides are formed and spalling off the



coupon from both sides leaving no oxide covering the surface. At 1273 K, thick oxides are
formed leading to oxidation of almost the whole coupon volume. Clearly the oxides that are
formed are quite brittle. Thus, they are separating from the core of the coupon. In the case
of the increased temperature oxidation, the core is too thin, therefore the crack is
propagating causing breakage of the coupon in smaller pieces.

Combining the above experimental results with the formation of cracks on the
samples’ surface can give a fruitful insight on the phenomenon. Based on the increased
values of carbon oxides and H, differences of the yields, an increased catalytic surface of
the Ti-base alloy samples can be assumed. That most probably derived from the presence
of the surface cracks. As a result both coke formation and coke gasification were catalyzed.

Figure 5. Thickness values of the Ti-base alloy before cracking (left), after cracking
(middle) and of a broken slice (right), pretreated at 1173 K.

Figure 6. Broken Ti-base alloy coupon after cracking pretreated at 1273 K.
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Figure 7. SEM and EDX cross sectional analysis of the two pretreatments. A is referring to
temperature of 1173 K and B to 1273 K.

Conclusions

A newly tested Ti-base alloy was evaluated under industrially relevant ethane steam
cracking conditions. Outrageously increased values of CO, both for the standard and higher
temperature pretreatment, were measured over the 8 cracking cycles in comparison with a
typical Fe-Ni-Cr alloy under the same experimental conditions. Notable increase of the CO,
was observed between the higher temperature pre-oxidation (b) and the typical pre-
oxidation used for Fe-Ni-Cr (a) when applied to the Ti-base alloy. No significant difference
was observed for the CO;, values of Ti-base alloy in comparison with the reference material
in the standard treatment.

The increase of Carbon oxides is followed by a slight increase of H,, supporting the
idea that Ti and Ti-oxides are catalytic towards coke gasification. The significant differences
in terms of gas phase composition can be explained by the increased available surface
interacting with the gas phase. Clearly at the points of crack formation coke formation and
gasification was catalyzed, affecting the gas phase product distribution.

Additional surface analysis will lead to a better understanding of the crack formation
phenomenon observed in these alloys. Judging by these experimental results, the use of
the Ti-base alloy in an industrial cracker is considered highly risky and certainly not
beneficial in terms of coking or carbon oxides formation.
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