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Abstract: Regeneration and deactivation behaviors of Co-Zn/H-Beta catalysts were investigated in
NOy reduction with C3Hg. Co-Zn/H-Beta exhibited a good water resistance in the presence of 10
vol.% HyO. However, there was a significant drop off in N yield in the presence of SO,. The formation
of surface sulfate and coke decreased the surface area, blocked the pore structure, and reduced
the availability of active sites of Co-Zn/H-Beta during the reaction of NO reduction by C3Hg.
The activity of catalyst regenerated by air oxidation followed by H; reduction was higher than that of
catalyst regenerated by H; reduction followed by air oxidation. Among the catalysts regenerated
by air oxidation followed by Hj reduction with different regeneration temperatures, the optimal
regeneration temperature was 550 °C. The textural properties of poisoned catalysts could be restored
to the levels of fresh catalysts by the optimized regeneration process. The regeneration process of
air oxidation followed by H; reduction could recover the active sites of cobalt and zinc species from
sulfate species, as well as eliminate coke deposition on poisoned catalysts. The regeneration pathway
of air oxidation followed by H; reduction is summarized as initial removal of coke by air oxidation
and final reduction of the sulfate species by Hj.

Keywords: sulfur poisoning; coke deposition; in situ regeneration; Co-Zn/H-Beta; NOy reduction
by C3H8

1. Introduction

Selective catalytic reduction of NOx by hydrocarbons (HC-SCR) was considered a promising
technology for NOx removal [1]. Among the HC-SCR catalysts, Co/Beta has attracted much attention
due to its excellent activity and N selectivity [2-7]. The long-term stability [3], nature of active sites [4],
influences of Co loading and precursor [5], preparation method [6], and mechanism of HC-SCR [7]
have been widely investigated on Co/Beta, especially for C3Hg-SCR [2-6]. To improve the stability
and activity of Co/zeolites in HC-SCR, many studies also focused on the modification of Co/zeolites
by adding promoters, such as Co-Pd/HBeta [8], Co-In/ferrierite [9], and Co-Zn/HZSM-5 [10].

Sulfur tolerance is a great challenge for deNOy catalysts. Unfortunately, Co-based zeolites
exhibited unsatisfactory activity in the presence of SO, [11,12]. On the other hand, coke formation,
originating from hydrocarbons, also resulted in the deactivation of deNOjy catalysts for HC-SCR [13].
Hj; reduction is widely used for the regeneration treatment of catalysts deactivated by SO,, such as
NOy storage-reduction (NSR) catalysts [14-18], and catalytic reduction of NO by NHj3 (NH3-SCR)
catalysts [19,20]. In the case of catalysts deactivated by coke deposition, air calcination was considered
as an efficient regeneration method [21-25]. Hence, a regeneration process that combines H, reduction
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with air oxidation may be a potential technology for in situ regeneration of deNOy catalysts in HC-SCR.
To our knowledge, no reports focused on the regeneration of HC-SCR catalysts deactivated by dual
impacts of SO, and coke deposition.

In the present paper, Co-Zn/H-Beta was chosen as a deNOy catalyst for C3Hg-SCR, because it
showed good catalytic activity [26]. The regeneration of Co-Zn/H-Beta catalysts deactivated by SO,
and coke deposition was performed in a combined in situ process of air oxidation and H, reduction.
The effects of the regeneration sequence and regeneration temperature on the regeneration efficiency
were investigated.

2. Results and Discussion

2.1. Stability of Catalyst

Figure 1 illustrates the influences of SO, and HyO on the activity of Co-Zn/H-Beta at 450 °C
for 80 h. Co-Zn/H-Beta had excellent catalytic activity, with 95% N yield obtained for C3Hg-SCR
at 450 °C without addition of SO, and H,O. The catalytic activity decreased slightly in the presence
of 10 vol.% H,O. Upon removing H,O from the feeding gas, N yield almost returned to its original
level. This demonstrates that Co-Zn/H-Beta displays a good water resistance. However, N, yield
declined significantly during 50-200 ppm SO, co-feeding for 15 h. Only 64% N, yield was achieved
when 200 ppm SO, was added into the feeding gas. Upon switching off the SO,, N yield increased
from 64% to 71.5%, which was far away from the initial activity of 95%. When both 10 vol.% H,O
and 200 ppm SO, were added simultaneously for 7 h, N yield further dropped from 71.5% to 62%.
Upon switching off the SO, and H,O, a partial recovery of catalytic activity was observed. However,
N, yield decreased gradually after aging for 40 h without adding SO, and H,O. After the stability
experiment, the color of the catalyst turned from light gray to black. This demonstrates that carbon
deposition occurs on Co-Zn/H-Beta catalysts during the reaction of NO reduction by C3Hg.
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Figure 1. The stability of Co-Zn/H-Beta in C3Hg-SCR under the dual effects of SO, and H;O.
2.2. Regeneration Performance

Figure 2 presents the influence of regeneration sequence on the activity of the poisoned catalyst at
a fixed regeneration temperature of 450 °C. Compared with the poisoned Co-Zn/H-Beta-D catalysts,
the regenerated catalysts exhibited higher activity. The activity of regenerated catalysts decreased in the
order of: Co-Zn/H-Beta-R (O, + Hj, 450 °C) > Co-Zn/H-Beta-R (H, + O,, 450 °C) > Co-Zn/H-Beta-R
(Hp, 450 °C) > Co-Zn/H-Beta-R (O,, 450 °C). Interestingly, Co-Zn/H-Beta-R (O, + Hj, 450 °C)
displayed higher activity than Co-Zn/H-Beta-R (H, + O, 450 °C). This suggests that combined
regeneration is better than single regeneration, and air oxidation followed by H; reduction is an optimal
regeneration sequence for the deactivated Co-Zn/H-Beta catalyst in C3Hg-SCR.
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Figure 2. Optimization of regeneration sequence.

Figure 3 exhibits the effect of regeneration temperatures on the activity of the catalysts regenerated
by the combined regeneration process. The catalytic activity of both Co-Zn/H-Beta-R (O, + H) and
Co-Zn/H-Beta-R (H; + O;) catalysts increased with the regeneration temperature from 450 to 550 °C.
The regenerated Co-Zn/H-Beta-R (O, + Hy, 550 °C) displayed similar activity to the fresh catalyst.
This indicates that the optimal regeneration temperature was 550 °C. Compared to off-site treatment
of solution washing [27] and in situ regeneration by Hj reduction for deactivated deNO catalysts [28],
the in situ regeneration process of air oxidation followed by H; reduction showed more convenient
operation and higher regeneration efficiency, respectively. Thus, although this comparison may be
taken with caution because different reaction conditions were employed, the in situ regeneration
process of air oxidation followed by Hj reduction is a promising technology for the regeneration of
deactivated Co-Zn/H-Beta catalyst.
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Figure 3. Optimization of regeneration temperature for (a) H, reduction followed by air oxidation and
(b) air oxidation followed by H; reduction.

2.3. Structural and Textural Properties of Catalysts

Table 1 illustrates the textural properties of the samples. Compared with the Co-Zn/H-Beta-F
sample, a significant decrease in surface area, microporous area, and pore volume was detected for
the Co-Zn/H-Beta-D catalysts. This implies that sulfate species and coke were deposited both on the
surface and in the micropores of the deactivated catalysts. For the regenerated catalysts, surface area,
microporous area, and pore volume greatly increased after both the combined regeneration process
and single regeneration process. Co-Zn/H-Beta-R (O, + Hj, 550 °C) even showed similar values of
textural properties to the fresh sample. This implies that air oxidation followed by H, reduction at
550 °C could eliminate the sulfates and coke deposited over the deactivated Co-Zn/H-Beta.
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Table 1. Textural properties and X-ray photoelectron spectroscopy (XPS) results of samples.

Sample SBeT ? Smicro © Viotal 2 Binding Energy Interval between Co2p3/,
m?g™) m?g™") (miPg™h of Co2p3; (eV) and Co2p;), (eV)

Co-Zn/H-Beta-F 428.42 338.88 0.17 780.5 15.8

Co-Zn/H-Beta-D 333.65 264.14 0.13 778.6 17.2
Co-Zn/H-Beta-R (O, 550 °C) 384.56 298.22 0.15 / /
Co-Zn/H-Beta-R (Hy, 550 °C) 360.12 282.36 0.14 / /

Co-Zn/H-Beta-R (H, + Oy, 450 °C) 388.50 305.97 0.15 782.7 14.6

Co-Zn/H-Beta-R (O, + Hy, 450 °C) 418.49 323.97 0.16 781.5 15.2

Co-Zn/H-Beta-R (O, + Hy, 500 °C) 419.91 336.47 0.17 781.4 15.1

Co-Zn/H-Beta-R (O, + Hy, 550 °C) 426.54 337.37 0.17 782.5 15.1

a BET method. ? t-Plot method.

The X-ray diffraction patterns (XRD) of Co-Zn/H-Beta catalysts are shown in Figure 4.
The position of the main diffraction peak around 26 = 22.4° is generally taken as evidence of lattice
contraction/expansion of the Beta structure [29,30]. The peaks at 21.8°, 25.1°, 28.4°, 29.3°, and 43.6°
were assigned to Beta-type zeolite. The deactivated and regenerated catalysts preserved the typical Beta
crystal structure. The diffraction peaks of Co3O4 (PDF#73-1701), CoO (PDF#71-1178), and Zn(OH),
(PDF#74-0094 and PDF#71-2115) were detected for all samples. However, the diffraction peak intensity
of Zn(OH), in the deactivated catalyst was weaker than in the fresh and regenerated samples. No new
peak related to sulfate species was observed on any sample. This implies that sulfate species might
exist as amorphous bulk species, which could not be detected by XRD.
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Figure 4. XRD patterns of Co-Zn/H-Beta catalysts. (a) Co-Zn/H-Beta-F, (b) Co-Zn/H-Beta-D,
(c) Co-Zn/H-Beta-R (H, + O,, 450 °C), (d) Co-Zn/H-Beta-R (O, + H,, 450 °C), (e) Co-Zn/H-Beta-R
(Oy + Hy, 500 °C), (f) Co-Zn/H-Beta-R (O, + Hy, 550 °C).

To identify the state of surface species on various catalysts, the samples were measured by XPS.
In Figure 5, the significant movement of the binding energy value of Co 2p3,, was observed for
both deactivated and regenerated samples, compared to the fresh sample. The binding energy of
Co 2p3/; shifted toward a lower value (778.6 eV) in the deactivated catalyst. However, the Co 2p3,,
peaks of regenerated catalysts were shifted to a higher binding energy (781.4-782.7 eV). In Co 2p
spectra, shake-up peaks were observed for all samples. This means that metallic cobalt was absent
in all samples, because the spectrum of metallic cobalt does not contain shake-up satellite structure
at all [31]. Table 1 illustrates the results of Co 2p in the fresh, deactivated, and regenerated catalysts.
According to the position of the Co 2p3/,, peak and interval between Co 2p3,, and Co 2p1 /7, CoO,
Co304, Co(OH);, and ZnCo,04 were present in the fresh sample [32,33]. For the deactivated catalyst,
the lowest binding energy of Co 2p3,, (778.6 eV) and highest interval between Co 2p5,, and Co
2p1/2 (17.2 eV) were observed, which was quite different from other catalysts in Table 1. This implies
that sulfate species were generated on the surface of the deactivated catalyst. For Co-Zn/H-Beta-R
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(Hy + Oy, 450 °C), the highest binding energy of Co 2p3/, (782.7 eV) and lowest interval between
Co 2p3/, and Co 2py/;p (14.6 eV) were detected among all catalysts. Cobalt species mainly exist as
a CoAl,Oy state on Co-Zn/H-Beta-R (Hy + O,, 450 °C) [33]. CoAl,O4 was recognized to be inactive for
NO-5CR [34,35]. Thus, the catalytic activity of Co-Zn/H-Beta-R (H; + O,, 450 °C) was lower than that
of Co-Zn/H-Beta-R (O, + Hj) catalysts (Figure 2). In the case of Co-Zn/H-Beta-R (O, + Hy) catalysts,
the binding energy value of Co 2p3,, was from 781.4 to 782.5 eV, and the interval between Co 2p3,,
and Co 2pq,, was about 15.1 eV. This indicates that CoO, Co304, Co(OH);, and ZnCo,O4 were present
in Co-Zn/H-Beta-R (O, + Hy) catalysts [32,33]. Therefore, the regeneration process of air oxidation
followed by Hj reduction could promote the recovery of the deactivated cobalt species.
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Figure 5. XPS spectra of the Co 2p regions for fresh, deactivated, and regenerated catalysts. (a)
Co-Zn/H-Beta-F, (b) Co-Zn/H-Beta-D, (¢) Co-Zn/H-Beta-R (H, + O,, 450 °C), (d) Co-Zn/H-Beta-R
(O, + Hy, 450 °C), (e) Co-Zn/H-Beta-R (O, + Hy, 500 °C), (f) Co-Zn/H-Beta-R (O, + H,, 550 °C).

Figure 6 presents XPS spectra of the Zn 2p regions for the fresh, deactivated, and regenerated
catalysts. For all samples, binding energy of Zn 2p3/, and interval between Zn 2p3,, and Zn 2p; /,
were 1022-1023 eV and 23 eV, respectively, which could be attributed to Zn(OH)* [36] or ZnO [37].
Compared to the fresh sample, a lower binding energy of Zn 2p3,, was observed for the deactivated
sample, which was similar with the variation trend of Co 2p3,; lines. The binding energy of Zn 2p3,»
shifting to a lower value may be due to the formation of sulfate species on the surface of the deactivated
catalysts. For Co-Zn/H-Beta-R (O, + Hy) catalysts, the position of the binding energy of Zn 2p3,, and
Zn 2pj /, was the same as the fresh sample. However, a lower binding energy of Zn 2p3,, and Zn 2p, /»
was also observed for Co-Zn/H-Beta-R (H, + O, 450 °C), which was similar with the deactivated
sample. Thus, regeneration sequence was important to the regeneration of poisoned catalysts. The peak
intensity of both Co 2p3,, and Zn 2p;,, was enhanced with the increase of regeneration temperature
from 450 to 550 °C, meaning that a regeneration temperature of 550 °C is optimal.
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Figure 6. XPS spectra of the Zn 2p regions for fresh, deactivated, and regenerated catalysts.
(a) Co-Zn/H-Beta-F, (b) Co-Zn/H-Beta-D, (c) Co-Zn/H-Beta-R (Hy + O, 450 °C), (d) Co-Zn/H-Beta-R
(O, + Hp, 450 °C), (e) Co-Zn/H-Beta-R (O, + Hy, 500 °C), (f) Co-Zn/H-Beta-R (O, + H,, 550 °C).

Figure 7 presents the Hp-temperature programmed reduction (H-TPR) of Co-Zn/H-Beta catalysts.
The TPR peak centered at around 345 °C is ascribed to the reduction of Co304 [38]. The peaks centered
at 423 °C and 512 °C could correspond to the reduction of CoOy on the catalyst surface and in the
catalyst pore, respectively [38]. The broad peaks centered at 550 °C and 565 °C could be ascribed to
the reduction of sulfate and CoAl,Oy, respectively. The high temperature reduction peaks of 620 °C
and 800 °C may be assigned to the reduction peaks of Zn(OH)" and ZnO, respectively. The reduction
peak of sulfate (550 °C) is clearly detected for Co-Zn/H-Beta-D and Co-Zn/H-Beta-R (O,, 450 °C)
catalysts. Thus, air oxidation could not remove sulfate on deactivated catalysts. The reduction peak of
CoAl,O4 was observed for Co-Zn/H-Beta-R (H, + O,, 450 °C), but not for Co-Zn/H-Beta-R (O, + Hy,
450 °C), Co-Zn/H-Beta-R (O, + Hy, 550 °C), and Co-Zn/H-Beta-R (Hj, 450 °C). This may be due to the
diffusion of Co species on the surface into the pore of zeolite, and interaction with extra-framework
AIP* cations at high temperature during the SCR reaction and regeneration process, resulting in the
formation of CoAl,Oy4 [39]. This means that air oxidation can promote the formation of CoAl,Oy,
while H; reduction could inhibit CoAl,O4 formation. CoAl,O4 was recognized to be inactive for
HC-SCR [34,35]. Therefore, air oxidation followed by H; reduction is an optimal regeneration sequence
for the deactivated Co-Zn/H-Beta catalysts in C3Hg-SCR.
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Figure 7. H,-TPR of fresh, deactivated, and regenerated catalysts. (a) Co-Zn/H-Beta-F,
(b) Co-Zn/H-Beta-D, (¢) Co-Zn/H-Beta-R (O,, 550 °C), (d) Co-Zn/H-Beta-R (H,, 550 °CQ),
(e) Co-Zn/H-Beta-R (H; + Oy, 450 °C), (f) Co-Zn/H-Beta-R (O, + Hj, 450 °C), (g) Co-Zn/H-Beta-R
(O, + Hyp, 550 °C).
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Figure 8 shows thermo gravimetric analysis (TGA) curves of various catalysts. The weight
loss of all samples in the temperature range of 50-200 °C can be attributed to the desorption of
H,O. However, the deactivated catalyst displayed another stage of weight losses at temperatures
above 650 °C, which corresponded to the combustion of coke and sulfate deposited on the catalyst.
The regenerated (Co-Zn/H-Beta-R (Hy + Oy, 450 °C)) sample showed slighter weight losses than the
deactivated sample did at temperatures above 650 °C. Interestingly, no significant weight losses were
observed for the regenerated (Co-Zn/H-Beta-R (O, + Hp, 550 °C)) sample. This further indicates that
a combined in situ regeneration process of air oxidation followed by Hj reduction at 550 °C is efficient
for regeneration of Co-Zn/H-Beta in C3Hg-SCR. In summary, the regeneration pathway is illustrated
in Scheme 1. Coke on the deactivated catalyst was initially removed by air oxidation at 550 °C. Finally,
the sulfate species were reduced to the active cobalt and zinc species by H; at 550 °C.
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Figure 8. TGA curves of fresh, deactivated, and regenerated catalysts.
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Scheme 1. Regeneration pathway for the combined polluted Co-Zn/H-Beta catalyst.

3. Materials and Methods

3.1. Catalyst Preparation

Beta zeolite with an atomic ratio Si/ Al = 25 was purchased commercially in H-form from Nankai
University (Tianjin, China). Co-Zn/H-Beta catalysts were synthesized according to the method
described elsewhere [40], using Co(NO3), and Zn(NOj3), as precursors. All the chemicals were
purchased from Macklin Inc. (Shanghai, China). The cobalt and zinc content of Co-Zn/H-Beta was
2 wt.%. The fresh samples were noted as Co-Zn/H-Beta-F.

3.2. Deactivation and Regeneration of Catalysts

In the deactivation process, the samples were exposed to a mixture of 50-200 ppm SO,, 600 ppm
NO, 25 ppm NO,, 600 ppm C3Hg, 6 vol.% O;, 10 vol.% H»O, and balance of N, at 450 °C for 45 h.
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The deactivated catalysts were denoted as Co-Zn/H-Beta-D. All the gases were purchased from
Hangzhou Jingong Special Gas Co., Ltd. (Hangzhou, China).

The deactivated catalysts were regenerated by 60 mL min~! air and 400 mL min~! 5 vol.% Hy/Ar
at regeneration temperatures from 450 to 550 °C for 60 min. The regenerated catalysts were denoted as
Co-Zn/H-Beta-R (O,, Hy, Oy + Hp, and H; + Oy, T), where O, means that the deactivated catalysts
were regenerated by air oxidation, and Hy means that the deactivated catalysts were regenerated by
Hj reduction. O, + H; means that the deactivated catalysts were regenerated by air oxidation followed
by Hj reduction. H, + O; means that the deactivated catalysts were regenerated by Hj reduction
followed by air oxidation. T is the regeneration temperature.

3.3. Catalytic Activity Measurement

Catalytic activity tests were performed in a self-made packed-bed flow micro-reactor (1 cmi.d.),
operating at atmospheric pressure. A 1.5 mL (0.73 g) volume of catalyst powder was held on a quartz
frit at the center of the reactor. A typical feeding gas composition was 600 ppm NO, 25 ppm NO,,
600 ppm C3Hg, and 6 vol.% O,, with Nj as the balance gas. Each feeding gas flow rate was controlled
independently by a mass flow controller (D07, Beijing Sevenstar Electronics Co.,Ltd., Beijing, China).
The overall flow rate was 460 mL min~!, which was equal to a space velocity of 18,400 h—?.

NO and NO, concentrations were continuously monitored by an infrared gas analyzer (Xi'an
Juneng Corporation, Xi'an, China). The products were analyzed using a gas chromatograph (Linghua
GC9890, Shanghai Ling-Hua Instrument Co., Ltd, Shanghai, China) equipped with a thermal
conductivity detector (TCD). A porapak Q column (Shanghai Ling-Hua Instrument Co., Ltd., Shanghai,
China) was used for separation of CO;, N,O and NO. The data was collected in the steady state
reaction. In this work, N selectivity is over 95%, because N O concentration is below 10 ppm. Thus,
the catalytic activity was assessed in terms of the following equation:

(Noin + NOZ,in) - (Noout + NO2,out + 2I\TZOout)

N, yield (%) = (NOjn, + NOy,in)

x 100% 1)

3.4. Catalyst Characterizations

N, adsorption isotherms (ASAP2460, Micromeritics Instrument (Shanghai) Ltd., Shanghai, China)
and XRD (Rigaku, Tokyo, Japan) and XPS (PHI-5000C ESCA system, Perkin—Elmer, Waltham, MA,
USA) measurements were carried out according to the method described in our previous work [41].
TGA was conducted on an HCR-3 analyzer (Beijing Henven Scientific Instrument Co., Ltd., Beijing,
China) from 30 to 800 °C under air, with a heating rate of 5 °C/min.

4. Conclusions

Co-Zn/H-Beta catalysts exhibited a poor stability in the presence of SO, and H,O for C3Hg-SCR,
due to SO, poisoning and carbon deposition. The formation of surface sulfate and coke reduced
the availability of surface active sites and textural properties of the catalysts. Coke deposition and
surface sulfate could be reduced by the combined processes of air oxidation followed by Hj reduction
in situ. The combined process of air oxidation followed by H; reduction is an available technology
for the regeneration of Co-Zn/H-Beta catalysts in C3Hg-SCR, for removing NOx from lean-burn and
diesel exhausts.
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